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Introduction

Laser micromachining is emerging as a powerful manufacturing technique with the development of micro and nanotechnologies. It exploits the beam quality, and the power of laser pulses to precisely drill, weld, cut, shape, repair, and mark all kinds of materials, even the hardest and the most fragile. Application fields include microelectronics, photovoltaic, medical devices, sensors, printing, photonics and displays.

In these days, there is a surge of needs to process transparent materials, such as thin glass sheets for touch screens, sapphire wafers for LED technology, CVD diamonds for highly resistant micromechanical parts, and high-tech plastics for bio-medical and micro fluidic devices. All these transparent materials, hard or soft, are difficult to process using traditional mechanical tools, or photo thermal effects of lasers such as CO2. Now, diode-pumped solid-state lasers that deliver well-controlled femtosecond to sub-nanosecond pulses 24H 7/7 days with minimal maintenance are increasingly used by industry to precisely micro-machine these materials.

For ultra-short pulse widths, lasers remove the material by photo-ablation, a process that directly generates a plasma explosion by breaking the atomic bonds. The absorbed energy is carried away with the ejected material without significant thermal damage. This is different from thermal ablation that occurs when using long pulses or CW lasers. In this latter case, the material is heated by the laser absorption until its vaporization temperature is reached, leaving a heataffected zone (HAZ).

For transparent materials, the initial material absorption of ultra short pulses is generally a multiphoton absorption process, which can only occur at laser intensities in the TW/cm² range. Until recently, most researches have focused on using ultra short pulses from hundred femto seconds to a few picoseconds. It has been ascertained by the laser processing community that a pulse width of 15 picoseconds would mark the frontier between the cold ablation and the thermal ablation processes. Such landmark has triggered the development of industrial-grade ultrafast lasers that are mainly based on diode-pumped femtosecond/ picosecond oscillators and amplifiers, and ultrafast fiber lasers. These ultrafast lasers have excellent processing results, but with a technology cost that is an order of magnitude larger than for diode-pumped solid-state Qswitched nanosecond lasers.

For a long time, Q-switched lasers were known to have pulse widths as long as tens of nanoseconds, leading to significant thermal side-effects during micromachining. In the late 1λλ0's, self-Q-switched microchip lasers with sub-nanosecond pulses, resulting from their submillimeter cavity length, have been developed at LETI-CEA (Grenoble). For many years, they have been used for diamond marking in India, without problematic thermal effects that could have been induced from the "long-time duration" of their pulses, in comparison with the 15 ps landmark. Now, these lasers are produced in Grenoble area by Teemphotonics. Recent products, integrate an amplification stage leading to sub-nanosecond pulses with 100kW peak powers at tens of kHz. Such type of sub-nanosecond lasers were developed just before the beginning of my PhD thesis with the perspective to develop a cost effective technology for micromachining applications that need better results than with nanosecond lasers, but which cannot support the higher cost of switching to ultrafast lasers.

The goal of my thesis is to study the photo-ablation processes that are generated with this type of sub-nanosecond pulses in transparent materials. In particular, my objective is to evaluate the thermal induced effects that are generated in two types of typical glasses (BK-7 and borosilicate), and one type of particularly thermo sensitive polymers (thermo plastic SBS) This thesis is organized in five chapters.

The first chapter gives a state of arte of laser ablation in transparent materials with long and short pulse duration.

Chapter2 presents the mechanism that leads to laser ablation of transparent materials and the difference between thermal and non thermal laser ablation.

Chapter3 presents the experimental set-up, the properties of transparent materials studied during my thesis, and the characterization tools of ablation results.

Chapter4 presents our results of micro ablation experiments on transparent materials. It describes our general methods to characterize the ablation threshold, the ablation volume, the ablation efficiency, the debris deposition, and thermal effects.

Chapter5 presents the results analysis by the model of free electron generation and the study of thermal effects in our materials.

Chapter 6 presents a general conclusion and perspectives.

Chapter1

State of the art of micro-ablation in transparent materials by multi-photon absorption with pulse lasers

Lasers and applications

Laser is one of the greatest innovations of 20th century. The principle of laser was first established by Einstein in 1917by introducing the concept of simulated emission(A. Einstein, 1917). The first experiment of stimulated emission has been reported by Rudolf Ladenburg in 1928(R. Ladenburg, 1928). In 1960 Maiman demonstrated the first Ruby laser [START_REF] Maiman | Stimulated optical radiation in ruby[END_REF].

As early in 1970, lasers have been considered as tools machining for cutting, welding, marking, etc. For example, Ford was cutting auto body parts with a CO2 laser as soon as 1975. In the 1980s, commercial solid-state laser Nd: YAG laser with 1KWstarted to compete with CO2 lasers for high temperature material processing. In 1990s, the pulse laser technology matured, and started to be transferred from laboratory research to industry applications for high precision ablation and thermal laser applications.

The principal types of lasers are:

1.

Solid-state laser (Ruby,Nd:YAG, …)

2.

Gas lasers (He-Ne, CO2,…)

3.

Liquid dye lasers 4.

Semiconductor diode lasers

Free electron lasers

Figure 1.1shows an overview of laser applications classified in low and high power applications (1,1991) . 

Laser material processing

The early investigations of laser modification and structuration of materials started immediately after the invention of the laser in 1960. The advantages of laser machining materials are low cost, high speed, high quality, and minimum heat affected zone. Figure 1.2 shows a general classification of laser material processing. They are two principal groups. The first group target applications which require low power energy, and do not involve the changing of material state (phase). The second group required high energy to induce the phase transformation [START_REF] Majudamar | I laser processing of materials[END_REF]. From the real application point of view, laser material processing can be divided into four general categories: forming, joining, machining, and surface engineering as shown in the lower half of the Figure 1.2. 

Laser micro processing of transparent materials

In this study, we are interested in transparent materials such as glass micro-devices which have many applications in analytical chemistry, biotechnology and microelectronics. Different types of lasers are used for pattering and micromachining transparent materials. The laser is used as a powerful tool for micro-pattering and structuring of a wide of materials(D. [START_REF] Bauerle | laser processing and chemistry[END_REF] J.C. Miller, 1994). Most of early studies were performed with CO2 laser by thermal melting/evaporation processes. Now, to overcome, side effects do to high temperature laser processes, UV excimer, Nd:YAG and ultrafast laser "cold" irradiation of materials are preferred.

Excimer lasers have high cost of operation and maintenance. The ultra-short pulse lasers, with Pico-second and femto-second pulse durations, have demonstrated excellent results in materials micro-processing, but until recently they had stability problems and high manufacturing costs.

CO2 laser processing of transparent materials and thermal effects

Buerhop and all in 1990 [START_REF] Buerhop | Glass surface treatment with excimer and CO2 lasers[END_REF] 

Femtosecond laser processing of materials:

Recently,femtosecond lasers haveopened a wide range of new "athermal" material processing applications. Theyare used in micro-machining of metals (S. Preuss, 1995,; K. Furusawa, 1999), semiconductors [START_REF] Ihlemann | Machining of submicron structures on metals and semiconductors by ultrashort UV-lase pulses[END_REF][START_REF] Herbst | Ablation of Si and Ge using UVfemtosecond laser pulses[END_REF], in micro-processing of small and complex transparent materials for micro optic, opto-electronic, and optical fiber technology(J. [START_REF] Ihlemann | Nanosecond and Femtosecond Excimer Laser Ablation of Fused Silica[END_REF][START_REF] Wolfgang | Femtosecond pulse laser ablation of metallic, semiconducting, ceramic, and biological materials[END_REF][START_REF] Kru¨ger | Femtosecond-pulse visible laser processing of transparent materials[END_REF]. The mechanism of laser matter-interaction of femtosecond lasers is different from CW of long nanosecond pulse lasers. Amplified, femtosecond pulses can easily induced high peak powers, which are enough for induced an instantaneous material ionization at the laser focus (P.S. Banks, 1999; A.V. Lugovskoy and I.

Bray, 1999) . Figure 1. shows the dependence of the machining quality of fused silica with the pulse durations. Femtosecond lasers can easily, ablate materials with little or no thermal effects, but they are still very expensive to manufacture. 

The Microchip Lasers

The microchip lasers are compact solid-state diode-pumped passively Q-switched lasers with sub-nanosecond pulse duration, and multi kilowatt power at high repetition rates. In 1989 Dixon and all (G. J. [START_REF] Dixon | Properties of close coupled monolithic, lithium neodymium,tetraphosphate lasers[END_REF] and Zayhowski and Mooradian [START_REF] Mooradian | Frequency-modulated Nd:YAG microchip lasers[END_REF])have proposed the concept of microchip laser. Figure 1.5 presents a general schematic of passive Q-switching microchip laser, generally the gain medium is Nd: YAG and the saturable absorber is Cr 4+ : YAG.

medical applications, public works, and telecommunications .The main advantage of this laser is that it can be fabricated with collective fabrication processes with low cost. The passively Q-switched microchip laser at 1064 nm, has been used to mark different materialswith marking thresholds that are three times lower thanclassical nanosecond solid-state lasers(Molva, 1999). Figure 1.6 shows the micro-marking of lines on an aluminium plate. 

Chapter2: Mechanisms of laser ablation in transparent materials with pulse laser

In this chapter, we present an overview of the theoretical background for ultrafast laser ablation of transparent materials. This type of ablation process can be described in six sequential steps:

1) Multiphoton absorption and bond electron ionization (dielectric optical properties)

2) Avalanche ionization by free electron collision (from dielectric to plasma optical properties)

3) Electron plasma absorption As the optical frequency is much larger than the tunneling frequency, the multi-photon ionization (MPI) coefficient is calculated from the simpler Kennedy approximation form (Kennedy, 1995;[START_REF] Keldysh | Ionization in the field of a strong electromagnetic wave[END_REF]

) = 2 9 3 / 2 2 16 2 ℰ 0 0 exp (2 ). Φ[ 2K -2 Eg hw 1 / 2 (2, 2)
Where Φis the Dawson probability integral, k is the number of photons for MPI:

= ⧼ + 1⧽ (2, 3)
Eg is the energy band gap, w, m, e and 0 are the laser frequency, the effective mass of the electron and the quasi-free electron, the electron charge and the vacuum dielectric permittivity, respectively.

2) Avalanche ionization by free electron collision (from dielectric to plasma optical properties)

The second step is the electron plasma generation by avalanche ionization. Avalanche ionization involves free-carrier absorption followed by impact ionization. When free electrons are accelerated by the laser electric field, they can generate cascade free electrons by collision excitation of bond electrons (Fig. 2.3). Cascade electrons are produced with low kinetic energies, but they can get more energetic through free carried absorption until their impactscan ionize another valance band electrons. This process repeat itself. The free-electron density grows exponentially (avalanche ionization) until it reaches the critical free-electron density that characterize electron plasmas. At this step the material optical properties change from dielectric to plasma properties.

The plasma critical free-electron density can defined as = ²/4л ², where is the electron mass and is the laser frequency, this is the plasma density at which the plasma oscillation frequency equals the laser frequency, and the transparent material become totally opaque (X. Liu). The rate of free electrons generated per unit volume and per unit time in avalanche ionization is : B=α c I ρ, where the avalanche ionization coefficientα c is given by(Keldysh, 1965)

= 1 ² ²+1 ² 0ℰ0
(2,4)

Where = 1 fs is the electron -electron collision time

1 ² ²+1 ² 0 ℰ 0
0 presents the rate of electron energy gain.

3) Electron plasma absorption

During plasma generation at the laser focus, the material optical properties change from dielectric to metallic. In particular, from transparent it becomes to be highly reflective and absorbing. Most of the incident energy is absorbed during this transition. The absorption properties (total absorbed energy and absorption depth) can be calculated from the Drude approximation for the dielectric function of plasma:

ℰ = 1 - ² ²+ ² + ² ²+ ² = ℰ ′ + ℰ′′ (2, 5)
Where the plasma frequency is given by

² = 4 2 * (2, 6) 1)
In the range of 10 14 W/cm², ionized atoms have enough energy to break their bonds (Coulomb explosion). There is an ultrafast explosion of anelectrons/ions plasma without any thermal transfer to the surrounding lattice.

2)

In the 10 12 W/cm², the electron plasma energy is transferred to the ion lattice in a few picoseconds creating the ion plasma (no thermal melting). The plasma expansion, in tens to hundreds picoseconds, lead to an ablation process without thermal side effects.

3) In the 10 10 W/cm², below the threshold for avalanche ionization, the energy of hot electrons is gradually used to heat the ion lattice until melting, and evaporation. With long pulses (> tens of nanoseconds), this process time can be long enough to allow heat diffusion out of the focal point, and to affect the material properties.

In practice, the available intensity range depends on the laser pulse duration: 10 14 W/cm² with femtosecond lasers, 10 12 W/cm², with picosecond lasers, and 10 10 W/cm² with nanosecond lasers.

Thus, femtosecond and a-few picosecond pulses (ultrafast pulses) are used for non thermal ablation and nanosecond pulses are known to generate ablation with thermal effects.

Figure 2.5 compare the ablation properties that are obtained by ultrafast and long pulses, respectively. Clearly, ultrafast pulses lead to an ultraclean process, but with an expansive technology. However, thermal effects induced by long pulses leads to a more dirty process (heat affected zone, micro-cracks, surface ripples and redeposition debris), but at a much lower technology cost. 

The methods used to characterize the ablation parameters

The characterization of laser ablation parameters comes from analyzing, the morphology of the marks generated on surfaces during laser ablation: thickness of molten layer, the melt lifetime, debris deposition, and determination of the ablation threshold, ablation volume and ablation efficiency en function of la pulse laser energies.

Melt depth and melt life time .

For sub-nanosecond pulses, there is a little heat deposition in the material that is not ablated, which creates a heat affected zone that we target to evaluate in the thesis. Numerical simulations (F. Vidal, 2001) of the fluid and thermal dynamics of laser induced plasma on an aluminum target irradiated with 100 ps laser pulse shows that 70% of the absorbed energy is used by the expanding plasma to move the ambient gas. 20% of the absorbed energy is lost as radiation to the environment, ultimately leaving less than about 10% of the incident laser energy as heat inside the material. This thermal energy causes a thin layer of molten material to be formed immediately beneath the ablation crater.

We can calculate the average melting depth h m from (A. Ben -Yakar, 2003):

= (2.10)
The lifetime of the molten layer (including both the melting and solidification processes time) depends on how quickly the energy gets dissipated into the bulk. This depends on the material thermal properties (thermal conductivity, specific heat, and density).One can estimate that the thick layer remains molten for about t (lifetime)

= ²/ (2.11)
Where D is the thermal diffusivity, = / , k is the thermal conductivity, ρ is the density, C p is the specific heat .

The rim formation:

During the melt lifetime there are two forces acting on the ablated surface to move the molten material from the center of crater to the edge, depositing a thin rim around the ablated area. The two forces that affect the surface of the molten layer are: 1) thermocapillary forces (Marangoni flow)(T. Schwarz-Selinger, 1999), and 2) hydrodynamic forces exerted by the plasma above the surface(Vladimir N, 1999). Ben-Yakar et al (A. Ben-Yakar, 2003) show that the effect of the thermocapillary flow is negligible during a laser ablation of borosilicate glass, thus the melt flow in the borosilicate glass sample is caused principally by hydrodynamic forces due to the pressure gradient caused by the hot plasma sitting over the melt. The pressure gradient is extremely high at the edges of the ablated crater at the plasma/air interface. This results in some of the molten glass being ejected out of the crater over the edges of the crater. Rapid solidification results in the formation of a high rim surrounding the crater. The molten layer at the edge of the crater faces an extremely high pressure gradient at the interface between the plasma and air. This pressure difference pushes the melt over the crater surface very rapidly. The pressure driven flow time p thus determines the elevation of the melt above the surface, or in other words, this time duration determines the height of the rim. The characteristic time scale for this pressure-driven melt flow is:

≃ ² 0 ²
(2.12)

Where is the average melt depth, 0 is the average plasma pressure, is the viscosity, L is the craters width.

From the characteristic time scale, we can identify the parameters that effect the rim formation as the melt thickness, Thus the rim height ≃ 0 ² ² (2.13)

Chapter 3

Experimental set-up and procedures:

In this chapter, we present the experimental set-up, the properties of transparent materials studied during the thesis, and the instruments that we have used to generate ablation and to characterize the results.

The micro-ablation set-up has been realized with a Nd:YAG microchip laser, generating green sub-ns pulses, coupled with an optical microscope. We have studied three materials: two glasses materials (D263borosilicate, and BK7 borosilicate), and a thermoplastic. The optical microscope was also used to inspect in real time the irradiated regions. A more detailed characterization of morphological changes was done with a scanning electron microscopy (SEM), and an atomic force microscope (AFM).

Experiment set up of micro-ablation:

The experiment set up is based on a Zeiss inverted microscop Axiovert 200M as shown in Fig. 3.1. In this setup, a pulsed microchip laser Nd:YAG at 532 nm is used. The laser power is controlled by an acoustic optical modulator. The pulse energy is measured with a power meter.

The pulse repetition rate (0-1KHz) is controlled by a TTL signal generator. The sample is fixed on a XYZ nano-positioning stage controlled by a computer. The desired structures are programmed using two in-house C++ softwares named "Simpoly", and "single pulse test". 

The microchip laser

The laser used in this thesis is an amplified passively Q-switched Nd:YAG laser, model

Powerchip PNG-M of Teem Photonics France (Figure 3.1). Powerchip lasers generatesubnanosecond pulses with high peak powers, and excellent beam quality.

The laser pulse characteristics are listed in Table 3.1. 

Power Meter

We have measured the laser average power with a Thorlabs PM100D power meter( figure 3.4).

The curve Fig. 3.5 shows the calibration of the laser power (in mW) obtained at the output of the objective X 40 as a function of the acousto-optical modulator voltage (in volt). 

XYZ piezo stage

The sample movement during the micro-ablation process is generated with a piezo-positionnerP-611.3S Nano Cube XYZ from Physics Instrument (Figure 3.6). Is has a100x100x100 µm travel with a closed-loop resolution of 1 nm. It is driven with a bench-top amplifier and position servocontroller (E-664). The micro-ablation system is controlled by two softwares ("Simpoly" and "single pulse testing").

The software "Simpoly" can control the exposure time, laser power, and the geometry of structures as shown in Fig. 3.7. The "single pulse testing" softwarecan also control directly the number of pulses, and the time delay between pulses (Figure 3.8). 

Properties of laser focalization

In this study, we have used the software "PSF lab" to estimate the laser spot characteristics at focus. For this calculation, we used the typical parameters of our experiments:

- 

Materials properties

In this thesis, we have studied ablation of transparent materials. The laser radiation could not be absorbed by a linear single-photon-process; because of the band gap energies were larger than the photon energy. For example, the band gap of borosilicate glasses (BK7 and D263) is 4.7eV, and a two-photon excitation is needed when using a laser radiation at 532nm of 2.33 eV.

BK7 glass:

BK7 is a borosilicate optical glass. Its good physical and chemical properties make it widely used in visible and near IR range. Most of windows, lenses and prisms, which are used in lasers, and optical systems are made from BK7 glass. BK7 is used whenever the additional benefits of fused silica are not required. It is a relatively hard material with extremely low bubble and inclusion content, while providing excellent transmittance through-out the visible and near infrared spectra and down to 350 nm in the ultraviolet. The physical, chemical, thermal and mechanical properties of BK7 glass are listed in detail in Table 3.2. This glass is made of a colourless borosilicate glass with an optimum hydrolytic resistance. These thermoplastic elastomers are made up of a short chain of polystyrene, followed by a long chain of polybutadien, followed by another short chain of polystyrene Styrene-butadiene-styrene.

Softening

Their block-copolymer structure combines the properties of hard-segment polystyrene blocks and the soft -segment polybutadiene blocks, resulting in ease of processing and excellent performance characteristics, the typical properties of SBS are listed in the Table 3 

Instruments used to characterize the ablation zone.

Various instruments were used for determining the topographical and morphological data of ablation results. Following laser processing, the sample ablation craters were systematically observed with an optical microscope (Zeiss Axiovert 200M). Some of the craters were also observed with a Scanning Electron Microscope (SEM), and an AFM microscope.

The optical microscope.

The micro-ablation process was realized by using a Zeiss Axiovert 200M inverted microscope.

We have also used this microscope to measure the diameter of features fabricated by laser ablation of used materials. Figure 3.11shows a photo of the microscope set-up. A scanning electron microscope (SEM) is a type of electron microscope that images a sample by scanning it with a high-energy beam of electrons in a raster scan pattern. The electrons interact with the atoms that make up the sample producing signals that contain information about the sample's surface topography, composition, and other properties such as electrical conductivity.

During the thesis, some of morphological data were performed with a scanning electron microscope Zeiss -ULTRA plus operating at about 1 kV accelerating voltage.(Fig. 3.12) This chapter presents our results of micro-ablation experiments on transparent materials. We report on the thesis results of laser ablation on D263 borosilicate glass, BK7 glass, and SBS thermoplastic with a green sub-nanosecond pulse laser.

Ablation of craters and lines at the surface of D263 borosilicate glass

In these experiments, we study the ablation of craters on the surface of borosilicate glass by single pulse irradiation with increasing energy. Scanning electron micrographs of ablation craters are shown on Fig. 4.2. Energy of 0.93 J was necessary to obtain the first craters. They are micron-size surrounded by a sub-micron rim that becomes important at 2.25 J until explosion at 2.9 J. We can distinguish a micron size heat affected ring for the lowest ablation energy. We can also observed projection debris on the surface shows the crater profile evolution with increasing the ablation energy. The profile asymmetry is an artifact resulting from the from the cantilever tip geometry as illustrated in Fig. 4.6. The crater diameter increases with the pulse energy from 0.7µm to a plateau maximum of 1.9 µm at about 2.5 µJ. The molten zone diameter increases more monotonously from 1 µm to 3.7 µm for pulse energies from 0.97µJ to2.93µJ, respectively (Fig. 4.7). The crater depth increases from 0.4µm for our lowest pulse energy of 0.97µJ until it also reaches a plateau depth of 1µm at about 

Morphologies of ablation craters:
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Determination of the ablation threshold for D263 borosilicate glass

As introduced in Chapter 2, the ablation threshold of Gaussian beam intensity can be determined from the equation that describes the diameter increase as a function of the pulse energy increase:

D 2 = 2w² ln E 0 .E th (4.1)
In Fig. 4.9 we have plotted the squared diametersas a function of the natural logarithm of the pulse energies. From the linear fit, the ablation threshold is E th =0.80µJ for a fitted beam waist w = 1.24 µm.

In Chapter 3, we have estimated our beam waist to be 0.37 µm (from PSF lab software). If we have taken into account the beam quality we have find w 0 =0.5µm. Thus, the fitted beam waist is about 3.2 times larger than what we expected. Considering that PSF lab software is known to be very precise for this type of calculation, and that we have evidence of thermal effects occurring during the ablation process, we conclude that crater diameters are larger than expected by a factor of 3.2 due to melting effects, i.e. the crater diameter is controlled by a melting threshold waist of 1.24 µm, and not by a cold plasma waist of 0.5 µm corresponding to the laser waist. In our experiments a rim of material is rising above the surface. It results from the resolidification of molten glass on the edges (Chapter 2). The value of rim height increase when the laser pulse energies increase. The rim height is 6 nm for the pulse energy of 0.97µJ, and its value reaches a plateau at 330 nm for the largest energies (Fig. 4.10).

With increasing the pulsed laser energy, the plasma pressure and the melting material temperature increase. Both these factors contribute to decreasing the pressure-driven flow time, which in turn results in a higher rim. The saturation of the rim height at high pulse energies results probably from the increase of plasma reflection that limits the absorbed energy. 

= + = л 24 ( 2 + 2 2 + ) (4.2)
Where D is the diameter of the crater (ablated zone), d is the diameter at the half depth of crater, and h is the crater depth 14 shows, the value of ablation efficiency is ≃0.12% at E=3E th . Thus, only 0.12 % of input energy is used to melt the ablation volume. The energy required to melt 1cm 3 of D263borosilicate glass is approximately 2.2 KJ. In addition, the ablation efficiency is reduced when the irradiation energy is more than 3 times of the threshold energy. This is probably due to the increase of plasma reflectivity, when the glass is exposed to fluence above threshold(M.D. Perry, 1999). Thus, most of the incident energy is reflected back from the sample.

Thus, there is an optimal fluence level (relative to the threshold fluence) for which the volume removal rate is the highest. In these experiments we have ablated lines at the surface of D263 borosilicate glass by scanning a pulsed laser beam with different laser pulse energies. We have performed this experiment with a single pass of laser pulses. They spatial distance between of single-sequential pulses was 40 nm, i.e. about 10% of the focal spot diameter. . of the written structures depends on laser pulse energies. We can observe that at 0.80µJ/pulse the fabricated line is not continuous, so the absorbed energy is not enough to ablate all the line.

The AFM profiles of ablation lines are shown on Figures 4.17 Energy dependent measurements confirm the similar widths of craters and the deeper ablation at the same pulse energy on ion-doped waveguide (Fig. 4.26 and 4.27). In addition, on non-doped surfaces, craters are smoother. 

Determination of the ablation threshold of non-doped BK7 glass

The ablation threshold measurements of BK7 glass are plotted on Fig. 4.28.There is a linear relation between the squared diameters and the natural logarithm of the pulse energies. From the linear fit, we obtain a threshold energy of E th =1.07µJ, and an effective threshold waist of w 0 = 0.934µm which is about 2.5 times more than the value obtained with PSF lab. 

Determination of the ablation threshold on ion-doped BK-7 waveguides BK7/

The ablation threshold measurements on the ion-doped BK-7 surface isplotted on Fig. 4.29.From the linear fit, we obtain a threshold energy E th = 0.75µJ which is significantly lower than the non-doped region (E th =1.07µJ), and an effective ablation waist w 0 =1.049 that is slightly larger (w 0 = 0.934µm). 

Micro-channels fabrication at the surface of the ion-doped B7-7 waveguide

In this section, the goal was to engrave micro-(fluidics) channels perpendicular to the optical waveguide.

We have investigated how the processing parameters such as the pulse energy, the pulse spatial separation, and the number of passages affect the micro-channel geometry.

Micro-channels were fabricated on one pass with single-pulse (1 ms between consecutive pulse) focalized at incremental spatial locations. Experiments were done with pulse spatial separations varying from 0.1 to 0.25 m, to be compared with the size of focus spot: FWHM = 0.4 m. . The ripple can be clearly seen with lower pulse energies and larger pulse distances. Their periods increase with the pulse distance, and decrease with the pulse energy (Fig. 4.40 and 4.41). The physical relationship with the pulse distance is not obvious because the ripple period is an order of magnitude larger than the pulse distance. 

Ablation of craters and lines at the surface of SBS thermoplastics

In this sectionwe present the morphology of ablation craters and lines on the thermoplastic sample, which is a sensible material for the thermal effects. In this study the laser beam was focused using an objective X20 with a numerical aperture of0.45 (w 0 = 0.53 µm). The ablated spot are examined bytransmission optical microscopy. 

Effect of laser pulse energies on crater diameter, and ablation threshold

Effects of the time delay between pulses to fabricate ablation lines

In this experiment, we study the parameters that control the fabrication of lines. At the difference with previous experiments with borosilicate and BK-7 glasses we have to take into account for the dynamics of thermal effects. Figure 4.46 shows the transmission optical images of lines fabricated with a pulse separation distance of 1µm for increasing pulse energies (0.8, 1.06, 1,28, and 1.7 J), and time delay between pulses (100 ms, 500 ms, 1 sec, 2 sec, and 5 sec).One can see strong deformations induced by thermal effects with 100 ms, and 500 ms delays. However, they are non-significant for delays larger than 1sec. 

Influence of the separation distance between pulse on the line fabrication

In this experiment, we change the separation distance between consecutive pulses during the fabrication of ablation lines on SBS thermoplastics. 

Minimum distance between parallel lines without significant thermal deformations

In this experiment we have fabricated parallel lines with a pulse energy of 1.28µJ, a pulse separation distance of 1µm, and a time delay between pulses of 5s.The laser was focalized with an oil immersion objective with a numerical aperture of 1.3.The distance between the parallel lines have been tested from 3µm to 15µm (Fig. 4.50). For this pulse energy, strong thermal effects deform the lines only when the line distances is smaller than 5 micron. 

Conclusion

In this chapter, we have presented our ablation results with an amplified self-Q switched microchip laser with sub-nanosecond pulses. We have tested three very common dielectric materials: two type glasses, and a thermoplastic.

The threshold of laser ablation for these three materials has been determined with the extrapolation of the linear relationship between the square of crater diameter and logarithm of laser energy, the results show that there are a thermal factor that affects the diameters of craters fabricated in these materials, and this factor is biggest in the thermoplastics. The results show that the ablation threshold in glasses materials is in order of TW/cm².

The volume of the ablated craters and the energy efficiency of sub-nanosecond pulsed laser ablation of D236 borosilicate glass have been calculated. The maximum amount of material of removal energy is about 1.26 µm 3 when the incident energy reaches the level E=3E th, and also the highest ablation efficiency is at this level of energy and then the ablation efficiency decreases

50%

The results of micro-channel scribing in BK7 with ion (silver, thallium) doped optical waveguide glass and the effects of pulse distance, pulse energy, and the number of passage on groove geometry and the surface morphology have been investigated.



With increasing the pulse distance the width doesn't change until 0.2µm, then decreases, the depth decreases with increasing the pulse distance, while the periodic ripples length increases, thus the pulse distance can be used to control the geometry of the micro-channel fabricated.



The width and depth of ablated lines increase with increasing the pulse energies, which is the result of increasing the amount of absorbed energies with increasing the pulse energies. But the periodic length of ripples decreases until the pulse energies of 1.17µJ/pulse then it increases.



Wider and deeper lines can be scribed at two and three passages

The results of SBS thermoplastic show that, the width increases with increasing the pulse energies and number pulse until 5pulse then decreases with increasing the number pulse. In addition, the width of fabricated structures inside the SBS thermoplastic is affected by the time between the pulses and the distance between the spots and lines. The width of fabricated lines decreases with increasing the time between pulses until 1s, unchanging after this value. Also, we have obtained good structure without thermal effects when we have used the time of 0.5s.The effects of distance between the spots and the structure on the morphologies have been also investigated at various pulse energies. When the pulse energies is less than 5E th the width increases with increasing the distance until 8µm then it decreases with larger distance, while it decreases with increasing the distance when the pulse energies is more than 5E th unchanging after the distance of 8µm. Thus we can control the processing parameters to fabricate good structure without thermal effect by increasing the time between the pulses and the distance between the structures for eliminate the effect of thermal diffusion which is the result of high thermal diffusivity of thermoplastic materials.

Avalanche ionization by free electron collision

This step is the electron plasma generation by avalanche ionization. The material changes its optical properties from dielectric to plasma.

When free electrons are accelerated by the laser electric field, they can generate cascade free electrons by collision excitation of bond electrons and the rate of free electrons generated per unit volume per and unit time in avalanche ionization is : B=α c I ρ, where α c is the avalanche ionization coefficients given by:

= 1 ² ²+1 ² 0ℰ0 (5.4) 
We have calculated the εPI coefficient , and the cascade ionization coefficient α c for the three materials, and the results are shown in the table 5.1and we have find that the three types of materials have similar coefficients. We have plotted the results of free electron density using the generic form with taking into account the diffusion and recombination rate in the figure 5.2. From this figure we have found that the threshold of plasma generation is 0.03TW/cm², we find that the intensity required to induce the avalanche ionization is 15 time bigger than that without taking into account the recombination and diffusion rates.

- In our study the pulse duration is long, therefore we have added a term to the generic equation which explain the decrease of the electron density caused by the electronphonon coupling. We have assumed that the electron -phonon coupling time is 4.3ps (as in the soda lime glass) (Mingying Sun, 2012) . The results of the free electron density with adding the electron phonon coupling rate are plotted in the figure 5.3 From this figure ,we find the first intensity that lead to avalanche and electron plasma generation is 0.08TW/cm²which is 6 times more than that without taking into account the electron-photon coupling time .From this figure we find that at low intensities we have only multi-photon ionization and the electron density doesn't reached the critical electron density ionization that occurs when the plasma oscillation frequency equals to the laser frequency ρ cri =w²m e ℰ 0 /e² = 1.9E21cm-3, At 0.08 TW/ cm² the electron density reaches the critical electron density for avalanche ionization at this value the optical property change from transparent dielectric to plasma absorption , and at high densities the electron density reaches the critical density at the beginning of pulse the max electron density almost the same ( of 1E22 to 1E23)

- 

Calculation of absorbed energy and volume by the electron plasma

For calculate the absorbed energy, we calculate the optical properties of electron plasma (absorption length and the reflection) for different electron density.

Absorption Coefficient and Absorption Depth in Plasma

When the ionization is completed early in the puls, the formed plasma in the focal volume will has a free-elecrns density of about 10 22 cm -3 comparable to the ion density [START_REF] Hiroaki | Saulius 3D Laser Microfabrication Principles and Applications[END_REF]. In this case the interaction with the plasma occurs in the remaining part of pulse duration. The dielectrics function of plasma has been described in the Drude approximation when the ions are considered as a neutralizing background (L.D. Landau and E.M. Lifshitz, 1984) From the figure 5.7, we can see that the absorption starts at the free electron density of 1E20 cm -3 and very rapid until the max value at 5E21cm -3 , then it decreases. We have also l s penetration depth in plotted the effective optical penetration depth in the plasma as the following in the figure 5.8 the absorption coefficient in the plasma is 70% of absorbed energy by the electron , thus at 1.33TW/cm² the absorbed energy is F (absorbed ) = 0.70* 558= 390 J/cm² which correspond to the absorbed energy E=0.838µJ

1E16 1E17 1E18 1E19 1E20 1E21 1E22 1E23 1E24 1E25 1E-8 1E-7 1E-6 1E-5 1E 
We can note that, at high laser intensities the absorbed energy is almost 0.665 of the incident energy. These results have good agreements with the numerical simulation in(F. In the result we can say that at low intensities<= 0.1 TW/cm² the absorbed energy in the plasma in BK7 glass is almost 0.27% of the incident energy , and at high energies > 0.1 TW/cm² the absorbed energy in the plasma is 0.665% of the incident energy.

Threshold of laser ablation

Laser ablation in transparent materials occurs when the fluence is higher than a certain value at a given pulse width. In 1995 Stuart et al (B.C. Stuart, 1995) have reported the damage thresholds of fused silica and calcium fluoride at 526, and 1053 nm for pulse duration ranging from 270 fs to 1ns, the results show that the damage threshold continues to decrease with decreasing the pulse duration , and they show that for pulse duration of few tens of picoseconds, the damage occurs via the heating of the conduction-band electrons by the incident laser and transfer this energy to lattice, this model predicts dependence of the threshold damage fluence a 1/2 , whereas for the pulse width below 10Ps, the optical breakdown is a non thermal process and there is a strong deviation from the 1/2 scaling of fluence threshold in these materials.

have the smallest factor, from these results,. In our results we have found that the threshold ablation from the depth is less than that from the D², and we have also find that the same effective optical penetration depth in BK7 and D263 borosilicate glass, and equal 1.65 of the theoretical value. Using the last results for the absorbed energy, we find that, at the intensity threshold of BK7 glass from D² (0.5 TW/cm²), The intensity for plasma formation at the electron density of 1.9E21cm -3 is 0.08 TW/cm² , but for having a complete ionization the electron density must reach to E22 cm-3 comparable to ion density and from the figure 5.3, we find that at the electrons density of 3E22 cm -3 , the incident laser intensity is 0.4 TW/ cm² which almost corresponds to the our experimental ablation threshold intensity (0.5TW/cm²).

In comparison to our result of threshold of laser ablation in BK7 glass, we find that the ablation threshold of our experiments is almost equal to the theoretical ablation thresholds.

We can conclude that the ablation in our experiments is an ablation by the plasma not by the thermal model.

For comparison our results to the results in the publications, we have find that most of publications have taken into account the ablation threshold in the femtosecond laser ablation of transparent materials for example; in fused silica the threshold of ionization have been reported

to be 1.2 x 10 13 W/cm²(D. [START_REF] Arnold | Theory of laserinduced free-electron heating and impact ionization in wideband-gap solids[END_REF]. in(K. Sokolowski-Tinten, 1998) ,the plasma threshold of BK7 glass at 100fs and 620nm have been calculated as 2.8x 10 W/cm², similar experiment have been reported that the breakdown thresholds when a 120 fs, 620 nm laser irradiated in MgF2, sapphire, and fused silica is in a range of (1 to 2.8) x 10 13 W/cm². Of the other hand ,the experiments which predicate the pulsed laser ablation of SBS thermoplastic didn't found, but we have found the ablation threshold for other thermoplastics as PMMA and Pc in (David [START_REF] Go´mez | On the incubation effect on two thermoplastics when irradiated with ultrashort laser pulses: Broadening effects when machining microchannels[END_REF],in this ref, they have reported the single pulse laser threshold of PC and PMMA, with 400nm wavelength and 90 Fs, they have found that the threshold fluence is 0.20 ± 0.02 and 0.57 ± 0.04 J/cm², respectively which correspond to the intensity of 2.2 to 5.5 TW/cm² respectively .In other publication(J. [START_REF] Krüger | Kautek Femto-and nanosecond laser treatment of doped polymethylmethacrylate[END_REF], the single pulse ablation threshold in PMMA at 780nm wavelength,1KHz, and 30 fs ,and at 1064 nm,10Hz of repetition rate, and 6ns, have been found as 0.9/cm² and 0.1 respectively, which corresponds to the intensity of 3x 10 13 and 0.03x 10 12 respectively. From these studies we can see the effects of pulse duration, material properties, and wavelength in the ablation threshold, in our experiments; we have 400 ps and 0.5 TW/cm² which is between the two values .

Electron Temperature and Pressure

In hot plasma, the electron-to-ion energy transfer time and the heat conduction time is in a range of picoseconds [START_REF] Hiroaki | Saulius 3D Laser Microfabrication Principles and Applications[END_REF]. Therefore, for our pulse duration of 400ps the electrons will transport their energy to ions during the pulse energy thus Te=Ti, but in the femtosecond range of pulse duration the ion remains cold, the max electron temperature at the end of pulse can be estimated by: = , (

where C e =3/2 for ideal plasma, n e ≈7 x 10 22 cm -3 , l s =0.35µm, A=0.65, E (p) = 0.8 µJ/pulse ( the energy threshold in laser ablation of BK7 glass), =410eV= 492. From the figure 5.12 at the electron temperature above to ℰb+Ji , we have different depths from to 0.45 to 0.8 µm at different pulsed laser energies , which have accords with ours experimental results

Electron-to-ion Energy Transfer

In hot plasma the electrons to ion energy exchange is expressed in accordance with landau(L.D. Landau and E.M. Lifshitz, 1984) as = :, where is the electron-ion collision rate in ideal plasm = 3 10 -6 ⋀ 3/2 . Here Z is the ion charge and ln⋀ is the coulomb logarithm.

AT the incident energy of 0.8µJ, Te=410 eV, n e =7x10 22 cm-3 ln⋀=3.7, Z=1,(mi)a=20 .the time of energy transfer from electron to ion in plasma is t en =(v en ) -1 = 450 picoseconds which is longer than the pulse duration 400ps.Thus the electron have no time to transfer its energy to ion during the laser pulse duration, which means that the density of target doesn't change during the laser Is the adiabatic constant for cold glass, in this high pressure, the material behind the shock wave front can be transformed to another phase state. Then after unloading, the shock affected material can be transformed to the final state at the normal pressure, and this final state may be having properties different from the initial state.

Shock wave expansion and stopping

The shock wave propagating into the material loses its energy due to dissipation, and it gradually transforms into the sound wave. The shock-affected area can be defined by the distance at which the shock stops. This distance can be estimated from the condition that the pressure behind the 

Melting depth after heat diffusion

Taking into account the heat diffusion after the pulse duration, the initial equilibrium temperature (S. Nolte, 1997) T can then be calculated according to the optical Penetration depth l s of the laser light and the heat penetration depth = .

≈ . 1 ²-² [ exp - -exp (- -) (5.35) 
We have plotted the melt depth variation after different times after the pulse diration with the pulse energy of 0.8µJ as showing in the figure 5.15, we have find that After th e heat diffusion, the maximum melting depth is 70 microns before cooling (after 100 ms) 

Thermal effects versus material

In order to explain the thermal effects in our study, we have classified the thermal properties of the three materials in the table5.5. In our results of laser ablation of three transparent materials, we have found that the thermal effects in thermoplastic material is more evident, we can explain this because of the big thermal diffusivity in plastic materials which is about 300 times more than in the glasses materials. The presence of the phase melting in laser ablation of AL2O3 has been achieved in [START_REF] Nikolay | Ablation of ceramics with ultraviolet, visible and infrared nanosecond laser pulse[END_REF] and the re-solidification of the melt materials leads to rime formation surround the hole which is very clear in our experiments of laser ablation of D263 borosilicate glass, not in the Bk7 glass.

Properties of materials

In the other hand, all the experiments of laser ablation of AL2O3 have been investigated the coulomb explosion which is an ablation mechanism alternative or additional to phase explosion. found that the temperature is above 3000c° even at the fluence close to threshold fluence at infinitive time( several millisecond) .from these studies ,we can say that the thermal vaporization is the mechanism of laser ablation in D263 borosilicate glass and the presence of AL2O3 is the main cause of the thermal effects in D263 borosilicate glass in comparison the results of BK7 glass that doesn't has the Aδ2η3 in its structure .

5.10.3The thermal effects in laser ablation of transparent material versus the focal depth

In our studies we have found that, the thermal effects are more clear and evident when we have We can explain the different morphologies of ablated plots on the surface and inside the materials come from the large thermal stress induced inside the materials. There are two photomechanical stress sources which play an important role in cracking generating, the transient tensile stress produced in the heating phase and that originating from thermoplastic stress in the cooling phase of the interaction [START_REF] Dyer | Photomechanical Processes and Effects in Ablation[END_REF].

Conclusion

In this chapter, the free-electron dynamics on sub nanosecond laser pulses irradiation of transparent BK7 glass have been discussed using the Kennedy approximation. We have found that the free electron generation can be affected by the recombination and diffusion effects and the electron phonon coupling coefficient,

The results of free electrons calculation using the free electron generation showed Using the Drude approximation, we have calculated the optical properties of electrons plasma (absorption length and the reflection) and the absorbed energy in plasma for different electron density, we have found that:

• At low laser intensities< 0.2 TW/cm², the absorbed energy in the plasma is 0.27% of the incident energy.

• At laser intensities> 0.2 TW/cm² the absorbed energy is almost 0.665 of the incident energy.

•

The absorbed volume in plasma is 0.076µm 3

Qualitative estimations of the heat and shock wave propagation, and material compression have been realized and simple hydrodynamic model used to predicate the void size at the incident laser energy of 0.8µJ:

• the max electron temperature reaches to 410 EV

• the electrons to ion energy exchange time in the plasma is 450ps> pulse duration

• the heat wave propagate outside the heated zone and travel the distance w 0 pendant 0.42PS

• shock wave emerges at r shock = 0.78µm, and the shock wave converts into a sound wave, which propagates further into the material without inducing any permanent changes to a solid at rstop= 9.5µm

• This radius of a void formed immediately after the interaction is r v =7.5µm, but the final void forms after the reverse phase transition and cooling.

The results of threshold of laser ablation from the ablation model via D² and the depth (h) of the materials have been discussed in this chapter,

• We find that there is a thermal factor that affects the crater diameters, and this factor is more evident the thermoplastic sample.

• If we assumed that the ablation is complete at the free electron density reaches to E22 cm -3 comparable to ion density, we find that our ablation threshold in BK7 glass (0.4TW/cm²) has a good agreement with the first laser intensity (0.5TW/cm²) that leads to generation this amount of free electrons.

The thermal effects in laser ablation of these materials versus the properties of materials and the focal depth, we find that:

• the mechanism of thermal vaporization laser ablation in D263 borosilicate glass is dominated because of the presence of AL2O3 in its structure

•

The cracks generation with the laser focused inside the material is due to the thermal stress induced inside the materials.

Chapter6 General Conclusion and prospects:

In this thesis, we have investigated the microchip sub-nanosecond pulsed laser ablation of three types of transparent materials D263 borosilicate glass,BK7 glass, and SBS thermoplastic, The results show that this type of laser is capable to fabricate Sub-micron resolution embedded marking is demonstrated inside borosilicate glass. Micro fluidic channels for optical sensor are engraved on BK-7 glass with ion-doped waveguides. Arrays of dense micro channels are fabricated at the surface of thermoplastics with a zone affected by thermal effects limited to the micron range.

In this study a sub-nanosecond microchip laser has been focused on the surface of transparent material into a focal volume of 1.37µm 3 . during the laser matter interaction, the transparent material convert into plasma by the action of multi-photon absorption and avalanche ionization, which lead to strong laser absorption and high concentration of energy in the absorption volume of 0.076µm 3 . When the pressure in the absorption volume is higher than the strengths in the material, a strong expanding shock wave will generate to compress the material surrounding the absorption volume resulting in the micrometer-sized void formation in the material

We have predicated the steps of laser-induced plasma ablation of transparent materials:

1) Free-electron generation by two-photon laser absorption 2) Weak free-electron absorption and avalanche ionization 3) Electron plasma generation and 30% laser reflection, and strong laser absorption The thermal effects in laser ablation of three materials versus the material properties and the focal depth have been studied:

-Mechanisms of strong ablation with thermal vaporization due to the presence of AL2O3 in the structure of D263 borosilicate glass have been found.

-The processing parameters to fabricate good structure without thermal effect in the SBS thermoplastics can be controlled by increasing the time between the pulses to 0.5s and the distance between the structures until 8µm.

-The cracks generation with the laser focused inside the material is due to the thermal stress induced inside the materials

In prospects , we will study the laser ablation with a new laser which is fabricated par team photonics, this new laser give more pulse energy, larger laser spot -> 5 microns, and we can do Parallel fabrication with 100 laser spots at the same time In the other hand we will study another laser which is developed in laboratory LIPHY with shorter pulse duration (100ps). This laser generate higher peak powers and 4 times lower of residual thermal energy
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 11 Figure 1.1: General applications of lasers(1, 1991)

Figure 1 .

 1 Figure 1.2: classification of laser material processing(MANNA, 2003)

  have observed the surface micro cracking of glasses when they have been irradiated by(TEA) CO2 and (CW) CO2 lasers using etching and dot write techniques. There are numerous studies on the thermal effects and cracking in CO2 laser irradiation of glass. For example, in 1995, Snelling and all(G. Allcock, 1995) have investigated the CO2 laser marking of soda lime and borosilicate glasses. Their results have shown the micro cracking of surfaces, because of the thermal stress induced after the laser heating (Figure1.3).
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 13 Figure 1.3:SEM micrograph of TEA CO2 laser irradiated sodalime glass at 15J/cm²(G. Allcock, 1995)

Figure 1 . 4 :

 14 Figure 1.4: SEM micrographs of pulsed laser ablated of fused silica at 780nm, N=80 pulse atdifferents pulse duration (a) t=3ps,F=19.9J/cm²,(b) t=220fs,F=10.7, (c) t=20 fs,F=11,1 J/cm²,(d) t=5fs,F=6.9J/cm²(M. Lenzner, (1999) )
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 15 Figure 1.5:Schematic ofa passively Q-switched micro-laser system. The gain medium is usually Nd: YAG and the saturable absorber is Cr 4+: YAG(Zayhowski, 2000)
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 117 Figure 1.6: microchip laser micromarking on an aluminium plate(Molva, 1999)
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 5 figure 2. 1: generation and expansion of plasma in pulsed laser ablation (Peatman, 2013) 1) Multiphoton absorption and bond electron ionization (dielectric optical properties)
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 3 figure 2. 3 : schematic of avalanche ionization presented in reference (C. B. Schaffer, 2001)
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 5 figure 2. 5:comparison of ablation properties with ultrashort pulses (left) and long pulses (right)(2010)

Figure 3 .

 3 Figure 3.1:photograph ofthe main components of the micromachining system used in this study.
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 3 Figure 3.2 represents the schematic of the micro-ablation set-up based on an inverted
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 3 Figure 3. 2 schematic representation the micro ablation set -up
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 33 Figure 3.3:Q-Switched Nd: YAG Powerchip laser (PNG-M series). This type of laser is commercialized by Teem Photonics for applications such as: o Material processing o Microdissection o Laser induced fluorescence(LIF) o Time Resolved Fluorescence o Laser Induced Breakdown spectroscopy(LIBS) o Light Detection and Ranging (LIDAR)
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 335 Figure 3.4: compact power and energy meter
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 3 Figure 3. 6PI 611-3 piezoelectric nanocube and its E -664 Controller

Figure 3 .Figure 3 .

 33 Figure 3. 7 image of software of microblation (simply)
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 5 Numerical aperture of the objective NA=0.65 -The cover slip (borosilicate D263 glass) has a thickness of 170 µm and its refractive index is 1.1515 -The laser wavelength is 532 nm -The parameter β G is the expanded beam transmission through the objective pupil. β G= 0.The focused depth is 0 (at the ample surface) The laser intensity distribution at the focal point is shown in Figure 3.10.The FWHM sizes of the beam are 0.455, and 3.29m in x, and z directions, respectively.
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 39 Figure 3. 9 Parameters used with "PSF lab" to calculate intensity distributions at focus.
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 3 Figure 3. 10 The intensity distribution at focus calculated with the PSF LabThe table3.2 shows the calculation of focal area and volume, and the laser intensity pulse energy
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  Physical, chemical, thermal, and chemical properties of BK7 glass 3.3.2 Borosilicate glass Schott D263 (KNITTEL Germany), i.e. microscope cover slips of 170µm thickness:

Figure 3 .

 3 Figure 3. 11 image of a Zeiss Axiovert 200M inverted microscope
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 3 Figure 3.12.SEM microscope
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 3 Figure 3.13: image of AFM microscope

Figure 4 .

 4 Figure 4.1. Shows a typical transmission image by optical microscopy of craters obtained by
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 4 Figure 4.1: optical microscopy images of cratersobtained by single pulse ablationat the surface of D263 borosilicate glass for increasing pulse energy (same energy in the same Colum).
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 443 Figure 4.2 scanning electron micrographs of D263 borosilicate glass ablated by sub ns microchip laser at different pulse energies

  Figure 4.5

Figure 4 . 4

 44 Figure 4.4 Profiles of single-shot ablation craters measured with an atomic force microscope.

  2.25 µJ (fig.4.8).
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 448 Figure 4.7Crater and molten zone diameters for increasing pulse energies
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 49413 Figure 4.9 The squared diameterD² of the crater diameter versus the pulse laser energies in D263 borosilicate glass
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 410 Figure 4.10: the rim height versus the pulse laser energy/threshold energy
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 412 Figure 4.12: The volume of the ablated craters as afunction of laser pulse energies

Figure 4 .

 4 Figure 4.13 the volume per unit input energy (V/E) as function E/E thAs Fig 4.14 shows, the value of ablation efficiency is ≃0.12% at E=3E th . Thus, only 0.12 % of

Figure 4 .

 4 Figure 4.14 the ablation efficiency versus E/ Eth 4.1.5 Fabrication of ablation lines on the surface of D263 borosilicate glass.

Figures 4 .

 4 Figures 4.15 and 4.16 show the transmission optical microscope images, and AFM images of

  and 4.18. The increases of line widths and depths with increasing energy are plotted on Figures 4.19, and 4.20. The line width increases from1.6µm to 2.8 µm for pulse energies ranging from 0.80µJ to 2.93µJ/pulse. The line depths increase from 0.5µm to 2.80µm. The vertical error bars correspond to the deviation observed on AFM measurements of four cross-sections of crater along the ablated line. The ridges on both sides of the ablated lines is very small as shown is the fig 4.18, and also the heat affected zone have been found to be very small in comparison to the results in the ablated spots as shown in the Figures 4.1, 4.2, and 4.3.
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 44441942042 Figure 4.15 optical microscope images of lines fabricated at the surface of borosilicate glass with one pass
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 423 Figure 4.23: AFM images of ablation craters on the ion-doped waveguide surface.
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 4 Figure 4.24 shows the AFM images of plot fabricated on the surface of non-doped BK7 glass, and of plots fabricated on the ion-doped optical waveguide (pulse energy = 2.93 J). The
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 44 Figure 4.24: 3D image of ablation craters on non-doped BK7 (left) and on ion-doped waveguide (right) witha single-pulse energy of 2.93 µJ.
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 4 Figure 4. 27crater depth as a function of the pulse energy
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 4 Figure 4.28 the squared diameters of craters measured by AFM profiles as a function of the pulse laser energy onnon-doped BK7 glass.
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 4 Figure 4.29: the squared diameters of ablation craters on the ion-doped BK-7 waveguide. as a function of the
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 4 Figures 4.30 and 4.31 show the AFM images of micro-channels obtained with a pulse energy of
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 44 Figure 4. 30 the AFM images of single line writing on fabricated waveguide in BK7 sample after irradiation at 532nm, 0.48µJ/pulse at different pulse distance

Figures 4 .

 4 Figures 4.32 and 4.33 show the AFM images and profiles of micro-channels obtain with a fixed pulse spatial separation of 0.1 m (25% of the FWHM spot size), and increasing pulse energy
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 444 Figure 4. 32: AFM images of micro-channels on ion-doped BK-7 waveguides for various pulse energies and a pulse spatial separation of 0.1 m.
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 44364 Figure 4. 35 2D groove cross-section profiles with 0.48µJ/pulse at different overlap distances

Figures 4 .

 4 Figures 4.38 and 4.39 show the AFM images of micro-channels obtained with different pulse
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 4 Figure 4. 39: 3D AFM images showing the effects of pulse distances on the ripple amplitudes and periods for pulse energies 0.48 and 0.8 J.
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 4 Figure 4. 40: Effect of pulse energy and distance on the ripple

Figure 4 .

 4 Figure 4.41: influence of the pulse distance on the ripple period for a pulse energy of 0.48µJ.

Figure 4 .

 4 Figure 4.42 shows optical transmission images of craters fabricated on the surface of SBS

Figure 4 .Figure 4 .Fig. 4 .

 444 Figure 4.42: optical transmission images of craters on SBS thermoplastic surface after irradiation by singlepulse at energies a) 1.76 µJ, b) 2.25µJ, c) 2.81 µJ,d) 3.35µJ.
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 44 Figure 4.44: determination of ablation threshold for SBS thermoplastic

Figure 4 .

 4 Figure 4.45: optical transmission images of ablation craters obtained on SBS thermoplastic surface after irradiation by multiple successive pulses (pulse energy = 1.76 µJ, time delay between pulses = 1ms)

Figure 4 .

 4 Figure 4.46: transmission optical microscopy images of fabricated lines on SBS thermoplastic with different laser pulse energies, and different time delay between the pulses.
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 4448 Figure 4.47: line widths as a function of pulse laser energies for different time delay between pulses.

Figure 4 .

 4 49 shows the images of results obtained with separation distances varying from 1 to 10 m, and for pulse energies from 1.28 to 3.35 J. Continuous lines with minimal thermal effects are obtained for all pulse energies when the pulse separation distance is optimum. Larger pulse energies need larger pulse separations, and leads to larger line widths.
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 4 Figure 4.49: Transmission optical microscopy images of for various pulse separation distances, and increasing pulse energies.

Figure 4 .

 4 Figure 4.50: Optical microscopy images of parallel lines fabricated by laser ablation on SBS thermoplastic for different distances between the lines.
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  figure5. 3 the temporal evolution of free electrons density in BK7 at tp= 400Ps, and at different laser intensities with taking into account the recombination, diffusion rate

11 )

 11 figure5. 5 ℰ'' en function of the free electron density 1 = + + Where A is the absorption, R is the reflection, and T is the transmission.

  figure5. 10 the absorbed energy at 1.33 TW/cm².

  figure5. 11 Threshold laser fluence for laser ablation of fused silica versus laser pulse duration. The experimental data have taken from the refs(M.D.Perry, 1999)and (B. C. Stuart, 1996).(E. G. Gamaly, (2002))
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 4 figure5. 12 the temperature in plasma at different incident pulse laser energies

t 0 e

 0 time for travel the heat wave the distance w 0 is 0.42ps , thus the shock wave leave the heat wave behind at the time of electrons transfer their energy to ions ( 450 PS). The temperature and heat penetration distances can be expressed in a compact form as a function of the initial temperature n= 5/2 in the last equation we obtainthat the shock wave emerges at r shock = 2.12 r0 whiletemperature decreases to Tshock = 0.09 T0. Correspondingly, the pressure behindthe shock equals Pe = 0.09 P0 = 4.28 Mbar = 4.28 x10 11 Pa. This pressure considerably exceeds the cold glass modulus which is in the order of P0 ~ 10 10 Pa. Therefore, a strong shock wave emerges, which compresses the material up to a density

  figure5. 14 Glass temperature at the end of pulse (0.8µJ).

  figure5. 15 the melt depth at different times(10 µs, 100 µs, 1 ms, 10 ms) after the pulse duration with taking into account the thermal diffusion.
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  figure 5.15

  figure5. 19 the morphologies of plot fabricated on the surface of borosilicate D263 and at different focal depth(5,10,15,µm inside the material)

  Using the free-electron density equation we havecalculated different regime of free-electron generation for different laser intensities • At low intensities < 0.02 TW/cm² we have only multi-photon ionization and the electron density doesn't reached the critical electron density ionization that occurs when the plasma oscillation frequency equals to the laser frequency • At 0.08 TW/ cm² the electron density reaches the critical electron density for avalanche ionization at which the optical property change from transparent dielectric to plasma absorption • At high densities the electron density reaches the critical density at the beginning of pulse the max electron density almost the same value of 1E22 to 1E23 • The theoretical threshold of electron plasma formation is 0.08TW/cm²

4 )

 4 Energy transfert to ions by e-p coupling (3 ps) during the pulse duration 5) Ion plasma generation (T°=10 6 °K, P=4 Gpa) and explosion 6) Heat diffusion and melting zone7) Crater cooling and resolidificationThe residual thermal effects affects in laser ablation of the three materials have been studied, we find that:-Residual heat comes from the absorption gradient outside of the plasma region (micron size during pulse duration) -Only a few % of input energy, proportional to pulse duration -Melting region up to tens of microns during 100 ms before resolidification , thus the line ablation have been effected in the molten material -Near threshold: small effects (X2 size with glass, X5 size with thermal plastics)
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 7 figure 7. 1 New PicoSpark laser: 100 µJ at 500 kHz and 550 psececond

  

  

  

  

Table 3 .1: characteristics of Powerchip laser used for ablation experiments
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Table 3 .2:characteristics of laser spot at focus calculated with "PSF lab"
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Table 3 .3 thermal properties of D263 borosilicate glass
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	SiO 2	BB 2 O 3	AL 2 O 3	Na 2 O	K 2 O	TiO 2	ZnO	Sb 2 O 3
	64.1%	88.4%	4.2%	6.4%	6.9%	4.0%	5.9%	0.1%

Table 3 .4: the chemical composition of D263 borosilicate glass 3.3.3 SBS thermoplastic elastomers.
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  .5.

	Properties	Value
	specific gravity at 73°F	0.908 to 1.11 g/cm 3
	Density (200°C/5.0Kg)	0.0 to 21g/10min
	Solution viscosity	400 to 4320 mPa.s
	tensile strength,yield,73°F	624 to 3980 psi
	Tensile elongation break 73°F 36 to770 psi
	Tensile stress,73°F	102 to 355 psi
	Durometer Hardness,73°F	40-76

Table 3 .5: physical, and elastomers properties of SBS thermoplastic
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26 crater width as a function of the pulse energy
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Table 5 . 1 the calculated values of MPI and cascade -ionization coefficient for the three materials used in this study
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	ps]

the temporal evolution of free electrons density in BK7 at tp= 400Ps, and at different laser intensities and negligible recombination, diffusion and coupling rate.

  

the temporal evolution of free electrons density in BK7 at tp= 400Ps, and at different laser intensities with taking into account the recombination, diffusion rate .
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Table 5 . 2 the results of ablation thresholds for the three materials
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	material		Borosilicate D263	BK7	thermoplastic
	W 0 (psf lab)µm		0.5	0.5	0.6
	Et h of D² µJ		0.80	1.07	0.5
	LS ( experiment)µm	0.58	0.57	
	Ls (theory)		0.35	0.35	
	Ith(plasma	formation)	0.08	0.08	0.08
	TW/cm²				
	Ith( complete ionization at	0.37	0.37	0.37
	ne= 2E22cm -3 TW/cm²			
	I th from D² TW/cm²	0.57	0.6	0.5

  13 W/cm². whereas, the measurement of single shot ablation threshold of boeosilicate glass with 200fs and 780 nm Ben-Yakar et al (Adela Ben-Yakara, 2004) is 2.6J/cm² which corresponds 1.3 x1013 

17 Quantitative evaluation of single-shot laser ablated craters (using an atomic force microscope) for the BK7 and D263 borosilicate glass at 2.93 µJ/pulse.

  

	0.4					BK7 at 2.93µJ/pulse borosilicate D263a			
	0.3									
	0.2									
	1									
	depth(µm)									
				width(µm)						
	figure5. We can explain these different results from the different chemical compositions of the two
	glasses.									
	The table 5.6 presents the chemical composition in the two glasses. We can see from this table
	the presence of AL 2 O 3, TiO2, and ZnO in theD263 borosilicate glass, theses compositions
	present the oxide ceramics.							
	Composition	SiO 2	B 2 O 3	AL 2 O 3	Na 2 O	K 2 O	TiO 2	ZnO	Sb 2 O 3	BaO
	of material									
	Borosilicate	64.1%	8.4%	4.2%	6.4%	6.9%	4.0%	5.9%	0.1%	
	D263									
	BK7	70%	11.5%		9.5%	7.5%				1.5%

Table 5 . 4 the chemical composition of two glasses used in this thesis
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4.2.3.2 Observation of spatial ripples along the micro-channel direction

Remerciements

The ablation volume as a function of laser pulse energies is presented in the figure (4.12).

The data also shows that the maximum ablated volume is obtained at the incident pulse energy of 2.5µJ/pulse which corresponds to the value of 3E th . The maximum amount of material removal per unit energy is 1.26µm 3 of the volume.

Then, we have defined the ablation efficiency using the ratio of energy required to heat a unit volume to melting point to the energy required to ablated unit volume:

Where ρ is the density= 2.η0Kg/m3, C p = 820J/Kg K is the specific heat, T0=300K, T m =1324 K is the melting temperature at which the glass can be easily formed. These results were plotted in the figure 4.13.

pulses of the same energy. Some are on the ion-doped waveguide (vertical feature in the middle), the others are on the non-doped BK-7 surface (each sides of the vertical waveguide). We can clearly see that all the craters are surrounded by a heat affected ring (clearer ring around the dark crater). Its micron-size thickness (about 1 m) does not seem to be very sensitive with the pulse energy. Chapter 5

Results analysis

In this chapter we identify and calculate the initial steps of laser ablation of transparent materials, and we study the thermal effects in sub-nanosecond laser ablation of transparent materials versus the properties of materials and the focal depth.

Photo-ionization induced by multi-photon absorption

This step is the beginning of free-electron generation by two-photon absorption. The material keeps its dielectric optical properties. We have calculated the two-photon ionization coefficient.

To calculate the photo-ionization absorption we have used the generic form of the temporal evolution of free-electron density ρ(Y. R. [START_REF] Shen | The Principles of Nonlinear Optics[END_REF]Kennedy, 1995;[START_REF] Stuart | Optical ablation by high power short-pulse lasers[END_REF].):

In our study we have taken into account the electron-phonon coupling rate, thus we have added the 1/(tcoupling)ρ to the equation

In our materials the number of photons k=2 P= I k is the rate of free electron generation per unit volume and unit time in multi-photon ionization, where is the two-photon ionization coefficient, and k=2 for two-photon absorption is given by:(Kennedy, 1995; Keldysh, 1965)

Evaluation of E-e Recombination and diffusion effect

The recombination dynamics of laser-induced free-electrons in glass depends on the elEectron lifetime tr which depends on the electron density, = 1/ , The two-body recombination coefficient in glass doesn't measured, it has taken as µ rec =1x10 -10 cm 3 /s from(Mingying Sun,

2012)

The diffusion rate per electron explains the decrease in the electron density in the focal volume by diffusion. The diffusion coefficient is given by:(Kennedy, 1995)

(5.5)

Where,

is the average free electron energy and ZR is the Rayleigh length of laser beam. We have calculated the diffusion for BK7 glass diff = 16.3E-3 ( ps^-1 )

We have taken the electron phonon coupling time is t (coupling) =3.5 ps

Dynamics of free electron density during the pulse duration

At the beginning we have calculated the temporal of free electron density during the pulse width in BK7 glass at different laser intensities without taking into account the diffusion, recombination and coupling effects. The results are plotted in the figure 5.1

Where the laser intensity at the pulse duration (FWHM) is given by :

tp is the pulse duration= 400 ps . We can see from the figure 5.1 that the avalanche ionization at the critical density = ² ℰ 0 / ² =1.9E21 (plasma generation) happens at low intensity (0.002TW/cm²) in the middle of the pulse duration

W p is the electron frequency plasma, ² = 4 2 * , m* is the electron effective mass, we can estimate that the optical parameters of the plasma ,assuming that the effective collision frequency is approximately equal to the plasma frequency

We have plotted the ℰ' and ℰ'' en function of the electron free density in the figures η.4, and η.η

electron density(cm -3

)

figure5. 4 ℰ' en function of the free electron density

Where = where c is the speed of light, and w is the laser frequency

figure5. 8 the effective optical penetration depth en function of the free electron density

From the figure 5.8 we can see that, at the critical density of electrons of plasma formation, the optical penetration depth is ls= 0.35µm

Calculation of absorbed volume and energy by the electron plasma

In the next we have calculated the absorption volume in the plasma and the absorbed energy at different laser intensities. For a Gaussian beam the effective focalization surface is given by: ½ π w 0 ², thus the absorption volume is a cylindrical volume defined by the effective surface * the effective optical penetration depth L s of the laser in the material, the absorption volume can be given as:

V absorption = ½πw 0 ² x L s = 0.21x0.35= 0.076 µm 3 We have calculated the absorbed energy using the free-electron density calculated previously as a function of intensity and time-interval of avalanche ionization. 

Absorbed laser energy for the theoretical threshold of plasma formation in BK7 glass

The absorbed energy at the laser intensity of 0.08 TW/cm² is showed in the figure 5.9.

From this figure we can note that the avalanche doesn't start at the beginning of the pulse, and the absorption coefficient at the max electron density is 90% of the absorbed energy by the electrons between (t=-100 and t= +127) = 13.7 J/cm² which is 30% of the incident energy. When we take into account the absorbtion coefficient 0.90% at the electron density of 2.6 E21 cm-3, the absorbed energy in the plasma is 0.90µ*13.7 = 12.28J/cm² which correspond the absorbed energy of 0.027µJ.

We can note that, at low laser intensities, the absorbed energy in the plasma is 0.27% of the incident energy. We have reported our results for the three materials in the table 5.2, the results show a different in the value of W 0 measured of the ablation model and the value of W calculated from the psf lab, we can explain this because of the thermal effects, this factor W (experimental)/ W 0(psf lab) is of 2 for the BK7, 3 for the borosilicate, and 6 for the thermoplastic. Thus , we have calculated the intensity threshold using the value of the Psf lab of our results the thermal effects in thermoplastic and the borosilicate glass D263 are more evident of that in the BK7 glass which pulse duration. Hydrodynamics motions from focal volume to surrounding materials start after the energy transfer to ions.

The three following processes are responsible for the energy transfer from electrons to ions 1)recombination, electron-to-ion energy transfer in Coulomb collisions,2) ion acceleration in the field of charge separation gradient of electronic pressure, and 3)electronic heat conduction.

Electron-to-ion energy transfer by Coulomb collisions

TheCoulomb force dominate the interaction between plasma particles, we can characterize the plasma state by the parameter number of the Debye sphere ND (1988) :

= 1.7 10 9 3 1 / 2 (5.16)

If ND>> 1 the coulomb terms can be neglected, using the last estimation we find that , at the incident energy of 0.8µJ, the max electron temperature is 410 eV , ne =210 22 , and ζD≈η4 >>1

Ion acceleration by the gradient of the electron pressure

Assuming that the energy transfer from electrons to the cold ions due to the action of electronic pressure = (5.17)

The Newton equation for ions as following:

The kinetic velocity of ions is:

For defined the time for the energy transfer from electron to ions the ions kinetic energy must be comparable to the electron density ,

From the last equation, we can obtain the energy transfer time as:

Generally this time is in order of a few ps

Electronic Heat Conduction and shock wave formation:

After energy transfer to ions, a heat wave will propagate outside the heated zone before the emerging of shock wave. The cooling of heated volume of plasma is described by [START_REF] Raizer Ya | Physics of Shock Waves and High-Temperature Hydrodynamic Phenomena[END_REF] = ² (5.23) D is the thermal diffusion coefficient can be defined by:

; the cooling time can be defined as follows: = ²/ (5.24)

Is the electron mean free path, is the velocity, and is collision rate. The can be expressed by the temperature at the end of laser pulse = 0 0 5 / 2 (5.25)

Where T, is the cooling temperature T 0 is the initial temperature for cooling, n=5/2 for ideal plasma .

D 0 at 0.8µJ and T0=410 is5.7x 10 3 cm²/s, 0 = 0 ²/ 0 (5.27) shock equals the so-called cold pressure (Ya.B. Zel'dovich and Yu.P. [START_REF] Raizer Ya | Physics of Shock Waves and High-Temperature Hydrodynamic Phenomena[END_REF] And can be estimated by the initial mass density and the speed of sound Cs as the flowing:

The distance where the shock stops, is expressed by the radius, where the shock Initially emerges via the energy conservation condition

At the condition of r shock =0.78µm, and pshock=4.76x10 12 erg cm -3 , P0=0.26x10 10 erg cm -3 , rstop= 9.5µm for a single pulse.At this point the shock wave converts into a sound wave, which propagates further into the material without inducing any permanent changes to a solid.

Shock and Rarefaction Waves: Formation of Void

At high energy density, hollow or low-density regions within the focal volume have been observed (E.N. [START_REF] Glezer | Three-dimensional optical storage inside transparent materials[END_REF]. This phenomenon can be understood from the simple reasoning.

The strong spherical shock wave starts to propagate outside the center of symmetry compressing the material, at this time, behind the shock wave; a rarefaction wave propagates to the center of the sphere, creating a void. The mass conservation law can be applied to estimate the density of compressed material. The void formation inside a solid is only possible if the mass initially contained in the volume of the void was pushed out and compressed. Thus after the micro explosion the whole mass initially confined in a volume with radius r stop resides in a layer in between r stop and r v , the radius of this void can be expressed through the compression ratio c For =2, r v =7.5µm. This radius is a void size immediately after the interaction; the final void forms after the reverse phase transition and cooling.

The thermal effects in laser ablation of transparent materials:

In this study we have investigated the temperature distribution in the glass material and thermal effects in laser ablation of the three materials by the properties of these materials and by the effects of focal depth inside the material The attenuation of the absorbed laser fluence as a function of depth is given by: = 0 exp ( -) (5.34)

The figure 5.13 shows the exponential decay of the laser fluence with depth for an incident laser beam. There are three different layers for the absorption depth. 1) the ablation region with ablation depth of (h a ), in this region we have a high temperature and pressure plasma .

2) The molten region below the plasma region.

3) The solid region.

We have calculate the temperature distribution after the end of the pulse in the glass materialas showing in the figure 5.14, We find that at the end of pulse of 0.8µJ, the ablation depth is 0.5µm and the melting depth is 1µm. In other hand we have found that, the thermal diffusivity of the D263 borosilicate glass and BK7 glass are almost the same, whereas the thermal effects in the D263 borosilicate glass are clearer, as shown in the figure 5.16,we can also see the rim formation on the surface of D263 borosilicate glass as shown in the figure 5. 16 And 5.17, we can observe also the crater of D 263 is deeper than of BK7 at the same laser energy and the same focus conditions.