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Their formation occurs in five stages: (i) partial ionization of the plasma channel, (ii) creation of a fully ionized filament at the cathode, (iii) formation of a fully ionized filament at the anode, (iv) propagation of these filaments toward the middle of the interelectrode gap, and (v) merging of the filaments.

The filaments are characterized by intense N + and continuum emission. We show experimentally that their electron number density increases from 10 17 to 10 19 cm -3 in less than 0.5 ns. A kinetic mechanism, including the ionization of N and O excited states, successfully describes this 0.5-ns transition. After full ionization is reached, the plasma reaches thermal and chemical equilibrium and the electron number density decreases due to isentropic expansion.

Then, Nanosecond Repetitively Pulsed (NRP) discharges in the non-thermal spark regime are applied in two burners for fundamental and practical studies of Plasma-Assisted Combustion (PAC). In the mini-PAC burner, the plasma temperature increases by 1500 K near the electrode due to a "slow" thermal spark formation. The NRP discharges enhance the reactivity of the entire flame, as shown by (i) the growth of the active species in the discharge vicinity and (ii) the increase of the OH number density in the entire flame. In the SICCA burner, NRP discharges reduce the instability of oscillating flames (in methane, heptane, and dodecane), and hence extend their lean blow out limit.
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Introduction Motivation

The temperature, pressure, and composition of a gas at rest are determined by thermodynamics and chemistry. In an electromagnetic field, the state of this gas will also be subject to plasma physics. Such a field can be applied continuously (AC, DC) or transiently. Among transient sources of electric fields, nanosecond discharges stand out. Applied at frequencies in the range 1 -100 kHz for voltages of several kilovolts, their average electrical power remains low (1 -100 W). This advantage triggered the application of Nanosecond

Repetitively Pulsed (NRP) discharges in many research areas: flow control, medicine, agriculture, nanotechnologies, combustion. Indeed, a branch of the combustion community is interested in extending the flammability of combustible mixtures under challenging conditions, such as ultra-lean mixtures, oscillating flames (thermo-acoustic instabilities), or during fast variations of the equivalence ratio. NRP discharges offer the possibility to (i) produce chemically active species, (ii) increase the temperature, and (iii) generate hydrodynamic perturbations. These three effects can sharply enhance the traditional flame chain-initiation reactions and hence accelerate combustion.

Plasma-Assisted Combustion (PAC) by NRP discharges is the principal motivation of this work. However, the use of nanosecond discharges raises fundamental questions that were unanswered at the beginning of this thesis. A few measurements in the literature (Shcherbanev et al., 2016;[START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF][START_REF] Sainct | Electron number density measurements in nanosecond repetitively pulsed discharges in water vapor at atmospheric pressure[END_REF] reported that nanosecond discharges could abruptly generate fully ionized plasma at tens of thousand kelvin, which are called thermal sparks in this thesis. Such measurements implied that the nanosecond plasmas are in thermal and chemical equilibrium. In contrast, other works at Stanford University and EM2C laboratory demonstrated the existence of nonequilibrium nanosecond sparks [START_REF] Packan | Repetitive nanosecond glow discharge in atmospheric pressure air[END_REF][START_REF] Pai | Nanosecond Repetitively Pulsed Plasmas in Preheated Air at Atmospheric Pressure[END_REF][START_REF] Rusterholtz | Nanosecond Repetitively Pulsed Discharges in Atmospheric Pressure Air[END_REF][START_REF] Xu | Thermal and hydrodynamic effects of nanosecond discharges in air and application to plasma-assisted combustion[END_REF]. In most potential applications, we aim to use NRP discharges to generated non-equilibrium plasmas. Consequently, the formation of thermal sparks is a critical issue that needs to be addressed. Therefore, we conducted a fundamental study of nanosecond discharges in ambient air in order to:

• characterize the parameters responsible for the formation of the thermal spark

• describe the formation and recombination of the thermal spark. The fundamentals of nanosecond discharges initially represented a small fraction of this Ph.D. thesis but grew considerably with the author's interest. In parallel to the experimental characterization of the thermal spark, a chemical kinetic mechanism was developed and two more challenging objectives were pursued:

• explain the increase of temperature during the full ionization in nanosecond discharges

• identify the key mechanisms responsible for the full ionization of thermal sparks

The principal subject of this thesis, PAC, was investigated following the results obtained by Galley, Pilla, Xu, and co-authors (Galley et al., 2005;Pilla et al., 2006;[START_REF] Pilla | Etude Expérimentale de la Stabilisation de Flammes Propane-Air de Prémélange par Décharges Nanosecondes Impulsionnelles Répétitives[END_REF][START_REF] Xu | Thermal and hydrodynamic effects of nanosecond discharges in air and application to plasma-assisted combustion[END_REF]. In their works, NRP discharges were applied in propane-air mixtures across a 5-mm gap in the recirculation zone of a bluff-body burner called Mini-PAC. Using Optical Emission Spectroscopy (OES), Pilla measured a significant increase of the temperature and atomic oxygen number density in the center of 10-ns discharges applied at 30 kHz.

These effects allowed for stabilizing the Mini-PAC flame at leaner conditions. Later, Xu performed a pulseby-pulse study of the transition from a non-assisted to a plasma-assisted flame. He demonstrated that the stabilization of the lean flames is strongly coupled with the advection of OH radicals. To pursue these encouraging results, the PASTEC 1 ANR-project aims to describe the full interaction of NRP discharges with lean methane-air flames. For that purpose, in this thesis, we extend the measurements of Pilla and Xu to achieve the following objectives:

• identify the regime of the NRP spark applied in the mini-PAC burner: non-thermal or thermal?

• understand the critical mechanisms of heating and cooling in a methane-air flame stabilized by NRP discharges

• describe the process of stabilization related to the active species formation

• guide the numerical simulations of PAC, also conducted in the PASTEC project

The PASTEC project is devoted to studying methane-air flames, but some industrial applications of PAC require more complex fuels. Therefore, we also aim to extend the lean blow-out limit in the SICCA-spray facility to:

• demonstrate the scalability of PAC with heavier fuels 

Scope of this thesis

This manuscript has been divided into three parts to answer the foregoing objectives.

Part I, entitled Fundamental and practical aspects of nanosecond discharges, summarizes the theoretical and practical aspects at the roots of the two following parts. Experienced or hurried researchers can probably skip certain portions.

• Chapter 1 introduces, in an academic format, the distribution of rotational, vibrational, and electronic levels and the concept of partition functions. Then, temperature measurements by Optical Emission Spectroscopy are described, and followed by an extensive study of atomic line broadening. Finally, a simplified 2-level model of Laser-Induced Fluorescence is provided.

• Chapter 2 compares two different methods for voltage, current, and energy measurements of nanosecond discharge.

Part II, dedicated to the thermal spark, attempts to give a structure to the nascent literature on fully ionized plasmas generated by nanosecond pulses, including the experimental and numerical results obtained in this work.

• Chapter 3 provides a short review of previous work on the formation of partially and fully ionized plasmas by nanosecond discharges.

• Chapter 4 is an experimental work on the thermal spark formation and recombination. Our measurements are analyzed and then compared to other works in the literature.

• Chapter 5 presents a new 0-D kinetic mechanism to describe the thermal spark formation. The mechanism is tested at thermal equilibrium and in two-temperature plasmas.

• Finally, in Chapter 6, the thermal spark formation is simulated using the kinetic mechanism of Chapter 5. First, this simulation is run on an academic example. Then, the electron number density measured in our thermal spark setup is compared with the simulation results.

Part III describes the Application of NRP discharges to plasma-assisted combustion and is organized in three chapters.

• Chapter 7 gives a short overview of the plasma-assisted combustion field, with an emphasis on large-scale, high-power experiments.

• Chapter 8 focuses on the thermal and chemical effects of NRP discharges on a methane-air flame in a bluff-body configuration: Mini-PAC. The evolution of the temperature and excited species

Part I: Fundamental and practical aspects of nanosecond discharges Optical Emission Spectroscopy, Line-Broadening diagnostics, and Laser-Induced Fluorescence

In this chapter, we describe basic physical concepts underlying much of the work presented in this thesis, as well as the principles of diagnostics based on Optical Emission Spectroscopy (OES), Rayleigh scattering, and Laser-Induced Fluorescence. Particular attention is given to the description of the electronic structure of atoms and molecules in Section 1.1. The determination of the translational temperature by OES is detailed in Section 1.2, followed by a short description of the Rayleigh scattering technique in Section 1.2.4. Section 1.3 is dedicated to the spectral broadening of atomic lines. Finally, the theoretical background of Laser-Induced Fluorescence is given in Section 1.4.

Distribution of internal energy level populations in atoms and molecules

Optical Emission Spectroscopy diagnostics require knowledge of atomic and molecular spectroscopic properties, described in this section. The fundamental description of atoms and molecules is freely inspired from the "Atomic, Molecular, and Radiation Physics" course 1 . This section can be referred to by Master's students following the same course and supplemented by (Vincenti and Kruger, 1965;[START_REF] Alberty | Physical chemistry 1st Edition[END_REF]). 

Excited populations of atomic and molecular states in plasma

According to Boltzmann's theory, when equilibrium is reached at temperature T, the entropy, S, can be calculated using Eq. 1.1, where Ei is the energy level of state i, gi the state degeneracy, kb the Boltzmann constant, N the total number of particles, E the total energy and 𝛽 = kbT. This formulation is valid if the thermal de Broglie wavelength, Λ, is negligible compared to the volume of the considered plasma as given in Eq. 1.2, where m is the mass of the particle and h the Planck constant.

𝑆 = 𝑁𝑘 𝑏 [ln ( 1 𝑁 ∑ 𝑔 𝑖 𝑖 exp( -𝛽𝐸 𝑖 ) ) + 1] + 𝐸 𝑇 Eq. 1.1 𝑉 Λ 3 = 𝑉 ( 2𝜋𝑚𝑘 𝑏 𝑇 ℎ 2 ) 3 2 ≫ 1
Eq. 1.2

The partition function Z of a particle is defined as:

𝑍 = ∑ 𝑔 𝑖 𝑖 exp( -𝛽𝐸 𝑖 )
Eq. 1.3

Hence, then entropy can be written 𝑆 = 𝑁𝑘 𝑏 [ln ( Z 𝑁 ) + 1] + 𝐸 𝑇 Eq. 1.4

We define the Gibbs free energy in Eq. 1.5.

𝐹 = 𝐸 -𝑇𝑆

Eq. 1.5

Thus, 𝑆 = -𝜕𝐹/𝜕𝑇 and F is related to the partition function: 𝐹 = -𝑁𝑘 𝐵 𝑇 [ln ( 𝑍 𝑁 ) + 1] Eq. 1.6

Using Eq. 1.5, the average energy can be calculated as:

𝐸 = -T 2 𝜕 ( 𝐹 𝑇 ) 𝜕𝑇
= 𝑁𝑘 𝑏 𝑇 2 𝜕ln (𝑍) 𝜕𝑇

Eq. 1.7

The pressure, the chemical potential per molecule, and the thermal capacity are determined in Eq. 1.8, Eq.

1.9 and Eq. 6.16, respectively. The relations in Eq. 1.8 and Eq. 1.9, are implicitly included in Eq. 1.11. d𝐹 = -𝑃d𝑉 -𝑆d𝑇 + 𝜇d𝑁 Eq. 1.11

Therefore, the thermodynamic properties of plasmas (entropy, pressure, energy …) are determined by the gas partition functions. In the following paragraph, we will derive the expression of the translational, rotational, vibrational, and electronic partition functions, assuming they are independent. The thermodynamic properties of plasma will be calculated, in parallel.

Translational partition function

The translational energy of a particle in a cubic box of dimension L is equal to E in Eq. 1.12, where n1, n2, n3, are the quantum numbers in the three directions in the phase volume.

𝐸(𝑛 1 , 𝑛 2 , 𝑛 3 ) = ℎ 2 8𝑚 𝑛 1 2 + 𝑛 2 2 + 𝑛 3 2 𝐿 Eq. 1.12 Thus, the translational partition function can be written using Eq. 1.3 as:

𝑍 𝑡𝑟𝑎𝑛𝑠 = ∑ exp [- ℎ 2 8𝑚𝑘 𝑏 𝑇 𝑛 1 2 + 𝑛 2 2 + 𝑛 3 2 𝐿 ]
𝑛 1 ,𝑛 2 ,𝑛 3

Eq. 1.13

The expression of Eq. 1.13 can be simplified into three sums. Also, the sum increments, ni, being sufficiently small, Eq. 1.13 can be approximated by its integral equivalent. Therefore, the translation partition function is equal to:

𝑍 𝑡𝑟𝑎𝑛𝑠 = 𝑉 Λ 3 = 𝑉 ( 2𝜋𝑚𝑘 𝑏 𝑇 ℎ 2 ) 3 2
Eq. 1.14

For now, the temperature Ttrans will be used to characterize the heavy particles (kinetic) temperature1 and Te for the electrons (kinetic) temperature. Therefore, using Eq. 1.8 and Eq. 1.7, we obtain the theorem of equipartition, the ideal gas law, and the thermal capacity of a monoatomic gas: Eq. 1.17

𝐸 𝑡𝑟𝑎𝑛𝑠 =
The thermal capacity of a monoatomic gas is constant, but this is not the case at high temperatures due to the inclusion of the electronically excited states in the derivation [START_REF] Colonna | Electronic excitation and isentropic coefficients of high temperature planetary atmosphere plasmas[END_REF].

Electronic partition function

According to quantum mechanics, the electrons bound to an atom can occupy specific states of a given energy. The occupation of the electronic shell is commonly represented by an energy diagram, such as shown in Figure 1.1 for atomic nitrogen. The degeneracy of each level, gi, and its energy, Ei can be found on the NIST website 1 [START_REF] Kramida | NIST Atomic Spectra Database (ver. 5.6.1)[END_REF]. The spectroscopic notation of a level is written 2S+1 LJ. The L term is the orbital angular momentum equal to 0, 1, 2, 3, etc. whose symbol are S, P, D, F, etc. for atoms.

For molecules, the Greek alphabet is used (Λ = Σ, Π, Δ, Φ, …). J is the total angular momentum defined by J = L + S, where S is the spin. The degeneracy of each state is given by 𝑔 𝑖 = 2𝐽 + 1. If the number of electrons in odd orbitals is odd, the total state parity is odd and a "0" can be added to the spectroscopic notation, such as for N( 2 D 0 ).

1 See https://physics.nist.gov/PhysRefData/ASD/lines_form.html
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France In the case of atomic nitrogen, the partition function is equal to: 𝑇 𝑒𝑙𝑒𝑐 ) Eq. 1.18

The first term in Eq. 1.18 is the degeneracy of the ground state. The 2 D 0 state composed of the states 2 D 0 5/2 and 2 D 0 3/2 (of degeneracy 6 and 4, respectively) is grouped in one unique state of energy E1 = 2.384 eV = 27,666 K. It is usually not necessary to include the next terms because atomic nitrogen is usually ionized above 30,000 K.

For molecules, the same calculation can be performed. The first excited state of N2 is N2(A 3 Σu + ) separated from the ground state N2(X 1 Σg + ) by Te = 6.22 eV = 72,183 K [START_REF] Laux | Optical Diagnostics and Radiative Emission of Air Plasmas[END_REF]. Therefore, the electronic partition function of N2 can be written: 𝑍 𝑒𝑙𝑒𝑐 (𝑁 2 ) = 1 + 3 × 𝑒 An existing program from Zare (Zare, 1964) is used to calculate rotationless Rydberg-Klein-Rees potentials based on Dunham expansion coefficients Yij, available in Laux's thesis [START_REF] Laux | Optical Diagnostics and Radiative Emission of Air Plasmas[END_REF]. The result of the calculation is shown in Figure 1.2 where the potentials of N2(X), N2(A), N2(B), and N2(C) are plotted. (Zare, 1964).

The separation between electronic levels is typically a few eV (1 eV = 11,605 K). This is much greater than the average translational energy of particles at 300 K. Therefore, at room temperature, only the ground state is occupied. The electronic thermal capacity, cv,elec, is characterized by sharp increases when the temperature overcomes the energy of excited states, because cv,elec is a derivative of Eelec (see Eq. 1.17 

Rotational partition function

Assuming a diatomic molecule 1 to be a rigid rotor of moment of inertia 2 , 𝐼, the energy and the degeneracy of a rotational level are defined by Eq. 1.21 and Eq. 1.22:

𝜀 𝑟𝑜𝑡 (𝐽) = 𝐽(𝐽 + 1) ℎ 2 8𝜋 2 𝐼 = 𝐽(𝐽 + 1)𝑘 𝑏 Θ 𝑟𝑜𝑡 Eq. 1.21

𝑔 𝑟𝑜𝑡 (𝐽) = 2𝐽 + 1 Eq. 1.22

The spacing between rotational levels3 (Θ 𝑟𝑜𝑡 = 1 -10 K) is well below the typical rotational temperatures of the plasmas produced by discharges. Therefore, 𝜀 𝑟𝑜𝑡 is a function that varies slowly with J and an integral expression can replace the sum in Eq. 1.23.

𝑍 𝑟𝑜𝑡 = ∑(2𝐽 + 1)𝑒 If the molecule is homonuclear, 𝜎 = 2 to account for indistinguishable states and 𝜎 = 1 for heteronuclear molecules [START_REF] Alberty | Physical chemistry 1st Edition[END_REF].

In Figure 1.3, the distribution of the rotational populations is given for the OH molecule in the ground state.

The increase of the rotational temperature flattens the population peak and shifts it to the higher rotational numbers.

1 Triatomic molecules (and higher polyatomic molecules) are beyond the scope of this thesis.

2 In classical mechanics, for two masses, m1 and m2, at a distance r1 and r2 of their center of mass, the moment of inertia is 𝐼 (𝑐𝑙𝑎𝑠𝑠𝑖𝑐𝑎𝑙) = 𝑚 1 𝑟 1 2 + 𝑚 2 𝑟 2 2 .

Chapter 1 -Optical Emission Spectroscopy, Line-Broadening diagnostics, and Laser-Induced Fluorescence Using Eq. 1.7 and Eq. 1.23, we obtain:
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𝐸 𝑟𝑜𝑡 = 𝑁𝑘 𝑏 𝑇 𝑟𝑜𝑡 Eq. 1.24

𝑐̂𝑣 ,𝑟𝑜𝑡 = 1 𝑁 𝜕𝐸 𝑟𝑜𝑡 𝜕𝑇 = 2 2 𝑘 𝑏
Eq. 1.25

Vibrational partition function

Assuming the molecule vibration to be described by a harmonic oscillator, the energy 1 of the vibrational levels is provided in Eq. 1.26, where 𝑣 is the vibrational quantum number and ℎ𝜈 = 𝑘 𝑏 𝛩 𝑣𝑖𝑏 the energy spacing between two consecutive vibrational levels. 1 The energy reference E = 0 is taken at the bottom of the electronic potential well. It is sometimes taken at the first vibrational level v = 0. The energy would therefore be 𝐸 𝑣𝑖𝑏 (𝑣) = ℎ𝜈𝑣. Nevertheless, changing the energy reference does not change the calculation of cv(!).
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The degeneracy of each level is equal to 1 for a diatomic molecule. The typical energy spacing between vibrational levels is in the range Θ 𝑣𝑖𝑏 = 3000 -4000 K. Thus, at room temperature, most molecules are in their ground vibrational level. The vibrational partition function is calculated in Eq. 1.27.

𝑍 𝑣𝑖𝑏 = ∑ exp (-(𝑣 + 1 2 ) Θ 𝑣𝑖𝑏 𝑇 𝑣𝑖𝑏 ) 𝑣 ≈ exp (- 1 2 Θ 𝑣𝑖𝑏 𝑇 𝑣𝑖𝑏 ) 1 -exp (- Θ 𝑣𝑖𝑏 𝑇 𝑣𝑖𝑏 )
Eq. 1.27

It can be noted that N2(C) has only five bound vibrational levels. Thus, in the specific case of N2(C), the sum in Eq. 1.27 must be calculated up to v'=4. The vibrational levels of N2 in multiple excited electronic states are reported in Figure 1.4.

Using Eq. 1.7, for Tvib ≫Θvib, we obtain:

𝐸 𝑣𝑖𝑏 = 𝑁𝑘 𝑏 𝑇 𝑣𝑖𝑏 Eq. 1.28 and we get using Eq. 1.25:

𝑐̂𝑣 ,vib = 1 𝑁 | 𝜕𝐸 𝑣𝑖𝑏 𝜕𝑇 | 𝑉 = 2 2 𝑘 𝑏
Eq. 1.29

In non-equilibrium plasma discharges, the following ordering1 is usually observed:

𝑇 𝑡𝑟𝑎𝑛𝑠 ≤ 𝑇 𝑟𝑜𝑡 ≤ 𝑇 𝑣𝑖𝑏 ≤ 𝑇 𝑒𝑙𝑒𝑐 ≤ 𝑇 𝑒 Eq. 1.30

For instance, in preheated air at 1500 K, the temperatures of NRP discharges applied at 30 kHz are Trot = Ttrans = 1500 -3000 K and Tvib = 4000 K (Rusterholtz et al., 2013). The electron temperature Te is approximately 17,000 K (1.5 eV) for a voltage difference of 5 kV applied across a 4 mm gap at atmospheric pressure [START_REF] Raizer | Gas Discharge Physics[END_REF]. These values are typical in non-thermal nanosecond spark discharges.
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Theorem of equipartition

According to the theorem of equipartition of energy, each quadratic term in the Hamiltonian contributes 1/2 𝑘 𝑏 to the heat capacity. In the following equations, the translational, rotational, and vibrational energies are written according to classical mechanics, where k is the spring stiffness, 𝜔, the angular speed of rotation, and I, the moment of inertia.

𝐸 𝑡𝑟𝑎𝑛𝑠 (𝑐𝑙𝑎𝑠𝑠𝑖𝑐𝑎𝑙) = 1 2 𝑚(𝑥̇2 + 𝑦̇2 + 𝑧̇2) 𝐸 𝑣𝑖𝑏 (𝑐𝑙𝑎𝑠𝑠𝑖𝑐𝑎𝑙) = 1 2 𝑚𝑥̇2 + 1 2 𝑘𝑥 2
1.1 -Distribution of internal energy level populations in atoms and molecules The translational mode is always activated and contributes to 3 × Eq. 1.32

The intensity of spontaneous emission from an emitting upper level u to a lower level l is given in Eq. 1.33,

where nu [cm -3 ] is the density of the upper state, Aul [s -1 ], the Einstein coefficient for spontaneous emission of the upper state, Δ𝐸 𝑢𝑙 [J], the difference of energy between the upper and lower states, Δ𝑙 [cm], the length of the plasma layer, and 𝜙(𝜆) [nm -1 ], the normalized transition lineshape defined in Eq. 1.34.

𝐼 𝑢𝑙 [W.cm -2 .sr -1 .nm -1 ] = 𝑛 𝑢 𝐴 𝑢𝑙 4𝜋 Δ𝐸 𝑢𝑙 𝜙(𝜆)Δl Eq. 1.33

∫ 𝜙(𝜆)dλ = 1 Eq. 1.34

We assumed in Eq. 1.33 that the plasma layer is optically thin. Considering an atomic species, we take the logarithm of Eq. 1.33 and inject Eq. 1.31. We obtain Eq. 1.35 for a state u radiating to l:

Chapter 1 -Optical Emission Spectroscopy, Line-Broadening diagnostics, and Laser-Induced Fluorescence The slope of the curve 𝑙𝑛 𝐼 𝑢𝑙 𝑔 𝑢 𝐴 𝑢 Δ𝐸 𝑢𝑙 versus 𝐸 𝑢 , obtained from the intensities of several atomic lines, gives the electronic temperature. The spectroscopic parameters are available from the NIST database [START_REF] Kramida | NIST Atomic Spectra Database (ver. 5.6.1)[END_REF] and the line intensity 𝐼 𝑢𝑙 can be precisely measured if different lines emitted by different states do not overlap. This is the case for N emitting at 740 and 742 nm for instance. In the case of N + , the emission lines are mixed in the visible emission spectrum. The most intense lines of N + at 500 nm are reported in Table 1.1. Eight different lines, from three different levels, overlap in a 2 nm spectral range. At electron number densities above 10 16 cm -3 , the Stark broadening (see Section 1.3) of these lines enhances the mixing effect. Therefore, in this work, the method of the Boltzmann plot will not be used to determine Te, despite previous attempts having been made [START_REF] Orriere | Ionization and recombination in nanosecond repetitively pulsed microplasmas in air at atmospheric pressure[END_REF]. Here, we will assume that the electronic level populations of any atom follow a Boltzmann distribution. The Specair code [START_REF] Laux | Radiation and nonequilibrium collisional-radiative models[END_REF]Laux et al., 2003) will be used to calculate the population of each state, and the corresponding emission intensity.

The Boltzmann plot method can also be performed for rotational and vibrational levels, see for example (Bruggeman et al., 2014). However, the method of spectral fitting was preferred in this thesis because it better accounts for overlapping lines. The spectral fitting can be used as well to get the radiating species density if the spectrum intensity is absolutely calibrated. 

Ttrans

The results of this section are used notably in Section 8.5.

The translational temperature of a plasma can be measured by OES via Doppler broadening. The Doppler broadening of atomic lines will be described in Section 1.3. This broadening is typically much smaller than the instrumental broadening for the conditions of this thesis and, thus, cannot be used to measure Ttrans. In LTE plasmas, the electronic, vibrational, and rotational distributions follow distributions at the translational temperature. In non-equilibrium plasmas, this is not the case. The rotational temperature is usually the closest to the translational temperature, Eq. 1.30. The objective of this section is to determine the conditions under which Ttrans = Trot, following the recommendations of (Bruggeman et al., 2014). We start by discussing rotational-translational (RT) relaxation, which drives the equilibration between the rotational and translational modes. Then, we examine the rates of the main reactions populating and depopulating the N2 excited states in air and CH4/air mixtures. Finally, we compare the RT and populating/depleting rates to infer the conditions under which the measured OES rotational temperatures are representative of the gas temperature.

Thermalization of the rotational distribution: models

How long will it take for a set of given molecules initially in a given rotational distribution to thermalize with the translational distribution? To answer this question, Parker introduced the rotational-translational relaxation time 𝜏 𝑅𝑇 (Parker, 1959) which is expressed in Eq. 1.36,

𝜏 𝑅𝑇 = 𝑍 𝑅𝑇 𝜏 0 Eq. 1.36
where 𝑍 𝑅𝑇 , the number of collisions needed for thermalization, is a function of Ttrans and the gas composition, and 𝜏 0 , the average time between collisions defined in [START_REF] Laux | Optical Diagnostics and Radiative Emission of Air Plasmas[END_REF].

𝜏 0 [s] = √𝑇[𝐾]/300 10 10 𝑃[𝑎𝑡𝑚] .
Eq. 1.37

In his model, Parker assumed that no energy is initially stored in the rotational mode (𝑇 𝑟𝑜𝑡 0 = 0 K) and that the molecules are in a thermostat (i.e. Ttrans = const). 𝑍 𝑅𝑇 is found to increase with the temperature of the translational thermostat, Ttrans, and this result is in agreement with experimental data gathered in [START_REF] Brau | Classical theory of rotational relaxation in diatomic gases[END_REF][START_REF] Capitelli | Self-consistent time dependent vibrational and free electron kinetics for CO2 dissociation and ionization in cold plasmas[END_REF], see Figure 1.5. et al., 2014). The initial translation and rotational states are distributed at given initial temperatures. In this case, the translational temperature is also constant (translational thermostat). Parker already showed that 𝑍 𝑅𝑇 increases with Ttrans (Parker, 1959). Valentini et al. demonstrated that 𝑍 𝑅𝑇 is also a function of the initial rotational temperature, Trot, via the Ψ function defined in Eq. 1.38.

Ψ = 1 - 𝑇 𝑟𝑜𝑡 (𝑡 = 0) 𝑇 𝑡𝑟𝑎𝑛𝑠 Eq. 1.38
It was shown by Valentini and co-authors that the relaxation time is longer for Ψ < 0 than for Ψ > 0, i.e. the relaxation time is longer for higher Trot(0) as illustrated in Figure 1.5. At Ψ ≈ 0 (i.e. Trot(0) ≈ Ttrans), the calculation shows good agreement with the experimental data. In typical nanosecond discharge experiments (Pai, Lacoste and Laux, 2010b;Rusterholtz et al., 2013), N2(C) is populated by electron-impact excitation of N2(X) and the nascent rotational temperature of N2(C) is equal to 𝑇 𝑟𝑜𝑡 0 = 0.92 𝑇 𝑡𝑟𝑎𝑛𝑠 (see Section 1.2.3). At Ψ = 0.08, ZRT(Ψ = 0.08) is between ZRT(Ψ ≈ 0) and the result of Parker 1 . We calculate the corresponding relaxation times by applying Eq. 1.37 and we compare them to experimental references in Figure 1.6. We also show, for comparison, the relaxation time calculated by Panesi et al. for temperatures above 5000 K (Panesi et al., 2013). All the RT relaxation times are close in Figure 1 

Effective lifetime

If the effective lifetime of the emitting species is shorter than the relaxation time, 𝜏 𝑒𝑓𝑓 < 𝜏 𝑅𝑇 , the rotational distribution will not thermalize with the translational distribution before the probed species is depleted. For instance, it was shown that the rotational temperature of N 2 (B) was not representative of the gas temperature 1 We compared a simulation at Ψ = 1, which corresponds to Trot(0) = 0. This calculation does not match the result of Parker, although it corresponds to Parker's initial condition (Parker, 1959). The origin of this difference is unknown and beyond the scope of this thesis.

Chapter 1 -Optical Emission Spectroscopy, Line-Broadening diagnostics, and Laser-Induced Fluorescence The effective lifetime of the radiating species, Eq. 1.40, corresponds to the characteristic time of an exponential decay were the production pathways to be suddenly terminated.

𝜏 𝑒𝑓𝑓 = 1 𝐴 𝑖 + ∑𝑘 𝑄𝑖 𝑁 𝑖 = 1 1/𝜏 𝑟𝑎𝑑 + 1/𝜏 𝑞𝑢𝑒𝑛 Eq. 1.40
In nanosecond discharges, the rotational temperatures of N2(C) and N2(B) are typically used to determine

Ttrans. The radiative lifetimes of N2(C) and N2(B) are 39.3 ns (Valk et al., 2010) and 4 -8 µs, respectively (Bruggeman et al., 2014). At atmospheric pressure, 𝜏 𝑒𝑓𝑓 is usually dominated by the quenching term. The N2(C) and N2(B) rates of collisional quenching in air and combustible mixtures are discussed below and summarized in Table 1.2.

The quenching rate coefficients of N2(C) by N2, O2, CO2, and H2O were measured by Albugues et al. (Albugues et al., 1974), who gave values for the (0,0) and (0,1) vibrational bands that differ at most by 10%.

Only the values of the (0,0) band are shown in Table 1.2. The quenching of four vibrational levels of N2(C) by N2, O2, H2O, and H2 was also investigated 2 in [START_REF] Pancheshnyi | Collisional deactivation of N2(C Π(u), v = 0, 1, 2, ) states by N2, O2, H2 and H2O molecules[END_REF] and compares well with the work of Albugues et al. However, in (Morozov et al., 2005), the rate coefficient of 1 This effective Einstein coefficient is summed on all the allowed transitions.

2 This study, performed in 2000, follows a study conducted in 1998 by the same authors [START_REF] Pancheshnyi | Measurements of rate constants of the N2(C Πu, v′ =0) and N2 (B2Σ u, v′ =0) deactivation by N 2 , O 2 , H 2 , CO and H 2 O molecules in afterglow of the nanosecond discharge[END_REF]. We took the most recent values of Pancheshnyi et al. Note however that the quenching rate coefficients of N2 + (B) can be found in [START_REF] Pancheshnyi | Measurements of rate constants of the N2(C Πu, v′ =0) and N2 (B2Σ u, v′ =0) deactivation by N 2 , O 2 , H 2 , CO and H 2 O molecules in afterglow of the nanosecond discharge[END_REF]. (Rusterholtz et al., 2013) that the quenching rate coefficient of N2(C) by O2 varies with 𝑇 𝑔𝑎𝑠 0.3 in the range 300-2000 K. For H2O, the value reported in (Albugues et al., 1974) will be used since they obtain the same O2 quenching rate as Valk et al.

For atomic oxygen, (Shkurenkov et al., 2014) successfully described the formation of NO following a nanosecond discharge by the quenching of N2 excited states, using a gas-kinetic 1 rate kkin = 3.0×10 -10 cm 3 s -1

for Reac. 1.1.

N 2 (𝐵 3 Π 𝑔 , 𝐶 3 Π 𝑢 ) + 𝑂( 3 P) ⇌ NO(X 2 Π r ) + N( 4 𝑆) Reac. 1.1
This result is surprising because N2(A) is known to react with O( 3 P) according to Reac. 1.2 with a rate 10 times lower, 3.0×10 -11 cm 3 s -1 [START_REF] Piper | The excitation of O(1S) in the reaction between N2(A ∑u ) and O( P)[END_REF]Thomas and Kaufman, 1996).

N 2 (𝐴 3 Σ 𝑢 + 𝑣 ≤ 2 ) + 𝑂( 3 P) ⇌ O( 1 S) + N 2 (𝑋 1 Σ 𝑔 + ) Reac. 1.2
1 The kkin rate is the kinetic rate of collision between two particles assuming they are hard spheres. It can be easily obtained using the following equation, with rA and rB the radius of the colliding particles, μAB the reduced mass of the colliders, kb the Boltzmann constant, and T the temperature.

𝑘 𝑘𝑖𝑛 = 𝜋(𝑟 𝐴 + 𝑟 𝐵 ) 2 √ 8𝑘 𝑏 𝑇 𝜋𝜇 𝐴𝐵
If each collision between quenchers and excited particles is effective, then the quenching rate coefficient should be equal to kkin. The kinetic rate is considered as an upper bound of the quenching rate coefficient, which is reached by many quenchers [START_REF] Piper | Quenching rate coefficients for N2(a′ 1Σ u-)[END_REF] and is sometimes overreached (see However, for N2(A, v > 2), more than 60% of the N2(A) quenching by O( 3 P) will form NO molecules (Thomas and Kaufman, 1996). The quenching of N2(B) and N2(C) by atomic oxygen was not considered in the early mechanism of Popov [START_REF] Popov | Investigation of the mechanism for rapid heating of nitrogen and air in gas discharges[END_REF](Popov, , 2011a)). After inclusion of Reac. 1.2 in his latest mechanism, Popov obtained better agreement with the experimental temperature increase obtained after a nanosecond pulse in preheated air (Rusterholtz et al., 2013;Popov, 2016a, fig. 13).

The quenching rate of N2(B) by N2 used by Popov (Popov, 2009a) (Young, Black and Slanger, 1969). The quenching rate coefficient of N2(B) by O2 was found to be constant in the range 300 -2200 K (Rusterholtz et al., 2013). More recently, Piper [START_REF] Piper | Energy transfer studies on N2(X 1Σg ,V) and N2(B πg)[END_REF]) measured the quenching rates of N2(B) by CO2, CH4, N2, and O2. Piper's values correspond to those of Young (N2 and O2) and will be selected in the following calculations, because they cover the broadest range of molecules. The quenching of N2(B) by CO2 was also measured by (Campbell and Thrush, 1966) at 196 K. They suggested that this quenching induces the dissociation of CO2 as in Reac. 1.3.

𝑁 2 (𝐵) + CO 2 ⇌ N 2 + CO + O Reac. 1.3
Using the bold values of Table 1.2, we compare 𝜏 𝑒𝑓𝑓 and 𝜏 𝑅𝑇 in Table 1.3. To our knowledge, the quenching rate of N2(B) by H2O is unknown (missing in Table 1.2). For this application, we assume it to be equal to 4×10 -10 cm 3 s -1 , the quenching coefficient rate of N2(C). The variation of the quenching rates with the temperature is neglected, except for N2(C) quenched by O2. The following three cases are studied:

• Air: N2 (79%) / O2 (21%)

• Stoichiometric methane-air flame before ignition: N2 (71.5%) / O2 (19%) / CH4 (9.5%) (cm 3 •s -1 ) Reference Rate coef.

(cm 3 •s -1 ) Reference N2 3×10 -11 [START_REF] Piper | Energy transfer studies on N2(X 1Σg ,V) and N2(B πg)[END_REF] 1.1×10 -11 (Dilecce, Ambrico and De Benedictis, 2007; Valk et al., 2010) 2.7×10 -11 (Young, Black and Slanger, 1969) 5.0×10 -11 (Kossyi et al., 1992) 1.0×10 -11 (Popov, 2009a, 2016a) O2 2.7×10 -10 (Rusterholtz et al., 2013) at 2200 K 3.0×10 -10 (Pancheshnyi, Starikovskaia and Starikovskii, 2000) 1.1×10 -10 (Young, Black and Slanger, 1969) 2.7×10 -10 (Albugues et al., 1974; Valk et al., 2010) 3.0×10 -10 (Kossyi et al., 1992; Popov, 2009a) 5.8×10 -10 (Rusterholtz et al., 2013) at 2200 K 2×10 -10 (Piper, 1992) H2O 3.9×10 -10 (Pancheshnyi, Starikovskaia and Starikovskii, 2000) 4.2×10 -10 (Albugues et al., 1974) 7.1×10 -10 (Morozov et al., 2005) H2 2.5×10 -11 (Popov, 2008) 3.3×10 -10 (Pancheshnyi, [START_REF] Pancheshnyi | Collisional deactivation of N2(C Π(u), v = 0, 1, 2, ) states by N2, O2, H2 and H2O molecules[END_REF] 5×10 -11 [START_REF] Piper | Energy transfer studies on N2(X 1Σg ,V) and N2(B πg)[END_REF] CO2 [START_REF] Piper | Energy transfer studies on N2(X 1Σg ,V) and N2(B πg)[END_REF] 3.5×10 -10 (Albugues et al., 1974) 8.5×10 -11 (Campbell and Thrush, 1966) at 196 K 1.5×10 -10 (Young, Black and Slanger, 1969) CH4 3×10 -10 [START_REF] Piper | Energy transfer studies on N2(X 1Σg ,V) and N2(B πg)[END_REF] 5.7×10 -10 (Albugues et al., 1974) Ar 3.0×10 -13 (Bruggeman et al., 2014) O 3.0×10 -10 (Shkurenkov et al., 2014) 3.0×10 -10 (Shkurenkov et al., 2014) CO 8.5×10 -11 (Young, Black and Slanger, 1969) Chapter 1 -Optical Emission Spectroscopy, Line-Broadening diagnostics, and Laser-Induced Fluorescence The variations of 𝜏 𝑒𝑓𝑓 and 𝜏 𝑅𝑇 with temperature are shown in Figure 1.7. The assumptions of the calculations performed in Figure 1.7 are summarized here:

2×10 -10 ( 
• The air composition is assumed to be constant up to 3000 K. It was shown that for constant pressure or constant volume processes, the NO and O mole fractions were below 10% [START_REF] Sher | On the birth of spark channels[END_REF].

• The quenching rate of N2(B) by H2O is assumed to be equal to that of N2(C): 4×10 -10 cm -3 .s -1 . This assumption is justified considering the relative values of N2(C) and N2(B) quenching by CO2, CH4, N2 and O2

• We neglect the impact of electron quenching, known to affect N2(C) effective lifetime in recombining plasmas (Lepikhin et al., 2016), because this effect strongly depends on the Electron Energy Distribution Function, which in turn is related to the gas composition. The rate coefficient of electron quenching derived by Lepikhin et al. is therefore not supposed to apply here.

• The rotational-translational relaxation rate, 𝜏 𝑅𝑇 is calculated for N2(X) colliding with N2(X). We assume that 𝜏 𝑅𝑇 is identical for N2 excited states. For N2(B) in pure air, we have 𝜏 𝑒𝑓𝑓 > 2 𝜏 𝑅𝑇 , see Figure 1.7a). With the approximations of these estimations, the rotational distribution of N2(B) can thus be expected to be representative of the gas temperature in air and burnt mixtures. For a CH4air unburned mixture, RT relaxation may not be achieved. N2(C) emission is usually more intense than N2(B), hence more accessible for OES. However, for N2(C), RT relaxation is not achieved in the three mixtures (Figure 1.7 b) and a priori Trot ≠ Ttrans.

Chapter 1 -Optical Emission Spectroscopy, Line-Broadening diagnostics, and Laser-Induced Fluorescence It should be noted that the presence of oxygen drastically reduces the 𝜏 𝑒𝑓𝑓 of N2(C) below 𝜏 𝑅𝑇 . If the temperature variation of N2(C) quenching by O2 is not taken into account, 𝜏 𝑒𝑓𝑓 will be underestimated by a factor of 2 in air and 1.5 in air/CH4, see Figure 1.8.
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Population mechanism

If the rotational distribution is not relaxed under the experimental conditions, it is still possible to relate Trot and Ttrans under certain assumptions. In a reduced field E/N > 80 -100 Td, N2(C) is principally populated by electron impact of N2(X) as in Reac. 1.4 (Popov, 2011b).

𝑁 2 (𝑋) + 𝑒 → 𝑁 2 (𝐶) + 𝑒 Reac. 1.4
The N2(X) rotational distribution is thermalized with the gas temperature. Reac. 1.4 maps the rotational distribution of N2(X) into N2(C) (Rusterholtz et al., 2013;Bruggeman et al., 2014). The two rotational temperatures are then related by the relation in Eq. 1.41, where Θrot is the characteristic temperature of the rotational distribution (Rusterholtz et al., 2013):

1.2 -Measurements of the plasma translational temperature: Ttrans The values of Θrot are calculated in Table 1.4 for a few states of N2. The rotational constants are taken from [START_REF] Huber | Molecular Spectra and Molecular Structure[END_REF][START_REF] Laux | Optical Diagnostics and Radiative Emission of Air Plasmas[END_REF]. The correction factors for electronic transitions between five states are also calculated. For E/N in the 20 -100 Td range, Popov (Popov, 2011b) estimated the primary production mechanism of N2(C) as being caused by electronic excitation of N2(B) via Reac. 1.6.

𝑁 2 (𝑋) + 𝑒 → 𝑁 2 (𝐵) + 𝑒 Reac. 1.5 𝑁 2 (𝐵) + 𝑒 → 𝑁 2 (𝐶) + 𝑒 Reac. 1.6
If N2(C) is produced by Reac. 1.5 and Reac. 1.6, and because the rotational distribution of N2(B) is frozen during the process, the gas temperature can be obtained as in Eq. 1.41 since Θ 𝑟𝑜𝑡 𝐵 cancels out:

𝑇 𝑔𝑎𝑠 = 𝑇 𝑟𝑜𝑡 𝑋 = Θ 𝑟𝑜𝑡 𝑋 Θ 𝑟𝑜𝑡 𝐵 Θ 𝑟𝑜𝑡 𝐵 Θ 𝑟𝑜𝑡 𝐶 𝑇 𝑟𝑜𝑡 𝐶 Eq. 1.42
It was shown by Popov that the electron excitation of N2(a') does not contribute significantly to the population of N2(C) due to a small cross-section compared to that of Reac. 1.6. For E/N < 20 Td, N2(C) is principally produced by metastable excitation (Popov, 2011b;Bruggeman et al., 2014), Reac. 1.7.

𝑁 2 (𝐴) + 𝑁 2 (𝐴) → 𝑁 2 (𝐶) + 𝑁 2 (𝑋) Reac. 1.7

In this case, the nascent rotational temperature will be far from Ttrans, and it is necessary to have strong RT relaxation to determine the gas temperature by N2 OES.
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In the following section, OES of the second positive system of N2 is used to determine the temperature of ambient air at the exit of a heater. The results are compared with the measurements of a thermocouple and Rayleigh scattering.

Rayleigh scattering

We briefly present the Rayleigh scattering technique. This laser diagnostic is only used in this thesis to assess the results obtained by OES. Such a comparison was already performed in (Verreycken et al., 2011) in a DC glow discharge above a water electrode. Verreycken et al. showed that the rotational temperature of N2(C) was close (± 10%) to the gas temperature, whereas the OH(A) rotational temperature was significantly higher.

The Rayleigh elastic scattering intensity, IRayleigh, is proportional to the intensity of the laser beam, 𝐼 𝐿𝑎𝑠𝑒𝑟 , the gas density, 𝑛 𝑡𝑜𝑡 , and the total cross-section of the gas, 𝜎 𝑅 :

I Rayleigh α I Laser n tot σ R Eq. 1.43
The total Rayleigh cross-section of the gas depends on the cross-section of each gas component, 𝜎 𝑅,𝑖 , and its mole fraction, x 𝑖 . The evaluation of the total cross-section is particularly challenging in combustible mixtures because the gas composition is usually not known with accuracy. The dimensionless cross-section and the Rayleigh scattering intensity are calculated in Eq. 1.44 and Eq. 1.45, respectively:

𝜎 ̂= 𝜎 𝑅 𝜎 0 = ∑𝑥 𝑖 𝜎 𝑅,𝑖 (∑𝑥 𝑖 𝜎 𝑅,𝑖 ) 0 Eq. 1.44 𝐼 ̂= 𝜎 T ̂ Eq. 1.45
Assuming uniform pressure, 𝐼 ̂ directly depends on the dimensionless temperature 𝑇 ̂= 𝑇/300 𝐾. The crosssection of air or combustion gases varies by less than 8% from 300 to 1500 K and is independent on the wavelength except in the UV (Sutton and Driscoll, 2004).

We applied this technique to measure the temperature 1 cm above the outlet of an air heater (temperature ranging from room temperature to 1000 K). The x-axis of Figure 1.9 is the temperature measured with a thermocouple placed 1 cm before the exit of the air heater, and used as a reference. In Figure 1.9, the temperature from Rayleigh scattering is compared with the temperature of a thermocouple placed at the same location. No significant difference is observed. A third technique, based on the use of NRP-corona (Pai, Lacoste and Laux, 2010b) generated at the same position, is used to measure the rotational temperature of N2(C) using the N2 second positive system. The NRP-corona is chosen since this discharge is known to not increase the gas temperature [START_REF] Pai | Nanosecond repetitively pulsed discharges in air at atmospheric pressure -The glow regime[END_REF].

The rotational temperature of N2(C) agrees with the gas temperature with an offset of +50 K. This offset is relatively constant in the studied range, albeit small in relative to the error bars. In this OES measurement, 𝜏 𝑅𝑇 ≈ 𝜏 𝑒𝑓𝑓 and it is not clear if RT thermalization happened. If we consider that RT thermalization is not reached, the rotational temperature of N2(C) must be multiplied by the ratio of the N2(C) and N2(X) rotational constants, as described in Section 1.2. The systematic difference would be of Chapter 1 -Optical Emission Spectroscopy, Line-Broadening diagnostics, and Laser-Induced Fluorescence
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Conclusion on gas temperature measurements

The rotational distribution of an excited species depends on two processes: (i) the rotational-translational relaxation and (ii) the population/depletion mechanism. For N2(C) and N2(B) in air and methane-air mixtures, the RT relaxation time is close to their effective lifetime. Thus, we cannot rigorously state whether the rotational-translational equilibrium is reached. However, in nanosecond discharges, the reduced field is typically well above 20 Td and N2 excited states are primarily populated by electron impact of N2(X). This process maps the rotational population of N2(X). Thus, the gas temperature can be determined from the rotational temperature of these excited states. For N2(C), if we consider a partial RT relaxation, the inequality Trot < Tgas < 1.1 Trot gives a reasonable estimate of the gas temperature.

Atomic line broadening

The results of this section are used notably in Sections 4. 3, 6.2.1, and 8.4 In OES, the lineshape of the observed atomic or ionic lines is due to natural, Van der Waals, Stark, resonant (Lorentzian profile) and Doppler (Gaussian profile) broadening mechanisms. The instrumental function of the spectrometer must also be considered. In this thesis, self-absorption is negligible and has no impact on the linewidth. In Sections 4.3, the Stark broadening widths of O + (at 490 nm), N + (at 500 nm) and Hα will be used to determine the electron number density. Therefore, it is essential to discuss the broadening mechanisms of these various lines. The broadening widths of Hα, O + , and N + lines are calculated following the methods of [START_REF] Griem | Plasma spectroscopy[END_REF]Laux et al., 2003). We also performed these calculations for Hβ, O (at 777nm),

and N (at 746 nm). The term "width" will refer to the Half-Width at Half-Maximum (HWHM). In the following, the expressions and data necessary to determine the broadening widths are presented. Most of the calculations presented in this section were presented in [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF].

Natural broadening

Natural broadening is due to the uncertainty on the energy of the two states of the transition and can be calculated using Eq. 1.46 where 𝜆 𝑢𝑙 is the transition wavelength, 𝐴 𝑢𝑛 and 𝐴 𝑙𝑛 the Einstein coefficients of the transition from level u and l, respectively, and c the light speed. This broadening is negligible and is not considered further here.

∆𝜆 𝑁𝑎𝑡𝑢𝑟𝑎𝑙 = 𝜆 𝑢𝑙 2 4𝜋𝑐 (∑ 𝐴 𝑢𝑛 𝑛<𝑢 + ∑ 𝐴 𝑙𝑛 𝑛<𝑙 )
Eq. 1.46

Doppler broadening

Doppler broadening is due to the velocity distribution of emitters and can be obtained from Eq. 1.47 [START_REF] Griem | Plasma spectroscopy[END_REF], where Tgas is the translational temperature and M the molar mass of the emitter:

∆𝜆 𝐷𝑜𝑝𝑝𝑙𝑒𝑟 [nm] = 3.58 × 10 -7 𝜆 𝑢𝑙 [nm]√ 𝑇 𝑔𝑎𝑠 [𝐾] 𝑀 [𝑔. 𝑚𝑜𝑙 -1 ]
Eq. 1.47

Van der Waals broadening

Van der Waals broadening is due to collisions between the emitter and other gas particles1 [START_REF] Griem | Plasma spectroscopy[END_REF][START_REF] Griem | Principles of Plasma Spectroscopy, Principles of Plasma Spectroscopy[END_REF]Laux et al., 2003). The Van der Waals broadening HWHM can be calculated using Eq. 1.48 [START_REF] Griem | Plasma spectroscopy[END_REF]: [START_REF] Kelleher | Stark broadening of visible neutral helium lines in a plasma[END_REF][START_REF] Allard | The effect of neutral nonresonant collisions on atomic spectral lines[END_REF]. The term 𝑅 𝑙𝑜𝑤 2 ̅̅̅̅̅̅ is neglected in the work of Griem [START_REF] Griem | Plasma spectroscopy[END_REF][START_REF] Griem | Principles of Plasma Spectroscopy, Principles of Plasma Spectroscopy[END_REF]. If taken into account, it represents a difference of 11% and 3% for Hα and Hβ in the Van der Waals calculation. The difference reaches 39% for the oxygen line at 777 nm, which explains why our results differ slightly from the work of [START_REF] Laux | Optical Diagnostics and Radiative Emission of Air Plasmas[END_REF]. In Table 1.6, 〈𝑅 2 ̅̅̅̅ 〉 is obtained by averaging the contribution of each lα with their respective emission weight (i.e. Einstein coefficient times degeneracy, obtained from the NIST database). Finally, we did not follow one of Griem's recommendation from reference [START_REF] Griem | Principles of Plasma Spectroscopy, Principles of Plasma Spectroscopy[END_REF]. The author suggested multiplying the Van der Waals broadening by 𝑁 𝑒 2/5 , where 𝑁 𝑒 is the number of valence electrons of the perturbers. However, this statement was not referenced, nor quoted or justified later. 11.2 0.67 1.75 1.75 1.78 1.78 0.16 0.12 0.12 0.12 0.12 An equivalent formulation to Eq. 1.48, using the perturbing atom polarizability, can also be used [START_REF] Kelleher | Stark broadening of visible neutral helium lines in a plasma[END_REF][START_REF] Allard | The effect of neutral nonresonant collisions on atomic spectral lines[END_REF][START_REF] Djurovi'c | On the use of non-hydrogenic spectral lines for low electron density and high pressure plasma diagnostics[END_REF]. For comparison, we consider the N transition at 742 nm, in a gas composed of N2 at 1 bar and 300 K. Applying the formulation of [START_REF] Kelleher | Stark broadening of visible neutral helium lines in a plasma[END_REF][START_REF] Allard | The effect of neutral nonresonant collisions on atomic spectral lines[END_REF][START_REF] Djurovi'c | On the use of non-hydrogenic spectral lines for low electron density and high pressure plasma diagnostics[END_REF], with a polarizability of 1.77×10 

∆𝜆 𝑉𝑎𝑛 𝑑𝑒𝑟 𝑊𝑎𝑎𝑙𝑠 = 0.

Resonant broadening

Resonant broadening is due to the interaction of the radiating atom with other like-atoms in states radiatively linked to the upper (u) or lower (l) level of the transition. In (Laux et al., 2003), the theory of resonant broadening was based on the book of Griem published in 1964 (Griem, 1964, p. 97). The authors took into account the contributions of three states of the perturbing atom radiatively linked to the radiating atom: (i) g → u, (ii) g → l, and (iii) l →u, where g is the ground state.

Later, Ali and Griem (Ali andGriem, 1965b, 1965a) published improvements and corrections which are used in [START_REF] Griem | Principles of Plasma Spectroscopy, Principles of Plasma Spectroscopy[END_REF]Drake, 200 ;[START_REF] Djurovi'c | On the use of non-hydrogenic spectral lines for low electron density and high pressure plasma diagnostics[END_REF]Castera, 201 ). The correction of Ali and Griem leads to resonant broadening widths 1.6 times higher than with the non-corrected formula of (Laux et al., 2003). The corrected expression is given in Eq. 1.51: where 𝜆 𝑎𝑏 is the wavelength (in nm) of the transition between a and b states, 𝑓 𝑎𝑏 the (absorption) oscillator strength, gi the degeneracy, and ni population (in cm -3 ) of the perturbing state i. Also, we note that (Laux et al., 2003) considered the perturbation of l →u. The population of state l is usually very low (less than 1%

of the states at 10,000 K in the case of Hα), that its contribution is often neglected by other authors. However, at higher temperatures higher than 10,000 K, the state l can be significantly populated. Thus, in this work, we considered other resonant states of the perturber with energies below a certain threshold, given in Table 1.7. Hα and Hβ, all the resonant levels below the upper level of the transition are included in the calculation.

This means for Hβ that we calculated the resonance of n = 1→ n = , n = 1→ n = 2, n = 2→ n = and n = → n = . The effect of these additional resonant states has an important impact on the calculation for Hβ and O + with a maximal increase of 50% and 97% in the 1000 -50,000 K range, compared to the calculation with only the ground state. For other atoms and ions, the effect is negligible. 10,000 0.51 7.0x10 -2 7.0x10 -2 4.9x10 -5 8.6x10 -6 2.1x10 -5 20,000 5.5x10 -2 1.0x10 -2 4.2x10 -2 4.6x10 -5 1.4x10 -3 8.4x10 -5 30,000 4.1x10 -3 2.3x10 -3 2.2x10 -2 4.8x10 -5 4.3x10 -3 1.2x10 -4 40,000 1.7x10 -3 2.0x10 -3 1.2x10 -2 6.3x10 -5 4.5x10 -3 1.4x10 -4 50,000 1.0x10 -3 1.9x10 -3 7.2x10 -3 9.1x10 -5 3.7x10 A "unified theory" of resonant broadening for the Hα line (including higher-order interaction potentials) was developed in [START_REF] Allard | Self-broadening of the hydrogen Balmer α line[END_REF]. We use this theory for comparison with the present estimates. From Induced Fluorescence
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France (Allard et al., 2008, Table 2), a density of atomic hydrogen nH = 10 17 cm -3 at a temperature T = 12,000 K leads to a resonant HWHM of Hα of 8.4×10 -4 nm; when using (Ali and Griem, 19 b, 19 a;[START_REF] Djurovi'c | On the use of non-hydrogenic spectral lines for low electron density and high pressure plasma diagnostics[END_REF]) (Griem corrected) we obtain 16.0×10 -4 nm and using [START_REF] Griem | Plasma spectroscopy[END_REF]Laux et al., 2003) (Griem non-corrected) we have 10.0×10 -4 nm. The difference being small, the corrected formula taken from (Ali and Griem, 19 b, 19 a;[START_REF] Djurovi'c | On the use of non-hydrogenic spectral lines for low electron density and high pressure plasma diagnostics[END_REF] is used in the present work.

Stark broadening

Stark broadening is directly related to the electron number density: the relation is in a first approximation linear for all emitting species, except hydrogen. Therefore, using the database of [START_REF] Konjević | Experimental Stark Widths and Shifts for Spectral Lines of Neutral and Ionized Atoms (A Critical Review of Selected Data for the Period 1989 Through 2000)[END_REF] or the calculated coefficient of Griem in (Griem, 1974, p. 370) (updated and different from his previous book [START_REF] Griem | Plasma spectroscopy[END_REF]), one can convert a Stark width to an electron number density. The Stark broadening of hydrogen is accurately calculated by Gigosos et al. (Gigosos et al., 1996;Gigosos, González and Cardeñoso, 2003). In their papers, Gigosos et al. recommend using the Full Width at Half Area (FWHA) instead of the classical FWHM to characterize the Stark broadening since the FWHA is less dependent on the ion temperature. However, in the case of Hα, the Stark profile of the line is close to a Lorentzian and it can be assumed that FWHA = FWHM [START_REF] Konjević | Hydrogen Balmer lines for low electron number density plasma diagnostics[END_REF]. Therefore, the Hα line is fitted by a Lorentzian profile convolved with the instrumental broadening function, and the electron number density is obtained using Eq. 1.52 after subtraction of the other Lorentzian broadenings:

∆𝜆 𝐻𝑊𝐻𝑀,Hα [𝑛𝑚] = 0.549 × ( 𝑛 𝑒 10 23 𝑚 -3 ) 0.67965 Eq. 1.52

It was pointed out in [START_REF] Konjević | Hydrogen Balmer lines for low electron number density plasma diagnostics[END_REF] that what was called FWHM by Gigosos et al. in (Gigosos, González and Cardeñoso, 2003) is, in fact, the HWHM.

The Stark shift of Hα can be related to its Stark broadening width, according to Eq. 1.53:

𝐻 𝛼 : ∆𝜆 𝑆𝑡𝑎𝑟𝑘 [𝑛𝑚] = 1 2 ( 𝑠 𝑆𝑡𝑎𝑟𝑘 [𝑛𝑚] 0.056 ) 2 3 ⁄ Eq. 1.53
The relation is non-linear and can be discriminated from the Van der Waals shift, Eq. 1.54.

∆𝜆 𝑉𝑎𝑛 𝑑𝑒𝑟 𝑊𝑎𝑎𝑙𝑠 [𝑛𝑚] = 3 2 𝑠 𝑉𝑎𝑛 𝑑𝑒𝑟 𝑊𝑎𝑎𝑙𝑠 [𝑛𝑚]
Eq. 1.54

In Figure 1.10, the measured shifts and widths of Hα taken from [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF] that the main broadening effect is due to the Stark effect. This approach was already used by Sainct et al. [START_REF] Sainct | Electron number density measurements in nanosecond repetitively pulsed discharges in water vapor at atmospheric pressure[END_REF] to confirm that the measured Ha broadening widths were due to the Stark effect. [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF].

The Stark coefficients of N + and O + are implemented in an in-house development of Specair1 (Laux et al., 2003) using the coefficients calculated by Griem (Griem, 1974, p. 366). The tables of Griem give the reference coefficients, 𝜔 𝑆𝑡𝑎𝑟𝑘,𝑟𝑒𝑓 , at ne = 10 17 cm -3 and the Stark broadening at a given ne is obtained using Eq.

1.55. Since Stark broadening of O, O + , N, and N + by ions is negligible, the effect of positive ions is not considered in our in-house extension of Specair.

𝜔 𝑆𝑡𝑎𝑟𝑘 = 𝑛 𝑒 10 17 𝑐𝑚 -3 𝜔 𝑆𝑡𝑎𝑟𝑘,𝑟𝑒𝑓 Eq. 1.55

Stark broadening coefficients for the N + transitions at 519 nm are not given in the book of Griem. Based on our measurements [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF], we find that the lines at 519 nm are well fitted using by [START_REF] Mar | Measurement of Stark broadening and shift of visible N II lines[END_REF] and calculated by Riviere [START_REF] Rivière | Systematic semi-classical calculations of Stark broadening parameters of NI, OI, NII, OII multiplets for modelling the radiative transfer in atmospheric air mixture plasmas[END_REF] as shown in Table 1.8. The agreement is illustrated in Figure 1.11 where the data of Table 1.8 are reported with the corresponding error bars [START_REF] Mar | Measurement of Stark broadening and shift of visible N II lines[END_REF][START_REF] Konjević | Experimental Stark Widths and Shifts for Spectral Lines of Neutral and Ionized Atoms (A Critical Review of Selected Data for the Period 1989 Through 2000)[END_REF][START_REF] Rivière | Systematic semi-classical calculations of Stark broadening parameters of NI, OI, NII, OII multiplets for modelling the radiative transfer in atmospheric air mixture plasmas[END_REF]. The uncertainty on the x-axis corresponds to the range of temperatures measured in [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF]. The uncertainty on the value itself is the sum of (i) the uncertainty of the ne measurement (± 10%) and (ii) the variation of the coefficient on the temperature range supposed, in a first approximation, to vary with 𝑇 𝑒 -0.5 (± 20%). Such a variation is typical of Stark broadening coefficient of ionic lines [START_REF] Rivière | Systematic semi-classical calculations of Stark broadening parameters of NI, OI, NII, OII multiplets for modelling the radiative transfer in atmospheric air mixture plasmas[END_REF]. The three lines (519.038, 518.20, and 518.621 nm) composing the emission at 519 nm could not be resolved because of their broad Stark widths. Thus, the coefficients of the 5 D and 5 P transitions are assumed to be equal. We can also rewrite Eq. 1.58 using the molar fraction, xpert, and the pressure, p, as sometimes done in the literature (Laux et al., 2003;[START_REF] Van Der Horst | Time-resolved optical emission spectroscopy of nanosecond pulsed discharges in atmospheric-pressure N 2 and N 2 /H 2 O mixtures[END_REF]: 

∆𝜆 𝑉𝑎𝑛 𝑑𝑒𝑟

Emitting

Perturbing N2 O2 NO H2 CO2 CO H2O CH4 Ar Hα (656 nm) 2.9 5.2 5.9 3.6 3.4 3.1 2.7 3.4 2.8

Hβ (486 nm) 3.0 5.3 6.0 3.7 3.5 3.2 2.8 3.5 2.9

N + (500 nm) 1.0 1.8 2.0 1.8 1.2 1.1 1.0 1.2 1.0

N (746 nm) 1.3 2.2 2.3 2.2 1.5 1.3 1.2 1.5 1.2 O (777 nm) 1.1 1.8 2.1 1.9 1.3 1.2 1.1 1.3 1.1
O + (470 nm) 0.6 0.9 1.0 1.0 0.7 0.6 0.5 0.7 0.5

As a final remark, note that most of the previous formulas were developed in the book of Griem [START_REF] Griem | Plasma spectroscopy[END_REF] published in 1964 (improved and corrected in (Ali andGriem, 1965a, 1965b)). Griem later stated (197 ) that his formulas for the resonant and Van der Waals broadening widths were "very approximate" (Griem, 1974, p. 169) and therefore should be used only for estimation.

Laser-Induced Fluorescence

The results of this section are used notably in Section 8.2.

The OES technique provides information about excited states in plasmas. Usually, most of the plasma species are in the ground state and are not accessible by OES. The Laser-Induced Fluorescence (LIF) diagnostic allows reliable measurements of the ground state species densities [START_REF] Croonenbroek | Diagnostics optiques appliques aux milieux reactifs. Application aux flammes laminaires etirees a contre-courant[END_REF][START_REF] Demtröder | Laser spectroscopy: Fourth edition[END_REF].

Two-level model

We introduce the LIF diagnostic with a simplified 2-level model of molecules. Let us define N1 and N2 as the densities of OH(X) and OH(A). Transitions between these two levels occur due to:

• Spontaneous emission (1 -𝑒 -𝑡 𝜏 ) Eq. 1.65

We now estimate the characteristic time of this system, Eq. 1.63, to guide our following discussions. In air at 2000 K, the quenching time of OH(A) is equal to 5 ns using the values of Table 5 in (Bruggeman et al., 2014). This value drops to 3 ns in a stoichiometric premixed CH4air mixture. Thus, we consider that Q21 ~ 10 9 Hz. The value of A21 can be found in the LIFBASE software [START_REF] Luque | Transition probabilities in the A2Σ -X2Πi electronic system of OH[END_REF] and is below A21 < 10 6 Hz for all OH transitions. Finally, the rate of laser excitation, W12, can be calculated using Eq.

1.61. The typical laser linewidth is 0.1 cm -1 = 3×10 9 Hz, whereas the Doppler broadening is equal to 2 pm = 6×10 9 Hz at 2000 K. We therefore assume the OH absorption linewidth to be equal to 10 10 Hz. The second Einstein coefficients of OH range from 10 21 to 10 23 cm 3 J -1 s -2 . In the present work, the Q2(3) line at 282.937 nm is used, with B12 = 2.390×10 23 cm 3 J -1 s -2 [START_REF] Luque | Transition probabilities in the A2Σ -X2Πi electronic system of OH[END_REF]. The photon density, ρ, can be calculated by dividing the laser fluence, F, in W cm -2 by the speed of light, 𝜌 = 𝐹/𝑐. We obtain W12 = 10 10 Hz for F = 10 7 W cm -2 . Therefore, for F > 10 MW cm -2 , the characteristic time of the system, in Eq. 1.63, will be dominated by laser absorption and laser induced stimulation. The distinction between the two regimes is detailed in Section 1.4.2 and 1.4.3.

We showed that, due to the quenching, the characteristic time of the 2-level system is below τ < 1 ns. The laser pulse being 10-ns long, the coefficient (1 -𝑒 -𝑡 𝜏 ) in Eq. 1.65 is close to one. Note that the laser intensity is assumed to be a Heaviside function and spatially uniform, which implies that the absorption and stimulated emission rates are constant and uniform in this model.

Linear LIF

If the relation 𝐼 𝐿𝑎𝑠𝑒𝑟 𝐵 12 ≪ 𝐴 21 + 𝑄 21 is satisfied 1 , the LIF regime is said to be linear. In this case, the population of the ground state remains practically unchanged. Simplifying Eq. 1.65, the LIF radiation from OH(A) is proportional to the laser intensity and the ground state density. In the case of OH, A21 ~ 700 ns -1 (Bruggeman et al., 2014), which is usually negligible compared to the quenching rate.

Chapter Eq. 1.66

The difficulty in interpreting this regime is related to the uncertainty on the quenching rate, Q21, which depends on the nature, density, and temperature of the colliders. We investigate NRP-discharges in the recirculation zone of a premixed CH4air flame, where the flame composition is unknown and sharply varies with time and position.

Moreover, additional losses via vibrational and rotational relaxation must be considered in the ground and excited states. For instance, Verreycken et al. took rotational and vibrational relaxation into account in a mixture of He and 0.84% of H2O (Verreycken et al., 2012). UV absorption of OH was also performed, confirming their results within the experimental uncertainties. We estimate the typical time of RET, using the coefficients of OH(A) obtained in (Kienle, Jörg and Kohse-Höinghaus, 1993, Table 4), and those of OH(X) in [START_REF] Kliner | Measurements of ground-state OH rotational energy-transfer rates[END_REF]. We assume the gas is composed of N2 : H2O (90 % : 10 %) at p = 1 atm and T = 3000 K for comparison purpose and obtain a RET time of 𝜏 𝑅𝐸𝑇 𝐴 = 1.1 ns for OH(A) and 𝜏 𝑅𝐸𝑇 𝑋 = 0.5 ns for OH(X). The model of Verreycken et al. cannot be directly applied here because the gas composition is different and, thus, we operate instead in the saturated regime of LIF, described in the next section.

Saturated LIF

Increasing the laser intensity until 𝐼 𝐿𝑎𝑠𝑒𝑟 𝐵 12 ≫ 𝐴 21 + 𝑄 21 , the LIF regime is said to be saturated1 . In this condition, Eq. 1.65 simplifies to Eq. 1.67 and the LIF intensity is proportional to the unperturbed groundstate density, 𝑁 1 0 .

𝐼 𝐿𝐼𝐹 ∝ 𝑁 2 = (1 + 𝑔 2 𝑔 1 ) -1 𝑁 1 0 Eq. 1.67
Therefore, for a steady laser intensity in the saturated regime, the LIF signal will depend practically only on the variation of the OH density. In Section 8.2, we monitor the LIF signal for:

• Spatial comparison of the OH density along the laser beam, and,
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• Temporal comparison of the OH density using phase-locked experiments.

Several methods, including laser absorption [START_REF] Croonenbroek | Diagnostics optiques appliques aux milieux reactifs. Application aux flammes laminaires etirees a contre-courant[END_REF], Rayleigh scattering (Salmon and Laurendeau, 1985) or OH absorption (Verreycken et al., 2013) have been applied successfully to calibrate saturated LIF but are not used in this work. In the next section, we discuss another LIF regime which could potentially be used for future work.

Laser-induced pre-dissociative fluorescence (LIPF)

In this section, we discuss the Laser-induced pre-dissociative fluorescence (LIPF) technique, that corresponds to when OH(X) is pumped to the pre-dissociated excited-state OH(A, v' = 3). The key point of this method is that the quenching rate of OH(A, v' = ) is at least one order of magnitude lower than its predissociation rate, Q P [START_REF] Croonenbroek | Diagnostics optiques appliques aux milieux reactifs. Application aux flammes laminaires etirees a contre-courant[END_REF]. Eq. 1.66 can thus be rewritten:

𝐼 𝐿𝐼𝐹 ≈ 𝐼 𝐿𝑎𝑠𝑒𝑟 𝐵 12 𝑄 𝑃 𝑁 1 0
Eq. 1.68

In the case of linear LIPF, because the rate Q P is well determined and independent of the environment, the LIF signal variation can be related to the ground state OH density.

This technique has been successfully applied by Koch et al. in a combustible mixture (Koch, Chryssostomou, et al., 1993;Koch, Voges, et al., 1993). LIPF was also recently performed in an H2 flame ignited by a nanosecond discharge [START_REF] Ono | Measurement of OH density and gas temperature in incipient spark-ignited hydrogen-air flame[END_REF]. The sources of uncertainty (such as RET, VET, spatial homogeneity) were carefully taken into account in the calibration of the LIPF signal. However, it could be argued that the excitation of OH(A, v' = 3) requires a laser beam at 248 nm. This UV laser beam also induces O3 photodissociation, resulting in additional OH production (Verreycken et al., 2012). Further investigations are therefore needed before LIPF can be used for 2D imaging of OH absolute density.

Conclusion on Laser Induced Fluorescence

In this section, we shortly detailed the theoretical bases of Laser-Induced Fluorescence and discussed three regimes:

• Linear 

• Predissociative

The LIF signal of the linear regime cannot be easily calibrated, mostly due to the large uncertainty on the quenching at atmospheric pressure. The pre-dissociative and saturated regimes can be used at atmospheric pressure to determine the OH number density. The use of UV laser radiation at 248 nm is, however, suspected to be intrusive due to potential ozone production. Therefore, in Section 8.2, we will perform saturated LIF in the Mini-PAC experiment to directly measure the spatial and temporal variations of the OH number density.

Conclusions

In Section 1.1, we academically derived the expression of the partition atomic and molecular functions.

Based on these grounds and literature review on rotational-translational relaxation and quenching, we showed in Section 1.2 that the N2(C) and N2(B) rotational temperatures are close within 10% to the gas temperature. In Section 1.3, we determined explicit general formulation of natural, resonant, Doppler, Van der Waals, and Stark broadening for Hα, Hβ, N + (at 500 nm), O + (at 490 nm), O (at 777nm), and N (at 746 nm). Finally, in Section 1.4, we justified the use of saturated LIF in our experiments based on the derivation of a 2-level LIF model.

Electrical diagnostics of nanosecond discharges

The results of this chapter are used notably in Section 8.2.

Rigorous determination of the discharge electrical characteristics is mandatory for the reproducibility of the experiments. For instance, three different regimes of NRP discharges (corona, glow, non-thermal spark) can be reached by only varying the voltage (Pai, Lacoste and Laux, 2010b). The voltage and current of the discharge can be measured by attaching probes directly on the high voltage electrodes. This direct configuration was used in previous work at the EM2C laboratory and gave satisfactory results (Pilla et al., 2006;Pai, Lacoste and Laux, 2010b;[START_REF] Xu | Experimental study of the hydrodynamic expansion following a nanosecond repetitively pulsed discharge in air[END_REF]Rusterholtz et al., 2013;[START_REF] Sainct | Etude de la réactivité de décharges électriques nanoseconde à la pression atmosphérique dans la vapeur d'eau[END_REF]. However, the probes occupy a significant volume around the discharge, which is not always compatible with optical diagnostics. Also, for practical applications in combustion, NRP discharges will be used in aggressive environments that typical probes cannot resist (high temperatures, high pressures, corrosive gas mixtures …).

Therefore, in this thesis, the voltage and current probes are plugged halfway in the coaxial cable delivering the NRP discharges, as already performed in [START_REF] Dumitrache | Hydrodynamic regimes induced by nanosecond pulsed discharges in air: mechanism of vorticity generation[END_REF][START_REF] Minesi | On the arc transition mechanism in nanosecond air discharges[END_REF][START_REF] Stepanyan | Spatial evolution of the plasma kernel produced by nanosecond discharges in air[END_REF][START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF]. This remote configuration solves the practical problems mentioned above and is found to provide additional information for plasma monitoring.

In this chapter, we describe the measurement of the electrical energy deposited by the nanosecond discharges in the remote configuration. We focus on the technic, while the interpretation of the results will be discussed in other chapters. In Section 2.1, the fundamental aspects of the transmission line physics are reminded, and the typical experimental setup is given. In Section 2.2, we detail the measurement of the energy deposition of a single pulse. A comparison with the direct configuration is also presented. In Section 

Nanosecond high-voltage pulse propagation

The generic electrical setup employed in this work is shown in Figure 2.1. Two FID generators are used in this thesis:

• FPG 30-100MC4K (pulser #2)

• FID 10-30NM10 (pulser #4).

The technical aspects concerning pulser #2 and pulser #4 are given in Appendix A. In this thesis, the output of the pulser is connected to a plasma reactor by a coaxial cable (Alphawire 9011a, 7 Ω). In the middle of the coaxial cable, we connect a voltage probe (typically, LeCroy PPE 20 kV) and a current transformer (typically, Pearson 6585). Let us assume a pulse wave of amplitude Uincident, propagating along a transmission line of impedance Z0, terminated by a load. The load is, in our case, a pair of electrodes:

• insulated by air, or

• connected by plasma.

If the load is a short circuit, Zload = 0 Ω, the incident pulse will be balanced by a negative pulse of amplitude -Uincident to satisfy Uload = 0. In the case of an open circuit, Zload ≫ Z0, the incident pulse will be reflected, which will fulfill Uload = 2×Uincident. These statements can be summarized (Pai, 2008, chap. 3) by the following equation, which is valid for any load impedance: Additional theoretical aspects of transmission lines can be found in [START_REF] Martin | Transmission and Propagation of Electromagnetic Waves[END_REF]. Thus, the shape of the reflected pulse provides information about the plasma impedance. If the amplitude of the reflected pulse is equal to the incident one, no breakdown occurred (the air in the gap is a perfect insulator in this case). If the reflected amplitude is opposite to the incident one, the impedance of the plasma is close to zero. We note that if the load/plasma impedance, Zload, is identical to the transmission line impedance (Z0 = 75 Ω), no reflection will arise.

𝑈 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 = (
In the coaxial cables used, the pulses propagate at ccoax = 2.0×10 8 m.s -1 . Therefore, a 10-ns pulse spreads over a length of 2 m. The voltage and current probes are typically connected 3 m away from the plasma reactor, making it possible to separate the incident pulse from the reflected pulse in the measurements.

Following the scheme in Figure 2.1 from left to right (defined as the downstream direction), the high-voltage pulse is generated by the pulser and propagates through a coaxial cable. Then the pulse travels through the voltage and the current probes. This order (current probe downstream of the voltage probe) is essential to properly measure a potential current leak in the voltage probe (Pannier, 2019, App. D). Finally, the pulse reaches the plasma reactor, is reflected in the upstream direction according to Eq. 2.1 and is measured again by the probes.

Energy deposition by a single pulse

Probes halfway of a 6-m coaxial cable

We now illustrate the procedure of energy measurements using the data of Section 8. First, the electric signal of the current and voltage probes must be synchronized within a nanosecond scale.

In the remote configuration, the measurements are performed in the middle of a coaxial cable, acting as a purely resistive impedance1 . Hence, in this configuration, the current is proportional to the voltage. In Figure 2.2, typical electrical outputs of the probes are shown and were synchronized by shifting the current.

Note that this synchronization account for the length of the two different wirings between the oscilloscope and the probes. We assume that the current and voltage measurements are performed at the same location on the coaxial cable. A measurement in two different locations would generate a delay between the two probes that cannot be compensated with synchronization (Pannier, 2019, App. D). For illustration, let us assume that the current probe is located at L = 1 m downstream the voltage probe. The incident pulse current would be measured with a delay of 5 ns (L/ccoax). However, the reflected pulse current would be measured We arbitrarily set the time origin so that the incident pulse is measured between t = 0 ns and t = 15 ns, see the dashed area in Figure 2.2. The front of the reflected pulse is measured at t ~ 30 ns, see the dotted area in Figure 2.2. This timing is coherent, considering the distance traveled by the pulse divided by the speed of propagation in a coaxial cable (6 m / 2.0×10 8 m•s -1 = 30 ns).

The total (or cumulated) energy deposited downstream, E(t), is obtained by integrating in time the product of voltage, U(t), and current, I(t), assuming no energy is deposited before t0 = -10 ns.

𝐸(𝑡) = ∫ 𝐼(𝑡)𝑈(𝑡)𝑑𝑡 𝑡 𝑡 0
Eq. 2.2

The averaged 1 cumulated energy is represented in Figure 2.2. If the voltage and the current are of the same sign, then energy is transported downstream. Otherwise, energy is reflected upstream (to the pulser). Taking the value of E(t) at t = 25 ns, we obtain that pulser #4 generates pulses of 2.4 mJ in this configuration. The current and voltages of the reflected pulses being opposite, the cumulated energy decreases by 0.7 mJ between 35 and 50 ns. Considering there is no loss of energy in the cables (see later), the total deposited energy in the plasma is, therefore, equal to 1.7 mJ.

Probes at the electrodes

In previous works at the EM2C laboratory [START_REF] Pai | Nanosecond Repetitively Pulsed Plasmas in Preheated Air at Atmospheric Pressure[END_REF][START_REF] Pilla | Etude Expérimentale de la Stabilisation de Flammes Propane-Air de Prémélange par Décharges Nanosecondes Impulsionnelles Répétitives[END_REF][START_REF] Xu | Experimental study of the hydrodynamic expansion following a nanosecond repetitively pulsed discharge in air[END_REF]Rusterholtz et al., 2013;[START_REF] Sainct | Etude de la réactivité de décharges électriques nanoseconde à la pression atmosphérique dans la vapeur d'eau[END_REF], the voltage and current probes were placed close to the electrodes. This direct configuration is reproduced in Figure 2.3; one coaxial cable is removed compared to Figure 2.1.
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𝐼(𝑡) = 𝐶 𝑑 𝑑𝑡 𝑈(𝑡) Eq. 2.3
The synchronization is therefore performed with the current and the voltage derivative. This procedure is extensively detailed in (Rusterholtz, 2012, chap. 4;Rusterholtz et al., 2013).

If the probes are plugged to the electrodes, it is impossible to distinguish the incident pulse from its reflection. Nevertheless, Eq. 2.2 remains valid. For comparison of the two setups, the measurements of Figure 2.2 are reproduced with the setup of Figure 2.3. In Figure 2.4, the current, voltage, and energy measured at the anode are showed. The maximum voltage measured at the anode is 6 kV for an incident pulse of 4.5 kV.

During the first nanosecond, the plasma is not formed. The impedance of the load is significatively higher than the cable impedance. Therefore, the positive incident pulse is reflected, and the reflected pulse is positive. At the breakdown, the measured voltage at the electrodes is consequently twice the incident voltage, Eq. 2.1. Then, the plasma forms and the impedance of the load decreases, inducing an increase of the current and a fall of the applied voltage. The energy stored in the capacitance, C = 2 pF, is also given (dashed blue line).

In the literature, to get the energy deposition, the displacement current is sometimes subtracted to the measured current. We will demonstrate that this procedure is unnecessary to measure the deposited energy. The energy calculated after subtraction of the capacitive current is given in Eq. 2.4 where C ≈ 2 pF is the typical capacitance of the electrodes.

𝐸(𝑡) = ∫ (𝐼(𝑡) -𝐶 𝑑 𝑑𝑡 𝑈(𝑡)) 𝑈(𝑡)𝑑𝑡 𝑡 𝑡 0
Eq. 2.4

After separation and integration, we obtain:

𝐸(𝑡) = ∫ 𝐼(𝑡)𝑈(𝑡)𝑑𝑡 𝑡 -10 -𝐶 [ 𝑈 2 (𝑡) 2 ] 𝑡 0 𝑡 Eq. 2.5
The second term in Eq. 2.5 is the energy cumulated in the capacity of the electrodes,

𝐸 𝐶 (𝑡) = 𝐶 [ 𝑈 2 (𝑡) 2 ] 𝑡 0 𝑡 .
We are usually interested in the total energy deposited by the pulse. Thus, the integration is often performed up to t significantly longer than the temporal width of the pulse. Therefore, Ec is null and the formulations 

Examples of application

Plasma-assisted combustion: energy deposition

The reflected pulse is also subject to an additional reflection when it reaches the generator. A new pulse is therefore sent downstream. Its energy is at most equal to the energy of the first upstream reflection. After several reflections, the pulse energy is entirely absorbed by plasma, the pulser internal circuits, and the cable1 . In Figure 2.6, the deposited energy is measured with both setups, and we report a difference of 0.06 mJ at t = 50 ns, and 0.04 mJ at t = 300 ns. This systematic error being small, the user is free to place the probes anywhere along the wire linking the electrode to the pulser (the result does not depend on the measurement position). As in Section 2.2, the incident energy is equal to 2.4 mJ. Approximately 0.7 mJ is reflected in the upstream direction. Between 70 and 85 ns, approximately 0.2 mJ is deposited by the 2 nd and 3 rd pulses. At t = 140 ns, 0.1 mJ is deposited in a 4 th pulse. It is worth mentioning that the energy sent by the pulser (2.4 mJ) is independent of the load connected to the wire end. Thus, it is possible to know the maximal deposited energy that can be deposited per pulse. For a pulse of constant voltage, it would be Emax defined in Eq. 6.16 where V is the maximum voltage in the coaxial cable, Δt the pulse duration, and Zline the coaxial cable impedance.

𝐸 𝑚𝑎𝑥 = 𝑉 2 Δ𝑡 𝑍 𝑙𝑖𝑛𝑒 Eq. 2.6
The setup of Figure 2.1 also permits to monitor the electrical stability of the pulser and the plasma, respectively, by a statistical study of the generated and reflected pulses. This study is impossible if the probes are plugged at the electrodes.

Plasma-assisted combustion: electron number density of non-thermal sparks

The results of this section are used notably in Section 8.4.
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The plasma impedance can be used to measure the electron number density produced by nanosecond discharges, see [START_REF] Pai | Nanosecond Repetitively Pulsed Plasmas in Preheated Air at Atmospheric Pressure[END_REF][START_REF] Orriere | Ionization and recombination in nanosecond repetitively pulsed microplasmas in air at atmospheric pressure[END_REF]. Assuming the plasma to be a homogeneous cylinder between two pins, the impedance of the plasma can be written [START_REF] Raizer | Gas Discharge Physics[END_REF] as:

𝑍 𝑝𝑙𝑎𝑠𝑚𝑎 = 𝐿 𝑆𝜎 𝑝𝑙𝑎𝑠𝑚𝑎
Eq. 2.7

𝜎 𝑝𝑙𝑎𝑠𝑚𝑎 = 𝑛 𝑒 𝑒 2 𝑚 𝑒 𝜈 𝑐 Eq. 2.8
where L is the length of the plasma between the two electrodes, S the section of the plasma, ne the electron number density, 𝜈 𝑐 the electron-heavy collision frequency, me the electron mass, and e the electron charge.

Assuming a plasma to be weakly ionized, we get Eq. 6.16 where, N is the total gas density, 𝜎 𝑛 the crosssection of electron-neutral collision and v the average thermal speed of the electrons:

𝜈 𝑐 = 𝑁𝜎 𝑛 𝑣 Eq. 2.9
The speed of the electrons can be simplified in Eq. 6.16 where Te is the electron temperature.

𝑣 = √ 8𝑘 𝑏 𝑇 𝑒 𝜋𝑚 𝑒 = 𝑇 𝑒 [eV] 1.24 × 10 7 cm. s -1 Eq. 2.10
Finally, the ionization fraction of weakly ionized plasma is equal to

𝑛 𝑒 𝑁 = 2.85 × 10 10 𝑇 𝑒 [eV] 𝑍 𝑝𝑙𝑎𝑠𝑚𝑎 [Ω] 𝐿 𝑆 [cm] 𝜎 𝑛 [cm 2 ]
Eq. 2.11

In the remote configuration, the plasma impedance is calculated from Eq. 2.1. In the direct configuration, 𝑍 𝑝𝑙𝑎𝑠𝑚𝑎 is obtained by dividing the plasma voltage by the conduction current, Eq. 2.12, neglecting its imaginary part.

𝑍 𝑝𝑙𝑎𝑠𝑚𝑎 = 𝑈 𝑝𝑙𝑎𝑠𝑚𝑎 𝐼 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 Eq. 2.12
The use of this technic requires that the plasma is homogenous and the knowledge of the plasma section.

Thermal spark: loss in the cables and the generator

In the case of no breakdown, assuming no losses in the cables, the energy reflected in the upstream direction must be equal to the energy initially transported in the downstream direction. A comparison between two cases, with and without discharge, is performed in Nanosecond discharges are often assumed to be non-equilibrium because of their short duration. However, under certain conditions, high electron number densities (10 18 -10 19 cm -3 ) and temperatures (30,000 K to 50,000 K) are obtained. These conditions are sufficient to reach Local Thermal Equilibrium (LTE) thanks to Coulomb collisions [START_REF] Barreto | The formation of small sparks[END_REF][START_REF] Stritzke | Spatial and temporal spectroscopy of a streamer discharge in nitrogen[END_REF][START_REF] Аlmazova | Investigation of plasma properties in the phase of the radial expansion of spark channel in the pin-to-plate geometry[END_REF]. The state of this equilibrium plasma initiated by nanosecond pulses has various denominations in the literature: "spark" in [START_REF] Stritzke | Spatial and temporal spectroscopy of a streamer discharge in nitrogen[END_REF][START_REF] Shao | Runaway electron preionized diffuse discharges in atmospheric pressure air with a point-to-plane gap in repetitive pulsed mode[END_REF][START_REF] Shao | Spark discharge formation in an inhomogeneous electric field under conditions of runaway electron generation[END_REF][START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF], "filament" in (Stepanyan et al., 2014;Shcherbanev et al., 2016), "constricted/filamentary" in [START_REF] Shao | Runaway electron preionized diffuse discharges in atmospheric pressure air with a point-to-plane gap in repetitive pulsed mode[END_REF][START_REF] Shao | Spark discharge formation in an inhomogeneous electric field under conditions of runaway electron generation[END_REF]Houpt and Leonov, 2016). In this thesis, we will call "thermal spark" the transient fully ionized plasma generated by a nanosecond pulse in order to emphasize the equilibrium state of the plasma (thermal), and be consistent with the literature of spark transient discharges [START_REF] Raizer | Gas Discharge Physics[END_REF]) (spark).

Experimental studies of non-thermal and thermal sparks

As shown in (Pai, Lacoste and Laux, 2010b), three regimes of Nanosecond Repetitively Pulsed (NRP) discharges can be distinguished in air: (i) NRP-corona, (ii) NRP-glow, and (iii) NRP-spark. Typical emission spectra of these NRP-corona, glow and spark discharges in air are dominated by N2(B) and N2(C) emission.

Emission of O atoms and N2 + (B) is also present in the glow and spark regimes. Criteria for the corona-glow and glow-spark transitions were proposed in (Pai, Lacoste and Laux, 2010b). The corona and glow discharges are characterized by high voltages, low conduction currents (< 1 A), and low deposited energies (less than 100 μJ per pulse) (Pai, Lacoste and Laux, 2010b). These two nonequilibrium discharges produce moderate gas heating (less than 200 K) and relatively low electron number densities (less than 10 13 cm -3 in air at atmospheric pressure) [START_REF] Pai | Nanosecond repetitively pulsed discharges in air at atmospheric pressure -The glow regime[END_REF]. Corona discharges are confined near the electrodes, whereas the glow and the spark fill the entire interelectrode space (Figure 3.1). The NRP-spark is characterized by a much higher current (> tens of A) and higher energy deposition (> 1 mJ per mm per pulse) (Pai, Lacoste andLaux, 2010b, 2010a;[START_REF] Stepanyan | Spatial evolution of the plasma kernel produced by nanosecond discharges in air[END_REF]. The gas temperature in the nanosecond spark was found to increase by a few thousand kelvins in a few tens of nanoseconds due to the ultrafast heating mechanism [START_REF] Pai | Nanosecond Repetitively Pulsed Plasmas in Preheated Air at Atmospheric Pressure[END_REF]Pai, Lacoste and Laux, 2010a;Popov, 2011aPopov, , 2016b;;Rusterholtz et al., 2013). Although the electron number density reaches 10 15 -10 16 cm -3 in the nanosecond non-thermal spark (Rusterholtz et al., 2013), the plasma does not reach equilibrium. In a recent study of single microsecond pulses in ambient air, [START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF]) observed a complete ionization of the gas with high electron number densities (10 18 -10 19 cm -3 ) that do not correspond to any of the discharge regimes described above. The electron number density was measured from the Stark broadening of N + lines. The transition from the partially to fully ionized plasma, called "streamer-to-arc" was shorter than 5 ns. The emission spectrum observed in [START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF] is first dominated by N2(C→B) emission (as in the case of the NRP-spark) and then by continuum emission and lines of N + . This abrupt change of spectrum corresponds to the transition from a partially to a fully ionized plasma. The gas temperature before the transition was measured from N2(C→B) rotational lines and after the transition using a Boltzmann plot of the N + lines. These measurements showed a dramatic rise of the gas temperature, from 1200 K to 36,000 K in less than 5 ns. In the afterglow, the slow decay of the electron number density and temperature was explained by isentropic expansion. However, in [START_REF] Orriere | Ionization and recombination in nanosecond repetitively pulsed microplasmas in air at atmospheric pressure[END_REF], this decay was shown to be due to three-body recombination of N + . Observations of fully ionized plasmas under nanosecond discharges were also reported in water vapor [START_REF] Sainct | Etude de la réactivité de décharges électriques nanoseconde à la pression atmosphérique dans la vapeur d'eau[END_REF][START_REF] Sainct | Electron number density measurements in nanosecond repetitively pulsed discharges in water vapor at atmospheric pressure[END_REF] 

). A similar transition, called "streamer-to-filament", was observed for a 20-ns Surface Dielectric Barrier Discharge (SDBD) (Stepanyan et al., 2014;Shcherbanev et al., 2016). Shcherbanev et al. observed a transition from molecular emission to a continuum-dominated spectrum accompanied by an "enormously large" broadening of Hα (20-30 nm) and O777nm (5 nm) lines. No emission of N + was recorded at these conditions. The same authors recently measured electron number densities ne = 10 18 -10 19 cm -3 in a similar configuration [START_REF] Shcherbanev | Filamentary nanosecond surface dielectric barrier discharge. Plasma properties in the filaments[END_REF]. Their observations are reproduced in Figure 3.2. Similar results

were obtained in (Houpt and Leonov, 2016) for a 50-μs SDBD in ambient air. Houpt and Leonov showed that the "contraction" of the discharge channel is associated with the appearance of a continuum spectrum and lines of N + , N, O, and Hα. In 1977, [START_REF] Stritzke | Spatial and temporal spectroscopy of a streamer discharge in nitrogen[END_REF] measured, in a pin-to-pin configuration, the distribution of the electron number density before and during the transition from a discharge dominated by N2 emission to a discharge dominated by N + emission. The map of the electron temperature during and after the transition was measured using lines of N + , N ++ , N +++ , and N ++++ . For the conditions of Stritzke et al., the emission of N + appeared at electron number densities above 10 16 cm -3 , and the electron temperature reached 50,000 K after the transition. In 1977 also, [START_REF] Albrecht | New Aspects on Spark Ignition[END_REF] measured with Stark broadening the electron number density in a 1-mm discharge generated in N2 at 1 bar. The spatially resolved emission spectra of N2 and N + were used to obtain the gas and electron temperatures, respectively. In addition, the hydrodynamic effects of the discharge were measured by laser interferometry. Observations of N + emission for nanosecond discharges in pin-to-pin configuration were also presented in [START_REF] Shao | Runaway electron preionized diffuse discharges in atmospheric pressure air with a point-to-plane gap in repetitive pulsed mode[END_REF][START_REF] Shao | Spark discharge formation in an inhomogeneous electric field under conditions of runaway electron generation[END_REF]. These authors showed that the "constriction" was accompanied by the emission of spots at the electrodes. A picture and a spectrum of these spots is given in discharges [START_REF] Parkevich | Anode Plasma Formation at the Initial Stage of a Nanosecond Air Discharge[END_REF][START_REF] Parkevich | The peculiarities of near-cathode processes in air discharge at atmospheric pressure[END_REF][START_REF] Parkevich | Fast fine-scale spark filamentation and its effect on the spark resistance[END_REF].

In their latest work, Parkevich et al. [START_REF] Parkevich | Fast fine-scale spark filamentation and its effect on the spark resistance[END_REF] improved the resolution of their system with low astigmatism lenses and showed that the discharge propagates in the form of more than ten fully ionized filaments, 10-0 μm in diameter, whereas the discharge looks homogeneous if conventional lenses are used.

Numerical studies of non-thermal and thermal sparks

Non-thermal sparks

We begin by a short and non-extensive review of numerical simulations of nonequilibrium discharges (nonthermal sparks) in N2-O2 mixtures. Most of them are based on kinetic mechanisms such as those proposed by [START_REF] Kossyi | Kinetic scheme of the non-equilibrium discharge in nitrogen-oxygen mixtures[END_REF], which lists 445 reactions including nitrogen and oxygen electronic and vibronic states excitation, or [START_REF] Capitelli | Plasma Kinetics in Atmospheric Gases[END_REF]. For the simulation of re-entry plasmas and the interpretation of shock tube experiments, the work of Park is often the reference [START_REF] Park | A review of reaction rates in high temperature air[END_REF][START_REF] Park | Nonequilibrium Hypersonic Aerothermodynamics[END_REF](Park, , 1993)). Reaction rates for low-temperature plasmas have also been recommended by Herron et al. in nitrogen (Herron, 1999) and in humid air [START_REF] Herron | Chemical kinetics database and predictive schemes for nonthermal humid air plasma chemistry. Part II. Neutral species reactions[END_REF]. These rates are of primary importance for predicting radiation during reentry to Titan's atmosphere [START_REF] Dutuit | Critical review of N, N+, N+2, N ++, and N++2 main production processes and reactions of relevance to titan's atmosphere[END_REF].

Simulations of non-thermal sparks in air have been extensively conducted by Popov [START_REF] Popov | Investigation of the mechanism for rapid heating of nitrogen and air in gas discharges[END_REF](Popov, , 2009a(Popov, , 2009b(Popov, , 2011a(Popov, , 2011b[START_REF] Popov | Fast Gas Heating Initiated by Pulsed Nanosecond Discharge in Atmospheric Pressure Air[END_REF](Popov, , 2016b)), primarily based on the kinetic mechanism of Kossyi et al. Vibrational excitation is included, and Popov's simulations are usually resolved along the plasma radius (1D).
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In a recent review, Popov (Popov, 2016b) compared his simulations of spark discharges with a series of experimental results.

The first example is a comparison with experiments performed with NRP discharges in a pin-to-pin configuration in preheated air at the EM2C laboratory. In [START_REF] Stancu | Atmospheric pressure plasma diagnostics by OES, CRDS and TALIF[END_REF], the O number density of a reference case was measured by TALIF, whereas in [START_REF] Stancu | Time-resolved CRDS measurements of the N2(A Σ u ) density produced by nanosecond discharges in atmospheric pressure nitrogen and air[END_REF], the N2(A) number density was measured by CRDS. The N2(B) and N2(C) number densities measured by OES in [START_REF] Stancu | Atmospheric pressure plasma diagnostics by OES, CRDS and TALIF[END_REF] are extended in (Rusterholtz et al., 2013). For the same conditions, Rusterholtz et al.

also measured the electron number density and the increase of the gas temperature by OES. The experimental results obtained by Stancu et al. and Rusterholtz et al. are summarized in Figure 24 of (Rusterholtz et al., 2013). In the experiments, the gas temperature increased by 900 K and the O2 molecules were almost entirely dissociated in about 20 ns. Indeed, the O number density reached 10 18 cm -3 by the end of the pulse, which corresponds to about 50% dissociation of molecular oxygen. Popov numerically reproduced these results, showing that 63% of the atomic oxygen was produced by N2 * quenching and only 37% by electronimpact dissociation of O2 (Popov, 2016b). The evolution of the N2(C) number density was within a factor of five1 of the experimental value [START_REF] Popov | Fast Gas Heating Initiated by Pulsed Nanosecond Discharge in Atmospheric Pressure Air[END_REF]. The energy spent on O2 dissociation was found to be relatively low, 6-7 eV/atom, while the bond dissociation energy of O2 is around 5.15 eV. It can be noted that the N2 * quenching by atomic O was initially neglected in the work of Popov [START_REF] Popov | Investigation of the mechanism for rapid heating of nitrogen and air in gas discharges[END_REF]. After the inclusion of this mechanism (Popov, 2016b), the numerical simulations accurately followed the experimental results of (Rusterholtz et al., 2013), see 'curve 1.' in Figure 3.4.
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France In (Popov, 2016b), a second comparison is presented with experiments performed at the CORIA laboratory, using nanosecond discharges applied at 10 Hz in a pin-to-plane configuration (Lo et al., 2014;Lo, Cessou and Vervisch, 2014). Vibrational populations of N2 and O2 ground state were measured by spontaneous Raman scattering, and the rotational temperature was obtained by Optical Emission Spectroscopy (OES).

The simulation of Popov compares well with the experimental data of Lo et al. (Popov, 2016b). Remarkably, the degree of oxygen dissociation and the spatial profiles of temperatures are accurately matched.

Flitti and Pancheshnyi also conducted simulations of spark discharges, mostly based on the reaction set of Capitelli et al. and Popov (Flitti and Pancheshnyi, 2009). They studied the mechanism of ultrafast heating in an N2-O2 mixture under reduced fields ranging from 50 to 400 Td. Flitti and Pancheshnyi used ZDPlasKin and BOLSIG in their simulation, and made their code freely available1 (Hagelaar and Pitchford, 2005;[START_REF] Pancheshnyi | Computer code ZDPlasKin[END_REF].
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France For the reduced fields up to 1000 Td, Aleksandrov et al. extended Popov's kinetic mechanism [START_REF] Aleksandrov | Mechanism of ultra-fast heating in a non-equilibrium weakly ionized air discharge plasma in high electric fields[END_REF]. Notably, the excitation of N2 excited states above 13.5 eV and the ion-ion recombination were included. At E/N = 1000 Td, the heating due to these two processes is, at least, of the same importance as the quenching of N2 excited states. Aleksandrov et al. showed that their extension of Popov's mechanism was necessary at E/N > 300 Td where a significant fraction of the electron energy is spent on ionization.

Indeed, Figure 3.5 demonstrates that, at 1 atm and for E/N > 300 Td, the fraction of energy transferred to heat in 1 µs is at least doubled compared to Popov's mechanism [START_REF] Popov | Investigation of the mechanism for rapid heating of nitrogen and air in gas discharges[END_REF].

The simulation of ultra-fast heating has also been conducted by the team of IST in Lisbon University. A topical review [START_REF] Guerra | Modelling N 2 -O 2 plasmas: volume and surface kinetics[END_REF] extends the validation of the IST-Lisbon LXCat database (Alves, 2014) and describes, among various results, the heating of 5-ms discharges in air at 1 Torr. The temperature measurements were performed by absorption spectroscopy in [START_REF] Hübner | On time resolved gas temperature measurements in a pulsed dc plasma using quantum cascade laser absorption spectroscopy[END_REF] and demonstrated a 200-K increase in their conditions. Guerra et al. showed that ultrafast-heating is responsible for a 150-K increase in less than 1 ms. The increase of temperature is improved compared to their previous work by adjusting the heat conduction to the wall, whereas the effect of VT relaxation is relatively minor.

Bak and Cappelli published a mechanism for nanosecond discharges in the glow and non-thermal spark regimes (Bak and Cappelli, 2015). They initially implemented the complete mechanism of Kossyi et al. and Chapter 3 -The thermal spark in the literature
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Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France reduced its size by discarding the unimportant reactions. Practically, they authorized a tolerance of 1% in terms of production and heating rate between the reduced and complete mechanisms. They found that the NRP-glow regime can be accurately simulated with a reduced mechanism of 20 species and 49 reactions, while 19 species and 48 reactions are sufficient to simulate the NRP-spark.

Finally, Laux et al. [START_REF] Laux | Ionization Mechanisms in Two-Temperature Air Plasmas[END_REF] proposed a kinetic mechanism mainly based on (Park, 1993) to describe two-temperature discharges at Tgas = 2000 K and 8000 K < Te < 18,000 K. This reaction set will be used as a baseline mechanism in this work and is be detailed later.

Thermal sparks

Numerical simulations of the thermal spark formation are scarce in the literature. However, this domain is evolving rapidly [START_REF] Popov | Recent advances in the chemical kinetics of nonequilibrium plasmas[END_REF]. In [START_REF] Shcherbanev | Filamentary nanosecond surface dielectric barrier discharge. Plasma properties in the filaments[END_REF], kinetic simulations were performed in an attempt to explain the fast increase of ne up to values of about 10 19 cm -3 , following a nanosecond discharge in nitrogen at 6 bar, with an initial reduced field of 230 Td. The initial electron number density was assumed to be 10 15 cm -3 . .6 shows the evolution of the dominant species calculated in [START_REF] Shcherbanev | Filamentary nanosecond surface dielectric barrier discharge. Plasma properties in the filaments[END_REF]. From t = 0.1 ns to t = 0.35 ns, the electron number density increases by three decades, which corresponds to the abrupt formation of filaments measured in their work. The formation of N2(B) and N2(C) molecules plays a key role as it accelerates the ionization process. Indeed, if this process is not included, the ionization is slower (see the dashed curve in Figure 3.6). Shcherbanev et al. calculated the heat released by the recombination of electrons with O2 + and N2 + at ne ~10 18 cm -3 and showed that a temperature increase of 14,000 to 22,000 K could be obtained in about 1 ns. The authors concluded that the plasma approaches1 LTE, and hence full ionization, in less than 1 ns. The authors also showed that the SDBD filamentation is not the result of magnetic compression of the plasma channel. Finally, they noted that the question of the filament's origin remains open.

Objectives of this study

Most investigations on the thermal spark remained experimental and isolated. Some studies were more focused on the formation or the recombination of the fully ionized plasma. In this part, we aim to:

• Rigorously describe the stages of formation of the thermal spark.

• Discriminate the typical features of the thermal spark for easier identification in other conditions.

• Explain the slow recombination of the electrons in the thermal spark afterglow.

The conclusions derived from these three tasks must be coherent with the literature on the thermal spark.

The mechanism of the thermal spark formation also needs to be determined. For that purpose, a kinetic mechanism was developed, keeping in mind two objectives:

• Identify the critical reactions responsible for the fast full ionization of nanosecond discharges.

• Explain the fast increase of temperature during the thermal spark formation.

This kinetic study is among the first ones. Hence, our objectives must be meticulously completed, as our conclusions will lay grounds for future investigations.

Chapter 3 -The thermal spark in the literature
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In Chapters 4 to 6, we characterize experimentally and numerically the thermal spark formation and recombination. In Chapter 4, the influence of air pressure in the range 50 -1000 mbar is investigated experimentally at 300 K. The transition from a non-thermal to a thermal spark is decomposed in five steps. Then, the evolution of ne and Te is studied in the plasma afterglow. We show that the decay of ne is due to the isentropic expansion of the plasma in chemical equilibrium. Most of the experimental results presented in Chapter 4

were published in [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF].

In Chapter 5 the mechanism of air ionization by a single nanosecond discharge under atmospheric conditions is provided and tested. In Chapter 6, the mechanism of the thermal spark formation is studied for an initial reduced field of 240 Td, which is close to the experimental conditions studied in Chapter 4. We will see that the excitation and ionization of atomic species (N and O) play a key role on the thermal spark formation.

Also, the importance of heating by electron-ion collisions is demonstrated. Finally, we will compare the experimental and numerical evolution of ne during the thermal spark formation at ambient pressure.

Experimental characterization of the thermal spark

Experimental setup

An overview of the experimental setup is shown in and gas composition (pure air or a mixture of air with 1.6% of hydrogen).

The current and voltage measurements are performed about midway of a 7-m coaxial cable, as described in Section 2.2. 300 and 1800 gr/mm, both blazed at 500 nm. An ICCD camera (Pi-MAX4) coupled to the monochromator is used to record the spectra with a minimum gate of 450 ps. The pitch of the pixels on the ICCD is 1 μm.

A HeNe laser (Thorlabs at 632.8 nm) is used to determine the instrumental broadening of the OES system.

The discharge spatial and temporal reproducibility is sufficient to perform phase-locked acquisitions for imaging and OES experiments because the temporal jitter of the pulse is below 0.5 ns and the displacement of the axis of the plasma channel is about ±50 μm from shot to shot. The discharge imaging is performed using the zeroth order of diffraction of the monochromator grating. A 150-μm slit, aligned with the interelectrode axis, is used to capture the entire emission of the discharge. The width of the slit is sufficient to capture the discharge, even with its fluctuations in position. The overall optical system has a spatial resolution of about 8 μm per pixel. 

Influence of pressure on the thermal spark formation

This section presents observations of the thermal spark produced by a single nanosecond discharge in the cathode-anode configuration (setup #1). The images of total emission, shown in Figure 4.3, are obtained with a Canon 5D Mrk II digital camera. The exposure time of the camera is 100 milliseconds, which is longer than the discharge duration and its afterglow. At low pressure (50 and 80 mbar), the discharge forms a bright channel between the pins and a corona covering mostly the cathode (top electrode in Figure 4.3).

The emission radius (Half Width at Half Maximum, noted HWHM) of the channel is 2 0 μm at 0 mbar.

The bright cathode and anode spots have a typical radius between 50 and 150 μm. When the pressure increases to one atmosphere, the visible channel radius reduces to 140 μm, the spots and the corona disappear, and the color of the discharge changes from purple to white. These spots were already reported by [START_REF] Shao | Spark discharge formation in an inhomogeneous electric field under conditions of runaway electron generation[END_REF][START_REF] Parkevich | The peculiarities of near-cathode processes in air discharge at atmospheric pressure[END_REF]. To observe the evolution of the plasma during the applied pulse at different pressures, ICCD imaging and OES are performed with a temporal resolution of 480 ps. The discharge emission is recorded from 0 to 100 At 58 mbar, a streamer propagates from the anode to the cathode. No sharp increase in the emission is recorded during the propagation phase. At the end of the pulse (9 -10 ns), a bright filament appears at the cathode.

At 240 mbar, the streamer propagation is faster and cannot be resolved with the present camera gate (i.e.

the interelectrode gap is filled within 0.5 ns). A cathode filament appears at about t = 2.25 ns and an anode filament at about t = 4.25 ns. These 250-µm long filaments form within less than 0.5 ns. Therefore, their formation cannot be resolved with the camera. This means that either the filaments are created simultaneously in the entire volume or that they propagate from the electrode surface toward the middle of the gap at a speed above 5×10 5 m/s (0.5 mm/ns).

At pressures below 450 mbar, the filaments do not propagate toward the middle of the gap after they are formed. Above 600 mbar, however, the filaments start to propagate toward each other and rapidly merge (in less than 2 ns) in the middle of the gap. The length and diameter of the filaments are independent of the pressure in the studied conditions. The discharge spectra integrated over the pulse duration and plasma volume are shown in Figure 4.6.

The streamer emission (i.e. not the filaments) at low pressure is mainly due to the N2(C→B) and N2 + (B→X) transitions. The filaments that appear at higher pressure are characterized by a continuum emission. Several intense emission lines around 500 nm can also be identified, corresponding to transitions from N + ( 3 S, 3 P 0 , 3 F 0 ) [START_REF] Kramida | NIST Atomic Spectra Database (ver. 5.6.1)[END_REF]. Shcherbanev et al. [START_REF] Shcherbanev | Filamentary nanosecond surface dielectric barrier discharge. Plasma properties in the filaments[END_REF] also showed that the constriction of an SDBD is accompanied by a transition from a broad (~ 0 μm) channel with N2 emission to a thin channel (~ 18 μm) with N + emission. The data presented in Figure 4.4 and Figure 4.6 show that the thermal spark formation comprises the followings steps: (i) formation of a preionized channel between the electrodes; (ii) creation of a 250-μm long filament at the cathode characterized by N + emission; (iii) 1 -2 nanoseconds later, creation of a 250-μm filament at the anode; (iv) the filaments start propagating to the middle of the gap at a speed ~ 10 4 m/s; (v) filaments merge at the gap center (i.e. the thermal spark is formed). These steps of formation were also reported in the work of Orriere (Orriere, 2018, p.82). The filaments were observed in a 200μm and 1-mm gap and their formation could also not be resolved with a 3-ns gate (Orriere, 2018, p.82).

The molecular emission at low pressure (58 mbar) and the atomic/continuum emission at high pressure (1 bar) show that the plasma composition varies significantly in the considered pressure range. The dependence of the deposited energy as a function of the pressure is presented in Figure 4.7. The energy does not vary significantly in the studied pressure range, even though the spectra show a drastic change in the plasma (N + and continuum emissions versus N2 band emission). This indicates that there is no significant change in the total deposited energy at the transition from a non-thermal to a thermal spark.

Thus, the energy appears to be deposited in a smaller volume for the thermal spark, which is consistent with the observation of Shcherbanev et al. [START_REF] Shcherbanev | Filamentary nanosecond surface dielectric barrier discharge. Plasma properties in the filaments[END_REF]. 

Evolution of the electron number density at 1 atm

In this section, the objective is to study the evolution of the electron number density, ne, and of the electron temperature, Te, in the post-discharge of the thermal spark at 1 atm. The gap is 2 mm, the anode is grounded, and the total deposited energy is equal to 2.5 mJ (Table 4.1). Single-shot images of the discharge development sequence for this case are shown in Figure 4.8. As described in Section 4.2, the thermal spark develops according to the following sequence: (i) a homogeneous plasma is formed between the electrodes; (ii & iii) the filaments appear at the cathode and the anode; (iv) the filaments propagate; and (v) merge at the end of the pulse. With setup #1, the filaments had a constant length of 2 0 μm. With setup #2, the filaments are twice as long ( 00 μm). The filament length is therefore fielddependent. This aspect is not investigated any further. The electron number density, ne, is measured from the Stark broadening of N + lines with a temporal resolution of 0.5 ns. The electron temperature, Te, is assumed equal to the excitation temperature and obtained from the relative emission intensity of the three major groups of N + lines shown in Figure 4.9.

The excited states of N + are assumed to follow a Saha-Boltzmann distribution in equilibrium with the free electrons, as considered in previous studies [START_REF] Albrecht | New Aspects on Spark Ignition[END_REF][START_REF] Van Der Horst | Time-resolved optical emission spectroscopy of nanosecond pulsed discharges in atmospheric-pressure N 2 and N 2 /H 2 O mixtures[END_REF][START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF][START_REF] Orriere | Ionization and recombination in nanosecond repetitively pulsed microplasmas in air at atmospheric pressure[END_REF].

The following procedure is applied to obtain ne. A spectrum is generated by an in-house extension of the Specair code 1 (Laux et al., 2003). The lines are convolved with the instrumental broadening lineshape (fixed) and a Lorentzian (line-dependent). The width of the Lorentzian component and the electron temperature are varied until good agreement between the measured and simulated spectra is reached. The electron temperature is used to determine the Van der Waals and resonant broadening widths using the constants and formulas given in Section 1.3. The Stark width is obtained by subtracting the Van der Waals and resonant widths from the total Lorentzian width of each line. The Stark width is then converted to ne using the work of Griem [START_REF] Griem | Spectral Line Broadening by Plasmas[END_REF]. The Doppler broadening is negligible. A typical fit of the thermal spark emission spectrum is shown in Figure 4.9. The estimated errors on the electron number density and temperature measurements are ±15% and ±10%, respectively, based on the maximal uncertainty of the fit and the uncertainty in the Van der Waals width. The values of ne and Te extracted from this spectrum are 1.4 ± 0.2×10 19 cm -3 and 39,300 ± 3900 K.

1 www.spectralfit.com broadening measurements show that, after t = 10 ns, the electron number densities are approximately uniform across the entire interelectrode space. The electron number density approaches 4×10 19 cm -3 at t = 6 ns for Te = 45,000 K. The total gas density at 300 K, 1 atm, is 2.5×10 19 cm -3 . According to the Figure 2 in [START_REF] Sher | On the birth of spark channels[END_REF], after isochoric heating to temperatures around 45,000 K the main species are N + , O + , and electrons (the N ++ mole fraction is below 8% at 45,000 K and the O ++ mole fraction is less than 1%). Therefore, the total gas density at the end of the pulse should be around four times the initial density because, for each initial diatomic molecule, two atoms are formed, which in turn transform into two atomic ions and electrons. Thus, full ionization at the end of the pulse would correspond to about 5×10 19 heavy particles/cm 3 and the same density for free electrons, assuming each atom is ionized once. Therefore, the measured electron number density of about 4×10 19 cm -3 is consistent with full ionization and dissociation at the end of the pulse. The spatial distribution of the electron temperature is also found to be uniform across the gap. The temporal evolution of the spatially averaged Te is shown in Figure 4.11. The maximal electron temperature right after the discharge is 48,000 ± 5,000 K, then decays to about 30,000 K within 90 ns. An additional measurement of the electron number density is obtained from the Stark broadening of Ha (recall that for these experiments with setup #2, 1.6% of hydrogen is added to air). Figure 4.12 shows two measurements and two fits of the Stark-broadened Ha line at t = 60 and 1000 ns. The instrumental broadening width is always less than the measured linewidth over this entire time interval, although it becomes comparable with the Stark width at 1000 ns. We apply the same fitting procedure as for N + : a

Lorentzian convolved with the instrumental broadening lineshape is fitted to the experimental spectrum.

The electron number density is obtained after subtraction of the Van der Waals and resonant broadening widths from the total Lorentzian width. The Doppler width is still negligible. The electron number densities inferred from the Stark broadening of the N + and Hα lines are compared in Figure 4.10. The data from Hα broadening are also spatially resolved, and we find a homogeneous distribution of the electrons along the gap. This homogeneity was also reported in a similar discharge [START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF]. The results obtained with the Ha line are only shown for t > 12 ns, i.e. after the electron number density has decayed to 2×10 19 cm -3 . This is because the Stark-broadened Ha line is much wider than the spectral measurement window at electron number densities higher than 2×10 19 cm -3 . For example, according to (Gigosos, González and Cardeñoso, 2003), an electron number density of 10 19 cm -3 leads to an Ha FWHM of 25 nm. The results obtained from the Stark-broadened Ha line after 12 ns are in good agreement with those of the N + line given that the experimental [START_REF] Konjević | Experimental Stark Widths and Shifts for Spectral Lines of Neutral and Ionized Atoms (A Critical Review of Selected Data for the Period 1989 Through 2000)[END_REF] and theoretical [START_REF] Griem | Spectral Line Broadening by Plasmas[END_REF]) N + Stark coefficients can differ by up to a factor of two in the literature1 .

Spatially averaged measurements of ne from Ha broadening are shown in Figure 4.13 up to t = 1 μs. At t ≈ 70 ns, a reflected pulse reaches the electrodes2 . The deposited energy is lower than for the first pulse (≈ 0.1 mJ versus 2.5 mJ) but is sufficient to induce a small amount of additional ionization. For t > 100 ns, the temperature is not known. The uncertainty on the Van der Waals calculation is therefore increased. The lower limit of the error bars in Figure 4.13 indicates the values that would be obtained if a constant value of Tgas = 28,000 K were chosen in the Van der Waals width calculation. Our measurements are compared in Figure 4.13 with those reported for other thermal sparks in the literature (van der [START_REF] Van Der Horst | Time-resolved optical emission spectroscopy of nanosecond pulsed discharges in atmospheric-pressure N 2 and N 2 /H 2 O mixtures[END_REF][START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF][START_REF] Orriere | Ionization and recombination in nanosecond repetitively pulsed microplasmas in air at atmospheric pressure[END_REF]. They are found to agree in first approximation, and a detailed comparison is given in Section 4.4. 𝑁 + + 𝑒 -+ 𝑒 -→ 𝑁 + 𝑒 - Reac. 4.1

Van der Horst et al. assumed the rate coefficient of Reac. 4.1 to be 𝑘 3,𝑟𝑒𝑐 = 7 × 10 -20 (300/𝑇 𝑒 ) 4.5 cm 6 /s (taken from [START_REF] Capitelli | Plasma Kinetics in Atmospheric Gases[END_REF]), and deduced from a fit of the ne decay that the electron temperature (not measured in their work) should be around 2.3 eV, a value they deemed too high for a recombining plasma. Instead, they concluded that additional electrons were produced via Penning ionization.

If we apply the approach of van der Horst et al., we also find that our experimental decay rate of electrons is much slower than the rate of Reac. 4.1 [START_REF] Capitelli | Plasma Kinetics in Atmospheric Gases[END_REF]. In our conditions, a fit of the ne decay within 10 -20 ns would require a temperature of 70,000 K, which is almost twice the measured value. In this section, we propose an explanation for our observed electron decay.

The importance of volume expansion in the decay of ne was shown in [START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF]. The speed of sound is equal to 𝑐 𝑠 = √ 𝛾𝑅𝑇 𝑔𝑎𝑠 /𝑀, where γ = 1.2 is the ratio of specific heats [START_REF] Colonna | Electronic excitation and isentropic coefficients of high temperature planetary atmosphere plasmas[END_REF], R the perfect gas constant, 𝑇 𝑔𝑎𝑠 the gas temperature, and M the molar mass. In a gas composed of electrons (50%), nitrogen ions (40%), and oxygen ions (10%), the molar mass is 7.2 g•mol -1 , and the speed of sound ranges between 6500 and 7500 m•s -1 for Te in the range 30,000 -50,000 K. Thus, the hydrodynamic timescale for a plasma with a radius r = 100 μm is 𝑟/𝑐 𝑠 ≈ 14 ns. Therefore, the pressure is homogeneous in the plasma channel and the volume expansion already begins by the end of the pulse. We therefore expect the volume expansion to induce a decrease in the electron number density. Lo et al. showed that the decay of ne, reproduced in Figure 4.13, was due to an isentropic volume expansion up to t = 150 ns [START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF]. The relation between Te and ne during an isentropic expansion is given by Eq. 4.1 [START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF]. which is close to:

• 1.2 -1.3, the value measured in [START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF], and

• 1.2 -1.25, the value calculated in [START_REF] Colonna | Electronic excitation and isentropic coefficients of high temperature planetary atmosphere plasmas[END_REF] for air at 100 bar between 30,000 and 50,000 K. It is interesting to determine when heat conduction starts cooling the plasma. The characteristic time of cooling by heat conduction can be estimated as 𝜏 𝑐𝑜𝑛𝑑 = ρcpr 2 /λ (Raizer, 1991, p. 199). The thermophysical quantities 1 , taken at 133 bar and 20,000 K (the average temperature of the plasma and of ambient air), are ρ = 0.9 kg•m -3 , cp = 10 kJ•kg -1 •K -1 and λ = 7.8 W•m -1 •K -1 . We obtain 𝜏 𝑐𝑜𝑛𝑑 = 12 µs and therefore losses by thermal conduction are negligible over the time scale of our measurements.

Regarding radiation losses, it was shown for a 15-mJ laser spark that radiation dissipates 22% of the deposited energy (Phuoc, 2005). A lower limit for the characteristic time of radiation cooling, 𝜏 𝑟𝑎𝑑 , can be obtained by assuming the plasma to be a blackbody. At T = Te = 45,000 K and with σ, the Stefan constant, we calculate 𝜏 𝑟𝑎𝑑 = ρcpr/2σT 3 ≈ 0 ns. As can be clearly 2 seen in Figure 4.6, the radiation is far below the blackbody emission and therefore 𝜏 𝑟𝑎𝑑 should be much longer than 60 ns. Therefore, radiation losses are not expected to be the primary mechanism of plasma cooling from 0 to 100 ns. However, they could be taken into account to refine the spark model, see for instance the work in (Shneider, 2006).

1 Calculated on https://cearun.grc.nasa.gov/ in January 2020 [START_REF] Mcbride | Computer program for calculating and fitting thermodynamic functions[END_REF] 2 Anticipating the calibrated spectrum showed in Figure 6.17, the continuum radiation of the thermal spark remains in the range 1 -10 W•sr -1 •cm -2 •nm -1 whereas the maximal blackbody emission is above 10 3 W•sr -1 •cm -2 •nm -1 for temperatures higher than 20,000 K. ns is 5×10 19 cm -3 . From t = 8 ns to t = 12 ns, Te decreases from 48,000 to 40,000 K. In an isentropic expansion, the quantity 𝑇 𝑒 𝑉 𝛾-1 is conserved, implying an increase of the plasma volume by a factor of 2. Thus, the total heavy particle density is 2.5×10 19 cm -3 at t = 12 ns. We assume that the dominant ion is N + and that the remaining heavy particles are atomic nitrogen. Thus, at t = 12 ns, Te ≈ 40,000 K (Figure 4.11), ne ≈ nN+ ≈ 2×10 19 cm -3 (Figure 4.10), and nN ≈ 0.5×10 19 cm -3 . The populations of the excited states are computed using the partition functions of NIST [31], assuming a Boltzmann distribution. The ground state number density, 𝑛 𝑁( 4 𝑆) , represents 10% of the atomic nitrogen number density, whereas the metastable states, 𝑛 𝑁( 2 𝐷) and 𝑛 𝑁( 2 𝑃) , represent 12% and 5%, respectively. The remaining 73% occupy higher excited states. Using the rate coefficients of [START_REF] Ciccarino | Electron-impact ionization of atomic nitrogen[END_REF] and detailed balancing, we find that the ionization rate of N( 4 S) is comparable with the recombination rate of N + into N( 4 S) (𝑘 𝑖,𝑔𝑠 𝑛 𝑁( 4 𝑆) 𝑛 𝑒 ~ 𝑘 𝑟𝑒𝑐,𝑔𝑠 𝑛 𝑁 + 𝑛 𝑒 2 ~ 10 27 cm -3 s -1 ). The same conclusion is obtained for metastable (~ 10 27 -10 28 cm -3 s -1 ) and higher excited states up to E = 11.8 eV (~ 10 28 -10 29 cm -3 s -1 ). We repeated this calculation up to the last point for which we measured Te and found that ionization balances recombination until t = 100 ns. Therefore, up to at least t = 100 ns, the thermal spark is in chemical equilibrium.

At longer timescales (t > 1 μs), hydrodynamic effects lead to the formation of a torus and the mixing of the plasma column with fresh gas (Olsen, Edmonson and Gayhart, 1952;[START_REF] Kono | Mechanism of flame kernel formation produced by short duration sparks[END_REF][START_REF] Xu | Thermal and hydrodynamic effects of nanosecond discharges in air and application to plasma-assisted combustion[END_REF]Bane, Ziegler and Shepherd, 2015;[START_REF] Stepanyan | Large-volume excitation of air, argon, nitrogen and combustible mixtures by thermal jets produced by nanosecond spark discharges[END_REF]. In the numerical study of [START_REF] Dumitrache | Hydrodynamic regimes induced by nanosecond pulsed discharges in air: mechanism of vorticity generation[END_REF], a dimensionless number, defined in Eq. 4.3, was introduced to predict the discharge conditions for which recirculation occurs.

The PTr number depends on Euh the energy deposited into fast gas heating, p0 the initial pressure, S the plasma cross-section, and d the interelectrode gap distance. This number can be seen as the ratio of the

Π 𝑇𝑟 = E uh 𝑝 0 𝑆𝑑 Eq. 4.3
energy deposited into fast gas heating and the energy already contained in the discharge volume prior to breakdown. As shown in [START_REF] Dumitrache | Hydrodynamic regimes induced by nanosecond pulsed discharges in air: mechanism of vorticity generation[END_REF], a torus forms when Π 𝑇𝑟 > 60 -80. In our case, Euh = 2.5 mJ, p0 = 10 5 Pa, S = 0.025 mm 2 and d = 2 mm, which gives Π 𝑇𝑟 = 500. This indicates that a torus will be formed and therefore that fresh gases recirculate into the plasma column. However, this recirculation does not occur before 1 µs, as can be clearly seen from Figure 5 of [START_REF] Stepanyan | Spatial evolution of the plasma kernel produced by nanosecond discharges in air[END_REF], obtained for discharge under similar conditions, see 

Comparison with the literature

Comparison with other nanosecond thermal sparks

In this section, we compare and discuss the electron density decay curves presented in Figure 4.13.

These results were obtained in ambient air or N2, using nanosecond discharges with fairly similar characteristics, as reported in Table 4.2. In all cases, nearly fully ionized plasmas were produced.

As can be seen in Figure 4.13, the electron density curves all start with a nearly fully ionized plasma at the end of the pulse, and then follow the same evolution after the pulse. It is important to note that the initial discharge radii vary from 20 µm (Orrière et al.) to around 100-120 µm (van der Horst et al., Lo et al., and present work). A small radius (30 µm at t = 15 ns) was also reported by [START_REF] Albrecht | New Aspects on Spark Ignition[END_REF].

The reasons explaining these different radii 1 are not known. The small discharge radius reported by Orrière et al. cannot be explained by their small gap (200 µm), because Orrière obtained a similar discharge radius with a 1-mm gap [START_REF] Orriere | Confinement micrométrique des décharges pulsées nanosecondes dans l'air à pression atmosphérique et effets électro-aérodynamiques[END_REF]. Nevertheless, the rate of volume expansion is related to the hydrodynamic timescale, which is proportional to the initial radius of the discharge channel, and (Wang, Zatsarinny and Bartschat, 2014), it was also shown in Ref. [START_REF] Orriere | Ionization and recombination in nanosecond repetitively pulsed microplasmas in air at atmospheric pressure[END_REF]) that the characteristic ionization times of N( 2 P) and N( 2 D) were comparable with the experimental recombination time for t < 100 ns. We obtained the same conclusions using the ionization rate coefficients derived by Ciccarino et al. [START_REF] Ciccarino | Electron-impact ionization of atomic nitrogen[END_REF]. Furthermore, in his thesis (Orriere, 2018, Fig. 74), Orriere reported the discharge radius evolution, measured by OES. Between t = 10 ns and t = 100 ns, the discharge volume increased by a factor 3 -5 while ne was divided by 25. Based on these two observations, we conclude that Reac. 4.1 is not sufficient to model ne decay for t < 100 ns, and that ionization (reverse of Reac. 4.1) and volume expansion should also be considered. 1 The discharge radius was measured by OES in [START_REF] Albrecht | New Aspects on Spark Ignition[END_REF][START_REF] Van Der Horst | Time-resolved optical emission spectroscopy of nanosecond pulsed discharges in atmospheric-pressure N 2 and N 2 /H 2 O mixtures[END_REF][START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF][START_REF] Orriere | Ionization and recombination in nanosecond repetitively pulsed microplasmas in air at atmospheric pressure[END_REF] and this work. In [START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF], the radius measured by OES corresponded to the radius of the electron distribution. In [START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF], Lo et al. showed that the decay of ne in the afterglow of their thermal spark was due to an isentropic expansion. Their 2D-resolved measurements of ne clearly demonstrated an expansion of the plasma channel, beginning at t = 15 ns. They also found a homogeneous electron density distribution along the interelectrode gap, as in our experiments. However, Te was higher at the electrodes than in the middle of the gap. The Te values measured in [START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF] are close to those reported in this work. Chemical equilibrium is therefore expected at least up to t = 100 ns. For t > 300 ns, the electron decay is slower than in the other references, see Figure 4.13, possibly because the current lasted for more than 500 ns in their experiment. Also, the ne inferred from the Stark broadened N + lines might be somewhat overestimated at t > 300 ns because Van der Waals broadening was not taken into account in their lineshape analysis.

Comparison with spark discharges used for combustion ignition

The transition in a few nanoseconds from a N2-emission dominated spectrum to a continuum/N+-dominated spectrum is also observed in discharges of longer durations, in particular the discharges used for combustion ignition in car engines. The latter ones are typically a few milliseconds long and evolve in three phases, as described by Maly et al. in (Flow and combustion in reciprocating engines, 2009): the "breakdown" phase (≈ 10 ns), the "arc" phase (≈ 1-10 μs) and the "glow" phase (≈ 1 ms). [START_REF] Albrecht | New Aspects on Spark Ignition[END_REF] recorded the emission of N + lines already at 7 ns in these discharges, and showed that it The energy deposited during (i) the "breakdown" phase of millisecond discharges and (ii) the nanosecond discharges is also similar and equal to a few mJ [START_REF] Albrecht | New Aspects on Spark Ignition[END_REF]Lacour et al., 2016). The early phase of longer sparks used for combustion ignition has therefore the same characteristics as the nanosecond thermal spark reported here. 

Conclusion

We showed that, under certain conditions, nanosecond discharges in air can produce a fully ionized plasma (ne ~ 10 19 cm -3 ), with intense N + lines and continuum emission in the interelectrode gap. We call this regime the thermal spark, to distinguish it from the previously observed corona, glow, and nonthermal spark regimes observed in (Pai, Lacoste and Laux, 2010b). Through fast imaging, the following steps of formation of the thermal spark in air were evidenced:

1. Formation of a weakly ionized non-equilibrium plasma i.e. the non-equilibrium spark. The typical diameter at these early instants is 200-00 μm and the emission is dominated by the N2(C→B) radiative transition.

2. Generation of a filament at the cathode on a timescale below 0.5 ns. The typical diameter of the filament is 100 μm; its emission is dominated by N + and a broadband continuum. The length and diameter of the filament is found to be independent of the pressure but varies with the applied electric field.

3. A few nanoseconds later, formation of an anode filament with dimensions similar to those of the cathode filament.

4. Propagation of the two filaments in the interelectrode gap. The typical speed of propagation ranges between 10 4 and 10 5 m s -1 and is pressure dependent.

5. The filaments merge: the thermal spark is formed.

At low pressures (i.e. p < 300 -400 mbar), the thermal spark formation is interrupted at step 4. However, step 5 could possibly occur with a longer discharge pulse. We showed that for the same deposited energy, at low and high pressures, the spark can be thermal or in non-equilibrium. The total deposited energy is therefore not an indicator of the transition to a thermal spark.

The electron number density evolution in the post-discharge of a thermal spark in air at 1 atm was measured by Stark broadening of Hα and N + lines. Other line broadening processes were found negligible or small. The electron temperature, Te, was measured by fitting the emission of excited electronic states of N + , with energies ranging from 21 to 30 eV. The electron number density was found to reach a maximum value of 4×10 19 cm -3 at the end of the pulse, and to then decay to 10 17 cm -3 in 1000 ns. We showed that the three-body recombination of electrons with N + is equilibrated by the reverse process of ionization of nitrogen excited states, even after the end of the voltage pulse. The decay of the electron number density is explained by isentropic expansion alone up to t = 100 ns. Heat removal by conduction is found to be negligible on this timescale. Heat removal by radiation is more important but remains secondary.

Therefore, for a complete simulation of the thermal spark afterglow, it is sufficient to consider a plasma in chemical equilibrium subject to volume expansion (and radiation losses). These conclusions are found to apply to other measurements performed in the recombination phase of thermal sparks [START_REF] Van Der Horst | Time-resolved optical emission spectroscopy of nanosecond pulsed discharges in atmospheric-pressure N 2 and N 2 /H 2 O mixtures[END_REF][START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF][START_REF] Orriere | Ionization and recombination in nanosecond repetitively pulsed microplasmas in air at atmospheric pressure[END_REF]. Finally, a comparison of ne and Te with values measured in a discharge typical of spark plugs used for internal combustion engine ignition showed that the nanosecond thermal spark is equivalent to the "breakdown phase" of the spark discharges used for flame ignition.

The formation of the thermal spark has yet not been discussed. In the following sections, we described the kinetics of a 0-D simulation used for that purpose.

Kinetic mechanism for air discharges

Reaction set

In this chapter, 0-D numerical simulations of plasma kinetics are performed using ZDPlasKin [START_REF] Pancheshnyi | Computer code ZDPlasKin[END_REF] as a function of the reduced electric field. We assumed an isochoric transformation of the plasma, which is typically the case for nanosecond discharges. The Electron Energy Distribution Function (EEDF) is calculated by solving the Boltzmann equation with BOLSIG+ using crosssections of electron reactions taken mostly from the LXCat 1 database (Hagelaar and Pitchford, 2005;Hagelaar, 2016). We use a baseline kinetic mechanism that was initially applied for non-thermal plasmas [START_REF] Laux | Ionization Mechanisms in Two-Temperature Air Plasmas[END_REF].

Nowadays, several baseline mechanisms for low-temperature plasmas are available in the literature [START_REF] Kossyi | Kinetic scheme of the non-equilibrium discharge in nitrogen-oxygen mixtures[END_REF][START_REF] Capitelli | Plasma Kinetics in Atmospheric Gases[END_REF]Bak and Cappelli, 2015) and could have been used. The reaction set of Capitelli et al. was used in our previous work 2 [START_REF] Minesi | Role of the excited electronic states in the ionization of ambient air by a nanosecond discharge[END_REF]. However, these mechanisms include hundreds of reactions, such as the formation of negative ions and NyOx with (x, y) ≥ 2, which are unnecessary to describe the thermal spark formation. Instead, we use a simpler set based on the 38 reactions listed in [START_REF] Laux | Ionization Mechanisms in Two-Temperature Air Plasmas[END_REF] • ionization and dissociation of N2(X, A, B, C, and a') by electron impact.

• ionization of N + and O + (to N ++ and O ++ ) by electron impact.

• quenching of N2 excited electronic states.

We describe next the complete mechanism used in the present work.

1 Namely: the BSR database, the IST-LISBON database, and the Itikawa database.

2 The simulations and conclusions of the AIAA conference proceeding [START_REF] Minesi | Role of the excited electronic states in the ionization of ambient air by a nanosecond discharge[END_REF] are extended in a recent submission to Plasma Sources Science and Technology (October 2020). Reaction & Temperature dependence kf =A T b exp(-E/RT) Ref.

kf kr A (cm 3 s -1 ) b E/R (K) O2, NO, N2 Dissociation / Recombination [START_REF] Laux | Ionization Mechanisms in Two-Temperature Air Plasmas[END_REF] (R1) O2 + N2 ↔ 2O N2 Tg Tg 3.32 10 -3 -1.5 59,500 (Park, 1993) * (R2) O2 + O2 ↔ 2O O2 Tg Tg 3.32 10 -3 -1.5 59,500 (Park, 1993) * (R3) O2 NO ↔ 2O NO Tg Tg 3.32 10 -3 -1.5 59,500 (Park, 1993) * (R4) O2 N ↔ 2O N Tg Tg 1.66 10 -2 -1.5 59,500 (Park, 1993) * Te Te BOLSIG+ (Itikawa, 2016) Charge Exchange [START_REF] Laux | Ionization Mechanisms in Two-Temperature Air Plasmas[END_REF] (R28) N + + N2 ↔ N N2 + Tg Tg 1.66 10 -12 0.5 12,000 (Park, 1993) (R29) NO + O ↔ N + + O2 Tg Tg 1.66 10 -12 0.5 77,200 (Park, 1993) * (R30) NO + O + ↔ N + + O2 Tg Tg 2.32 10 -19 1.9 26,600 (Park, 1993) (R31) NO + N ↔ N2 + O + Tg Tg 5.65 10 -11 -1.08 12,800 (Park, 1993) (R32) O + + N2 ↔ N2 + + O Tg Tg 1.49 10 -12 0.36 22,800 (Park, 1993) (R33) NO + N ↔ N2 + + O Tg Tg 1.20 10 -10 0.0 35,500 (Park, 1993) * (R34) O2 + N ↔ N + + O2 Tg Tg 1.44 10 -10 0.14 28,600 (Park, 1993) (R35) O2 + + N2 ↔ N2 + + O2 Tg Tg 1.64 10 -11 0.0 40,700 (Park, 1993) (R36) NO + + O2 ↔ NO O2 + Tg Tg 3.99 10 -11 0.41 32,600 (Park, 1993) (R37) NO + + O ↔ N O2 + Tg Tg 1.20 10 -11 0.29 48,600 (Park, 1993) Most of the reactions used by Laux et al. are taken from (Park, 1993;[START_REF] Yu | Effects of vibrational nonequilibrium on the chemistry of two-temperature nitrogen plasmas[END_REF]. The reaction rate coefficients in [START_REF] Yu | Effects of vibrational nonequilibrium on the chemistry of two-temperature nitrogen plasmas[END_REF] are, however, calculated for Tgas = 2000 K, which is not suited for the present work. The reaction rates calculated by Yu et al. are therefore replaced by calculations performed with BOLSIG+ with the cross-sections specified in Table 5.1. In the case of (R28), N + + N2 ↔ N N2 + , the rate constant is taken from (Park, 1993). Note that some of the rate coefficients of charge exchange reactions were rounded off in Table 1 of [START_REF] Laux | Ionization Mechanisms in Two-Temperature Air Plasmas[END_REF], but the exact values were used in their simulation.

The ionization of NO by electron impact was initially limited to (R25), NO e ↔ NO + + 2e, in [START_REF] Laux | Ionization Mechanisms in Two-Temperature Air Plasmas[END_REF]. We added here the formation of O + and N + , (R26) and (R27) (Itikawa, 2016). The crosssection of NO dissociation by electron impact is, to our knowledge, not available in the literature (Itikawa, 2016). BOLSIG+ computes the rate of O2 dissociation by electron impact based on the crosssections 1 provided in (Phelps, 1985). In this model, the N2 dissociation and ionization by electron-impact are state-specific and more details are given in Table 5.2.

For electron-heavy reactions, the rate constant is a function of the electron temperature. For heavy-heavy reactions, the rate constant is a function of the gas temperature. As discussed in Section 5.3.2, this is critical for associative ionization and dissociative recombination, whose rate constants depend on Tg and Te, respectively.

1 Available in the LXCat Phelps database or the LXCat LISBON-IST database Finally, the dissociative recombination of N2 + , (R21), is calculated with detailed balance using Park's rate of associative ionization. One could also take the cross-sections calculated by [START_REF] Bacri | Electron diatomic molecule weighted total cross section calculation. III. Main inelastic processes for N2 and N2[END_REF] or measured by [START_REF] Peterson | Dissociative recombination and excitation of N 2: Cross sections and product branching ratios[END_REF]. The cross-sections of electronic excitation of N2(X) to higher excited states were measured by [START_REF] Cartwright | Electron impact excitation of the electronic states of N2. I. Differential cross sections at incident energies from 10 to 0 eV[END_REF] and later renormalized by (Trajmar, Register and Chutjian, 1983). Usually, these cross-sections are associated with the LXCaT Phelps Database (Phelps and Pitchford, 1985). In our kinetic simulations, the cross-section of electron-impact excitation of N2 to N2(A 3 Σu + ) is the sum of the cross-sections to the N2(A, v') levels taken from [START_REF] Pitchford | Comparative calculations of electron-swarm properties in N2 at moderate en values[END_REF]. The N2(B 3 Πg, B 3 Σu -, W 3 Δu) states are lumped together in the N2(B) state, using the renormalized cross-sections of [START_REF] Cartwright | Electron impact excitation of the electronic states of N2. I. Differential cross sections at incident energies from 10 to 0 eV[END_REF]. This is also the case for N2(C), which is the sum of N2(C3 Πu, E 3 Σg + ) states. The N2(a'1 Σu -, a 1 Πg, w 1 Δu) singlet states are lumped together in the N2(a') state. This grouping was initially proposed in [START_REF] Kossyi | Kinetic scheme of the non-equilibrium discharge in nitrogen-oxygen mixtures[END_REF] and used in the simulations 1 of [START_REF] Flitti | Gas heating in fast pulsed discharges in N 2 -O 2 mixtures[END_REF]. In future work, the N2(a' 1 Σu -) and N2(a 1 Πg) should be distinguished because their dissociation cross-sections differ by one order of magnitude.

The electronic transitions between N2(A, B, C, a') by electron impact are taken from [START_REF] Bacri | Electron diatomic molecule weighted total cross section calculation. III. Main inelastic processes for N2 and N2[END_REF]. The transitions between the N2 + (X, A, B, C) states by electron impact are also taken from [START_REF] Bacri | Electron diatomic molecule weighted total cross section calculation. III. Main inelastic processes for N2 and N2[END_REF]. The ionization cross-sections of N2(X) to N2 + (X, B), (R39), were estimated in [START_REF] Isola | Determination of the electron temperature and density in the negative glow of a nitrogen pulsed discharge using optical emission spectroscopy[END_REF] based on the (renormalized) measurement of Cartwright et al. and the recommendations of Itikawa2 . The ionization cross-sections of N2(A, B, a', C), (R41), are taken from [START_REF] Bacri | Electron diatomic molecule weighted total cross section calculation. III. Main inelastic processes for N2 and N2[END_REF]. The dissociation cross-sections of N2 electronic states, (R42) and ( R43), are all taken from [START_REF] Bacri | Electron diatomic molecule weighted total cross section calculation. III. Main inelastic processes for N2 and N2[END_REF]. In electron-impact dissociation of N2, the formation of either N ground state, i.e. N(4 S), or N( 2 D) is based in our kinetics on energy and spin conservation 3 . Therefore, we assume that N2(X, A) dissociates into two N( 4 S) atoms, (R42), whereas N2(B, a', C) dissociates into N( 4 S) and N( 2 D), (R43). Reactions involving the excited electronic states of NO and O2 are neglected in this work because these species are not dominant in these air 4 plasmas. (Tayal et al., 2016) In the present work, we only consider the ionization of O and N to the ground state of the N + ( 3 P) and O + ( 4 S) ions, because the ionization to other states is negligible 1 (Wang, Zatsarinny and Bartschat, 2014).

The forward rate coefficients of electron-impact ionization of the first three levels of N and O, (R45-R47) and (R84-86), are calculated with BOLSIG+ using the ionization cross-sections obtained by the B-spline R-matrix (BSR) approach (Wang, Zatsarinny and Bartschat, 2014;Tayal and Zatsarinny, 2016). For states above N( 2 D) and up to N( 4 D 0 ), the ionization rate coefficients calculated by [START_REF] Ciccarino | Electron-impact ionization of atomic nitrogen[END_REF] are used. We will show in Section 6.1.3 that the reactions listed in Table 5.3 drive the final stage of thermal spark ionization. A summary of the electronic levels of N2, N, and O modeled in the present mechanism is given in Table 5.4. 1 We also neglected the three-body recombination with heavy colliders, and therefore did not consider the following reaction, where A = N, O, and M is any heavy collider.

A + M ↔ A + + e + M Reaction & Temp. dependence A

(cm 3 s -1 ) b E/R (K) Ref.
Quenching of N2 electronic excited states (Popov, 2016b) (R87) N2(A) + O2 ↔ N2(X) + 2O Tg 9.81 10 -14 0.5 0 [START_REF] Kossyi | Kinetic scheme of the non-equilibrium discharge in nitrogen-oxygen mixtures[END_REF] (R88) N2(A) + O2 ↔ N2(X) + O2 Tg 4.33 10 -14 0.5 0 [START_REF] Kossyi | Kinetic scheme of the non-equilibrium discharge in nitrogen-oxygen mixtures[END_REF] ( The quenching of N2 excited states is taken from the work of (Popov, 2016b), which is, to our knowledge, the most complete set of reactions for the simulation of non-thermal nanosecond discharges.

It was shown in (Popov, 2016b) that this set reproduces the ultrafast heating observed in (Rusterholtz et al., 2013) and (Lo et al., 2014;Lo, Cessou and Vervisch, 2014) with good accuracy.

The quenching rate coefficients of N2(A) given in Table 5.5 are slightly modified compared to those of Popov because our model is not vibrational specific and does not include O2 excited states. Therefore, it was assumed in (R88) that O2 is not excited to the O2(b 1 Σg + ) state, which is different from the (R2) reaction in (Popov, 2016b).

Also, we discarded the (R3), ( R4) and (R6) reactions of (Popov, 2016b) because they involve vibrationally excited molecules. The formation of NO by N2(A) quenching, (R92), was initially neglected in the early work of Popov [START_REF] Popov | Investigation of the mechanism for rapid heating of nitrogen and air in gas discharges[END_REF]. However, it was shown by (Thomas and Kaufman, 1996) and later by (Burnette et al., 2014;Shkurenkov et al., 2014) that the formation of NO has a higher impact than what was expected.

For the conditions of Rusterholtz et al., Popov showed that the dissociative quenching of N2(A, B, C, a') represent 63% of the total oxygen dissociation (Rusterholtz et al., 2013;Popov, 2016b). Regarding the production of metastable oxygen by N2(C), Popov used the branching ratio (46% / 52% / 2%) of metastable argon quenching by O2 [START_REF] Balamuta | Formation of electronically excited oxygen atoms in the reactions of Ar(3P0,2) and Xe(3P2) atoms with O2[END_REF]Popov, 2011a). The quenching of metastable xenon, which has a similar energy as N2(B), does not produce excited atomic oxygen [START_REF] Balamuta | Formation of electronically excited oxygen atoms in the reactions of Ar(3P0,2) and Xe(3P2) atoms with O2[END_REF]. Therefore, we assume that only O( 3 P) is produced in N2(B) quenching. Note that Popov used a constant rate coefficient for N2(C) quenching, although it was shown that the rate varies with Tg 0.3 (Rusterholtz et al., 2013). The product of N2(a') quenching is assumed to be O

( 3 P) + O( 1 D)
with a probability of one (Popov, 2016b). Finally, we neglected the quenching of N( 2 D) and O( 1 S, 1 D), reactions (R16) to (R34) in (Popov, 2016b), because these reactions induce vibrational excitation which is not included in the present mechanism. The quenching of N( 2 P) measured by [START_REF] Salmon | Quenching rate of N(2P) atoms in a nitrogen afterglow at atmospheric pressure[END_REF] was also neglected.

Finally, the formation of N ++ and O ++ by electron-impact of N + and O + is included, (R99) and (R100).

We integrated the cross-sections reported in [START_REF] Tawara | Total and partial ionization cross sections of atoms and ions by electron impact[END_REF] with a Maxwellian EEDF and fitted the results with Arrhenius laws. The ionization rate coefficients fit the integrated results within 1% in the 40,000 -73,000 K range, see Table 5.6. 23,000 K 30,000 K 40,000 K 73,000 K

N + ionization ~ 1% < 1% < 1% < 1% O + ionization ~ 30% ~ 10% ~ 1% < 1%
Note that this set of reactions is incomplete if one is interested in the heating generated by non-thermal sparks. For that purpose, the quenching of atomic metastable states may have to be included (Popov, 2016a) along with other species such as O -, O3, and N4 + (Bak and Cappelli, 2015). We aim to pursue this task in future work.

Detailed balance

In these simulations, the reverse rates are computed by detailed balance [START_REF] Dresvin | Physics and technology of low-temperature plasmas[END_REF][START_REF] Alberty | Physical chemistry 1st Edition[END_REF]. Let us define Reac. 5.1 involving four fictitious species: A, B, C, and D.

A + B ↔ C + D Reac. 5.1

If kf, the forward rate coefficient of Reac. 5.6, is known, then, kr, the reverse rate coefficient can be computed using Eq. 5.1, where ZX is the partition function of species X.

𝑘 𝑓 𝑘 𝑟 = 𝑍 𝐶 𝑍 𝐷 𝑍 𝐴 𝑍 𝐵 (𝑇) Eq. 5.1

The definition of the partition function is given in Chapter 3 where its energy reference is set to the energy of the atomic ground state.

As stated before, if the collision partners are heavy particles, we must set T = Tgas in Eq. 5.1. However, if one electron is involved, then we must set T = Te. For instance, in Reac. 5.2 the forward rate is a function of Tgas and the reverse rate depends on Te.

N N ↔ N2 + + e Reac. 5.2

A particular treatment must be applied for three-body reactions involving two heavies and one electron but does not concern this work [START_REF] Annaloro | Non-uniqueness of the multi-temperature law of mass action. Application to 2T plasma composition calculation by means of a collisional-radiative model[END_REF].

For instance, we take the case of ionization/recombination of atomic nitrogen N( 4 S), detailed balance is equivalent to the Saha formula (Eq. 5.2), where me is the electron mass, kb the Boltzmann constant, Te the electron temperature, h the Planck constant, 𝑔 𝑋 the degeneracy of X, I the ionization energy of N( 4 S),

and 𝑘 𝑓,𝑖 the ionization rate computed with BOLSIG+.

𝑘 𝑟,𝑖 = 1 2 ( 2𝜋𝑚 𝑒 𝑘 𝑏 𝑇 𝑒 ℎ 2 ) - 3 2 𝑔 𝑁( 4 𝑆) 𝑔 𝑁 + exp ( I 𝑘 𝑏 𝑇 𝑒
) 𝑘 𝑓,𝑖 Eq. 5.2

The first term in Eq. 5.2 is the inverse of the electron partition function and the factor 1/2 accounts for the electron degeneracy. The Saha formula is exact if the EEDF is a Maxwellian (the use of Te requires to have a Maxwellian EEDF).

Tests of the kinetic mechanism

Equilibrium composition

To test the present mechanism, we compute the equilibrium composition of air at temperatures ranging from 300 to 40,000 K. The initial composition of the mixture is synthetic air (79% of N2 and 21% of O2) at 1 atm and 300 K. The simulation is run for a sufficiently long time (≥ 1 s) as to reach equilibrium.

In the first set of simulations, we assume an isochoric transformation from ambient air (p = 1 atm, T = 300 K) to a given temperature up to 40,000 K. In Figure 5.1, the mole fractions of N2, N, and N + are compared with the calculations performed with the "Chemical Equilibrium with Applications" (CEA) NASA code1 (McBride and Gordon, 1992). N2 is fully dissociated around 10,000 K and N is almost completely ionized at 40,000 K. Our values are in close agreement with those of CEA up to 23,000 K (upper limit of CEA). They also compare well with the values reported by [START_REF] Sher | On the birth of spark channels[END_REF] are in close agreement with theirs. Thus, these results validate the correct implementation of detailed balance in our kinetic mechanism. All species needed to describe ionization up to 40,000 K are taken into account. Above 40,000 K, in a constant pressure transformation, the formation of triply ionized ions should be included [START_REF] Sher | On the birth of spark channels[END_REF]. The full ionization of the plasma occurs at ~ 20,000 K in a constant pressure process, but above 30,000 K in a constant volume one. In constant volume heating, the pressure is indeed higher than 1 atm for Tgas > 300 K. Ionization and molecular dissociation increase the pressure and are therefore unfavored at high pressure. This result is also known as Le Châtelier's principle. Accordingly, we show in Figure 5.5 that higher ionization fractions are obtained at constant pressure. Along with the calculations of CEA and Sher et al., we also show in Figure 5.5 the values reported in (Dresvin, 1977, p. 22).

In this section, we ran an equilibrium composition test up to 40,000 K, in a constant pressure transformation, and up to 50,000 K, in a constant volume transformation. Up to these limits, our results agree with three references. The equilibrium composition calculated in the constant volume approximation is valid up to 65,000 K because the mole fraction 1 of N +++ remains below 5%.

1 We computed the equilibrium composition of a Saha-equilibrium composition assuming that the plasma is only composed of nitrogen, T = 65,000 K, and ne = 8×10 19 cm -3 (physics.nist.gov/PhysRefData/ASD). The output of the calculation gives the following mole fractions: N

(2.4%), N + (29%), N ++ 64%, N 3+ (4.1%), and N 4+ (<0.1%).

Two-temperature steady-state

In [START_REF] Laux | Ionization Mechanisms in Two-Temperature Air Plasmas[END_REF], a set of 38 reactions was used to study a non-thermal plasma at Tgas = 2000 K (fixed) and 2000 K < Te < 18,000 K. Laux et al. showed that in non-equilibrium conditions, the ionization is driven by Reac. 5.3 -Reac. 5.6 (included in our kinetic mechanism, see Table 5.1 and Table 5.3).

The rates of these reactions are controlled by Te. The recombination of electrons is mainly1 due to Reac. 5.9, the dissociative recombination of NO + molecules, which are formed by charge exchange, Reac. 5.7 and Reac. 5.8. The rates of Reac. 5.7 and Reac.

5.8 are, however, controlled by Tg and the recombination is ultimately limited by Reac. 5.7.

N2 + O + → NO + + N Reac. 5.7 NO + O2 + → NO + + O2 Reac. 5.8 NO + e → N O Reac. 5.9

In [START_REF] Laux | Ionization Mechanisms in Two-Temperature Air Plasmas[END_REF], two initial conditions were chosen:

1. Equilibrium air composition at Tgas = Te0 = 2000 K and p = 1 atm.

2. Steady-state air composition at Tgas = 2000 K, Te0 = 18,000 K, and p = 1 atm.

Then, the gas temperature remained at Tgas = 2000 K and Te was varied between 8000 and 18,000 K. It was shown numerically and analytically that if Te ≠ Tgas, the pressure and the temperatures do not entirely determine the steady-state composition of air. Instead, the initial composition of the gas plays a role 2 . In Figure 5.6, for Te0 = 2000 K and Te < 14,300 K, at steady state, the electrons recombine with NO + and the plasma remains partially ionized. For Te > 14,300 K, ionization by electron impact is faster than the charge exchange reaction. All the molecules are thus dissociated, and the ionization is eventually balanced by three-body recombination. The three-body recombination is slower than NO + dissociative recombination. Thus, the steady-state ne is significantly higher at Te > 14,300 K.

For Te0 = 18,000 K, the plasma is initially close to full ionization1 . Therefore, the number density of molecules (N2, O2, NO) is low and the formation of NO + by charge exchange is strongly limited by Reac. 5.7. Ultimately, for electron temperatures below 12,000 K, ne falls below 10 17 cm -3 . Thus, the N2 number density is high enough to activate Reac. 5.7 -Reac. 5.9 and the electrons recombine efficiently with NO + .

In Figure 5 We showed in Figure 5.6 that at Tgas = 2000 K, the maximal ionization of a two-temperature steadystate plasma is 10 13 cm -3 . At higher ne, the electron recombination with NO + is too slow and the plasma 1 N ++ and O ++ formations are however not included because the rates we computed in Table 5.5 are not accurate enough at these temperatures. reaches full ionization. In Figure 5.7, calculations are performed 1 at ambient pressure with 300 K < Tgas < 3000 K. We show the two-temperature steady state is common for all plasmas for Te < 14,000 K. However, for decreasing Tgas, the transition to fully ionized plasmas shifts to higher Te.

For instance, at Tgas = 300 K, the highest electron number density in the low-limb of the S-curve is obtained at Te = 18,000 K and reaches ne,steady ≈ 10 15 cm -3 ≈ 100 ppm. However, with Tgas = 3000 K, we obtain at most ne, steady ≈ 10 13 cm -3 ≈ 10 ppm at Te = 13,000 K, which is two orders of magnitude lower in absolute density. Indeed, at 300 K, the conversion of O2 + to NO + is slower. This difference is visible in Figure 5.8 where the number density of positive ions is compared to the electron number density. At 300 K, electrons equilibrate with N2 + , O2 + , and NO + ions. Instead, at 3000 K, the N2 + and O2 + number density is negligible because they are converted to NO + . Thus, at Tgas = 300 K, more channels of recombination are open, which makes it theoretically possible to sustain a partially ionized plasma with ne = 10 15 cm -3 . However, such a state would be challenging to sustain in practice because, at ne = 10 15 cm -3 , ultrafast-heating would increase the gas temperature unless the gas is flown through the discharge at very high velocity. 1 The formation of some negative (O -, O2 -, O3 -, O4 -, NxOy -) and positive ions (N4 + , O4 + , NxO + ) are neglected in the present work but could have an impact below 2000 K [START_REF] Kossyi | Kinetic scheme of the non-equilibrium discharge in nitrogen-oxygen mixtures[END_REF]. Their addition to our mechanism could slightly shift the transition from the lower to the higher limb of the curve in 

Conclusion

We built a kinetic mechanism for air discharges near ambient conditions. The baseline kinetic mechanism is mainly taken from the work of (Park, 1993;[START_REF] Laux | Ionization Mechanisms in Two-Temperature Air Plasmas[END_REF]Popov, 2016b). Additional reactions and species were added:

• The excitation of N2 electronic states. Their ionization and dissociation were also included.

• The transitions between N2 + excited states.

• The ionization of N and O excited states.

• The ionization of N + and O + . This mechanism is tested at equilibrium up to 40,000 K in the isochoric and isobaric approximations.

However, we expect this kinetic model to be correct up to 60,000 K in the isochoric approximation.

Further tests are performed by comparing our results to those of Laux et al. on two-temperature plasmas.

The latter test was also the opportunity to show that, at atmospheric conditions, an electron number density of up to 10 15 cm -3 could be sustained at steady-state.

Transition from a non-thermal to a thermal nanosecond spark

In this chapter, the thermal spark formation is described using the kinetic mechanism developed in Chapter 5. In Section 6.1, the full ionization mechanism is first detailed on an academic example. The ionization of excited atomic states is found to drive a sudden increase of the electron number density from 10 17 to 10 19 cm -3 in 0.5 ns. During the transition, the frequency of elastic collisions between ions and electrons increases, leading to the thermalization of the heavy species (atoms, ions) with the electrons. Then, in Section 6.2, the formation of a fully ionized plasma is studied experimentally in the cathode vicinity. The electron number density is measured with three methods and compared to the numerical results.

Fast full ionization of the thermal spark

Formation of a fully ionized plasma

In this section, the initial gas temperature is equal to 300 K, and the initial electron temperature to 1000 K. The initial number density of the gas (79% N2 and 21% O2) is equal to the Loschmidt number at 300 K and 1 atm, nLos = 2.45×10 19 cm -3 . The initial1 electron number density is equal to ne0 = 10 6 cm - 3 . The time-integration step is 5 ps. A field of 6 kV.mm -1 is applied, which corresponds to (𝐸/𝑁) 0 = 240 Td in ambient conditions. This field is representative of setup #2 in Chapter 4 [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF].

In BOLSIG+, the reduced field E/N is the ratio of the electric field to the neutral particle density, Nneutral.

As we will see in the present work, however, the neutral particle density can drop to negligible values, and the reduced field tends toward infinity. Thus, the electron temperature increases above reasonable values. Therefore, we define N as the heavy particle density, i.e. N = Nion + Nneutral. Another approach consists, instead, to impose the electron temperature. This procedure produces similar results as detailed in Section 6.1.5.

The plasma recombination phase (t > 10 ns) is not studied with the present model. It was shown in Chapter 4 that the decay of ne in the thermal spark afterglow is, at least up to t = 100 ns, due to the plasma channel cooling during an isentropic expansion. The evolution of E/N and the number density of major species (N2, O2, O, N, N + , and O + ) are shown in Figure 6.1. Up to t = 8 ns, E/N = 240 Td and the gas composition does not change much. At t = 8 ns, the reduced field begins to decay due to molecular dissociation. During a short period of 0.5 ns, the plasma undergoes an abrupt transition from a molecular to an atomic composition. Shortly after, the atoms are ionized and E/N remains constant. The plasma is fully ionized at t = 9 ns. In the following, the discussion focuses on the transition between a partially and a fully ionized plasma. The abrupt transition at t = 8 ns is also visible in Figure 6.2 and Figure 6.3, where the plasma composition is more detailed. We emphasize the interval 8.0 ns -8.5 ns by two grey lines. During this short period, the electron number density gains two orders of magnitude, as also shown in Table 6.1. This result corresponds to earlier experimental observations of fully ionized filaments, abruptly generated by nanosecond discharges in less than 0.5 ns in [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF], 2 ns in [START_REF] Orriere | Ionization and recombination in nanosecond repetitively pulsed microplasmas in air at atmospheric pressure[END_REF], and less than 5 ns in [START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF]. Comparing Figure 6.2 and Figure 6.3, oxygen and nitrogen species follow approximately the same evolution with time. t (ns) E/N (Td) Te (K) Tgas (K) N2 (cm -3 ) N (cm -3 ) N + (cm -3 ) ne (cm -3 ) 8.0 208 39,800 1500 1.6 10 19 4.9 10 18 8.8 10 16 2.1 10 17 8.5 120 34,900 34,700 1.2 10 13 4.3 10 18 3.3 10 19 3.9 10 19

Increase of the gas temperature

The results of this section are used notably in Sections 8.5.3.

When the plasma is weakly ionized (t < 8 ns), the electron temperature is constant around Te ~ 45,000 K and the gas (or heavy) temperature remains below 1500 K, see Figure 6.4. As the electron number density increases, the gas temperature jumps from 1500 to 34,700 K in 0.5 ns (see Table 6.1). The decrease of the reduced field (due to molecular dissociation) induces a global decrease of Te between 6 ns and 10 ns. Near t = 8.5 ns, Te increases and then decreases because the EEDF calculation depends on Tgas (see Eq. ( 27) in (Hagelaar and Pitchford, 2005)). These variations vanish if we perform the simulation assuming Tgas = 300 K (see cyan curve in Figure 6.4). Soon after, at t = 10 ns, the electrons are thermalized with the heavy particles at Tgas = Te = 32,500 K. In non-equilibrium nanosecond spark discharges, the gas is weakly ionized (ne = 10 15 -10 16 cm -3 ) and the temperature of the heavy particles increases (ΔT ~ 1000 K) mainly due to the ultrafast heating mechanism (Rusterholtz et al., 2013). Models to determine the temperature evolution of non-equilibrium discharges are available in the literature (Bak and Cappelli, 2015;Popov, 2016a). In the present model of thermal spark discharges, we incorporate only energy transfer through elastic and inelastic collisions between electrons and heavy particles (calculated using BOLSIG+). Heating associated with chemical reactions is neglected. We show in the following that the increase of Tgas is only due to electron collisions.

The electron-electron, νee, and electron-ion, νei, collision frequencies can be calculated in Eq. 6.1, where the average velocity of electrons is √8𝑘 𝑏 𝑇 𝑒 𝜋𝑚 𝑒 ⁄ ~ 10 8 cm s -1 .

𝜈 𝑒𝑖 = 𝜈 𝑒𝑒 = 𝑛 𝑒 𝜎 𝐶𝑜𝑢𝑙 √ 8𝑘 𝑏 𝑇 𝑒 𝜋𝑚 𝑒 Eq. 6.1

The Coulomb cross-section, 𝜎 𝐶𝑜𝑢𝑙 , is approximated in Eq. 6.2 by the where the Coulomb logarithm 1 is given by ln(Λ) = 13.57 + 1.5 log10(Te) -0.5 log10(ne) [START_REF] Raizer | Gas Discharge Physics[END_REF].

𝜎 𝐶𝑜𝑢𝑙 = 2.87 × 10 -14 ln𝛬 (𝑇 𝑒 [eV]) 2 [cm 2 ]
Eq. 6.2

The frequency of energy exchange between electrons and ions (assumed to be mostly N + ) in elastic collisions is given by the following relation:

𝜈 𝑒𝑖 𝐸 ≈ 𝑚 𝑒 𝑚 𝑁 + 𝜈 𝑒𝑒
Thus, the ion-electron thermalization time, 𝜏 𝑒𝑖 𝐸 , is given in Eq. 6.3 and plotted in Figure 6.4.

𝜏 𝑒𝑖 𝐸 ~( 𝑚 𝑒 𝑚 𝑁 + 𝜈 𝑒𝑒 )

-1

Eq. 6.3

with 𝑚 𝑁 + 𝑚 𝑒 ⁄ = 25,700. The electron-neutral thermalization time, 𝜏 𝑒𝑛 𝐸 , is calculated in Eq. 6.4, where σtr = 10 -16 cm 2 [START_REF] Raizer | Gas Discharge Physics[END_REF].

𝜏 𝑒𝑛 𝐸 ~(𝑚 𝑒 𝑚 𝑁 𝜈 𝑒𝑒 ) -1 = ( 𝑚 𝑒 𝑚 𝑁 𝑛 𝑛𝑒𝑢𝑡𝑟𝑎𝑙 𝜎 𝑡𝑟 √ 8𝑘 𝑏 𝑇 𝑒 𝜋𝑚 𝑒 ) -1
Eq. 6.4 The electron-neutral thermalization time, 𝜏 𝑒𝑛 𝐸 , remains above 200 ns and becomes much longer than 𝜏 𝑒𝑖 𝐸 after t = 8.0 ns, as shown in Figure 6.5. At t = 8.0 ns, ne ≈ 10 17 cm -3 and 𝜏 𝑒𝑖 𝐸 decreases by two orders of magnitude until it reaches approximately 0.4 ns at t = 8.5 ns. At the same time, the gas temperature reaches 10,000 K in 0.25 ns, then 35,000 K in 0.5 ns. Once accelerated, ions can efficiently transfer their energy to the remaining neutral particles because their masses are similar 1 . The thermalization by electron-ion collisions has already been discussed in the literature [START_REF] Bastien | The determination of basic quantities during glow-to-arc transition in a positive point-to-plane discharge[END_REF][START_REF] Аlmazova | Investigation of plasma properties in the phase of the radial expansion of spark channel in the pin-to-plate geometry[END_REF] and the critical electron number density was found to be around ne = 10 16 -10 17 cm -3 [START_REF] Barreto | The formation of small sparks[END_REF][START_REF] Stritzke | Spatial and temporal spectroscopy of a streamer discharge in nitrogen[END_REF], which is consistent with the present simulations.

1 The typical thermalization time between N and N + is approximately √𝑚 𝑁 + 𝑚 𝑒 ⁄ = 160 times smaller than τen.

Influence of the N excited states

The origin of the fast ionization stage and the impact of the ionization of N electronic states on the plasma kinetics are now discussed. Figure 6.6 and Figure 6.7 show the net rates of the dominant ionization processes and their relative contributions. The net ionization rate, Rnet, is given in Eq. 6.5, where the recombination rate of A is subtracted to its ionization rate.

𝑅 𝑛𝑒𝑡 [cm -s -1 ] = 𝑘 𝑖𝑜𝑛 𝑛 𝐴 𝑛 𝑒 -𝑘 𝑟𝑒𝑐𝑜𝑚𝑏 𝑛 𝐴 + 𝑛 𝑒 2

Eq. 6.5

The ionization of N2 ground and excited states are summed for clarity and represented by a single curve.

The importance of N2 excited states ionization is discussed later. At t < 6.5 ns, the plasma is still partially ionized (ne < 10 15 cm -3 in Figure 6.3) and the electron production is dominated by the ionization of N2, N2 * , and O2. At t = 7 -7.5 ns, the ionization of N excited states already represents ~ 10% of the total ionization, but the ionization of N( 4 S) is still negligible. At t = 8.0 ns, the electrons are now mainly (~ 70%) produced by electron-impact ionization of N excited states.

Finally, at t = 8.4 ns, the peak of ionization is reached, more than 10 20 cm -3 ns -1 , and the gas is already ionized above 50%. The fall of N2 and O2 ionization rates is due to the fast decay of N2 and O2 number densities at this moment (see Figure 6.2). The contribution of O( 3 P, 1 D, 1 S) ionization rates, shown in Figure 6.6, reaches its maximum after the ionization peak. This delay, compared to N ionization, could be reduced if higher excited states of O were added to the kinetics. The ionization of O( 3 P, 1 D, 1 S) remains however below 5% in terms of relative importance 1 . The relative importance of the rates of ionization is also shown in Figure 6.8 with a column graph. The total number of electrons produced by the N excited states is above 2×10 19 cm -3 and most of the ionization through these channels occurs in 0.5 ns. O metastable states' electron production is lower than that of the ground state, which could be due to the low energy and low ionization cross-sections of these states (compared to N). The ionization of N2 spans several nanoseconds and occurs before the fast ionization phase. The role of N2(B) and N2(C) is relatively negligible compared to that of N2(a'). This is due to the differences in the dissociation cross-sections shown in Figure 6.9. As the energy of the electrons increases, the N2 excited states are expected to dissociate before they ionize. The dissociation cross-section of N2(a') in Figure 6.9, however, remains low compared to the other excited states. N2(a') is thus less affected by electron-impact dissociation and is efficiently ionized compared to N2 other states. Finally, the O2 ionization reaches 10 17 cm -3 and corresponds to the early phase of the nanosecond pulse (not shown in Figure 6.6). To further underscore the role of atomic excited states, additional simulations are performed, changing the number of N and O atomic excited states included in the kinetic mechanism. The evolution of the electron number density is shown in Figure 6.10. The 8-level model will be the reference for comparison.

) Ionization: N 2 (X) N 2 (A) N 2 (B) N 2 (C) N 2 (a') Dissociation: N 2 (X) N 2 (A) N 2 (B) N 2 (C) N 2 (a')
Simulations with only the first six excited states of nitrogen (Eup < 11.61 eV in Table 5.4) lead to similar results as in previous sections: the fast ionization stage now lasts 0.75 ns (instead of 0.5 ns). If only the first three levels of nitrogen are included, full ionization is reached by the end of the 10-ns pulse. However, the fast ionization phase is 1-ns long instead of 0.5 ns. An intermediate result is obtained by including four or five levels.

Finally, if only the ionization of N( 4 S) and O( 3 P) is included, the dynamics of ionization are dramatically altered. After a 1-ns stabilization at ne = 10 17 cm -3 , ne increases at a rate similar to what was observed at t < 7 ns, principally due to N ionization. Full ionization is not reached by the end of the pulse. Note that the ionization of N2 excited states is always included. The deviation between the models starts at t = 7.25 -7.75 ns, corresponding to ne = 10 16 -10 17 cm -3 . Therefore, we conclude that if ne ≥ 10 16 cm -3 , the correct description of the plasma kinetics must include at least the first six electronic states of N and the first three electronic states of O.

Qualitatively, the model of [START_REF] Shcherbanev | Filamentary nanosecond surface dielectric barrier discharge. Plasma properties in the filaments[END_REF] corresponds to the grey curves in Figure 6.14. In [START_REF] Shcherbanev | Filamentary nanosecond surface dielectric barrier discharge. Plasma properties in the filaments[END_REF], the ionization of N2 electronic excited states was claimed to be responsible for the full ionization of the gas (nanosecond SDBD in pure N2 at 5 atm), which seems to be in disagreement with our present conclusions. Indeed, by the time the simulation is stopped in [START_REF] Shcherbanev | Filamentary nanosecond surface dielectric barrier discharge. Plasma properties in the filaments[END_REF], the ionization reaches ~ 1%, which corresponds to the moment at which the ionization of atomic excited states dominates. Also, in [START_REF] Shcherbanev | Filamentary nanosecond surface dielectric barrier discharge. Plasma properties in the filaments[END_REF], the heat released by the recombination of N2 + and O2 + was stated to be responsible for gas thermalization in their conditions, which is not in agreement with our findings. Although N2 + and O2 + recombination could have an impact, the heating due to electron-ion collisions is sufficient to explain the increase of temperature in the present simulations (see Figure 6.4).

EEDF deviation from the Maxwellian distribution

As mentioned in Section 5.2, the computation of the recombination rates relies on detailed balance, Eq. 5.2, valid only if the EEDF is Maxwellian. Also, the ionization rate constants of the highest excited states of N (those with energies above 10 eV) were computed assuming a Maxwellian EEDF. In this section, we show that these approximations are valid when these processes are critical.

Departure from a Maxwellian distribution is expected in non-equilibrium plasmas generated by nanosecond discharges. The short period between t = 8.0 ns and t = 8.5 ns marks the thermalization of the electron and heavy particles. The deviation () from the Maxwellian distribution is defined in Eq. 6.6, where ε is the electron energy, f(ε) the EEDF, and fM(ε) the corresponding Maxwellian distribution with the same mean energy as f(ε). A set of δ(ε) functions are shown in Figure 6.11 for several instants. From t = 6.0 ns to t = 8.5 ns, the EEDF progressively thermalizes due to the high electron-electron collision frequency. At t = 8.5 ns, the electron number density is above 10 19 cm -3 and the EEDF is very close to Maxwellian (i.e. δ(ε) ≈ 1).

The ionization rate coefficients of excited electronic states of N with energy above 10 eV (noted N**) are given by Arrhenius laws based on BEB cross-sections integrated with a Maxwellian EEDF in [START_REF] Ciccarino | Electron-impact ionization of atomic nitrogen[END_REF]. We now show that this approximation is valid when these rates are critical.

The threshold of the N** ionization cross-sections lies at ε ≈ eV. In Figure 6.11, we show that, in the 6 -8.2 ns interval, δ(ε) = 1± 0.2 1.5 up to ε = 25 eV. The deviation from the corresponding Maxwellian EEDF is small and the ionization rates are at most overestimated by a factor of 2.5. At later times, the EEDF rapidly becomes Maxwellian and its deviation is below 50% up to ε = 30 eV. The use of Arrhenius rates for N** ionization is therefore reasonable.

The recombination to excited electronic states becomes important only at t > 14.2 ns, as shown by the decay of the ionization rates in Figure 6.11. After 14.2 ns, the EEDF approaches a Maxwellian. It is, therefore, valid to use detailed balance for recombination rate calculations at these times.

Comparison with an early Boltzmann EEDF

To our knowledge, BOLSIG+ was tested up to an ionization fraction of 1% (Hagelaar, 2016). Also, we assumed1 that N is the total heavy particle density in the E/N formulation, i.e. N = Nions + Nneutrals. Therefore, we conducted a verification of our numerical results by assuming Te = 34,900 K at t > 8 ns. The EEDF is assumed to be Maxwellian at t > 8 ns. Thus, in this special case, the results are independent of BOLSIG+ calculations and referred to as "early Maxwellian EEDF". The initial conditions of the early Maxwellian EEDF simulation are taken at t = 8.5 ns, see Table 6.1. In this specific simulation and only for t > 8.0 ns, the EEDF is Maxwellian with Te = 34,900 K. The variations of Tgas and Te in the early Maxwellian EEDF model is compared with the 8-level model in Figure 6.12. The moment Te is imposed is easily noticeable at t > 8 ns and has little effect on Tgas. The equilibrium temperature is imposed by Te = 34,900 K and is 2300 K above the reference model. In Figure 6.13, the same fast increase of ne is observed with the early equilibrium model (2 decades increase in 0.5 ns). The steady-state number density of ne is slightly above the reference model (6%) due to the 2000-K increase induced by choice of Te. Comparable results are also obtained if Te is set to 38,900 K instead of 34,400 K in the early Maxwellian EEDF simulation.

Thus, the plasma kinetics could have been computed assuming Te = 35,000 -40,000 K during the entire simulation. However, the use of E/N allows comparison with the experimental electron temperatures obtained in the literature. Indeed, the temperatures we obtain here are close to what was experimentally measured by a fit of N + lines in previous works [START_REF] Minesi | On the arc transition mechanism in nanosecond air discharges[END_REF][START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF]. A temperature of Te = 39,000 ± 4000 K was obtained in the early afterglow of a 10-ns discharge of 8-kV applied between pins separated by 3 mm [START_REF] Minesi | On the arc transition mechanism in nanosecond air discharges[END_REF], and Te = 45,000 ± 5000 K was measured in a 2-mm discharge after a 5.5-kV pulse [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF]. In a pin-to-pin configuration, [START_REF] Orriere | Ionization and recombination in nanosecond repetitively pulsed microplasmas in air at atmospheric pressure[END_REF]) measured an electron temperature of 72,000 ± 10,000 K and 37,000 ± 4,000 K at t = 15 ns and t = 30 ns, respectively, during a ns-discharge of 2.5 kV across a 200μm gap. A longer duration discharge was applied by [START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF] across a gap of 3 mm, and a temperature ranging from 30,000 K to 45,000 K was measured. Also, in the early phase (t < 30 ns) of a spark-plug discharge of 3 kV in a 1-mm gap, [START_REF] Albrecht | New Aspects on Spark Ignition[END_REF] measured an electron temperature ranging between 60,000 and 30,000 K. All the experiments mentioned above reached full ionization within a few nanoseconds. A more exhaustive comparison between these experiments is given in [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF]. Therefore, we conclude that the temperature obtained (in the 8-level model) or imposed (in the early Maxwellian model) adequately represents the experiments reported above.

Effect of pressure and transition map

In this section, we discuss the influence of the pressure and the reduced field on the thermal spark formation. Several experiments have been performed at the LPP laboratory using Dielectric Barrier Discharges (DBD) (Stepanyan et al., 2014;Shcherbanev et al., 2016;[START_REF] Ding | Filamentary nanosecond surface dielectric barrier discharge. Experimental comparison of the streamer-to-filament transition for positive and negative polarities[END_REF]. They showed that an increase of pressure induced the transition to a fully ionized plasma, called "filament" in their work.

We performed several simulations in air, varying the initial pressure. The reduced field is kept constant at 200 Td for simplicity. In Figure 6.14, the evolution of ne computed with initial pressures varying from 1 to 12 atm is given. In all cases, if ne < 10 16 cm -3 , the electron number density increases exponentially with a constant characteristic time. As shown before, the initial ne increase is due to N2 and O2 ionization by electron impact (see Figure 6.7). For a given electron number density, the increase of ne is faster at higher pressure because the ionization rate is proportional1 to the target number density. Two situations can occur:

• The net ionization rate is not sufficiently fast and ne remains below 10 16 cm -3 at the end of the pulse.

• An electron number density of 10 16 cm -3 is reached during the pulse. In this case, the gas temperature increases and the N excited states ionize. This phase is 0.5-ns long, as detailed before.

Therefore, increasing the pressure accelerates the crossing of the threshold at ne = 10 16 cm -3 . These calculations have been performed for p in the range 0.25 -12 atm and E/N below 250 Td. The results are shown in Figure 6.15 where the maximal ne obtained in a 10-ns discharge under a given electric field is plotted. Full ionization at 0.5 atm by a 10-ns spark can be obtained for E/N > 250 Td. Also, the plasma never reaches full ionization up to 12 atm if the reduced field is below 140 Td.

In Section 4.2, the measurements showed that the increase of pressure accelerated the formation of the thermal spark. The numerical investigations demonstrate that the increase of pressure has, indeed, a positive effect on the thermal spark formation. However, these simulations are performed under a constant reduced field, instead of a constant applied voltage, as in the experiments. At constant applied voltage, increasing the pressure decreases E/N, but it also reduces the cathode sheath length, which increases E/N (Stepanyan et al., 2014). Thus, a comparison of the effect of pressure obtained in experiments and simulations should account for the sheath formation, which is left for future work.

Comparison of four methods for electron number density measurements

In this section, we compare measurements of the electron number density evolution during the ionization phase of the thermal spark. The experimental setup is similar to setup #1 in Table 4.1, also presented in Figure 4.1. The electrical characteristics are slightly different. A nanosecond pulse of approximatively 8-kV is applied across a 1.2-mm gap in air at atmospheric pressure (see also Figure 6.21 described later).

The pulse repetition frequency is equal to 1 kHz, which allows for fast data acquisition. The deposited energy is 3 mJ per pulse. The air is premixed with 3.6% of H2, which increases the Hα signal compared to the study in Chapter 4.

The optical setup is identical to the one presented in Chapter 4, see Figure 4.1. The temporal resolution is 0.5 ns. We use two gratings, with 1800 gr/mm and 300 gr/mm, to record the Hα emission so that small and large Stark broadening widths can be captured on the CCD array. The 300-gr/mm grating is also used to record the N + emission at 500 nm. After numerical binning, the spectra are acquired from five locations along the interelectrode axis, resulting in a spatial resolution of 240 µm. In this section, the full ionization of the cathode filament is described. The electron number density is measured using four methods:

1. Hα Stark broadening, see Section 6.2.1 2. N + Stark broadening, see Section 6.2.2 3. Calibrated line intensity of N + and O + , see Section 6.2.2 4. Calibrated continuum emission of electrons, see Section 6.2.3

Stark broadening of Hα

The subtraction of the Van der Waals, resonant, Doppler, and natural broadening is similar to that performed in Section 4.3. In the present conditions, the resonant, Doppler and natural broadening are negligible. We now show that Van der Waals is negligible. The Van der Waals HWHM is obtained in Eq. 6.7 by summing the contribution of the perturbers. Eq. 6.7

The 𝛾 𝑝𝑒𝑟𝑡 coefficients were calculated in Table A3-A5 of [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF] and reported in Section 1.3. We simplify the sum in Eq. 6.7 using γmean defined in Eq. 6.8.

𝛾 𝑚𝑒𝑎𝑛 = ∑ (𝑥 𝑝𝑒𝑟𝑡 𝛾 𝑝𝑒𝑟𝑡 ) 𝑝𝑒𝑟𝑡 Eq. 6.8

In Table 8.4, the value of γmean is calculated in air. During the thermal spark formation, the gas composition varies from N2 / O2 at 300 K, to N / O at 20,000 K and finally N + / O + at 40,000 K. For these compositions, the Van der Waals HWHM varies from 34 to 267 pm. For comparison, during the partially a Stark HWHM of 34 pm corresponds to ne ~ 10 14 cm -3 , which is well below our sensitivity limit. When the gas is fully ionized and T = 40,000 K, a Stark HWHM of 267 pm corresponds to 3×10 16 cm -3 which is three orders of magnitude lower than the measured electron number density. In this work, some of the Stark broadening measurements are performed during the high-voltage pulse.

In [START_REF] Bastien | Stark broadening of Hα and Hβ in ionized gases with space-charge field[END_REF], it was shown that the applied electric field can have an impact on the Stark broadening. In that case, they showed that the width of the line would be related to the current density instead of the electron number density. In [START_REF] Bastien | Stark broadening of Hα and Hβ in ionized gases with space-charge field[END_REF], expressions are derived for the Stark broadening of Hα and Hβ generated by the sum of two fields:

• A microscopic field, arising from the presence of ions and electrons in the plasma. This is the typical Stark broadening effect. • A macroscopic field applied in one direction during the experiment. This field can interfere with the Stark broadening.

According to Bastien & Marode, the Hβ Stark broadening is mainly due to the shifting of intense external lines caused by the static ions' microfield. The addition of an external field has, therefore, an impact on the Hβ Stark broadening. On the other hand, Bastien & Marode showed that the addition of an external field has a weak impact on the Hα lineshape. For instance, at ne = 10 17 cm -3 and Te = 10,000 K, the Stark HWHM of Hα remains independent of the applied field up to at least 1 12 kV/mm, see Table 1 of [START_REF] Bastien | Stark broadening of Hα and Hβ in ionized gases with space-charge field[END_REF]. In our experiments, the maximum applied field is 6.7 kV/mm when ne ~ 10 17 cm -3 . Therefore, the external applied field does not influence our Stark broadening measurements of Ha during the pulse.

Stark broadening and intensity of the N + lines

We showed in Sections 4.3 and 6.1.3 that, after full ionization, the plasma reaches equilibrium at T = 30,000 K -50,000 K. At these temperatures, after an isochoric transformation, the plasma is mainly composed of electrons (50%), N + (40%) and O + (10%), see Section 5.3.1. Thus, the number density of the ions (N + and O + ) is expected to follow ne. We measure the densities of several excited states of the ions by calibrated OES and infer the total ion density assuming a Boltzmann distribution of the electronic states at the measured electron temperature. The OES calibration is performed according to the procedure described in Appendix B. A typical spectrum fitted with a Specair calculation is shown in Figure 6.17. 1 Bastien & Marode calculated the effect of the external field up to four times the Holtsmark field, where the Holtsmark field is, in SI unit:

𝐸 𝐻𝑜𝑙𝑧𝑚𝑎𝑟𝑘 = 𝑒 4𝜋𝜀 0 𝑛 𝑒 2/3
where e is the elementary charge, ε0 the dielectric constant, and ne the electron number density. For N + lines, the Stark width dominates the others and the lineshape fit provides another measurement of ne. The uncertainty on the Stark broadening fitting (and ne determination) remains below 20%. The continuum radiation (assumed to be linear) is subtracted and studied in Section 6.2.3. All electronic states of the ions are assumed to follow a Boltzmann distribution at Te.

In [START_REF] Shcherbanev | Filamentary nanosecond surface dielectric barrier discharge. Plasma properties in the filaments[END_REF], it was reported that the emission of filamentary SDBD was indeed the sum of two concentric channels. In their case, the intense N + and continuum emissions were emitted from the central core, whereas a weaker N2 emission originated from the outer shell. Shcherbanev et al. reported a filament FWHM of 18 ± 2 µm. In configuration similar to ours, Orriere measured the FWHM of a thermal spark (Orriere, 2018, p. 88). He found an FWHM of 50 µm for a 6-kV discharge of 20 ns applied across a 1-mm gap between the electrodes1 . However, no filter was used and the measurement of Orriere is an upper bound of their thermal spark diameter. Finally, in a 25-kV discharge of 40 ns at ambient conditions, Parkevich et al. measured the ne distribution of a thermal spark by interferometry [START_REF] Parkevich | Fast fine-scale spark filamentation and its effect on the spark resistance[END_REF]. Their discharge looked homogeneous with conventional lenses but was indeed composed of several fully ionized filaments, 10 -50 μm in diameter. Finally, Lo et al. clearly observed a constriction of the discharge channel during the transition to the thermal spark in a microsecond pulsed discharge in air [START_REF] Lo | Streamer-to-spark transition initiated by a nanosecond overvoltage pulsed discharge in air[END_REF].

In the present study, the plasma column diameter is estimated with a 10-nm bandpass filter centered at 480 nm (Hard Coated OD 4.0 10-nm Bandpass Filter, Edmund Optics). An accurate measurement is challenging with our present setup because of shot-to-shot fluctuations (of the order of a few 10s of microns) and because the column width is comparable with the pixel width, which could result in pixel bleeding. Thus, in the following, we assume that the plasma diameter is constant in time and of the order or less than the pixel resolution, i.e. Δl = 15 µm. We note that this value is comparable with the measurements of Shcherbanev et al., Orriere, and Parkevich et al. The accuracy of the Te measurements is ± 10%, as shown in Section 4.3. This uncertainty has strong consequences on the number density of the ions. For instance, in Figure 6.18, we show three N + spectra calculated at 35,000 K ± 10%. The N + number density of each spectrum in Figure 6.18 is adjusted to conserve the peak intensity at λ = 00 nm. This example shows that a 10% variation on Te results in a factor-two increase/decrease in the N + number density. Note that the Stark broadening constants of the lines at 518 nm are not available in the literature above 28,000 K. Their values were adjusted in previous work, see the appendix in [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF], and are consistent with the values found at lower temperatures in the literature, but could add uncertainty to the measurement. Thus, we estimate that the statistical error on the measurements of N + and O + number densities is about a factor of two1 . The impact of the plasma diameter estimation is discussed in Section 6.2.4. Nevertheless, we conclude that the N + number density is in the range 10 18 -10 19 cm -3 , which is consistent with the maximal electron number density measured by Stark broadening (~ 10 19 cm -3 ).

Continuum radiation of electrons

As shown in several works, continuum radiation can be significant in laser-induced plasmas [START_REF] De Giacomo | The role of continuum radiation in laser induced plasma spectroscopy[END_REF], DBD discharges (Shcherbanev et al., 2016), or pin-to-pin nanosecond discharges [START_REF] Minesi | On the arc transition mechanism in nanosecond air discharges[END_REF]. The continuum emission is the sum of the free-free radiation (also called Bremsstrahlung) and the free-bound radiation (also called recombination continuum). The continuum emission coefficient is given in Eq. 6.9 where ne and ni are the electron and ion number densities, Zi the ion charge, Te the electron temperature, ξ the free-bound Gaunt factor, and G the free-free Gaunt factor (Bastiaans and Mangold, 1985).

𝜀 𝑐 (𝜆, 𝑇 𝑒 , 𝑛 𝑒 ) = 𝐶 8 𝑍 𝑖 𝑛 𝑒 𝑛 𝑖 𝜆 2 √𝑇 𝑒 [𝜉(1 -𝑒 -𝑢 ) + 𝐺𝑒 -𝑢 ]
Eq. 6.9

If more than one ion is present in the mixture, the total continuum radiation will be a sum over Zi, i being the ion species. In the present case, we consider that N + is the dominant ion and Zi = 1. If the plasma is mainly composed of neutral atoms, another formulation must be used, see [START_REF] Wilbers | The continuum emission of an arc plasma[END_REF][START_REF] Iordanova | A novel method to determine the electron temperature and density from the absolute intensity of line and continuum emission: application to atmospheric microwave induced Ar plasmas[END_REF]. The C8 constant can be determined with Eq. 6.10, where e is the electron charge, kb the Boltzmann constant, c the speed of light, and me the electron mass.

𝐶 8 = 16𝜋𝑒 6 3𝑐 2 √6𝜋𝑚 𝑒 3 𝑘 𝑏 = 1.63 × 10 -34 [W•m •nm•K 0. •sr -1 ]
Eq. 6.10

The dimensionless variable u is defined in Eq. 6.11, where h is the Planck constant, kb the Boltzmann constant, c the speed of light and λ the wavelength.

𝑢 = ℎ𝑐 𝜆𝑘 𝑏 𝑇 𝑒

Eq. 6.11

The free-free Gaunt factor of N + (or O + ) at λ = 00 nm varies from G = 1.08 to G = 1.1 for T in the range 32,000 -42,000 K, interpolating1 the results of [START_REF] Sutherland | Accurate free-free Gaunt factors for astrophysical plasmas[END_REF]. The free-bound Gaunt factor should be averaged on the final states of the atom (i.e. after the electron has recombined with the ion). The freebound gaunt factors at λ = 500 nm = 0.18 Ry range between ξ = 0.8 and ξ = 1.2 depending on the final bound state, see the values calculated for any ions in Table 1 in (Karzas and Latter, 1961). Therefore, we assume ξ = 1 and G = 1.09 in the present application. These coefficients are assumed to be accurate 2 within 10%.

Assuming ne = ni, we obtain ne [m -3 ] as a function of λ [nm], the volumetric emission coefficient

𝜀 𝑐 [W•m -3 •sr -1 •nm -1 ],
and Te [K] (Bastiaans and Mangold, 1985):

𝑛 𝑒 2 = 𝜆 2 √𝑇 𝑒 𝐶 8 1 𝜉(1 -𝑒 -𝑢 ) + 𝐺𝑒 -𝑢 𝜀 𝑐
Eq. 6.12

We can relate 𝜀 𝑐 with the continuum intensity

Ic [W•m -2 •sr -1 •nm -1 ], the absorption coefficient k [m -1 ],
and the plasma width Δl [m].

𝐼 𝑐 = 𝜀 𝑐 1 -exp(-𝑘Δ𝑙) 𝑘 Eq. 6.13
For a plasma diameter of 15 µm and ne = nN+ = 10 19 cm -3 , we calculated with Specair that 𝑘Δ𝑙 = 0.5.,

Based on this estimation, the plasma is optically thin, i.e. 𝐼 𝑐 ≈ 𝜀 𝑐 Δ𝑙. This approximation leads to, at most, an overestimation of 𝜀 𝑐 by 40%. We will see in the next paragraph that this uncertainty is acceptable. Finally, Eq. 6.11 can be further simplified as Eq. 6.14 where ne [m -3 ] is given as a function of

Δl [m] the plasma width, Ic [W•m -2 •sr -1 •nm -1
] the continuum intensity, Te [K] the electron temperature, and λ [nm] the wavelength of observation.

𝑛 𝑒 = ( 𝜆 2 √𝑇 𝑒 𝐶 8 1 𝜉(1 -𝑒 -𝑢 ) + 𝐺𝑒 -𝑢 𝐼 𝑐 Δ𝑙 ) 1 2
Eq. 6.14

The uncertainty of this measurement is now discussed. Thanks to the power 1/2 on the right-hand side of Eq. 6.14, the large uncertainties mentioned earlier will be halved. As shown in Figure 4.9, the uncertainty on Te is about 10%. The free-free and free-bound coefficients vary slowly with Te and, in this case, are known within ±10%. The intensity calibration of the absolute spectrum is assumed to be accurate within about ±20%. Thus, considering the thin plasma maximal uncertainty, the maximal uncertainty on 𝜀 𝑐 is +20% and -60%. The plasma thickness, Δ𝑙, is assumed to be exact and discussed later. After propagation of uncertainty, we find that ne measurement by continuum emission is accurate by -50% and +30%.

Comparison of the four methods for electron number density measurement

In Figure 6.19, we compare electron number densities measured with the four different techniques applied in this section. From t = 1.25 ns to t = 8 ns, ne increases from 10 16 to 3×10 19 cm -3 . Then the electron density slowly decays to 5×10 18 cm -3 at 24 ns. ) Time (ns) The plasma width is taken to be constant and equal to 15 µm.

We note that the measurements from the Stark broadening of Hα and N + are in excellent agreement. The electron number densities measured with the continuum emission and the intensity of N + and O + lines agree within the uncertainties of each technique for t > 12 ns. At earlier times, however, the electron densities measured from the absolute OES measurements underestimate the electron number density.

This could be because the diameter of the plasma column was overestimated. Since the plasma is neutral, we can use the absolute OES measurements to infer the diameter of the plasma column. To do so, we assume that the ion density is equal to the electron density measured by Stark broadening of N + , and we adjust the plasma diameter so that the OES measurements yield the same number density as the Stark broadening measurements. This method enables us to determine the evolution of the plasma diameter as a function of time. The inferred plasma diameter evolution is shown in Figure 6.20. The same procedure is applied for the continuum radiation measurement, using the electron density determined from the Stark broadening of N + as a reference. As shown in Figure 6.20, the two methods provide a plasma diameter evolution that agrees within a factor of about 2 at times greater than 10 ns. This level of agreement is actually quite good, considering the uncertainties on each of these two independent, absolute emission-based techniques. According to the measurement of ionic lines, the measurements obtained with the filtered images overestimated the plasma diameter at all times. According to the continuum radiation, the 15-µm diameter was overestimated for t < 10 ns and underestimated at later times. From the graphical comparison, we conclude that a 15-µm diameter was a reasonable approximation.

We now estimate the value of magnetic pressure in the filaments. The magnetic pressure, Pm, can be estimated from Eq. 6.15, where μ0 is the magnetic susceptibility and B the tangential magnetic field.

𝑃 𝑚 = 𝐵 2 2𝜇 0 Eq. 6.15

The tangential magnetic field on the filament boundary can be approximated by the magnetic field generated by an infinitely thin straight wire. We get the magnetic pressure in Eq. 6.16, where I is the electrical current, and Rf is the filament radius. [START_REF] Shcherbanev | Filamentary nanosecond surface dielectric barrier discharge. Plasma properties in the filaments[END_REF].

𝑃 𝑚 = (𝜇 0 𝐼) 2 8𝜋 2 𝑅 𝑓 2 ; 𝑃 𝑚 = 0.15 { 𝐼[A] 𝑅 𝑓 [µm] } 2 atm
Eq. 6.16

In our case, the maximal current is I ≈ 200 A and the radius Rf ≈ 1 µm, which gives Pm ≈ 000 atm. If we assume an isochoric heating from 300 K to 40,000 K, complete dissociation and ionization, the kinetic pressure is at most equal to Pk ≈ 533 atm. Thus, the magnetic pressure is well above the kinetic one and a z-pinch effect is likely to occur.

Comparison of experimental and numerical electron densities

The electron number densities obtained with the Stark-broadened lineshapes and the electron continuum are now compared to the result of numerical simulations. Initial conditions and numerical parameters are listed in Table 6.21. 

Initial gas state

Numerical parameters N2 (cm -3 ) O2 (cm -3 ) N2 + (cm -3 ) e-(cm -3 ) Tgas (K) Te (K) Time step (ps)

1.90×10 19 5.06×10 18 1.00×10 14 1.00×10 14 300 1000 1.0 The incident voltage is measured in the middle of a 6-m coaxial cable, as described in Chapter 4. The applied voltage is reconstructed by summing the incident and reflected pulses, see also Figure 2.5. The peak voltage difference across the 1.2-mm gap is 8 kV, which corresponds to 275 Td (at Ntot = 2.4×10 19 cm -3 ) if we assume that the field is Laplacian. The reconstructed voltage is shown in Figure 6.21. The evolution of E/N is calculated from the reconstructed voltage, arbitrarily reduced by 6% to account for the cathode fall (represents a 500-V fall at maximal applied voltage), and from the calculated total density, N, which increases after 4 ns due to dissociation. The maximal E/N applied in the simulation is thus equal to 255 Td. ) Time (ns) In Figure 6.22, we compare the evolution of the electron number density measured with Stark broadening of N + , Stark broadening of Hα, and the free-free/bound-free continuum, with the electron number density calculated with the kinetic mechanism presented in Chapter 5. The initial conditions can be found in Table 6.21 and the applied voltage in Figure 6.21. Without the ionization of N and O excited states, ne reaches at most 10 18 cm -3 at the end of the 10-ns pulse. However, with the complete mechanism of Chapter 5, full ionization is reached at t = 4 ns. As detailed in Section 6.1, for t < 4 ns, the production of electrons is primarily due to the ionization of N2 excited states. Then, at t ≈ ns, enough N2 molecules are dissociated and N + atoms are produced through stepwise ionization of N. This ionization phase is as abrupt as in Section 6.1, even though the applied field is decreasing at this instant. The simulation is stopped at t = 10 ns. After this instant, the constant volume approximation does not hold anymore, and the radial expansion of the plasma should be considered in the simulation.

The simulations closely reproduce the measured electron density profile. This comparison thus provides strong support to our proposed mechanism of thermal spark formation.

Conclusions on the thermal spark formation

In this chapter, we studied the thermal spark formation under a nanosecond pulse using a 0-D model developed in Chapter 5. We showed that, in air at atmospheric pressure and for ne > 10 16 cm -3 , the fast increase of the electron number density (two decades in 0.5 ns) is mainly driven by the ionization of N excited states, whereas that of O metastable states and N2(a') is important but remains secondary.

As ne increases, the rate of electron-ion collisions increases as well. At ne ~ 10 17 cm -3 , the characteristic time of the energy transfer between electron and ions is below 1 ns. Hence, the ions thermalize with the free electrons. The plasma is then at LTE and the dominant species are N + and O + , with traces of N ++ and O ++ .

For pressures ranging between 1 to 12 atm, the onset of N excited states ionization is marked by an acceleration of the net electron production rate. Therefore, for any pressure conditions, we recommend to include the atomic excited states ionization ne > 10 16 cm -3 . We compared experimental and numerical electron density profiles during the thermalization of a na- These four measurements agree and show that ne jumps from 10 17 to 10 19 cm -3 in less than 0.5 ns. Numerically, applying the experimental field, a similar evolution of ne is retrieved, confirming our proposed mechanism for thermal spark formation.

Introduction to plasma-assisted combustion 7.1 Background

Gaseous and liquid combustibles are inexpensive to produce, easily transported, and energy dense. The production infrastructures, transportation, and consumption of fossil fuels have been installed in our society for more than a century. Thus, any need for energy can be quickly supplied using fossil fuels, which explains why their worldwide use increases every year. In the meantime, most governments 1 set a target for a reduction of equivalent CO2 emission in the next 20 years, which is not compatible with our growing appetite for energy. The reduction of CO2 emissions can be achieved by working in several directions, including, among others:

• a reduction in our global energy consumption, which requires dramatic societal changes against the current trend 2 ;

• alternate energy sources, such as nuclear, wind, solar energy which present many advantages (low-carbon, local) but also significant drawbacks (intermittency, cost, security);

• technological improvements in fuel conversion efficiency, which require massive investments from industry and governments.

Concerning the latter, the combustion efficiency of automotive engines can be improved by using high rates of Exhaust Gas Recirculation (EGR). This technique is ultimately limited by the impossibility to1 European Union targeted to reduce the 2030 greenhouse gas emission by 40% compared to the levels of 1990, see https://ec.europa.eu/clima/policies/strategies/2030_en 2 In the US, the current trend is the opposite. Indeed, the 'total primary energy consumption' increased by nearly 0% from 197 to 2019, while the 'total primary energy production' increased by more than 50% (U.S. Energy Information Administration, 2020). ignite at too lean ratios (Neame et al., 1995). In the meantime, the use of biofuels is intensively increasing 1 and their composition remains quite variable 2 . Therefore, the author expects that the industry will face a high demand for fuel-flexible burners/motors with strong resistance to lean regimes. This challenge can be achieved by Plasma-Assisted Combustion (PAC), as it will be shown in this introduction.

We focus the following discussion on the potential improvements in the combustion area using plasma sources, and more specifically, nanosecond discharges. In Figure 7.1, a simplified mechanism of CH4 combustion at high temperature (Tgas > 1000 K) is given based on (Wang, 2015) and GRI-Mech 3.0 [START_REF] Smith | GRI-Mech 3.0[END_REF]. Most reactions involve a stable molecule and a radical (marked by a dot, e.g. OH •). In non-assisted combustion, the process begins by chain initiation, such as Reac. 7.1, usually triggered by an increase of Tgas.

CH 4 + O 2 ⇌ CH 3 • + HO 2 •
Reac. 7.1 Then, CH3 reacts with stable molecules or radicals. Some reactions generate more radicals than they consume and are thus part of the chain propagation. For instance, in Reac. 7.2, H is converted to OH and forms two new radicals:

H • + O 2 ⇌ OH • + O •
Reac. 7.2 Among the radicals, OH is of primary importance in combustion, as the oxidation of CO is principally due to the OH radical:

OH • + CO ⇌ H • +CO 2
Reac. 7.3 In Reac. 7.3, one1 radical is consumed and one radical produced; the reaction is part of the chain propagation. This reaction is also responsible for most of the heat generated by combustion, ΔHr = -104 kJ/mol (Wang, 2015).

Significant combustion improvement can be reached if the radicals density is artificially increased because most of the reactions in Figure 7.1 involve OH, O, or H. Note that in Figure 7.1, two plasma reactions are added: electron impact on CH4 and the dissociation of O2 by N2 * quenching or electron impact. Sun et al. found that the production of O was critical to control the radical production and promote the chain branching effect in the reaction zone (Sun et al., 2013). In the conditions of Sun et al., atomic oxygen either forms OH, used in Reac. 7.3, or H, which participates in the chain branching reaction, Reac. 7.2. It was also shown that the plasma can be a source of radicals, which enhance chain initiation at lower temperatures than for non-assisted combustion (Sun et al., 2013;Ju and Sun, 2015).

The field of PAC has been reviewed several times in the last decade. In her last review, Starikovskaia summarized recent experiments performed in a wide range of pressures (0.01 -10 atm) and temperatures (300 -2000 K) for Plasma-assisted Ignition (PAI) and PAC (Starikovskaia, 2014). In the conclusion, the author stressed that kinetic models of PAC could predict the shortening of autoignition delay time but failed by several orders of magnitude to predict the absolute concentration of radicals and active species. There is, therefore, a need for the development and validation of PAC kinetics models (Starikovskaia, 2014;Ju and Sun, 2015). Indeed, over the last years, significant improvements in the fundamental understanding of PAC were achieved. The impact of ozone on combustion efficiency was, for instance, reviewed in [START_REF] Sun | The effect of ozone addition on combustion: Kinetics and dynamics[END_REF]. Ozone addition to combustible mixtures pre-processes the fuel and thus extends flammability limits and enhances flame propagation/stabilization [START_REF] Sun | The effect of ozone addition on combustion: Kinetics and dynamics[END_REF]. The positive effect of ozone is mainly due to ozonolysis (and atomic oxygen formation depending on the case). However, the positive impact of ozone is restricted to the low temperatures typically encountered in PAI [START_REF] Sun | The effect of ozone addition on combustion: Kinetics and dynamics[END_REF]. Also, it was shown in various mixtures and conditions that atomic oxygen has a dominant role in PAC (Ju and Sun, 2015). In (Popov, 2016a), Popov summarized the recent advances in PAC and PAI models.

This study notably shows that atomic oxygen has more effect on combustion than O2 excited states or vibrational excitation. Thus, for effective plasma-assistance, Popov recommended loading energy in the electronic states of N2. This loading of energy leads to O2 dissociation and heating and can be efficiently achieved with E/N > 100 Td.

In the next section, we shortly review recent PAC experiments performed with NRP discharges. We focus on experiments conducted at high thermal power compared to typical lab-scale experiments.

Review of high-power PAC experiments

Four high-power experiments are reviewed in this section. The first one was performed at the EM2C laboratory (Barbosa et al., 2015). In that experiment, a two-stage swirled injector is connected to a rectangular combustion chamber with optical access ports. The combustion chamber has a square crosssection of 100 × 100 mm 2 and a length of 500 mm. Both stages are supplied with air, while only the primary stage is fed with fully premixed air and C3H8. The maximal flowrates correspond to a maximal power of 52 kW. The outlet of the combustion chamber is open to the atmosphere. A refractory steel anode is introduced in the combustion chamber through its upper wall and placed less than 1 cm downstream of the outlet of the primary stage mixing area. The NRP discharges are applied at 30 kHz using a pulse generator (FID FPG 30-100MS) with 10-ns pulse width for electrical power of 350 W. The initial conditions are set to Qair = 105 N•m 3 •h -1 and QC3H8 = 2.1 N•m 3 •h -1 (P = 52 kW, Φ = 0.47). Then, the fuel flow rate is gradually decreased until the Lean Blow Out (LBO) limit. Figure 7.2 shows CH* images of the flame as Φ is decreased with and without plasma. The NRP discharges extend the LBO limit from Φg = 0. 0 to Φg = 0.11 (global equivalence ratio), which corresponds to an extension from Φp = 2.05 to Φp = 0.57 (pilot equivalence ratio), In another experiment, a plasma-assisted multipoint Lean Direct Injection (LDI) system was designed and tested at the NASA Glenn Research Center's Combustion Dynamics Facility [START_REF] Del Campo | Preliminary results from a plasma-assisted 7-point Lean Direct Injection (LDI) combustor and resulting impacts on combustor stability and combustion dynamics[END_REF]. Del Campo et al. inserted a high-voltage electrode in the CE-13 facility, typically using Jet A or JP-8 liquid fuels [START_REF] Hicks | Investigations of a Combustor Using a 9-Point Swirl-Venturi Fuel Injector: Recent Experimental Results[END_REF]. The experiments were performed at a flame thermal power of 50 kW. Unfortunately, there are very few reported details on the plasma energy measurements or the flame topology for this experiment. The LBO was reached by decreasing the fuel flow rate and a 24% improvement of the LBO was obtained by Del Campo et al. Note also that a significant reduction of thermo-acoustic instabilities was measured by Del Campo et al.

PAC was also performed on the MERCATO burner at ONERA [START_REF] Heid | Assisted combustion of an air-kerosene mixture by repetitive impulse nanoseconds plasma discharges[END_REF]. The Mercato test facility comprises a square cross-section combustion chamber fed with air and kerosene (liquid) by a swirl injector. The injection system is located upstream, inside a plenum chamber, supplied with air at 423 K (150°C) in this particular experiment. The chamber pressure is set to 3 bar and the kerosene is supplied directly to the injector. An FID pulser (FPG 30-100MS) generates 10-ns discharges at 30 kHz with an average electrical power1 below 500 W. The plasma is produced between a ring electrode (an-1 This electrical power is not given by Heid et al. and corresponds to the maximal power that can be delivered with this pulser. This value therefore grossly overestimates the actual plasma power. Nonetheless, the ratio between the overestimated electrical power and the thermal power remains below 1%. ode) and the injector (grounded) -called "configuration c" [START_REF] Heid | Assisted combustion of an air-kerosene mixture by repetitive impulse nanoseconds plasma discharges[END_REF]. The flame is first stabilized at Φ = 2.0 and P ~ 150 kW; then, the kerosene flow rate is progressively decreased down to extinction. In configuration c, a reduction of the LBO limit from Φ = 0.39 to 0.27 occurred when the NRP discharges were applied. Although they were quite short (32 s) due to the absence of cooling, these tests achieved the highest flame power in PAC experiments.

The fourth set of flame stabilization experiments was performed on the mini-PAC burner at the EM2C laboratory (Galley et al., 2005;Pilla et al., 2006;[START_REF] Pilla | Etude Expérimentale de la Stabilisation de Flammes Propane-Air de Prémélange par Décharges Nanosecondes Impulsionnelles Répétitives[END_REF]. (Note that the experiments described in Chapter 8 were performed on a new version of this mini-PAC burner.) A bluff-body configuration anchors a propane flame at a maximal theoretical power of 25 kW. The diameter of the bluff-body and the external diameter of the burner outlet are 10 and 16 mm, respectively. Each discharge deposits 2.5 mJ, corresponding to an average power of 75 W at 30 kHz repetition frequency. The pulses are delivered by a cylindrical electrode made of refractory steel 1 (anode) in the recirculation zone of the bluff-body (grounded cathode). With plasma assistance, it was found that a stable flame regime could be obtained at equivalence ratios 10% leaner than without the NRP discharges. It was also shown that the flame was not completely extinguished for even leaner conditions and remained confined near the recirculation zone. Although most of the fuel was unburnt in this regime, the small flame could serve as "pilot flame" to reignite the combustor. A summary of the four configurations is given in Table 7.1. 

Objectives of this study

We shortly reminded in Section 7.1 that the generation of radicals (OH) and atomic species (O, H) could chemically accelerate the combustion chemistry. These species can be efficiently generated at fields above 100 Td, typically encountered in NRP discharges. Also, NRP discharges can achieve significant heating, which enhances the combustion chemistry. These effects have been mostly studied in gaseous mixtures of air and simple hydrocarbons. Methane and propane mix easily with air, their chemical kinetics are fairly well known, and experiments with these mixtures are widely documented in the PAC literature. However, besides recent advances (Popov, 2016a), the thermal and chemical effects of NRP discharges on methane-air combustion are still not fully understood.

Then, in Section 7.2, we reviewed four high-power PAC experiments performed in propane (Pilla et al., 2006;Barbosa et al., 2015) and liquid fuels [START_REF] Heid | Assisted combustion of an air-kerosene mixture by repetitive impulse nanoseconds plasma discharges[END_REF][START_REF] Del Campo | Preliminary results from a plasma-assisted 7-point Lean Direct Injection (LDI) combustor and resulting impacts on combustor stability and combustion dynamics[END_REF]. Fundamental studies with liquid fuels are scarce in the literature, with few details on the plasma characteristics because they face complex technical difficulties. For instance, liquid droplets increase the computational cost for simulations, the kinetic mechanisms are not as well known, and the possible accumulation of fuel imposes strict safety rules during the experiments. Identifying the dominant chemical effects of the plasma is even more challenging because of the increased number of species and reactions. Thus, PAC is less studied in liquid fuels than in simple gaseous hydrocarbons.

Plasma-Assisted Combustion has been investigated at the EM2C laboratory since the mid-2000s, starting with experiments conducted on the bluff-body configuration called Mini-PAC [START_REF] Pilla | Etude Expérimentale de la Stabilisation de Flammes Propane-Air de Prémélange par Décharges Nanosecondes Impulsionnelles Répétitives[END_REF][START_REF] Xu | Thermal and hydrodynamic effects of nanosecond discharges in air and application to plasma-assisted combustion[END_REF]. Some key results are summarized here. NRP discharges were applied at tens of kHz in the recirculation zone of the Mini-PAC burner. Pilla et al. characterized the temperature increase and active species formation in the middle of the discharge (Galley et al., 2005;Pilla et al., 2006;[START_REF] Pilla | Etude Expérimentale de la Stabilisation de Flammes Propane-Air de Prémélange par Décharges Nanosecondes Impulsionnelles Répétitives[END_REF]. A study on the effect of the frequency and the applied voltage was performed. At 30 kHz, Pilla et al.

showed that for 6.5-kV discharge, the number density of N2(C) increased up to 2×10 14 cm -3 . The peak density of atomic oxygen was estimated to be about 3×10 15 cm -3 . Pilla concluded that the flame enhancement was due to the temperature increase coupled with the atomic oxygen formation. In a complementary study, Xu studied the formation of OH using PLIF in a propane-air flame in the mini-PAC burner [START_REF] Xu | Thermal and hydrodynamic effects of nanosecond discharges in air and application to plasma-assisted combustion[END_REF]. Xu showed that OH radicals generated along the discharge axis were convected by flow recirculation toward the shear layer of incoming fresh gases. The fresh gases were then ignited, and the lifted flame attached back to the bluff-body.

Based on these grounds, in Chapter 8, new experiments are conducted on the Mini-PAC burner to answer several remaining questions. A methane-air mixture is chosen to simplify the PAC chemistry. The following objectives will be addressed:

• Determine the nature of the NRP spark used to stabilize the mini-PAC flame: non-thermal or thermal?

• Measure OH(X) density profiles during the temporal sequence, going from the pilot flame to the stable flame, pulse after pulse.

• Use these profiles to guide the development of an LES model of PAC, developed in parallel [START_REF] Bechane | Simulations numériques de la combustion assistée par plasma[END_REF], and make quantitative comparisons about the production of OH by the plasmaflame interaction?

• Measure with high temporal and spatial resolution the electron and excited species number densities, to guide and validate the construction of a detailed model of PAC chemistry.

• Identify the critical heating and cooling mechanism thanks to space and time-resolved temperature measurements.

In Chapter 9, PAC is also studied in another configuration, the SICCA-spray burner, to demonstrate the versatility of NRP discharges in a swirl-stabilized, confined flame with a variety of fuels. The extension of the lean blow-out limit is measured for:

• Perfectly premixed methane-air, as in most fundamental studies on PAC.

• Liquid heptane, representative of diesel for automotive applications, injected as hollow cone sprays.

• Liquid dodecane, representative of kerosene for aeronautical applications, also injected as hollow cone sprays.

Chapter 8 was conducted under the PASTEC1 project (ANR-16-CE22-0005), and Chapter 9 is an extended version of our recently published article (Vignat et al., 2020).

Study of a bluff-body configuration: Mini-PAC

We will first describe the experimental setup and the conditions we chose for the experiments presented in Section 8.1. Qualitative observations of the transition from a non-assisted weak flame to a plasmastabilized flame are performed by chemiluminescence. Then, the same observations are carried out by OH Laser-Induced Fluorescence (LIF) in Section 8.2. We show that the NRP discharges increase the OH number density several times. In Section 8.3, the electrical characteristics of the discharges are presented, followed by the identification of the lines emitting in the spectrum. The latter demonstrates that the discharge is a non-equilibrium plasma. In Section 8.4, the electron number density is measured by Stark broadening of Hα. Most of the discharge volume remains at a limited ionization degree (ne < 10 15 cm -3 ), whereas the near-cathode region is more strongly ionized (ne ~ 10 16 cm -3 ). In Section 8.5, the gas temperature is measured by OES. We discuss the gas cooling mechanism, due to fresh gas recirculation during the interpulse, and the gas heating, due to electron-ion collisions and dissociative quenching during the discharge. With calibrated OES, we measure in Section 8.6 the number density of N2(B), N2(C), OH(A), CN(B), NH(A), and N2 + (B). We finally conclude this study in Section 8.7.

The Mini-PAC configuration

Experimental setup

This section describes the setup used for the Mini-PAC burner, which stands for "mini Plasma Assisted-Combustion." The burner is similar to the configuration of (Pilla et al., 2006;[START_REF] Pilla | Etude Expérimentale de la Stabilisation de Flammes Propane-Air de Prémélange par Décharges Nanosecondes Impulsionnelles Répétitives[END_REF], but the experiments are conducted with methane instead of propane. The schematic of the burner exit is presented in Figure 8.1. The internal diameter of the injection tube of the burner is 16 mm, and the bluff-body diameter is 10 mm. The Reynolds number, based on the diameter of the burner outlet, the bulk velocity, and the gas kinematic viscosity is about 14,000. The gas flow is therefore in the turbulent regime. A recirculation zone above the bluff-body stabilizes the generated turbulent flame. The NRP discharges are initiated in the recirculation zone, which is mainly composed of burnt gas.

High-voltage nanosecond pulses are applied across a gap of 5 mm, between a horizontal tungsten electrode and a vertical tungsten electrode (see Figure 8.1). The vertical electrode is mounted on the grounded bluff-body. The diameter of the electrodes is 1 mm. No significant distortion of the flame structure by the electrode is observed. All measurements without plasma are, however, performed with the electrodes in place to allow comparisons between the non-assisted and plasma-assisted flames.

The use of tungsten electrodes allows for operating with slow erosion. In the PASTEC conditions (20 kHz, 2 mJ per pulsedetailed later), the length of the grounded electrode decreases by 23 ± 9 μm per hour. Therefore, each nanosecond discharge removes 0.3 ± 0.1 nm of tungsten, which corresponds1 to the depletion of one tungsten atomic layer per pulse. The experiment can, therefore, be run for hours without noticeable erosion.

A map of the burner operating conditions is shown in Figure 8.2. Three series of measurements are performed at the EM2C (2) and CORIA (1) laboratories2 . The "Stable Flame" region corresponds to a developed, stable, V-shape flame [START_REF] Pham | Stabilization of a premixed methane-air flame using nanosecond repetitively pulsed discharges[END_REF]. A typical V-shape flame close to stoichiometric conditions is shown in Figure 8.2. In the "Weak Flame" region, a significant part of methane is not burnt, and the flame is confined in the recirculation zone downstream of the bluff-body1 .

The "Intermittent Flame" is between the two previous regions. In this case, the flame oscillates between the Stable and Weak flames. The limits of the different zones are shown in Figure 8.2. Finally, the limit of extinction lies between Φ = 0.7 -0.8 in the considered range. The operating point investigated in this work is represented in Figure 8.2 by a black triangle ("Weak Flame" region, Φ = 0.8, Qair = 16 m 3 •h -1 ). The nanosecond discharges are generated by an FID 10-30NM10 generator, denominated "pulser # " in the rest of the manuscript. The output of the pulser is connected to a plasma reactor by a 75-Ω coaxial cable (Alphawire 9011a).

The results of the next sections are obtained under the following conditions ("PASTEC conditions"):

• Air flowrate: Qair = 16 m 3 h -1

• CH4 flowrate: QCH4 = 1.34 m 3 h -1 (Φ = 0.8)

• Voltage amplitude of the incident pulses: 3.5 kV

• Discharge repetition rate: 20 kHz The flowrates can be converted to masse rates such as ṁair = 5.75 g•s -1 and ṁCH4 = 0.27 g•s -1 .

The theoretical power of this lean flame (Φ = 0.8) is equal to 13.3 kW if the methane is completely burnt 1 . Under these conditions, the deposited energy at steady state is equal to 2 mJ per pulse (see Section 8.3.1), which results in an average electric power of 40 W. These conditions are referred to as the "PASTEC conditions" or "PASTEC flame". 1 Stoichiometry is obtained at Qair / QCH4 = 9.52, with the following reaction:

Flame characterization: chemiluminescence

CH 2 (O 2 .7 N 2 )→CO 2 2 H 2 O 7. 2 N 2
A Lower Heating Value (LHV) of 803 kJ/mol is used to compute the released power.

The effect of NRP discharges on the PASTEC flame is probed by chemiluminescence of OH* and CH*, as shown in Figure 8.5 and Figure 8.6, respectively. For each experiment, we apply a train of 300 nanosecond pulses separated by 50 µs (20 kHz) from t = 0 ns to t = 15 ms. Then, the discharges are stopped for about 1 second to get back to the conditions of the non-assisted flame (left of Figure 8.4). Then the train of 300 pulses is repeated. The emission of the flame between each discharge is averaged 100 times.

These images are taken with different filters mounted on the camera:

• Filter centered on the OH(A-X) emission at 310 nm with a FWHM of 10 nm (ZHQA -High transmission Bandpass 310 nm, Asahi Spectra Co.)

• Filter centered on the CH(A-X) emission at 430 nm with a FWHM of 10 nm (ZBPA -Bandpass 430nm, Asahi Spectra Co.)

OH is present in the flame and CH is mainly present at the flame front. In the Figure 8. At t = 0 ms, the first discharge is applied. The flame is still confined to the recirculation zone and the plasma assistance has no effect yet. At t = 1 ms in Figure 8.5, corresponding to the 20 th pulse, the flame height has increased by approximately 2 mm. In the range of 1 -2 ms, the top of the flame image extends beyond the CCD chip (> 18 mm). The emission at the flame boundaries (r = ± 5 mm, z < 5 mm) increases by almost a factor of two. At approximately t = 3.75 ms, a luminous zone is visible above the electrode at (r = 0 mm, z = 5 -8 mm). The luminous zone is not an artifact of the Abel inversion and shows that combustion began at this location. Its intensity increases until approximately t = 10 ms when the flame emission reaches a steady state. Figure 8.6 shows the CH* emission in the same conditions and the same observations can be made. In this section, the experimental Mini-PAC conditions were presented. Pictures and chemiluminescence images of the turbulent flame are performed. The plasma-assistance increases the luminosity of the flame, which can be qualitatively related to an increase of its thermal power.

Laser-Induced Fluorescence

Experimental setup

In this section, we characterize the effect of the NRP discharge on the PASTEC flame by OH-LIF.

Unlike OES, the LIF diagnostic has the advantage of probing the ground state of OH (see Section 1.4

where the OH-LIF theory is presented). In this section, we detail the LIF setup. [START_REF] Luque | Transition probabilities in the A2Σ -X2Πi electronic system of OH[END_REF]. The OH fluorescence signal is collected using a bandpass filter (ZBPA 310 -High transmission, Asahi Spectra Co.) centered at 310 nm with 11-nm FWHM placed before the ICCD 1 Wavelength in air, not in vacuum.

2 of OH[(X 2 Π, v''=0)→(A 2 Σ + , v''=1)] (Luque
2 Note that in previous publications [START_REF] Sainct | Etude de la réactivité de décharges électriques nanoseconde à la pression atmosphérique dans la vapeur d'eau[END_REF][START_REF] Sainct | Etude de la réactivité de décharges électriques nanoseconde à la pression atmosphérique dans la vapeur d'eau[END_REF][START_REF] Stepanyan | Spatial evolution of the plasma kernel produced by nanosecond discharges in air[END_REF], it was argued that this wavelength corresponded to the Q1(6) transition. However, in the LIFBASE database, the Q1(6) transition is reported at 282.927 nm. Other authors also do not provide the wavelength to the last decimal, e.g. 282.93 nm in (Sun et al., 2013). Whether the Q1(6) or Q2(3) transition is excited has minor implications on the conclusions of [START_REF] Sainct | Etude de la réactivité de décharges électriques nanoseconde à la pression atmosphérique dans la vapeur d'eau[END_REF][START_REF] Sainct | Etude de la réactivité de décharges électriques nanoseconde à la pression atmosphérique dans la vapeur d'eau[END_REF][START_REF] Stepanyan | Spatial evolution of the plasma kernel produced by nanosecond discharges in air[END_REF]. camera (PiMax2, Princeton Instruments). The peak transmission of the filter is about 60%, with an optical density of 4 outside of the 290 -350 nm wavelength range. The PLIF laser sheet is generated by a cylindrical lens (f = 30 cm). The height of the sheet is 8 mm, and its thickness is approximately 0.2 mm.

In LIF, the laser beam is focused on the middle of the interelectrode gap by a plano-convex lens (f = 15 cm), see Figure 8.7. The beam waist is close to 0.2 mm. In Figure 8.9, the evolution of the LIF signal during the laser pulse is measured with a 2-ns gate. The LIF signal presents two peaks 1 . In the present measurements, a camera gate of 12 ns is centered on the second peak. Under the PASTEC conditions, the effective lifetime of OH(A) is determined by the quenching processes (Bruggeman et al., 2014) which have rate coefficients in the range of 5 × 𝑘 𝑄,𝑁 2 ~ 𝑘 𝑄,𝐶𝑂 2 ~ 𝑘 𝑄,𝐻 2 𝑂 ~ 5 × 10 -10 cm s -1 , for the N2, CO2 and H2O quenchers. From these values, we compute 𝜏 𝑒𝑓𝑓,𝑂𝐻 ≈ 1. ns in a burnt stoichiometric mixture (CO2/H2O/N2). Therefore, the LIF signal is expected to follow the laser intensity profile.

1 The first peak is due to a laser feature independent of the PASTEC flame. The energy of the laser beam is monitored by a powermeter with a low time response (typically around 1 second). Therefore, the measured energy is the sum of the energy of the principal pulse used for the experiments and the spurious pulse measured before. In Figure 8.10, we obtained a saturation curve with a camera gate of 12 ns. The camera gate is shown in Figure 8.9. The curve presents two distinct zones:

the linear regime and the saturated regime. The slight increase of the LIF signal above 15 mJ is due to the spatial and temporal wings of the laser, which are not saturated. However, the uncertainty raised by this effect is small compared to the statistical fluctuations due to turbulence (see also Section 8.2.2).

As shown in Figure 8.7, a fraction of the laser beam is separated with a beam splitter to measure the laser energy. A laser pulse of 27 mJ is used in the LIF experiments. Approximately 80% of the laser energy is into the second peak (~ 22 mJ). The LIF signal is therefore saturated for laser pulses of more than 15 mJ. The fluence of the laser beam is about 1.8 GW.cm -2 in the LIF configuration, which according to the estimates of Section 1.4 corresponds to saturated LIF. On the other hand, saturation could not be reached in PLIF (fluence of 0.4 MW•cm -2 ). As detailed in Section 1.4, the conversion of the fluorescence signal into OH number density requires the knowledge of the OH quenching rates in the linear regime. These rates depend on the temperature and the gas composition, which makes the linear LIF interpretation challenging.

OH distribution

In this section, the PLIF measurements are first used to qualitatively characterize the Mini-PAC flame in the vicinity of the electrodes. In the following experiments, the laser beam is focused with a plano-convex lens. For a laser pulse of ~ 27 mJ (at 282.937 nm), the LIF signal is in the saturated regime and is proportional to the OH number density. In the middle of the interelectrode gap (see Figure 8.12), the laser beam is perpendicular to the discharge axis and can be approximated by a cylinder of 200-μm radius, whose axis lies at z = 2.5 mm. The advection of OH radicals and heat from the discharge region to the bluff-body boundaries (shear layer) was already reported by (Xu, 2013, chap. 6). Xu showed that this transport of OH and heated species induced the anchoring of a propane flame, otherwise lifted several millimeters above the bluffbody. Our case is slightly different, because here the flame is already anchored to the bluff-body. Nonetheless, our measurements show that the flame diameter increases after about 1 ms, which corresponds to the advection time of the (heat and species). Thus, the stabilization process is similar.

Comparison with Large Eddy Simulations

Our experimental results are compared to numerical simulations of the Mini-PAC configuration. The numerical strategy relies on implementing a low CPU-cost model of plasma-assisted combustion [START_REF] Castela | A -D DNS and experimental study of the effect of the recirculating flow pattern inside a reactive kernel produced by nanosecond plasma discharges in a methane-air mixture[END_REF] in a Large Eddy Simulations (LES) flow solver. The model has recently been used to simulate ignition in a configuration close to the Mini-PAC experiment [START_REF] Bechane | Numerical investigations of turbulent premixed flame ignition by a series of Nanosecond Repetitively Pulsed discharges[END_REF].

In the numerical model, the electric energy of each pulse is distributed into:

• Ultra-fast heating (timescale of ~ 50 ns)

• Oxygen dissociation (timescale of ~ 50 ns)

• Slow heating by VT transfer (timescale > 1 µs)

In this section, we compare the OH number densities calculated by the model and measured by OH-LIF. As stated before, in the saturated regime, the LIF intensity is proportional to the density of the rotational state excited by laser radiation, in this case, OH(X, v = 0, J = 3). The spatial variations presented in Figure 8.15 are therefore representative of the OH(X, v = 0, J = 3) number density. The ratio of the rotational populations at 3000 K (maximum temperature in the plasma, see Section 8.3) and 2000 K (the flame temperature at ϕ = 0.8) are provided in Figure 8.17 to simulate an extreme case scenario. As shown in Figure 8.17, the spatial variation of the OH(X, v = 0) number density can vary by at most 32% due to temperature variations 1 . With the same arguments, LIF signal corrections due to the changes in the vibrational population are estimated to be, at most, 10%.

To picture the effect of such a correction, we used the temperature of Bechane's simulations to correct the LIF signal [START_REF] Bechane | Simulations numériques de la combustion assistée par plasma[END_REF]. Using Eq. 8.1, where Θrot, OH = 27 K and Θvib, OH = 5378 K [START_REF] Huber | Molecular Spectra and Molecular Structure[END_REF], we can determine the total OH density from the measured OH(J = 3, v = 0) number density.

𝑂𝐻 𝐽=3,𝑣=0 𝑂𝐻 𝑡𝑜𝑡 = (2J + 1)exp (- 𝐽(𝐽 + 1)Θ 𝑟𝑜𝑡,𝑂𝐻 𝑇 ) 𝑇 Θ 𝑟𝑜𝑡,𝑂𝐻 ⁄ 1 [1 -exp (- Θ 𝑣𝑖𝑏,𝑂𝐻 𝑇 )] -1
Eq. 8.1 In Figure 8.18, the corrected LIF signal is compared with the simulated OH number density for the first 10 pulses. The LIF signal is normalized to match the densities computed by Bechane at the flame front at r = ± 5 mm. The measured and predicted values are in good agreement for the case without plasma and for the first two pulses. The shapes and magnitudes of the profiles are particularly well matched. In 1 No correction would be necessary if the J = 9 state were pumped instead of J = 3. Therefore, we recommend for future work to use the R1(9) line at 281.377 nm (air wavelength) which is intense and isolated from other transitions within 20 pm.

the central region, the OH number density increases three-fold in three pulses. Although it takes ten pulses in the simulation, the same increase is obtained numerically. The OH number density profiles for subsequent pulses are shown in Figure 8.19. After the 10 th pulse, at r = 0, the OH number density has increased by:

• 3.5 times according to the experiment and • 3.0 times according to the simulation.

At later times, the OH density continues increasing in the wings of the distribution, both in simulations and experiments. Between the 10 th and the 20 th pulses (in the interval 0.5 -1.0 µs), the agreement between simulations and experiments is excellent.

Conclusions on LIF experiments

After correcting for the temperature effect, the OH LIF measurements show that the NRP discharges increase the OH number density up to a factor of three on the bluff-body axis. Approximately 1 ms after the first discharge, the flame width begins to increase, along with the OH number density at the bluffbody borders. This effect is synchronized with the increase of the flame height measured by chemiluminescence in Section 8.1.2. Our experimental LIF profiles agree remarkably well with the LES simu-lations performed by Bechane. The increase in OH number density is first located in the discharge vicinity. After the 10 th pulse (t = 500 µs), the OH number density also increases near r = ± 5 mm, as demonstrated by the simulations and the experimental results.

In the next sections, we will study at the nanosecond scale the increase of temperature and the species generated during the pulse.

Discharge characterization

Deposited energy

The results of the following sections are performed at steady state in the PASTEC conditions. Incident pulses of 3.5 kV are generated at 20 kHz by pulser #4 and delivered to the anode through a 6-m, 75-Ω coaxial cable. The voltage and current probes are placed either (i) in the middle of the 6-m cable or (ii) at the electrode. The voltage, current, and deposited energy measured at steady state are shown in Figure 8.20 for the two positions of the probes. The curves are averaged values (practically, at least 1000 measurements were acquired). The standard variation of the current and voltage are below 7%. Once integrated, these variations lead to a 12% statistical fluctuation of the measured energy. The differences between these two arrangements of the probes are described in Chapter 2.

For the measurements presented in Figure 8.20 a), the probes are placed at the electrode. Thus, the applied voltage (sum of the incident and reflected pulses) and the total current passing through the discharge are measured. We start the time counter t = 0 ns at the breakdown, i.e. when the current is above 1 A. The peak current is measured at t = 11 ns. At this moment, the abrupt fall of both current and voltage marks the end of the energy deposition. Therefore, the instant t = 11 ns is used for discharge/OES synchronization and matches the peak of the OES signal, see also (Rusterholtz et al., 2013). For the results presented in Figure 8.20 b), the probes are placed upstream in the cable, 3 meters away from the discharge. Thus, the incident pulse and its reflections on the electrode can be measured. The incident pulse propagates from the measuring point to the electrode in 15 ns, and this delay is taken into account when synchronizing the time axis of Figure 8.20 b) with Figure 8.20 a).

For the considered steady-state regime at 20 kHz, the total deposited energy is equal to 2 mJ per pulse.

The vertical bars on the peak voltage, peak current, and total deposited energy correspond to the standard deviation of the measurements. It can be seen in Figure 8.20 b) that an incident pulse of 2.5 mJ is generated and that only 1.7 mJ is deposited at the first passage. The remaining 0.9 mJ is reflected back toward pulser #4. This reflection results from impedance mismatch between the coaxial cable (7 Ω)

and the interelectrode gap (infinite resistance before the plasma is formed). When the number of electrons increases in the plasma, the gap conductivity increases as well, and the impedance decreases.

Hence, the energy is no longer reflected and can be efficiently deposited in the plasma. In Figure 8.20 a), at t = 70 ns, a negative voltage pulse of -4 kV is measured at the electrode, rapidly followed by a positive pulse of +2 kV at t = 80 ns. Between 70 and 85 ns, approximately 0.2 mJ is deposited by these two pulses. At t = 140 ns, 0.1 mJ is deposited in a 4 th pulse (+2 kV). The origin of the 3 rd pulse is not known, but it is likely related to the pulser electronics. The 2 nd and 4 th pulses are reflections of the initial pulse, after traveling along the 6-m coaxial cable and the internal circuit of the pulser. Their polarities are alternated (1 st : positive, 2 nd : negative, 4 th : positive) because pulser #4 must have a negligible impedance compared to the cable one (7 Ω). The total energy is thus deposited in four main pulses within 150 ns. The ratio of the plasma electric power (40 W) and flame maximal thermal power (13.3 kW) is, therefore, equal to 0.3%. A low power budget of plasma-assistance is essential for most practical applications 1 . Here we compare the energy (i) produced by the generator, and (ii) deposited in the plasma. As shown in Figure 8.20 a) and b), the energy deposited into the plasma is practically the same for both probe configurations

(2.01 mJ versus 2.05 mJ). The standard deviation of the present measurement (± 0.2 mJ) is due to the generator and the plasma state fluctuations; they remain independent of the location of the probes. Both methods are, therefore, equivalent to measure the deposited energy. In Figure 8.20 b), we showed that the incident pulse carries 2.4 mJ. Therefore, the energy produced by pulser #4 is deposited in the gas mixture with an efficiency2 of 83%. Without the 2 nd , 3 rd , and 4 th pulses, this efficiency would drop3 to 70%.

Species identification

In this section, we identify most of the species emitting between 180 and 800 nm for the PASTEC point (methane/air, Φ = 0.8, f = 20 kHz, Epulse = 2 mJ). The area of light collection is shown in Figure 8.21.

The diameter of the discharge (FWHM) is 1 mm, which is large compared to the typical slit widths we use in this study (50 -150 µm). With this configuration, the measurements are spatially resolved along the gap axis. However, the radial resolution is lost. The identification begins with the species emitting in the ultraviolet (UV).

1 See for instance the study of (Neame et al., 1995) who extended the EGR tolerance of an automotive engine with a 1.2-J discharge. The authors admitted, however, that the power cost of their system (454 W) was too high for practical applications. In Figure 8.22, a non-calibrated spectrum measured in the interval 180 -250 nm at t = 16 ns is compared to the emission of NO bands simulated with Specair (Laux et al., 2003). In this wavelength range, the CCD response, grating response, and optics transmissivity sharply vary and air strongly absorbs in the VUV region (below λ = 190 nm). Thus, Figure 8.22 serves for comparison purposes. We identify NO emission features of NO g (A -X), NO b (B -X) NO δ(C -X) and NO ε(D -X) (Laux et al., 2003).

Possibly, two unexplained bands at 199 and 207 nm could be related to CO(A -X) emission [START_REF] Mcguire | Measurements and modeling of CO th positive (A-X) radiation[END_REF], although no other features of CO were found in the spectrum. Two atomic lines are visible at 193 and 247 nm and correspond to the atomic carbon lines from the excited state C( 1 P 0 ) at 7.68 eV. In Figure 8.23, a non-calibrated emission spectrum between 280 and 320 nm is presented. The experimental emission matches the simulated spectrum (Laux et al., 2003) only if OH emission is added to the N2 second positive system. The rotational temperatures of OH(A) and N2(C) are assumed to be equal in this example. Note however that the OH(A) rotational temperature is sometimes not representative of the gas temperature (Bruggeman et al., 2014;[START_REF] Sainct | Etude de la réactivité de décharges électriques nanoseconde à la pression atmosphérique dans la vapeur d'eau[END_REF]. The measurement of OH(A) rotational temperature and density is presented in Section 8.6.2.

The N2(C-B, 0-0) band dominates the overall spectrum and is used in Section 8.3.2 to determine the gas temperature. For t ≥ 1 ns, we also observe NH(A-X) emission at λ = nm (Figure 8.24). Measurements of NH(A) rotational temperature and number density are presented in Section 8.6.2. In the wavelength range 300 -500 nm, the emission is dominated by the second positive system of N2.

However, for t ≥ 12 ns, other features can be detected such as CN violet emission, i.e. CN(B-X), and N2 + first negative system, i.e. N2 + (B-X). In Figure 8.25, the emission spectra of these three species are simulated and compared with the spatially averaged spectrum acquired at t = 16 ns. In this case, we assumed all species have the same rotational and vibrational temperatures (Trot = 3700 K and Tvib = 4500 K). We show the emission spectrum of the discharge between 550 and 700 nm under the PASTEC conditions and t = 16 ns in Figure 8.26. The visible wavelength range is dominated by the N2(B-A) emission and the Hα line. However, for t > 10 ns, the N2 emission decays and several atomic lines are visible up to 850 nm. Several argon lines are identified in between 680 and 850 nm. Oxygen lines (at 777 nm and 846 nm) and nitrogen lines (at 742 -746 nm and 820 nm) demonstrate the dissociation of air molecules.

The production of atomic species such as N and O usually leads to the formation of NO, see Reac. 8.1 [START_REF] Ombrello | Kinetic ignition enhancement of diffusion flames by nonequilibrium magnetic gliding arc plasma[END_REF].

N + O 2 → NO + O

Reac. 8.1

It was indeed shown that NO molecules accelerate CH4 and H2 ignition at low temperature [START_REF] Ombrello | Kinetic ignition enhancement of diffusion flames by nonequilibrium magnetic gliding arc plasma[END_REF]. We already showed in Figure 8.22 that NO is produced in the discharge vicinity.

Kim et al. demonstrated using simulations in similar conditions that NO can also be formed in a plasmaassisted flame by Reac. 8.2 [START_REF] Kim | Investigation of NO production and flame structure in plasma enhanced premixed combustion[END_REF].

N + OH → NO + H Reac. 8.2
However, Kim et al. also found that N atoms can later consume NO via Reac. 8.3.

N + NO → N 2 + O Reac. 8.3
The impact of atomic species on NO concentration could therefore be moderate and needs more investigations that are beyond the scope of this thesis.

Short conclusions on the discharge characterization

In this section, the discharge was characterized by electrical OES measurements. The energy measurements show that each 2-mJ discharge comprises four energy depositions. Most of the energy is deposited in the first pulse (1.7 mJ).

The list of species detected by OES in the PASTEC conditions is given in Table 8.1 and Table 8.2. The presence of atomic species in the spectra indicates that these discharges are in the NRP-spark regime, whereas the simultaneous presence of N2 excited states and atomic species indicates that thermal equilibrium is not reached. Therefore, this discharge is a non-thermal spark. The same measurement will be performed in Chapter 9 in the SICCA experiment for discharge characterization. In the present chapter, a more detailed analysis is completed. In the next section, time-resolved OES is performed to measure the electron number density of the plasma.

Electron number density

The Hα line broadening

The electron number density can be measured from the Stark broadening of the Hα line at 656 nm. As described in Section 1.3, the total width 1 of Hα is the sum of several broadening mechanisms: Doppler, resonance, natural, Van der Waals, Stark, and instrumental.

Under the PASTEC conditions, the Doppler width is small compared to our instrumental broadening, and the increase in temperature has a negligible effect. Thus, the Doppler HWHM will be considered constant and equal to 0.012 nm. The number density of atomic hydrogen is estimated to be below 10 15 cm -3 , resulting in negligible resonance broadening (< 0.001 nm). Natural broadening is negligible.

The Van der Waals HWHM is obtained in Eq. 6.7 by summing the contributions of the perturbers listed in The 𝛾 𝑝𝑒𝑟𝑡 Van der Waals coefficients were calculated in Table A3-A5 of [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF] and reported in Section 1.3. In Table 8.3, the dominant mole fractions in a CH4air flame at

1 By convention, the term "width" always refers to the Half-Width at Half Maximum (HWHM) in this thesis. Φ = 0.8 are given. The flame composition is calculated at equilibrium for Tgas = 2000 K and Tgas = 3000 K, the limits of the flame temperature in the interelectrode region (see the temperature measurements in Section 8.5). The compositions are calculated with the "Chemical Equilibrium with Applications" (CEA) NASA code 1 (McBride and Gordon, 1992). 8.3, the average gamma coefficient on the right-hand side of Eq. 6.7 is equal to γ2000K = .0 and γ3000K = 2.8. Thus, the total Van der Waals HWHM is 7 pm and 5 pm. We assume, therefore, that the Van der Waals HWHM is constant and equal to 6 pm in our analysis.

The Stark HWHM can be calculated with Eq. 8.3 [START_REF] Gigosos | Computer simulated Balmer-alpha, -beta and -gamma Stark line profiles for non-equilibrium plasmas diagnostics[END_REF][START_REF] Konjević | Hydrogen Balmer lines for low electron number density plasma diagnostics[END_REF].

𝑛 𝑒 10 17 𝑐𝑚 -3 = ( ∆𝜆 𝐻𝑊𝐻𝑀,Hα 0.549 nm )

1.47134

Eq. 8.3

At ne = 5×10 14 cm -3 , the Stark HWHM is 0.014 nm; we consider this value to be the lower detection limit of the experiment. The Van der Waals, resonant, natural, Stark, and Doppler HWHM calculated previously are summarized in Table 8.4. The measurements are performed with a 2400-gr/mm grating and a slit width of 50 µm at the spectrometer entrance. The instrumental HWHM measured with a HeNe laser at λ = 632.8 nm is approximately equal 2 to 0.025 nm.

1 The code is available at cearun.grc.nasa.gov (consulted in April 2020)

2 Given that the spectrometer focal length is 500 mm, the system has a dispersion, dλ/dx = g / (m×f) = 0.83 nm•mm -1 where g is the number of grooves per mm, m the diffracting order, and f the focal length of the spectrometer. The pixel pitch is 13 µm and the slit aperture is 50 µm. Thus, the instrumental function can theoretically be approximated by a trapezoidal shape (in the wavelength space, top: 31 pm and bottom: 52 pm) which roughly corresponds to the experimental instrumental function. The discharge spectra are obtained by collecting the average emission of Hα at various distances z from the cathode. The distribution of the electron number density at several instants is shown in Figure 8.28.

The initial electron distribution is relatively homogeneous along the gap: ne(t = 2 ns) ≈ 10 15 cm -3 . During the applied pulse, ne increases up to 3×10 15 cm -3 in the middle of the gap. Interestingly, Pilla obtained an electron number density of 10 15 cm -3 at the same location, albeit his conditions were different (Pilla, 2008, p. 125). The ionization degree is higher near the electrodes where, at the end of the pulse, ne reaches about 10 16 cm -3 . This electron number density at 1 bar and 3000 K represents an ionization of ~ 1%. In Figure 8.20 b), at t = 27 ns, the reflected voltage is equal to zero, which indicates that the plasma impedance is close to the cable impedance 1 (7 Ω) at t = 12 ns. In Section 2.2.2, we calculated the relationship between the plasma impedance and the average electron number density. The optical diameter 1 We showed in Section 8.3.1 that the electrical measurements performed upstream of the discharge are delayed by 15 ns. Therefore, the measurements acquired at t = 27 ns correspond to events occurring at t = 12 ns.

of the discharge is approximately 1 mm and we assume Te ~ 1 eV. Applying Eq. 2.10, we get an ionization fraction of 4% at t = 12 ns, which corresponds 1 to the order of magnitude measured here. In Figure 8.29, the detailed evolution of ne is plotted on a longer timescale. We see three successive periods corresponding to:

• the 1 st incident pulse of 1.7 mJ (t = 0 -17 ns),

• the 2 nd and 3 rd pulses of 0.2 mJ (t = 70 -95 ns),

• the 4 th pulse of 0.1 mJ (t = 140 -145 ns).

As stated before, the increase in ne is faster close to the electrodes. At t = 17 ns, a maximum of ne (2×10 16 cm -3 ) is reached at the cathode. After this moment, the discharge emission drops and the decay of ne cannot be measured. At t ~ 69 ns, the 2 nd pulse reaches the electrodes, and the Hα emission is visible again. During the period between the 1 st and 2 nd pulses, we measure a decrease of 50% in the electron 1 Eq 2.10 is applicable for homogeneous plasmas. For a better characterization, the inhomogeneity of the plasma (e.g. the cathode and anode sheaths) must be considered. Also, at such ionization fractions, electron-ion collisions should be considered [START_REF] Orriere | Ionization and recombination in nanosecond repetitively pulsed microplasmas in air at atmospheric pressure[END_REF]. number density. Then ne rises during the 2 nd pulse in the same manner as the 1 st : faster close to the electrodes. The same scenario repeats during the 3 rd and the 4 th pulse.

Approximately 1.7 mJ are spent for the initial ionization. Then, 0.3 mJ is deposited, which allows for keeping ne above 10 15 cm -3 during at least 150 ns. Thus, nanosecond discharges can sustain an ionization of 1% at a low power cost. A strategy to efficiently increase the plasma lifetime at such ionization would therefore be to generate additional pulses with an energy ~ 0.2 mJ with a repetition frequency of about 10 MHz. The increase of ne is correlated with the appearance at the cathode of the N + emission at 500 and 519 nm, shown in Figure 8.30. The N + line is visible for t > 10 ns, when the electron number density near the cathode reaches 1.3×10 16 cm -3 . The N + line at 567 nm is also detected but not shown here. We note that the Hβ emission is also visible at 486 nm. No N + line is detected near the anode, which is indeed consistent with the fact that the electron number density measured at this location remains below 1.2×10 16 cm -3 (at t = 17 ns).

Two-Lorentzian fit of Hα

The fitting accuracy being relatively lower near the cathode (z = 0.25 mm), we fitted these data by the sum of two Lorentzians. Both fitting procedures (one or two Lorentzian) are applied to the same dataset in Figure 8.31. Two-Lorentzian fitting is typically performed when the electron number density presents fast spatial and temporal variations that cannot be captured by the experimental setup [START_REF] Sainct | Etude de la réactivité de décharges électriques nanoseconde à la pression atmosphérique dans la vapeur d'eau[END_REF][START_REF] Sainct | Electron number density measurements in nanosecond repetitively pulsed discharges in water vapor at atmospheric pressure[END_REF]. In the present case, this effect is due to the non-repeatability of the filament formation. In Figure 8.32, the total emission of the discharge is reported, and we observe the formation of a filament at the cathode (bottom, z = 0). There is no filament at t = 10 ns, but we clearly see its presence at t = 9, 11, and 12 ns. This instability is not surprising, given that the initial conditions of each spark vary due to the turbulent flow field in this region. The results of the two-Lorentzian fit are shown in Figure 8.33 and compared to the previous results (one-Lorentzian fit). According to this new procedure, the electron number density can be as high as 6×10 16 cm -3 . As shown in Figure 8.33, the fitting of the Hα line by a single Lorentzian provides a measurement of ne, which is approximately the average of the values obtained with two Lorentzians.

Conclusion on the electron number density

The electron number density was measured in a 2-mJ spark applied at 20 kHz in a CH4-air flame. At steady-state, the ionization is initially homogeneous in the interelectrode gap ne ~ 10 15 cm -3 . Then, the increase of ne is moderate in the middle of the gap, whereas ne reaches 10 16 cm -3 at the anode and 2×10 16

cm -3 at the cathode.

In the cathode region, the electron number density increases above 10 16 cm -3 for t > 9 ns, synchronized with the formation of a filament and N + lines emission. The Hα line is fitted by two Lorentzians to account for the intermittent nature of the filament formation. The larger component of the fit typically indicates twice higher ionization than the one-Lorentzian fit, reaching a maximum of 5×10 16 cm -3 . The increase of ne is rather slow, compared to the thermal spark formation described in Part II, which could be due to the number density, below that of ambient air by one order of magnitude. These results also confirm that the NRP discharges used in Mini-PAC are non-thermal sparks.

8.5 Gas temperature

Gas temperature by OES

In this section, the second positive system of N2 is measured with a 2400-gr/mm grating and an entrance slit of 50 µm (instrumental HWHM of 50 pm). The measurements are also spatially resolved along the interelectrode gap. The N2(C-B) spectra are fitted with Specair (Laux et al., 2003). The fitting accuracy is demonstrated in Figure 8.34 by comparing the experimental spectrum with the best fit and two other spectra calculated at Trot = Tfit ± 200 K. The spectrum presented in Figure 8.34 is performed at z = 4.75 mm (close to the anode), t = 10 ns, and under the PASTEC conditions. The upper bound of the measured temperature is given by the low rotational levels (≈ 7 nm), and the lower bound by the high rotational levels (≈ 330 nm). This difference could be caused by (i) a faster relaxation of the lower rotational numbers (Bruggeman et al., 2014), or (ii) a superposition of two spectra at two different temperatures integrated along the line of sight. In this section, the accuracy in the fitting procedure is, therefore, equal to ± 200 K. The distribution of the rotational temperature along the inter-electrode axis is shown in Figure 8.35 for different delays after the discharge breakdown. During the first nanoseconds, the temperature is maximal in the middle of the interelectrode gap and minimal at the electrodes. From 0 to 18 ns, no noticeable heating is measured in the middle of the gap. However, at the electrodes, for t > 5 ns, the temperature increases from 2000 to 3000 K in 15 ns. Consequently, the temperature becomes more homogeneous at the end of the pulse. In Section 8.4, during the 2 nd pulse, the electron number density increased significantly at the electrodes and remained nearly constant in the middle of the gap. A similar situation is encountered with the temperature. During the 2 nd pulse, the temperature increases by nearly 800 K near the anode but only by 300 K near the cathode. However, it remains constant at z = 2.25 mm. We note the temperatures measured at t ≈ 70 ns are equal or slightly higher than the temperature measured at the end of the 1 st pulse.

Assuming the gas cannot cool in such a short period, this indicates no heating occurred during the 20 -70 ns interval. During the 3 rd and 4 th pulses, N2(C) emission is not intense enough for a reliable interpretation of its spectra and is therefore not presented.

The gas temperature can be deduced from the emission of electronically excited molecules and particularly by the second positive system of nitrogen. For the NRP discharges initiated in the Mini-PAC flame, the N2(C) state is mostly populated by electron impact excitation of N2(X). This reaction maps the rotational distribution of N2(X), which is in equilibrium with the gas temperature at the considered conditions (Popov, 2011b;Rusterholtz et al., 2013). The nascent rotational distribution of N2(C) is therefore at Tgas multiplied by 𝜃 𝐶 𝜃 𝑋 ⁄ = 1.10 (Rusterholtz et al., 2013). As described in Section 1.2, Trot will be close to Ttrans if 𝜏 𝑅𝑇 , the rotational-translational relaxation time, is fast compared to 𝜏 𝑒𝑓𝑓 , the effective lifetime of N2(C). For unburnt or burnt CH4air mixtures, we showed in Table 1.3 that 𝜏 𝑒𝑓𝑓 ~ 𝜏 𝑅𝑇 . We can therefore consider that Ttrans is bracketed according to Eq. 8.4.

𝑇 𝑟𝑜𝑡 (N 2 (C)) < 𝑇 𝑡𝑟𝑎𝑛𝑠 < 𝜃 𝐶 𝜃 𝑋 𝑇 𝑟𝑜𝑡 (N 2 (C))
Eq. 8.4

The evolution of the gas temperature is shown in Figure 8.37, and compared to 1979 K, the adiabatic flame temperature1 at Φ = 0.8. Error-bars accounts the fit uncertainty (±200 K) and the +10% uncertainty obtained in Eq. 8.4.

At t ~ 69 ns, we observe a further temperature rise due to the 2 nd pulse. The applied voltage is above 2 kV in a 5 mm gap, see Figure 8.20. At Tgas ~ 3000 K and ambient pressure, the estimated reduced field2 is above 700 Td. At E/N > 120 Td, N2(C) is primarily populated by electron impact and its emission can still be used for temperature determination (Popov, 2011b). This conclusion holds, even considering 1-kV anode and cathode falls. Using the thermal properties given by the CEA NASA code, we calculate that the energy spent on heating is approximately1 𝑐 𝑣 ΔT ⁄ ≈ 0.9 mJ, which represents 53% of the energy deposited by the 1 st pulse.

This result is high compared to previous values (25%) obtained in preheated air (Rusterholtz et al., 2013;Popov, 2016b). Nonetheless, we remark that:

1. The present gas composition is somewhat different from air.

2. The present reduced field, ~500 Td, is higher than that of Rusterholtz et al.,~250 Td. This increase in E/N favors gas heating, as described in [START_REF] Aleksandrov | Mechanism of ultra-fast heating in a non-equilibrium weakly ionized air discharge plasma in high electric fields[END_REF].

Therefore, a 53% share of energy transferred into heat seems reasonable regarding the two previous arguments.

Near electrode cooling by hydrodynamic effects

The measurements presented in Figure 8.37 demonstrate that, for t < 4 ns, the temperature does not rise, and, therefore, is equal to the gas temperature before the discharge onset. Thus, the initial high temperature of 3000 K in the middle of the gap results from the gas heating of previous discharges1 . Near the electrodes, the temperature at t = 0 -2 ns is equal to ~ 2000 K, which corresponds to the adiabatic temperature of a lean flame at Φ = 0.8. A similar interpulse cooling was also reported for NRP discharges operated in ambient air, see Figure 72 in [START_REF] Orriere | Confinement micrométrique des décharges pulsées nanosecondes dans l'air à pression atmosphérique et effets électro-aérodynamiques[END_REF]. The non-uniform temperature distribution, with lower values of the gas temperature near the electrodes, can be due to:

(i) heat conduction caused by the metallic electrodes in contact with the gas;

(ii) convection caused by hydrodynamic effects (induced by the previous pulses).

We now estimate the phenomenon responsible for this non-uniformity in the temperature.

Characteristic time and volume of cooling by heat conduction can be estimated using 𝜏 𝑐𝑜𝑛𝑑 = ρcpr 2 /λ (p.

199, [START_REF] Raizer | Gas Discharge Physics[END_REF], where ρ is the gas number density, λ the thermal conductivity, and cp the heat capacity. At Φ = 0.8 and T = 3000 K, we have ρ = 0.17 kg [START_REF] Mcbride | Computer program for calculating and fitting thermodynamic functions[END_REF]. In 50 µs, corresponding to the period between two consequent pulses, cooling by heat conduction will affect a scale of r = 170 µm only. Heat conduction is therefore not responsible for the decay of temperature. In both cases, the discharge products are convected to the middle of the gap by entrance of fresh gas along the electrodes.

•m -3 , λ = 0.159 W•m -1 •K -1 , and cp = 1.6 kJ•K - 1 •kg -1 (McBride
During the period between two consecutive discharges, the gas hydrodynamic effects following nanosecond discharges can be responsible for the entrance of fresh gas (2000 K) into the near-electrode space. To our knowledge, this phenomenon was first observed in 1952 (Olsen, Edmonson and Gayhart, 1952), with further study in subsequent decades [START_REF] Albrecht | New Aspects on Spark Ignition[END_REF][START_REF] Kono | Mechanism of flame kernel formation produced by short duration sparks[END_REF]. The hydrodynamics of nanosecond discharges has recently received particular attention [START_REF] Castela | A -D DNS and experimental study of the effect of the recirculating flow pattern inside a reactive kernel produced by nanosecond plasma discharges in a methane-air mixture[END_REF][START_REF] Stepanyan | Large-volume excitation of air, argon, nitrogen and combustible mixtures by thermal jets produced by nanosecond spark discharges[END_REF][START_REF] Stepanyan | Spatial evolution of the plasma kernel produced by nanosecond discharges in air[END_REF] and baroclinic torque was shown to be responsible for the entrance of fresh gas in the interelectrode gap [START_REF] Dumitrache | Hydrodynamic regimes induced by nanosecond pulsed discharges in air: mechanism of vorticity generation[END_REF]. A dimensionless number was introduced in [START_REF] Dumitrache | Hydrodynamic regimes induced by nanosecond pulsed discharges in air: mechanism of vorticity generation[END_REF] to group nanosecond discharges with similar hydrodynamic effects; see Eq. 8.5, where Euh stands for the energy deposited into the fast gas heating, p0 the initial gas pressure, S the cross-section of the discharge channel, and d the interelectrode gap distance.

Π 𝑇𝑟 = 𝐸 𝑢ℎ 𝑝 0 𝑆𝑑 Eq. 8.5

In our case, Euh = 0.4 mJ, S = 0.785 mm 2 , d = 5 mm, and p0 = 10 5 Pa. We took into account that approximately 50% of the energy deposited in plasma is spent for fast gas heating. We obtain Π ≈ 3. It was shown that for similar Π numbers, fresh gas is introduced near the electrodes and pushes the hot gas to the middle of the gap. This effect is particularly clear in Figure 8.38 where OH PLIF and Schlieren experiments are extracted from previous work [START_REF] Dumitrache | Hydrodynamic regimes induced by nanosecond pulsed discharges in air: mechanism of vorticity generation[END_REF][START_REF] Stepanyan | Spatial evolution of the plasma kernel produced by nanosecond discharges in air[END_REF]. In The cooling of the near-electrode region is, therefore, due to the hydrodynamic effect following the discharge. The same phenomenon was also reported in air with micrometric gaps [START_REF] Orriere | Confinement micrométrique des décharges pulsées nanosecondes dans l'air à pression atmosphérique et effets électro-aérodynamiques[END_REF]. We now examine the origin of the heating during the discharge.

Heating mechanism during the discharge

The two-step mechanism, in Reac. 8.4 and Reac. 8.5, is mainly responsible for the ultrafast gas heating in air (Rusterholtz et al., 2013).

N 2 (X) + e → N 2 (B, C) + e Reac. 8.4 N 2 (B, C) + O 2 → N 2 (X) + 2O + ε B,C Reac. 8.5
The energy released during ultrafast heating is approximately εC = 4.57 eV for the quenching of N2(C), and εB = 0.9 eV for the quenching of N2(B) (Popov, 2011b). In post-combustion conditions at Φ = 0.8, oxygen represents approximately 4% of the gas mole fraction, see Table 8.3. If oxygen were fully dissociated during the discharge, the temperature increase would reach between 100 K and 600 K (the highest value is reached if all O2 molecules are dissociated by N2(C) quenching).

During the pulse, in the middle of the gap, the temperature increases by less than 300 K, possibly due to Reac. 8.4 and Reac. 8.5. However, the temperature increases by 1000 K near the anode and 1500 K near the cathode. A slow thermal spark transition could be associated with the evolution of the temperature close to the electrodes. We recall that the thermal spark is formed in five steps: (i) weak ionization in the interelectrode gap; (ii) formation of a fully ionized filament at the cathode, and (iii) at the anode; then (iv) propagation of the filaments and (v) merge of the filaments. It was shown that the increase of the gas density (or pressure) intensified the transition to a fully ionized plasma (Shcherbanev et al., 2016;[START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF]. At the breakdown, the gas density is approximately ten times lower than under ambient conditions. The thermalization of the spark is thus less intense than under ambient conditions. Therefore, this increase in temperature at the electrode could be due to a slow filament formation, namely steps (ii) and (iii). It was also shown that the filament formation is faster at the cathode than at the anode [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF], which is consistent with the present measurements. At ne ~ 10 16 cm -3 and assuming Te = 3 eV the electron-ion collision frequency is equal to νei = 10 12 Hz (see also Section 6.1.2 on the thermal spark formation). Therefore, assuming the dominant ion to be N2 + (or O2 + ), we get an ion-electron thermalization time of τei ~ 20 ns, which is consistent with the fast increase of Tgas at the cathode.

Conclusions on the gas temperature evolution

In this section, the gas temperature distribution along the interelectrode gap was measured by OES. We showed that the increase of the temperature near the electrode is due to the transfer of energy from electrons to heavy ions through elastic collisions. The moderate temperature increase in the middle of the interelectrode gap is, however, due to dissociative quenching of N2 * . Between the pulses, fresh gas (2000 K) is introduced near the electrodes by hydrodynamic effects. Thus the near-electrode region is subject to intense temperature variations, whereas the temperature in the middle of the interelectrode gap remains between 3000 and 3500 K.

Electronic states' number density

In this section, the number density of excited electronic states is measured by calibrated OES. These measurements will be valuable for future comparison against detailed chemistry.

N2(B) and N2(C) number density

In the range 0 -18 ns, under the PASTEC conditions, the emission spectra of N2(C) and N2(B) are measured with spatial resolution along the interelectrode gap. Two wavelength ranges are considered, 300 -420 nm and 550 -750 nm. For the latter, we use a long-pass filter (λ > 400 nm, Melles Griot 03-FCG-049) to cut the second order of diffraction in the spectrometer. The emission spectra are fitted using Specair (Laux et al., 2003), see Figure 8.39 and Figure 8.40, and provide for N2(C) and N2(B):

1. vibrational temperatures, 2. rotational temperatures, and 3. number densities.

The shape of the plasma is approximated by a cylinder of 5-mm height (distance between the electrodes) and 1-mm diameter (Gaussian profile with FWHM of 1 mm). The absolute calibration procedure is detailed in Appendix B. .cm -2
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(1,3) The spectra presented in Figure 8.39 and Figure 8.40 are obtained with an instrumental HWHM equal to ~ 0.075 nm, which causes a slightly higher inaccuracy in temperature measurements compared to those performed in Section 8.5. The vibrational temperatures of N2(B) and N2(C) are found to be constant and homogeneous: Tvib(N2(B)) = 7500 ± 1000 K and Tvib(N2(C)) = 4000 ± 500 K. These results are in agreement with those of (Rusterholtz et al., 2013), although their discharges were applied in different conditions (10 kHz in preheated air and only 0.7 mJ per pulse).

The distribution of N2(C) number density extracted from calibrated spectra is shown in Figure 8.41 for several instants. At t = 0 ns, the streamer propagation is captured, and the N2(C) number density is varying from 10 10 to 10 11 cm -3 between anode and cathode1 . For t ≥ 2 ns, the N2(C) distribution is relatively homogeneous (± 30%) along the discharge channel and increases from 10 12 to 10 14 cm -3 during the next 8 nanoseconds with the same uniformity. The distribution of the N2(B) number density along the discharge channel is given in Figure 8.42 after fitting its emission between 550 nm and 750 nm (see Figure 8.40). The number density of N2(B) at the anode is almost twice higher than at the cathode. No reason can yet explain this gradient of N2(B) density. At its maximum, the total N2(B) number density is equal to 10 16 cm -3 , which represents 0.5% of the total gas number density. The measurements close to the cathode could not be exploited for t > 8 ns due to atomic and continuum emission mixing with the N2 first positive system, which is particularly clear in Figure 8.43.

We also determined the number density of N2 + (B) and CN(B) with these measurements (see Figure 8.25 for illustration). The distribution of their number densities up to t = 18 ns is given in the next section. 

CN(B), and N2 + (B) number density

The number densities of CN(B) and N2 + (B) also give an insight into the plasma chemistry during and after energy deposition. The determination of the number density of CN, whose spectrum is shown in Figure 8.25, is of primary importance for correct estimation of plasma radiative heat flux on spatial probes in the Titan atmosphere (Walpot et al., 2006). Thus, CN formation has been extensively studied (Magin et al., 2006;[START_REF] Gökçen | N2 -CH4 -Ar chemical kinetic model for simulations of titan atmospheric entry[END_REF][START_REF] Martin | Chemistry model for ablating carbon-phenolic material during atmospheric reentry[END_REF] and the following reactions could significantly contribute to CN radical formation:

C + N 2 ⇌ CN + N Reac. 8.6 CO + N ⇌ CN + O
Reac. 8.7 According to Reac. 8.7 and Reac. 8.6, the presence of CN is a marker of atomic species formation. The rate coefficient of Reac. 8.7 [START_REF] Martin | Chemistry model for ablating carbon-phenolic material during atmospheric reentry[END_REF] is four times higher than that of Reac. 8.6:

• Reac. 8.6: k6 = 5.24×10 13 cm 3 •mol -1 •s -1

• Reac. 8.7: k7 = 2.41×10 14 cm 3 •mol -1 •s -1 However, the N2 number density is 10 to 100 times higher than CO number density (see equilibrium flame composition in Table 8.3). If we assume that the number densities of N and C are of the same order of magnitude, we can expect both reactions as having the same importance in the CN formation. The N2 + (B) number density is shown in Figure 8.45 and is of the same order of magnitude as CN. The ratio of N2(C) and N2 + (B) intensities can be used for reduced field 1 determination in air, as detailed by (Paris et al., 2005). However, the coefficients of Paris et al. were determined in synthetic air. To apply this method in the PASTEC conditions, precise knowledge of the N2(C) and N2 + (B) quenching rate coefficients is necessary. Therefore, it cannot be applied in this study with current knowledge of the plasma composition and quenching rate dependence with temperature. However, the N2(C) and N2 + (B) number densities are both homogeneous along the interelectrode gap. Therefore, the electric field is also expected to be homogeneous.

NH(A) and OH(A) number densitysecond set for N2(B) and N2(C)

The number densities of N2(C) and N2(B) were obtained in Section 8.6.1, with a relative error of 30%, including the statistical fluctuation and the error of the fitting procedure. Other sources of error are systematic and challenging to estimate. We list, as potential sources:

1 These findings were challenged by (Pancheshnyi, 2006), who argued that the three-body quenching of The fitting is performed according to a sequential procedure:

• The rotational temperature of N2(C) is fitted on the normalized spectrum in the 355 -360 nm wavelength range.

• The vibrational temperature of N2(C) is fitted on the normalized spectrum in the 340 -360 nm wavelength range.

• The NH(A) relative intensity compared to N2(C) is fitted on the normalized spectrum using 320 -360 nm wavelength range.

• The OH(A) relative intensity compared to N2(C) is fitted on the normalized spectrum using full wavelength range.

• An optimization algorithm 1 further reduces the L2 distance between the normalized experimental spectrum and the synthetic spectrum, using the previous results as an initial guess. The fitting provides relative densities (OH/N2 and NH/N2), rotational temperatures (Trot_N2(C), Trot_OH(A), and Trot_NH(A)) and the vibrational 2 temperature of the spectrum content. This step is the longest, given that six parameters are minimized.

• Finally, the number densities of N2(C), OH(A), and NH(A) are obtained by rescaling the synthetic spectrum to the calibrated experimental spectrum.

The previous algorithm is applied to all spectra acquired from t = 0 ns to 42 ns. A spatial binning of 1 mm is used in this case (in Section 8.6.1, we used a spatial binning of 500 µm). We find that Trot(OH)

ranges between 6000 and 8000 K and that Trot(NH) ranges between 2000 and 9000 K. The vibrational temperature of the system is constant around Tvib = 4000 ± 500 K. These temperature measurements are, however, approximative given the fairly large instrumental broadening.

1 We used the Powell method of the scipy.minimize Python package.

2 We assumed the vibrational temperature of all species to be equal, because only N2(C) is sensitive to this parameter in the 300 -370 nm wavelength range. Another set of experiments was also performed to acquire the N2(B) spectrum. This time, a 550-nm long-pass filter is used (Melles Griot -OG550 -03 FCG 087). The emission of N2(B) is fitted according to a simpler procedure. The normalized emission is compared 1 to synthetic spectra of N2(B), varying Trot and Tvib. Then, the number density of N2(B) is obtained after rescaling the best fit to the calibrated data. As in Section 8.6.1, for t > 10 ns and at the cathode, the continuum and atomic emission cannot be neglected. We therefore discarded these spectra. A typical example of an N2(B) spectrum fitted with a Specair simulation is shown in Figure 8.47. The emission is recorded from 550 to 870 nm, except at λ = 645 -675 nm, due to the intensity of the Hα line. The atomic emission in the range 750 -870 nm is not fitted. 1 The procedure is accelerated using a database of precalculated spectra using the RADIS Python package [START_REF] Pannier | RADIS: A nonequilibrium line-by-line radiative code for CO2 and HITRAN-like database species[END_REF]) freely available at https://github.com/radis/radis. We stored N2(B) emission spectra calculated with Trot = 2000, 22 0, 2 00 … 2 0 K and with Tvib = 6000, 00, … 9000 K.

The accuracy of the fitting is therefore equal to ±250 K for Trot, and ±500 K for Tvib. The slight disagreement near λ = 00 nm and λ = 90 nm can be resolved with a continuum subtraction (less then 0.1 mW•cm -2 •sr -1 •nm -1 at 550 nm) and a non-equilibrium distribution of N2(B) vibrational levels. Non-equilibrium fitting is performed in Figure 8.48 (same data as in Figure 8.47). The fitting in Figure 8.48 left unchanged the lower vibrational numbers, which are the more populated states. Therefore, the deviation from vibrational equilibrium and the continuum subtraction has a minor impact on the measurement of N2(B) number density.

To conclude on the accuracy of our measurements, we compare in Figure 8.49 the evolution of N2(B) and N2(C) number densities according to the spectra presented in Section 8.6.1 and the present section.

The number densities of N2(B) agree within 30%, which is the expected repeatability of calibrated OES.

The number densities of N2(C) agree remarkably well. 

Conclusion on the excited states' number density

In Figure 8.50, the number densities of N2(B), N2(C), OH(A), NH(A), N2 + (B), and CN(B) are given near the edges of the discharge and in its middle. The electron number density is added for comparison purposes. The densities range from 10 11 to 10 16 cm -3 . As expected, the densities increase during the energy deposition (0 -10 ns), flatten, and then decay. These data are essential for the validation of detailed plasma chemistry in a CH4air flame and could extend our observations on:

• the role of atomic species in the CN formation, near the cathode

• the role of N2(B, C) dissociative quenching by O2 in the heating, in the middle of the discharge

• the production of OH(A) which is essential for flame chemistry. We measured by Laser-Induced Fluorescence that the OH density increases by a factor of three between the non-assisted and the plasma-assisted flame. The NRP discharges also have an impact on the flame width. This increase of the flame width marks the arrival of the discharge benefits (creation of excited species and increase of the temperature) at the bluff-body boundaries. This increase of OH number density can be due to an increase of the flame temperature, which is indirectly due to the discharge, or the transport of OH radicals directly produced in the discharge.

We showed that the plasma is non-thermal, although the cathode region is close to a thermal regime.

Indeed, the electron number density reaches 10 16 cm -3 in the cathode filament, which corresponds to a 1% ionization. Also, the CN number density is remarkably high near the cathode, which is usually related to atomic species formation.

The hydrodynamic effects generated by the nanosecond sparks induce a fast cooling of the near-electrode regions during the interpulse. At t = 0 ns, the near-electrode temperature is found to be 2000 -2500 K, due to the entrance of fresh (2000 K) gas during the interpulse. At the cathode, the temperature increases up to 3500 K, which is due to the thermal spark formation, i.e. heating of the ions by electron impact. The temperature rise in the middle of the interelectrode gap is comparatively lower, from 3000 K to 3500 K in 10 ns. In these conditions, N2 excited states are likely responsible for the heating through dissociative quenching by O2. We calculated that 0.9 mJ is spent in the temperature increase during the first pulse. This value represents 53% of the deposited energy. This value is high compared to previous results obtained in preheated air (Rusterholtz et al., 2013;Popov, 2016b). However, this is not surprising, given that the present gas composition and reduced fields are somewhat different from the case of Rusterholtz et al. [START_REF] Aleksandrov | Mechanism of ultra-fast heating in a non-equilibrium weakly ionized air discharge plasma in high electric fields[END_REF].

Experiments are carried out in the SICCA-Spray combustor, see Figure 9.1. The system consists of an air plenum, followed by a swirling injection system (grey area) comprising a tangential channel swirler that leads to a convergent section with a final radius rinj = 4 mm and a conical section of 6 mm. This injector provides a measured swirl number of 0.68. When the system operates in the premixed mode, methane is injected in the air supply 3 m upstream of the plenum to ensure complete mixing. A compact flame is stabilized downstream of the dump plane inside a transparent quartz confinement tube. Two photomultipliers and a high-speed camera mounted with a CH* filter monitor the flame emission. 

Deposited energy

A 6-meter long coaxial cable (7 Ω impedance) connects the generator (pulser # ) and the electrode.

Two current and voltage probes are placed midway on the cable and are used to monitor the deposited energy. Typical voltage, current and energy curves are shown in Figure 9.3. The voltage is adjusted for every configuration so that the deposited energy remains constant at 5 ± 0.25 mJ, corresponding at 20 kHz to an average electrical power of 100 W. The incident energy of the initial pulse (between 0 and 20 ns) carries 5 mJ ± 0.25 mJ, which is deposited in three pulses of 3.7 mJ, 0.8 mJ and 0.4 mJ, respectively.

Another pulse, not shown in Figure 9.3, deposits 0.1 mJ at t ~ 250 ns. This discharge is more energetic than the one used in Section 8.3, where only 2 mJ was deposited, but we note that 100% of the incident energy was deposited in the plasma. To avoid changing the liquid fuel atomization properties, which are known to be sensitive to fuel flow rate for simplex atomizers, the fuel flow rates are kept constant. They are chosen so that the thermal power (calculated assuming a 100% combustion efficiency) is almost the same for all three fuels at Pthermal = 5 kW. The ratio of electrical (NRP) to thermal (combustion) power is, therefore, equal to 2% for all cases.

Spectroscopic characterization of the discharges

An OceanOptics Maya2000Pro deep-UV spectrometer is used to analyze the spontaneous emission from the combustion process and the plasma. The collection optics consists of a small lens and an optical fiber. The field of view (FoV) schematically shown in Figure 9.1 encompasses the entire discharge area and some of the ORZ with an integration time including several discharges (≈ 1 ms). Therefore, the acquired spectra are representative of the brightest region of the plasma (the core) at the peak of the emission (end of the discharge). At 520 nm, emission from Cr is visible (not to be confused for C2 Swan emission). It originates from the erosion of the Inconel electrode (constituted of approximately 20% of Cr). This emission might also be caused by titanium (less than 1% in Inconel). For wavelengths longer than 500 nm, a continuum associated with thermal radiation from the burner and the quartz tube is observed.

The acquired spectra displayed in Figure 9.4 give a qualitative idea of the species excited and produced by the discharge and the flame. Typical combustion species, CH(A) and OH(A), are identified in these spectra [START_REF] Gaydon | The Spectroscopy of Flames[END_REF]Laux et al., 2003). Strong peaks arising from the emission of CN* are found, a feature reported by Kim et al. in a CH4-N2 plasma (Kim et al., 2006a(Kim et al., , 2006b)). However, no emission of Spectral broadening of the Hα line is used to determine the electron number density of the plasma (Gigosos, González and Cardeñoso, 2003). At Φ = 0.87 and 0.

(attached stable flames), ne = 1.4 ± 0.2 × 10 17 cm -3 . The rotational structure of N2(C) is used for temperature estimation. Using Specair (Laux et al., 2003), the rotational and vibrational temperatures are estimated to be Trot = 3500 K ± 500 K and Tvib = 8000 K ± 1000 K. These temperatures are superior to values reported in Section 8.5.3 or in (Rusterholtz et al., 2013). This difference is consistent with a higher energy deposition used in the present work (1.0 mJ.mm -1 ) compared to the aforementioned references: 0.18 mJ.mm -1 in (Rusterholtz et al., 2013) and 0.4 mJ.mm -1 in Section 8.5.3. At Φ = 0. 0 and 0. , the broadening of Hα is equal to the instrumental broadening function and only an upper limit can be estimated: ne < 0.2 × 10 17 cm -3 .

The temperature in the plasma Tgas ≈ Trot ≈ 00 K, greatly superior to the adiabatic flame temperature 1500 -2000 K, and the dissociation of O2 indicates that this discharge is neither an NRP-corona nor an NRP-glow discharge (Pai, Lacoste and Laux, 2010b). The level of ne is found in between the values reported for nonequilibrium NRP-sparks (Rusterholtz et al., 2013), and for thermal sparks [START_REF] Minesi | Fully ionized nanosecond discharges in air: the thermal spark[END_REF]. The vibrational temperature is also higher than what was reported in nonthermal sparks (Pai, Lacoste and Laux, 2010b;Rusterholtz et al., 2013). However, as neither N + emission at 500 nm nor an electron continuum is observed in the spectra, the NRP-spark is necessary of the non-thermal type.

The emission spectrum of the M-shape flame without plasma-assistance (Φ = 0.87), in Figure 9.5, presents no atomic emission of O nor N. the C2 Swan bands are preponderant. No emission of CN is visible.

Therefore, the presence of CN in Figure 9.4 is directly attributed to the impact of NRP on the mixture through (i) the increase of electronic temperature of CN and/or (ii) additional production of CN in the plasma. 

Lean Blow-Out

Lean Blow-Out extension by NRP discharges

The LBO limit is determined by linearly increasing the air flow rate, starting from the nominal operating point of 𝑚̇𝑎 𝑖𝑟 = 1.94 g•s -1 and going up to 𝑚̇𝑎 𝑖𝑟 = 3.77 g•s -1 over a time period of 40 s. Before starting the air ramp, in order to ensure reproducibility, the burner is operated at the steady nominal operating point until thermal equilibrium is reached. For this purpose, the temperature of the quartz tube is monitored using a K-type thermocouple. Operating conditions, in terms of fuel mass flow rate, 𝑚̇𝑓 𝑢𝑒𝑙 , thermal power, Pthermal, global equivalence ratio, Φ, and bulk velocity, ub, are gathered in Table 9.1. The bulk velocity is defined at the cold thermal condition as 𝑢 𝑏 = 𝑚̇𝑡 𝑜𝑡 /𝜋𝜌𝑟 𝑖𝑛𝑗 2 . The flame evolution during the air ramp, depicted in Figure 9.6, shows flame images (CH* filter) for both methane and heptane. The chemiluminescence images are Abel inverted to aid the identification of the flame topology. The evolution of flame shape is essentially the same for all three fuels. Starting from an "M" or "V" shaped flame at the nominal operating condition, the flame changes shape to burn both in the ORZ and at the top of the swirling jet at leaner operating points (Φ ≈ 0. ), leading to an "M ORZ" shape. Soon after Φ ≈ 0. , the flame starts to oscillate at a frequency close to 12 Hz for methane (Φ ≈ 0. 8), and 7 Hz for liquid fuels (Φ ≈ 0. 7 for heptane). The overall evolution is similar for all three fuels during the oscillation, although the oscillation frequency is higher for methane. These oscillations end either by LBO, or by stabilization of the flame in a fairly long "tulip" shape. As the air flow rate is increased, the "stem" part of the flame becomes longer, and the "petals" move downstream until LBO occurs. The oscillations at Φ = 0.57 are measured at steady state and phase-averaged in Figure 9.7 for heptane.

Flame images are acquired with a high-speed camera and a predominant oscillation mode at 7.5 Hz is found by Dynamic Mode Decomposition (DMD) analysis [START_REF] Schmid | Dynamic mode decomposition of numerical and experimental data[END_REF]. These low-frequency oscillations are essentially extinction and reignition in the ORZ, as the flame oscillates between an "M ORZ" and a "tulip"' shape. The ORZ is reignited by propagation of flame kernels from the downstream side to the ORZ. Flame oscillation between two stable flame regions is also reported by [START_REF] Kim | Effects of applying non-thermal plasma on combustion stability and emissions of NOx and CO in a model gas turbine combustor[END_REF] during LBO characterization of a premixed bluff-body stabilized flame with PAC. DMD is also performed on the spark images acquired during this oscillation (Figure 9.2) and no coherent motion of the spark is found. As indicated previously, after the oscillations, the flame either suddenly blows out or continue to burn while the equivalence ratio decreases. Table 9.2 indicates the probability of flame blow out, 𝑝, during the oscillations for each fuel with and without PAC. The 95% interval of confidence is also given. The complete dataset of extinction is shown in Figure 9.8 (histogram). A statistically significant improvement (lower 𝑝) is observed when PAC is used for heptane and dodecane. For these fuels, the flame is systematically blown out during the oscillating phase without PAC, but is much more robust with NRP discharges, leading to a significant improvement of the LBO limit. The improvement is less significant for premixed methane which already features a good resistance to LBO without PAC. with a frequency resolution of 0.25 Hz and a temporal resolution of 0.5 s. This approach allows for a clear identification of the limits and frequency of the flame oscillations as a function of Φ. In each case, a set of several repeated experiments is presented, and a reproducibility better than 10% is obtained. For all three fuels, the flame oscillation regime starts and ends at a leaner operating point with NRP discharges. Two main observations can be drawn from these results for all three fuels:

1. As Φ decreases, there is a decrease in the oscillation frequency.

2. The frequency trend is similar with and without PAC.

For methane, the end of the oscillating regime is nearly the same with and without plasma assistance.

After the oscillation stage, the flame stabilizes as a "tulip" shape after the oscillation. For two of the tests without NRP discharges, LBO occurred during the oscillation phase.

For heptane and dodecane, without PAC, LBO always occurs during flame oscillations 1 . When NRP discharges are turned on, the flame is sustained after the oscillation and blows out under leaner conditions 2 .

The increased LBO limit with PAC is quantified in Figure 9.9 for all three fuels. The LBO limit is extended in average by ΔΦ = 0.0 for both liquid fuels, and ΔΦ = 0.019 for methane. The beginning of the low frequency oscillation is also delayed by ΔΦ ≈ 0.02 for all three fuels. 

Impact of the electrode position

As already indicated in Section 9.1, it is not possible to operate the discharges at r / rinj < 1, because the discharges would damage the liquid fuel atomizer head. Figure 9.10 shows the results obtained by varying the radial position of the electrode and measuring the LBO limit of a heptane flame from repeated 1 If the NRP discharges are turned on immediately after the extinction, the flame does not reignite.

2 If the NRP discharges are turned off once the flame stops oscillating and stabilizes in its "tulip" shape, the flame continues to burn until LBO at Φ ≈ 0. 2, indicating that the "tulip" flame can exist without plasma, but that state cannot be reached without plasma assistance.

experiments. The position r / rinj = 6 is optimal for this test rig in terms of efficiency and repeatability.

This may be linked to the structure of the flame, associated flow and more specifically to the location of the ORZ. The typical shape of a heptane flame at Φ = 0.6 is "M ORZ" (see Figure 9.1). From this pattern and from previously measured velocity profiles (in nonreactive, unconfined conditions [START_REF] Prieur | Ignition dynamics in an annular combustor for liquid spray and premixed gaseous injection[END_REF]), one may infer that near the combustor backplane the ORZ extends from r / rinj = 3 to r / rinj = 6. This region is filled with hot gases at relatively low velocity and turbulent intensity, with augmented residence time, and a longer convective delay to the base of the flame. In the outer region, beyond 6 rinj, the flow is cooled down by the wall. Between the injector rim and r / rinj = 2 the flow is relatively fast, cold and turbulent. It is suggested by [START_REF] Kong | Stabilization of a turbulent premixed flame by a plasma filament[END_REF], that an electrode placement in a relatively slow recirculation zone will favor plasma-induced chemical effects. This is probably why the electrode location at r / rinj = 6 provides the best performance in terms of LBO improvement.

Efficiency of NRP discharges in burst mode

As described in Section 9.1, the thermal power of the flame is equal to Pthermal = 5 kW, and the electrical power of the plasma is 100 W, which represents 2% of Pthermal. This energy cost could be too high for practical application and it is already shown in the Mini-PAC burner (Section 8.3.1) that a power cost of 0.3% is enough for significant results. A possible way to reduce the power of the plasma assistance would be to reduce the frequency or the energy per pulse. We explore in this section another solution applied to the heptane flame, which consists in applying the NRP discharge with a burst sequence. The parameters used in the previous sections will be conserved (20 kHz and 5 mJ per discharge), but with periods without discharges. The duration of the NRP discharge burst divided by the duration without discharge is defined here as the burst duty cycle, Eq. 6.16.

𝐷 𝑏𝑢𝑟𝑠𝑡 = Δ𝑡 𝑂𝑁 Δ𝑡 𝑂𝐹𝐹 Eq. 9.1

Strictly speaking, NRP discharges are already in duty-cycle by themselves (i.e. 10 ns pulses applied at 20 kHz in continuous mode have a duty cycle of 0.2%). We use here this convention of language to simplify the discussion of this section.

For instance, in a burst duty cycle of Dburst = 80%, the flame will be assisted by NRP discharges during 10 ms (series of 200 pulses ON), a pause of 2.5 ms (50 pulses OFF), then re-assisted during 10 ms, a break of 2.5 ms, etc. This principle is illustrated in Figure 9.11. In the present case, the duration without the pulses is set constant to 2.5 ms (corresponding to 50 pulses OFF) for simplicity. The number of pulses ON in Figure 9.11 is varied from 50 (Dburst = 50%) to 200 (Dburst = 80%). In Figure 9.12, the LBO equivalence ratio of these experiments is reported. In Figure 9.12, the improvement of the LBO limit is visible above Dburst = 60% compared to the case without plasma-assistance. As the duty-cycle is increased, the oscillations limit decreases. For Φ > 0.77, the probability of LBO during the oscillation is equal to 63% (= 5/8). As shown in Section 9.3, the NRP discharges in continuous mode allow the heptane flame to pass the oscillation phase with a probability of 73%. More experiments are required to refine the statistics, but this result is an encouraging step toward further reduction of the electrical cost of plasma-assistance. Other strategies could be employed. The number of pulses off (50) could also be reduced: for instance, a duty cycle ON/OFF of 8/2 could be more efficient than 200/50. This effect could also be investigated at higher frequencies. A campaign of experiments with such a broad set of free parameters is left for future work.

Conclusions of the SICCA experiment

This chapter is focused on an extension of the lean blow out (LBO) limit of liquid (heptane and dodecane) and gaseous (methane) swirled flames by NRP discharges. For these experiments, the fuel flow rate is kept constant and the air flow rate is slowly increased until LBO occurs. The NRP discharges are applied at 20 kHz and the ratio of electrical and thermal power is equal to 2%. Three phases are identified in the blow out sequence: first, the flames present initially a "V" or "M" shape burning further in the outer recirculation zone (ORZ). In the second phase, the flames oscillate at frequencies below 13 Hz.

For methane, the flame stabilizes in a "tulip" shape after the oscillations (third phase), until LBO occurs.

An extension of the LBO is obtained with NRP discharges. For liquid fuels, the flame systematically blows out during the oscillations. In this case, the NRP discharges stabilize the flame during the oscillations, up to the "tulip" shape regime. The LBO limit is, thereby, greatly increased.

The position of the electrode is identified as a critical factor in the efficiency of the PAC system. An electrode positioned near the outer edge of the ORZ is found to be the most favorable position, both for LBO performance and ease of installation in most practical systems.

A practical way to further reduce the already low-power cost of NRP discharge has been explored. This study marks another step toward the application of NRP discharges to real applications.

Conclusions 10.1 Principal contributions of this thesis

In this thesis, we investigated how Nanosecond Repetitively Pulsed (NRP) discharges impact lean flames. In parallel, we also described, both experimentally and numerically, the formation and decay of fully ionized plasma generated by nanosecond discharges.

The principal contributions of this thesis begin with, in Chapter 4, the experimental characterization of the thermal spark. The electron number density of the thermal spark is measured with high spatial and temporal resolution. These measurements show that the thermal spark formation occurs in five stages.

From a general perspective, we showed that, for a given initial temperature, the increase of pressure favors the formation of thermal sparks. We demonstrated that the nature of the spark, thermal or not thermal, cannot be determined from the deposited energy. Finally, we showed that the nanosecond thermal spark is indeed equivalent to the 'breakdown phase' of the longer discharges used for flame ignition. Also, in Chapter 4, we discriminated five stages in the formation of the thermal spark. These stages are found to apply to other independent works in the literature. In Chapter 6, the increase of the electron number density was measured using the Stark broadening of Hα, the calibrated continuum emission of electrons, the calibrated intensity of N + and O + lines, and the Stark broadening of N + and O + lines. We demonstrated that the electron number density near the electrodes increases from 10 17 cm -3 to 10 19 cm -3 in 0.5 ns. The plasma is in chemical and thermal equilibrium. The temperature ranges between 35,000 and 50,000 K. In the afterglow, the decay of the electron number density is explained by isentropic expansion alone. These conclusions are also found to apply to other independent measurements, and hence, can be considered as general.

Another contribution of this work is the development of a kinetic mechanism for the thermal spark formation. This reaction set can reproduce the 0.5-ns ionization phase of the thermal spark. The role of the N and O excited states was found to be dominant during the transition from a non-equilibrated to a thermal plasma. The increase in temperature, approximately 40,000 K in 0.5 ns is caused by electronion elastic collisions.

Finally, in Chapter 8, this thesis presents a new set of experimental results in Plasma-Assisted Combustion. In the Mini-PAC experiment, chemiluminescence, OES, and OH-LIF were performed with temporal and spatial resolution. With these diagnostics, we first determined the non-thermal nature of the NRP sparks. The general mechanisms of heating (during the energy deposition) and cooling (during the interpulse period) were described. From the non-assisted to the plasma-assisted flame, the NRP discharges induce a three-fold increase of the OH number density in the flame, thus significantly increasing the mixture reactivity. These measurements are validated by a PAC-LES model developed in parallel.

In Chapter 9, experiments in the SICCA burner, which are close to realistic conditions, showed that NRP discharges can significantly extend the LBO limit of methane, n-heptane, and dodecane flames.

The NRP discharges stabilize the flame during an oscillation phase, which leads to an LBO extension.

The next section provides further insight into our experimental and numerical findings.

Summary and insights gained

The first part of this thesis was dedicated to the theoretical and experimental grounds of our work. In Chapter 3, remaining close to textbook theories, we derived the internal properties of atoms and molecules, and a LIF model. Then, we described how to measure the gas temperature in nanosecond discharges. Finally, we simplified the theory of atomic line broadening developed by Griem et al. and provided original formulas for rapid linewidth determination. The Chapter 2 focuses on the practical use of nanosecond discharges and we carefully describe the measurement of electrical characteristics of nanosecond discharges. We demonstrated that valuable information is gained when probing the current and voltage in the middle of a coaxial cable.

In Part II of this thesis, we described the formation and decay of a fully ionized plasma by a single nanosecond pulse in air. We chose to name this state "the thermal spark" to highlight that the plasma is in thermal equilibrium (thermal) and that this phenomenon is transient (spark). This denomination is also compatible with the NRP corona/glow/spark nomenclature of Pai et al., already widespread in the literature. Based on a literature review and our experimental results in air, the following stages of formation of the thermal spark were evidenced:

1. A partially ionized non-equilibrium plasma is first formed in the interelectrode gap. The typical plasma diameter at these early instants is 200 -300 µm and the emission is dominated by the N2(C→B) radiative transition.

2. A filament is generated at the cathode on a timescale below 0.5 ns. Its emission is several orders of magnitude more intense than the rest of the plasma. Its spectrum is dominated by N+ and a broadband continuum. The filament's typical diameter is 10 -100 μm, while its typical length is 0.1 -1 mm. During this stage, the plasma reaches full ionization and thermal equilibrium. 10.2 -Summary and insights gained 233 3. In a nanosecond timescale, another filament is formed later at the anode, with similar properties.

4. The two filaments propagate toward each other in the interelectrode gap. The typical speed of propagation is pressure dependent and ranges from 10 4 to 10 5 m•s -1 . 5. The filaments merge: the thermal spark is formed.

Although the formation and propagation of a partially ionized plasma, stage 1, has been widely treated in the literature, a gap remained for the other stages. We addressed this gap using a numerical approach (Chapter 5), supplementing a baseline kinetic mechanism of low-temperature plasmas with reactions of ionization of O and N excited states. The 0-D model demonstrated that, to explain the 0.5-ns ionization phase from 10 17 to 10 19 cm -3 , it is necessary to introduce the ionization of the excited states of N and O.

In our conditions, we demonstrated that at least six excited states of N and three excited states of O must be included in the kinetic mechanism. Our simulation results were compared to the measurement of the electron number density by Stark broadening of N + and Hα with excellent agreement. Additional confirmations were obtained using the calibrated measurement of the electron continuum radiation and N + and O + lines emission. The high gas temperatures, also reported in the experiments, are explained by the increase of the electron-ion collision frequency, otherwise negligible in non-thermal plasmas.

Concerning the recombination following the thermal spark, the decrease in electron number density in nanosecond discharges was measured by Stark broadening of Hα and N + lines. Synchronously, the electron temperature was measured by fitting the emission of excited electronic states of N + . With these measurements, the three-body recombination of electrons with N + was found to be equilibrated by ionization. Therefore, the plasma is in equilibrium, even after the end of the voltage pulse. The decrease of temperature, and hence the decay of the electron number density, is explained by isentropic expansion alone up to t = 100 ns. Heat removal by conduction is negligible on this timescale, and heat removal by radiation remains secondary. Therefore, we demonstrated that the thermal spark afterglow can be simply described by a plasma in chemical equilibrium subject to volume expansion.

Finally, in Part III, NRP non-thermal sparks were applied in combustible mixtures. In the Mini-PAC burner, in Chapter 8, NRP spark discharges of 2 mJ were initiated at 20 kHz in the recirculation zone of a CH4 premixed turbulent flame at Φ = 0.8. Within the transition from a non-assisted to a plasma-assisted flame, OH* and CH* chemiluminescence measurements showed that the NRP discharges impact the flame topology after ~ 1 ms (~ 20 pulses), which corresponds to the flow recirculation time near the bluff-body. The plasma-assisted flame reaches steady state after approximately 200 pulses. OH-LIF measurements showed that the OH number density increases by a factor of 2 to 3 between the nonassisted and the plasma-assisted flame. The timescale of the increase of the OH profile is consistent with the chemiluminescence results.

A significant understanding of the plasma heating and cooling was gained in this thesis. In the nearelectrode regions, during the period between two pulses, the hydrodynamic effects generated by the nanosecond sparks induce the entrance of fresh gas (at 2000 K). Then, in 10 ns, the temperature increases from 2000 K up to 3500 K at the cathode (up to 3000 K at the anode). This temperature increase is due to the heating of the ions by electron impact. In the middle of the gap, the interpulse cooling is weaker, and the temperature rise is comparatively lower, from 3000 K to 3500 K in 10 ns. Under these conditions, N2 excited states are likely quenched by O2, explaining the 500-K heating. We calculated that 53% of the deposited energy in the first pulse is spent in the temperature increase. Finally, the temperature, the spectrum composition, and the electron number density indicate that the plasma is non-thermal, although the cathode region is close to a thermal regime.

Chapter 9 focused on the extension of the Lean Blow Out (LBO) of the SICCA experiment. The NRP non-thermal discharges extend the LBO limit of swirled flames feed with liquid (heptane and dodecane) and gaseous (methane) fuels. Three phases are identified in the blow out sequence. First, the flames present initially a "V" or "M" shape burning further in the outer recirculation zone (ORZ). In the second phase, the flame oscillates and usually blows out. For methane, the flame can sometimes stabilize in a "tulip" shape after the oscillations (third phase), until LBO occurs. NRP discharges significantly reduce the probability of LBO during the second phase, with any fuel. The position of the electrode was identified as a critical factor in the effectiveness of the PAC system. An electrode positioned near the outer edge of the ORZ was found to be the most favorable position, both for LBO performance and ease of installation. Finally, the already low-power cost of NRP discharges can be further reduced by applying them in a duty-cycle.

Recommendations for future work

This section summarizes in which direction the author would have continued if more time could have been dedicated to this thesis.

Thermal spark

Four techniques were used to measure the electron number density (continuum radiation of the electrons, intensity of N + lines, and Stark broadening of N + and Hα). These measurements could be compared with other techniques such as laser interferometry and Thomson scattering. We showed that excited states of nitrogen play a significant role in forming the filament, which implies that the number density of these states should be measured by OES or absorption. The measurement of the electric field by the E-FISH method would also provide further validation of the model presented in this thesis. These measurements would be challenging, given the needed spatial and temporal resolution. More measurements in different mixtures, temperatures, and pressures conditions would also be valuable to validate the kinetic model. Regarding the thermal spark simulations, the kinetic mechanism presented in this thesis was applied in a 0-D simulation. Although significant insight was gained on the filament formation and the role of atomic excited states, the construction of a 2-D simulation reproducing the streamer propagation, the filament propagation, and the plasma recombination would undoubtedly be worthwhile. Time should also be spent on including endothermic and exothermic reactions to reproduce the ultra-fast heating observed in non-thermal sparks.

Plasma-assisted combustion

The work performed in the Mini-PAC burner was essentially focused on the phenomena occurring in the discharge along the interelectrode axis. The radial distribution of the excited species would be a challenging but useful task to pursue. In parallel, the measurement of atomic oxygen formation by nanosecond discharge in the Mini-PAC experiment would allow gaining further information on plasma kinetics. Regarding PAC chemistry outside the discharge vicinity, quantitative OH LIF should be continued (in the saturated or predissociative regime), along with the determination of the temperature distribution by Rayleigh or Raman scattering. Finally, we should pursue the demonstration of NRP discharges in conditions closer to industrial applications with heavier fuels, higher pressures, and higher powers. In the configuration +/-, two outputs with an impedance of 7 Ω are connected in series. Therefore, the impedance of the negative and positive outputs is equal to 150 Ω. In the configuration /ground (or --/ground), the output impedance is equal to 00 Ω.

Precautions have to be taken when the ground of one output is linked to the core of another one. In the +/-configuration, "Core 1" is connected to the "Ground 2". Therefore, high-voltage pulses can propagate to the pulser via "Ground 2" and damage the pulser. Ferrites are plugged around the cable 2 to prevent the pulses from propagating toward the pulser via the "Ground 2". Note that the ferrites dissipate the energy transported by the high-voltage pulses in heat. After running1 the pulser #2 for 15 minutes at 30 kHz, the temperature of the ferrites can reach 120 °C. Temperature measurements are performed with a FLIR-i7 IR camera and are reported in Figure A.3. The emissivity of the ferrites being unknown, these temperature measurements are approximative. No heating of the ferrites is seen in the cables 1 and 4, because their grounds are not linked to any high-voltage source. It is therefore recommended to plug a maximum of ferrites on the cables 2 and 3 if the +/-configuration is used. If the ++/ground configuration is preferred, it is recommended to plug a number of ferrites proportional to the "ground voltage". See Table A.1 for the recommended repartition of ferrites. For frequencies below 50 Hz, the internal supply of the pulser is enough to provide the maximum voltage in the four outputs. If higher frequencies are used, an external DC supply must be connected to the pulser #2 to sustain the voltage amplitude. Varying the voltage of the DC supply (from 0 to 220 V) allows controlling the amplitude of the nanosecond pulses (from 0 to 30 kV in a ++/ground configuration). The maximum repetition frequency is FREP = 100 kHz. If the load impedance does not match the pulser impedance, reflected pulses will be sent back to the pulser through the core of the coaxial cable. We note that at high frequencies, the pulser cannot be operated continuously for more than one minute if the load impedance is equal 0 Ω (short circuit), or more than three minutes if the load impedance is more the source is placed at the focal point of the optical system (discharge location in Figure A.5). Then the measured signal can be converted in absolute units using:

𝐼 𝑚𝑒𝑎𝑠 [W. st -1 .cm -2 .nm -1 ] = 𝑆(𝜆) × 𝐼 𝑚𝑒𝑎𝑠 [counts] Eq. A.2

The grating used for this calibration has 300 gr/mm and is blazed at 500 nm. In Figure A.7, the spectrometer sensibility function is shown from 250 nm to 1200 nm. To avoid second (or higher) order of diffraction, we used optical high-pass filters:

• 250 -430 nm: no filter

• 400 -800 nm: filter with a cut-off at 400 nm (Melles Griot 03 FCG 055)

• 800 -1250 nm: filter with a cut-off at 800 nm (43TAF20 0247 DTM) ) l (nm)

Integrating Sphere Tungsten Lamp -Sa. window Tungsten Lamp -Glass high-pass filter 400 nm high-pass filter 800 nm The spectrometer sensibility function does not depend on the calibration source. To check the calibration procedure, we plot in Figure A.8, the ratios of the tungsten lamps and the integrating sphere calibration coefficients. The coefficients agree within 10% in the 400-800 nm range. Below 350 nm, the signal of the calibration sources is too weak. In the infrared range, the signal of the integrating sphere is intense enough up to 950 nm but agrees within +20/-30% with the tungsten lamp mounted with a Sapphire window. In this work, if an absolute calibration is required, the integrating sphere will be used for the following reasons.

• The calibration of the integrating sphere is recent.

• The integrating sphere is equipped with a sensor indicating if steady-state radiance is reached (takes approximately one hour). The tungsten lamps are not equipped with such a device, and it is not possible to check the evolution of its characteristics or if the source was not damaged since last use.

• The integrating sphere is also more practical to place at the focal point of the optical system.

Thus, the source of errors due to misalignment is reduced.

However, the intensity of the integrating sphere is weaker by one order of magnitude compared to the tungsten lamps, and the procedure requires more integration time or on-CCD accumulations.

C.1.1 Electronic excitation to the N2(A) lumped state

In Figure C.2, we compare the electron impact excitation cross-sections to N2(A) measured and calculated by several references (Stanton and St. John, 1969;[START_REF] Cartwright | Electron impact excitation of the electronic states of N2. I. Differential cross sections at incident energies from 10 to 0 eV[END_REF][START_REF] Bacri | Electron diatomic molecule weighted total cross section calculation. III. Main inelastic processes for N2 and N2[END_REF]Trajmar, Register and Chutjian, 1983;[START_REF] Huo | Electron-Impact Excitation of N2[END_REF][START_REF] Campbell | Integral cross sections for electron impact excitation of electronic states of N 2[END_REF]Itikawa, 2006).

Most of these data are extracted from Figure 3 of [START_REF] Campbell | Integral cross sections for electron impact excitation of electronic states of N 2[END_REF] and served to build the recommended cross-section of Brunger et al. (Brunger, Buckman and Elford, 2005). According to Gillan et al., the peak in the excitation cross-section at 12 eV is "associated with the B 3 Πg threshold". This feature is also reproduced in the simulations of Huo and Dateo, taken from Figure 3 of [START_REF] Campbell | Integral cross sections for electron impact excitation of electronic states of N 2[END_REF], which justify why Brunger et al. did not discard it. In this case, the cross-section of Bacri and Medani is two to three-fold higher than the recommended cross-section of Itikawa, whereas that of Cartwright 

C.1.2 Electronic excitation of N2(B) lumped state

In Figure A.2, in a similar fashion than for N2(A), we compare the electron impact excitation crosssections of N2(B 3 Πg) measured or calculated by several works [START_REF] Cartwright | Electron impact excitation of the electronic states of N2. I. Differential cross sections at incident energies from 10 to 0 eV[END_REF][START_REF] Bacri | Electron diatomic molecule weighted total cross section calculation. III. Main inelastic processes for N2 and N2[END_REF]Trajmar, Register and Chutjian, 1983;[START_REF] Campbell | Integral cross sections for electron impact excitation of electronic states of N 2[END_REF]Itikawa, 2006). The crosssection of Bacri and Medani is close to the recommended cross-section by Itikawa, whereas that of Cartwright is below the others. Concerning the N2(B' 3 Σu -) and N2(W 3 Δu) states lumped in N2(B), the cross-sections calculated by Bacri and Medani are increasing too quickly compared to two others, but 

C.1.4 Electronic excitation to the N2(a') lumped state

The excitation cross-sections to N2(a' 1 Σu -, a 1 Πg) is provided in Figure C.8, whereas that to N2(w 1 Δu) is given in Figure C.9. Most of the measurements agree 1 on the cross-section of N2(w 1 Δu) and N2(a 1 Πg).

However, the cross-sections of Bacri and Medani are not in agreement with that of Itikawa.

The excitation cross-section to N2(a') is several times higher than that of N2(a) and N2(w), which justify why these states are lumped in N2(a'). ment between all the reported integral cross-sections" (Brunger, Buckman and Elford, 2005). 1 The interested reader can refer to the discussion in (Brunger, Buckman and Elford, 2005) and the Figure 4 of [START_REF] Campbell | Integral cross sections for electron impact excitation of electronic states of N 2[END_REF].

  formation et de la recombinaison d'un plasma complétement ionisé généré par une impulsion électrique de quelques nanosecondes. La formation du plasma se décompose en cinq étapes : (i) ionisation partielle de l'espace inter-électrode, (ii) formation d'un filament à la cathode, (iii) formation d'un filament à l'anode, (iv) propagation des filaments et (v) fusion des filaments. Ces derniers sont caractérisés par une émission intense de N + et d'un continuum des électrons. Nos mesures montrent que la densité d'électrons augmente de 10 17 à 10 19 cm -3 en moins de 0.5 ns. Cette augmentation abrupte est due à l'ionisation des états excités de N et O, comme le montre un mécanisme cinétique développé dans cette thèse. Le plasma complétement ionisé est à l'équilibre chimique et thermique. Après que l'ionisation complète est atteinte, la densité et la température des électrons décroissent en raison d'une expansion isentropique de la colonne de plasma. Les décharges Nanosecondes Répétitives Pulsées (NRP) sont ensuite utilisées en régime horséquilibre dans deux brûleurs afin de réaliser des études fondamentales et appliquées en combustion assistée par plasma. Dans le brûleur Mini-PAC, près des électrodes, la température du plasma augmente de 1500 K en raison d'une "lente" formation d'un filament. Les décharges NRP accélèrent la réactivité de la flamme comme le montrent l'augmentation de la densité des espèces excitées dans le plasma et l'enrichissement global de la flamme en OH. Dans le brûleur SICCA, les décharges NRP réduisent l'instabilité des flammes oscillantes (méthane, nheptane et dodécane) et étendent ainsi leur limite d'extinction pauvre.

  champ, l'air va « claquer » et un courant électrique va relier les deux électrodes. L'air sera ionisé, c'est-à-dire que certaines molécules seront positives (les ions) et entourées de charges négatives (les électrons), et deviendra un plasma. Habituellement, ces décharges sont si courtes que les électrons n'ont pas le temps de réchauffer les molécules. La chimie est dite « hors-équilibre ». Dans certains cas, assez d'électrons sont formés pour rétablir l'équilibre. La transition hors-équilibre / équilibre est le sujet de la première partie de cette thèse. Dans une deuxième partie, nous utilisons des décharges horséquilibre pour permettre à des flammes de brûler dans des conditions habituellement interdites. Nos mesures expliquent le mécanisme d'accélération de la combustion par l'augmentation de température des gaz et la génération d'espèces actives connues pour accélérer la combustion. v Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Finalement
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Figure 1 . 1

 11 Figure 1.1 Energy diagram of atomic nitrogen. The energy, configuration, term, and degeneracy of the five first levels are also given. In the case of spin separation, the degeneracy of each internal level is given (e.g. the degeneracy of N( 2 D 0 ) is equal to 6+4=10).

Figure 1 . 2

 12 Figure 1.2 Potential curves of N2(X, A, B, C) as a function of the radius between the two nuclei, calculated using the theory described in the work of Zare (Zare, 1964).

Figure 1 . 3

 13 Figure 1.3 Distribution of the rotational population in the OH(X, v=0) state at Trot = 1000 K, 2000 K, and 3000 K. The sum of the rotational states' population is equal to 1.

Figure 1 . 4

 14 Figure 1.4 Energy diagram (Gilmore, 1965; Radzig and Smirnov, 1985, p. 370) of N2, N2 -, and N2 +, including the vibrational structure of each electronic state.

Figure 1 . 5

 15 Figure 1.5 Number of collisions needed for a nitrogen molecule to equilibrate its translational and rotational temperatures. The theory of Parker (grey solid line) agrees with the data gathered by Capitelli et al. or Bran and Jonkman. The theory of Valentini et al. is shown for Ψ = 0 (blue solid line). A calculation is also shown for the nascent rotational distribution of N2(C) after electron impact, which corresponds to Ψ = 0.08 (green solid line).

  Figure 1.6 Variation of the rotational -translational relaxation time. The 𝒁 𝑹𝑻 of Figure 1.5 values are converted using Eq. 1.37. The theoretical calculations of Panesi et al. are also shown (red solid line).

Figure 1 . 7

 17 Figure 1.7 Comparison between RT relaxation time and effective lifetime at atmospheric pressure of (a) N2(B), and (b) N2(C) in air, in a stochiometric air-CH4 mixture, and in a stochiometric air-CO2-H2O mixture.

Figure 1 . 8

 18 Figure 1.8 Variation of the effective lifetime in air (red curves) and stoichiometric CH4/air mixtures (blue curve). The dashed lines are the calculations with the O2 quenching rate assumed constant 𝒌 = 𝟑. 𝟎 × 𝟏𝟎 𝟏𝟎 𝒄𝒎 -𝟑 𝒔 -𝟏 whereas the full solid lines take the T 0.3 variation into account.

Figure 1 . 9

 19 Figure 1.9 Comparison of three temperature measurement 1 techniques in preheated air from 300 to 1000 K. The temperature from Rayleigh scattering and the thermocouple are consistent. The temperatures obtained with the rotational structure of N2(C) agree with the other measurements with an offset of 50 K (inside the fitting error bar of 100 K).

Figure 1 .

 1 Figure 1.10 Fitted widths as a function of the corresponding shifts. The measurements correspond to the data obtained in

Figure 2 . 1

 21 Figure 2.1 Default electrical setup of this work: remote configuration. The core of the coaxial cables is represented in red and link the pulser to the plasma reactor. The impedance mismatch between the cables (75 Ω) and the plasma induces reflections going in the upstream direction.

Figure 2 . 2

 22 Figure 2.2 Typical energy measurement in a gap of 5 mm in a lean mixture of CH4-air (Φ = 0.8) using the remote configuration. The cumulated energy (blue) is the time integral of the product of the voltage (black) and current (red) signals. Dashed and dotted areas represent the incident and reflected pulses, respectively.

Figure 2 . 3

 23 Figure 2.3 Electrical setup with a coaxial cable removed: direct configuration. This configuration is usually not used in this work.

Figure 2 . 4

 24 Figure 2.4 Voltage (black solid line), current (red solid line), and energy (blue solid line) measured with the direct configuration, see Figure 2.3. The conditions are identical to the measurement of Figure 2.2, except for the location of the probe.

  Figure 2.5 Comparison of the measured voltage at the electrode, in grey, and the reconstructed voltage from the incident and reflected pulses, in blue. The incident and reflected pulses are shown in green and red, respectively. The reflected pulse was shifted by -33 ns for synchronization with the incident one.

Figure 2 . 6

 26 Figure 2.6 Comparison of the energy measurements when the probes are placed three meters away from the electrodes (black curve) or at the electrodes (red curve).

  Figure 2.7 Comparison of energy (top), current (middle), and voltage (bottom) with breakdown (solid) and without breakdown (dash).
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Figure 3 . 1

 31 Figure 3.1 Three non-equilibrium nanosecond discharges in the NRP-corona, NRP-glow, and NRP-spark regimes (Pai, Lacoste and Laux, 2008).

Figure 3 . 2

 32 Figure 3.2 Formation of a SDBD streamer by a nanosecond discharge (top). The increase of pressure induced the formation of filaments (bottom). Reproduced with permission from (Shcherbanev et al., 2019)

  Figure 3.3. It can be noted that lines of the cathode material (Fe) are present along with N + and O + lines on top of an intense continuum emission. Chapter 3 -The thermal spark in the literature Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Figure 3

 3 Figure 3.3 (left, picture) Image of the spark emission in air at 1.5 atm with impurities of CH4. (right, plot) Spectrum of cathode spots recorded in air at atmospheric pressure. (Shao et al., 2012)

Figure 3 . 4

 34 Figure 3.4 Comparison of the temperature measurements of (Rusterholtz et al., 2013) and the simulations of Popov with (solid line) and without (dotted line) inclusion of the N2* quenching by atomic oxygen. (Popov, 2016b).

Figure 3 . 5

 35 Figure 3.5 Fraction of electron power transferred into heat in dry air at 20 Torr and 1 atm according to the calculation in (Aleksandrov et al., 2010). Their results are compared to the mechanism developed in (Flitti and Pancheshnyi, 2009), green squares of curve 1, and (Popov, 2001), blue circles of curve 2. Reproduced from (Aleksandrov et al., 2010).

Figure 3 . 6

 36 Figure 3.6 Calculated density of main species and gas temperature in discharge in nitrogen at P = 6 bar, Tgas,0 = 300 K, (E/N)0 = 230 Td and ne,0 = 10 15 cm -3 . The dashed line is ne calculated without the N2 * ionization. Reproduced from (Shcherbanev et al., 2019).

Figure 3

 3 Figure3.6 shows the evolution of the dominant species calculated in[START_REF] Shcherbanev | Filamentary nanosecond surface dielectric barrier discharge. Plasma properties in the filaments[END_REF]. From t =

  Figure 4.1. The experiments presented in Chapters 4-6 are performed with nanosecond discharges initiated by single high-voltage pulses between pin tungsten electrodes. The radius of curvature of the electrodes is approximately 00 μm, and the inter-electrode distance is 0.9 or 2 mm. The discharges are initiated by a generator (FID FPG 30-100MC4K) producing pulses of 10-ns duration, amplitudes up to 30 kV and Pulse Repetition Frequencies (PRF) up to 100 kHz. For the experiments at various pressures presented in Section 4.2, a positive voltage pulse is sent to the anode and a negative voltage pulse to the cathode. For the experiments presented in Section 4.3, practical reasons dictated the use of only a negative pulse at the cathode and a grounded anode. A summary of these two experimental configurations is presented in Table 4.1. Low PRFs of 10 and 50 Hz are used to reproduce the conditions of single-pulse experiments. The electrical characteristics of the discharges are monitored by two high voltage probes (LeCroy PPE20kV) and two current probes (Pearson 6585) connected to an oscilloscope (Lecroy HDO 6104 or Lecroy Wavepro 7100A). The high-voltage generator and the camera are synchronized with a gate-and-delay generator (BNC Model 575). The electrodes are placed inside a sealed cell in order to control the pressure (50 -1000 mbar)

  Figure 4.2 presents typical voltage and current waveforms for a 5.5-kV high voltage pulse sent to a 2-mm interelectrode gap (setup #2 in Table 4.1). The cable length induces a delay of 20 ns between the electrical and the OES measurements. This delay was taken into account for the synchronization of the voltage and emission signals. The energy displayed at the top of Figure 4.2 is the integral over time of the product of voltage and current. In the case of breakdown (black solid curves), the generated pulse measured by the probes begins at t = -20 ns and carries approximately 3.5 mJ. About 1 mJ of this energy is reflected Chapter 4 -Experimental characterization of the thermal spark Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, Franceto the generator, as shown by the energy decay in Figure4.2 at t = 20 ns. Therefore, about 2.5 mJ are deposited in the plasma. Further reflections of the pulse between the electrodes and the generator do not change the energy deposited in the plasma by more than 10%. If a positive pulse and a negative pulse are sent to the anode and the cathode, respectively, the energy is measured in both cables and summed. The applied voltage at the cathode is the sum of the incident and reflected pulses and results in a maximum voltage of Umax = -10 kV. We also confirmed that there are no significant losses in the electrical circuit if breakdown does not occur. The gray dashed curve in Figure4.2 presents the waveforms for the case when breakdown is prevented by increasing the pressure to 4 atm. In this case, the incident energy (3.5 mJ) is sent to the electrode (t = -20 ns) and is completely reflected to the pulser (t = 20 ns). The estimated relative error on the deposited energy is 20%(Pannier, 2019, Appendix D). Finally, in Figure4.2, it should be noted that the 1-kV at t ≈ 0 ns is due to a peculiarity of the pulser.

Figure 4 . 1

 41 Figure 4.1 Experimental setup for the cathode-anode configuration. In the cathode-ground configuration, only the red coaxial cable is used, and the other electrode is grounded.

  Figure 4.2 Voltage, current and energy waveforms for the cathode-ground configuration in air in a 2-mm gap (setup #2). A thermal spark is obtained at atmospheric pressure (solid black lines). At 4 atm, the breakdown is prevented (dashed gray lines). Note that this figure is reproduced from Figure 2 of (Minesi, Stepanyan, et al., 2020) where the "No Spark" and "Spark" currents were erroneously swapped.

Figure 4 . 3

 43 Figure 4.3 Photographs of single ns-discharges in real colors (Canon 5D Mrk II) at 50 mbar, 80 mbar and 1 bar. The electrode contours are represented by the white lines. In this case only, the distance between the electrodes (top: cathode, bottom: anode) is 1 mm. The intensity scale is adjusted in each picture. Cathode spots are visible at 50 mbar and 80 mbar. An anode spot is visible at 50 mbar.

Figure 4 . 4

 44 Figure 4.4 Phase-locked evolution of the total recorded intensity in a logarithmic scale of a nanosecond discharge (setup #1, inter-electrode gap of 0.9 mm) at 58, 240, 600, and 1000 mbar. The distance is shown on all pictures in mm units and the position of the electrodes is represented by white lines. The time step is 1 ns with camera gates of 0.48 ns (for example, the measurement at 4.25 ns is recorded from 4 to 4.5 ns). The cathode and the anode are respectively marked byand + signs in the top left corner. These images are all single-shot and are not Abel-inverted.

Figure 4 . 5

 45 Figure 4.5 Propagation speed of the filaments from 400 mbar to 1 bar. At the anode, the speed is relatively constant ≈ 0 μm•ns -1 . The speed of propagation of the cathode filament is of the same order of magnitude, with a peak at 5×10 4 m•s -1 = 50 μm•ns -1 .

Figure 4 . 6

 46 Figure 4.6 Measured emission spectra (middle of the gap) integrated from t = 0 to 10 ns at several pressures. The interelectrode gap is 0.9 mm (setup #1). For the sake of clarity, only six spectra are displayed.

Figure 4 . 7

 47 Figure 4.7 Deposited energy as a function of pressure for a gap of 0.9 mm between the electrodes (setup #1). The ranges dominated by the emission of N2 or N + are shown by the arrows.

Figure 4 . 8 Figure 4 . 9

 4849 Figure 4.8 Phase-locked images with gates of 0.48 ns of a single nanosecond discharge applied across a 2-mm gap (setup #2). The images are single shot and are not Abel-inverted. The cathode is at the bottom.

Figure 4 .Figure 4 .

 44 Figure 4.10 Temporal evolution of the measured electron number density at various positions along the 2-mm interelectrode gap (setup # ), determined from the Stark width of N+ lines (colored stars) and Hα (black crosses). The distance from the cathode is shown in mm. The nanosecond pulses are represented by the dashed areas.

Figure 4 .Figure 4 .

 44 Figure 4.12 Spatially averaged emission of the Hα line in black recorded at (a) t = 60 ns and (b) t = 1000 ns. The instrumental broadening lineshape is displayed in blue and the fit including Stark broadening in red. The line at t = 1000 ns corresponds to the narrowest Hα line measured in this work (Stark FWHM of 0.81 nm).

Figure 4 .

 4 Figure 4.14 shows our measurements of ne versus Te, fitted by 𝑇 𝑒 = 𝑎(𝑛 𝑒 ) 𝑏 . The fit gives γ = 1.2 ,

Figure 4 .

 4 Figure 4.14 Te versus ne from 8 to 100 ns in a logarithm scale. Spatially averaged values are displayed. The measurements are fitted by a law in 𝑻 𝒆 = 𝒂 × 𝒏 𝒆 𝟎.𝟐𝟒 which corresponds to 𝜸 = 𝟏. 𝟐𝟒 ± 𝟎. 𝟎𝟏 in Eq. 4.1.

  Figure 4.15. Therefore, recirculation does not affect the decay of ne shown in Figure 4.13.

Figure 4 .

 4 Figure 4.15 Phase-locked OH-PLIF images obtained at different moments in the afterglow of a single nanosecond spark initiated in ambient humid air. Reproduced from (Stepanyan et al., 2019).

Figure 4 .

 4 Figure 4.13 confirms that electrons recombine faster when the initial discharge radius is smaller. For a more quantitative comparison, one would have to consider other parameters, such as the energy per unit volume, and the effect of a spherical expansion (in short gaps) compared to cylindrical one (in long gaps).

  became dominant after 15 ns. The comparison of Te and ne measured by Albrecht et al. and in this work is shown in Figure 4.16. The electron number density measurements agree remarkably, within better than a factor of 1.5. The temperatures profiles are also comparable, albeit about 30%. It is difficult to determine the reason for this difference (potentially due to an overlap of O + and N + lines, or to inaccurate Einstein coefficients) because Albrecht et al. do not give the details of their measurements and analysis.

Figure 4 .

 4 Figure 4.16 Comparison between the measurements of (Albrecht et al., 1977), full lines, and this work, triangles. The data of this work corresponds to the measurements presented in Figure 4.13 and Figure 4.11.

  O2 e ↔ O + + O + 2e Te Te BOLSIG+ (Itikawa, 2009) (R25) NO e ↔ NO + + 2e Te Te BOLSIG+ (Itikawa, 2016) (R26) NO e ↔ N O + + 2e Te Te BOLSIG+ (Itikawa, 2016) (R27) NO e ↔ O N + + 2e

  N2(B) + O ↔ NO + N( 2 D) Tg 3.00 10 -10 0.0 0 (Shkurenkov et al., 2014) (R93) N2(C) + N2 ↔ N2(B) + N2 Tg 1.00 10 -11 0.0 0 (Kossyi et al., 1992) (R94) N2(C)+O2 ↔ N2(X)+O+O* Tg 1.73 10 -11 0.3 0 (Rusterholtz et al., 2013) (R95) N2(C) + O ↔ NO + N( 2 D) Tg 3.00 10 -10 0.0 0 (Shkurenkov et al.,

  Figure 5.1 Equilibrium composition of synthetic air as a function of the temperature in a constant volume process. Comparison of N2, N, and N + mole fractions according to the CEA (solid line), the data in Sher et al. (dashed line), and this work (squares).

Figure 5 . 3

 53 Figure 5.2 Equilibrium composition of synthetic air as a function of temperature in a constant volume process. Comparison of O2, NO, O, and O + mole fractions according to the CEA (solid line), the data in Sher et al. (dashed line), and this work (squares).

  Figure 5.5 Equilibrium ionization of synthetic air N2 : O2 (0.79 : 0.21) as a function of temperature for isochoric and isobaric processes. Our data (squares) are compared to the CEA (solid line), the data of Sher et al. (dashed line), and the values reported by Dresvin (dotted line).

Figure 5 . 6

 56 Figure 5.6 Comparison of the steady-state ne obtained by Laux et al. (in black) and with the present kinetic mechanism. The steady-state electron number density is shown for a gas mixture initialized with the equilibrium composition at Tgas = Te = 2000 K (in blue), and at Tgas = 2000 K and Te = 18,000 K (in red).
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 57 Figure 5.7 Influence of Tgas on the S-curve. The gas temperature is given next to each curve with the corresponding color (e.g. the calculation at Tgas = 500 K are performed in red).

  Figure 5.8 Steady-state number density of positive ions compared to the electron number density. The gas temperature is equal to 300 K (left, a) and 3000 K (right, b).

Figure

  Figure 5.7.

Figure 6 . 1

 61 Figure 6.1 Diminution of the reduced field (dashed grey line) due to the dissociation of molecules. The number density of major species (solid lines) is also given.

Figure 6 . 2

 62 Figure 6.2 Detailed evolution of the number density of nitrogen species during a 10-ns pulse of 6 kV/mm.

Figure 6 . 4

 64 Figure 6.4 Comparison of the gas temperature increase (in grey) with the electron temperature (in red). The evolution of Te is also calculated assuming Tgas = 300 K (in cyan).

Figure 6 . 5

 65 Figure 6.5 Comparison of the temperature increase with the ion-electron thermalization time (in blue). The electronneutral thermalization time is provided for reference (dashed green).

Figure 6 . 7

 67 Figure 6.6 Net ionization rates of dominant processes (backward rates subtracted). The net ionization rates of the two metastable states of N at 2.38 and 3.57 eV (in red) are added together. The next 5 levels are combined into two groups: Ei = 10.33, 10.68, 10.92 eV (in blue) and Ei = 11.60, 11.75 eV (in green). The net ionization rates of all N2 and O electronic levels are also combined in two groups (in purple and cyan, respectively).

  Figure 6.8 Cumulated production of electrons for the main ionization pathways. The cumulative values are integrated in the range 0 -8.5 ns.

Figure 6 . 9 Figure 6 .

 696 Figure 6.9 Ionization (full lines) and dissociation (dashed lines) cross-sections of N2(X), N2(A), N2(B), N2(C), and N2(a') by electron impact (Bacri and Medani, 1982).

  Figure 6.11 Deviation (δ) of the EEDF from a Maxwellian EEDF of the same mean energy. The ionization cross-sections of N( 4 S), N( 2 D) and N( 2 P) , taken from (Wang, Zatsarinny and Bartschat, 2014), are also shown for reference.

Figure 6 .

 6 Figure 6.12 Comparison of the temperatures evolution if: (solid lines) a field of 6 kV/mm corresponding to E/N0 = 240 Td or (dashed lines) Te is set to 34,900 K at t = 8 ns.

Figure 6 .

 6 Figure 6.13 Comparison of the electron number density increase in the conditions of Figure 6.12.

Figure 6 .

 6 Figure 6.14 Evolution of the electron number density under a 10-ns pulse of 200 Td. The initial pressure is indicated next to each curve. The dashed grey line at 10 16 cm -3 shows the beginning of the fast ionization phase.

Figure 6 .

 6 Figure 6.15 Maximal (final) electron number density for a 10-ns pulse under a constant reduced field. Initial condition is air at 300 K and ne0 = 10 6 cm -3 . Full ionization is reached in the red zone.

Figure 6 .

 6 Figure 6.17 Fit of the N + and O + emission near the cathode at t = 9.75 ns. The continuum emission is approximated by a linear function (in blue) and the N + and O + emission is calculated by Specair (in red). The fit gives ne = 2.0×10 19 cm -3 , nN+ = 3.6×10 18 cm -3 , nO+ = 1.2×10 17 cm -3 , and Te = 35,000 K (accuracy discussed in the text).

Figure 6 .

 6 Figure 6.18 Influence of the temperature on the N + number density. Three spectra are calculated using Specair at 35,000 K ± 10%, accounting for the slight self-absorption in a 40-µm plasma column.

Figure 6 .

 6 Figure 6.19 Evolution of the electron number density near the cathode measured with Stark broadening of Hα (red circles), Stark broadening of N + (blue squares), intensity of N + lines (green triangles), and continuum radiation (purple triangles). We assumed an optically thin plasma for continuum radiation (uncertainty propagated in the error bars).

Figure 6 .

 6 Figure 6.20 Discharge diameter estimation from the continuum and atomic line radiations.

Figure 6 .

 6 Figure 6.21 Applied voltage (across a 1.2-mm gap) reconstructed from the difference of incident and reflected voltage (grey line) and reduced field in the simulation (red line).

Figure 6 .

 6 Figure 6.22 Comparison of the electron number density obtained by simulation (red solid line) with that measured by Stark broadening and continuum emission. If the simulation is run without the ionization of O and N excited states (grey solid line), full ionization is not reached.

  nosecond spark. Experimentally, the electron number density near the cathode is measured with four methods: 1. Stark broadening of N + 2. Stark broadening of Hα 3. Continuum emission from free-free and free-bound radiation 4. Line emission of N + and O +

Figure 7 . 1 (

 71 Figure 7.1 Simplified combustion mechanism of CH4 at high temperature based on (Wang, 2015), the GRI-Mech 3.0 (Smith et al., 2000), and the PAC mechanism of (Sun et al., 2013). The O radicals are colored in blue and the stable reactants and products (CH4, H2O, O2, CO2) in green.

Figure 7 . 2

 72 Figure 7.2 Illustration of the LBO reduction by CH* imaging (Barbosa et al., 2015). The bright filament visible in the photos is the anode heated by burnt gases.

Figure 8 . 1

 81 Figure 8.1 Schematic of the Mini-PAC burner and electrode configuration, reproduced from (Perrin-Terrin, 2020)

Figure 8 . 2

 82 Figure 8.2 Operating conditions of the mini-PAC burner (no NRP discharge applied). The "PASTEC flame" is represented by a black triangle and lies in the "Weak Flame" zone if no NRP discharges are applied. Pictures of the flame are inserted in the top left (stable) and bottom right (weak) corners. The filled areas represent the measurement uncertainty.

Figure 8 . 3

 83 Figure 8.3 Experimental setup, including the OES, electrical measurements, and the LIF setup.

  Images of the PASTEC flame with and without plasma assistance are shown in Figure 8.4. The first objective of our study is to investigate the transition from the PASTEC flame, burning in the vicinity of the bluff-body, to the PASTEC flame stabilized by NRP discharge. In other words, we aim to understand the transition from left to right in Figure 8.4.

Figure 8 . 4

 84 Figure 8.4 Pictures of the non-assisted (left) and plasma-assisted (right) PASTEC flame using a digital camera (Hasselblad H3DII-31) with an obturation time of 1/20 s (Cécile Oriot, CentraleSupélec). For the plasma-assisted flame, the CCD is overexposed in the plasma region.

  5 and Figure 8.6, the origin of the z-axis is the tip of the bluff-body electrode. During the experiments, a rectangular mask hides the emission of the discharge to prevent camera saturation. The horizontal electrode is visible on the left at (r < 5 mm, z = 5 mm). The emission is Abel-inverted to provide the radial distribution of OH* and CH* emission.

Figure 8 .

 8 Figure 8.5 OH* chemiluminescence of the PASTEC flame (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ). The time displayed above the images is the delay with respect to the first discharge. The images are Abel-inverted and the emission of the discharge is hidden behind a mask. The electrode on the left at z = 5 mm is visible.

Figure 8 .

 8 Figure 8.6 CH* chemiluminescence of the PASTEC flame (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ). The time displayed above the results is the delay with respect to the first discharge. The images are Abel inverted.

Figure 8 .

 8 Figure 8.7 LIF setup used in this work. The lens is either plano-convex (for LIF experiments) or cylindrical (for PLIF experiments). The energy of the laser beam is continuously monitored during the operations.

Figure 8 . 8

 88 Figure 8.8 Synchronization scheme. The pulser #4 (which operates at 20 kHz) is synchronized with the LIF diagnostic performed at the 10-Hz laser frequency.

Figure 8 .

 8 Figure 8.10 Saturation curve of the LIF signal in the PASTEC non-assisted flame (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ). The error bars of the LIF signal are mostly due to turbulence.

Figure 8 .

 8 Figure 8.11 Single-shot OH-PLIF images obtained in the PASTEC flame (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ) (same color scale in all images). (top) Four single-shot measurements without NRP discharges. (bottom) Four single-shot measurements with 2-mJ NRP discharges applied at 20 kHz.

Figure 8 .

 8 Figure 8.12 Picture of the Mini-PAC burner taken with the ICCD camera (black and white) with a non-saturated LIF signal superimposed (false colors).

Figure 8 .

 8 Figure 8.13 LIF signal along the bluff-body under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ). The data are acquired before the application of the NRP discharges (black dots) and when the NRP discharges are applied at steady state (red dots). Each set comprises 100 shots.

Figure 8 .Figure 8 .

 88 Figure 8.15 shows the pulse-to-pulse evolution of the relative OH LIF signal. These measurements are averaged 100 times. For clarity, the standard deviation of the LIF signal (similar to that of the data in Figure 8.14) is not shown in Figure 8.15. During the first pulses, OH is produced by the discharges around r = 0 mm. At the bluff-body boundaries (r = ± 5 mm), the OH number density increases after pulse #16. This increase can have two origins. Either the OH molecules produced in the discharge region are transported to the bluff-body borders, or they are chemically produced, for instance due a temperature increase. The measurements are stopped after pulse #285 (= 14.25 ms) when the LIF signal reaches steady state.

Figure 8 .

 8 Figure 8.15 shows that the flame width increases between pulse #16 and #285. The flame boundary is arbitrarily chosen to be marked at 40 a.u. in the scale of Figure 8.15 (corresponding to 40% of the maximal OH density in the non-assisted flame). The increase of OH number density at the flame border being very steep, the value of the threshold does not significantly influence the flame width variations reported in Figure 8.16. The flame width is constant up to t = 1.2 ms and then increases by 0.4 mm. The steady-state flame width is reached at t = 4 ms.

Figure 8 .

 8 Figure 8.17 Relative variation of the OH rotational population at Trot = 3000 K relative to Trot = 2000 K. The population of the J = 3 state decreases by 30% when the temperature increases, whereas the population of J = 9 remains constant.

Figure 8 .

 8 Figure 8.18 Comparison of the temperature-corrected OH-LIF signal (squares) with LES simulations (solid lines) of OH number density obtained in Bechane's numerical simulations (Bechane, 2021) after the 1 st , 2 nd , 3 rd , and 10 th pulses.

Figure 8 .

 8 Figure 8.19 Comparison of the temperature-corrected OH-LIF signal (squares) with LES simulations (solid lines) of OH number density obtained in Bechane's simulation (Bechane, 2021) after the 10 th , 15 th , and 20 th pulses.

Figure 8 .

 8 Figure 8.20 Voltage (black) and current (red) measured a) at the electrode or b) in the middle of a 6-m cable connecting the generator and the electrodes. The energy deposited in plasma is obtained by integrating the product of the voltage and the current (the light blue swath indicates the standard deviation). The dashed grey line represents the current peak at t = 11 ns used for OES synchronization. PASTEC conditions: Φ = 0.8, f = 20 kHz, Epulse = 2 mJ.

Figure 8 .

 8 Figure 8.21 Collection area compared to the typical emission of the nanosecond discharge under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ).

Figure 8 .Figure 8 .

 88 Figure 8.23 Identification of the OH spectrum at t = 12 ns in the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ) with Specair simulations. The experimental and simulated spectra are normalized at 316 nm. The experimental spectrum is spatially averaged and not calibrated. The inclusion of the OH(A-X) emission (in red) provides a better agreement than the simulation N2(C-B) emission only (in blue).

  Figure 8.25 Calibrated spectrum (in grey) compared with a simulated spectrum (in red) composed of N2, CN, and N2 + . The experimental spectrum is spatially averaged and measured at t = 16 ns under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ). The Specair spectra are simulated with Tvib = 4500 K and Trot = 3700 K.

Figure 8 .

 8 Figure 8.26 Non-calibrated emission spectrum recorded between 550 and 850 nm at t = 16 ns under the PASTEC conditions(Φ = 0.8, f = 20 kHz, Epulse = 2 mJ). The emission is spatially averaged along the interelectrode gap.

Figure 8 .Figure 8 .

 88 Figure 8.27 presents a typical fit of the Hα emission by a convolution of:

Figure 8 . 28

 828 Figure 8.28 Map of the electron number density distribution at t = 2, 5, 10, and 12 ns under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ).

  Figure 8.29 Evolution of the electron number density at z = 0.25, 0.75, 2.25, 4.25, and 4.75 mm under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ). The energy deposited by the pulses is given above the brackets. The result of the two-Lorentzian fits are provided for z = 0.25 mm in Figure 8.33.

Figure 8 .

 8 Figure 8.30 Near-cathode emission (z = 4.75 mm) at t = 8, 10, and 12 ns recorded with a 1200-gr/mm grating under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ).

Figure 8 .

 8 Figure 8.31 Fitting of the Hα line at z = 0.25 mm and t = 15 ns under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ) with two (top) or one Lorentzian (bottom). A 19% reduction of the residual is obtained with the two-Lorentzian fit.

Figure 8 .Figure 8 .

 88 Figure 8.32 Phase-locked single-shot images of the filament formation (the cathode is at the bottom). The total emission is acquired with 2-ns gates under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ).

Figure 8 .

 8 Figure 8.34 Sensitivity of the N2(C-B) (0-0) spectrum to the rotational temperature. The measurement performed under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ), z = 4.75 mm, and t = 10 ns, is shown in grey. The best fit, shown in blue, is obtained at Trot = 2100 K.

Figure 8 .

 8 Figure 8.36 Evolution of the rotational temperature along the interelectrode gap. Another temperature measurement is performed at t = 70 -80 ns with the 2 nd pulse. PASTEC conditions: Φ = 0.8, f = 20 kHz, Epulse = 2 mJ.

Figure 8 .

 8 Figure 8.37 Evolution of the gas temperature with time at the cathode (purple), in the middle of the gap (blue), and at the anode (grey). The adiabatic flame temperature at Φ = 0.8 (1979 K) is given for comparison (dashed line). PASTEC conditions: Φ = 0.8, f = 20 kHz, Epulse = 2 mJ.

Figure 8 .

 8 Figure 8.38 (left) Schlieren experiment taken from Figure 5 in (Dumitrache et al., 2019), Π = 5, t = 32 µs after the spark discharge. (right) OH LIF taken from Figure 6 in (Stepanyan et al., 2019), Π = 19, t = 150 µs after the spark discharge.

Figure 8 .

 8 Figure 8.38, the experiments are performed tens of microseconds after a nanosecond discharge initiated in air 1 with Π = 2 (left, in Figure 8.38) and Π = 19 (right, in Figure 8.38).

Figure 8 .

 8 Figure 8.39 Experimental spectrum of N2(C) (in grey) measured near the anode (z = 4.75 mm), at t = 8 ns under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ) without optical filter. The spectrum is fitted with a Specair simulation (in red). Vibrational numbers of the upper and lower states are given in brackets.

  Figure 8.41 Distribution of N2(C) density along the interelectrode gap at t = 0, 2, 4, 6, 8, 12 ns under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ). The streamer propagation is shown by a black arrow.

Figure 8 .

 8 Figure 8.43 Near-cathode emission (z = 0.25 mm) at t = 16 ns under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ). The N2(B) spectrum is not visible due to the intense atomic and continuum emission.

  Figure 8.45 Distribution of the N2 + (B) number density along the interelectrode gap under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ).

Figure

  Figure 8.46.

Figure 8 .

 8 Figure 8.47 N2(B) emission at t = 25 ns and in the middle of the interelectrode gap under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ). The synthetic spectrum is generated with Specair at Trot = 3500 K and Tvib = 7500 K. No experimental data are acquired in the range 640 -660 nm range to avoid CCD saturation by the Hα line.

  Figure 8.48 (bottom) Spectra of Figure 8.47. A continuum emission (assumed linear) is subtracted from the data and a non-equilibrium vibrational distribution is assumed in the calculation. (top) Deviation of the vibrational populations compared to a Boltzmann distribution at 7500 K.

Figure 8 .

 8 Figure 8.49 Comparison of the number density measurements in the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ) obtained after two calibrated OES experiments.

  Figure 8.50 Evolution of the N2(B), N2(C), OH(A), NH(A), N2 + (B), and CN(B) number densities under the PASTEC conditions (Φ = 0.8, f = 20 kHz, Epulse = 2 mJ). The results are displayed at three locations: near the anode at z = 4.75 mm (top), in the center of the interelectrode gap at z = 2.75 mm (middle), and near the cathode at z = 0.25 mm (bottom). For comparison, we also include the evolution of the electron number density in cyan.

Figure 9 .

 9 Figure 9.1 SICCA facility with an electrode mounted in the quartz tube. A grey circle represents the Field of View (FoV) of the spectral analysis. An Abel inverted image (see Figure 9.6) obtained at an equivalence ratio Φ = 0.63 is shown in the background. The discharge dimension is to scale with the flame image.

Figure 9 . 2

 92 Figure 9.2 Single-shot images of the discharges (false colors). The position of the discharge, between the electrode (anode) and the combustor backplane (grounded), varies due to the turbulent flow in the ORZ.

Figure 9 . 3

 93 Figure 9.3 Voltage (in black) and current (in red) of a nanosecond discharge measured in a dodecane flame. The energy (in blue) is the integral of the current and voltage product. The light blue swath indicates the standard deviation.

Figure 9 . 4

 94 Figure 9.4 Typical emission spectra recorded in a dodecane flame assisted by NRP discharges. In the four regimes (corresponding to ϕ = 0.87, 0.65, 0.60, and 0.53), the emissions of N2(C), CH, CN, OH, O, H, and N are visible.

Figure 9 . 5

 95 Figure 9.5 Emission spectrum of the flame without NRP assistance.

Figure 9 . 6

 96 Figure 9.6 Abel inversed chemiluminescence images of CH* acquired using a high-speed camera. From left to right, the air flow is increasing starting at nominal condition of Table 9.1. The first line shows the blow out sequence for a methane flame without NRP assistance. The second line is that for a heptane flame without NRP assistance down to Φ = 0.57, and with NRP assistance for leaner points. In the latter case, a darker band at the bottom of the combustor is added to mask the luminosity of the discharges. The central line is an artifact of the Abel inversion.

Figure 9 . 7

 97 Figure 9.7 Phase averaged images of the flame oscillation cycle with heptane at Φ ≈ 0.57. The images are Abel inversed.

Figure 9 . 8

 98 Figure 9.8 Probability of extinction (histogram, left axis) and frequency of oscillation (dots, right axis) with equivalence ratio. Experiments with and without plasma assistance are shown in red and black, respectively. This approach allows for a clear identification of the limits and frequency of the flame oscillations as a function of Φ.

Figure 9 .

 9 Figure 9.8 also shows for each fuel the flame oscillation frequency, fosc, as a function of Φ. For each experiment, a frequency spectrum of the OH PM signal is computed, and the dominant frequency of oscillation is reported in Figure 9.8. The periodogram is computed using short-time Fourier transform

Figure 9 . 9

 99 Figure 9.9 Reduction of the equivalence ratio, ΔΦ, at the start of the oscillations (in blue), and at the LBO (in red) by NRP discharges. Higher values indicate a stronger, more positive, effect of the plasma assistance. Uncertainty intervals are estimated from the repeatability of the mass flow controllers.

Figure 9 .

 9 Figure 9.10 LBO of the SICCA burner in heptane for several electrode locations

Figure 9 .

 9 Figure 9.11 Principle of the NRP discharges in burst mode. The discharges are applied at 20 kHz during the ON period, which is repeated with a defined duty-cycle.

  Figure 9.12 LBO limit of a liquid heptane flame at varying NRP duty-cycles. For comparison, the red circles correspond to the non-assisted flame (0% duty-cycle), while the blue triangles show the results obtained when the NRP discharges are consistently ON (100% duty-cycle).
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Figure A. 2

 2 Figure A.2 Electrical configuration for a ++/ground output. For a negative output, the scheme is identical, exchanging the negative and positive primary channels. Maximal potentials in the connection are showed.

  Figure A.3 (Left) Picture of the four output-cables of pulser #2. (Right) Ferrite temperature measured by a thermal camera. The maximal temperature reaches 121 °C after running the pulser in a configuration +/-at 30 kHz for 15 minutes.

Figure A. 7

 7 Figure A.7 Coefficient of absolute calibration for different calibration sources.

Figure A. 8

 8 Figure A.8 Ratio of the spectrometer sensitivity function of the tungsten lamps and the integrating sphere.

  Figure C.2 Electronic excitation cross-section of N2(X) to N2(A). The uncertainty on the Itikawa cross-section is of ± 40%for ε < 15 eV and ± 35% for 15 eV ≤ ε ≤ 50 eV(Brunger, Buckman and Elford, 2005).

  Figure C.4 Electronic excitation cross-section of N2(X) to N2(B' 3 Σu -). The Itikawa cross-section's uncertainty is ± 40% (Brunger, Buckman and Elford, 2005).

  For excitation to N2(a'), Figure C.8, the cross-section of Bacri and Medani is closer to Itikawa than Cartwright et al. Brunger et al. report "a very good level of agree-

  

  

temperatures: Trot, Tvib and Telec

  

			1 2 𝑘 𝑏 . The heat capacity of a monoatomic
	gas is therefore	3 2 𝑘 𝑏 . Rotation is activated above a few K and counts as 2× 1 2 𝑘 𝑏 . The heat capacity of a
	diatomic gas is therefore	5 2 𝑘 𝑏 for temperatures below about 2000 K. Above this threshold, vibration is acti-
	vated, and the heat capacity of the gas is equal to	7 2 𝑘 𝑏 .
	1.1.7	Measurements of plasma 𝑛 𝑖 𝑁 𝑍 𝑛 𝑒,𝑣,𝐽 𝑔 𝑖 exp (-= 𝑁 𝑔 𝑒 (2J+1) exp (-𝜀 𝑒 + 𝜀 𝑣𝑖𝑏 (𝑣) + 𝜀 𝑟𝑜𝑡 (𝐽) 𝜀 𝑖 ) 𝑘 𝑏 𝑇 𝑒𝑙𝑒𝑐 ) 𝑘 𝑏 𝑇 = 𝑍 𝑒𝑙𝑒𝑐 𝑍 𝑣𝑖𝑏 𝑍 𝑟𝑜𝑡

For atoms, the population of any internal energy state i is given by the Boltzmann distribution relation: 𝑒𝑙𝑒𝑐

Eq. 1.31

For diatomic molecules, assuming 𝑇 = 𝑇 𝑒𝑙 = 𝑇 𝑣𝑖𝑏 = 𝑇 𝑟𝑜𝑡 , the population distribution is given by Eq. 1.32 assuming 𝑇 = 𝑇 𝑒𝑙 = 𝑇 𝑣𝑖𝑏 = 𝑇 𝑟𝑜𝑡 .

Table 1 .1 Principal lines of N + (NII) from the NIST database (Kramida et al., 2018). The typical spacing between these intense lines is below 1 nm. Other lines between 499.4360 and 502.5659 nm are listed in the NIST database but are weaker.

 1 

	λ (nm)	A (s -1 )	El (eV)	Eu (eV)	Configuration, Term
	499.4360	2.62e+07	25.497873	27.979665	2s2p 2 (4P)3p 5 P 0
	500.1474	1.04e+08	20.653591	23.131853	2s 2 2p3d 3F°
	500.2703	8.33e+06	18.462312	20.939965	2s 2 2p3p 3S
	500.5150	1.14e+08	20.665517	23.141959	2s 2 2p3d 3F°
	500.7328	7.43e+07	20.939965	23.415329	2s 2 2p3d 3P°
	501.0621	2.10e+07	18.466227	20.939965	2s 2 2p3p 3S
	501.6381	1.59e+07	20.653591	23.124489	2s 2 2p3d 3F°
	502.5659	1.04e+07	20.665517	23.131853	2s 2 2p3d 3F°
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2 Measurements of the plasma translational temperat ure:

  

  France in a recombining plasma at the exit of a 15-cm long recombination tube(Tibère-inglesse, 2019, chap. 4). In this specific case, 𝜏 𝑒𝑓𝑓 ≈ 2 ns was below 𝜏 𝑅𝑇 ≈ 3 ns (Parker model).Eq. 1.39 gives the net rate of formation of the radiating molecule, where 𝑁 𝑟𝑎𝑑 is the density of the radiating molecule, 𝑁 𝑖 the density of the colliders, 𝐾 𝑖 the source terms of 𝑁 𝑟𝑎𝑑 , 𝐴 𝑖 the total 1 Einstein coefficient of 𝑁 𝑟𝑎𝑑 (inverse of the lifetime in vacuum) and, 𝑘 𝑄𝑖 the quenching rate of 𝑁 𝑟𝑎𝑑 .

	𝑑 𝑑𝑡	𝑁 𝑟𝑎𝑑 = ∑𝐾 𝑖 -𝐴 𝑖 𝑁 𝑟𝑎𝑑 -∑𝑘 𝑄𝑖 𝑁 𝑖 𝑁 𝑟𝑎𝑑	Eq. 1.39
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  France N2(C) quenching by H2O is twice higher than the rate coefficient measured by Albugues et al. and Pancheshnyi et al. According to Morozov et al., the difference is due to the uncertainty on the H2O concentration in the experiments of Albugues et al. and Pancheshnyi et al. The quenching rate coefficient of N2(C) by N2 is reported in the work of Dilecce et al. (Dilecce, Ambrico and De Benedictis, 2007). Valk et al. (Valk et al., 2010) averaged the quenching rate coefficients of N2(C) by N2 from 17 references, including their own measurements. They found a value identical to that of Dilecce et al. The quenching rate coefficient of N2(C) by O2 measured by Valk et al. coincides with the average values of other references. It was shown

1.2 -Measurements of the plasma translational temperature: Ttrans Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin,

  Table 1.2).

	Chapter 1 -Optical Emission Spectroscopy, Line-Broadening diagnostics, and Laser-
	Induced Fluorescence
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  is taken from other numerical investigations. The rate of N2(B) quenching by N2 used by Kossyi et al. is higher, 5.0×10 -11 cm 3 .s -1 , than the other values reported in Table 1.2. The quenching rate coefficient of N2(B) by N2 and O2 was measured in

Table 1 .2 Collisional quenching rate coefficients of N2(B) and N2(C), at 300 K if not specified. Values reported in (Valk et al., 2010) are averaged on several references, removing outliers. The bold values are used later in the calculations of the effective lifetime. When they are differentiated in the references, only the value of N2(C, v=0) band is reported.

 1 

	• Stoichiometric methane-air flame after complete combustion: N2 (71.5%) / H2O (19%) / CO2 (9.5%)
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Table 1 .3 Comparison of the rotational-translational relaxation time and the effective lifetime of N2(B) and N2(C). The quenching rates are assumed to be constant with temperature, except the quenching of N2(C) by O2, which varies with T 0.3 . The rotational-translational relaxation time is taken from (Valentini et al., 2014).

 1 

	Gas mixture		N2(B)		N2(C)	
	(1 atm)	𝜏 𝑟𝑎𝑑	𝜏 𝑞𝑢𝑒𝑛 𝜏 𝑒𝑓𝑓	𝜏 𝑟𝑎𝑑	𝜏 𝑞𝑢𝑒𝑛 𝜏 𝑒𝑓𝑓	𝜏 𝑅𝑇
	Air 300 K	4 -8 𝜇𝑠 0.6 ns 0.6 ns	39.3 ns 0.6 ns 0.6 ns 0.5 ns
	Air 3000 K	4 -8 𝜇𝑠 6.2 ns 6.2 ns	39.3 ns 3.1 ns 2.8 ns 3.5 ns
	CH4 / O2 / N2 2000 K -ϕ = 1	4 -8 𝜇𝑠 3.1 ns 3.1 ns	39.3 ns 1.7 ns 1.6 ns 2.6 ns
	CO2 / H2O / N2 2000 K -ϕ = 1	4 -8 𝜇𝑠 2.3 ns 2.3 ns	39.3 ns 2.3 ns 2.2 ns 2.6 ns
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In pure air, the effective lifetime of N2(B) is below the RT time calculated by Valentini et al. at high temperature. Otherwise, the effective lifetimes of N2(B) and N2(C) are similar or below the RT time. Therefore, at this point in the analysis, it should be expected that 𝑇 𝑡𝑟𝑎𝑛𝑠 ≠ 𝑇 𝑟𝑜𝑡 .

Table 1 .4 T0 is the classical notation for the term energy of v=0, Be is the rotational constant

 1 

, and 𝚯 𝒓𝒐𝒕 𝒆𝒍 the characteristic temperatures of N2(X,A,B,C,a'). Note that 𝚯 𝒓𝒐𝒕 𝒆𝒍 is proportional to Be.

The Be values are taken from (Huber and Herzberg, 1979) but can also be found on the NIST website.

  

	State	T0 (cm -1 )	T0 (eV)	Be (cm -1 ) Θ 𝑟𝑜𝑡 𝑒𝑙 (K) Θ 𝑟𝑜𝑡 𝑋	⁄	Θ 𝑟𝑜𝑡 𝑒𝑙	Θ 𝑟𝑜𝑡 𝐴	⁄	Θ 𝑟𝑜𝑡 𝑒𝑙	Θ 𝑟𝑜𝑡 𝐵	⁄	Θ 𝑟𝑜𝑡 𝑒𝑙
	N2(X 1 Σ 𝑔 + )	0	0	1.998 24 2.9		1			-			-
	N2(A 3 Σ 𝑢 + )	50 203.66 6.22	1.454 6	2.1	1.37		1			-
	N2(B 3 Π 𝑔 )	59 619.09 7.39	1.637 4	2.4	1.22	0.89		1
	N2(a' 1 Σ 𝑢 -)	68 152.56 8.45	1.479 9	2.1	1.35	0.98	1.11
	N2(C 3 Π 𝑢 )	89 136.88 11.05	1.824 7	2.6	1.10	0.80	0.90

Table 1 .5 Contribution of various perturbers (N, O, O + , N + , N2, O2, NO, and H2) to the Van der Waals broadening of H, N, N + , O, and O + . The contributions of N2, O2, and NO can be found in (Laux et al., 2003). Data for H2 are taken from (Field, Somerville and Dressler, 1966).
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	1.3 -Atomic line broadening

Table 1 .6 Constants used for the calculation of R 2 . The N + and O + lines (at 500 nm and 470 nm, respectively) comprise 15 and 12 transitions, respectively, and only major lines are shown (Kramida et al., 2018)
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	-30 m 3

Table 1 .7 Coefficient β tabulated from 1000 to 50,000 K. All states under the specified threshold energy are considered in the calculation.
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	Te (K)	Hα 656 nm	Hβ 495 nm	N 746.831 nm	N + 500 nm	O 777 nm	O + 470 nm
	1000	0.52	7.1x10 -2	8.3x10 -2	5.1x10 -4	3.9x10 -7	6.0x10 -6

Table 1 .8 Empirical Stark coefficients of N + used in this article for the determination of the Stark HWHM. For comparison, other values are extracted from the review of (Konjević et al., 2002) at ne = 10 17 cm -3 and Te = 28 kK (original experimental work of (Mar et al., 2000)). Calculated values based on the method of (Griem, 1964) are from (Rivière, 2002).
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				𝜔 𝑆𝑡𝑎𝑟𝑘 (HWHM -nm) at ne = 10 17 cm -3
	Lower Conf. Lower Term	Upper Conf. Upper Term	λ (nm)	(Rivière, 2002) Te = 25 kK	(Mar et al., 2000) Te = 28 kK	(Minesi, Stepanyan, et al., 2020) Te = 30 -50 kK
	2s.2p2.3d 5 F	2s.2p2.3p 5 D 0	519.038	0.0273	0.0219	0.015
	2s.2p2.3d 5 D	2s.2p2.3p 5 P 0	518.20 518.621	0.0296 0.0297	0.0241 0.02445	0.015

Figure 1.11 Comparison of the Stark coefficients for the N + lines at 519 nm from (Rivière, 2002), (Mar et al., 2000), and our work (Minesi, Stepanyan, et al., 2020) 1.3.6 Conclusions and simplified formulas

  

	The broadening HWHM formulas for Hα, Hβ, O, O + , N, and N + are simplified in Eq. 1.56 -Eq. 1.58. The
	coefficients α, β, and γ are given in Table 1.9. The reference density of 2.7×10 19 cm -3 is the total gas density
	at 273 K, 1 atm (Loschmidt constant). The resonant broadening is expressed as a function of the emitter
	number density, 𝑛 𝑒𝑚𝑖𝑡𝑡𝑒𝑟 .						
	∆𝜆 𝐷𝑜𝑝𝑝𝑙𝑒𝑟 [𝑛𝑚] = 𝛼 √ 273 𝐾 𝑇			Eq. 1.56
	∆𝜆 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 [𝑛𝑚] = 𝛽	𝑛 𝑒𝑚𝑖𝑡𝑡𝑒𝑟 2.7 × 10 19 𝑐𝑚 -3			Eq. 1.57
	∆𝜆 𝑉𝑎𝑛 𝑑𝑒𝑟 𝑊𝑎𝑎𝑙𝑠 [𝑛𝑚] = ∑ 𝑝𝑒𝑟𝑡	𝛾 𝑝𝑒𝑟𝑡 100	×	𝑛 𝑝𝑒𝑟𝑡 2.7 × 10 19 𝑐𝑚 -3 (	𝑇 𝑔𝑎𝑠 273 𝐾	0.3 )	Eq. 1.58

Table 1 .9 Summary of the simplified formulas for HWHM determination and tabulated coefficients α, β, and γ. The broad- ening expressions derived in this work are given in Eq. 1.56 -Eq. 1.58. The α coefficient is exact. The β coefficient is calcu- lated at Te = 30,000 K and can be found for other temperatures in Table 1.7.
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	𝑊𝑎𝑎𝑙𝑠 [𝑛𝑚] =	𝑛 𝑡𝑜𝑡𝑎𝑙 2.7 × 10 19 𝑐𝑚 -3 (	𝑇 𝑔𝑎𝑠 273 𝐾	) 0.3	∑ ( 𝑝𝑒𝑟𝑡 𝛾 𝑝𝑒𝑟𝑡 100	𝑥 𝑝𝑒𝑟𝑡 )	Eq. 1.59

𝑝𝑒𝑟𝑡

Table 1 .10 Coefficient γ tabulated for Van der Waals broadening by the following colliders: N2, O2, NO, CO2, CO, CH4, H2O, H2, and Ar.

 1 

Figure 1.12 Schematic of the 2-level LIF model.

  

				1.4 -Laser-Induced Fluorescence
						Induced Fluorescence
	Assuming that the total population of OH is conserved, i.e. N1(t) + N2(t) = N1(t=0) = N 1 0 , the variation of the two states's population is dictated by Eq. 1.60, where W12 and W21 are the rates of absorption and stimulated 𝑁 2 (𝑡) = 𝑁 1 𝐼 𝐿𝑎𝑠𝑒𝑟 𝐵 12 0 𝐼 𝐿𝑎𝑠𝑒𝑟 𝐵 12 (1 + 𝑔 2 𝑔 1 ) + 𝐴 21 + 𝑄 21
	emission, A21 the Einstein coefficient of the transition, and Q21 the quenching rate of OH(A) by other mole-
	cules.				
	𝑑𝑁 1 𝑑𝑡	= -	𝑑𝑁 2 𝑑𝑡	= -𝑁 1 𝑊 12 + 𝑁 2 (𝑊 21 + 𝐴 21 + 𝑄 21 )	Eq. 1.60
	The rates of absorption and stimulated emission are given by Eq. 1.61,
				𝑊 𝑖𝑗 = 𝐵 𝑖𝑗 𝐼 𝐿𝑎𝑠𝑒𝑟 = 𝐵 𝑖𝑗 𝜌𝑓(𝜈)	Eq. 1.61
	where ρ [J cm -3 ] is the photon density, f(ν) [s] the linewidth, and Bij and Bji [cm 3 J -1 s -2 ] the second Einstein
	coefficients related by the states's degeneracy in Eq. 1.62.
						𝑔 1 𝐵 12 = 𝑔 2 𝐵 21	Eq. 1.62
	This model is summarized in Figure 1.12.
	N				
	W 12	W 21		A 21	Q 21
	N 1				
	We define τ the characteristic time of the system in Eq. 1.63:
				𝜏 =	1 𝑊 12 + 𝑊 21 + 𝐴 21 + 𝑄 21	Eq. 1.63
	Solving Eq. 1.60, the population of N2 is obtained
	• Absorption			𝑁 2 (𝑡) = 𝑁 1 0 𝑊 12 𝜏(1 -𝑒 -𝑡 𝜏 )	Eq. 1.64
	• Stimulated emission and can be rewritten as:			
	• Quenching.				
	Université Paris-Saclay Université Paris-Saclay				
	Espace Technologique / Immeuble Discovery Espace Technologique / Immeuble Discovery
	Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

• Saturated Induced Fluorescence Université Paris-Saclay Espace

  

Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

Table 4 .1 Summary of the two configurations used in this work.
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	Configuration	Setup #1	Setup #2
	Electrode polarities	Cathode-Anode	Cathode-Ground
	Interelectrode gap	0.9 mm	2 mm
	Deposited energy	2.5 -3.5 mJ per pulse	2.5 mJ per pulse
	Amplitude of incident pulse	Cathode: -5 kV Anode: +3.5 kV	Cathode: -5.5 kV
	Pressure	58 mbar -1 bar	1 bar
	Gas	Ambient air	Ambient air + 1.6% of H2
	Data used in:	Section 4.2	Section 4.3
	Study of:	Effect of pressure	Electron number density evolution

Université Paris-Saclay

Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France

  Regarding state-to-state ionization, state-to-state recombination, and volume expansion, the rate of electron decay can be modeled with Eq. 4.2: 𝑘 𝑖,𝑁( 4 𝑆) 𝑛 𝑁( 4 𝑆) + 𝑘 𝑖,𝑁( 2 𝐷) 𝑛 𝑁( 2 𝐷) + 𝑘 𝑖,𝑁( 2 𝑃) 𝑛 𝑁( 2 𝑃) + ⋯ )𝑛 𝑒 𝑁(𝑋) is the ionization rate coefficient of state X, 𝑘 𝑟𝑒𝑐,𝑁(𝑋) the recombination rate coefficient of N + in state X, 𝑛 𝑁 + the N + density, and V the plasma volume. We already showed that the last term on the right-hand side of Eq. 4.2 is driving the decrease of ne in Figure4.14. We now demonstrate with a state-to-state model that ionization compensates the chemical recombination of electrons during the expansion. Assuming isochoric dissociation during the discharge, the total heavy particle density at t = 8

	𝑑𝑛 𝑒 𝑑𝑡	= (-(𝑘 𝑟𝑒𝑐,𝑁( 4 𝑆) + 𝑘 𝑟𝑒𝑐,𝑁( 2 𝐷) + 𝑘 𝑟𝑒𝑐,𝑁( 2 𝑃) + ⋯ )𝑛 𝑁 + 𝑛 𝑒 2 -	𝑑𝑉 𝑑𝑡	𝑉 1	𝑛 𝑒	Eq. 4.2
	where 𝑘 𝑖,					

Table 4 .2 Parameters of the thermal sparks studied by van der Horst et al., Orriere et al., Lo et al. , and in the present work. The voltage pulse in the work of Lo et al. is 20 ns in duration, whereas the current lasts for hundreds of nanoseconds.

 4 As detailed before,[START_REF] Van Der Horst | Time-resolved optical emission spectroscopy of nanosecond pulsed discharges in atmospheric-pressure N 2 and N 2 /H 2 O mixtures[END_REF] calculated that if only Reac. 4.1 is considered, a temperature of 2.3 eV = 27,000 K would be necessary to explain the relatively slow decay of ne.Van der Horst et al. considered this value to be unrealistically high for a nonequilibrium plasma. However, in light of the present work and of the measurements reported in Table4.2, it appears likely that the electron temperature could indeed reach such high values, and perhaps even higher. For t < 100 ns, ne was not measured by van der Horst et al. Given the similarities between this discharge and the others in Table4.2, it is expected that ne reached 10 19 cm -3 during the 100-ns pulse of[START_REF] Van Der Horst | Time-resolved optical emission spectroscopy of nanosecond pulsed discharges in atmospheric-pressure N 2 and N 2 /H 2 O mixtures[END_REF].

	Ref.	Gas (Pressure)	T (K)	Gap (mm)	Vmax (kV)	PRF (kHz)	Pulse length (ns)	Initial radius (µm)	Energy (mJ)	ne,max (cm -3 )	Te,max (K)
	(Orriere, Moreau and Pai, 2018)	Air (1 atm)	370	0.2	2.5	8	30	20 ± 4 (t < 15 ns)	0.1	1x10 19 (t = 12 ns)	70,000
	(van der Horst et al., 2012)	N2 N2+0.9% H2O (1 atm)	350	2	9	1	170	~ 100	1.0	4x10 18 (t = 100 ns)	-
	(Lo et al., 2017)	Air (1 atm)	300	3	30	0.01	20	120 (t = 15 ns)	> 55	9x10 18 (t = 15 ns)	44,000
	Present work	Air + 1.6% H2 (1 atm)	300	2	5.5	0.05	10	~ 100 (t = 10 ns)	2.5	4x10 19 (t = 8 ns)	45,000

Table 5 .1 The baseline kinetic mechanism used in this work is mainly taken from (Laux et al., 1999). The forward reaction coefficients are given, with their dependence on either the gas temperature or the electron temperature. The backward reaction rates are always calculated by detailed balance. With an asterisk (*), we indicate the forward reac- tion rates identical to those reported in Table 1 of (Laux et al., 1999).
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Table 5 .2 Supplementary reactions of molecules calculated with BOLSIG+. The backward reaction rates are always calculated by detailed balance.

 5 

Table 5 .3 Transitions between atomic excited states and their ionization. The backward reaction rates are always cal- culated by detailed balance. The electron configuration and term are provided with each state. Rate coefficients are rounded in the present table and non-rounded values can be found in (Ciccarino and Savin, 2019).
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	Reaction	kf =A Te b exp(-E/RT)	Ref.
		A (cm 3 s -1 ) b	E/R (K)
	Atomic electronic state transitions			
	(R45) N( 4 S 0 ) e ↔ N(Y) + e	BOLSIG+			(Wang et al., 2014)
	Y= 2 D 0 , 2 P 0 , 4 P, 2 P, 4 P, 2 S 0 , 4 D 0			
	(R52) N( 2 D 0 ) e ↔ N(Y) + e	BOLSIG+			(Wang et al., 2014)
	Y = 2 P 0 , 4 P, 2 P, 4 P, 2 S 0 , 4 D 0			
	(R58) N( 2 P 0 ) e ↔ N(Y) + e	BOLSIG+			(Wang et al., 2014)
	Y = 4 P, 2 P, 4 P, 2 S 0 , 4 D 0			
	(R63) N( 4 P, 3s) + e ↔ N(Y) + e	BOLSIG+			(Wang et al., 2014)
	Y = 2 P, 4 P, 2 S 0 , 4 D 0			
	(R67) N( 2 P, 3s) + e ↔ N(Y) + e	BOLSIG+			(Wang et al., 2014)
	Y = 4 P, 2 S 0 , 4 D 0			
	(R70) N( 4 P, 2s 2 2p 4 ) + e ↔ N(Y) + e	BOLSIG+			(Wang et al., 2014)
	Y = 2 S 0 , 4 D 0			
	(R72) N( 2 S 0 , 3p) + e ↔ N( 4 D 0 ) + e	BOLSIG+			(Wang et al., 2014)
	(R73) O( 3 P) + e ↔ O( 1 D, 1 S) + e	BOLSIG+			(Tayal et al., 2016)
	(R75) O( 1 D) + e ↔ O( 1 S) + e	BOLSIG+			(Tayal et al., 2016)
	Atomic electronic state ionization			
	(R76) N( 4 S 0 ) + e ↔ N + + 2e	BOLSIG+			(Wang et al., 2014)
	(R77) N( 2 D 0 ) + e ↔ N + + 2e	BOLSIG+			(Wang et al., 2014)
	(R78) N( 2 P 0 ) + e ↔ N + + 2e	BOLSIG+			(Wang et al., 2014)
	(R79) N( 4 P, 3s) + e ↔ N + + 2e	9.33 10 -10	0.49 49,120	(Ciccarino et al., 2019)
	(R80) N( 2 P, 3s) + e ↔ N + + 2e	1.67 10 -9	0.45 45,090	(Ciccarino et al., 2019)
	(R81) N( 4 P, 2s 2 2p 4 ) + e ↔ N + + 2e	6.57 10 -11	0.74 41,660	(Ciccarino et al., 2019)
	(R82) N( 2 S 0 , 3p) + e ↔ N + + 2e	3.74 10 -9	0.42 34,580	(Ciccarino et al., 2019)
	(R83) N( 4 D 0 , 3p) + e ↔ N + + 2e	4.82 10 -9	0.41 32,820	(Ciccarino et al., 2019)
	(R84) O( 3 P) + e ↔ O + + 2e	BOLSIG+			(Tayal et al., 2016)
	(R85) O( 1 D) + e ↔ O + + 2e	BOLSIG+			(Tayal et al., 2016)
	(R86) O( 1 S) + e ↔ O + + 2e	BOLSIG+		

Table 5 .4 Electronic levels of N2, N, and O included in the present work. The energy is given relative to the ground state (Huber and Herzberg, 1979; Kramida et al., 2018), g is the level statistical weight.
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	State	Configuration g Eup (eV)	State	g Eup (eV)
	N( 4 S 0 ) 2s 2 2p 3	4 0	N2(X 1 Σg + ) 1 0
	N( 2 D 0 ) 2s 2 2p 3	10 2.38	N2(A 3 Σu + ) 3 6.23
	N( 2 P 0 ) 2s 2 2p 3	6 3.575	N2(B 3 Πg)	6 7.40
	N( 4 P) 2s 2 2p 2 ( 3 P)3s	12 10.33	N2(a' 1 Σu -) 1 8.45
	N( 2 P) 2s 2 2p 2 ( 3 P)3s	6 10.68	N2(C 3 Πu)	6 11.06
	N( 4 P) 2s 2 2p 4	12 10.92	N2 + (X 2 Σg + ) 2 0
	N( 2 S 0 ) 2s 2 2p 2 ( 3 P)3p	2 11.60	N2 + (A 2 Πu) 4 1.13
	N( 4 D 0 ) 2s 2 2p 2 ( 3 P)3p	20 11.75	N2 + (B 2 Σu + ) 2 3.16
	O( 3 P) 2s 2 2p 4	9 0	N2 + (C 2 Σu + ) 2 8.02
	O( 1 D) 2s 2 2p 4	5 1.97	
	O( 1 S) 2s 2 2p 4	1 4.19	

Table 5 .5 Supplementary reactions for the thermal spark transition. Quenching reactions are taken from (Popov, 2016b) and the ionization rate coefficients of N + and O + are calculated in this thesis. The forward rate coefficients are given by kf =A T b exp(-E/RT) and backward reaction rates are calculated by detailed balance.
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Table 5 .6 Accuracy of the Arrhenius fits for N + and O + ionization by electron impact.
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  .6, we reproduced the results ofLaux et al. with the kinetic mechanism 1 presented in Section 5.1. The EEDF is taken to be Maxwellian at a given temperature Te. For Te0 = 2000 K, we obtained identical results. This agreement is expected because the rates of charge exchange are identical to those of Laux et al. Also, the rate coefficients of ionization used byLaux et al. were obtained by integration of the ionization cross-sections by a Maxwellian EEDF, which is strictly equivalent to what is performed in our simulations. However, for Te0 = 18,000 K, the abrupt fall of the steady-state ne is obtained at 12,500 K byLaux et al. and at 11,500 K in the present work. This difference is due to the inclusion of N and O excited states in our mechanism. These electronic states store N and O atoms that are not available for N2 and O2 formation. The recombination of electrons with NO + is therefore shifted to lower

	temperatures.						
	10 19						
	10 18						
	10 17						
	10 16						
	10 15						
	10 14						
	10 13						
	10 12						
	10 11						
	10000	12000	14000	16000	18000	20000	22000

Table 6 .1 Plasma parameters before (t = 8.0 ns) and after (t = 8.5 ns) the fast ionization phase. At t = 8.5 ns, we calculate that only 39% of atomic nitrogen is in the ground state (1.7×10 18 cm -3 ).
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Table 20 Estimated γmean coefficient and Van der Waals broadening HWHM of the Hα line in ambient air at 300 K, dissociated air at 20,000 K, and fully ionized air at 40,000 K.
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	Composition γmean T (K)	𝑛 𝑡𝑜𝑡𝑎𝑙 (cm -3 ) ∆𝜆 𝑉𝑑𝑊 (HWHM -pm)
	N2 / O2	3.36	300	2.7×10 19	34
	N / O	3.64 20,000	5.4×10 19	150
	N + / O +	3.26 40,000	5.4×10 19	267
	In Figure 6.16, the Hα line recorded with an 1800 gr/mm grating is shown and fitted with a Lorentzian
	convolved with the instrumental broadening function. The Hα width uncertainty is about ±20%, which
	leads to a 30% uncertainty on the ne measurement with this technique.	

a Figure 6.16 Fitting of the Hα line at t = 2.25 ns (1800-gr/mm grating).

Table 6 .21 Initial conditions and numerical parameters. The initial N2 and O2 number densities correspond to air at 1 atm and 300 K, and the initial electron and N2+ number densities to typical ionization in streamer discharges.
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Table 7 .1 Experimental conditions of selected PAC experiments (Laux, 2017). In the experiments of Pilla et al., the LBO was improved by about 10% for a wide range of air flowrates, see also Figure III.21 of (Pilla, 2008). PLBO corresponds to the maximal power at LBO without plasma assistance.
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	Configuration	Swirled	7-LDI	Swirled	Bluff-body
	Fuel	C3H8	Jet fuel	Kerosene (L) C3H8
	Pressure	1 bar	1 bar	3 bar	1 bar
	Flow speed	40 m/s	?	?	10-20 m/s
	Pflame, max	52 kW	> 200 kW	~ 80 kW	25 kW
	Pplasma	350 W	< 500 W	< 500 W	75 W
	Pplasma /Pflame	0.7%	< 1%	< 0.4%	0.3%
	Frequency	30 kHz	?	30 kHz	30 kHz
	ΦLBO	0.40→0.11	0.21→0.16	0.39→0.27	10% improv.
	PLBO w/o plasma 45 kW	50 kW	63 kW	19 kW
	Ref.	(Barbosa et al., 2015)	(Del Campo et al., 2017)	(Heid et al., 2009)	(Pilla et al., 2006)

Table 8 .1 List of the molecular species identified by OES. The emitting state is given in brackets. The NO emission is due to multiple states, principally the NO(A,B,C,D) states.
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	Emitting species	NO(A,B,C,D)	OH(A)	NH(A)	CN(B) N2 + (B)	N2(B) N2(C)
	Wavelength (nm)	< 250	310	336	380 -390	550 -750 290 -410
	Example	Figure 8.22 Figure 8.23 Figure 8.24 Figure 8.25	Figure 8.26 Figure 8.24

Table 8 .2 List of the atomic species identified by OES.
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	Emitting species	C	H (Hα, Hβ)	N +	O	N	Ar
	Wavelength (nm)	193, 247	656 486	500	777	742 -746 818 -825	750 794
	Example	Figure 8.22	Figure 8.26 Figure 8.30	Figure 8.30		Figure 8.26	

Table 8

 8 

	.3.								
	∆𝜆 𝑉𝑎𝑛 𝑑𝑒𝑟 𝑊𝑎𝑎𝑙𝑠 [𝑛𝑚] =	𝑝 1 𝑎𝑡𝑚	(	273 𝐾 𝑇 𝑔𝑎𝑠	)	0.7	∑ ( 𝛾 𝑝𝑒𝑟𝑡 𝑝𝑒𝑟𝑡 100	𝑥 𝑝𝑒𝑟𝑡 )	Eq. 8.2

Table 8 .3 Mole fractions in an equilibrium mixture of CH4 -air (Φ = 0.8) at 2000 and 3000 K calculated with the CEA NASA code (McBride and Gordon, 1992) and γ factors taken from Section 3.3
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	Species	N2	O2	CO2 CO	H2O H2	H	NO	OH
	Mole fraction at 2000 K 72% 3.7% 7.7% 0.05% 15% 0.2% 0.00% 0.3% 0.2%
	Mole fraction at 3000 K 66% 4.3% 2.7% 4.3% 9.4% 2.0% 2.2% 2.0% 3.7%
	γVan der Waals	2.9	5.2	3.4	3.1	2.7	3.6	-	5.9	-
	Using data of Table									

Table 8 .4 Hα line HWHM at ne = 5×10 14 cm -3 based on the composition of an atmospheric pressure CH4 -air flame (Φ = 0.8) at 2000 and 3000 K.
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	Tgas	Instrumental broadening	Resonant	Van der Waals	Doppler	Stark
	(K)	(nm)	(nm)	(nm)	(nm)	(nm)
	2000		<0.001	0.007	0.011	
		0.025				0.014
	3000		<0.001	0.005	0.013	
	8.4.2	One-Lorentzian fit of Hα				

Table 9 .1 Operating conditions for all three fuels at the start (𝒕 𝟎 ) and at the end (𝒕 ∞ = 𝟒𝟎 s) of the air flow ramp.
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		𝑚̇𝑓 𝑢𝑒𝑙	Pthermal	Φ		ub (m.s -1 )	
		(g•s -1 )	(kW)	𝑡 0	𝑡 ∞	𝑡 0	𝑡 ∞
	CH4	0.0997	4.98	0.88	0.46	35	65
	C7H16	0.111	4.95	0.87	0.45	32	62
	C12H26	0.112	4.97	0.87	0.45	32	62

Table 9 .2 Probability of flame blow out during the oscillating phase. 𝒑 ̂ is given for each fuel with and without PAC (lower is better). At least ten experiments are performed for each case. The 95% statistical confidence interval, com- puted using the Clopper-Pearson method, is indicated in with + and -signs.
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		𝑝̂𝑤 /𝑜 𝑁𝑅𝑃 𝑝̂𝑤 𝑖𝑡ℎ 𝑁𝑅𝑃
	CH4	0.13 -0.11 +0.26 0 +0.26
	C7H16 1.00 -0.21 0.27 -0.21 +0.34
	C12H26 1.00 -0.28 0.26 -0.17 +0.25

Table A .1 Recommended repartition of ferrites depending on the configuration used. The applied pulse voltage on the "ground" is given.

 A 
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Depending on the context, "Ttrans" can also be denominated "Tgas".

For OH, Θ 𝑟𝑜𝑡,𝑂𝐻 = 18.91 cm -1 = 27 K, while N2 is heavier and Θ 𝑟𝑜𝑡,𝑁 2 = 2.00 cm -1 = 2.9 K[START_REF] Huber | Molecular Spectra and Molecular Structure[END_REF] 

We emphasize the difference between Te, the electron translational temperature, and Telec, the excitation temperature of the bound electrons.

These data were obtained with the assistance of Julien Lambert (visiting Ph.D. student from McGill University) during his stay at EM2C laboratory.

A contribution from identical particles in states not radiatively linked to the radiating transition can also be considered[START_REF] Griem | Principles of Plasma Spectroscopy, Principles of Plasma Spectroscopy[END_REF]. This contribution is negligible in the present conditions and, therefore, will be neglected in our calculations.

www.spectralfit.com 

The transition occurring at F = 1 -10 MWcm -2 , we practically assume that the laser fluence is below 1 MWcm -2 .

Practically if the laser fluence is above 10 MWcm -2 .1.4 -Laser-Induced Fluorescence

Pannier showed that incorrect compensation in the voltage probe internal impedance could lead to a twofold increase/decrease of the measured energy (

Pannier, 2019, App. D).

In previous work at the EM2C laboratory(Pai, 

2008;[START_REF] Pilla | Etude Expérimentale de la Stabilisation de Flammes Propane-Air de Prémélange par Décharges Nanosecondes Impulsionnelles Répétitives[END_REF][START_REF] Xu | Experimental study of the hydrodynamic expansion following a nanosecond repetitively pulsed discharge in air[END_REF] Rusterholtz et al., 2013;[START_REF] Sainct | Etude de la réactivité de décharges électriques nanoseconde à la pression atmosphérique dans la vapeur d'eau[END_REF], the synchronization is performed at the electrode without plasma formation and the impedance is purely capacitive. See discussion in Section 2.2.2 or detailed in(Rusterholtz, 2012, chap. 4; Rusterholtz et al., 2013).2.2 -Energy deposition by a single pulse

It is worth mentioning that 〈∫ 𝐼(𝑡)𝑈(𝑡)𝑑𝑡〉 ≠ ∫〈𝐼(𝑡)〉〈𝑈(𝑡)〉𝑑𝑡.

The voltage induced by the parasite cable inductance, 𝑉 𝑖𝑛𝑑 = 𝐿 𝑑𝐼(𝑡) 𝑑𝑡 ⁄ , can also be subtracted. In Orriere's work, the cable inductance induced a difference of 400 V, between the plasma and the measured voltage (

[START_REF] Orriere | Confinement micrométrique des décharges pulsées nanosecondes dans l'air à pression atmosphérique et effets électro-aérodynamiques[END_REF][START_REF] Orriere | Ionization and recombination in nanosecond repetitively pulsed microplasmas in air at atmospheric pressure[END_REF]. However, as for the displacement current, the total energy stored in the inductance is necessarily null at the end of the pulse. Therefore, it is not necessary to include this feature for energy calculations.2 Such a reconstruction is easier with longer cables.

We will show in Section

2.3.3 that the cable losses are negligible.

This rescaling is presented in Figure5of(Popov, 

2013). The results presented in(Popov, 2016b) are very similar to those in[START_REF] Popov | Fast Gas Heating Initiated by Pulsed Nanosecond Discharge in Atmospheric Pressure Air[END_REF] but the comparison between the measured and simulated N2(B, C) number density are not provided.

http://www.zdplaskin.laplace.univ-tlse.fr/author/sergey-pancheshnyi/index.html

The relative impact of ion recombination on the heating is challenged in Section 6.1.3, where the impact of electron-ion elastic collisions is quantified.

Note that the variation of the N + Stark coefficient with Te is also not known accurately.

This timing corresponds to the speed of propagation of the electrical signal, 20 cm/ns, and the length of the cables, 7 m. The same phenomenon was seen in Ref.[START_REF] Babický | Spectroscopic characteristics of H α /O I atomic lines generated by nanosecond pulsed corona-like discharge in deionized water[END_REF].

Available online: www.zdplaskin.laplace.univ-tlse.fr/author/sergey-pancheshnyi/index.html

The ionization cross-sections ofCartwright et al. and Guerra et al. are overestimated because they also include dissociative ionization cross-sections. In future work, we intend to separate these two channels of ionization, although the impact is limited in the present case. This aspect is discussed further in Appendix C.3.

 3 In the work of[START_REF] Guerra | Modelling N 2 -O 2 plasmas: volume and surface kinetics[END_REF], the branching ratio of[START_REF] Zipf | On the dissociation of nitrogen by electron impact and by E.U.V. photo-absorption[END_REF] is used. We prefer to not follow this choice, because Zipf & McLaughlin specifically stated that "The measurements described in this paper do not provide detailed information on the specific yield of N( 2 P), N( 2 D), and

N( 4 S) atoms" and only provided an upper bound for N2(X) dissociation by electron impact. See also

The code is available at cearun.grc.nasa.gov (consulted in April

2020) 

Note however that, in non-thermal sparks at ne > 10 15 cm -3 , the dominant ions are N2 + , O2 + , NO + , and N4 + , see Figure4in(Bak and Cappelli, 

2015).2 This result was also recently demonstrated in argon[START_REF] Annaloro | Non-uniqueness of the multi-temperature law of mass action. Application to 2T plasma composition calculation by means of a collisional-radiative model[END_REF] 

Note that the gas and electron temperatures are fixed numerically. At Tgas =

K, Te0 = 18,000 K, and p = 1 atm, the steady-state electron number density is ne ~ 10 18 cm -3 . Thus, the gas is fully ionized, and it is expected that Tgas = Te in the upper limb in Figure5.6. This aspect has however no influence on the transition from the lower to the higher limb of the curve.

The variation of the initial electron number density will only shift the kinetic curves in time. Apart from this aspect, it is found to have a minor influence on the results, up to ne0 = 10 10 cm -3 .

In the present application, the Coulomb logarithm ranges between 4.5 and 7.5.

Addition of higher excited states is planned for future work, although it will not have major consequences on the model.

It is worth noting that for ne < 10 18 cm -3 , this formulation does not influence the results of the present work.

For instance, at t = 0 ns and for the same E/N, the N2 ionization rate at

atm is twice higher than that at 1 atm.

For a

2-kV pulse across 200-µm gap, Orriere measured a FWHM of 40 µm.

Added to this, deviations from a Boltzmann distribution could arise due to losses by radiation. A collisional-radiative model would be necessary to go beyond the Boltzmann equilibrium assumptions.

We used the ChiantiPy Python package[START_REF] Dere | CHIANTI -an atomic database for emission lines[END_REF] 

2019) at https://github.com/chiantiatomic/ChiantiPy.2 If needed, a more precise value could be obtained using the summation performed by the ChiantiPy Python Package with the values of(Verner et al., 1996). As described later, the dominant uncertainty is on the plasma thickness.

The production (and consumption) of biofuels has increased by an order of magnitude from

to 2019 (U.S. Energy Information Administration, 2020).2 For instance, diesel biofuels can be composed of 2 to 40% of bioadditive in volume(Panteleev, Panteleeva and Panteleev, 2013).

Strictly speaking, the CO and NO molecules are also radicals. Nevertheless, they are more stable than O, OH, and H.

This electrode was a commercially available domestic heater electrode. Note that in Chapter 8, a thinner tungsten electrode is used.

PASTEC is the acronym of Plasma AssiSTEd Combustion.

The interatomic distance of the body-centered cubic structure of tungsten is 𝑎 = 4𝑅 √3 ⁄ , where the radius of the tungsten atom is R = 0.14 nm. The erosion of the tungsten electrode per pulse is thus equivalent to a layer of atoms a = 0.32 nm.

In the PASTEC project, two identical burners have been manufactured for complementary experiments at the CORIA and EM2C laboratories.

This regime was also called "pilot flame" in(Pilla et al., 

[START_REF] Drake | Atomic, Molecular, and Optical Physics[END_REF][START_REF] Pilla | Etude Expérimentale de la Stabilisation de Flammes Propane-Air de Prémélange par Décharges Nanosecondes Impulsionnelles Répétitives[END_REF].

We define "efficiency" as the deposited energy compared to the incident energy. For monitoring the total efficiency of this NRP generation, one would have to also consider the losses during transformation of AC power to NRP discharges.

We show in Chapter 9 (SICCA experiment) that a near-100% efficiency can be achieved with a higher voltage.

Calculation based on Cantera, performed at http://elearning.cerfacs.fr/combustion/tools/adiabaticflametemperature/index.php

2 This value is obtained by dividing the applied voltage by the interelectrode distance and the total gas density. In this estimation, we neglect the cathode and anode fall.

If we assume a homogeneous cylinder (height: 5 mm, radius: 0.5 mm) heated from

K to 3200 K, the calculation gives 1.0 mJ. We obtain 0.9 mJ after considering the inhomogeneity in the temperature increase.

This effect of remnant heat deposited by previous pulses was already observed in preheated air(Rusterholtz et al., 

2013).

It was shown in(Dumitrache et al., 

2019) that the hydrodynamic effects following nanosecond discharges are not particularly sensitive to the gas mixture.

Note that t = 0 ns is the breakdown time, defined in Section 8.3.1, and that the current is already equal to 1 A at this instant.

We do not recommend running pulser #2 at high frequencies for such a long time.

Acknowledgements

Chapter 2 -Electrical diagnostics of nanosecond discharges Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France in Eq. 2.2 and Eq. 2.4 are equivalent 1 , as demonstrated in Figure 2.3, where the energy stored in the equivalent capacitance is given. The maximum of Ec is reached at t = 5 ns and then decay down to negligible values.

In the direct configuration (probes are plugged at the electrodes), the applied voltage is directly accessible and (for instance) ready to use in simulations to calculate the electric field. In the remote configuration, Figure 2.1, the applied gap voltage can be reconstructed 2 . In Figure 2.5, the measured voltage at the electrode (from Figure 2.4) is compared to the sum of the incident and reflected pulse (Figure 2.2). The comparison agrees within ± 500 V.

Appendix C.2 where this question is discussed. 4 If O2 excited states were to be included in a simulation, we recommend using the cross-sections of the LXCat Phelps database as done in [START_REF] Flitti | Gas heating in fast pulsed discharges in N 2 -O 2 mixtures[END_REF]. It was argued, however, that these states have a minor impact on the chemistry (Bak and Cappelli, 2015). For NO excitation cross-sections, note that non-investigated discrepancies exist between the LXCat Itikawa database and the LXCat In Figure 8.44, the evolution of the CN(B) number density distribution along the interelectrode gap is shown. By the end of the pulse, the CN number density increases in the entire gap. The effect is most pronounced at the cathode, probably due to a higher number density of N during the filament formation.

For future work, confirmation of this CN formation mechanism, based on studies in N2/CH4 mixtures, deserves to be further analyzed in the case of NRP discharges applied to N2/H2O/CO2 mixtures.

The SICCA-spray configuration

In this Chapter, NRP discharges are used to extend the LBO limit of lean swirling flames. Three fuels are considered: premixed methane-air, liquid heptane, and liquid dodecane. The fuel flow rate is kept constant and the flame power is always close to 5 kW. Heptane (C7H16) is representative of commercial diesel (Foucher et al., 2013), while dodecane is a heavy fuel (C12H26) representative of kerosene in aeroengine applications.

In Section 9.1, the experimental setup of the SICCA burner and the NRP discharges is presented. Then, in Section 9.2, the NRP discharges are characterized by OES and found to be non-thermal sparks. Finally, the lean blow-out with methane-air, liquid heptane, and liquid dodecane is measured in Section 9.3. The unsteady behavior of these flames presents periodic oscillations before extinction. Special attention is given to the electrode position in the burner. Finally, the NRP discharges are applied in a burst mode to reduce the plasma power further.

Most of these results are published in (Vignat et al., 2020), apart from those presented in Section 9.3.3.

SICCA-spray burner

Experimental setup

In most practical systems, the lean blow-out (LBO) limit can be extended by applying NRP discharges, when it is usually dictated by the burner configuration (swirl or bluff-body). The high-voltage electrode is generally located on the centerline of the burner, close to the injector outlet, inside the gas recirculation zone where the flow is relatively slow, see Chapter 8 or (Lacoste et al., 2013;Barbosa et al., 2015). In practical applications, specifically in aero engines, positioning the electrode on the injector centerline may not be practical. The solid electrode will perturb the flow, induce drag, create additional flame anchoring points, and can also get degraded by the resulting heat fluxes. Moreover, liquid fuel atomizers are commonly located on the centerline to ensure a homogeneous spray distribution, and the discharge might form between the electrode and the atomizer head. To avoid damaging this sensitive component, the electrode is placed in the present study close to the side wall and the combustor dome (also called chamber backplane) in the Outer Recirculation Zone (ORZ). Thus, the NRP discharges will occur in hot and burnt gas, which will mix with the fresh unburnt gas.

Appendix A

High-voltage generators for nanosecond discharges

Four generators of high-voltage pulses (abbreviated "pulser") are available in the EM2C laboratory.

Two of them have been used in this work. They are named here "pulser #2" and "pulser #4" and are both based on fast diodes developed by FID Technology. A short description can be found in the thesis of Pai [START_REF] Pai | Nanosecond Repetitively Pulsed Plasmas in Preheated Air at Atmospheric Pressure[END_REF]. In the following, we will detail their specificities.

A.1 FID 10-30NM10 (pulser #4)

This generator can provide positive pulses of +12 kV to a load matching the pulser impedance (75 Ω), at a maximum repetition frequency of 30 kHz. However, we found experimentally that the pulse amplitude decreases above 27 kHz. The Full-Width Half Maximum (FWHM) of the pulses is approximately 10 ns. The pulser is air-cooled and does not require an external DC supply. We performed the plasmaassisted combustion experiments with pulser #4, which can run several hours in continuous mode without any particular precautions.

A.2 FID FPG 30-100MC4K (pulser #2)

The FID FPG 30-100MC4K generator has four output channels: two positives and two negatives. The duration of the high-voltage pulses (FWHM) is fixed to 10 ns. The frequency of the pulses can be adjusted from single shot to 100 kHz using an external trigger. The maximal amplitude that each channel can provide is equal to 7. kV in a 7 Ω load (impedance of each channel). The pulser can run one or all outputs simultaneously. It is possible to combine the four channels of the pulser to increase the voltage amplitude. Two configurations are possible. In the " /-configuration", the pulser has two outputs of +15 kV and -15 kV (see Figure A.1). If we number the primary outputs from one to four (1 and 2 are positive; 3 and 4 are negative) the following connections must be made:

• "Ground 1" to the earth

• "Core 1" to "Ground 2"

• "Ground 4" to the earth

• "Core 4" to "Ground 3"

If one output with the maximal voltage is desired, then the connection sketched in Figure A.2 must be made. This configuration is called " /ground" or "--/ground":

• "Ground 1" to the earth

• "Core 1" to "Ground 2"

• "Core 2" to "Core 3"

• "Ground 3" to "Core 4"

If the generator had been delivering a DC current, these connections would lead to a short circuit because the "ground" of the cable is connected to the earth on the generator output. Considering a 10-ns pulse propagating at 20 cm.ns -1 in the coaxial cable, we obtain a pulse length of 2 m comparable with the cable length. Therefore, the classical rules of DC electrokinetic are not applicable, and we instead use the laws of wave propagation in transmission lines [START_REF] Martin | Transmission and Propagation of Electromagnetic Waves[END_REF]. than 00 Ω. The load being a plasma, it is difficult to estimate an equivalent load impedance. For example, in a pin-to-pin configuration, the impedance is infinite at the beginning of the pulse. Whereas, in the case of breakdown and plasma full ionization, the impedance falls to zero. The allowed continuous regimes are shown in Figure A.4 under the dashed area; outside of this area, it is recommended not to run the pulser for more than one minute. It should also be noted that the limit between safe and dangerous continuous operation is not utterly known. For example, we noted that one output of pulser #2 had broken during this thesis, despite the strict application of the previous rules. onto the entrance slit of the monochromator (Acton 500i). The pitch of the pixels on the ICCD is 1 μm, and the overall optical system has a spatial resolution of about 8 μm per pixel. The monochromator is equipped with three gratings of 300, 1800, and 2400 gr/mm, blazed at 500, 500, and 300 nm, respectively. An ICCD camera (Pi-MAX4) coupled to the monochromator is employed to record the spectra with a minimum gate of 450 ps. A HeNe laser (Thorlabs) is used to determine the instrumental broadening of the OES system. The variation of the instrumental broadening with wavelength is found to be negligible at the two ranges of interest, 656 ± 20 nm for Hα and 500 ± 20 nm for N + emission. The high discharge reproducibility is sufficient to perform phase-locked acquisitions for imaging and OES experiments, the temporal jitter of the pulse being below 0.5 ns. The discharge imaging is performed using the zeroth diffraction order of the monochromator grating. The axis of the plasma channel shifts typically ±50 μm from shot-to-shot. A 150-μm slit, aligned with the interelectrode axis, is used to capture the entire emission of the discharge.

OES measurements on-CCD suffer background noise due to the dark-current (the electrical noise of the internal camera system) and other sources such as room light. Straylight pollution arises when unwanted light (such as grating 0 th order) reaches the CCD after multiple reflections inside the monochromator.

This cannot be predicted and is strongly dependent on the grating position. Two background measurements can be performed to differentiate the straylight pollution from background. The first one consists of measuring without the plasma source (the discharge turned off). The second one, consists of turning the grating to 100 nm and record the signal with the plasma ON. This second option is, however, very sensitive to the grating position, and gives only an indication of the straylight. It is checked in this work that a similar level of background is obtained with both options.

B.1 Gate linearity

The PIMAX used in this work has "sub-nanosecond gates" available. The linearity of the signal intensity with the gate width, Δt, is checked with an integrating sphere (OL 455, Gooch and Housego), used as a stable source of light and is positioned at the discharge location in Figure A.5. After waiting one hour to stabilize the integrating sphere intensity, the averaged emission on the CCD is recorded for camera gates ranging from 0.45 ps to 10 ns. The intensity is relatively low, and the signal on-CCD is accumulated with 10 000 to 500 000 gates. The number of accumulations is taken into account when comparing the results in Figure A.5. For Δt > ns, the total intensity recorded by the CCD is linear with the gate width, and a linear fit of the expected sensitivity is given. For 2. ns > Δt > ns, the number of counts is below the linear response. At Δt < 2. ns, the "sub-nanosecond gates" mode is ON. The response of this mode is not linear. For a gate of 1.5 ns, the response of the camera is four times lower than the expected response from the long gate extrapolation (linear fit). This non-linearity with the gate width imposes to perform intensity calibration with identical gates for Δt < 4 ns. In addition, in Figure

A.5, the linearity of the on-CCD accumulation is validated: the measurement with 500,000 on-CCD accumulations is five times more intense than the measurements with 100,000 on-CDD accumulations. 

B.2 Comparison of the three calibration sources

Intensity calibration has to be performed to balance the wavelength sensitivity of the optical system. For this purpose, the EM2C laboratory uses three calibration sources:

1. An integrating sphere (OL455, Gooch and Housego), calibrated by NIST.

2. A tungsten lamp with a glass window. The black body theory is used to compute the intensity emitted by the lamps and assuming the glass transmissivity is equal to 1.

3. A tungsten lamp with a Sapphire window mounted for high transmissivity in the UV spectral domain. The lamp was calibrated by comparison with another calibrated source [START_REF] Laux | Optical Diagnostics and Radiative Emission of Air Plasmas[END_REF].

We describe here "absolute" calibration, the process of converting the on-CCD counts into spectral radiance (in W.sr -1 .cm -2 nm -1 ), according to Eq. A.1.

In this following example, the camera gate (Δt = 1 -100 µs) and the number of accumulations are varied depending on the calibration source to obtain the maximal signal-to-noise ratio. For each calibration,

Appendix C

Cross-sections for N 2 excitation, dissociation, and ionization

The simulations presented in Part II rely partially on the accuracy of the dissociation and ionization cross-sections calculated in [START_REF] Bacri | Electron diatomic molecule weighted total cross section calculation. III. Main inelastic processes for N2 and N2[END_REF]. Phelps databases of LXCat. Note that these data were renormalized by Trajmar et al. [START_REF] Cartwright | Electron impact excitation of the electronic states of N2. I. Differential cross sections at incident energies from 10 to 0 eV[END_REF]Trajmar, Register and Chutjian, 1983) and most of the papers refer to (Phelps and Pitchford, 1985) when using these renormalized values. However, new measurements and calculations of these crosssections are now available. In his review, Itikawa used the cross-sections recommended by Brunger et al. (Brunger, Buckman and Elford, 2005;Itikawa, 2006). Brunger et al. usually averaged the crosssections of selected sources and provided error-bars to their recommendations. The cross-section recommended by Brunger et al. are also discussed and compared graphically in [START_REF] Campbell | Integral cross sections for electron impact excitation of electronic states of N 2[END_REF]. In the following, they will be noted "Itikawa database", because they can be found in the Itikawa database. The excitation cross-sections to N2(E 3 Σg + ) in Figure C.7 remains a source of uncertainty: none of the three literature references agree. The sharp peak at 11.9 eV in the Itikawa cross-section is due to a resonance whose amplitude was subject to several measurements reported by Brunger et al. (Brunger, Buckman and Elford, 2005). However, the uncertainty on the Itikawa cross-section remains relatively high (40%), which is not a problem given the low amplitude of this cross-section. 

C.1.5 Partial conclusions

We showed that the Phelps and Itikawa databases do not agree with all excitations. Also, the cross- Cross Section (WTCS) theory used by Bacri and Medani, including higher rovibrational states [START_REF] Teulet | Calculation of electron impact inelastic cross sections and rate coefficients for diatomic molecules. Application to air molecules[END_REF]. They provided dissociation rate coefficients which are compared in Figure C.11 to the rates calculated by Bacri and Medani. For N2(X) dissociation cross-section, at Te > 10000 K, the rate calculated by Teulet et al. is one order of magnitude higher than that of Bacri & Medani. The comparison in Figure C.11 shows that the dissociation cross-sections of N2(A) and N2(B) calculated by Bacri and Medani might be overestimated. However, it also confirms that the relative magnitude of these cross-sections is correct. It was shown that dissociation mainly occurs due to excitation to pre-dissociative singlet states [START_REF] Zipf | On the dissociation of nitrogen by electron impact and by E.U.V. photo-absorption[END_REF]Cosby, 1993). These states are also found to produce principally N( 4 S) and N( 2 D) fragments (Cosby, 1993;Walter, Cosby and Helm, 1993). The absence of two N( 4 S) fragments is explained by the absence of crossing of the singlet states and the N2(A) and N2( 7 Σu + ) states.

C.3 Ionization cross-sections of N2 electronic states C.3.1 Ionization cross-sections of N2(X)

Usually, the total cross-sections of N2 ionization are available, but partial cross-sections to N2 + , N + , and N ++ are scarce. The differentiation of the final electronic states, N2 + (X, A, B, C) in this case, is even more challenging to find. In his review, Itikawa provided ionization cross-sections for the ionization of N2(X) to N2 + , N + , and N ++ (Itikawa, 2006). Based on available cross-sections, he also recommended a normalization constant for each electronic state of N2 + . These partial cross-sections are reproduced in to N2 + (X) and N2 + (B) are also available 1 in [START_REF] Isola | Determination of the electron temperature and density in the negative glow of a nitrogen pulsed discharge using optical emission spectroscopy[END_REF]. However, Isola et al. used the total ionization cross-section measured by (Rapp and Englander-Golden, 1965), which includes the formation of N + and N ++ . Also, they did not subtract the partial ionization to N2 + (A), which is a dominant partial cross-section [START_REF] Bacri | Electron diatomic molecule weighted total cross section calculation. III. Main inelastic processes for N2 and N2[END_REF]Itikawa, 2006). According to Itikawa, the ionization cross-section from N2(X) to N2 + (X) is equal to 7.03×10 17 cm -2 at 100 eV, whereas the same cross-section is equal to 21.07×10 17 cm -2 in the LXCat LISBON database. Therefore, the partial cross-sections of Isola et al. to N2 + (X) is overestimated by a factor of two because it includes dissociative ionization and the partial cross-sections to N2 + (A).

1 Downloaded from the LXCat LISBON database (updated in 2012). In Figure C.13, we compare the ionization cross-section of N2(A) calculated by [START_REF] Bacri | Electron diatomic molecule weighted total cross section calculation. III. Main inelastic processes for N2 and N2[END_REF] and measured indirectly by [START_REF] Freund | Measurements of electron-impact-ionization cross sections of N2, CO, CO2, CS, S2, CS2, and metastable N2[END_REF]. The agreement is relatively good with a maximum discrepancy of 22% at ε = 1 0 eV. As it was observed for the N2(X) cross-sections, the maximum in the calculation of Bacri & Medani is slightly shifted to the low energies compared to the experiments but the two cross-sections remain close. These two sets are also in agreement with the data available in the Morgan LXCat Database [START_REF] Pancheshnyi | The LXCat project: Electron scattering cross sections and swarm parameters for low temperature plasma modeling[END_REF]. In Figure C.14, the ionization cross-section of N2 electronic states calculated by [START_REF] Bacri | Electron diatomic molecule weighted total cross section calculation. III. Main inelastic processes for N2 and N2[END_REF] are provided. Two groups of cross-sections are formed:

• The states prompt to ionization: N2(C), N2(a'), and N2(a).

• The states resistant to ionization: N2(X), N2(A), and N2(B).

The cross-section of N2(a) in the Morgan Database lies between these two groups. This difference is unexpected, given that the relative difference for N2(A) ionization cross-sections is small (Figure C.13).

However, no other comparison is available to our knowledge.

C.4 Conclusions

Based on the comparisons developed in this appendix, we develop several conclusions and directions for future work. We used the Itikawa LXCat Database as a reference for comparisons (Itikawa, 2006).

This database was built on the recommendations of (Brunger, Buckman and Elford, 2005). We first remark that the N2 electronic excitation cross-sections in the Phelps LXCat Database, based on the historical measurements of [START_REF] Cartwright | Electron impact excitation of the electronic states of N2. I. Differential cross sections at incident energies from 10 to 0 eV[END_REF] and the normalization of (Trajmar, Register and Chutjian, 1983), are most of the time not in agreement with Itikawa's cross-section. Cartwright et al.'s measurements were the first of their kind and are still a reference in the community 1 , which justify why they were chosen in the first place in our simulations. For future work, we recommend replacing these excitation cross-sections with those of Itikawa.

Concerning dissociation cross-sections of N2 electronic states, we showed in Section C.2 that the calculations of [START_REF] Bacri | Electron diatomic molecule weighted total cross section calculation. III. Main inelastic processes for N2 and N2[END_REF]) could be improved. The relative amplitude of the cross-sections is however correct, compared to the calculations of [START_REF] Teulet | Calculation of electron impact inelastic cross sections and rate coefficients for diatomic molecules. Application to air molecules[END_REF].

Finally, the partial ionization cross-sections calculated by [START_REF] Bacri | Electron diatomic molecule weighted total cross section calculation. III. Main inelastic processes for N2 and N2[END_REF] compare well with those recommended in (Itikawa, 2006). The partial ionization cross-section of [START_REF] Isola | Determination of the electron temperature and density in the negative glow of a nitrogen pulsed discharge using optical emission spectroscopy[END_REF]) is overestimated because it includes the ionization cross-section to N2 + (A) and N + .

1 See for instance the IST-Lisbon database.

Appendix D Synthèse

If the thesis is written in English, the French legislation imposes to produce an extended abstract of the thesis in French.