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I have been able to hear a shadow and I have even perceived by ear the passage of a cloud across the sun's disk.

Alexander Graham Bell (Letter to his father, 26 February 1880)

Introduction

In the last few decades, sensors for the detection and analysis of trace gas have gained an increased interest. More than ever, the development of these sensors is relevant for crucial environmental issues such as global warming -study of greenhouse gas emission -, for healthcare issues -air quality monitoring in the cities, in buildings for the consumer and the industry -and medical diagnostics -breath analysis -.

Numerous techniques can be used to detect the presence of gas traces. On one hand, chemical sensors are based on a specific reaction between the molecule to analyze and a substrate. Depending on the substrate, this technique can target various gas molecules and easily reach a resolution in the part-per-billion (ppb) range. On the other hand, spectroscopic methods are widely used, as they enable to detect multiple molecules according to their natural absorbance spectrum without the need for a chemical reaction.

Among the various gas spectroscopy techniques, we can cite the LIDAR [START_REF] Gong | High Repetition Rate Mid-Infrared Differential Absorption Lidar for Atmospheric Pollution Detection[END_REF], [START_REF] Gibert | A Case Study of CO 2 , CO and Particles Content Evolution in the Suburban Atmospheric Boundary Layer Using a 2-µ m Doppler DIAL, a 1-µm Backscatter Lidar and an Array of In-situ Sensors[END_REF], which relies on the backscattering induced by the target molecules. The backscattered light is measured by a telescope and carries the information on the concentration (intensity) and distance (time of flight). Other methods take advantage of the gas absorption spectrum and measure the amount of transmitted light through a gas cell with a photodetector [START_REF] Goldenstein | Infrared laser-absorption sensing for combustion gases[END_REF], [START_REF] Joly | Development of a versatile atmospheric N2O sensor based on quantum cascade laser technology at 4.5 µm[END_REF] (laser absorption spectroscopy technique), or measure the lifetime of a light pulse propagating into a high-finesse optical cavity [5] (cavity ring-down spectroscopy). Finally, instead of measuring the transmitted or backscattered light with a photodetector, the photoacoustic or photothermal spectrocopy method (PAS or PTS), indirectly measures the absorbed light, released by the gas in the form of heat (photothermal wave) or pressure (photoacoustic wave). The detection of the photoacoustic (PA) wave is in general performed with electromechanical transducers. This method has the advantage of demonstrating extremely high sensitivities, and, due to its indirect nature, shows no background signal compared to absorption spectroscopy techniques.

The photoacoustic effect (PA) was first discovered by Alexander Graham Bell in the 19 th century [START_REF] Bell | LXVIII. Upon the production of sound by radiant energy[END_REF]. He observed that a sound wave was produced from a solid sample exposed to sunlight, rapidly modulated with a rotating slotted wheel. A. G. Bell noticed that the produced acoustic signal was mainly dependent on the type of material and deduced that the sound originated from the material absorption. A hundred years later, L. B. Kreuzer used for the first time this principle to detect trace gas with a laser to excite methane molecules, and a microphone as the transducer, to measure the photoacoustic wave [START_REF] Kreuzer | Ultralow Gas Concentration Infrared Absorption Spectroscopy[END_REF]. He reached an ultralow limit of detection of 10 ppb of methane in nitrogen. Today, thanks to the development of low-cost and tunable light sources and microelectromechanical systems (MEMS), a large amount of transducers and detection techniques are used among the scientific community for trace gas PAS. In the last 20 years, considerable progress has been made in terms of sensitivity, selectivity, cost reduction, and robustness.

INTRODUCTION

The research work carried out at the CEA -LETI is part of this approach and the overall trend is to reduce the cost and improve the performance, particularly through miniaturization. At the Laboratoire des Capteurs Optiques, a photoacoustic sensor based on commercial MEMS microphones and a quantum cascade laser (QCL) was first proposed in 2015 [START_REF] Rouxel | Miniaturized differential Helmholtz resonators for photoacoustic trace gas detection[END_REF]. From then on, a process of miniaturization of the sensor was initiated [START_REF] Glière | Downsizing and Silicon Integration of Photoacoustic Gas Cells[END_REF], helped by the microfabrication facilities of the LETI. A second version was fabricated on the silicon platform, embedding low-cost commercial MEMS microphones, with much reduced dimensions. More recently, a photoacoustic cell, embedding an integrated MEMS transducer, entirely fabricated at the LETI's silicon platform, reached a record footprint [START_REF] Coutard | Photoacoustic cell on silicon for mid-infrared QCL-based spectroscopic analysis[END_REF]. The ultimate goal of such an achievement is to co-integrate the miniaturized photoacoustic cell and the entire instrumentation chain (namely including a semiconductor laser source, an integrated optical circuit, a MEMS transducer, microfluidic circuits for analysed gas supply, and a dedicated electronic circuit).

My thesis work proposes, while keeping in mind an ultimate goal of miniaturization and integration, to take a step back and to consider each elements of the instrumentation chain separately, in order to propose new architectures and methods for the detection of trace gas using the photoacoustic technique. The transducer -which is a key element of the photoacoustic sensor -drawed our attention, and a novel transduction method was proposed. The general idea of this method is to use a resonant system, and detect a photoacoustic wave by measuring the induced resonance frequency shift on the resonator. Mechanical resonators were firstly considered, as they are widely used in PAS. Moreover, resonant shift detection has been already implemented on mechanical structures for gas sensing, using for example gravimetric detection [START_REF] Fanget | Gas sensors based on gravimetric detection-A review[END_REF]. This method however is not sensitive to the weak acoustic perturbations [START_REF] Christen | Air and gas damping of quartz tuning forks[END_REF] usually encountered in PAS, but more adapted to static perturbations of high amplitude [START_REF] Tabrizian | Dual-mode vertical membrane resonant pressure sensor[END_REF], and was thus not retained. Instead, I have decided to focus my thesis work on optical resonators. Indeed, contrary to mechanical resonators, the resonance frequency of optical resonators can be very sensitive to acoustic or thermal perturbations. In this manuscript, I shall demonstrate that optical resonators are transducters of choice for photoacoustic or photothermal spectroscopy, and especially Fabry-Perot resonators (also called Fabry-Perot interferometers). The manuscript is structured into four chapters, brielfy introduced in the next paragraphs, and summarized in figure 1.

Chapter I introduces PAS and PTS, and gives an exhaustive overview of the different existing transduction methods used. Among the reviewed ones, optical transducers are investigated in detail, and in particular the Fabry-Perot (FP) interferometer. As will be described, the Fabry-Perot interferometer is an interesting alternative to conventional transduction methods used in PAS and PTS, and is the subject of the following chapters.

Chapter II and III are devoted to the design, fabrication and characterization of two kinds of Fabry-Perot interferometers, fabricated with different techniques, and meant to detect photoacoustic and photothermal waves. In chapter II, we present an extrinsic Fabry-Perot interferometer (EFPI) of low finesse, adapted for the detection of weak acoustic perturbations. In chapter III, a guided Fabry-Perot interferometer, based on Bragg gratings and denoted π phase-shifted fiber Bragg grating (πFBG), is studied. In this guided configuration, the interferometer shows an extremely narrow resonance, very sensitive to thermal perturbations.

Finally, chapter IV is focused on the experimental detection of trace gas with the two previously mentioned transducers. The EFPI is tested for the PA detection of nitrogen monoxide (NO), while the πFBG is tested for the PT detection of atmospheric carbon dioxide (CO 2 ). A systematic calibration and comparison with the litterature is provided for each transducer. 

I.1 Principles of photoacoustic spectroscopy for trace gas detection

This section first aims at describing the general physical phenomena that cause the photothermal and photoacoustic effect. An overview of the main application fields using photoacoustic or photothermal spectroscopy (PAS/PTS) in gaseous medium is also given. Finally, the instrumentation required for PAS and PTS for trace gas detection is presented.

I.1.1 Description of the phenomenon

The photoacoustic (PA) effect is the formation of sound waves, resulting from the absorption of modulated or pulsed light in a sample, which can be a solid, liquid or gaseous media. In general, laser radiation is used, as it allows an important excitation of the sample, due to its narrow bandwidth and highly directional light beam. The succession of phenomena leading to the generation of an acoustic wave is summarized in figure I.1 and described hereafter. Acoustic wave photoacoustic effect Figure I.1 -Principles of the photoacoustic effect: a modulated laser source excites V-T modes of the target molecules, which relax through collision and create thus a local heating (photothermal effect). The heating leads to an expansion of the considered medium and thus a pressure variation (photoacoustic effect). A transducer is finally used to measure the PA or PT generated wave.

The considered sample is illuminated with a modulated laser source, whose wavelength is adjusted to the absorption line of interest. The light excites the targeted molecules (for gas, vibrational translational (V-T) modes), which in turn go through non-radiative relaxation, and increase the kinetic energy of the medium, which creates a local heating of the sample. A modulation of the light beam intensity at a frequency f mod leads thus to periodic temperature changes. This optically generated heat source, that oscillates at the modulation frequency, is called the photothermal (PT) wave. Subsequently, the thermal change causes an expansion of the considered volume, and leads to an increase of the pressure. In the same way, the periodic variation of the temperature leads to a time varying pressure inside the sample, i.e., an acoustic wave. This phenomena is called the photoacoustic (PA) effect. In gaseous media, the photoacoustic wave can be eventually amplified by means of an acoustic resonance. Finally, a transducer (in general, a microphone) is used to measure the amplitude of the photoacoustic wave.

An interesting property of the generated PA (or PT) wave is that its amplitude is proportional to the amount of light absorbed by the illuminated sample. This quantity depends on the incident power of the excitation source and on the concentration of the target molecules in the considered medium.

In gaseous media, the photoacoustic effect can be employed to detect gas traces with ultra-high sensitivities and low limit of detection (LOD). The first ever experimental detection of gas trace with this technique was performed by L. B. Kreuzer in 1971 [START_REF] Kreuzer | Ultralow Gas Concentration Infrared Absorption Spectroscopy[END_REF]. In his experiment, Kreuzer used a custom condenser microphone, placed inside an enclosed volume and filled with methane. When the gas chamber was illuminated by an Helium Neon laser emitting at the absorption wavelength of methane, the signal retrieved and amplified from the microphone was proportional to the amount of methane inside the chamber. Nowadays, the use of commercially available microphones are common for photoacoustic sensing, and with the emergence of low-costs and tunable laser sources, important improvement have been made concerning the sensor sensitivity (with limit of detection reaching the ppb and sometimes the ppt range), selectivity, footprint and reliability.

For these reasons, a lot of applications using the photoacoustic method have emerged during the last decades. Among them, we can mention environmental gas detection (methane detection [START_REF] Rouxel | Miniaturized differential Helmholtz resonators for photoacoustic trace gas detection[END_REF]), biomarkers detection for the medical field (breath analysis [START_REF] Navas | Human biomarkers in breath by photoacoustic spectroscopy[END_REF]), or dangerous substance monitoring like toxic and explosive gases for the industry or the army [START_REF] Patel | Laser photoacoustic spectroscopy helps fight terrorism: High sensitivity detection of chemical Warfare Agent and explosives[END_REF]. Moreover, some companies already market and manufacture complete photoacoustic systems, equipped with broadband sources (Infineon) or with highly tunable lasers, to perform multi-gas sensing (Gasera, mirSense, Aérovia, Hobré Instruments B.V.).

I.1.2 Instrumentation for trace gas detection by the photoacoustic or photothermal method

A generic instrumentation, necessary to perform trace gas detection with the photoacoustic or photothermal method is represented on figure I.2, and is composed of the following elements:

-a laser source, oriented towards the target gas, -a source of modulation of the light, which can be, for example, a chopper wheel, -a photoacoustic cell containing the target gas, which can be enclosed with transparent windows, -a transducer, placed inside the cell, which converts the photoacoustic (or photothermal) wave into an electrical signal, -a lock-in amplifier, whose role is i) to provide a reference signal to modulate the light and ii) to read and amplify the transducer signal. In a photoacoustic configuration 1 , considering the Beer -Lambert absorption law inside the gas cell, the measured voltage V meas is given by: V meas = S cell S mic P dep with P dep = P opt (1 -e -αL ) (I. [START_REF] Gong | High Repetition Rate Mid-Infrared Differential Absorption Lidar for Atmospheric Pollution Detection[END_REF] where S cell is the cell sensitivity, given in Pa/W, S mic the microphone sensitivity given in mV/Pa and P dep the deposited power inside the cell. This quantity depends on the optical power of the excitation light beam P opt , the length of the cell L and the absorbance of the considered medium α, usually given in cm -1 . The medium absorbance depends on the gas concentration and is also a function of the incident wavelength, which is assimilated to a Lorentzian distribution and denoted α(λ). For the low concentrations encountered in trace gas detection we have αL ≪ 1, and thus the deposited power becomes proportional to the gas concentration and to the optical power, yielding to a straightforward calibration of the sensor. Finally, it appears that the global sensitivity can be increased by increasing either the cell sensitivity, or the microphone sensitivity.
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The instrumentation for PAS/PTS gas sensing is composed of several elements, discussed in the next sections. The laser source and its associated modulation scheme are presented in the subsection I.1.2.1, the gas cell configuration is discussed in the paragraph I.1.2.2, and the lock-in amplifier in the pragraph I.1.2.3. The choice of the transducer is essential and is the main topic of the manuscript, so a specific section (I.2) will be devoted to its description.

I.1.2.1 Laser

The laser source, used to excite specific vibrations modes of the target molecules, must meet some specifications in terms of emission wavelength and tunability, power, stability and modulation scheme, that are explained below.

Operating wavelength, power and stability

It is well known that the mid -infrared (MIR) range is an interesting region, as many important organic and inorganic molecules have their spectral fingerprint (see figure I.3) in this spectral range. Semiconductor laser diode, especially quantum cascade laser (QCL) and interband cascade laser (ICL) have the advantage of emitting in the MIR range, are wavelength tunable -through the injection current or temperature -and show a stable power and wavelength over time. The emitted power of these sources lies in general in the 1 mW -100 mW range, enabling the generation of a sufficiently large photoacoustic signal amplitude. Moreover, the miniaturization of semiconductor laser diode paves the way toward multi-gas detection with the use of compact diode laser arrays [START_REF] Giglio | Broadband detection of methane and nitrous oxide using a distributed-feedback quantum cascade laser array and quartz-enhanced photoacoustic sensing[END_REF].

Figure I.3 -Mid-infrared absorption spectra of selected molecules, retrieved from [START_REF] Popa | Towards Integrated Mid-Infrared Gas Sensors[END_REF] and calculated with the HITRAN database [START_REF] Kochanov | HITRAN Application Programming Interface (HAPI): A comprehensive approach to working with spectroscopic data[END_REF] 

Laser modulation

Two methods can be implemented to perform a modulation of the deposited power. The most obvious method consists in the amplitude modulation (or intensity modulation) of the laser, and acts directly on the emitted power P opt . It can be performed for example with a mechanical chopper [START_REF] Koskinen | Extremely sensitive trace gas analysis with modern photoacoustic spectroscopy[END_REF], or by using pulsed laser [START_REF] Holthoff | Quantum cascade laser-based photoacoustic spectroscopy for trace vapor detection and molecular discrimination[END_REF]. The use of a mechanical chopper however adds considerable mechanical noise, and complicates the integration of the laser source in a compact sensor system. The pulsed method has the advantage of reduced footprint, and minimizes the power consumption compared to continuous lasers. The main drawback of the amplitude modulation scheme however is the generation of a background signal , which originates from the broadband absorption spectrum of the cell walls and result in an unwanted photoacoustic contribution [START_REF] Saarela | Wavelength modulation waveforms in laser photoacoustic spectroscopy[END_REF].

The second method, the wavelength modulation, can get rid of the background signal. In this configuration, a modulation of the injection current of weak amplitude is performed, enabling to keep an almost constant optical power 2 . When modulated with a correct amplitude, the emitted wavelength of the laser λ(t ) oscillates between the sides and the top of the gas absorption line α, resulting in a modulation of the deposited power (see equation I.1). Mathematically, the measured signal output, which results from the sine modulation of the absorption spectrum argument α(λ(t )), is proportional to the local derivative of the absorption spectrum α. In this manner, the background signal, which originates from a flat absorbance spectrum, is much reduced [START_REF] Schilt | Wavelength modulation photoacoustic spectroscopy: Theoretical description and experimental results[END_REF]. Moreover, the function composition of the sine modulation and the nonlinear absorption spectrum (assumed to follow a Lorentzian profile) produces higher harmonics of the fundamental modulation frequency, which can help to further decrease the background signal [START_REF] Angelmahr | Wavelength-and amplitude-modulated photoacoustics: comparison of simulated and measured spectra of higher harmonics[END_REF]. Usually, in wavelength modulation PAS, looking at the second harmonic (often denoted 2f detection) CHAPTER I. PHOTOACOUSTICS AND RESONANT OPTICAL TRANSDUCERS instead of the first harmonic (1f) is necessary to efficiently cancel out the background signal. In the case of the 2f detection, the signal of interest is detected at twice the modulation frequency, and is proportional to the second derivative of the absorption spectrum.

I.1.2.2 Photoacoustic cell

The primary role of the photoacoustic cell is to provide a volume filled with the target gas and illuminated with the excitation laser beam. To reduce the acoustic noise, the volume is often enclosed with transparent windows in the mid-IR wavelength range, and the gas is brought by a fluidic circuit. In this way, the generated photoacoustic signal inside the cell is less perturbed by the external acoustic signal, which is damped.

The secondary role of the cell is to amplify the photoacoustic signal, which can be performed either by amplifying the acoustic wave inside the cell, or by increasing the interaction length between the gas and the excitation beam, to increase the amount of absorbed power. The different configuration found on the litterature are summarized on the figure I.4. For the acoustic amplification, most setups use acoustic resonators, like the Helmholtz cell , which consists of two volumes separated by a tiny conduit [START_REF] Miklós | Application of acoustic resonators in photoacoustic trace gas analysis and metrology[END_REF], [START_REF] Besson | Sub-ppm multi-gas photoacoustic sensor[END_REF]. A variant of this resonator is the differiential Helmholtz cell [START_REF] Zeninari | Design and characteristics of a differential Helmholtz resonant photoacoustic cell for infrared gas detection[END_REF], which is made of two chambers separated by two conduits. If one chamber is illuminated, the result is a differential acoustic mode at a specific resonance frequency, where the pressure is out of phase in the two volume chambers. This configuration is interesting, as the difference of the signals in both chambers increases the final signal and reduces the external acoustic noise.

Microphone Window Excita�on light beam

Classic photoacous�c cell

Acous�c amplifica�on

Op�cal amplifica�on For the optical amplification, traditional multipass cell can be implemented by adding mirrors or reflective coatings on the cell walls, like the circular cell [27], the Fabry -Perot cavity [START_REF] Hippler | Cavity-enhanced resonant photoacoustic spectroscopy with optical feedback cw diode lasers: A novel technique for ultratrace gas analysis and high-resolution spectroscopy[END_REF], [START_REF] Rossi | Optical enhancement of diode laser-photoacoustic trace gas detection by means of external Fabry-Perot cavity[END_REF], or the Heriott cell [START_REF] Zhang | High-sensitivity photoacoustic gas detector by employing multi-pass cell and fiber-optic microphone[END_REF].
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I.1.2.3 Lock-in amplifier

The role of the lock-in amplifier is to extract the signal amplitude and phase in an extremely noisy environment. Current lock-in amplifier can achieve a high dynamic reserve of more than 120 dB, meaning that the ratio between the signal of interest and the noise amplitude can be higher than 10 6 . To extract the signal of interest from a high noise floor, current lock-in amplifiers are based on a technique called homodyne detection 3 .

The first step, called modulation (represented on figure I.5b, 1), consists in feeding a reference signal (V r , oscillating at f mod ) to the device under test (DUT). In PAS for example, this reference signal corresponds to the laser modulation. The DUT measures the acoustic wave, and gives in turn an output V s , our signal of interest. If the modulation frequency is correctly chosen (see figure I.5a), for example, f mod = f 2 , the signal of interest V s oscillates at f mod and lies in a region of lower noise. The next step, called demodulation (represented on figure I.5b, 2), consists in multiplying (or mixing) the signal of interest by the reference signal. Let us consider that the reference signal has an amplitude of A s and an angular frequency ω mod = 2π f mod , i.e. V s (t ) = A s cos(ω mod t + Θ). In general, dual phase detection is performed in lock-in amplifiers, meaning that the signal of interest is demodulated both by an "in-phase" reference signal V r (t ) = A r cos(ω mod t ), and by a "quadrature" reference signal V r (t ) = -A r sin(ω mod t ). As a result, the demodulated signal has two components, denoted X and Y (see equation (I.2)). This step is followed by a lowpass filtering, which brings the two oscillating components to a constant value (centered at 0 Hz in the Fourier spectrum):

         X = A r A s 2 [cos(Θ) + cos(2ω mod t + Θ)] Y = A r A s 2
[sin(Θ) -sin(2ω mod t + Θ)]

Low-pass ======⇒          X = A r A s 2 cos(Θ) Y = A r A s 2 sin(Θ) (I.2)
The signal of interest can then be interpreted as a complex quantity X + i Y , expressed in terms of its "in-phase" component X and "quadrature" component Y . More generally, the signal is expressed in term of its amplitude R = |X + i Y | and phase Θ = arg (X + i Y ). CHAPTER I. PHOTOACOUSTICS AND RESONANT OPTICAL TRANSDUCERS

The frequency of the reference signal V r set by the oscillator must satisfy two prerequisites: lie in a region of low noise (in figure I.5a, f 2 was preferable than f 1 ), and take advantage of the response of the complete system. In other terms, the frequency must be chosen so that the signal-to-noise ratio is maximized. For example, fixing the modulation frequency to an acoustic [START_REF] Rouxel | Miniaturized differential Helmholtz resonators for photoacoustic trace gas detection[END_REF] or mechanical [START_REF] Patimisco | A quartz enhanced photo-acoustic gas sensor based on a custom tuning fork and a terahertz quantum cascade laser[END_REF] resonance f res can increase the sensitivity of the signal and thus improve the sensor performances. In other configurations, it can be more interesting to work in a non resonant mode, at low frequencies (below the kHz) [START_REF] Dostál | Cantilever-Enhanced Photoacoustic Detection and Infrared Spectroscopy of Trace Species Produced by Biomass Burning[END_REF], [START_REF] Waclawek | 2f-wavelength modulation Fabry-Perot photothermal interferometry[END_REF], where the photothermal and photoacoustic generation are in general increased.

There is however a general limitation, which is common to every configurations, and comes from the gaseous nature of the considered medium. Indeed, the typical relaxation time of the gaseous molecules in atmospheric conditions is in the µs range (for CO 2 at 80 mbar for example, its value is of ∼ 10 µs [START_REF] Wysocki | Influence of molecular relaxation dynamics on quartz-enhanced photoacoustic detection of CO2 at λ =2 µm[END_REF]). Therefore, the modulation frequency cannot not go beyond few tens of kHz. For the detection of photothermal signals, an even lower limitation of the modulation frequency is needed, as the thermal wave is highly damped above few kHz. In PTS, the typical frequencies are often situated between 10 Hz to 500 Hz 4 .

We reviewed in this section the basic principles and modality of three main building blocks of the instrumentation chain: the excitation laser, the gas cell, and the lock-in amplifier. We also explained how each of these blocks could be used as a leverage to improve the sensor performance. However, one of the most crucial component, the transducer, was not described in this section. For the photoacoustic or photothermal detection, a very large number of transductions methods are described in the literature, of which a selection is presented in the next section.

I.2 Transduction methods: state of the art

The transduction method is one of the most important element of the sensor, as it converts the photoacoustic (or photothermal) wave into an electrical signal, that can be processed by a computer. In the following, we try to give a comprehensive overview of the various transduction methods usually employed for the PA and PT detection of gas traces, which can be classified into two main categories: the electrical and the optical transducers. To compare the performance of these transduction methods, the figure of merit chosen is the normalized noise equivalent absorption (NNEA), defined as:

NNEA = αP opt SNR ∆ f (I.3)
where α is the gas absorption coefficient at the considered wavelength, expressed in cm -1 , P opt the optical power of the laser (W), SNR the signal to noise ratio, where the noise is defined at 1 σ, with a measurement bandwidth of ∆ f (Hz). The NNEA is usually expressed in W • cm -1 • Hz -1/2 , and in the following section the unit will be often omitted, for the sake of readability.

I.2.1 Electromechanical transducers I.2.1.1 Capacitive or condenser microphone

The capacitive microphone is the historic transduction method used in the 70's for the PA detection of gas traces [START_REF] Kreuzer | Ultralow Gas Concentration Infrared Absorption Spectroscopy[END_REF], [START_REF] Kreuzer | Air pollution: Sensitive detection of ten pollutant gases by carbon monoxide and carbon dioxide lasers[END_REF], [START_REF] West | Photoacoustic spectroscopy[END_REF]. Its structure consists of two parallel plates, a movable top diaphragm and a fixed backplate, separated by an air gap d . Both plates are connected to separate electrodes, which result in a parallel capacitance. When the the acoustic wave hits the condenser, the diaphragm moves, which modifies the distance d between the plates and results in a capacitance change, which can be measured by a dedicated electrical circuit.

Nowadays, the capacitive microphone benefits from the mass production and miniaturization thanks to the microelectronic and microelectromechanical system (MEMS) industry. The MEMS capacitive microphones are today fabricated from a silicon wafer and embedded in a reduced volume, with a specific integrated circuit (ASIC), meant to convert the capacity change into a voltage variation [START_REF] Dehe | Design of a poly silicon MEMS microphone for high signal-to-noise ratio[END_REF]. Due to its reduced footprint, low cost and high sensitivity, the standard MEMS capacitive microphone is an interesting transducer and often used in PA sensors [START_REF] Rouxel | Miniaturized differential Helmholtz resonators for photoacoustic trace gas detection[END_REF], [START_REF] Coutard | Photoacoustic cell on silicon for mid-infrared QCL-based spectroscopic analysis[END_REF].

The commercial capacitive microphone however is designed to provide a high sensitivity, but at the same time a flat response over the large audio frequency band (20 Hz to 20 kHz). To meet such specifications, the design of the microphone must find a tradeoff, which leads in general to a poorer sensitivity, in comparison to what can be obtained with a narrow bandwidth transducer. Indeed, we saw in section I.1.2.3 that the PA system should be responsive to one specific modulation frequency f mod instead of a large bandwidth. For example, a mechanical resonator seems more appropriate, as it could reduce the unwanted contributions around f mod , and amplify the microphone sensitivity at resonance. Finally, another drawback of this transducer is its poor thermal stability [START_REF] Koskinen | Extremely sensitive trace gas analysis with modern photoacoustic spectroscopy[END_REF].

In the following, we present two other transduction methods, respectively based on piezoelectricity and piezoresistivity, particularly adapted for mechanical resonators, and thus for PAS detection.

I.2.1.2 Piezoelectric transducer: the QEPAS example

Piezoelectric materials, like quartz, have the natural property of accumulating an electrical charge in response to an applied mechanical stress, making it a good candidate to be used as an acoustic transducer. The quartz has also the advantage of being widely used in electronic devices, such as clocks, with a low fabrication cost and a high quality factor. This mechanical resonator is fabricated with a tuning fork shape.

The idea of the quartz enhanced photoacoustic spectroscopy (QEPAS) consists of using a quartz tuning fork (QTF) resonator as a transducer to convert the mechanical stress induced by the PA wave into an electrical signal. Kosterev et al. presented the QEPAS technique for the first time in 2002 [START_REF] Kosterev | Quartz-enhanced photoacoustic spectroscopy[END_REF]. The light beam was focused between the tuning fork prongs (figure I.6a, left) and modulated at the resonance frequency of the QTF. When the acoustic source is situated between the prongs, a differential strain of the two prongs is generated (figure I.6b, left), resulting in a variation of the charge and thus of the electrical signal. Advantageously, if the pressure change comes from the outside, the prongs are deflected in the same direction (figure I.6b, right), resulting in no electrical signal. This differential detection helps to reduce the acoustic background. 

Figure I.6 -Sketch of the QEPAS technique

Few years after the first implementation from Kosterev, a NNEA as low as 10 -9 was reached [START_REF] Dong | QEPAS spectrophones: design, optimization, and performance[END_REF] using a QTF coupled to two micro-resonators tubes to increase the photoacoustic generation between the prongs (see illustration on figure I.6a, retrieved from [START_REF] Patimisco | A quartz enhanced photo-acoustic gas sensor based on a custom tuning fork and a terahertz quantum cascade laser[END_REF]). In 2013, Patimisco et al. [START_REF] Patimisco | Quartz-Enhanced Photoacoustic Spectroscopy: A Review[END_REF] proposed a tuning fork with custom dimensions to lower its resonance frequency down to 4.2 kHz and thus lie below the frequency limit set by the relaxation rate of the target gas. A NNEA of ∼ 10 -10 was obtained in this configuration, on a methanol absorption line at 131.05 cm -1 and at a pressure of 10 Torr (13 mbar). The research is very active on this topic, with a lot of variants based on the QEPAS method, reported in the review papers from Patimisco team [START_REF] Patimisco | A quartz enhanced photo-acoustic gas sensor based on a custom tuning fork and a terahertz quantum cascade laser[END_REF], [START_REF] Patimisco | Recent advances in quartz enhanced photoacoustic sensing[END_REF].

The QEPAS method is very popular but is not straitforward to implement, because it needs a very precise alignment between the excitation light beam, the QTF prongs and the acoustic micro-resonators. Also, this method is extremely sensitive to electromagnetic interferences (EMI) and needs a specific electrical read-out circuit. This circuit must include a low-noise transimpedance amplifier, located as close as possible to the QTF.

I.2.1.3 Piezoresistive transducer

Mechanical resonators can also be fabricated with piezoresistive materials, which show a variation of the electrical resistance in response to a mechanical stress. An acoustic CHAPTER I. PHOTOACOUSTICS AND RESONANT OPTICAL TRANSDUCERS transducer based on a resonant cantilever and piezoresistive nano-jauges (micro and nanoelectromechanical system, M&NEMS) was fabricated at the CEA LETI [START_REF] Lhermet | First microphones based on an in-plane deflecting micro-diaphragm and piezoresistive nano-gauges[END_REF], and integrated in a PA sensor for trace gas detection [START_REF] Lhermet | Micro-Photoacoustic Cell with Integrated Microphone for Sub-Ppm Gas Sensing[END_REF]. This method helped to reduce dramatically the sensor dimension, as the transducer was directly fabricated within the gas cell, with standard silicon microfabrication.

We presented in this section three important electromechanical transduction methods used for PAS. The detection can be performed with commercially available MEMS microphones, which have the advantage of low-cost and small dimensions, but suffer from thermal instabilities, and from a reduced sensitivity due to a flat response over the audio frequency band. As an alternative, the quartz tuning fork resonator (QTF), leading to the QEPAS technique, helps to increase the sensor sensitivity and is widely used. More recently, other attempts based on piezoresistive M&NEMS transducers have been implemented in a PA sensor and showed record footprints.

Despite their good sensitivities and relative technological maturity, electromechanical transducers highly depends on the electrical circuit for signal amplification and conditioning, and are thus not adapted for harsh environment operation. In contrast, optical transductions can operate remotely, i.e. at high temperatures, in explosive or corrosive environments, and are also immune to electromagnetic interference. Moreover, they can show extremely high sensitivities. The next section is focused on the main optical transduction methods found in the litterature and used for PAS or PTS sensing.

I.2.2 Optical transducers

A wide variety of optical transduction methods for acoustic detection can be found in the literature [START_REF] Bilaniuk | Optical microphone transduction techniques[END_REF], and are generally classified into two main categories: the intensity modulating, and the phase modulating transducers. In the first one, the acoustic wave induces a direct variation of the light intensity, measured by a photodetector. In the latter, the acoustic wave induces a phase shift of the propagating light, then converted into an intensity variation through an interferometric system. In the following section, we review optical transductions suitables for PAS or PTS gas sensing. For more details on optical transduction techniques for PAS gas sensing, the reader may refer to the very recent and exhaustive review by Yang et al. [START_REF] Yang | A review of all-optical photoacoustic spectroscopy as a gas sensing method[END_REF].

I.2.2.1 Intensity modulating transductions

The intensity modulating transduction method is the most simple, as it measures the relative displacement of the probe light beam by directly looking at the amount of light coupled into a photodetector.

In the article from Dostál et al. [START_REF] Dostál | Cantilever-Enhanced Photoacoustic Detection and Infrared Spectroscopy of Trace Species Produced by Biomass Burning[END_REF], a reflective cantilever is placed inside the PA cell and illuminated by a probe laser. The light is reflected on a position sensor (with two or four quadrant), and aligned so that a zero signal is obtained when the cantilever is at rest. When the cantilever is deflected, the proportion of light in the four quadrants gives the amount of deflection experienced by the cantilever. This method, also known as cantilever enhanced photoacoustic spectrosopy (CEPAS) technique, enabled to reach a NNEA of 3.8 × 10 -9 , at a pressure of 250 mbar. Similarly, Wu et al. [START_REF] Wu | Optical Detection Technique Using Quartz-Enhanced Photoacoustic Spectrum[END_REF] measured the deflection of a reflective quartz tuning fork instead of a simple cantilever. Since the piezoelectricity of the material is not exploited, this technique keeps the advantages of the optical transduction.
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The position sensor is also useful for photothermal detection. Here, the light beam is directly deviated by a refractive index variation due to a thermal change (mirage effect), and was implemented for PTS [START_REF] Zimering | Applications of a compact photothermaldeflection-based setup for trace-gas detection in real-time in situ environmental monitoring and chemical analysis[END_REF], [START_REF] Leahu | Trace gas analysis from glazes by means of a compact photothermal deflection spectroscopy apparatus[END_REF], [START_REF] Dada | A Compact, Pulsed Infrared Laser-Excited Photothermal Deflection Spectrometer[END_REF]. In the cited articles, no direct NNEA was calculated, but the minimal absorption measured was of 10 -7 cm -1 for methane in nitrogen.

One of the advantages of the intensity modulating transductions lies in the large bandwidth used for the optical probe, less complex than narrow bandwidth sources. However, although these transductions are based on a simple principle, their implementation is complicated as they need a careful optical alignment. Also, the remote detection is limited since the position photodetector must be placed in the vicinity of the gas sample. Moreover, these systems are in general bulky, more fragile, and possibly sensitive to external vibrations.

I.2.2.2 Phase modulating transductions: interferometric systems

Interferometric systems are interesting as they convert a phase change of the light into an intensity variation, which can be accurately measured by a photodetector. The figure I.7 summarizes four common interferometric systems: the Mach Zehnder and Michelson interferometers, and the ring resonator and the Fabry -Perot cavity. The two last systems exhibits a different optical response as they are not the result of a two beam interference but rather the result of an optical resonance occuring inside the cavity. 

Laser

Mach -Zehnder

In the Mach -Zehnder interferometer configuration, the phase of the light can be perturbed by a strain on one arm of the interferometer while the other serves as a reference. The light recombined is measured on a photodiode, and its intensity is proportionnal to the amount of phase change. This principle was used in a fibered Mach -Zehnder [START_REF] Gallego | High-sensitivity ultrasound interferometric single-mode polymer optical fiber sensors for biomedical applications[END_REF] to detect a strain induced by an ultrasound acoustic wave. To our knowledge, no use of this system was found in the litterature for trace gas PAS.

The phase of the light can also be perturbed by a temperature variation. In this different configuration, the sensing arm of interferometer is replaced by an hollow core fiber filled with the target gas. The hollow core fiber is illuminated by the excitation and the probe light beam, helping to obtain a direct photothermal generation inside the fiber [START_REF] Li | Mid-infrared fiber-optic photothermal interferometry[END_REF]. In this way, the interferometer serves at the same time as the gas cell and sensing element for trace gas PTS. The use of the hollow core fiber permits to produce extremely small volumes of gas (the typical fiber diameter is of 10 µm) which are favorable to the generation of a photothermal wave at high frequencies, with record lengths of 10 meters [START_REF] Jin | Ultra-sensitive all-fibre photothermal spectroscopy with large dynamic range[END_REF].

Michelson interferometer

In the Michelson interferometer , the light is separated with a beam splitter (BS) and recombines after a reflection on two mirrors. The constructive or destructive interference condition depends on the position of one mirror, while the other stays still. The moving mirror is often a reflective cantilever with a free end, with an enhanced displacement. It has been sucessfully implemented and used for PAS gas detection [START_REF] Koskinen | Extremely sensitive trace gas analysis with modern photoacoustic spectroscopy[END_REF], [START_REF] Kuusela | Photoacoustic Gas Analysis Using Interferometric Cantilever Microphone[END_REF], with a NNEA in the 10 -9 range. More recently, a team reached a NNEA of 10 -10 and a LOD in the ppt range [START_REF] Tomberg | Sub-parts-per-trillion level sensitivity in trace gas detection by cantilever-enhanced photo-acoustic spectroscopy[END_REF], with a pressure of 200 mbar. These transductions methods based on optical read-out of a cantilever are called CEPAS (Cantilever Enhanced Photoacoustic spectroscopy), and are comercialized by Gasera Ltd. 5 . These systems have however the disadvantage of being bulky and more fragile. A fibered version of the Michelson interferometer was also studied [START_REF] Murray | Fiber-Wrapped Mandrel Microphone for Low-Noise Acoustic Measurements[END_REF] for low frequency detection, with a LOD of 3 µPa/ Hz, but to our knowledge no implementation for gas detection was yet explored.

Ring resonator

Similarly to PAS detection with the Mach -Zehnder, the resonance condition of the ring resonator is modified by a strain on the ring, induced by the acoustic wave. This phenomena has been exploited in silicon microring resonators suspended on a SiO 2 diaphragm, adapted for ultrasound detection [START_REF] Leinders | A sensitive optical micro-machined ultrasound sensor (OMUS) based on a silicon photonic ring resonator on an acoustical membrane[END_REF], [START_REF] Westerveld | Silicon photonic micro-ring resonators to sense strain and ultrasound[END_REF].

Fabry-Perot interferometer

In the Fabry -Perot (FP) cavity, the displacement of one mirror also induces a phase shift, which causes a change of the resonance condition of the cavity. A recent transduction technique for PAS is based on an extrinsic FP interferometer (EFPI) and consists of a low reflectivity interface (in general, the cleaved end of a fiber) and a reflective mirror sensitive to acoustic sollicitations. This methods has the advantage of showing high acoustic sensitivities, and is at the same time easy to align and compact, because of the low finesse nature of the cavity. However, as a consequence, the sensitivities are in general slightly lower than that obtained with the Michelson interferometer. The sensing mirror of the EFPI can be a simple circular diaphragm, with published results on different materials, like silver [START_REF] Liu | Extrinsic Fabry-Perot fiber acoustic pressure sensor based on large-area silver diaphragm[END_REF], graphene [START_REF] Tan | Optical Fiber Photoacoustic Gas Sensor With Graphene Nano-Mechanical Resonator as the Acoustic Detector[END_REF] or parylene [START_REF] Gong | Parylene-C diaphragm-based fiberoptic Fabry-Perot acoustic sensor for trace gas detection[END_REF]. Chen et al. demonstrated an EFPI based on a reflective stainless steel cantilever [START_REF] Chen | Fiber-optic Fabry-Perot interferometer based high sensitive cantilever microphone[END_REF], [START_REF] Chen | Fast demodulated white-light interferometry-based fiber-optic Fabry-Perot cantilever microphone[END_REF], and implemented it successfully for PAS gas detection [START_REF] Chen | Ultra-high sensitive fiber-optic Fabry-Perot cantilever enhanced resonant photoacoustic spectroscopy[END_REF] and remote detection of gas micro leakage [START_REF] Chen | Fiber-optic photoacoustic sensor for remote monitoring of gas micro-leakage[END_REF]. The typical NNEA obtained with the EFPI method lies in the 10 -7 -10 -9 range. Less common Fabry-Perot cavities can be directly fabricated at the tip of a fiber [START_REF] Yao | Ultracompact optical fiber acoustic sensors based on a fiber-top spirallysuspended optomechanical microresonator[END_REF] with additive microfabrication techniques.

5. The method based on a position sensor is also a CEPAS technique
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Another variant of the FP cavity consists in measuring the phase shift induced by the refractive index variation inside the optical cavity, which depends on the pressure and the temperature. This technique enables to use a FP structure with no mechanical structure [68], and is interesting for high frequency PAS in condensed media [START_REF] Preisser | All-optical highly sensitive akinetic sensor for ultrasound detection and photoacoustic imaging[END_REF] or can find application in trace gas PTS [START_REF] Waclawek | 2f-wavelength modulation Fabry-Perot photothermal interferometry[END_REF], [START_REF] Breitegger | Intensity Modulated Photothermal Measurements of NO2 with a Compact Fiber-Coupled Fabry-Pérot Interferometer[END_REF]. The use of a hollow core fiber inside the FP cavity was also demonstrated for PTS [START_REF] Tan | Cavity-Enhanced Photothermal Gas Detection With a Hollow Fiber Fabry-Perot Absorption Cell[END_REF], [START_REF] Yang | Hollow-core fiber Fabry-Perot photothermal gas sensor[END_REF] and enabled to reach NNEA of ∼ 10 -7 . In this configuration, both the excitation and probe light circulate in the FP cavity. For this reason, the FP resonance must be tuned to the target gas absorption line. The drawback of this system is that multi-gas operation is not permitted, as the target gas depends not only on the excitation laser, but also on the FP cavity length.

Contrary to the Michelson and Mach-Zehnder interferometers which have a periodic intensity spectrum and thus a large dynamic range, resonant cavities like the Fabry -Perot and the microring resonator exhibits an optical resonance which needs to be tracked by means of a specific read-out, detailed in the next section.

I.2.2.3 Interrogation technique for the read-out of optical resonances

When optical resonators are considered, narrow bandwidths6 can be obtained and thus the dynamic range is reduced. This makes the phase shift more difficult to measure, which requires the use of a specific interrogation technique [START_REF] Deepa | Interrogation techniques for π-phase-shifted fiber Bragg grating sensor: A review[END_REF].

Interferometric interrogations

A first, simple solution consists in scanning the optical resonance to report the resonance frequency shift. This method however is mostly limited by the resolution and speed of the scan and is generally adapted for static detection or low frequency perturbations. To overcome this difficulty, broadband sources (with bandwidth that are much larger than the optical resonator bandwidth) are used, and coupled to an interferometric interrogation for extremely narrow resonances [START_REF] Chandra | Elimination of Light Intensity Noise Using Dual-Channel Scheme for Fiber MZI-Based FBG Sensor Interrogation[END_REF], [START_REF] Srivastava | Interferometric interrogation of π-phase shifted fiber Bragg grating sensors[END_REF], or low finesse resonances [START_REF] Chen | Fast demodulated white-light interferometry-based fiber-optic Fabry-Perot cantilever microphone[END_REF], [START_REF] Yu | Fast White Light Interferometry Demodulation Algorithm for Low-Finesse Fabry-Pérot Sensors[END_REF]. In this way, the sensing cavity acts as a filter for the broadband source and shifts the wavelength of the propagating light. After that, the light goes into the interrogation interferometer (for example, a fibered Mach Zehnder interferometer), which converts the wavelength shift into an intensity variation.

Instead of using broadband sources, pulsed interferometry is also performed. Rosenthal et al. [START_REF] Wissmeyer | All-optical optoacoustic microscope based on wideband pulse interferometry[END_REF], [START_REF] Rosenthal | Sensitive interferometric detection of ultrasound for minimally invasive clinical imaging applications: Sensitive interferometric detection of ultrasound for clinical imaging applications[END_REF], developed the coherence restored pulse interferometry technique to generate an optical frequency comb with narrow peaks (much narrower than the sensing cavity bandwidth) and then, a wavelength shift read-out is performed with a fibered Mach-Zehnder interferometer.

These techniques however are based on an aditionnal interferometer used for the interrogation (in addition to the interferometer used for the detection) and increase the cost and complexity of the system.

Wavelength tracking interrogations

The second method consists in looking at the resonance shift from a specific point. In this case, rather than a broadband source, a laser with a narrow linewidth is needed (much smaller than the resonator bandwidth). In general, the point of highest slope of However, the resonance is sensitive to other contributions that can impact the resonance shift (thermal drift, or mechanical vibration) and thus create a drift of the quadrature point. To overcome this issue, a closed loop control can be activated in order to lock the laser wavelength onto the quadrature point [START_REF] Mao | Stabilizing operation point technique based on the tunable distributed feedback laser for interferometric sensors[END_REF]. This technique, called side-of-fringe locking, enables to correct the drift and a significant part of external perturbations, and keeps the point of highest sensitivity. Another locking technique, presented more in detail in section I.3, consists in a top-of-fringe locking and is called the Pound -Drever -Hall locking [START_REF] Black | An introduction to Pound-Drever-Hall laser frequency stabilization[END_REF].

I.2.3 Comparison between the optical and electromechanical transduction

We saw previously that electrical (section I.2.1) as well as optical (section I.2.2) transduction methods for trace gas PAS or PTS can be of very different kinds. To summarize, we reported in the table I.1 a selection of the most representative configurations for PAS gas sensing found in the litterature. Similarly, we reported in the table I.2 the most representative configurations for trace gas PTS.

The NNEA is reported for each article, because it is the best indicator at hand to compare the performance, as it takes into account the influence of the excitation power and intensity of the absorption line on the SNR. We note however that the NNEA varies dramatically (from ∼ 10 -7 to 10 -10 ) in the different sensors configurations. Indeed, some important variations can be obtained according to the gas pressure inside the cell, the modulation scheme, the specificity of the target gas with the interfering gas, the interaction length of the laser inside the cell, and, for optical transducers, the interrogation method.

We finally give a global comparison between the electrical and optical methods in table I.3. Despite a large footprint, a higher cost and a less mature technology compared to electrical transducers, optical transducers are very promising and made recently many advances in the field of PAS and PTS. Besides, conventional optical transduction methods like the CEPAS have already proven their worth, with the realization of complete and commercialized sensors (Gasera Ltd.). 

+ -

Electrical transductions

Mature MEMS technology, low-cost, small size Sensitive to EMI, not adapted for harsh environements

Optical transductions

Remote, sensitive

Second laser, bulky, fragile Table I.3 -Advantages and drawbacks of the electrical and optical transduction method Among the reviewed optical transducers, the Fabry -Perot cavity and the recent development of EFPIs for PAS is of great interest: the EFPI transducer has all the advantages of optical reading (such has remote sensing, EMI immunity, etc.), and offers yet compact dimensions, robustness, and a way to bypass the problem of the cavity alignment. Moreover, the FP cavity can be also used in a different configuration, for photothermal detection of gas traces (PTS) without using any mechanical elements. The next section is focused on the description of two configurations of Fabry -Perot interferometers adapted for the PA and PT detection of gas traces, which will be studied all along this manuscript.

I.3 Fabry-Perot cavity for photoacoustic and photothermal detection

The Fabry -Perot interferometer, first invented in 1899, has the simplest structure, as it needs only two reflective elements, facing each other to form the optical cavity. Although the conventional FP cavity is fabricated with two reflective surfaces separated by air, the cavity can be fabricated in many different ways with modern fabrication techniques: for instance in optical fibers [START_REF] Zhang | Fiber-Optic Pressure Sensor Based on π-Phase-Shifted Fiber Bragg Grating on Side-Hole Fiber[END_REF] or in integrated, planar waveguides [START_REF] Pruessner | Integrated waveguide Fabry-Perot microcavities with silicon/air Bragg mirrors[END_REF].

In this manuscript, we are going to present a transduction method based on an EFPI (I.9a, left) and on a guided, distributed FP cavity (I.9b, right). The latter is a novel approach which, to our knowledge, has never been used for the PAS/PTS detection of gas traces. In the first EFPI configuration, the fabricated interferometer is composed of the fiber interface, of low reflectivity (M 1 ), and a highly reflective diaphragm (M 2 ). As a result, the light makes few round trips (< 5) in the cavity, and the reflected light I r shows a low finesse interference pattern, that can be assimilated to a two light beam interference. The phase of the light is shifted when the cavity length L cav is modified by an external perturbation, like a photoacoustic wave.

In the second guided configuration, the FP cavity is made of two higly reflective Bragg mirrors. In general, a Bragg mirror consists of multiple thin layers of dielectric material, which produce, by interference, a high reflectivity. In our transducer, so-called distributed Bragg reflectors (DBR) are structured inside a fiber by a UV inscription method, which create a periodic modulation of the fiber core refractive index. The central wavelength and bandwidth of the reflectivity spectrum of the DBR can be tuned by the spatial period and the amplitude of the refractive index modulation. To obtain a narrow resonance, our particular FP cavity has a cavity length equal to the period of the Bragg grating. Such a structure is named π phase-shifted fiber Bragg grating (πFBG). Here, the resonance can be either shifted by a mechanical strain induced by a PA wave (acting on the cavity length or grating period) or by a thermal variation induced by a PT wave (acting on the refractive index of the fiber core). Contrary to the the EFPI, the wavelength shift in this configuration is expected to have a much weaker amplitude, since the PA/PT perturbation does not act directly on the cavity -situated inside the 8 µm diameter fiber core -, but rather on the fiber cladding, which has a diameter of 125 µm.

I.3.1 Resonance shift measurement and associated control loop method

The two structures have completely different optical responses: in the EFPI made with a low reflectivity interface, the typical optical bandwidth that can be expected is in the nanometer range, while for a really high quality πFBG resonator, the bandwidth is expected to be in the picometer range. Therefore, the dynamic range -which should be smaller than the cavity bandwidth (see the illustration I.8), in order to keep a linear response -is expected to be larger for the EFPI. In addition, for a given perturbation, the wavelength shift in the fiber cavity is expected to be much lower than that of the EFPI. For these reason, the read-out laser and interrogation technique must be adapted to the specificities of the two FP cavities. Below, we present an interrogation based on a side-offringe locking (quadrature control) used for the EFPI transduction (see figure I.10a), and a top-of-fringe locking (Pound-Drever-Hall control) used for the πFBG transduction (see figure I.10b). The quadrature point is highly dependent on external factors like the temperature, pressure and humidity variations. To maintain the quadrature condition, the laser wavelength must be locked with a PID control loop. Since the quadrature point drift is slow, the control loop operates at low frequencies and is easy to implement. A stabilizing technique [START_REF] Mao | Stabilizing operation point technique based on the tunable distributed feedback laser for interferometric sensors[END_REF] consists in moving the probe wavelength through a control on the current supply of a laser diode. This however can cause problems due to the simultaneous change of the probe emitted power, which alters the amplitude of the measured signal. These complications will be discussed in chapter II, in the section devoted to the implementation of the quadrature control read-out for the EFPI transducer.

I.3.1.2 Control with the Pound-Drever-Hall technique

For extremely narrow resonances with a bandwidth in the picometer range, the dynamic range is greatly reduced, and the resonator is much more sensitive to the external noise and perturbations, which must be corrected faster. The quadrature control is not adapted for such a fast and accurate control. Therefore, a more accurate method based on the Pound-Drever-Hall technique is implemented for the operating point control and read-out. This technique, used for laser frequency stabilization in high finesse interferometers -involved, for example, in the LIGO/VIRGO experiments, for the detection of gravitational waves [START_REF] Rakhmanov | Characterization of the LIGO 4 km Fabry-Perot cavities via their high-frequency dynamic responses to length and laser frequency variations[END_REF], [START_REF] Acernese | Measurement of the optical parameters of the Virgo interferometer[END_REF] -, is based on the generation of an error signal, directly proportional to the derivative of the optical resonance. In this way, the laser wavelength can be locked to the maximum slope of the error signal, which corresponds to the resonance condition of the cavity (top-of-fringe). The figure I.11 illustrates how the PDH method works: a modulation applied on the laser frequency (or phase) enables to be sensitive to the local slope of the cavity response. By looking at the resulting oscillating signal (denoted output), the error signal can be generated. This error signal is fed back to the laser to lock the wavelength to the top of the fringe and correct for external perturbations and drift of the FP resonance. This method is implemented for the πFBG transducer and is presented in detail in chapter III. 

Cavity signal

II.1 Introduction

The first optical resonator studied in this manuscript is the EFPI, which is used as a transducer for detecting weak acoustic waves. Before going into details, we recall here the basic principle of operation of this transducer. The figure II.1a shows the transducer probe, assembled at the tip of an optical fiber, composed of a metallic diaphragm and a void cavity of length L cav , called back volume. The purpose of the diaphragm is twofold: firstly, reflect the incident light I 0 back into the optical fiber and secondly, experience a maximal displacement for a given acoustic perturbation. The read-out of the reflected power I r gives the interference pattern, which depends on the cavity length and thus on the diaphragm displacement, and as a consequence on the incident pressure. The figure II.1b gives a simplified1 description of the transducer response, based on a block diagram. The incident pressure, of amplitude p fv , interacts with the back volume and produces the pressure differential ∆p, which results in a displacement of the diaphragm ∆z. Then, the Fabry -Perot cavity translates the displacement into an intensity change ∆I r , measured by a photodetector. This chapter first presents the design of the EFPI acoustic transducer (II.2), which is not a straightforward task, as its description involves many fields of physics. In this section, we develop into details an analytical model particularly adapted to this kind of transducer and compare it with a reference finite element method (FEM) simulation. The fabrication process for the transducer and the diaphragm is then described (II.3), as well as the full instrumentation setup (II.4). Finally, an acoustic characterization is conducted, the experimental results (II.5) are presented and their performance compared to the literature. Only the results obtained for the acoustic transduction are described in this last section, as the experimental implementation of the transducer for the photoacoustic detection of gas traces is presented in chapter IV.

Op�cal fiber

acous�c wave M 1 Metallic diaphragm M 2

Back volume

Before getting to the heart of the chapter, we sum-up in the following tables the notation used to describe the various parameters needed for the design of the physical problem. 

CHAPTER II. EXTRINSIC FABRY-PEROT INTERFEROMETER

OPTICS

II.2 Theoretical description

Because of its multi-physics aspect, the design of the Fabry-Perot (FP) based transducer requires the understanding and modeling of various physical phenomena. Namely, the motion of the diaphragm is governed by the equations of solid mechanics while the acoustic coupling of the diaphragm with its environment is governed by fluid mechanics. The optical reading of the mechanical displacement is described by wave optics, and finally, the photoacoustic generation involves the heat equation. Commercial finite element simulation (FEM) software can meet this need and are particularly adapted to interface the different physics, like COMSOL Multiphysics, which will be used throughout this chapter. Despite its very good predictive capability, solving the problem with the FEM requires significant resources and computation time, making it difficult to use it for parametric studies for the design of the transducer.

To overcome this issue, a solution consists in describing the sensor dynamics by a state-space representation: each physical system is represented by a block with an input, an output and some state variables, related by a first-order differential equation. Mathematically, the state-space representation can be summarized by the following system of equations:

       E ∂X ∂t = AX + BU Y = CX + DU (II.1)
where the bold terms A, B, C, D, E indicate the state-space matrices while X, Y, U are vectors. The first matrix equation corresponds to the set of differential equations which describes the physical system with the matrices A, B, E, a state variable X, and an input U.

The second equation relates the output of the system Y to the input and the state-variable through the matrices C and D.

The equations of electronics, thermoacoustics, and solid-mechanics are particularly adapted for this kind of representation. In our case, the description of the transducer can be structured as follow (see figure II.2): an incoming pressure wave -for example emitted by a speaker -of amplitude p fv , hits the transducer and interacts with the back volume, producing a differential pressure ∆p across the diaphragm. The pressure differential acts as an harmonic load on the mechanical structure, which in return undergoes a strain and an out-of-plane displacement ∆z. This displacement is measured by an interferometric system with a probe laser, which delivers an optical power variation as a result of the displacement, which is converted by a voltage variation ∆V by a photodetector. The processed signal is finally read on a computer. An alternative of this model involves an additional block, which concerns the description of the whole sensor (transducer embedded in a photoacoustic cell, also called front volume). In this configuration, the initial input is the excitation laser power I QCL , which produces a pressure increase p fv in the volume by photoacoustic effect. Finally, each of these blocks can be easily connected2 to each others through the inputs and outputs to produce the block describing the whole system. As shown by the differential equation from the system (II.1), the major difficulty of the problem lies in finding an equation that describes the dynamics of the system without any spatial dependence. The main technique used throughout this chapter consists in simplifying the problem to simple geometries that can be assimilated to one -dimensional systems by means of lumped elements, also called reduced elements, that take into account the geometric parameters. Before going into details and describing the elaboration of this so -called lumped elements model, we compare in the following table the main advantages and drawbacks of using a lumped element model instead of a finite element method based simulator.
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+ -

Finite element method

Predictable, spatial information Slow, need for a software and computing resources

Lumped element model

Fast, purely analytical, versatile, parametric study

Less precision, limited informations

We see from this comparison that the two methods of computing are complementary. For this reason, we will hereafter rely on the results obtained by the FEM and compare them with the results derived from the lumped model.

In the following, we will first describe analytically the optical reading of the system in section II.2.1. Then the mechanical structure dynamics is calculated with the lumped element model (II.2.2), as well as the behaviour of the surrounding fluid (II.2.3). A global study of the whole system is finally proposed by combining the elements introduced in the previous sections (II.2.4) and some design rules are finally summarized for the fabrication of the acoustic transducer and the gas sensor (II.2.5).

II.2.1 Optics

The modeled interferometer consists of a low-finesse Fabry-Perot cavity, shown in figure II.3, where the first mirror M 1 , corresponding to the air-fiber interface, is poorly reflective at the working wavelength λ 0 = 1.55 µm. In addition, the beam at the fiber output is not collimated and the second mirror M 2 is flat, which introduces a divergence of the reflected beam and thus significant coupling losses. In the following, we note (r 1 , t 1 ) the reflection and transmission coefficients in amplitude for the fiber → air transition, (r ′ 1 , t ′ 1 ) for the air → fiber transition, and finally r 2 the reflection coefficient of the second mirror. In the case of normal incidence, the Fresnel relations allow to calculate these coefficients:

CHAPTER II. EXTRINSIC FABRY-PEROT INTERFEROMETER

       r 1 = n g -n air n g +n air t 1 = 2n g n air +n g and      r ′ 1 = r 1 e -j π t ′ 1 = 2n air n air +n g (II.2)
with n g and n air the refractive index of the glass material composing the fiber and air. The reflection coefficient on the mirror M 2 actually introduces a phase shift of π and is therefore written r 2 e -j π , where r 2 is the positive reflection coefficient such that r 2 = R 2 , where R 2 is the reflectivity of the mirror. We consider a Gaussian incident electric field E i with a wave vector k = 2πn air /λ 0 . The field reflected by the cavity E r can be expressed as the sum of the reflected beams and is a function of the incident field:

E r = E i r 1 C 0 + E i t 1 t ′ 1 ∞ m=1 r m 2 r m-1 1 C m e -j π (II.3)
where C m is the complex coupling coefficient, which represents the fraction of the electric field coupled into the fiber after m round-trips in the cavity. The first term of the sum indicates the contribution of the beam directly reflected from the air-fiber interface and the right-hand sum corresponds to the contributions of the beams making m round trips in the optical cavity. Taking into account the Gaussian properties of the beam, the coupling coefficient C m can be expressed by [START_REF] Wilkinson | Analytical model for low finesse, external cavity, fiber Fabry-Perot interferometers including multiple reflections and angular misalignment[END_REF]:

C m = Λ m exp(-j β m ) exp(-j Θ m ) (II.4)
where β m = 2mkL cav represents the phase of the wave after m round-trips, Λ m the fraction of light coupled into the fiber due to beam divergence at the exit of the fiber and finally an additional phase shift term Θ called Gouy phase. These terms can be calculated by assuming that the fiber output corresponds to the waist location w 0 of the beam.
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The coupling and phase shift losses are expressed as follow:

     Λ m = 1 1+m 2 z2 Θ m = -arctan( m z 2 ) (II.5)
where the reduced distance z = L cav /z R is calculated from the Rayleigh distance of the beam z R = πw 2 0 /λ 0 .

II.2.1.1 General case with N round-trips

Let us start from the equation (II.3) and express the reflectivity in the general case:

R FP = E r E i 2 = r 1 + t 1 t ′ 1 N m=1 r m 2 r m-1 1 Λ m e -j (β m +Θ m +π) 2 (II.6)
The reflectivity can be expanded in this form:

R FP = r 2 1 + (t 1 t ′ 1 ) 2 r 2 1 N m=1 (r 1 r 2 ) 2m Λ 2 m + 2t 1 t ′ 1 N m=1 (r 1 r 2 ) m Λ m cos[2mkL cav + Θ m + π] + 2 (t 1 t ′ 1 ) 2 r 2 1 N m=1 N ℓ=m+1 (r 1 r 2 ) m+ℓ Λ m Λ ℓ cos[2(ℓ -m)kL cav + Θ ℓ -Θ m ] (II.7)
This expression has been grouped into three contributions: firstly the contribution of beams that do not produce interference (first two terms), secondly the interfering terms coming from the directly reflected beam and the beams that have made m round trips into the cavity, and finally the cross interference (m = ℓ) between the beams that have entered the cavity. To perform the calculation, we consider a reflectivity R 1 = 3.3% for the air-fiber interface, which is obtained by considering the Fresnel relations, a refractive index of air n air ≈ 1 and of the glass interface n g = 1.444. For the second mirror, we assume an ideal reflectivity R 2 = 100%. The Rayleigh distance is calculated by considering the size of the guided mode in standard SMF-28 fibers w 0 = 5.2 µm, which gives z R = 55 µm. The figure II.4 shows the evolution of the reflectivity for cavity lengths ranging from a few µm to 1 mm. When L cav increases, a drop in the overall reflectivity of the cavity is observed, explained by coupling losses due to beam divergence.

Given the light beam divergence and the reflection losses (low Λ m and r 1 ), we notice in practice that N = 5 is good enough to accurately provide the optical response of the cavity. Two observations can be made when considering high orders of reflection. Firstly, we notice that the reflectivity tends towards 1 when the cavity length tends to zero. We also note that taking into account the multiple reflections introduces an asymmetry of the interference fringes, with a negative slope greater (in absolute value) than the positive slope, which is confirmed by the table II.5. This is explained by the Gouy phase shift, which is all the more important as the light beam has propagated over a large distance. The different waves of identical period but slightly out of phase with each other produces by interference a distortion of the reflectivity. From the derivative of the reflectivity one can calculate the sensitivity, with an optimum around L cav = 60 µm, as can be seen on the figure II.5. 

II.2.1.2 Two beams interferometer case

As it is regularly done in the literature [START_REF] Liu | Extrinsic Fabry-Perot fiber acoustic pressure sensor based on large-area silver diaphragm[END_REF], [START_REF] Chen | Fiber-optic Fabry-Perot interferometer based high sensitive cantilever microphone[END_REF], we can assume that the coupling losses are such that the Fabry-Perot cavity behaves like a two-beam interferometer. The first beam is directly reflected by the air-fiber interface (m = 0) and the second beam is transmitted in the cavity, making one round-trip before being coupled into the optical fiber (m = 1). The equation (II.3) is reduced to two terms and the reflection coefficient r FP of the Fabry-Perot cavity can be expressed :

r FP = E r E i = r 1 + t 1 t ′ 1 r 2 Λ 1 e -j (2kL cav +Θ 1 +π) (II.8)
The reflectivity of the cavity R FP , defined as the ratio of incident and reflected optical powers |E r /E i | 2 , is expressed as follows:

R FP = R 1 + R 2,eff + 2 R 1 R 2,eff cos 4πn air L cav λ 0 + Θ 1 + π with R 1 = r 2 1 R 2,eff = (t 1 t ′ 1 ) 2 r 2 2 Λ 2 1 (II.9)
According to the equation (II.9), the reflectivity of the Fabry-Perot cavity is a function of the wavelength λ 0 , but also of the optical cavity length L cav and the optical index of the considered medium n air . The figure II.6 shows the evolution of the reflectivity, using the two beams approximations. As can be seen on the reflectivities for small displacements, although R 2,eff and Θ 1 are functions of L cav , their variations are negligible on the scale of one period of the interference fringes, which corresponds to a displacement δL cav = λ 0 /2 ≈ 0.8 µm. When the quadrature condition is verified, the phase shift is equal to ±π/2:

4πn air L cav λ Q = (2m + 1) π 2 -Θ 1 (II.10)
where m is a relative integer, and λ Q the wavelength at quadrature. We can observe for δL cav ≪ λ 0 /2 a linear relationship between the system reflectivity and the displacement. We can thus express the fraction of reflected light power for small displacements:

δI r = I i ∂R FP ∂L cav Q δL cav (II.11)
That is, assuming that R 2,eff and Θ 1 are constant:

δI r = I i R 1 R 2,eff 8πn air λ Q δL cav (II.12)
The quadrature point is also the point where the derivative is maximized, i.e. where the sensitivity of the system is maximized. The signal finally measured is a voltage proportional to the received light power δV r = G PD δI r , where G PD represents the photodiode gain, expressed in V/W. This term allows us to define the optimal optical sensitivity of the system: Although the two-beam interferometer diverges for short cavities L cav ≪ z R , the hypothesis remains reasonable for long cavities, and enables an easy, analytical evaluation for the sizing of the optical system, detailed hereafter.

S opt,Q = ∂V r ∂L cav Q = G PD I i R 1 R 2,

II.2.1.3 Interference drift and optical response for acoustic sensing

In order to design an optical transduction, it is necessary to study the various parameters that may affect the ideal linear relationship:

δV r = S opt,Q δL cav (II.14)
To simplify the discussion, we will use the model of the two-beam interferometer in the following. Strictly speaking, the reflectivity of the cavity depends on different parameters, because the phase of the reflected wave depends not only on the length of the cavity, but also on the wavelength of the laser λ and the refractive index n air , which in turn depends on different air parameters such as temperature, pressure or hygrometry. The voltage finally measured is then written:

δV r = G PD I i ∂R FP ∂L cav Q δL cav + ∂R FP ∂λ Q δλ + ∂R FP ∂n air Q δn air (II.15)
where the quadrature condition is obtained by the equation (II.10). Taking into account these external parameters implies two problems. Firstly, the influence of the two added terms δλ and δn air which create unwanted contributions to the measured signal. However, in the case of an acoustic measurement, signal variations are measured at frequencies lying in the kHz range, where optical index and wavelength variations are negligible.

Secondly, the time drift of the quadrature point -which corresponds to a π/2 phase shift condition between the directly reflected beam and the beam passing through the cavity -results in a drift of the reflected power and thus of the measured signal. Although little research has been done on this subject, it appears that the thermal expansion of the material constituting the optical cavity has a dominant influence. Indeed, taking an aluminium cavity with a thermal expansion coefficient of α L = 23 × 10 -6 /°C and considering a cavity length of 500 µm, we obtain a length variation of the order of 10 nm/°C. This value must be compared to the typical measured displacement which are of the order of few nm, and the fringe period, which corresponds to a length variation of about 800 nm.

Various solutions have been proposed to cancel the environmental influence on the signal of interest. Passive solutions based on the transducer encapsulation can for example reduce the external environment influence [START_REF] Xiong | Stabilization mechanism of miniature extrinsic Fabry-Perot sensors based on micromachined diaphragm[END_REF]. However, enclosing the diaphragm leads generally to a decrease of the sensitivity. Active solutions were also studied by Chen et al., like the use of a thermostat [START_REF] Chen | Fast demodulated white-light interferometry-based fiber-optic Fabry-Perot cantilever microphone[END_REF] to keep a constant temperature of the transducer and thus avoid thermal drift. This method however increases the size and cost of the final acoustic transducer. Another active solution consists in controlling the probe laser wavelength to ensure that the wavelength constantly checks the quadrature condition despite the drift [START_REF] Mao | Stabilizing operation point technique based on the tunable distributed feedback laser for interferometric sensors[END_REF], which is the selected solution for the presented sensor. The experimental implementation of this quadrature control will be detailed in section II.4.2.2.

II.2.1.4 Sizing for the experimental implementation

In the previous sections, we established a model to describe the optical response of the system, as well as our figure of merit, the optical sensitivity, which is defined as the variation in voltage returned by the photodiode as a result of a displacement of the mirror M 2 . The two beam interferometer approximation allows to understand the quadrature operation mode and to establish a simple analytical expression to evaluate the reflectivity and sensitivity of the FP cavity (see table II.6). However, this model diverges for short cavity lengths, and is valid only for long cavities or low reflectivities R 2 . If these conditions are not verified, taking in consideration the higher interference orders is necessary (N = 5) to account for the real reflectivity. In this case, we observe that an optimum sensitivity is obtained for a particular cavity length L cav . In addition, the higher orders account for the distortion of the interference fringes, and in particular for the variability in sensitivity according to whether the quadrature condition is on the positive or negative slope (see table II.5). Finally, we have seen that in order to be free from environmental parameters (essentially thermal drift), it is necessary to set up a control loop on the laser wavelength to ensure the quadrature condition.

The discussion is summarized by the figure II.7 and the following conditions:

-In order to maximize the optical sensitivity 3 , the cavity length should be as close as possible to the optimum. We have empirically noticed that this optimum is ob-
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In the meantime, the reflectivity of the second mirror should be as high as possible.

-The interfringe ∆λ = λ 2 0 /2L cav n air should stay in the laser tuning range ∆λ laser , which implies the condition:

L cav > λ 2 0 2n air ∆λ laser (II.16)
As we can see on the yellow curve, cavity lengths below 100 µm, correspond to a tunability greater than 10 nm, which cannot be obtained technically with low-cost diode lasers, without any external cavity. Since the typical tunability is of the order of 2 nm, a cavity length of at least 500 micron is required to ensure the quadrature point locking. 

II.2.2 Mechanics

In this part, we describe the dynamics of the diaphragm in harmonic regime, whose role is to convert the acoustic pressure wave p into a displacement z. Its figure of merit is the mechanical sensitivity, which we will try to maximize:

S mech = dz dp (ω) (II.17)
where ω is the angular frequency. More generally, it is the diaphragm frequency response that must be studied in detail, in order to control the various key parameters responsible for it, and to articulate it correctly with the rest of the system.

To beneficiate from a large displacement of the structure, it has been decided to embed a cantilever structure in a circular plate (see figure II.8,left). This structure has the advantage of showing a high mechanical quality factor due to the free end of the cantilever. However, the problem arising for this particular structure is the coupling between the unwanted damped circular plate resonance and the sensitive cantilever resonance. In order to decouple these mechanical modes we propose a hinged-cantilever geometry (see figure II.8, right). Moreover, the latter structure allows us to obtain a resonant frequency in the kHz range while using a relatively thick structure which is easy to fabricate and assemble.
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The material used for the mechanical structure is defined by its Young's modulus E m , its mass density ρ m and its Poisson coefficient ν m . The diaphragm is a disc of radius r p and thickness t m on which a cantilever beam of width w 1 and length ℓ 1 is structured. The junction between the cantilever and the disc can be made by means of a "hinge" of width w 2 and length ℓ 2 . The thickness of the gap which allows to release the beam from the rest of the diaphragm is noted h v and not represented on the figure because its dimension is very small compared to the other represented parameters. The position of the cantilever on the diaphragm is determined so as to place its free end at the center of the diaphragm, represented by the red dot. The position of the diaphragm will be measured at this point by the probe laser, where the displacement is expected to be maximized. In the first instance, the complex mechanical structure, called diaphragm, is subdivided into two classical sub-structures, whose dynamics are well known:

-The dynamics of the disc can be calculated by the thin-plate theory (Kirchhoff-Love),

-The dynamics of the embedded cantilever beam can be calculated from the cantilever beam theory (Euler-Bernouilli).

In the following sections, we are going to study the two sub-structures mentioned above, which in harmonic regime can be assimilated to resonators, and whose mass, stiffness and damping coefficient can be explicitly calculated. We will then study the global response of the diaphragm using a finite element method simulator, and will propose solutions to limit as much as possible the mechanical coupling between the two substructures, in order to benefit from a simple design procedure while remaining predictive.

II.2.2.1 Response of the cantilever based diaphragm

The equation providing the displacement z for thin plates in polar coordinates (r, θ) in the absence of damping is written:

ρ m t m ∂ 2 z ∂t 2 (r, θ, t ) + D∇ 4 z(r, θ, t ) = p(t ) (II.18)
for r ∈ [0, r p ]. The right-hand term p(t ) is the incident pressure, assumed to be uniform over the entire plate, and

D = E m t 3 m /12(1 -ν 2 m )
is the bending stiffness of the plate. In the harmonic regime, and using the cylindrical symmetry of the system, the plate equation can be expressed as an eigenvalue equation :

(∇ 4 -γ 4 n )ψ n (r ) = 0 with γ 4 n = ω 2 n ρ m t m D (II.19)
where ψ n denotes the vibration mode of order n of the plate, γ n its eigenvalue and ω n its resonance frequency. In the case of a circular plate clamped on its periphery (r = r p ), a null displacement ψ n (r p ) = 0 and the absence of rotation ψ ′ n (r p ) = 0 are applied, which gives the solution:

ψ n (r ) = I 0 (γ n r p )J 0 (γ n r ) -J 0 (γ n r p )I 0 (γ n r ) (II.20)
where J 0 , I 0 respectively denote the Bessel function and modified Bessel function of first kind at order 0. Using this solution and the boundary conditions, we obtain the characteristic equation of the clamped plate, given in appendix B. We give in table II.7 the first solutions of the characteristic equation, which sets a condition on the eigenvalues. By separating the variables, the displacement solution can be written:

γ 0 r p γ 1 r p γ 2 r p 3.
z(r, t ) = ∞ n=0 ψ n (r )u(t ) with ψ n (r ) = ψ n (r ) max[ψ n (r )] (II.21)
where ψ n (r ) denotes the n th normalized vibration mode, and u(t ) the time varying function of the displacement z. The orthogonality of the modes allows to project the equation II.18 onto the fundamental vibration mode and to reduce it to that of a 1D harmonic resonator of mass m p and stiffness k p , also called lumped elements:

ρ m t m S ψ 0 2 (r ) dS m p ∂ 2 u ∂t 2 (t ) + Dγ 4 0 S ψ 0 2 (r ) dS k p u(t ) = S ψ 0 (r ) dS S p p (II.22)
The same procedure is now used to reduce the cantilever dynamics into lumped elements. The Euler-Bernouilli equation, which predicts the transverse displacement of a cantilever beam z along the x axis, is given by:

ρ m t m ∂ 2 z ∂t 2 (x, t ) + E m I w 1 ∂ 4 z ∂x 4 (x, t ) = p(t ) (II.23)
whose eigenvalue equation is written:

(∇ 4 -λ 4 n )ψ n (x) = 0 with λ 4 n = ω 2 n ρ m A E m I (II.24)
where A = t m w 1 denotes the cross section of the cantilever beam, and I the second moment of area of the beam's cross section, equal to I = w 1 t 3 m /12 for a rectangular cross section. The boundary condition at the clamped position imposes as before ψ n (0) = 0 and ψ ′ n (0) = 0. At the free end, the classical conditions are ψ ′′ n (0) = ψ ′′′ n (0) = 0. This time, the solution is given in cartesian coordinates:

ψ n (x) = sinh(λ n x) -sin(λ n x) - sinh(λ n ℓ 1 ) + sin(λ n ℓ 1 ) cosh(λ n ℓ 1 ) + cos(λ n ℓ 1 ) [cosh(λ n x) -cos(λ n x)] (II.25)
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The first eigenvalues λ i , calculated from the characteristic equation (see appendix B), must fullfill the condition reported in table II.8.

λ 0 ℓ 1 λ 1 ℓ 1 λ 2 ℓ 1 1.875 4.694 7.854
Table II.8 -Solution of the characteristic equation for the clamped-free cantilever beam of length ℓ 1

The projection on the normalized fundamental mode ψ 0 (x) gives the discretized harmonic equation of the clamped-free cantilever dynamics that can finally be written:

ρ m t m S ψ 0 2 (x) dS m c ∂ 2 u ∂t 2 (t ) + E m I w 1 λ 4 0 S ψ 0 2 (r ) dS k c u(t ) = S ψ 0 (r ) dS S c p (II.26)
The mode shape of the two studied structures, given in equation (B.3) and (B.7) is shown on figure II.9 as a function of the normalized parameters r /r p and x/ℓ 1 .

Figure II.9 -Amplitude of the fundamental plate mode of radius r p clamped on its circumference (r = r p ) and fundamental cantilever mode of length ℓ 1 clamped at x = 0 and free at x = ℓ 1

We can also express the fundamental plate resonance ω m,p and cantilever resonance ω m,c , as the resonance frequency of a harmonic oscillator is simply given by ω m = k/m :

ω m,p = α p t m r 2 p E m 12ρ m (1 -ν 2 m ) et ω m,c = α c t m ℓ 2 1 E m 12ρ m (II.27)
where α p = (γ 0 r p ) 2 = 10.21 and α c = (λ 0 ℓ 1 ) 2 = 3.52.

II.2.2.2 Response of the hinged-cantilever based diaphragm

In this section, a reduced model for the hinged-cantilever is proposed. The role of the hinge is to soften the structure in order to increase the sensitivity, and decrease the resonance frequency. From a mechanical point of view, this structure can be seen as the serial connection between two cantilevers:

-the hinge, denoted with the subscript 2, of length ℓ 2 and width w 2 , which is clamped on one side and connected to the second cantilever on the other,

CHAPTER II. EXTRINSIC FABRY-PEROT INTERFEROMETER

-the paddle, which corresponds to the rest of the structure (subscript 1), of length ℓ 1 and width w 1 , and which is attached to the first cantilever on one side and free on the other.

For this particular structure, using a modal resolution -like this was done previously -would lead to 8 boundary conditions and thus to a set of 8 equations to solve [START_REF] Ou | A twomass cantilever beam model for vibration energy harvesting applications[END_REF], which does not lead to any analytical solution. In order to provide an analytical expression of the hinged-cantilever fundamental mode, a static approach, detailed by Lobontiu [START_REF] Lobontiu | Mechanics of Microelectromechanical Systems[END_REF], [START_REF] Lobontiu | Dynamics of Microelectromechanical Systems[END_REF] is preferred, and briefly summarized hereafter.

To solve this problem, the mode of the two separated segments are considered: f 1 (x) for the cantilever segment and f 2 (x) for the hinge segment. The f i functions are expressed with a new variable x whose origin is situated at the free end of the structure and oriented toward the clamped condition so that x = ℓ 1 + ℓ 2 -x:

f i ( x) = a i + b i x + c i x3 with              a 1 = 1 b 1 = - 3 2 
w 2 ℓ 2 1 + w 1 ℓ 2 (2ℓ 1 + ℓ 2 ) B c 1 = 1 2 w 2 B and                a 2 = w 1 (ℓ 1 + ℓ 2 ) 3 B b 2 = - 3 2 w 1 (ℓ 1 + ℓ 2 ) 2 B c 2 = 1 2 w 1 B (II.28)
where

B = w 2 ℓ 3 1 + w 1 ℓ 2 (3ℓ 2 1 + 3ℓ 1 ℓ 2 + ℓ 2 2 )
. The global fundamental mode shape of the hinged-cantilever can then be expressed:

ψ 0 ( x) = f 1 ( x) if 0 ≤ x ≤ ℓ 1 f 2 ( x) if ℓ 1 ≤ x ≤ ℓ 1 + ℓ 2 (II.29)
With the dimensions provided in table II.9, the profile of the fundamental mode of vibration of the hinged-cantilever can be calculated and compared to the simple cantilever of length ℓ 1 + ℓ 2 (see figure II.10). Table II.9 -Dimensions of the hinged cantilever beam
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Once the fundamental mode is found, the reduced parameters of the harmonic resonator can be calculated by an evaluation of the kinetic and elastic potential energy:

                               k h-c = E m I 1 ℓ 1 0 d 2 f 1 dx 2 2 dx + I 2 ℓ 1 +ℓ 2 ℓ 1 d 2 f 2 dx 2 2 dx m h-c = t m ρ m w 1 ℓ 1 0 f 1 (x) 2 dx + w 2 ℓ 1 +ℓ 2 ℓ 1 f 2 (x) 2 dx S h-c = t m w 1 ℓ 1 0 f 1 (x) dx + w 2 ℓ 1 +ℓ 2 ℓ 1 f 2 (x) dx (II.30)
where I i = w i t 3 m /12 are the second moment of area of the two segment's cross sections. The resonance frequency of the hinged cantilever is then given by ω

m,h-c = k h-c /m h-c , ω m,h-c = 35w 2 ℓ 2 (3ℓ 2 1 + 3ℓ 1 ℓ 2 + ℓ 2 2 )w 1 + ℓ 3 1 w 2 C t m E m ρ m (II.31) with C = 35ℓ 1 ℓ 2 2 12ℓ 4 1 + 30ℓ 3 1 ℓ 2 + 33ℓ 2 1 ℓ 2 2 + 18ℓ 1 ℓ 3 2 + 4ℓ 4 2 w 2 1 +ℓ 2 (231ℓ 6 1 +273ℓ 5 1 ℓ 2 +105ℓ 4 1 ℓ 2 2 + 63ℓ 2 1 ℓ 4 2 + 91ℓ 1 ℓ 5 2 + 33ℓ 6 2 )w 1 w 2 + 33ℓ 7 1 w 2 2 .

II.2.2.3 Study of the damping loss

The study of the static response and the resonance frequency from the previous sections gives an important information on the diaphragm frequency response, but fails to describe accurately its behavior near resonance. To propose a realistic model with no divergence at resonance, the quantification of the loss is necessary. The mechanisms responsible for the mechanical loss of the diaphragm can be quantified by their mechanical quality factor Q m . First of all, the intrinsic quality factor Q vac includes the damping due to the support of the diaphragm (circular clamp condition) and the thermoelastic damping (material structure). This term dominates in vacuum and is neglected here since the diaphragm operates in atmospheric conditions, where the viscous losses (represented by the viscous quality factor Q v ) dominate. Three mechanisms can participate to the viscous losses:

-The viscous loss originating from the fluid surrounding the diaphragm, assimilated to an isolated cantilever beam.

-the viscous loss near a surface moving along the diaphragm, called slide-film damping, or Couette damping (see figure II.11,left). This loss is due to the velocity gradient along the z direction (represented with red arrows) between the moving cantilever and the rest of the diaphragm which stays still at the cantilever resonance. This loss increases for small ventilation slits h v , -the viscous loss near a surface moving toward the diaphragm, called squeeze film damping. This effect arises when the optical cavity length L cav is short, creating a thin air film between the optical fiber and the diaphragm. The out-of-plane displacement of the diaphragm will be damped by this so-called squeeze film (see II.11, right).

The study of the viscous effect of the fluid surrounding the cantilever beam is a very complex problem, and no general analytical solution exists. A first solution, that can be found in Hosaka et al. [START_REF] Hosaka | Theoretical and Experimental Study on Airflow Damping of Vibrating Microcantilevers[END_REF] assimilates the cantilever to a string of spheres immersed in a fluid, whose analytical solution is well known (see [START_REF] Landau | Fluid Mechanics: Landau and Lifshitz: Course of Theoretical Physics[END_REF], p. 89). However, the discrepancies between the analytical model and the experimental solution can be substantial, especially for macroscopic size cantilevers. A second approach, proposed by Sader et al. [START_REF] Sader | Frequency response of cantilever beams immersed in viscous fluids with applications to the atomic force microscope[END_REF] consists in inserting an hydrodynamic viscous force in the Euler-Beam bending theory. This rigourous solution is dedicated for cantilever beams and involves limited approximations (summarized in appendix D). Aoust et al. [START_REF] Aoust | Viscous damping on flexural mechanical resonators[END_REF] gathered the result from Sader to propose an approximate expression of the quality factor of a cantilever beam, that can be either isolated, or subjected to additional damping forces (squeeze-film or Couette damping). This force is expressed with a complex dimensionless hydrodynamic function Γ hydro which is involved in the quality factor formula:

Squeeze film damping Coue�e damping

Q v = 4ρ m t m πρ 0 w 1 1 Im Γ hydro (ω m ) (II.32)
This function is then separated into four contributions, each of them corresponding to the effect of the viscous force on each side of the mechanical structure, assimilated to a simple cantilever of length ℓ 1 and width w 1 (figure II.12).

1 2 3 3

Figure II.12 -Four viscous forces acting on the cantilever

For the isolated cantilever, Sader [START_REF] Sader | Frequency response of cantilever beams immersed in viscous fluids with applications to the atomic force microscope[END_REF] proposed the hydrodynamic function Γ fb (ω) which describes the effect of the drag force on the front and back side of the structure (faces 1 and 2 on figure II.12). The lateral force of the isolated cantilever Γ lat (ω) is given by Cox et al. in [START_REF] Cox | Characteristics of laterally vibrating resonant microcantilevers in viscous liquid media[END_REF] and corresponds to the face 3. In the case of a strong squeeze-film damping, the force acting on face 1 can be replaced by the squeeze force Γ squeeze (ω) derived by Bao et al. [START_REF] Bao | Squeeze film air damping in MEMS[END_REF]. Finally, in the case of a strong Couette force, the lateral viscous force acting on face 3 can be replaced by Γ couette (ω), calculated in [START_REF] Zhang | Viscous air damping in laterally driven microresonators[END_REF]. The expressions for the hydrodynamic force and Γ function are reported in appendix D. We can finally write the global hydrodynamic function Γ hydro as follows:

Γ hydro = Γ 1 + Γ 2 + Γ 3 (II.33)
Considering a typical diaphragm thickness of t m = 100 µm and a ventilation slit width of

h v = 35 µm leads to a negligible Couette force: Im(Γ Couette )/Im(Γ lat ) ∼ 10 -3 .
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The squeeze force as well is not considered, because the cavity length L cav is in the milimiter range, wich gives Im(Γ squeeze /Im(Γ fb ) ∼ 10 -6 . As a consequence, the hydrodynamic function reads:

Γ hydro (ω) = Γ fb (ω) + Γ lat (ω), (II.34)
and the mechanical quality factor of the structure immersed in the fluid can be calculated by: 1

Q m = 1 Q vac + 1 Q v = 1 Q v (II.35)

II.2.2.4 State-space representation and comparison with the finite element method

As this was demonstrated in the previous sections, the mechanical response of the structure can be assimilated to that of a harmonic oscillator and can thus be represented with an equivalent model and the state-space representation with the matrix A, B, C, D, E from equation II.1. We consider here a generic structure subjected to a pressure differential ∆p = p fv -p bv of effective stiffness k eff , mass m eff , damping coefficient c eff and area S eff , whose response is given by the following equation:

m eff ∂ 2 u ∂t 2 (t ) + c eff ∂u ∂t (t ) + k eff u(t ) = S eff ∆p (II.36)
where the damping coefficient can be expressed through the quality factor calculated previously:

c eff = k eff m eff /Q m .
The exact geometric area of the structure is simply denoted S. In the mechanical model the state variable is the position and the velocity of the free end of the cantilever, which can also be expressed in term of a velocity flow 4 . We introduce thus a new state corresponding to the equivalent velocity flow of the structure i m :

i m = S ∂z ∂t dS (II.37)
Using equation II.21 in the harmonic regime, the expression of i m can be further simplified: i m = S eff j ωu. In this way, we can represent the mechanical system as an equivalent circuit (see figure II.13) by introducing the equivalent parameters of the oscillator: the mechanical compliance C m originating from the effective stiffness, the equivalent mechanical inductance originating from the effective mass L m , and a resistor R m expressed with the quality factor, which takes into account the damping loss of the structure:

C m = S 2 eff k eff and L m = m eff S 2 eff and R m = 1 Q m L m C m (II.38)
The resulting equation can be easily expressed in the harmonic regime: The term q m , which is analog to the charge in the circuit, represents the displacement of the structure since q m = S eff u(ω). The state-space representation from equation II.1 is expressed in appendix E. In this model, the resonance frequency of the structure (cantilever or circular plate) can be analytically calculated and assimilated to a 1D spring-mass system. However, in the case of the exact geometry, where the cantilever is embedded in the plate (figure II.8), the harmonic response of the clamped-free cantilever beam may be affected by the dynamics of the plate. One way to ensure that the first bending mode of the cantilever f c of the coupled structure will not be disturbed by the fundamental plate mode f p (or higher frequency plate modes) is to check the following condition :

           q m = i m j ω ∆p = i m ( j L m ω + R m + 1 jC m ω ) (II.
f c ≪ f p .
To identify a suitable set of parameters (ℓ 1 , ℓ 2 , w 1 , w 2 , t m ) we introduce the reduced frequency Λ red , defined as the ratio

Λ red = f c / f p .
The figure II.14 compares the reduced frequency in the case of the straight clampedfree (CF) cantilever (blue curve) and the CF hinged cantilever (red curve). The validity of the hinged cantilever reduced frequency is confirmed by the finite element method result (yellow curve), with however an increasing error for shorter cantilever lengths, due to the fact that the Euler-Bernouilli beam approximation w 1 ≪ ℓ 1 is not valid anymore. As shown on the figure, adding a hinge helps to lower the cantilever resonance frequency and thus to lie in the zone where Λ red < 1, located below the black dashed line. For example, a length of ℓ 2 = 2 mm gives Λ c ∼ 1 while Λ h-c ∼ 0.3 < 1, which should enable a small coupling between the hinged cantilever and the plate mode. To lower the reduced frequency, one may also increase the hinge length ℓ 2 to soften the hinge (see figure II.15). Obviously, the geometry of the system imposes also the condition ℓ 1 + ℓ 2 < r p (shown with the lower dashed black line), in order to match the center of CHAPTER II. EXTRINSIC FABRY-PEROT INTERFEROMETER the diaphragm with the free end of the hinged-cantilever. From this study, we can select a set of parameters in order i) to lie in the zone defined by the dashed lines and ii) to reduce the value of Λ red . In order to cover a large range of resonance frequency we decided to fix the cantilever length to 2 mm and evaluate the system response for a hinge of 0.3, 0.5, 1 and 2 mm. The reference hinged cantilever studied all along this theoretical study corresponds to the hinge length of 0.3 mm. This analytic evaluation is fast and allows parametric studies easily but makes the strong assumption that the harmonic response of the hinged-cantilever in the clampedfree configuration (called isolated case) is unchanged when embedded in the diaphragm. To investigate the difference between the isolated cantilever and the real diaphragm response, we perform a finite element method comparison, where the exact geometry of the CHAPTER II. EXTRINSIC FABRY-PEROT INTERFEROMETER cantilever based diaphragm is taken into account, with the same set of parameters (see table II.9). More details on the mesh and geometry considered for the FEM calculation are presented in the first paragraph of appendix A.1. When considering the whole structure, we will refer to the cantilever mode and plate mode of the diaphragm. These modes are respectively assimilated to the fundamental resonance for the isolated clamped-free cantilever and for the isolated circular plate. As can be seen on table II.10, the diaphragm shows a plate mode at 14.9 kHz either in the straight configuration or in the hinged configuration. This mode can be easily identified with its shape showing a global motion of the plate. The cantilever mode is also identified and corresponds to the motion of the shaped cantilever, while the rest of the diaphragm stays still.

The FEM gives a high cantilever resonance at 19.4 kHz without hinge whereas for the hinged configuration the cantilever mode of the diaphragm drops to 5.1 kHz, which corresponds to a reduced frequency of Λ red = 0.34. Although the same trend is observed with the analytical formula corresponding to the isolated approximation, the prediction on the cantilever mode of the diaphragm is not correct since the analytical calculation finds a resonance at 6.7 kHz (error of 31%). This is because in the case of ℓ 2 = 0.3 mm the cantilever has not a perfectly clamped condition at the hinge end, wich is situated at 1.5 mm from the clamped circumference. To overcome this problem, two experimental solutions can be explored:

-reinforce the plate area and leave the cantilever area free by sandwiching the structure between 2 thicker plates (see [START_REF] Chen | Fiber-optic Fabry-Perot interferometer based high sensitive cantilever microphone[END_REF]).

-reduce the offset between the hinge end and the clamped condition of the plate. This is made possible by increasing either CHAPTER II. EXTRINSIC FABRY-PEROT INTERFEROMETER However, it is still possible to describe the diaphragm dynamics using the purely isolated analytical model, by introducing an effective hinge length ℓ 2,eff . This fit parameter is chosen to match the isolated cantilever resonance and the diaphragm cantilever mode. For a hinge of length ℓ 2 = 300 µm the best fit is obtained for an effective length ℓ 2,eff = 472 µm. The state-space resolution as well as the finite element method resolution is achieved and represented in the figure II.16a. The mechanical transfer function T mech (ω) = ∆z/p fv analytically calculated describes well the response of the diaphragm by adding the effective length (black dotted curve): the static response of the diaphragm goes from 1.1 nm/Pa without the effective length to 1.9 nm/Pa and the resonance frequency from 6.7 to 5.1 kHz. We note also that since the FEM resolution in the purely mechanical case solves the Kirchhoff plate equation and does not take into account any dissipative term, the response (blue curve) diverges at resonance. The parametric study is shown on the right (figure II.16b) and highlights an increasing sensitivity for long hinges.

II.2.3 Thermoacoustics

To understand the behaviour of the fluid surrounding the microphone and how it affects the mechanical response, we consider the so-called full linear Navier-Stokes (FLNS) model [START_REF] Kampinga | Viscothermal acoustics using finite elements: analysis tools for engineers[END_REF], [START_REF] Nijhof | Viscothermal wave propagation[END_REF], [START_REF] Bruneau | Fundamentals of acoustics[END_REF], which provides an accurate description of thermoviscous acoustics problems, where the thickness of the fluid boundary layers 5 are comparable to some dimensions of the system. This model assumes that the fluid is an ideal gas with a pressure, velocity and temperature at rest equal to (p 0 , v 0 , T 0 ), with |v 0 | = 0. Furthermore, we make the assumption that the system is subjected to a small harmonic perturbation of the fluid of pressure p, and temperature τ around the static value, while for the velocity |v| ≪ c 0 , where c 0 is the speed of sound. The FLNS model is composed of the following set of three equations:

ṗ p 0 - τ T 0 = -∇.v (II.40a) ρ 0 v = -∇p + ∇ σv + F (II.40b) ρ 0 c p τ -ṗ = -∇.q + H (II.40c)
The equation of continuity (II.40a) expresses mass conservation and relates the pressure p and temperature τ fluctuation to the divergence of the velocity field. The momentum equation (also called Navier-Stokes equation 6 ) (II.40b) relates the fluid acceleration to a generic volumetric force F , and those originating from the fluid pressure ∇p and the viscosity tensor σv . Finally, the thermal diffusion equation (also called Fourier equation) (II.40c) links the temperature and pressure fluctuations to an energy source term H and the energy lost by conduction, whose heat flow is given by q = -κ∇τ. The term c p indicates the heat capacity of air at constant pressure, and ρ 0 the mass density of air (these values are reported in table II.3).

In the following development, we consider the generic case of a thermoviscous propagation in a conduit (or tube), oriented along the z axis. This study will be the building block of the final, lumped elements model. The set of equations (II.40) can be further simplified, if the following assumptions are considered:

-inside the conduit, a plane wave is considered, with a velocity along the z axis, 7 5. The expression of the boundary layers are derived from the FLNS formulation, and given in eq. (II.44) 6. However, in the following of the manuscript, as it is regularly done in the litterature, we will loosely use the term "Navier-Stokes equations" to refer to the FLNS set of equations (II.40), for ease of reading 7.

The assumption of a propagation along the z axis with no perpendicular component of the velocity field is only true for infinite tubes and correction factors should be applied at the tube ends.
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-the pressure field is uniform inside the conduit section, -the thermal flow is oriented toward the walls of the conduit (in the x y plane).

Considering now a newtonian fluid with a shear viscosity µ, a harmonic regime, and further assuming no external forces, the system of equation can be rewritten (see equation (II.41)).

j ω p p 0 -j ω τ T 0 = - ∂v ∂z (II.41a) ρ 0 j ωv = - ∂p ∂z + µ ∂ 2 ∂x 2 + ∂ 2 ∂y 2 v (II.41b) ρ 0 c p j ωτ -j ωp = κ ∂ 2 ∂x 2 + ∂ 2 ∂y 2 τ + H (II.41c)
The two last equations of the system can be expressed using a separation of the variables:

v = ψ v (x, y, ω) 1 ρ 0 j ω ∂p ∂z and τ = ψ τ (x, y, ω) 1 ρ 0 c p p + H j ω (II.42)
The velocity profile ψ v is calculated by solving the homogeneous differential momentum equation, derived from (II.41b) while the temperature profile ψ τ is found by solving the homogeneous energy equation, derived from (II.41c):

∂ 2 ∂x 2 + ∂ 2 ∂y 2 + k 2 φ (ψ φ -1) = 0 with      k 2 v = -j ρ 0 ω µ k 2 τ = -j ρ 0 c p ω κ (II.43)
Where φ is the subscript that indicates the viscous (φ = v) or the thermal (φ = τ) distribution function. The viscous and thermal wavenumbers k 2 φ = -j /δ 2 φ involve the viscous and thermal characteristic lengths δ φ given by:

δ v (ω) = µ ρ 0 ω and δ τ (ω) = κ ρ 0 c p ω (II.44)
The solution of the equation (II.43) depends on the boundary conditions for the thermal and velocity fields, and on the geometry of the tube section. For our purposes, we consider a no slip (ψ v = 0) and isothermal (ψ τ = 0) boundary condition at the walls, and two simple geometries: the cylinder and the slit configuration, whose solutions are reported in appendix C.2.

In the next two sections, we are going to transform the harmonic FLNS formulation into a lumped representation for two building blocks: the case of open conduit, without energy source H (subsection II.2.3.1), and the case of an enclosed conduit of small volume, subjected to a uniform energy source H (subsection II.2.3.2).

II.2.3.1 General equations for the thermoviscous propagation in a conduit

To discretize the Navier-Stokes equations and provide a lumped element model we consider the equation of continuity (II.41a) and momentum (II.41b) and introduce the velocity and temperature solution from equation (II.42). With no energy source (H = 0) the equations are greatly simplified, and an integration on the conduit section gives then:

           j ω Y τ γp 0 p + ∂〈v〉 ∂z = 0 with Y τ = γ -(γ -1)〈ψ τ 〉 j ω ρ 0 Y v 〈v〉 + ∂p ∂z = 0 with Y v = 〈ψ v 〉 (II.45)
where the 〈 • 〉 operator indicates the average on the section, and γ is the adiabatic index, defined as the ratio of the heat capacity at constant pressure (c p ) to heat capacity at constant volume (c v ). Assuming that air is an ideal, diatomic gas, γ = 1.4. The continuity equation can be further simplified to give the modified Helmholtz equation:

∂ 2 p ∂z 2 + k 2 ℓ p = 0 (II.46)
where

k 2 ℓ = k 2 0 Y τ /Y v
is the thermoviscous wavenumber calculated from the ψ φ functions and k 0 = ω/c 0 indicates the free field wavenumber. This complex wavenumber takes into account the viscous losses induced at the tube walls and the thermal losses generated by conduction through the walls. The relationship between the average velocity 〈v〉 and the pressure, often called the modified Euler equation, can be expressed into the following form:

j k ℓ Z ℓ 〈v〉 + ∂p ∂z = 0 (II.47)
where

Z 2 ℓ = Z 2 0 /(Y τ Y v )
is the thermoviscous impedance and Z 0 = ρ 0 c 0 the caracteristic acoustic impedance of the fluid. Considering now the tube with pressure and velocity boundary conditions (p 1 , 〈v〉 1 ) and (p 2 , 〈v〉 2 ), the modified Helmholtz equation (II.46) can be analytically solved to express the pressure as a function of the propagation direction z. Then, with the help of the modified Euler equation (II.47), the average velocity can be calculated. In order to be consistent with the mechanical study, we use here the same unit for the velocity field, that is a velocity flow i 1 = S〈v〉 1 and i 2 = S〈v〉 2 , expressed in m 3 /s. Considering the modified Helmholtz and Euler equation, the pressure and velocity solutions for a propagation in a tube of length L can be expressed as follow (see appendix C.1 for the mathematical details):

i 1 i 2 = 1 Z diff 1 -1 -1 1 p 1 p 2 + Y com 2 1 0 0 1 p 1 p 2 with    Z diff = (Z ℓ /S) sinh( j k ℓ L) Y com = 2 tanh( j k ℓ L/2) (Z ℓ /S) (II.48)
and a graphic representation of this matrix equation is given in figure II.17.

Figure II.17 -Tube resolution with incoming flow i 1 and i 2 , subjected to a pressure differential

∆p = p 1 -p 2
In order to obtain a reduced model with equivalent impedances, a solution is to perform a low frequency evaluation of Z diff and Y com (that is, |k ℓ L| ≪ 1), giving after few calculation steps:

Z diff = ρ 0 L S j ω Y v and Y com = LS γp 0 j ωY τ (II.49)
In order to retrieve electrical equivalent parameters we define the following quantities:

Z diff = R ac + j L ac ω with Y com = G ac + j ωC ac (II.50)
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Once again, according to the conduit geometry, the analytical expressions of these lumped parameters are different and are thus given in appendix C.2. The impedance of the conduit is composed of R ac which is the equivalent resistance that takes in account the viscous losses, and L ac the equivalent inductance which is an inertial term that comes from the mass of fluid that moves inside the conduit. The admittance is composed of a conductance term G ac that takes into account the thermal loss due to the failure of adiabaticity at the walls, and C ac which denotes the acoustic compliance inside the conduit and describes the compressibility of the fluid and its capacity to induce a restoring force, like a spring.

II.2.3.2 General solution for a thermoviscous wave in a small, enclosed volume

We study here the second building block, which consists of an enclosed conduit of small volume, subjected to a uniformly distributed heat source H . In volumes where the typical dimension is smaller than the acoustic wavelength, we assume that the pressure has a uniform distribution. This enables us to use the integral form of the equation of continuity (II.41a), where τ is replaced by its expression, given in equation (II.43):

j ω p p 0 V = - ∂V v.n dS + 〈ψ τ 〉 V γp 0 (γ -1) j ωp + H (II.51)
We suppose here a closed volume V , i.e. no outgoing flow through its boundary ∂V , so the integral term is equal to zero. After some rearranging we obtain a direct relation between the pressure inside the volume and the source term H :

p = 1 j ωC ac 〈ψ τ 〉 γ -(γ -1)〈ψ τ 〉 i H = Z th i H where i H = C ac (γ -1)H (II.52)
where C ac = V /γp 0 denotes the acoustic compliance of the closed volume, i H the fluid flow originating from the source term H expressed in W/m 3 and Z th the thermal impedance of the cell. In the case of an isothermal condition, 〈ψ τ 〉 = 0, all the energy is dissipated through the walls, and as a consequence no pressure increase is calculated: p = 0. In the adiabatic case, no energy is lost through the walls and 〈ψ τ 〉 = 1. The relation (II.52) between the pressure and the source term simplifies to a capacitive relation:

p = 1 j ωC ac i H (II.53)
This relation can be represented by the following electrical circuit (figure II.18). The expression is more difficult so solve in the intermediate case where 〈ψ τ 〉 is a complex value, different from the adiabatic (ψ τ = 1) and isothermal (ψ τ = 0) case. We detail a resolution of the ψ τ function for the specific case of a cylindrical geometry in section II.2.3.4.

Figure II.18 -Electrical circuit describing the pressure increase in an enclosed volume

II.2.3.3 Acoustic coupling: the slit problem

In the previous section II.2.3.1, we established general equations to describe the pressure, velocity and temperature field in conduits of small dimensions. These equations enable us to express the acoustic response of the microphone in the absence of mechanical coupling. Therefore, to provide an explicit expression of the acoustic response of the microphone, we assume that the mechanical structure is infinitely rigid, that is no displacement are taken into account. The acoustic system can then be seen as a three domain problem (represented schematically in figure II.19a and represented in 3D in figure II.20), made of:

-The external environment, where the incident pressure is coming from. We assume an incoming plane wave of pressure p ext = 1 Pa.

-The slit, which corresponds to the gap between the cantilever and the rest of the structure. This gap is defined and limited by the laser cutting size, with a value of ≈ 35 µm. The slit volume is assimilated to a conduit of length t m (which is in fact the thickness of the diaphragm), with a rectangular cross-section of high aspect ratio of height h v = 35 µm and length ℓ c ≫ h v . In reality, the slit has the shape of the hinged cantilever (see figure II.20) and can thus be assimilated to a slit with an effective length equal to the perimeter of the hinged cantilever:

ℓ c = 2(ℓ 1 + ℓ 2 + w 1 ) -w 2 .
This conduit introduces mainly viscous losses and thus can be described by a vicous resistance R v .

-The back volume, which is assimilated to a cylinder of volume V bv has a large diameter size compared to δ φ . As a consequence, the viscous losses and thus the impedance term Z diff can be neglected, while the admittance term Y com must be taken into account.

The external environment is modeled by a source of pressure, and the two conduits (slit and back volume) are serially connected and lead thus to the equivalent circuit from figure II.19b.

Slit

Back volume

External environment 

R v = 12µt m ℓ c h 3 v and C bv = V bv c 2 0 ρ 0 (II.54)
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In the harmonic regime, this circuit is simply described by this set of equations:

       ∆p = p bv -p fv = i v R v p bv = i v jC bv ω (II.55)
To further analyze this circuit, we consider the T ac transfer function, given by T ac (ω) = ∆p/p ext , and which is also the figure of merit (FOM) of the acoustic section. This term relates the resulting pressure differential across the structure ∆p (i.e. between the back volume and the external environment) to the external incident pressure p ext . This transfer function highlights a well known effect of ventilation slits in microphone conception, corresponding to a high-pass filter of cut-off angular frequency

ω v = 1/R v C bv :
-At low frequencies, when ω < ω v , the thermoviscous wave "leaks" through the slit and thus equilibrates the pressure between both side of the structure :

∆p → 0 ⇒ T ac (ω) → 0 -At higher frequencies, when ω > ω v , the thermoviscous wave is stopped by the slit, which increases the pressure differential and thus T ac (ω) → 1

To confirm this equivalent model, we calculate numerically with the FEM method the resulting pressure differential (output) for a given applied pressure (input). The thermoacoustic model from COMSOL solves in the harmonic regime the exact FLNS equations (II.40). A plane pressure wave is applied in front of the transducer with an amplitude of 1 Pa. The simulation domain is constituted of air, delimited with walls with no slip and isothermal conditions (τ = 0 and v = 0). More details on the FEM implementation can be found in the first paragraph of appendix A.2. In order to maximize the sensitivity of the sensor, the condition ω m > ω v is needed. To decrease the acoustic cut-off ventilation frequency in order to check the previous condition two options are accessible:

Back volume

External environment Ventilation slit

-increase the slit viscous resistance R v ∝ t m /h 3 v by increasing the length of the conduit t m or decrease the slit gap h v . Since the resistance has a cubic dependance with the slit gap, this parameter is of primary importance.
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-increase the acoustic compliance C bv by increasing the back volume V bv = L cav πr 2 p . However, the back volume diameter is fixed by the plate radius r p , while its length L cav cannot be too large to enable optical coupling into the fiber after reflection on the diaphragm. To overcome this, we added a lateral volume of length L bv (see figure II.20) to help to increase the volume without any modification on the cavity length or the back volume diameter. This particular geometry will however probably affect the predictability of the lumped model wich assumes a perfectly cylindric back volume.

For the FEM simulation, the following parameters are chosen: We observe a nice prediction of the corner frequency ω v but the low frequency behaviour is not perfectly capacitive: we can observe an increasing offset between both curves below 10 Hz. This may be due to the particular geometry with the lateral volume or to the heat loss through the walls, which was not considered in the lumped element model.

h v t m r p r fiber L cav L bv

II.2.3.4 Photoacoustic generation

Case of an enclosed volume

The general case for the study of the pressure increase inside a small closed volume (equation II.52) can describe accurately the experimental system, where the PA wave is generated in the front volume of the sensor. The results obtained from this section are inspired from the work of Benade [START_REF] Benade | On the propagation of sound waves in a cylindrical conduit[END_REF] who studied the propagation of thermoviscous wave in a cylindrical conduit. The small volume considered is a finite cylinder with isothermal CHAPTER II. EXTRINSIC FABRY-PEROT INTERFEROMETER boundary conditions. Since an analytical expression of ψ τ does not exist for this exact geometry, we separate the problem into two distinct geometries corresponding to two asymptotic cases:

h cell /r cell ≫ 1 : the volume is assimilated to an infinitely long cylinder. In that case, the thermal losses are mainly induced by the lateral sides and thus the distribution function depends only on r : ψ τ (r, θ, z) = ψ τ (r ). The solution is given by the cylindrical case in appendix C. The corresponding impedance will be written Z th,r .

h cell /r cell ≪ 1 : the volume is assimilated to an infinitely flat cylinder. In that case, the thermal losses are mainly produced by the front and back sides and thus the distribution function depends only on z:

ψ τ (r, θ, z) = ψ τ (z).
The solution is given by the slit or layer case in appendix C. The corresponding impedance will be written Z th,z .

We compare on the figures II. At high frequencies, the thermal distribution function equals 〈ψ τ 〉 = 1 and thus the impedance can be approximated to the adiabatic case : Z th = 1/ j ωC fv . With the same methodology as in the previous section, a low frequency approximation is made to find the remaining equivalent parameters. To find the equivalent resistance for the two cases, we evaluate the real part of the thermal impedance for ω → 0 :

Re[Z th,r ] ∼ ω→0 R th,r = ρ 0 c p p 0 8κπ 1 h cell and Re[Z th,z ] ∼ ω→0 R th,z = ρ 0 c p p 0 8κπ 2h cell 3R 2 cell (II.56)
Having obtained valid expressions for the two limiting cases, we make the assumption that the total losses of the system are simply given by the following relation:

1

R th = 1 R th,r + 1 R th,z (II.57)
and, as a consequence : The FEM resistance is calculated using the numerical solution of the Helmholtz equation (II.43) in the case of the finite cylindrical geometry of radius r cell and height h cell . In figure II.24b, we observe a good agreement concerning the asymptotic cases of the magnitude of the transfer function (resistive behavior at low frequencies and capacitive at higher frequencies) and a correct phase shift is predicted at low and higher frequencies. The important thing that can be retained from this curve is that the usual working area for photoacoustics is well above the cut-off point (see table I.1), within the 0.1 -10 kHz range, where the pressure increase is at its lowest.

R th = 8κπ ρ 0 c p p 0 h cell h 2 cell + 3/2R 2
To optimize this system, we define the heat low-pass cut-off frequency ω h = 1/R th C fv that should be chosen as high as possible in order to increase the photoacoustic sensitivity CHAPTER II. EXTRINSIC FABRY-PEROT INTERFEROMETER T heat (ω) = p fv /P dep . As can be seen from the expression II.58 the front volume V fv has a linear influence on the acoustic compliance and thus the cut-off frequency has a 1/V fv dependance. The design should lead to the smallest possible volume in order to increase the value of ω h . To decrease the volume, the cell radius is not a good candidate since it should have a direct impact on the interaction length of the excitating laser beam and reduce the value of P dep . On the other hand, the cell height does not impact the optical interaction length and help to increase the cut-off frequency (figure II.25b). 

Case of the open volume

We discuss now the case of a front volume which is not completely closed. Generally the opening is made to let the laser excitation beam enter in the cell, and closed afterward with a transparent window. Nevertheless, the window causes inevitably some transmission losses and it is not always easy to find and fabricate the specific material transparent at the working wavelength (Mid-IR region). The aperture of the front volume is assumed to be a cylindrical conduit of radius r hole and length t hole , with the following values, reported in table II.12. 

II.2.4 Global system

The model of the global system consists in assembling the different blocks studied in the previous sections to give a global electrical equivalent circuit (see figure II.27). The FP transducer is composed of the diaphragm (mechanical transfer calculated in section II.2.2), the ventilation slit coupled to the back volume (acoustic transfer calculated in section II.2.3.3) and the optical read-out (optical transfer calculated in section II.2.1). Since the optical response does not have any frequency dependence, the global system here can be simplified to the purely acousto-mechanical transfer. In this configuration, the input of interest is the amplitude of the incoming pressure wave that we will note p fv 8 , while the output of interest is the displacement at the tip of the cantilever structure

z m = max x |z(x, ω)| = u(ω).
We can define then:

T mic (ω) = z m p fv (II.60)
This transfer leads to the FOM of the microphone transducer, namely its sensitivity, defined as S mic = max ω |T mic (ω)| (nm/Pa). This sensitivity has a physical meaning and is thus used for the design. To obtain the experimental sensitivity, which can be measured by the user, one may simply multiply the response by the optical sensitivity S opt . The experimental sensitivity, denoted S mic,exp (mV/Pa), can be easily measured and corresponds to the amount of voltage variation for a given incident pressure.

In the photoacoustic configuration, the transducer is placed in the closed volume where the photoacoustic effect is generated. The effect of the heated volume is modeled by adding the heat transfer block (from section II.2.3.4) to the equivalent circuit. This system is meant to measure a gas concentration and is thus called sensor. In this configuration, the input of interest is the fluid flow i H photoacoustically induced while the output remains the displacement of the cantilever structure.
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To get a more physically meaningful input parameter, we chose instead the deposited optical power P dep as the input parameter, which is directly correlated to the fluid flow i H . The deposited power depends on the laser intensity I QCL (W) and the medium absorbance, which depends on the concentration. The sensor transfer function reads then:

T sensor (ω) = z m P dep (II.61)
The sensor sensitivity can thus be introduced, defined by S sensor = max In term of their state-space representation, these blocks can be interpreted as follow:

-Front volume : we observe the pressure increase in the cell due to the deposited power. The input of this block is the fluid flow originating from the heat source i H and the output is the pressure inside the front volume p fv .

-Mechanical structure : we observe the displacement of the structure subjected to a differential pressure ∆p = p fv -p bv . The inputs are the pressure in the front volume p fv and the pressure in the back volume p bv and the outputs are the equivalent flow i m and charge q m (proportional to the displacement of the structure z m )

-Ventilation slit and back volume : we observe the pressure in the back volume due to i) the incoming pressure in the front volume and ii) the displacement of the mechanical structure. The inputs are then the front volume pressure p fv and mechanical velocity flow i m and the outputs is the back volume pressure p bv .

The power of this compact state -space representation model lies in its construction: once connected the sub-blocks will produce the final block of the system, where each output can be independently studied as a function of a specified input. We can connect the previous blocks and specify the input and output of the global system 9 :

-input : i H , P dep , p fv -output : ∆p, q m , z m , p fv 9. As we can see, some variables like the front volume pressure can be interpreted as the input of the transducer block, or as the output of the front volume block As a consequence, the same model can be used to calculate the relationship between the mechanical displacement z m and the front volume pressure p fv (microphone response) or between the displacement and the photoacoustically generated fluid flow i H (gas sensor response). This model gives thus a lot of information for the system design while using minimal calculation resources. The following sections show the result obtained using the state-space representation and provide a comparison with the FEM multiphysical resolution (whose implementation is detailed in appendix A.2).

II.2.4.1 Acoustic configuration: the microphone transducer

In this configuration, the aim is to study the acoustic response and sensitivity of the sensor. For the design of a standard microphone with a flat frequency response [START_REF] Dehe | Design of a poly silicon MEMS microphone for high signal-to-noise ratio[END_REF], the ventilation slit frequency ω v should be chosen well below the resonance. As a consequence, in this case, the frequencies below ω v do not contribute to the diaphragm displacement (which enables to cancel the low frequency noise), and the microphone operating range goes from ω v to ω m . In the case of our specific transduction for resonant photoacoustic gas sensing, the large and flat operating range is a constraint that we can get rid of and we only need to check that ω v < ω m . To achieve this, we saw from figure II.16a that one can increase the mechanical resonance by decreasing the hinge length, which gives the microphone transfer of figure II.28a. Otherwise, as shown in II.21b, it is possible to decrease the ventilation high pass cut-off frequency ω v by decreasing the ventilation slit width h v , giving the microphone transfer function presented on figure II.28b. We observe from this figure that the thinest slit gives the highest amplitude at resonance since in this case, ω v < ω m . We note however that a too thin slit would lead to mechanical damping. Given the technical limitations for the fabrication of the ventilation slit (due to the minimal cutting size of the laser), the slit size h v is fixed to 35 µm, giving a cut-off frequency of 1.9 kHz while the mechanical structure shows a cantilever resonance at 5.7 kHz. The figure II.29 shows the two sub-blocks transfers of the transducer and the global transducer response T mic (ω) expressed in nm/Pa, obtained with the design parameters reported on table II.9 (for the mechanical structure), II.11 (for the back volume), and II.12 (for the gas cell). We report a sensitivity at resonance of S mic ≈ 1500 nm/Pa. Considering an optical cavity length of 1.5 mm, we get an optical sensitivity around 0.1 mV/nm (for a probe power of 1 mW) and thus obtain a sensitivity of 150 mV/Pa.

Due to the uncertainty on the damping loss mechanism, the predicted quality factor and thus the amplitude of the signal at resonance gives only an order of magnitude of the expected sensitivity. 

II.2.4.2 Photoacoustic configuration: the gas sensor

In the photoacoustic configuration, the transducer head is in addition embedded in a cell filled with gas and the excitation source is a heat power, corresponding to the optical power absorbed by the gas and released in the form of heat. We show on figure II.30 the resulting pressure field in the front and back volume for a deposited heat power of 1 mW in the front volume, and the resulting diaphragm displacement around the hinged cantilever resonance frequency. The calculation using the lumped model is similar as in the previous section, except that a new block is added, accounting for the photoacoustic effect generated in the front volume. The sensor response expressed in nm/mW (displacement at the cantilever tip per unit of deposited power) is displayed in figure II.31.
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In contrast with the microphone response, we see here that the competition between the gas heating process in blue (photoacoustic effect) and the ventilation slit effect (orange) result in a flat response below resonance. Moreover, it is clear that the limitation on the sensitivity originates from the negative slope of the gas heating transfer. To overcome this limitation two solutions can be found: increase the heating low-pass cut-off frequency, or decrease the mechanical resonance frequency. -The hinge length ℓ 2 lowers the resonance of the cantilever (see figure II.32a), leading to an increase of the photoacoustic response. However, this has to be put against the fact that in this case the mechanical resonance approaches the ventilation cut-off frequency, leading to a decrease of the transducer sensitivity.

-Decreasing the cell height increases the photoacoustic pressure level generated (see figure II.32b) and does not affect the transducer sensitivity and frequency response.

II.2.5 Conclusion and figure of merit

In this section, we have proposed through a state-space representation, a lumped element model to provide an exhaustive description of the sensor behavior. In the dedicated sub-sections, we have seen that the harmonic response of each block was highly dependent on some key parameters, mainly the dimensions of the hinged cantilever and the geometry of the front and back volume. In the following, we try to sum-up the most important rules and trade-offs to keep in mind for the design of the complete sensor.

-for the front volume dimensions, a small volume is preferred, as it helps decreasing the thermal loss and thus increases the photoacoustic generation. At the same time however, the interaction length with the excitation light beam should be as large as possible. The ideal volume is a cylinder with a small height h cell but a large radius r cell .

-for the back volume dimensions, a trade-off must be solved: a short cavity leads to an increase of the optical reading sensitivity, but to a smaller value of the acoustic compliance C bv , which leads to a higher acoustic cut-off frequency

ω v = 1/R v C bv .
On the contrary, a long cavity decreases ω v but generates losses for the optical reading.

-with regard to the previous point, the ventilation slit should be chosen small enough to produce a large viscous resistance R v , and obtain an acoustic cut-off frequency ω v below the mechanical resonance frequency ω m .

-the mechanical resonance frequency corresponds to the cantilever mode of the diaphragm, and should be situated below the plate mode. This configuration can be obtained by using a relatively thick structure and a long hinge, of length ℓ 2 . However, increasing ℓ 2 too much leads to a too low resonance frequency, situated below ω v , which lead to a decrease of the transducer sensitivity (see figure II.33a),
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-from the blue curve of figure II.33b we see that increasing the hinge length increases the global photoacoustic sensitivity, that compensate for the transducer loss of sensitivity. However, if we look at the influence of Brownian noise (proportional to 1/f ) 10 , we observe that a too long hinge leads to a decrease of the signal-to-noiseratio (SNR). With the other geometrical parameters fixed from table II.11 and II.12, an optimum seems to be obtained for a resonance around 5 kHz.

II.3 Transducer fabrication

Once the design rules are established, the fabrication, divided into several steps, can be engaged. The first step consists in the fabrication of the hinged-cantilever diaphragm structure with a laser cutting technique. After that, the diaphragm is placed in a mechanical support, called the transducer probe. This component constitutes the Fabry-Perot cavity and holds the diaphragm. Afterward, the transducer probe is embedded in the PA cell to make the gas sensor.

II.3.1 Laser micromachining of the mechanical structure

The material chosen for the diaphragm is a stainless steel foil with a variable thickness (10 µm to 100 µm). We describe here the methods used for the diaphragm cutting.

II.3.1.1 Traditional laser micromachining

The first cutting tests were performed with the Tau Tech laser (Cielle diffusion), available at the LETI clean room facilities. The laser head is an Ytterbium fiber laser emmitting at 1064 nm with a maximum power of 30 W and a minimal spot size of 35 µm. The following parameters must be carefully chosen for the cutting of the diaphragm:

-the power that can be tuned from 0 to 100 % of the maximal power (30 W), -the speed (m/min), which describes the movement of the laser head. An important speed leads to short exposure time on the material while a low speed lead to long exposure time, -the pulse duration (ns) and frequency (Hz) : describes the distribution and quantity of energy effectively deposited on the sample in one second. A high frequency and large pulse duration increases the amount of energy and thus material heating, while a low frequency decreases it.

-The number of passes that determines the cutting depth, and the cutting path that can be normal or optimized. In the normal configuration the laser head simply follows the cutting path, while in the optimized laser path, the laser head makes several round trips between opposite location on the path and thus distributes sample heating.

-The focus of the laser, which must be carefully tuned to obtain a minimal laser spot size at the material surface. Due to the limited thickness of the samples (< 100 µm), the focal length remains fixed for all the passes during the cutting process.

To find the adequate settings we start with the proposed set of parameters for metal cutting. After that, we make parametric variations of the different parameters on simple patterns (lines) and we keep the set that gives the best results (reported in table II.13, for the cutting of the stainless steel foil with a thickness of 10 µm and 50 µm). For the 10 µm foil, 25 passes are needed, leading to a cutting depth of 0.4 µm/pass. The number of passes must be increased for thicker structures, but we observe however a non linear relation, as the number of passes for a thickness of 50 µm is of 0.57 µm/pass. As the diaphragm thickness decreases, heat dissipation becomes more and more difficult to manage because of a low thermal mass and an imperfect adhesion between the sample and the sink. For this reason, the foil support must be perfectly flat during the cutting process and able to dissipate heat easily. To fulfill these two important features, the foil is mechanically clamped on a heat sink and two methods were assessed to obtain a better adhesion between the sample and the sink:

Power

-by adding a drop of water mixed with soap between the sink and the sample. The viscosity of the mixture helps a good hold and an attraction of the foil on the heat sink by capillary force,

-by sandwiching the sample between two thicker foils. The thicker foils act as buffer layers to correct flatness imperfection and effectively increase thermal conduction to the sink.

If the heat is not evacuated properly, the temperature increase inside the sample leads to a deformation of the structure, which causes the laser to lose focus and as a consequence to produce an uneven cut on certain region (see figure II.35, sample (1)). The second sample [START_REF] Gibert | A Case Study of CO 2 , CO and Particles Content Evolution in the Suburban Atmospheric Boundary Layer Using a 2-µ m Doppler DIAL, a 1-µm Backscatter Lidar and an Array of In-situ Sensors[END_REF] shows the case of a thin ventilation slit which was fixed to the laser spot size.

As we can see on the hinge detail, some areas of the hinge are still attached to the rest of the diaphragm and the flank are not uniform. The last sample (3) shows the case of large ventilation slit of 50 µm. In this condition, the hinge is well liberated but the flanks are still uneven and damaged. Despite our best efforts, the thin structure shows inevitably some heating which is hard to manage. For this reason, we chose to rely on a different laser cutting technology, based on water cooling, presented in the next section.

II.3.1.2 Laser MicroJet ® technology

The laser MicroJet ® is a hybrid method of machining developped by the Synova company. This technology combines a laser with a thin water jet that guides the laser beam towards the sample by means of total internal reflection. In that way, the water jet both cools the cutting area and removes debris. The minimal cutting size is limited by the minimal size of the nozzle of 25 µm, giving an effective cutting size of 30 µm to 35 µm, slightly smaller than that obtained with the Ytterbium laser (around 50 µm). More importantly, the cutting causes no heating and thus no bending of the structure, with smooth and even flanks in comparison with the previous samples, as can be seen in figure II.37. The hinge detail highlights also that the limit of the cutting reached the minimum spot size of the water jet. The preliminary prototype v0 is aimed to be easy to replicate and assemble. For the optical reading, we decide to work with a SMA terminated Thorlabs patch cable, which is resistant and can be easily screwed to the mechanical system with a fiber adapter. The mechanical support constitutes the Fabry-Perot cavity and is made from an aluminum rod with a shoulder to support the diaphragm (see II.38a). The distance between the shoulder and the fiber tip must be carefully controlled as it corresponds to the optical cavity length L cav . The diaphragm is placed on the shoulder and glued with UV glue, which has the advantage of curing quickly when exposed to UV light. A uniform gluing was applied on the circumference of the diaphragm in order to obtain a quasi clamped condition and a predictable harmonic response. 

A1 B1

II.3.2.2 Mechanical assembly of the diaphragm for acoustic and photoacoustic detection

Once the preliminary acoustic tests have been performed and the sensitivity of the transducer validated, a more complicated realization is carried out to fabricate the photoacoustic sensor. The principle is the same, but with a modification on the FP cavity support geometry and some added features (see figure II.39):

-an enclosed volume (PA cell) is fabricated from a cylindrical aluminum rod, with a tiny aperture to let the excitation light enter. The internal sides of the cylinder are polished to achieve multiple reflections.

-the mechanical support is made larger to enable to drill the 4 holes for the assembling on the PA cell, and 2 supplementary holes are made to let the gas enter inside the enclosed volume.

-besides this, the mechanical support shoulder is modified to help multiple diaphragm testing on the same prototype: a threaded shoulder together with a ring holder is used to clamp and maintain the diaphragm, which is aligned by two notches and alignment pins. 

II.4 Instrumentation

We described in the previous section the fabrication of the mechanical features of the acoustic transducer and photoacoustic sensor, and will now present in details the instrumentation used for the acoustic characterization. Two main elements are required: the optical probe set-up which is composed of the probe laser and a photodetector, and the lock-in amplifier used for the signal processing and noise removal.

II.4.1 Optical reading set-up II.4.1.1 Probe laser

The optical probe used for the FP cavity reading must fulfill various constraints. The ideal probe laser should have the following characteristics:

-robust, compact and fibered in order to reduce the footprint and be competitive with traditional acoustic transductions, -central wavelength of 1.55 µm to be compatible with the low-cost and easily available telecom optical component (photodetector, fibers, circulator, etc.) and a power of a few mW, -stable power and wavelength, -wavelength tunability ∆λ laser greater than the FP interfringe (see figure II.7).

The laser diode meets easily the fibered constraint with available source in the telecom range and a power of a few mW. To obtain a narrow linewidth with good wavelength and power tunability and stability the diode laser can be integrated in an external optical cavity, coupled to a piezo-controlled grating. This kind of source is called external cavity diode laser (ECDL). In this way, the wavelength and power can be adjusted by two parameters (laser diode temperature and drive current), while the piezo voltage modifies the grating position and thus the wavelength. This is of interest for our application, as it allows to uncouple the laser power and wavelength. However, adding an external cavity makes the laser bulky and fragile, not adapted for a remote sensor application.

Another way of obtaining a narrow linewidth with a control of the laser power and wavelength consists in including a periodic Bragg structure with a defect directly in the gain medium. In this way, the laser generates a single frequency. This kind of laser diode is called DFB laser, and allows a wavelength and power adjustment via the temperature or the drive current. More importantly, this system is robust and compact, and meets the requirement of the remote sensor. The major drawback of this kind of source is its inability to be wavelength tuned without any consequence on the emitted power. The table II.15 sums-up the advantage and inconvenient of the two kinds of laser source.

The ECDL is undoubtedly more precise for this kind of operation but not adapted to the target application of remote sensing. The DFB laser source is thus chosen for the optical reading of the FP transducer. A laser emitting at 1.55 µm from Eblana Photonics was bought with a butterfly module and an integrated current driver and thermoelectric cooler controller. The laser is supplied by a 5 V source and the tuning parameters (current and temperature) are analog controlled via 2 extra pins. The module was further installed in a box and BNC connectors were soldered to the laser pins, as shown on figure II.40. For the power supply, a switch was installed to permit the use of two kinds of voltage source: the first one is a laboratory voltage and current source (Keithley 2401), which can be adjusted to deliver 5 V and has a current limit of 1 A. The second one is a portable AC-DC adapter (MeanWell) delivering a DC output voltage of 5 V, also with a maximum In order to perform the power characterization, the output fiber of the laser is connected to a photodetector (OE-200, Femto) and the output voltage is sent to an oscilloscope. The resulting laser power is measured and the wavelength directly reported from the manufacturer datasheet and shown on figure II.41, for the default temperature of 25 °C. We observe a wavelength tuning range of around 2 nm but with a substantial power variability going from 2 to 15 mW. According to figure II.7, the optical cavity length should not be less than 500 µm to ensure a correct closed loop operation. However, having a large interfringe of 2 nm forces to scan over a wide laser power range, which will have a consequence on the optical response of the system over time, as S opt ∝ I 0 . 
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II.4.1.2 Zurich Instrument lock-in amplifier

The main function of a lock-in amplifier is to extract the signal of interest from a highly noisy environment. Even if this is not the case for acoustic detection where large amplitudes can be applied, this instrumentation is of interest for the frequency characterization of the transducer and especially useful in the framework of photoacoustic detection, where the signal is very weak for trace gas measurements. In the case of our optical set-up instrumentation, several instruments are needed:

-an oscillator for the modulation of the source (speaker) and demodulation of the photodetector AC signal, and a low-pass filter (standard lock-in amplifier functions),

-an oscilloscope to measure the DC signal for the quadrature point operation, -a voltage source for the laser drive current control, -a tunable PID controller .

The multi-tools HF2LI lock-in amplifier from Zurich Instruments meets all these requirements, with in addition, a high dynamic reserve (> 120 dB), a large frequency span (0.1 Hz to 50 MHz), an integrated software (LabOne) and built-in Python functions for remote control and measurement automation.

II.4.2 Experimental bench for the acoustic characterization II.4.2.1 Description of the acoustic characterization bench

We describe here the whole acoustic characterization bench, represented schematically on figure II.42. The light emitted from the laser diode is coupled into an FC/PC fiber (green curvy line) and connected into a fibered circulator (Thorlabs). The light travels from port 1 to 2, and is then coupled into the transducer via a second fiber (FC/PC to SMA fiber). After reflection on the FP cavity, the light goes back into the fiber, crosses the circulator 2 → 3 port and finally reaches the photodetector (OE-200, Femto). The latter has a bandwidth of 500 kHz and a central wavelength of 1.55 µm. Due to the polarization rotation inside the circulator, the light cannot cross the 2 → 1 port (loss > 40 dB) which avoids back reflection into the laser and thus prevents both damaging and instabilities. The photodetector converts the optical signal into a voltage with a gain of G PD = 10 3 V/W and a bandwidth extending up to 500 kHz. The voltage is sent via a BNC cable (black straight line) into the lock-in amplifier and divided into two parts: the DC component to determine and fix the Q-point operation of the FP cavity, and the AC component that contains the acoustic perturbation. The acoustic perturbation comes from a calibrated speaker connected to the modulation output of the lock-in amplifier oscillating at the frequency of interest f res with an amplitude V mod . The channel dedicated to the AC component is demodulated at the same frequency f res (1f detection) and integrated by means of a low-pass filter. For the acoustic characterization of the transducer, the speaker is first calibrated with a reference microphone (46BE, GRAS) and then placed together with the transducer in a home-made soundproof box. Finally, to correct the thermal drift of the system, the channel dedicated to the DC measurement is used as the input of the PID controller. The PID output (on the left) consists in an auxiliary voltage source to control the laser drive current. The next section explains with more details the automatized measurement routine and the closed loop Q-point operation.

II.4.2.2 Implementation of the closed-loop operation

For the transducer operation the working point should be located at the quadrature point, where the maximum of sensitivity is observed. The quadrature point, which is extremely dependent on the environmental parameters such as thermal drift (see section II.2.1.3), can be reached by tuning the wavelength of the laser λ 0 so that λ 0 = λ Q (see equation II.10). To find the Q-point, an initialization scan is performed on the laser drive current i bias (with a temperature of 25°C), and the reflected light power I r is measured. Since there is a direct equivalence between the bias current and the laser wavelength, this permit to sweep the entire wavelength range of the laser and thus few periods of the interference spectrum (step 1 of figure II.43). However, due to the power variation during the current sweep, the retrieved spectrum must be further normalized by the laser power I 0 . Then, from the normalized interference spectrum I r /I 0 (step 2), a sine fit 11 is performed and the parameters of interest can be extracted, like the location of the central Q-point For the closed-loop operation (step 3), the optical power and bias current are expressed in terms of a voltage: V bias indicates the bias voltage applied to control the drive current i bias and V r indicates the normalized signal given by the photodetector V r = F 0 I r /I 0 , where F 0 is a factor chosen so that the signal V r stays in the 0 -10 V range, where the lowest noise is obtained (auxiliary input voltage noise = 0.3 mV [104]). This step consists first in adjusting the laser bias voltage to V bias (Q 0 ) so that V r (t ) = V r (Q 0 ) (see step 3a on figure II.44) and secondly in activating the closed-loop control to follow the Q-point drift (step 3b), which must be seen as a time dependent point Q(t ). The closed-loop control used for the Q-point tracking is based on a PID controller, which continuously calculates an error value e(t ), defined as the difference between the desired setpoint V r (Q) and the measured normalized power V r (t ), called process variable. The output of the PID is the bias voltage correction δV bias (t ) which depends on the proportional (K P ), integral (K I ) and derivative (K D ) term, detailed in equation II. [START_REF] Gong | Parylene-C diaphragm-based fiberoptic Fabry-Perot acoustic sensor for trace gas detection[END_REF]. The bias voltage applied reads then V bias (t ) = V bias (Q 0 ) + δV bias (t ).
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δV bias (t ) = K P e(t ) + K I t 0 e(t ′ ) d(t ′ ) + K D de dt (t ) (II.62)
A more physical description of the meaning of the PID parameters can be provided by means of the integration time T I and derivative time T D (see equation II.63).

δV bias (t ) = K P e(t ) + 1

T I t 0 e(t ′ ) d(t ′ ) + T D de dt (t ) (II.63)
The P term is the most easy to understand and gives a correction which is proportional to the error e(t ). However, a proportional correction leads to a steady state error and CHAPTER II. EXTRINSIC FABRY-PEROT INTERFEROMETER needs in general an integral term I . The I term contributes to both the magnitude and the duration of the error correction, leading to a reduction of the steady state error but a possible overshoot. Finally, the D term gives a correction proportional to the slope of the error signal over time and improves the settling time and stability of the system. The following block diagram explains how the feedback loop works with the setpoint V r (Q), the error e(t ) and the output δV bias . The process consists in the measurement of the new process variable V r (t ) wich is again compared to the setpoint to provide an error e(t ).

Process

Figure II.45 -PID diagram

A first intuitive proportional parameter K P is given by the inverse of the slope of the signal and the integral parameter K I is given by the desired bandwidth ω I = 1/T I . In our case, the PID bandwidth should be sufficiently high to correct rapidly the thermal drift as well as some other external static disturbances. However, a too high bandwidth leads to an increase of the noise, and a possible cancellation of the acoustic signal of interest when the PID bandwidth approaches the acoustic frequency. No significant improvement was obtained with the derivative term, which was set to zero to simplify the closed-loop. Moreover, most applications only need a PI controller to efficiently correct the thermal drift [START_REF] Mao | Stabilized Fiber-Optic Fabry-Perot Acoustic Sensor Based on Improved Wavelength Tuning Technique[END_REF].

K P = dV bias dV r (Q 0 ), K I = ω I K P , K D = 0. (II.64)
Finally, an other important parameter must be adjusted: the PID range, which determines the maximal window that can be scanned by δV bias . This window must ensure a monotonic variation of V r with respect to V bias to ensure a correct estimation of the slope and therefore of the proportional parameter (for example, if the slope is negative K P , as well as K I must be negative). For this reason, the PID range is limited to ∆V bias /4 (arbitrary value). When the drift reaches the maximum (or the minimum) of the PID range, two cases can arise:

-the bias voltage is far from the laser tuning range V min ≪ V bias (t ) ≪ V max : in this case a new PID range, centered on the current bias voltage V bias (t ) is set (see step 3b from figure II.44).

-the bias voltage approaches the laser limits: a new Q-point must be considered.

If the bias voltage is close to the lowest limit then the operating point is moved to another Q-point situated at V bias (t )+2∆V bias , otherwise the voltage is set to V bias (t )-2∆V bias , where 2∆V bias corresponds to the period of the interference spectrum 12 .

12. One may also think of moving the laser to ±∆V bias but this would result in 1) a change of the sign of the slope and thus a change of the PI parameters 2) a change of the absolute value of the slope (non symmetric fringes) and as a consequence a change of the optical sensitivity. This solution may be used if the laser tuning range is too small to cover an entire period

II.5 Experimental results

In this part, we present the characterization results of the FP transducer. The full characterization of the transducer can be divided into three main sections:

-the optical characterization, -the frequency response, -the sensitivity, linearity and stability of the acoustic transducer.

II.5.1 Optical characterization

The optical characterization consists in a wavelength scan of the interference spectrum, and enables to know the exact optical sensitivity in mV/nm -given by the slope of the signal at the Q point -, as well as the optical cavity length L cav -given by the interfringe period -. Moreover, this step is an important preliminary characterization, as it gives an insight about the quality of the fiber endface and diaphragm reflectivity. If the contrast of the interfringe is to low or if the spectrum does not behave like a sine, the diaphragm, as well as the fiber endface, are removed, cleaned and re-assembled. This can be due to a dust, a default on the diaphragm, or a damaged fiber endface for example. Most importantly, the optical characterization is required before each measurement (see section II.4.2.2) in order to locate the operating point, as the ambient conditions can change rapidly and cause a drift of the interference spectrum.

We measured and shown on figure II.46 the FP reflectivity (blue dots) of the A1 diaphragm. The curve is obtained by dividing the raw photodetector signal by the exact incident power on the Fabry-Perot cavity, which is calculated by knowing the I 0 (i bias ) relation and considering the insertion losses of the circulator from port 1 → 2, 2 → 3, and the propagation loss of the fiber (port 3 → photodetector). The sine fit, shown with the black dotted line, gives a fiber reflectivity R 1 = 2.5 %, an effective diaphragm reflectivity R 2,eff = 0.4 % and a cavity length L cav ≈ 1.5 mm. As can be seen, the sine fit gives an approximate evaluation of the slope at quadrature, because it does not take into account the real case of multi-reflections. The model considering multi-reflections in a FP cavity (continuous black line), presented in section II.2.1.1, fits better with the experimental curve, as it takes into account the coupling loss after each round-trip inside the cavity and a sum of sines (several reflections) instead of a single sine function (one round-trip). This curve is obtained with a cavity length L cav = 1.9 mm, wich is markedly different from the length obtained with the simple sine fit. The reflectivities CHAPTER II. EXTRINSIC FABRY-PEROT INTERFEROMETER obtained are of 2.8% for the air fiber interface and 93% for the metallic diaphragm. According to the Fresnel formula II.2, the reflectivity of the fiber interface should be of 3.3% instead of 2.8%, meaning that we do not have a perfectly cleaved fiber (with C 0 = 0.92 instead of 1). We also see clearly that positives slopes are more interesting for the operating point because of their higher steepness.

Although the analytical model is more accurate to extract the cavity length and mirrors reflectivities, it does not have a big incidence on the quadrature point location. We report on table II.16 the error corresponding to the experimental reflectivity slope obtained with a Q-point extracted from the analytical model and with a Q-point extracted from the sine fit. We see that from the three Q-point observed on figure II.46, an error lower than 5% is obtained, which justifies the use of the simple sine fit. On the next figure (II.47), we show the typical initialization scan performed before each acoustic measurement. The raw reflected power is retrieved from the photodetector by scanning the probe laser current via the bias voltage V bias , on the same A1 diaphragm. As explained above, the raw signal (blue curve) cannot be directly used for the closed-loop operation, so the raw signal is normalized by the incident power of the laser I 0 (orange signal). With this normalized curve, one can extract from the sine fit (black dashed line) an approximate location of the central Q-point (V bias (Q),V r (Q)) and interfringe period 2∆V bias . 
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II.5.2 Frequency response

We present in this section the frequency response of the various diapgragms studied (A1, B1, A2, B2), whose geometrical parameters can be found on table II.14. To measure the response, a preliminary step consists in the calibration of the loudspeaker used for the acoustic excitation (FRWS5 4Ω, Visaton) with a reference microphone (46BE, GRAS). From the reference microphone datasheet we know the explicit sensitivity in mV/Pa from 250 Hz to 10 kHz, allowing us to give an estimation of the emitted pressure at a distance of 3 cm from the speaker (see figure II.48). For 1 V applied to the terminals of the speaker, a pressure amplitude ranging from 0.1 to 0.5 Pa in the kHz range is emitted, at a distance of 3 cm. Once the loudspeaker is calibrated, the reference microphone is removed and the FP transducer is placed instead, at the same distance of 3 cm. The initial optical scan is first performed, then the systems locks onto the Q-point and finally the response is measured by a frequency sweep on the loudspeaker (see description of the acoustic characterization bench detailed on figure II.42). We report on figure II.49 the acoustic response retrieved from the 4 samples A1, B1, A2 and B2 (filled circles), for an applied voltage of 0.1 V on the loudspeaker. The response, given in mV/Pa, is obtained by normalizing the raw response by the incident pressure, emitted by the calibrated speaker. As it can be seen, the experimental response is still correlated with the speaker response (see the bumps from around 5 to 6 kHz which are common to every sample) despite a careful calibration. The reason for that is not clearly established, but probably comes from the fact that the acoustic characterization was performed with a low cost speaker, with a non flat response, and a homemade insulation box. 
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For each diaphragm, it is possible to calculate with the lumped model a transducer response in nm/Pa. This response can be further expressed in mV/Pa by considering the optical sensitivity for each sample, which is predicted around 0.7 mV/nm for a probe power of ∼ 7 mW (see optical sensitivity from section II.2.1.1). The frequency response from the lumped model is shown with solid lines. We observe a good agreement between the response predicted by the lumped model and the experimental response (resonance frequency, shape and amplitude of the response) with however a slightly overestimated quality factor which grows at higher frequencies, leading thus to a less good predictability of the sensitivity at resonance. In spite of some imperfections, this characterization gives an overview of the response of the transducer with various hinge lengths and enables a first validation of the lumped element model.

The table II.17 shows the effective length and optical sensitivity, which are necessary to calculate the experimental transfer function in mV/Pa with the lumped model. To confirm the experimental result, we also compared the resonance frequency obtained with the FEM eigenmode resolution (with the true geometry and no effective length, see appendix A.1) and the experimental resonance frequency. The resonance frequency estimation shows an error below 1 % for the A1 and B1 samples, and below 7 % for the A2 and B2 samples. This increasing error comes from the fact that the A1 and B1 samples have been fabricated few months earlier compared to the A2 and B2 samples, and may have a different Young modulus, which can vary of few % during the lamination process, and up to 10% according to the lamination orientation 13 

II.5.3 Sensitivity, linearity and stability

Once the resonance frequency is determined from the frequency response, we perform a calibration of the A1 based FP microphone, which was found to be the most sensitive sample. The calibration aims to validate three desirable characteristics of the transducer: a high sensitivity (expressed in mV/Pa), a linear relation between the measured voltage and the pressure perturbation, and finally a stable signal.

To extract the system linearity, sensitivity and limit of detection (LOD), a step-by-step measurement is conducted (see fig. II.50) with the loudspeaker. Each point of the calibration consists in a step of 10 seconds, where the mean value as well as the standard deviation are measured. The retrieved value of the sensitivity is of 633 mV/Pa, with a R 2 value larger than 0.999 and a standard deviation of 1.34 µV/ Hz when no pressure is applied, leading to a LOD of 2.1 µPa/ Hz. This limit of detection is most probably overestimated as it was calculated by taking in consideration the white noise present in the experiment room which was not completely attenuated by the homemade insulation box. In spite of this, this limit of detection is comparable to the state of the art for acoustic transducers based on FP cavities: Chen et al. [START_REF] Chen | Fiber-optic Fabry-Perot interferometer based high sensitive cantilever microphone[END_REF], [START_REF] Chen | Fast demodulated white-light interferometry-based fiber-optic Fabry-Perot cantilever microphone[END_REF] showed a LOD of 5 µPa/ Hz and 8.5 µPa/ Hz at 1 kHz. Even if the system, from the previous measurements, seems to be stable over 50 seconds, a complete stability study is performed, by means of the Allan deviation (often denoted ADEV) [START_REF] Allan | Time and Frequency (Time-Domain) Characterization, Estimation, and Prediction of Precision Clocks and Oscillators[END_REF]. The Allan deviation is an interesting tool, as it provides a better assessment of the transducer stability and permits to know the ultimate averaging time of the system [START_REF] Werle | The limits of signal averaging in atmospheric trace-gas monitoring by tunable diode-laser absorption spectroscopy (TDLAS)[END_REF]. A definition of the Allan deviation σ y (τ) is given below, by considering a data set (y k ) with k ∈ [0, M ] and where each point is the result of an integration time τ:

σ y (τ) = 1 M M k=1 1 2 y k+1 -y k 2 (II.65)
In our case, the (y k ) data is the voltage sent by the photodetector and demodulated at the acoustic frequency. The integration time τ is set by the lock-in filter bandwidth, and corresponds to τ = τ 0 = 69 ms (1 Hz bandwidth with a slope of 24 dB/oct). From this first data set, a new sample (y ′ k ) is built by considering an integration time of τ = 2τ 0 , defined by y ′ k = (y k + y k+1 )/2. This new data set enables to calculate σ y (2τ 0 ). This process is repeated for 3τ 0 , 4τ 0 , ..., N τ 0 until the data set reaches at least 5 to 10 values (below this number the standard deviation has no meaning due to the lack of data). The value of N can be arbitrary given by N = t Allan /5τ 0 .

Other variations of the ADEV method exists to measure the stability like the Allan deviation with overlap, the modified Allan deviation (MDEV) or the time deviation TDEV [START_REF] Howe | The total deviation approach to long-term characterization of frequency stability[END_REF]. For our purposes, we will restrict our study to the Allan deviation because of its simplicity and because it is the commonly used figure of merit in the literature, to calculate the ultimate integration time of acoustic transducers or trace gas photoacoustic sensors [START_REF] Glière | Downsizing and Silicon Integration of Photoacoustic Gas Cells[END_REF], [START_REF] Patimisco | High finesse optical cavity coupled with a quartz-enhanced photoacoustic spectroscopic sensor[END_REF], [START_REF] Zhang | High-sensitivity photoacoustic gas detector by employing multi-pass cell and fiber-optic microphone[END_REF], [START_REF] Chen | Fiber-optic photoacoustic sensor for remote monitoring of gas micro-leakage[END_REF], [START_REF] Chen | Ultra-high sensitive fiber-optic Fabry-Perot cantilever enhanced resonant photoacoustic spectroscopy[END_REF].
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To perfom the Allan deviation, the acoustic signal is measured over a long period (1000 s), enabling the calculation of σ y until τ reaches few hundreds of seconds. On figure II.51a, we show the signal acquisition for three different configurations of the system: the green curve corresponds to the FP signal without the PI control activated, the blue curve with the PI activated and the orange one with the PI control activated and a postprocessed normalization by the incident power. The second figure (II.51b) indicates the variation the bias voltage observed when the closed-loop is activated. We notice in fact a slow drift of the Q-point which is compensated by the the closed-loop, of approximately 10 mV (corresponding to a shift of ∆λ ∼ 20 pm). We obtain on figure II.52 the typical Allan deviation curves with a first slope proportional to 1/ t (slope of -1/2), which indicates white noise. After a certain integration time we reach a shoulder that indicates the ultimate integration time accessible by the transducer and as a consequence the best noise performance. After the shoulder, the system deviation starts to increase with a +1 slope, which is typical from drift. The white noise is also indicated with a 1/ t slope (black dotted line)

As can be clearly seen, the free system shows a shoulder at around 30 s, the locked system reaches ∼ 60 s14 and finally the normalized system seems to go beyond 100 s of stability. The measured deviation for an integration time of 100 s reaches only 200 -300 nV, leading to an ultimate LOD of ∼ 0.3 -0.5 µPa.

II.6 Conclusion

In this chapter we have presented our acoustic transducer, based on an extrinsic Fabry-Perot interferometer. The acoustically sensitive structure consists in a hinged-cantilever embedded in a circular diaphragm, disposed at the tip of an optical fiber.

We have introduced in the first part the theoretical prerequisites to describe and predict the performance of the transducer, which involves several fields of physics: optics, solid mechanics and fluid mechanics. A first study was performed by finite element method simulation. Although finite element method simulation enables the resolution and interfacing between these physical domains, this method is extremely dependent on the numerical resources (commercial software, computing power) and is time consuming. As an alternative, we proposed an analytical resolution based on a lumped element model, which consists in a block representation of the various physical domains, and offers a better understanding of the physical system. Besides, the model provides instant results, with the possibility to perform parametric studies and a good predictability with respect to the FEM. Thanks to the parametric studies, the model enabled to highlight several key parameters responsible for the transducer sensitivity and frequency response, reported in the conclusion of the theoretical section (II.2.5). We proposed also an analytical description of the photoacoustic gas sensor (transducer embedded in a gas cell), which consists in adding a photoacoustic generation block in the model, simply connected to the previously developed transducer block (see figure II.27).

We then explained the various methods used for the fabrication process of the transducer. Concerning the diaphragm fabrication, the approach was based on the micromachining of a thin stainless steel foil with a laser cutting technique. A first attempt with a commercial Ytterbium fiber laser led to uneven diaphragm structures with thermal strain, which brought us to weakly contrasted Fabry-Perot cavities and thus low optical sensitivities. We managed to overcome this difficulty by using a different laser based on the MicroJet technology, where the light beam is guided in a thin water jet, which enables a good focusing of the laser and the cooling of the structure during the cutting process. The new diaphragm samples obtained were flat with smooth flanks. Then, a macroscopic mechanical support has been built in aluminum to constitute the Fabry-Perot cavity and to maintain the diaphragm on its circumference. This support offers the advantage of being mechanically assembled (no gluing) and enables the possibility to install and test different cantilever diaphragms on the same support.

Finally, the experimental set-up for the characterization of the transducer has been described and the experimental results for the acoustic transducer presented. A fibered DFB laser diode emitting at 1.55 µm, coupled to a high bandwidth photodiode was used for the optical reading of the Fabry-Perot cavity, and the acoustic signal processing performed with a lock-in amplifier. We described also in this section the implementation of the PI control loop to stabilize the transducer and prevent thermal drift. Four diaphragms were tested with various hinge lengths and their frequency response were measured by exciting them with a calibrated loudspeaker. As predicted by the lumped model, the most sensitive sample with a hinge length of 300 µm was kept for further characterization. An acoustic sensitivity measurement was performed at the resonance frequency and led to a sensitivity of 633 mV/Pa and a limit of detection of 2.1 µPa/ Hz, which is at the state of the art for this kind of remote optical transducer. An Allan deviation measurement highlighted a transducer stability up to 100 seconds, leading to an ultimate LOD of less than 0.5 µPa for an integration time of 100 seconds. The preliminary acoustic characterization seemed very promising regarding the implementation of the transducer into a gas sensor, which will be presented in the last chapter. 

III.1 Introduction

The transducer presented in this chapter consists in an optical resonator made with a guided Fabry-Perot cavity. The difference with the previous EFPI transducer is that the cavity is not composed of two separated mirrors but rather a compact Fabry-Perot structure composed of two Bragg gratings made in the same guide and separated by a distance L cav . As a consequence, a very high optical quality factor can be obtained without any alignement, contrary two the EFPI system. Another difference with the EFPI lies in the transduction method of this guided cavity. In the previous chapter, the generated pressure was measured through the displacement of the cantilever, responsible for a variation of the optical cavity length and thus a shift of the interference spectrum. Here, as shown in this chapter, two main mechanisms participate to the optical resonance shift:

-firstly, a pressure variation can generate a longitudinal strain in the fiber and thus change the optical resonance conditions through a variation of the cavity length and of the Bragg gratings periodicity, -secondly, a thermal perturbation can create a variation of the refractive index of the fiber material, which again has an influence on the optical resonance shift. In a similar way as performed previously for the EFPI, this chapter first focuses on the theoretical description of this new optical transducer III.2, in order to target the convenients Fabry-Perot design parameters, as well as the cell geometry. The optical resonator can be fabricated from an optical fiber or a planar waveguide, fabricated on a silicon wafer with the microfabrication techniques. In this chapter, we focus on the various methods for the fabrication of the grating in optical fibers, presented in section III.3. Then, after a description of the instrumentation bench in section III.4, a characterization of the guided Fabry-Perot transducer sensitivity is shown in section III.5. The implementation for trace gas detection is treated in the last chapter of this manuscript (IV).

III.2 Theoretical description

The guided Fabry-Perot cavity transducer sensitivity depends on the quality factor of the optical resonator and on the acoustic or thermal sensitivity. An analytical matrix model designed to describe the optical response of the high finesse Fabry-Perot cavity will be first presented. Then, the response of the surrounding fluid will be described by means of the lumped elements model, with the prerequisite studied in the thermoacoustic section from chapter II. Finally, a specific interrogation method, based on the Pound-Drever-Hall optical locking, is presented and its efficiency is quantified.

III.2.1 Optics : Bragg matrix model

In this section, a model is proposed to calculate the reflectivities of a Fiber Bragg Grating (FBG), whose index variation is assumed to follow a sinusoidal modulation 1 , by means of UV photoinscription (for more details on the fabrication, see section III.3.1).

III.2.1.1 Response of a Bragg grating

We consider the Helmholtz equation for the propagation of the electric field E inside an optical guide of index n:

∇ 2 E + k 2 E = 0 with k 2 = n 2 (z)k 2 0 (III.1)
where k 0 = ω/c 0 indicates the module of the optical wavevector in vacuum and c 0 is the speed of light in vacuum. We assume for our model a sinusoidal modulation of the refractive index inside the core of the fiber, which can be written:

n 2 (z) = [n eff + δn cos(K z + Φ)] 2 with K = 2π/Λ (III.2)
where n eff indicates the effective refractive index of the fiber core, modulated with an amplitude δn and a spatial period Λ. A well known solution of this equation can be found in the article by T. Erdogan [START_REF] Erdogan | Fiber grating spectra[END_REF], and involves a matrix M which relates the electric field at the interface situated at the coordinate z 1 to the field situated at z 2 (see figure III.2), provided a phase matching between the light and the grating : K ≈ 2k.

Figure III.2 -Sine refractive index modulation of a guided Bragg grating

The equation reads then:

E + (z 2 ) E -(z 2 ) = M E + (z 1 ) E -(z 1 ) (III.3) 1.
One can note that the general results obtained with the sine index modulation are similar to the case of an inscription by femtosecond pulse (non sine profile) or a Bragg grating made with a stack of discrete materials (step index profile).

CHAPTER III. GUIDED FABRY-PEROT CAVITY

and the transfer matrix M is given by: M = e j (K /2)(z 2 -z 1 ) p + e j [Φ+(K /2)(z 2 +z 1 )] q e -j [Φ+(K /2)(z 2 +z 1 )] q e -j (K /2)(z 2 -z 1 ) p - with

         p ± = cosh(∆L) ± j δk 2∆ sinh(∆L) q = j κ ∆ sinh(∆L) (III.4)
where L = z 2 -z 1 is the length of the Bragg grating and

∆ 2 = κ 2 -(δk/2) 2 .
The term κ = πδn/λ 0 is called the coupling constant and δk = 2k -K the detuning. Considering Φ = 0, the global reflectivity of the system can be expressed as:

R FBG = E -(z 1 ) E + (z 1 ) 2 = κ/∆ sinh(∆L) cosh(∆L) -j δk 2∆ sinh(∆L) 2 (III.5)
This expression enables us to define two useful terms :

-the Bragg wavelength corresponds to the central wavelength, where the mirror reflectivity is maximized, and given by λ B = 2n eff Λ. Near the Bragg wavelength, the reflectivity can be approximated by R FBG = tanh 2 (κL). The figure III.3a shows the impact of the length on the reflectivity loss for an index modulation of δn = 10 To calculate the FBG reflectivity, the value of the effective refractive index n eff , for a standard single-mode fiber (SMF-28, Corning) equals to 1.4682. 

III.2.1.2 Response of a π-phase shifted Bragg grating

To produce a Fabry-Perot resonance with a Bragg grating, a method consists in introducing a π phase shift defect during the refractive index modulation. This defect generates a so-called "spectral hole" in the middle of the Bragg reflectivity bandwidth with a high quality factor. The figure III.4 illustrates the index modulation of such a grating, called a π phase-shifted FBG (πFBG). The πFBG has a length L, and a π defect situated at z = 0. The expression of its reflectivity can be easily calculated by means of the equation (III.3) derived in the previous section. To do this, we assimilate the πFBG of length L to two sub-gratings of length L/2, out-of-phase of π. The global transfer function is obtained by multiplying the matrices corresponding to the first Bragg grating of length L/2, denoted M 1 , and the second Bragg grating with a phase shift Φ = π and a length L/2, described by the M 2 matrix:
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E + (z 2 ) E -(z 2 ) = M 2 M 1 E + (z 1 ) E -(z 1 ) = M T E + (z 1 ) E -(z 1 ) (III.6)
The reflectivity of the πFBG is then given by:

R πFBG = M T (2, 1) M T (2, 2) 2 (III.7)
where M T (i , j ) indicates the element of the M T matrix of row i and column j .

The following figures show the same reflectivity spectra studied previously but with the aditionnal π phase-shift, creating a drop of the reflectivity at the Bragg wavelength, which can be seen as the resonance of a Fabry-Perot cavity, constituted of the two Bragg grating of period Λ and length L/2 and separated by a defect of length Λ. CHAPTER III. GUIDED FABRY-PEROT CAVITY

III.2.1.3 Optical sensitivity

The optical sensitivity of the sensor can be directly calculated from the relation between the Bragg wavelength and the external perturbations which are of two types:

-the strain perturbation: the resulting effect is a physical elongation of the fiber, causing a change of the grating pitch of δΛ, or a change of the fiber index δn eff due to the photoelastic effect, -the thermal perturbation: the first effect is due to the thermal expansion of the fiber material (silica) which causes again a change of the the grating period, and the second one is the temperature dependance of the refractive index.

From the expression of the Bragg wavelength established in the previous section λ B = 2n eff Λ, we can retrieve the Bragg shift as a function of the external perturbations:

δλ B = 2 (Λδn eff + n eff δΛ) (III.8)
Takin in account these processes, Kersey et al. proposed [START_REF] Kersey | Fiber grating sensors[END_REF] an expression for the Bragg shift, given by:

δλ B λ B = 1 - n 2 eff 2 (P 12 -ν(P 11 + P 12 )) ε + α + 1 n dn dT δT (III.9)
Where ε = δL/L indicates the longitudinal strain of the structure, ν is the Poisson coefficient of the fiber core, P i j the Pockel's coefficients, and α the coefficient of thermal expansion of the fiber material. The Pockel's coefficients come from the photoelastic tensor, describing the material permittivity response to a mechanical stress. Given that the main material composing the fibers is silica, Kersey et al. provide numerical values corresponding to the strain response at constant temperature:

1 λ B ∂λ B ∂ε = 0.78 pε -1 (III.10)
and the thermal response at constant strain:

1 λ B ∂λ B ∂T = 6.67 × 10 -6 K -1 (III.11)
where pε is the picostrain and corresponds to a longitudinal relative displacement of 10 -12 . The strain response is mainly dominated by the elongation of the structure (∼ 78%) while the photoelastic effect remains weaker and opposed (minus sign) to this first contribution. Regarding the thermal response, the dn/ dT effect accounts for ∼ 95% of the observed wavelength shift. At λ 0 = 1.55 µm we obtain the optical sensitivities (summarized in table III.1). These sensitivities are expressed in term of a wavelength shift (usually few picometers) per unit of strain (usually the microstrain) or temperature. Since the measured wavelength shift can be really small (well below the picometer), it is convenient for our application to express the wavelength shift δλ B in term of its equivalent frequency shift δν B in Hz, given by δν B = c 0 /λ This system can measure temperature or strain variations, but we have no idea of the typical strain induced by an acoustic perturbation. In the most simple configuration, we can assume that the fiber is left free and has no contact with any mechanical vibrating element, and is thus only sensitive to the surrounding pressure. Under isotropic stress, the pressure induced strain is given by [START_REF] Hocker | Fiber-optic sensing of pressure and temperature[END_REF]:

ε = ε z = -p 1 -2ν E (III.12)
Where p is the pressure, E is the Young modulus of the fiber material and ν its Poisson coefficient. The considered material is SiO 2 (with ν = 0.17 and E = 70 GPa [START_REF] Westerveld | Silicon photonic micro-ring resonators to sense strain and ultrasound[END_REF]), and the pressure is assumed to be uniformly distributed. Consequently, the strain to pressure relation is equal to -9. We observe from the table that the pressure to frequency shift has a much reduced amplitude than the temperature to frequency shift. Therefore, we expect a priori a weak acoustic sensitivity for our transducer. In order to confirm this hypothesis, it is however necessary to calculate the photoacoustic and photothermal fields to obtain the typical wavelength shift expected for the gas sensing application in the photoacoustic (PA) or photothermal (PT) configuration. The next section is dedicated to the description of the lumped element model used for the PA/PT generation of the πFBG based sensor.

III.2.2 Acoustic and thermal model

This section aims at describing the behavior of the pressure and thermal field by means of the lumped elements introduced in chapter II. The model is simplified here since strictly speaking, the transducer consists of a single optical fiber with neither back volume nor mechanical elements, embedded in a cylindrical gas cell (for the exact cell geometry, read section III.3.2). The model only takes into account the pressure behavior in the gas cell due to a deposited power, which was described in section II.2.3.2. However, due to the aspect ratio of the considered cylindrical cell (long cylinder with a small diameter) and the non uniformly distributed heat source, the small volume approximation with a uniform pressure distribution along the cell is not valid anymore. As a consequence, the photoacoustic generation block of the model has been adapted, and is presented below.

After a general description of the photoacoustic generation and pressure distribution in a cylindrical cell, we describe the adapted lumped element model in the case of a closed cell volume, and then study the situation where the volume is open on one side.

III.2.2.1 General equations of an acoustic transmission line

To describe the optical absorption along the cylindrical conduit, we follow the transmission line approximation, consisting in dividing the conduit into N small elements, with N + 1 pressure nodes (see figure III.6,top). The assumptions listed in chapter II are also considered for this resolution, and are briefly recalled here: i) a plane wave is assumed, with a velocity field oriented toward the z axis, ii) the pressure is uniform in the conduit section, iii) the thermal flow is oriented towards the walls (r axis), and iv) the bulk viscosity is neglected. In addition, the same boundary conditions are considered : no slip (ψ v = 0) and isothermal (ψ τ = 0) walls.

The considered elements can then be described by their thermal admittance Y th and viscous impedance Z v (see section II.2.3.1 for more details). Each pressure node can be electrically represented (see [START_REF] Miklós | Application of acoustic resonators in photoacoustic trace gas analysis and metrology[END_REF] and [START_REF] Benade | On the propagation of sound waves in a cylindrical conduit[END_REF]) by a circuit in a T configuration (III.6, left), and the small volume between two nodes can be represented with a circuit in the Π configuration (right). The main difference with the conduit study in chapter II is that a fluid flow i n accounting for the heating process by the laser absorption is added at each node. The pressure differential between the N + 1 nodes separated by dz can be expressed by 
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The relation between the fluid flow and the pressure nodes are given with the admittance term (equivalent Kirchhoff's current law):

       i 0 i 1 . . . i N -1 i N        = Y th        1/2 1 . . . 1 1/2        Y th        p 0 p 1 . . . p N -1 p N        +           1 -1 1 -1 . . . . . . 1 -1 1 -1           D t        ∆i 1 ∆i 2 . . . ∆i N -1 ∆i N        (III.14)
Where the t superscript indicates the matrix transpose and the admittance and impedance value for a small element of length dz are given by equation (III.15):

Z v = ρ 0 S j ω Y v dz with Y th = S γp 0 j ωY τ dz (III.15)
We note here that for a conduit of length L the "low frequency" approximation that enables to write this equation works as long as |k ℓ L| ≪ 1 (see equations (II.48) and (II.49)). As a consequence, the system's response can be evaluated at any frequencies, given that the considered conduit portion has a length dz which is small enough. By combining the equation (III.13) and (III.14) the ∆i terms are cancelled, and we obtain a relation between the pressure nodes and the fluid flow:

   p 0 . . . p N    = Y -1 tot    i 0 . . . i N    where Y tot = Y th + D t (Z v ) -1 D (III.16)
Once the pressure field is known, the temperature can be expressed with equation (II.42) by knowing the temperature distribution 〈ψ τ 〉 in the cylinder.

III.2.2.2 Closed cell

The situation of a completely closed cell is easier to solve, since each current source input i n is known and results from the deposited power H n [W/m 3 ] in a volume of length dz. With the same approach proposed in the previous chapter, the current source can be expressed by considering a small enclosed volume with a uniform pressure distribution (see equation (II.51)), and the deposited power is obtained by considering an exponential absorption law along the cylindrical cell. Following the model of figure III.6, the current source on each nodes can then be calculated. We also point out that the first and last nodes are considered as half volumes of length dz/2 because they do not lead to another node, which changes the deposited power density. The current source vector reads then:

       i 0 i 1 . . . i N -1 i N        =        i H 0 i H 1 . . . i H N -1 i H N        = Y th 1 j ω 〈ψ τ 〉(γ -1) γ -(γ -1)〈ψ τ 〉        1/2 1 . . . 1 1/2               H 0 H 1 . . . H N-1 H N        (III.17)
That can be simplified:

       i 0 i 1 . . . i N -1 i N        = 1 j ω γ -Y τ Y τ Y th        H 0 H 1 . . . H N-1 H N        (III.18)
Where H n indicates the amount of deposited power per unit of volume in the small element at the n th pressure node. Considering an incident power of P 0 [mW] and a coefficient of absorption α, the optical power at a distance z reads P (z) = P 0 e -αz , and so the deposited power in the n th small element situated at z n = n dz of section S is given by:

H n = - 1 S dP dz (z n ) = α S P (z n ) = αP 0 S e -αz n (III.19)
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With the help of equations (III. [START_REF] Giglio | Broadband detection of methane and nitrous oxide using a distributed-feedback quantum cascade laser array and quartz-enhanced photoacoustic sensing[END_REF]) and (III.18), it is now possible to describe the acoustic transfer function for each node n, given by the pressure increase p n for an incident power P 0 : T ac n (ω) = p n /P 0 . The thermal transfer can be calculated as well, and relates the temperature increase τ n at the node n and the deposited power: T th n (ω) = τ n /P 0 . We calculate and show on figure III.7 the acoustic and thermal transfer functions at the node situated at the center in the case of a cylinder of radius 1 mm and length of 60 mm. To obtain a reliable response at high frequencies (10 kHz), the resolution is made with 11 nodes3 . We observe a perfect superposition of the lumped model (black dotted line) with respect to the FEM resolution (blue continuous line) performed with a 2D axisymmetric geometry. As expected, the photoacoustic response is a low pass, similar to that of the EFPI cell (see II.2.3.4). We observe however an acoustic resonance in the cell, due to the non-uniform heat power distribution H (z). The thermal response, expressed with the equation (II.42), follows the pressure variation with the same cut-off frequency, with a plateau at ∼ 30 mK/mW. The plateau obtained for the PA response is of ∼ 5 Pa/mW.

III.2.2.3 Open cell

Experimentally, we will eventually need to leave one open side on the gas cell to inject the excitation laser beam. In this case, the cell is open on one side and closed on the other and as a consequence, the first node n = 0 (called open node) is subjected to an additional current source originating from the external environment i ext . The other nodes (called closed nodes) are not connected to the outside and thus the input vector (i n ) n∈[0,N ] can be written:

       i 0 i 1 . . . i N-1 i N        =        i H 0 i H 1 . . . i H N-1 i H N        +        i ext 0 . . . 0 0        (III.20)
The main difference with the previous case is that the current source contribution i ext , corresponding to the fluid flow exchange with the environment cannot be directly expressed. In order to understand more precisely the relationship between pressure and CHAPTER III. GUIDED FABRY-PEROT CAVITY fluid flow at each node, it may be interesting to separate the matrix Y tot into the following sub-matrices,

Y tot =      Y oo Y oc Y cc Y co      (III.21)
where Y tot is a matrix of size N + 1, Y oo is a scalar, and Y co (resp. Y oc ) of size N × 1 (resp. 1 × N ). Here, the sub-matrix Y cc -which interacts only with the closed nodes of index n ∈ [1, N ] -is responsible for the pressure field variation inside the conduit:

   p 1 . . . p N    = Y -1 cc    i H 1 . . . i H N    (III.22)
The first node n = 0 does not intervene in the expression since electrically speaking, its potential is equal to the ground (i.e. the total pressure is the atmospheric pressure) 4 . Consequently, the fluid flow i ext can be expressed by:

i ext = Y oc    p 1 . . . p N    -i H 0 (III.23)
From equation (III.22) we then calculate the photacoustic and photothermal response for the open cell configuration and the same dimensions as before (length of 60 mm and radius of 1 mm). We observe on figure III.8 that for low frequencies the pressure field tends to zero, because of the leak through the aperture, while the thermal field keeps its low-pass behavior. Although the PA amplitude is slightly lower, the main advantage of this open configuration lies in the higher frequency region of the resonance, where the low frequency noise is reduced.

III.2.2.4 Estimation of the frequency shift

A model to estimate the photoacoustic and photothermal fields in a cylindrical cell has been proposed in this section, and shows a perfect agreement with the FEM resolution. Using these results combined with the optical sensitivity reported in table III.2, we can estimate the expected frequency shift of the resonator. As we have seen in table III.2, the pressure induced frequency shift is extremely weak compared to the thermal induced frequency shift. Therefore, we expect a negligeable contribution of the PA wave on the induced frequency shift.

As an example, we consider the closed cylindrical cell, and take the PA/PT amplitude at the plateau of the calculated transfer functions, for an incident power of 1 mW, to calculate an expected frequency shift, reported on figure III.3.

Wave amplitude Wavelength shift Frequency shift

Photothermal effect 30 mK 0.3 pm 37 MHz

Photoacoustic effect 5 Pa 6.5 ×10 -7 pm 81 Hz

Table III.3 -Expected frequency shift at the plateau for the designed cylindrical cell

These values confirm that the designed transducer is adapted for photothermal detection. They also demonstrate how small the frequency is shifted (< 1 pm), even for photothermal perturbations, and raise the following question: what interrogation technique could be used to detect such a weak frequency shift ?

A first possibility consists in using the method presented in chapter II, where the laser wavelength is locked onto the point corresponding to the maximal slope of the reflectivity spectrum (side-of-fringe locking). However, although this method was effective for the EFPI transducer, its weakness lies in its incapacity to decorrelate the power fluctuations due to the frequency shift from the power fluctuations originating from the laser itself. A powerful but more complex technique, called the Pound-Drever-Hall (PDH) method, consists in looking at the frequency shift at the optical resonance (top-of-fringe locking) instead of the maximal slope of the resonance peak. This method is more relevant to monitor weak frequency shifts of the optical resonance of our fibered transducer, as it produces a signal that allows to get free (at first order) from the optical power fluctuations.

III.2.3 Theory of Pound-Drever-Hall control

The PDH method is a frequency stabilization technique used to improve the laser stability using an optical resonator as reference, which can be a Fabry-Perot cavity for example. To do so, a measurement of the detuning between the laser frequency and the optical resonance frequency is performed on a so-called "error signal". This error signal, which is directly proportional to the detuning between the laser wavelength (or frequency) and the cavity resonance, can be fedback to the laser in order to adjust the emission wavelength and keep a zero detuning. When the feedback is activated, the laser is said to be "locked" onto the optical cavity.

The sketch presented on figure III.9 shows a generic setup to generate the error signal and implement the PDH locking. The laser light beam is coupled into an optical fiber (blue line) and passes through an electro-optic modulator (EOM) to modulate the phase of the incident beam. The light beam (red line) is then sent into the resonant cavity and reflected back to the photodiode with the circulator. The measured power retrieved from the photodiode is mixed at the modulation frequency but with an additional phase offset ϕ, which compensates for the phase delays in the circuit. After a low-pass stage, the error signal can be measured and fedback to the laser through a PID controller. The PID stage is necessary to set a correct gain, as well as the desired feedback speed. This feedback is generally performed on the piezo voltage of the laser, enabling a fine tuning of the wavelength, with a resolution less than a picometer. Black introduced [START_REF] Black | An introduction to Pound-Drever-Hall laser frequency stabilization[END_REF] a conceptual description of this method as well as a quantitative approach enabling to calculate the generated error signal, that we will now describe in detail. Let us consider an incident field E i = E 0 e i ωt of frequency ω and a generic resonant optical cavity of reflection coefficient r (ω). The reflectivity of the cavity is given by |r (ω)| 2 and the reflected field is denoted E r . After a modulation of the phase of the laser at the frequency Ω with a depth β, the incident electric field reads:

E i = E 0 e j [ωt +β sin(Ωt )] (III.24)
By use of the Jacobi-Anger expansion, this equation can be expressed in terms of an infinite sum of Bessel functions. For our demonstration, we neglect the high order harmonics and consider only the first and second terms of the sum:

E i ≈ E 0 J 0 (β) + 2 j J 1 (β) sin(Ωt ) e j ωt
≈ E 0 J 0 (β)e j ωt + J 1 (β)e j (ω+Ω)t -J 1 (β)e j (ω-Ω)t (III. [START_REF] Besson | Sub-ppm multi-gas photoacoustic sensor[END_REF] This expression highlights the generation of additional sidebands at the angular frequency ω ± Ω around the carrier which oscillates at ω. Considering that the incident power equals P 0 ∝ |E 0 | 2 and neglecting interference effects, the power in the carrier is P c = J 2 0 (β)P 0 and the power in each sideband is P s = J 2 1 (β)P 0 . For the following calculations, we will assume a perfect monochromatic light beam, since in our case, the laser linewidth is negligible with respect to the cavity bandwidth (FWHM ∼ 60 MHz). The light reflected from the cavity reads then:

E r = E 0 r (ω)J 0 (β)e j ωt + r (ω + Ω)J 1 (β)e j (ω+Ω)t -r (ω -Ω)J 1 (β)e j (ω-Ω)t (III.26)
The signal retrieved from the photodetector corresponds to the reflected power P r = |E r | 2 : where * denotes the complex conjugate. The equation (III.27) shows on the first line the contribution of the non interfering terms at the carrier frequency ω and the sidebands frequency ω±Ω. The second and third line show the effect of the cross interference terms between the carrier and the sidebands, oscillating at the modulation frequency Ω. The contribution corresponding to the sidebands interfering with each other (oscillating at 2Ω) are not displayed here since they are of smaller amplitude and not of interest for the top-of-fringe locking 5 .

P r =P c |r (ω)| 2 + P s |r (ω + Ω)| 2 + |r (ω -Ω)| 2
To understand how the error signal is measured, we can look at the complex component oscillating at Ω:

χ(ω) = r (ω)r * (ω + Ω) -r * (ω)r (ω -Ω) (III.28)
and assume a weak modulation frequency Ω ≪ FWHM, so that:

r (ω ± Ω) ≈ ±Ω dr dω (ω) (III.29)
As a consequence, the component oscillating at Ω reads:

χ(ω) ≈ 2 Re r (ω) dr * dω (ω) Ω = d|r | 2 dω Ω (III.30)
5. However, it can be interesting to look at the component oscillating at 2Ω (second harmonic), as the error signal generated in this case has a particular shape, enabling to lock onto the side-of-fringe [START_REF] Liu | Wavelength Locking of a Diode Laser to the Maximal Slope of a π-Phase-Shifted Fiber Bragg Grating for Acoustic Emission Detection[END_REF] instead of the top-of-fringe Experimentally, the correct component (imaginary or real part of the χ function) is selected by setting an additional phase offset of 90°(see figure III.9). The PDH sensitivity can be expressed in terms of a power variation per unit of wavelength shift (in pm) or per unit of equivalent frequency shift (in MHz) by multiplying the χ function by 2 P c P s . In practice, the photodetector converts the optical power into a voltage, so the sensitivity will be usually expressed in mV/pm or in mV/MHz. As shown from the error signal curves, a high frequency modulation enables a large gain on the error signal and thus a higher sensitivity. Moreover, a high frequency modulation reduces the low frequency noise and results in an increase of the signal-to-noise ratio.

III.2.4 Concluding considerations for the design and instrumentation

As a conclusion to the theoretical study of the guided Fabry-Perot transducer, the following considerations may be taken into account, to increase the sensitivity and the signal-to-noise ratio:

-to increase the sensitivity of the PDH locking, a high modulation frequency Ω, and a narrow optical resonance are preferred, as they cause an increase of the slope of the error signal. A narrow resonance comes in general with a long fiber grating.

-to increase the amplitude of the PT generated wave, a small volume is preferred, which leads to a higher thermal cut-off frequency. This consideration however implies the use of a small fiber grating to fit inside the volume, which is in contradiction with the first point. A first solution to this trade-off consists in minimizing the gas cell by using a cylindrical cell with a diameter equal or close to the fiber diameter, and a length equal to the grating length.

-to reduce the low frequency noise, the highest PDH modulation frequency Ω is chosen, as well as a high photothermal frequency ω PT . The frequency ω PT should however lie before the cut-off frequency of the thermal low-pass filter.

III.3 Fabrication

In this section, we present the main methods for the fabrication of a guided Fabry-Perot cavity based on Bragg gratings. Then, we propose two gas cells architectures for the complete sensor fabrication.

III.3.1 Fiber Bragg grating cavity fabrication

Two fiber Bragg gratings (FBG) fabrication methods are described in this section and will be used to propose the guided Fabry -Perot transducer. The gratings are fabricated by the LCFO, from the LIST institute (CEA Saclay). The basics for the FBG fabrication will be explained here but without going into technical details, as the exact setup configuration and some experimental parameters (power, duration, wavelength of the source) correspond to a know-how that must remain confidential.

Both techniques are based on the optical writing of a refractive index modulation inside the core of a fiber. The first method is based on the side illumination of the fiber with an interference pattern and was first proposed by Hill et al. in 1978 [114]. This indirect writting technique allows mass production nowadays and is widely used in the telecom industry. The second method is more recent, and based on a direct point-by-point writing of a grating by femtosecond laser pulses.

III.3.1.1 Indirect writing technique

The indirect writing technique uses generally an intense ultraviolet source, an interferometer, and a photosensitive optical fiber. The photosensitivity of the fiber induces a change of the refractive index when exposed to UV light (KrF excimer laser), and can be increased by germanium dioxide doping -for low refractive index variations < 5 × 10 -5 -, or hydrogen loading -enabling an index variation at a level of ∼ 10 -2 - [START_REF] Vasil'ev | Fibre gratings and their applications[END_REF]. The amount of index change depends on various parameter like the material doping, and the intensity and duration of the exposure to the UV light. 
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To inscribe a spatial variation of the refractive index along the fiber, a common technique consists in using a two beam interferometer, which creates a periodic intensity dis-CHAPTER III. GUIDED FABRY-PEROT CAVITY tribution on the fiber. To tune the Bragg wavelength, the interference period is controlled through the incident angle of the laser light. Another method uses a grating as a diffractive element, called a phase mask, to produce an interference pattern. A single UV beam hits the grating, and the two first-order diffracted beams interfere to give the inscription pattern [START_REF] Hill | Bragg gratings fabricated in monomode photosensitive optical fiber by UV exposure through a phase mask[END_REF], while the zeroth order diffraction is canceled (see figure III.12). To obtain an interference pattern of period Λ, the phase mask grating should be designed with a period of Λ pm = 2Λ. The main advantage of this technique is the reduction of the mechanical elements compared to the traditionnal interferometer method (moving mirrors).

This interference technique can be used to produce a particular FP cavity with a high quality resonance, called πFBG and introduced in section III.2.1.2. The UV laser beam is focused in the fiber core and scanned along the first half of the πFBG. Then, the phase mask is translated by a distance Λ/2 with a nanopositioner to create the cavity defect. Finally, the UV laser is scanned again along the second part of the grating to produce two FBGs separated by Λ [START_REF] Zhang | Fiber-Optic Pressure Sensor Based on π-Phase-Shifted Fiber Bragg Grating on Side-Hole Fiber[END_REF]. Another method consists in directly inserting a phase default on the mask to generate the π phase shift of the πFBG.

III.3.1.2 Direct writing technique

The direct writing technique, also called point-by-point inscription technique, first introduced by Hill et al. [START_REF] Hill | Efficient Mode Conversion in Telecommunication Fibre using Externally Written Gratings[END_REF], consists in illuminating the fiber core with a focused laser beam to generate a permanent modification of the refractive index. Subsequently, the fiber is translated along its axis by the grating period Λ, and the procedure is repeated until the entire grating is completed. To efficiently focus the laser spot in a waveguide of few micrometers, most of the experimental setups use a high numerical aperture (NA) immersion microscope objective [START_REF] Martinez | Direct writing of fibre Bragg gratings by femtosecond laser[END_REF], [START_REF] Marshall | Pointby-point written fiber-Bragg gratings and their application in complex grating designs[END_REF]. The picture on figure III.13 shows the setup from the LCFO laboratory, with an immersion objective and an optical fiber. The red lines on the fiber correspond to the diffraction of the incident red light beam, caused by the presence of the Bragg gratings. The technique mainly used for direct writing nowadays is based on femtosecond lasers, to create a pulse of few fs (1 fs = 10 -15 s) with an energy capable of ionizing the core of the fiber. The energy of the plasma is then transferred to the lattice, and creates a high refractive index contrast microvoid of ∼ 10 -1 [START_REF] Thomas | Femtosecond pulse written fiber gratings: a new avenue to integrated fiber technology[END_REF]. In comparison, the typical index changes obtained with the side illumination technique are very weak. For this reason, Bragg gratings fabricated with the femtosecond technique can reach more compact sizes. To fabri-CHAPTER III. GUIDED FABRY-PEROT CAVITY cate a grating, the laser pulses are generated with a repetition rate at a frequency f , while the fiber is translated with a speed v, which results in a grating period of Λ = v/ f . Instead of the sequential approach described initially, this solution enables an easy control of the grating period without the need for a positioner with a nanometric resolution.

The advantage of this direct writing approach lies in its flexibility for the design of the grating period, and for inscribing specific gratings with phase shifts or complicated index profiles, or with non standard geometries like planar or tilted waveguides [START_REF] Chen | Femtosecond-laser-written Microstructured Waveguides in BK7 Glass[END_REF]. In addition, due to the high refractive index of the microvoids, the resulting Bragg gratings are shorter, which opens-up interesting applications for planar Bragg on chip. The counterpart of this method is a more complicated alignment procedure and the need for an adapted setup.

Two πFBG made with the side illumination technique and one FBG Fabry-Perot cavity made by direct writing will be studied in this manuscript. These three samples, all fabricated at the LCFO, show optical resonance with high quality factors and finesse, and are presented and characterized in section III.5.1.1. Furthermore, the samples have reasonable lengths (less than 4 cm), which make them compatible with an implementation in a PA/PT cell for trace gas sensing. The fabrication of such a cell is detailed in the next section.

III.3.2 Gas cell

As seen in chapter II, the gas cell geometry is important, because we need at the same time a long interacting path between the absorbing gas and the light beam, and a small volume to increase the photothermal and photoacoustic generation. In order to keep a small volume, a cylindrical gas cell is chosen, with an illumination parallel to the fiber, and an as small as possible diameter. Two versions are proposed and fabricated: the first cell is made by 3D printing and has large dimensions, to allow an easy installation of the fiber transducer. In contrast, the second cell is more challenging to install, as it has the minimal acceptable size to let enter the fibered transducer.

III.3.2.1 3D-printed cell

The first gas cell prototype is 3D printed by means of a UV-SLA (stereolytography apparatus) technique, with the Form 2 printer (Formlabs). The material is a photosensitive black resin, cured with an ultraviolet source (see (a) on figure III.14a). A tank filled with the resin (b) is placed near a moving platform (e), and is successively illuminated by means of the UV light (a) to create solid layers (c) by polymerization. The platform (e) moves progressively upwards to form the final 3D shape (d), fabricated in reverse side and thus attached to the platform. When the polymerization process is finished, the printed object is separated from the platform, and placed in a solvent bath to remove the remaining resin that was not correctly polymerized. After this, an aditionnal UV illumination at 60 °C is performed to permanently harden the structure. Few constraints should be meet for the fabrication by 3D printing:

-First, the printed object must be securely attached to the platform in order to support its own weight. To avoid any deformation on the final geometry, the object is maintained by multiple supports that can be easily removed later. A good configuration to support the structure is shown on figure III.14b: a large number of supports are added on the sides of the two structures (fiber holder and gas cell) while CHAPTER III. GUIDED FABRY-PEROT CAVITY the endfaces remain almost free from supports. An angle is also added to minimize the stress on the upper features of the fiber holder (denoted with the red circle).

-Secondly, the dimensions were all expanded by 3 % to compensate for the contraction after going in the oven at 60 °C. The figure III.15 shows the fabricated cell, composed of a 3D-printed cylindrical gas chamber and two adapters (each composed of a fiber chuck and a chuck holder), screwed together. The chuck holder embeds a commercially available fiber chuck, which helps a good mechanical holding without damaging the probe fiber (green arrow). A hole with a diameter of 1 mm is made in the chuck holder to let enter the excitation light (denoted with the red arrow). To have a reduced gas volume, the gas cell is a cylinder with an elliptical section (represented in the left upper inset): the upper focal point of the ellipse corresponds to the area excited by the light beam, while the lower focus matches with the location of the probe fiber. The distance between the ellipse foci is limited by the size of the fiber chuck of 5 mm (represented by the dotted circle in the inset).

III.3.2.2 Fibered cell

To further reduce the gas cell volume, a second configuration is proposed, where the fiber chuck is removed, and the excitation light is brought by an optical fiber. The fiber used for the excitation is a indium fluoride fiber for single mode operation with a core diameter of 9 µm, a cladding of 125 µm and low optical loss (< 0.5 dB) in the mid-IR range. In this way, the radius of the gas cell is only limited by the radius of both fibers (excitation and probe fiber).
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To build such a small chamber, the fibers are placed in a fiber sleeve with a diameter of 1 mm, and a length of 40 mm. The sleeve consists in a heat-shrinkable plastic tube, put together with a stainless steel rod that provides rigid support (see figure III.16,left). Once the fiber is placed inside the sleeve, the two ends are heated to shrink the plastic tube and to hold the fibers together in the tube (on the same figure, on the right). Closing in this way the cell should also increase the low frequency PA/PT signal (see the lumped model in the case of a closed cell, in section III.2.2.2) and most importantly reduce the external noise by isolating the fiber grating from the external environment. However, we expect a high background signal, as the light beam is not collimated (fiber NA of 0.26) and the cell diameter quite small compared to the 3D printed cell. The background signal can come from the non specific photothermal generation originating from the cell wall absorption (indicated by the black arrows on the wall), but also from the temperature increase due to the direct excitation of the read-out fiber (indicated by the black arrows on the fiber). 

III.4.2 Pound-Drever-Hall experimental set-up

In section III.2.3, we presented a generic schematic to perform an optical locking by means of the Pound-Drever-Hall method. The current section aims to describe precisely the hardware used for our experimental implementation of the PDH technique, as well as the critical parameters that must be optimized to perform a correct locking (i.e. a high sensitivity of the error signal and a stable closed loop). The experimental bench, sketched on figure III.17, is composed of a high frequency photodetector (Femto OE 300, 200 MHz bandwidth), an electro-optic modulator (iXblue, MPX-LN-0.1, 150 MHz bandwidth) to modulate the phase, and a Zurich Instrument lockin amplifier (UHFLI, 600 MHz bandwidth). The output of the lock-in is used to modulate the EOM, the first input to retrieve the DC cavity response, and the second input to retrieve and demodulate the AC signal at the PDH modulation frequency Ω, which will give the error signal. The error signal passes through a PID stage (available in the Zurich Instrument software and not shown here, for the sake of clarity) and feeds the piezo voltage correction via the auxiliary output (AUX 1), in the closed loop configuration. A second component of the AC signal is demodulated at Ω + ω p , where ω p corresponds to the frequency of the perturbation. This component contains the information of the perturbation signal, which can be eventually brought by a second output and can be due to a photoacoustic (ω PA ) or a photothermal (ω PT ) perturbation. The proposed configuration is quite close to the previous set-up used for the EFPI (described in figure II.42), the main difference being that here an EOM stage is added and that the PID correction is made through the AC signal (error signal) instead of the DC signal (cavity signal).

The main parameters that must be optimized are listed on table III.5. They mainly concern the EOM modulation (amplitude, phase and frequency) and the PID stage.
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Name

Symbol Meaning

Modulation frequency Ω

A high frequency increases the sensitivity and reduces the noise. Changing the frequency regime requires to change the phase offset to consider the correct component of the AC signal.

Modulation depth β

Amplitude of the phase modulation. It gives the amount of optical power distributed in the carrier (proportional to J 0 (β)) or in the sidebands (proportional to J 1 (β)).

Phase offset ϕ

Phase offset between the modulation and the demodulation signal at Ω. Enables to extract the exact value of the error signal.

P-I parameters

(K P , K I ) Couple of parameters that must be selected with care according to the target PI gain and bandwidth.

PID bandwidth ω c

Bandwidth of the PID correction, given in rad/s or in Hz. It indicates the speed of the feedback loop, and can be calculated by ω c = K I /K P PID range / A small range reduces the long term stability of the system, but reduces also the auxiliary output noise, meaning a finer locking. A higher range is preferred to correct thermal drifts for long periods, but results in an increase of the voltage noise, meaning a coarser locking.

Filter bandwidth / Low pass filter cut-off frequency that determines the signal fed to the PID, which has an impact on the closed loop efficiency.

Table III.5 -Parameters to take in account for the PDH locking

III.5 Measurement on a fibered cavity

We present in this section the experimental results for the specific interrogation based on the PDH technique used on the FBG cavity transducer. Three FBG cavities are tested and studied: the first sample is made by point-by-point femtosecond impulsion (direct writing technique), while the second and third ones are made with the conventionnal photomask/interference inscription (side-illumination technique), by means of a UV laser. The first step of the measurement consists in the characterization of the optical response of the sample and the generation of the error signal (section III.5.1). After this step, the FWHM of the optical resonance is measured, as well as the PDH sensitivity. Finally, the closed-loop system is implemented to measure the stability and frequency noise of the interrogation technique (section III.5.2). This study enables to determine the optimal transducer sensitivity and locking parameters.

III.5.1 Optical characterization and error signal III.5.1.1 Cavity signal

The first fiber Bragg cavity is made by point-by-point inscription and consists in two distinct mirrors with a length of 500 µm, separated by a distance of 6.5 mm. The large cavity length induces a short free spectral range (FSR) of 250 pm and a narrow bandwidth of ∼ 40 pm (see figure III.18a). This system is a conventional Fabry-Perot cavity, where the mirrors are assumed to be infinitely thins with respect to the cavity length.

The two other samples are based on a π-phase-shifted fiber Bragg grating fabricated with a side illumination technique, with a length of 40 mm and of 10 mm. Contrary to the first sample, the mirrors are distributed all along the cavity, with a small defect of length Λ (the grating period). The fabricated πFBG are centered around 1530.7 nm for the 40 mm sample and 1530.9 nm for the 10 mm sample, and both show a narrower resonance at the Bragg wavelength (see figure III.18b), situated in the middle of the reflectivity profile. The resonance for both samples have a bandwidth in the picometer range, which corresponds to the limit of resolution reachable by the Tunics laser used for this preliminary characterization. To study more in detail these optical resonators, the ECDL probe laser is used. The laser wavelength is first coarsely positioned to emit near the Bragg wavelength. Then, a fine tuning of the wavelength is performed by applying a voltage offset to the piezo controller in order to center the optical resonance. Finally, a triangular scan of the piezo CHAPTER III. GUIDED FABRY-PEROT CAVITY voltage is added to scan the entire cavity response, given by the DC component of the reflected power. In the meantime, the EOM is modulated at the frequency Ω, and the AC signal is demodulated at the same frequency. The phase offset ϕ between the modulation and demodulation is adjusted to have a zero phase on the AC signal at resonance, with a 180°phase jump around resonance. Once the correct phase offset ϕ is found, the error signal is measured and the experimental parameters are saved: piezo voltage at resonance, cavity FWHM, slopes of the error signal. These parameters are necessary to calculate the ideal PID parameters for the closed-loop operation.

For the FBG cavity sample, made by femtosecond inscription, we confirm with the probe laser a narrow bandwidth with a FWHM of 38 pm, or 4.86 GHz (see red curve from figure III. [START_REF] Koskinen | Extremely sensitive trace gas analysis with modern photoacoustic spectroscopy[END_REF]). The retrieved error signal (blue curve) is effectively proportional to the derivative of the resonance peak, with a zero-crossing at resonance. The error signal exhibits a slope of 0.15 mV/pm at resonance for a modulation frequency Ω = 100 MHz. The figure III.20 shows the cavity response and error signal obtained with the two πFBG. As expected, the 40 mm grating shows the narrowest bandwidth of 0.6 pm (equivalent to 80 MHz) while the 10 mm grating has a bandwidth of 1.1 pm (equivalent to 142 MHz). Consequently, the narrow grating has a higher error slope of 58.2 mV/pm, versus 9.6 mV/pm for the shorter one. Here, the modulation frequency is fixed to 10 MHz, in order to stay in a low frequency regime (Ω ≪FWHM). We summarize in table III.6 the fabrication parameters of the three FBG cavities, their optical response and locking sensitivities. For the two πFBGs (second and third sample) the cavity length 7 is the period of the grating Λ = λ B /2n eff . We note from the reported experimental results that the total length of the resonator has a direct impact on its bandwidth and thus on its sensitivity. This lead us to the tradeoff mentioned in the conclusion of the theoretical description: to increase the optical sensitivity a long resonator is preferred, but at the same time a small gas volume is needed to increase the photothermal generation. The second sample has a length of 10 mm and thus offers a good compromise between a high finesse cavity and a compact resonator and will be thus the reference sample for the next study, which is focused on the optimization of the PDH technique.

Concerning the error signal generation, the main parameter to optimize is the modulation frequency Ω. As highlighted in the theory of PDH control (see section III.2.3), two regimes can be distinguished: the low frequency regime, where the modulation frequency is negligible compared to the cavity bandwidth (Ω ≪ FWHM), and the high frequency regime, where the modulation frequency is comparable or larger than the cavity bandwidth (Ω FWHM).

III.5.1.2 Error signal in the low frequency regime

In the low frequency regime, the error signal -given by equation (III.31) -is directly proportionnal to Ω. For different values of Ω, a preliminary acquisition is performed on the AC signal to find the phase offset at resonance. Because the phase jump around resonance is extremely narrow, the exact phase shift at resonance cannot be measured with precision during a piezo scan. However, since the phase of the AC signal around resonance is an odd function, its offset can be simply calculated by its averaged value during the acquisition time. When the correct phase offset is applied, the amplitude of the DC and the AC signal are retrieved and the various parameters such as the FWHM and the slope of the error signal are measured.

The figure III.21 shows an acquisition performed on 3 periods of the piezo scan, with a piezo frequency of 1 Hz (corresponding to one round-trip per second). The upper curve shows the cavity signal, given by the R component 8 of the DC channel, and the lower curve shows the error signal, given by the Y component of the AC channel. In this low frerors separated by a large distance, the "cavity length" of the πFBG has not a particular physical meaning since the cavity is distributed along the two Bragg mirrors. The most reasonable definition of the cavity length is then given by the length of the π defect inside the resonator which equals the period of the Bragg grating Λ 8. The meaning of the R, θ, X and Y component of the signal where given in the first chapter in section I.1.2.3 CHAPTER III. GUIDED FABRY-PEROT CAVITY quency regime, the X component is of negligible amplitude (it corresponds to the imaginary part of the χ function, calculated in the theoretical study) and is thus not plotted here. We observe a slight variation of the peak width during a piezo round-trip, which is explained by non-linear effects occuring in the fiber: since the resonator has a reduced size and a high quality factor, the intensity (W/cm 2 ) inside the cavity becomes stronger, causing a frequency-shift of the propagating light originating from the Kerr-effect. To cancel this effect, the power is reduced to a low value, just above the threshold, at 80 mA (∼ 3 mW). The signal processing helps to identify the resonance of the reflected light (blue cross on the upper, blue curve), the zero error signal crossing (orange cross on the lower, red curve), the maximum and minium value of the error signal (blue crosses on the lower, red curve), and the linear fit to estimate the slope of the error signal (black line on the lower, red curve) By use of our automated phase offset recognition and signal processing, we perform the same acquisition for various modulation frequencies Ω. The figure III. [START_REF] Schilt | Wavelength modulation photoacoustic spectroscopy: Theoretical description and experimental results[END_REF] shows the slope of the error signal in the low frequency regime, calculated as the mean value between the positive and negative slopes, to cancel the residual Kerr effect. As expected by the theory (see equation (III.31)), we note a linear relation between the error signal slope and Ω until approximately 10 MHz. After 10-15 MHz the curve flattens and the system enters in a transition between the low and the high frequency regime, which will be described in the next paragraph. 

Error signal in the high frequency regime

In the high frequency regime, the modulation frequency has the same order of magnitude as the cavity bandwidth or can be even larger. When Ω ≈ FWHM, the X and Y component have a similar amplitude (see figure III.23a). The flip of the error signal is due to a ±180 degrees phase shift. At high frequencies the X component shows a slope close to zero around resonance and lateral peaks situated at ±Ω9 , while the Y component has the typical shape of the error signal for high frequencies (calculated and shown on figure III.11, right). We observe an optimum at 125 MHz, where the average sensitivity is 60 mV/pm. Beyond this optimum, the limitation on the EOM bandwidth (150 MHz) and photodetector bandwidth (200 MHz) cause a fall of the sensitivity. This study enabled us to fix the modulation frequency of Ω = 125 MHz to increase the sensitivity of the error signal. Another important parameter mentionned above is the modulation depth β, which controls the amount of power stored in the sidebands and in the carrier. Black calculated an optimal depth to increase the gain of the error slope [START_REF] Black | An introduction to Pound-Drever-Hall laser frequency stabilization[END_REF]. However, this increase is associated with an increase of the noise floor and thus results in no net improvement of the signal-to-noise ratio (SNR).

III.5.2 Closed-loop operation

For the closed-loop operation, the piezo voltage scan is deactivated (see figure III.24, at t = -14 s) and its voltage is slowly adjusted near resonance (from t = -14 s to 0 s). Once the resonance is approximately reached -i.e. the DC signal starts to decrease -, the analog control of the laser piezo is activated, as well as the PID, at t = 0 s. We emphasize CHAPTER III. GUIDED FABRY-PEROT CAVITY the importance of the coarse voltage adjustment before the activation of PID because it enables to ensure that the zero crossing point corresponds to the cavity resonance, and not to the sides, away from the resonance, where the error signal is also equal to zero. Provided a good tuning of the PID parameters, the system locks to the zero error signal after a few seconds. As shown on the upper curve presenting the cavity response, the zero error signal locking corresponds to the lowest reflectivity, i.e. to the optical resonance of the cavity. 

III.5.2.1 Setting of the PID parameters

We discuss here the choice of the PID parameters for a sensitive and stable closedloop operation. For the following study, the D parameter is set to zero and only the PI parameters will be considered 10 .

P-I parameters

As previously done for the EFPI control loop, the proportional parameter K P is fixed by the inverse of the error signal slope. This term is expressed in V/V and corresponds to the piezo voltage correction that must be applied to correct a small variation of the error signal (piezo voltage per unit of error signal voltage). The second parameter of importance is the integral term K I which influences mainly the speed of the control loop. As this was done for the control loop of the EFPI transducer, this term can be calculated in a first approximation by K I = ω c K P , where ω c is the target PID bandwidth.

However, some differences with the previous EFPI transducer are to be pointed out. Firstly, the EFPI operation point was mainly sensitive to slow thermal drift but not to low frequency pressure variations, because these variations were already corrected by the ventilation slit of the diaphragm 11 . Contrary to the EFPI transducer, the πFBG can be both sensitive to thermal drift and to acoustic perturbations, or mechanical vibrations.

10. See the discussion on the D parameter in section II.4.2.2 from chapter II 11. Fore more details, see the low frequency cut-off induced by the slit, analytically described in section II.2.3.3
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Secondly, the signal of interest of the EFPI was lying in the kHz range, at much higher frequencies than the PID bandwidth. For the EFPI stabilization, a bandwidth of 5 Hz was more than enough to prevent the operating point from drifting. During the πFBG transducer acoustic and thermal study, we saw that the signal of interest should rather originate from the photothermal perturbation than the photoacoustic perturbation, with a maximized amplitude at low frequencies. We thus have a trade-off between the PID bandwidth ω c and the signal of interest frequency. In other terms, the control-loop should reduce the low frequency noise and drift, but should not cancel the signal of interest. As a consequence, the PID bandwidth must be chosen smaller than the photothermal signal frequency.

Filter bandwidth

In addition to the integral term K I that directly controls the PID bandwidth, the error signal filter bandwidth (defined in table III.5) is another parameter that also plays an important role in the effective bandwidth of the control-loop. Indeed, increasing the filter bandwidth increases the frequency information contained in the error signal, which influences the correction signal fed to the laser piezo.

We show on figure III.25 the evolution of the error signal and piezo voltage correction during 10 minutes, with a PID bandwidth of ω c = 10 Hz and varying the error signal filter bandwidth of 10 Hz, 50 Hz and 100 Hz. At the first sight, it seems like the 10 Hz filter bandwidth leads to a better locking of the error signal around zero, because its standard deviation is smaller than that of the 50 Hz and 100 Hz filter bandwidth. But a small filter bandwidth only smoothes the error signal without actually correcting the unwanted fluctuations. This experimental artefact does not give any information on the PID efficiency. In order to have a correct bandwidth prediction, we advise a filter bandwidth at least equal to the PID bandwidth and ideally approximately 5 to 10 times higher than the PID bandwidth. 
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From the upper sub-figure, we observe that when K I is small, the PID bandwidth is too small to correct fluctuations occuring at 40 Hz. When the PID bandwidth increases however (> 40 Hz) the noise of these fluctuations are effectively canceled (the offset and standard deviation of the perturbation signal decreases). If we look at the error signal component, on the lower sub-figure, we note that a small K I (i.e. a small bandwidth) slightly increases the offset of the error signal, called static error. To conclude, the ideal PID bandwidth should be lower than the frequency of the signal of interest: ω c < ω p . In addition, an absolute limitation on the bandwidth is given by the laser piezo response. The manufacturer guarantees a piezo resonance in the kHz range, so a 1 kHz bandwidth is considered to be the limit for a stable closed-loop operation. Concerning the error signal demodulation at Ω, a high filter bandwidth is also preferred 13 (in our case 100-200 Hz).

III.5.2.2 Measured sensitivity

To measure the sensitivity and limit of detection (LOD) expected on the signal of interest the previously determined parameters are set: Table III.7 -Optimized parameter for closed-loop operation 13. However, if we consider a signal of interest at a really low frequency (10 Hz), an even smaller PID bandwidth is needed (1 or 2 Hz) to ensure that the closed-loop does not cancel-out the signal of interest. The problem is that such a small PID bandwidth would lead to an unstable correction because of the 1/f noise. In this case, a solution would be to increase the correction bandwidth to 5 Hz and reduce the filter bandwidth to 5 Hz. In this way, a stable correction is performed, and the signal fed to the laser piezo does not correct frequency components at 10 Hz because the filter bandwidth helped to obtain a steep low-pass of -40 dB/oct instead of the -20 dB/oct of the PI filter. From this spectrum, three interesting areas can be highlighted:

-From 10 Hz to approximately 1 kHz, we observe a low frequency noise proportional to 1/ f (black dotted curve with a slope of -1/2). We see that the spectrum with a PID bandwidth of 50 Hz shows a cancellation of the noise at low frequencies (from 10 to 50 Hz) while the 10 Hz PID bandwidth spectrum continues increasing. We observe also a noisy source from around 80 to 100 Hz, which is due to mechanical perturbations of the fiber.

-From 1 kHz to 7 kHz a broad resonance is observed, and corresponds to the mechanical resonance of the laser piezo. This confirms the limitation of 1 kHz of the PID bandwidth.

-After the piezo resonance, we reach a floor of 96 nV/ Hz, which corresponds to the ultimate measureable frequency shift. This frequency noise floor is attributed to the intrinsic laser linewidth, also called free running frequency noise.

Considering the measured voltage to frequency shift sensitivity of 58 mV/pm, we find a noise floor of 1.6×10 -6 pm/ Hz which corresponds to a frequency noise of 205 Hz/ Hz at 1530 nm. Assuming a Lorentzian lineshape with white spectral density of frequency noise S f , we can relate it to the linewidth of the laser ∆ν ( [START_REF] Lissak | Highly sensitive dynamic strain measurements by locking lasers to fiber Bragg gratings[END_REF], [START_REF] Zhang | Quantum noise of free-running and externally-stabilized laser diodes[END_REF], [START_REF] Chow | Phase-sensitive interrogation of fiber Bragg grating resonators for sensing applications[END_REF]) by : ∆ ν = π S 2 f . We find an intrinisc linewidth of 130 kHz, which fits with the approximative intrinsic linewidth of ∼ 100 kHz announced by the manufacturer.

A rough estimation of the expected temperature and pressure limit of detection can also be calculated from the frequency noise spectrum. To provide a realistic numerical value, we consider two frequencies, each of them corresponding to the two limit cases: a frequency of 40 Hz corresponds to the end of the photothermal plateau (see thermal transfer from figure III.8) and is situated before the 80 Hz noise from the noise spectrum. A frequency of 10 kHz corresponds to the ultimate frequency noise limit and to a high pressure field (in the open cell configuration), therefore we expect to be in the photoacoustic regime. However, because of the extremely low pressure sensitivity of [START_REF] Giglio | Broadband detection of methane and nitrous oxide using a distributed-feedback quantum cascade laser array and quartz-enhanced photoacoustic sensing[END_REF] We see that in any of these limit cases the SNR for the photoacoustic signal is lower than 1, meaning that no PA signal is measurable with a 1 Hz bandwidth. The PT signal however shows an interesting SNR, especially in the low frequency region (before the 80 Hz noise and the piezo resonance), where we expect a SNR of ∼ 10 4 per 1 mW of deposited power and a 1 Hz bandwidth.

However, this preliminary study does not take into account the additional noise generated by the laser source, like the thermal perturbations due to fluctuations of the excitation laser intensity (intensity noise), and the background signal. Therefore, the noise in the PT configuration will be at least equal and probably higher than this measured frequency noise without the excitation laser, so we should expect a slightly lower SNR.

III.6 Conclusion

This chapter was focused on the design, fabrication and implementation of a guided Fabry-Perot cavity for the detection of weak acoustic or thermal waves. The cavity is fabricated by optically inscribing a fiber Bragg grating (FBG) in the core of an optical fiber. In contrast with the EFPI transducer presented in chapter II, the interferometer is here completely guided, and shows a high quality resonance with an optical bandwidth lying in the picometer range.

In a first step, we studied the main design features of the FBG resonator and the gas cell. We first proposed a transfer matrix model to calculate the optical response of a π-phase-shifted FBG, and showed that the finesse of the cavity can be improved by increasing either the length of the cavity or the amplitude of the index modulation, while the resonance frequency is given by the period of the grating. Then, a lumped element model was built from the theoretical prerequisite introduced in chapter II and adapted to calculate the photoacoustic and photothermal fields generated inside a cylindrical cell with a length much greater than its diameter. The lumped model provides instant results, matching perfectly with the transfer functions obtained through finite element method calculations. Due to the weak frequency shifts expected from the optical and thermoacoustic model, a powerful interrogation technique, based on the Pound-Drever-Hall method was presented, and the error signal predicted. To conclude, we reported (see conclusion III.2.4) the main design parameters to consider in order to increase the signal to noise ratio. Most importantly, this study confirmed that the fabricated transducer was much better adapted 14 to the photothermal than to the photoacoustic detection of gas traces, since the acoustically induced frequency shift was calculated to be at least 3 orders of magnitude lower than the thermally induced shift.

The next section was focused on the various technologies used for the sensor fabrication. The high quality FBGs cavities were fabricated in collaboration with the LCFO laboratory at the LIST institute with two distinct laser writing technologies. The first is based on conventional UV photoinscription and enabled the fabrication of πFBGs, which showed an extremely narrow resonance bandwidth. The second technique is based on a point-by-point inscription by femtosecond pulses. This last method enabled more flexibility for the grating fabrication, at the expense of wider bandwidth, since this cavity is composed of two distinct Bragg reflectors instead of a continuous Bragg with a π defect at its center. The FBG transducers were further implemented into two kind of cylindrical gas cells prototypes, to constitute the gas sensor. A first, large gas cell prototype made by 3D printing was fabricated to provide an easy validation of the FBG transducer for gas sensing. These results are presented in chapter IV. Subsequently, a second cell prototype, composed of a simple fiber sleeve, with much reduced dimensions was assembled. Contrary to the large cell prototype, the second cell has the particularity of being fibered, which opens up the possibility of remote measurement in harsh environments.

We finally proposed an experimental set-up to characterize the performance of our guided Fabry-Perot transducer for acoustic and thermal detection. The set-up is really similar to the one adapted for the EFPI transducer, expect that the source is replaced by an external cavity laser diode at 1.55 µm and that an additionnal EOM modulator is added to generate the PDH error signal. As for the EFPI setup, the detection was performed with a large bandwidth photodetector, and the signal processing and closed-loop operation were performed by the Zurich Instrument lock-in amplifier. The experimental results were subdivided into two main characterizations. The first consisted in measuring the optical response of the various FBGs and the sensitivity of the PDH error signal, reported for three samples: a FBG cavity made by femtosecond inscription, with a cavity length of 6.5 mm, and two πFBGs with a length of 10 mm and of 40 mm (table III.6). The second characterization was made in the closed-loop configuration. After a preliminary study to identify the ideal PI parameters, the noise spectrum of the πFBG resonance frequency was measured with the closed-loop (figure III.27). In the high frequency regime, after 10 kHz, the spectrum showed a noise floor originating from the intrinsic laser linewidth. This noise floor validates the successful implementation of the PDH locking, as it corresponds to the minimal reachable frequency noise. This spectrum is of crucial interest to evaluate the frequency regions where the system is the least noisy. Coupled with the photothermal low-pass behavior predicted in the theoretical study section (III.2), we found an optimal working frequency in the region lying between 20 to 60 Hz, corresponding to the expected optimal signal-to-noise ratio.

IV.1 Introduction

This chapter aims at presenting experimental results of trace gas detection for two target gas (NO and CO 2 ), obtained with the two optical transducers presented in the previous chapters:

-The first transducer, described in chapter II, the extrinsic Fabry-Perot interferometer, is adapted to resonant weak acoustic wave sensing in the kHz range. This transducer is thus suitable for the photoacoustic detection of gas traces.

-The second transducer, presented in chapter III, is a guided fiber Bragg grating cavity, adapted for thermal sensing at low frequencies (< 1 kHz) and will be thus implemented for trace gas detection by the photothermal method.

The section IV.2 provides details on the instrumentation and the generic charaterization bench for gas detection by the PA/PT method. The core of the chapter summarizes a comprehensive characterization of the two sensors. The frequency response of both sensors, as well as the typical 1f and 2f absorption spectra, and finally the sensitivity and limit of detection are measured. The section IV.3 is focused on the NO photoacoustic detection with the EFPI transducer, and the section IV.4 on the CO 2 photothermal detection with the πFBG transducer. The main difference with the previous set-up -installed for the transducer characterization (see figure II.42 for the EFPI and III.17 for the πFBG) -is the addition of an excitation laser for the PA/PT generation, while the probe laser read-out remains unchanged1 .

IV.2 Instrumentation

IV.2.1 General setup for trace gas detection

To excite the gas molecules contained in the sensor cell, the laser (red light beam) is oriented towards the sensor. The wavelength of the excitation laser is placed at the edge of an absorption peak of the target gas (maximum derivative) for 1f detection or at the top for 2f detection, with a wavelength modulation scheme (explained in sections I.1.2.1 and I.1.2.3). The wavelength modulation is performed at the resonance frequency2 of the cantilever for the EFPI (PA configuration) and at a low frequency for the πFBG (PT configuration). The result of this is the generation of a PA/PT signal which is directly proportional to the amount of power absorbed by the gas, and thus depends on i) the laser power and ii) the gas concentration.

In the next section, we describe more in detail the excitation laser source, which is a crucial aspect of the PA/PT instrumentation.

IV.2.2 Quantum Cascade Laser

Two QCL sources are used for the excitation of each of the target gases. For the EFPI sensor, the source is a DFB QCL (QD5250CM1, Thorlabs) available "off the shelf" and emitting 100 mW at ∼ 5.24 µm, with a tunability of 4 cm -1 . In this wavelength region, we find two weak NO absorption lines situated from 1906 to 1907 cm -1 , between two strong water absorption lines. The figure IV.2a shows the absorbance spectrum from the HITRAN database [START_REF] Kochanov | HITRAN Application Programming Interface (HAPI): A comprehensive approach to working with spectroscopic data[END_REF], obtained with 20 ppm of NO (blue curve) and a content of 2% of H 2 O interferant (orange curve), which is the typical amount of water vapor in air. We observe that for sub-ppm concentration of NO (black dotted curve), a high content of residual water can mask the presence of NO. The second source, used for the πFBG sensor, is adapted for gas sensor prototyping and testing, as it emits around 4.23 µm, where the CO 2 shows a strong absorption line (figure IV.2b), with an absorbance around 0.14 cm -1 in atmospheric conditions (400 ppm), and no interfering molecules. The source is a QCL from AdTech that emits around 45 mW.

IV.3 Photoacoustic measurement with the Extrinsic Fabry-Perot interferometer

This section is devoted to the trace gas photoacoustic sensor based on the EFPI transducer. After a brief description of the sensor, we present as a preliminary characterization the frequency response of the sensor on a water absorption line. Then, a calibration on NO is made, and the specifications of the sensor are reported.

IV.3.1 Sensor and set-up description

The sensor architecture, described in the fabrication section II.3.2.2 is recalled below in figure IV.3a. The transducer part is composed of the A1 diaphragm studied in chapter II, and is embedded in a cylindrical gas cell, which is available in two dimensions. The first version is a large cell of radius 10 mm and height 10 mm, and the second has reduced dimensions, with a radius of 10 mm and a height of 2 mm.

The target gas (NO) is injected in the chamber through 1/16" tubes from a calibrated gas cylinder containing a mixture of 25 ppm of NO in N 2 . The injection and dilution are performed with a gas diluter (GasMix, from Alytech) by controlling the gas flow in the tubes. The figure IV.3b shows a picture of the EFPI sensor for PA detection (left) and the transducer probe removed from the gas cell (right), with the yellow optical fiber, connected on the top of the sensor and visible in the background. The fabricated sensor is connected to the gas diluter and placed on a 5 axis platform to align the cell aperture and the laser beam, as represented in the picture IV.4. It can be seen from the picture that the cell is slightly tilted with respect to the laser light beam. This tilted angle maximizes the signal, as it enables to trap the laser light beam into the cell, and thus increases the interaction with the gas. In addition, the internal walls of the cylindrical cell, made of aluminum, have been polished to enable multiple reflections. This kind of multipass cell, although well known, is still studied in the literature [27].

IV.3.2 Frequency response of the sensor

For the first step of the characterization, that is the determination of the frequency response of the sensor, the laser temperature is fixed to 25 °C and the current is set to 424 mA, which corresponds to a power of 50 mW and a wavelenth tuned to the side of an absorption peak of atmospheric water (around 1908 cm -1 ), to perform 1f detection. The current modulation depth is set to 10 mA (corresponding to a wavenumber modulation of 0.16 cm -1 ), and the modulation frequency is set to the hinged-cantilever resonance, identified at 5.1 kHz during the previous acoustic characterization. Then, the excitation laser alignment into the gas cell is finely adjusted with the right angle, so that the acquired photoacoustic signal reaches a maximum. Finally, a sweep of the modulation frequency is performed to obtain the response of the sensor. We report on figure IV.5 the measured photoacoustic signal (nm/mW) of the water absorption line (blue curve), obtained with the large cell of radius 10 mm and length 10 mm. The experimental transfer function shows an excellent agreement with the FEM resolution (orange curve) and with the lumped model (black dotted curve). We observe a first Helmholtz resonance at 0.7 kHz -due to the aperture for the excitation laser injectionand then the cantilever resonance at 5.1 kHz. Regarding the lumped model, we observe CHAPTER IV. IMPLEMENTATION FOR THE PHOTOACOUSTIC AND PHOTOTHERMAL DETECTION OF TRACE GAS however i) an underestimation of the viscous loss of the first Helmholtz resonance and ii) a lower amplitude below 0.7 kHz. The first discrepancy is due to the geometry of the aperture, which has a conic shape and leads to an approximate evaluation of the viscous resistance, calculated assuming a cylindrical aperture. The second deviation is explained by the back volume geometry, already observed on figure II.21. Concerning the phase, we observe two clear phase jumps which confirm both resonances (the acoustic Helmholtz resonance and the mechanical cantilever resonance).

To express the PA transfer with the unit of displacement per unit of deposited power (nm/mW), the photodetector signal (in V) was first converted into a cantilever displacement (in nm) through the measured optical sensitivity (mV/nm) of the transducer. Then, we estimated a deposited power of 2 mW to fit the experimental signal amplitude with the FEM transfer (expressed in nm/mW) at 1 kHz. The value of 2 mW is consistent with an incident power of 50 mW, a water content of 2 % (corresponding to an absorbance of ∼ 8 × 10 -3 cm -1 ) and an interaction length of ∼ 5 cm.

IV.3.3 Calibration on a NO absorption line

The preliminary characterization on atmospheric water presented above enabled to optimize the laser alignment and to determine the exact resonance frequency of the sensor. For NO detection, the EFPI gas tube is connected to the output of the diluter, with an outgoing gas flow limited to 20 mL/min. In our experimental conditions, this value is the best compromise to reduce at the same time the noise induced by the gas flow (small flow) and reduce the rise time necessary to fill the gas cell (large flow). To control the NO concentration, the diluter is connected to a 25 ppm NO cylinder mixture and to a pure nitrogen channel. By setting the correct gas flow proportion between the two channels, the diluter can reach a precision of a few ppb and a range going from 0 to 25 ppm, with a minimal concentration of 1 ppm.

The first step of the characterization consists in identifying the absorption peak of NO. For this measurement, the 2f scheme is used, as it permits to remove the background signal. The modulation frequency is set to f res /2 and the the QCL current is swept from 510 mA to 550 mA to scan the entire absorption peak. The resulting 2f spectrum is shown on figure IV.6 on the blue curve, and has the typical shape expected (second derivative of the absorption peak), with a maximum at a current of 532 mA. The NO absorption line, obtained with the HITRAN database, is represented with the orange curve.

The 2f spectrum is also measured in the enclosed cell configuration (black dotted curve). In this configuration, the aperture for the excitation light is closed with a transparent window in silicon nitride (SiN). Although SiN films show a high transmittance in the MIR region [START_REF] Tai Lin | Planar silicon nitride mid-infrared devices[END_REF], the reflectivity increases with the angle of incidence, which was optimized to approximately 5 degrees during the alignment procedure. This explains that the amplitude is diminished by a factor of 2. Moreover, no significant reduction of the noise was observed with the window, so the open cell configuration is kept for the following NO calibration. To measure the sensor linearity, sensitivity and limit of detection, a step-by-step measurement is made, with different concentrations of NO, with the excitation laser wavelength situated at the top of the 2f spectrum. Since the flow is of 20 mL/min and the volume of the gas tubes and cell are large, each concentration plateau corresponds to a duration of 20 min. We observe a linear relation between the NO concentration and the measured signal, with a sensitivity of 4.8 µV/ppm and an offset of 11.7 µV, due to the residual water absorption. Considering the standard deviation at 0 ppm and normalizing it by the measuring bandwidth, we find a limit of detection (at 1σ) of 414 ppb/ Hz, below the ppm range.

We saw from the lumped model that reducing the height of the cell was an efficient way to increase the sensitivity, so the transducer probe was tested on a smaller cell with a height of 2 mm. The next figure (IV.8) shows the same calibration, performed on this small cell volume, with steps duration of 10 minutes. The measured sensitivity is increased to 13.2 µV/ppm and the offset reduced to 3 µV, thanks to a longer (1 hour) preliminary N 2 sweep to reduce the residual water. The limit of detection is also improved, and reaches 71 ppb/ Hz. 
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IV.3.4 Discussion on the performance

We demonstrated in the previous section that the fabricated all-optical photoacoustic sensor, based on the extrinsic Fabry-Perot interferometer, is linear in the ppm range and highly sensitive, with a limit of detection as low as 71 ppb/ Hz, and thus adapted for trace gas detection. To conclude on the stability of the sensor and assess the ultimate limit of detection, an Allan deviation measurement is made, with a NO concentration of 5 ppm in N 2 . The figure IV.9 shows the measured Allan deviation, with the typical white noise behavior at low integration times (-1/2 slope in log. scale), and a stability up to 58 s. After this duration, the systems starts to drift (with a typical slope of +1), which is most probably due to the thermal drift of the excitation laser, since the Allan deviation of the transducer (figure II.52) showed a stability up to 100 s. The integration time of 58 s leads to a noise equivalent bandwidth of 1.3 mHz and thus to an ultimate LOD of 15 ppb for the large cell and 4 ppb for the small cell. The limit of detection is however not a really interesting indicator when it comes to compare the sensor performance to the literature, since it depends mostly on the target gas, and emitting power of the laser used. A way to get free from this is to consider a different figure of merit, called the Normalized Noise Equivalent Absorption (NNEA) introduced in chapter I, and expressed in W • cm -1 • Hz -1/2 . This quantity corresponds to the output power of the laser multiplied by the intensity of the absorbance peak, normalized by the signal to noise ratio of the sensor and the integration bandwidth. As a consequence, this quantity should be as small as possible. The NNEA will be used throughout this chapter, as it indicates the true sensor performance and especially enables to compare very different sensors. The NNEA of the EFPI sensor in the two configurations (large and small cell) are reported in table IV.1, as well as the sensitivity and limit of detection. We can compare this NNEA with the results obtained with a reference PA cell based on commercial microphones, and tested on the same NO absorption line with the same laser, reported in [START_REF] Glière | Downsizing and Silicon Integration of Photoacoustic Gas Cells[END_REF]. The article reports the same order of magnitude, with a NNEA = 6.3×10 -8 , but with a much smaller cell volume of 0.15 mL. Since the system sensitivity is proportional to the inverse of the volume, we think that our sensor -which has a cell volume 4 times larger than that of the reference PA sensor -is likely to reach better sensitivities with a reduced volume. Another way to improve the sensitivity and NNEA can be obtained by increasing the amount of deposited power inside the cell, which was calculated to be of only ∼2 mW for water detection, and corresponds to an interaction length of few cm. This length can be greatly increased, for instance with a gold deposit in the interior cell walls, instead of simply polished aluminum.
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IV.4 Photothermal measurement with the π-FBG

In this section, preliminary results for trace gas detection based on the πFBG transducer are presented. Since no mechanical element has been fabricated, the transducer is predominantly sensitive to photothermal perturbations, while the photoacoustic contribution is negligible. Similarly to the progression adopted in the previous section, the setup is firstly described and two gas cells configuration (previously presented in section III.3.2) are tested: a 3D printed cell with large dimensions and a small, all-fibered cell. Then, the detection of atmospheric CO 2 is validated and presented: the frequency response and typical absorption spectrum is measured for both cells configurations. Finally, from the atmospheric CO 2 absorption line, the approximate sensitivity, limit of detection and NNEA are estimated, and compared for the two fabricated cells.

IV.4.1 Sensor and set-up description

The detection scheme for photothermal detection with the πFBG is shown on the figure IV.10. The excitation laser light (red light beam) is launched into the gas cell and is wavelength modulated at a low frequency ω PT to excite the gas and generate a photothermal wave. Concomitantly, the laser wavelength is slowly moved to scan the entire absorption peak spectrum. For the photothermal reading, the probe laser light (green light beam) is launched into the fiber transducer, and the light phase is modulated at Ω, in the MHz range for PDH locking.

Then, the reflected light is measured by the photodetector and demodulated at two frequencies 3 .

-A first channel mixes the photodetector signal with a signal at Ω to generate the error signal, which is fed back to the laser piezo voltage, after a PID stage. This channel is used for the laser frequency tracking (PDH method) and compensates the thermal drift and noise fluctuations of the πFBG resonance.

-A second channel mixes the photodetector signal with the sum of the PDH modulation frequency Ω and the low photothermal frequency ω PT , to measure the photothermal perturbation, which can be performed at the first (1f ) or second (2f) harmonic. The two fabricated cells are installed on the same bench (see picture IV.11). Due to the length of the first πFBG (40 mm), which has a FWHM of 0.6 pm, the fiber transducer is embedded in a long 3D printed cell of the same length. The all-fibered cell has a reduced length and is thus more adapted for short gratings. Therefore, the πFBG of length 10 mm with a FWHM of 1.1 pm was installed. The optical features of the two πFBG were summarized on table III.6.

To illuminate either one or the other cell, the QCL (excitation laser) is placed on an optical rail. Since the laser spot size specified in the datasheet has a diameter of 2.5 mm, focusing lenses are used to couple the laser light into the cells. For the 3D printed cell, a lens with a focal length of 150 mm is placed towards the cell, which has an aperture of diameter 1 mm. The second lens has a focal length of 11 mm and is placed on a five degrees of freedom platform (X,Y and tilt) to align the laser spot into the 9 µm diameter core of the optical fiber (green fiber). The fiber, made of indium fluoride glass shows a transmission of ∼ 95%/m at the operating wavelength 4.2 µm. 

IV.4.2 Frequency response of the sensor

For both cells, the first step of the detection is to activate the probe PDH locking. Then, the excitation source is aligned into the cell. Once the injected optical power is maximal, the QCL supply current is adjusted to excite the side of a CO 2 absorption peak (1f detection). To identify the optimal working frequency ω PT , a frequency scan is performed.

The photothermal transfer of the 3D printed cell equipped with the 40 mm πFBG is measured for a control loop bandwidth of 10 Hz and three different filter bandwidths (see figure IV.12a). We observe a typical low pass behavior, predicted for photothermal generation in a closed cylindrical cell (see section III.2.2.2). For low frequencies (< 100 Hz), we observe an influence on the filter bandwidth: a higher filter bandwidth results in a correction of the photothermal perturbation, leading to a lower signal. At higher frequencies, from 2 kHz to 7 kHz, we can identify the laser piezo resonance that was already measured on the noise spectrum, plotted on figure III.27.

CHAPTER IV. IMPLEMENTATION FOR THE PHOTOACOUSTIC AND PHOTOTHERMAL DETECTION OF TRACE GAS

The signal to noise ratio, showed on figure IV.12b, is also maximal at very low frequencies. However, since the noise is considerably reduced for a high filter bandwidth of 50 Hz or 200 Hz, the global SNR is increased to ∼ 110, despite a lower photothermal amplitude. After few tens of Hz, the SNR exhibits a drop and keeps its lowest value (∼ 10 -20) until the end of laser piezo resonance, where the system reaches its ultimate noise floor (corresponding to the laser intrinsic linewidth). In the same way, the photothermal transfer is measured for the all-fibered gas cell (see figure IV.13a), equipped with the 10 mm πFBG. Since the volume is much reduced, we expect a higher low pass cut-off frequency, of few tens of Hz. The measured SNR from figure IV.13b shows a plateau up to a certain frequency, that depends on the filter bandwidth. In this case, the optimum is obtained at a photothermal frequency of 40 Hz and with a CHAPTER IV. IMPLEMENTATION FOR THE PHOTOACOUSTIC AND PHOTOTHERMAL DETECTION OF TRACE GAS filter bandwidth of 10 Hz, leading to a SNR of ∼ 150. In the kHz range, the piezo noise is still visible but not as much as in the first configuration. We can thus conclude that the photothermal signal is further away from the noise floor compared to the first cell.

IV.4.3 Photothermal spectrum of atmospheric CO 2

The laser temperature is set to 25°C and the current is swept from 380 mA to 420 mA. In this region, the laser scans the CO 2 absorption peak situated at 2362.8 cm -1 . On the 3D printed cell, the laser current is modulated with a depth of 5 mA (corresponding to 0.12 cm -1 ) at a frequency of 10 Hz, where the SNR is maximized (see previous section). The resulting 1f and 2f scans are represented on figure IV.14a. The blue curve is clearly proportional to the first derivative of the absorption peak, with a maximal amplitude on the sides. Since the 1f-spectrum is sensitive to the background signal and the incident power, a 2f-spectrum (orange curve), is preferred. This signal is as expected proportional to the second derivative, with a maximum value of 640 mV, which gives an approximate sensitivity of 1.6 µV/ppm. The second figure IV.14b shows the photothermal spectrum obtained on the all-fibered cell. The main difference with the previous spectra is the shape of the 1f spectrum, which is affected by to the presence of a strong background signal noise. The origin of this noise, already discussed in section III.3.2.2, is recalled here:

-the generation of a photothermal signal originating from the cell walls absorption rather than from the target gas, -the generation of a thermal perturbation inside the fiber, due to the direct excitation of the probe fiber that overlaps with the excitation light beam.

We note however that the 2f detection scheme efficiently removes the background signal, making it appropriate for photothermal detection. The maximum value is here equal to 0.29 mV, leading to an approximate sensitivity of 0.7 µV/ppm. 

IV.4.4 Discussion on the performance

To the best of our knowledge, we demonstrated in this section the first application of fiber Bragg grating cavities, namely πFBGs, used as photothermal transducers for the detection of gas traces, with no moving or mechanical element.

To give more insights on the sensor performance for photothermal detection, the sensitivities obtained in the upper section have to be compared to the measured noise, and also to the amount of deposited power, which varies for the two gas cell configurations. For the 3D printed cell, the laser light has to go through 15 cm of air before being coupled into the cell. Considering the CO 2 absorption and the emitted power of the laser at this wavelength, the incident power in the cell is of ∼ 5 mW. For the all-fibered cell, the losses are also consequent (4 cm of air before reaching the fiber, and additional loss for the light beam coupling into the fiber), leading to an incident power of ∼ 15 mW. We summarize in table IV.2 an estimation of the two cells sensitivities, limit of detection and NNEA, retrieved from the experimental measurements presented above. We insist that these values are an estimation, as they are the result of the approximate atmospheric CO 2 concentration of ∼ 400 ppm inside the experiment room, and not of a proper calibration. Firstly, it can be noticed that the NNEA is higher for the all-fibered system, despite a small cell volume. This higher NNEA is in part due to the reduced length of the πFBG, which results in a larger optical resonance of FWHM = 1.1 pm (instead of 0.6 pm for the 3D printed cell) and thus a lower optical sensitivity. Most importantly, the high NNEA is mainly due to the divergence of the excitation fiber inside the tiny 1 mm diameter gas cell. In addition, during the assembly -which consists of heating the fiber sleeve to enclose the two fibers (excitation and probe) in the small volume -the alignment cannot be controlled with accuracy. The result of this non optimized illumination is i) a shorter interaction length with the gas and thus a lower PT signal and ii) a strong background signal originating from unwanted probe fiber and walls illumination, contributing to a higher noise. The combination of these two effects produces a drop of the SNR and as a consequence a higher NNEA.

3D printed cell

The second observation concerns the absolute value of the NNEA, which is higher compared to other Fabry-Perot based PT sensors that are described in the literature: a lower NNEA of 1.8 × 10 -6 W • cm -1 • Hz -1/2 was reported in [START_REF] Waclawek | 2f-wavelength modulation Fabry-Perot photothermal interferometry[END_REF], and more recently of 7.5×10 -8 W • cm -1 • Hz -1/2 was reached in [START_REF] Breitegger | Intensity Modulated Photothermal Measurements of NO2 with a Compact Fiber-Coupled Fabry-Pérot Interferometer[END_REF]. However, these results are obtained with

IV.5 Conclusion

Throughout this chapter, we have presented and summarized experimental results for trace gas detection with the two Fabry-Perot cavities studied in the manuscript: the EFPI transducer, presented in chapter II, enabled us to measure traces of NO in nitrogen with the photoacoustic method, while the πFBG transducer, presented in chapter III, enabled to detect the presence of atmospheric CO 2 by the photothermal method.

The first section was focused on the general instrumentation setup, common to both transducers. In addition to the optical locking (side-fringe or top-of-fringe) and probing, already presented in the corresponding chapters, the setup includes a second laser to generate the PA/PT wave, and a lens to efficiently focus the excitation light beam into the gas cell. To perform an efficient PA/PT generation with background noise removal, a wavelength modulation of the excitation source was performed, with a 2f detection scheme.

The EFPI transducer was embedded in a cylindrical cell with reflective walls and illuminated by a QCL at 1906.1 cm -1 . The wavelength of the excitation source was modulated at 5.1 kHz, which corresponds to the resonance frequency of the hinged-cantilever diaphragm. A preliminary study on the water absorption line validated the transfer obtained with the FEM resolution and the lumped element model, with a really good agreement. Then, the cell was filled with a calibrated NO in nitrogen mixture, and a flow of 20 mL/min. The calibration led to a sensitivity of 4.8 µV/ppm with a first cell of 3.2 mL, and was further increased to 13.2 µV/ppm with a second cell, with a volume of 0.6 mL. The ultimate LOD obtained with this last cell is of 4 ppb with a NNEA in the 10 -8 W • cm -1 • Hz -1/2 range, which is completely comparable to that of conventional trace gas photoacoustic sensors based on MEMS transducers. Moreover, the sensitivity can be further improved, by reducing the cell volume or increasing the internal walls reflectivity.

The πFBG was also placed in a cylindrical cell but without multipass excitation contrary to the previous system, and with a low frequency modulation (below 100 Hz), in a non resonant operation mode, to measure photothermal waves. The transducer was tested on a strong atmospheric CO 2 absorption line, at 2362.8 cm -1 , and showed an optimal sensitivity of 1.6 µV/ppm on a 3D printed cell, and a lower sensitivity of 0.7 µV/ppm on a fibered coupled cell. Despite its extreme sensitivity to strain and temperature fluctations (see section III.5.2.2), the NNEA obtained with the πFBG transducer is in the 10 -6 W • cm -1 • Hz -1/2 range and thus well above that of the EFPI sensor. Although the NNEA is not at the state-of-the-art for trace gas sensing, there is room for some improvements, mainly by a reduction of the volume and a better injection to reduce the background signal. We want also to insist on the novelty and potential of such a transducer, which shows a high robustness due to the absence of any mechanical structure and no optical alignment, since the high finesse cavity is directly fabricated inside the fiber. To give a larger outlook, we believe that the presented πFBG transducer with its associated PDH locking technique has also a lot of potentiality in the field of photoacoustic imaging in liquid and solid media, at ultrasound frequencies [START_REF] Wissmeyer | All-optical optoacoustic microscope based on wideband pulse interferometry[END_REF], [START_REF] Shnaiderman | Intravital hybrid optical-optoacoustic microscopy based on fiber-Bragg interferometry[END_REF], or the possibility to use it as a strain sensor, if coupled to a mechanical structure [START_REF] Chow | Demonstration of a passive subpicostrain fiber strain sensor[END_REF].

General conclusion and perspectives

The research conducted during this thesis work aimed at investigating the Fabry -Perot interferometer, as an alternative approach for the photoacoustic and photothermal detection of gas traces, which is conventionally performed with electromechanical microphones. In chapter I, after a presentation of the PAS and PTS for trace gas detection, a large overview of the existing methods was detailed. Popular transduction methods for PAS/PTS were reviewed, such as the quartz tuning fork (QEPAS) or the cantilever based Michelson interferometer (CEPAS). Among the reviewed transduction methods, the Fabry -Perot cavity was selected for his apparent simplicity of implementation, compacity and sensitivity. Two configurations of the Fabry -Perot interferometer, presented in chapters II and III, were studied: the extrinsic Fabry-Perot interferometer (EFPI), based on a cantilever structure, and a π phase-shifted fiber Bragg grating, with no mechanical element.

Chapter II was focused on the design, fabrication and characterization of the extrinsic Fabry-Perot interferometer, used as a resonant optical microphone for weak acoustic sensing. The EFPI was composed of a reflective diaphragm, meant to produce interference with the fiber tip interface. To enhance the sensitivity of the microphone, a resonant hinged cantilever was structured within the reflective diaphragm. In a first part, an electrical equivalent circuit, based on an analytical lumped element model was proposed to predict the behavior of the sensor, and successfully compared with FEM analysis. The lumped model, well adapted for the design and parametric studies, helped to find the ideal parameters for the fabrication of the mechanical structure and transducer geometry. An acoustic characterization, confirming again the validity of the lumped model, showed a limit of detection of 2 µPa/ Hz at the resonance frequency of the hinged-cantilever, at 5.1 kHz.

In chapter III, a Fabry-Perot interferometer made from a fiber Bragg grating, was described. In this configuration, the structure possesses no mechanical elements and is, a priori, much less sensitive to acoustic perturbations. To compensate for the weak mechanical sensitivity, the cavity was formed with a π phase shift defect inside a Bragg grating, which helped to obtain an extremely narrow resonance and high optical sensitivity. Such a narrow resonance is however extremely sensitive to external noise, so a specific resonance tracking method, called Pound-Drever-Hall (PDH) locking, was implemented to cancel unwanted perturbations. Then, using the theoretical background developed in the previous chapter, a lumped elements model was adapted to this new structure, embedded in a gas cell. It was confirmed that the sensitivity to acoustic perturbations with the absence of mechanical structure was actually weak, but that a larger sensitivity was expected at frequencies below 100 Hz for the thermal perturbation. Since photoacoustics originate from the photothermal effect, it was decided to measure the gas concentration with the photothermal spectroscopy technique. The PDH locking was tested on a πFBG cavity with a bandwidth of 1.2 pm, and helped a stabilization of the resonance frequency, with a limit of detection of 1 kHz/ Hz (as low as 8 × 10 -6 pm/ Hz) at low frequencies.

GENERAL CONCLUSION AND PERSPECTIVES

In chapter IV, trace gas measurements with the two Fabry-Perot transducers were presented, respectively based on the PA and PT effect. In presence of calibrated nitrogen monoxide (NO), the EFPI based sensor was used for PAS and showed an ultimate limit of detection below 10 ppb, and a NNEA in the 10 -8 range. The results obtained with the EFPI based PAS sensor are comparable to the NNEA obtained in the litterature (see table I.3), which lie between 10 -8 and 10 -9 . Moreover, our EFPI read-out has the advantage of being composed of a compact DFB diode laser and no additionnal interferometric readout, leading thus to a reduction of the cost and complexity, compared to the cited systems. The πFBG configuration was tested for PTS, on atmospheric carbon dioxide (CO 2 ). The limit of detection obtained with this configuration was in the order of the ppm, with a NNEA of ∼ 10 -6 . Compared to bulk Fabry-Perot systems, this fibered Fabry-Perot cavity has the advantage of a high compactness and robustness, with no need for any optical alignment. Since this set-up has never been implemented before, no direct comparison in term of NNEA can be carried out.

In this manuscript, we developed and proposed an original optical alternative to transduction methods usually used in photoacoustics. The new optical transducer is based on the Fabry-Perot cavity, which offers interesting advantages, such as remote detection, harsh environment operation and high sensitivity. In the next paragraphs, we propose ways of improvement for the fabricated transducers, that were not studied or completed in this manuscript, and could be the subject of future research. The first topic concerns the improvement of the EFPI transducer via a miniaturization of the system and a fabrication of the diaphragm with the clean room facilities. The second concerns the fabrication of the guided Fabry-Perot cavity in a planar waveguide instead of a fiber. This ambitious microfabrication can be made possible with the femtosecond inscription technique. Finally, a new application field for PAS detection is considered, particularly adapted for the developped Fabry-Perot transduction methods.

Miniaturization and improvement of the EFPI sensor

The mechanical structure of the EFPI was fabricated by laser cutting on a stainless steel foil with a thickness of 100 µm. To reach a resonance in the kHz range, this resulted in a relatively large structure (diaphragm diameter of 8 mm and cantilever length of 2 mm), and thus a cell size which is not favorable for the photoacoustic generation (although a large cell enables a long optical interaction). A solution that may be studied consists in the use of a microfabricated diaphragm in silicon [START_REF] Kauppinen | High sensitivity in gas analysis with photoacoustic detection[END_REF], [START_REF] Sievilä | Fabrication and characterization of an ultrasensitive acousto-optical cantilever[END_REF], that can be made reflective, for instance with the structuration of a photonic crystal [START_REF] Kilic | External fibre Fabry-Perot acoustic sensor based on a photonic-crystal mirror[END_REF] [START_REF] Jo | Miniature fiber acoustic sensors using a photonic-crystal membrane[END_REF]. For the EFPI, the silicon cantilever is an interesting solution, as silicon has a much lower modulus of elasticity, enabling thus easy miniaturization. The silicon microfabrication facilities possess the technical instruments for such a realization: the cantilever can be structured with the photolithography method, and the silicon can be made reflective by a deposit of a thin layer of gold. Moreover, the photolithography technique would allow reaching a much thinner ventilation slit (below 1 µm), which was a major limitation with the laser cutting method used. Consequently, the transducer can be miniaturized to the dimensions of the fiber ferrule on which the cantilever is installed, and the cell dimensions reduced.

To benefit from the reduction of the cell size, an increase of the cell walls reflectivity must be achieved. Indeed, with a simple polishing of the interior walls in aluminum, we calculated in section IV.3.2 an interaction length of the order of 5 cm for a diameter of 2 cm, meaning a number of reflections of ∼ 3 only. With a gold coating and a lower roughness, a larger number of reflections can be obtained (see the multipass cell fabricated GENERAL CONCLUSION AND PERSPECTIVES by IRsweep company [131] for example) and in this way, the increased interaction length should compensate for the low cell diameter.

Integrated Fabry-Perot cavity

In chapter III, we presented the guided Fabry-Perot transducer, meant to measure photothermal perturbations, and fabricated inside a standard telecom optical fiber. We suggest an alternative idea, which consists in directly fabricating the optical resonator in a planar waveguide [START_REF] Pruessner | Integrated waveguide Fabry-Perot microcavities with silicon/air Bragg mirrors[END_REF]. The inscription by the point-by-point technique with a femtosecond laser, described in section III.3.1.2, seems suitable for this kind of structure. With this technique, we expect a much smaller footprint (the waveguide has a typical section of 1 µm × 1 µm), and a better thermal sensitivity since the waveguide is directly in contact with air. In contrast, standard SMF-28 fibers used for our PTS proof-of-concept have a core of 9 µm and a cladding of 125 µm of diameter. Moreover, a possible implementation for photoacoustic detection can be performed by etching the back of the wafer and release a diaphragm type structure, sensitive to acoustic waves. This idea was proposed in a patent that is currently awaiting for approval.

Since femtosecond inscription is conventionally performed on glass fibers, we chose a glass substrate, and silicon oxynitride (SiON) to build the optical waveguides. Silicon oxynitride shows a refractive index that is slightly higher than that of the substrate, favorable for guided modes. We show on figure IV.15 the fabrication steps to process the planar waveguides in silicon oxynitride, on a glass substrate. The waveguides were fabricated using this process on a 200 mm glass wafer and cut into chips of 10 mm × 10 mm. 

GENERAL CONCLUSION AND PERSPECTIVES

The preliminary inscription test presented above highlighted some difficulties. First of all, the immersion microscope objective must be able to move along the waveguide axis with a precision of less than one micrometer, and keep this alignement over the length of the entire Bragg grating, which can reach 2 mm with our design. The adjustment of the focal length is also critical, as the waveguide is only 1 µm thick. Finally, we observed that a too reduced distance between the objective and the chip was responsible for the generation of bubbles inside the liquid medium situated between the microscope and the sample, leading to a deflection of the femtosecond light pulses. Despite this, we observed that the defects were small enough and localized within the material, and we believe that the remaining alignment difficulties can be overcome with further work.

This planar cavity configuration is thus of interest for trace gas PTS, but remains a huge technical challenge for PAS detection. Indeed, trace gas measurement in PAS requires to use thin structures with large lateral dimensions, sensitive to acoustic perturbations. Such thin mechanical structures would hardly survive to the etching and femtosecond inscription step. Thick structures with reduced lateral dimensions are easier to fabricate, and suitable for the detection of ultrasounds. The PAS detection in condensed media operates generally in a high frequency range, and is thus more adapted for the proposed structure. A research topic related to the waveguide Bragg grating (WBG) cavity is briefly presented in the next paragraph.

A new application involving optical transductions: photoacoustic spectroscopy in condensed media

The photoacoustic effect is widely used in the biomedical field (often called optoacoustic effect in this field) for the detection of species in liquid or solid media. Conventional microphone are still used in specific applications like, for example, non invasive glucose monitoring [START_REF] Sim | In vivo Microscopic Photoacoustic Spectroscopy for Non-Invasive Glucose Monitoring Invulnerable to Skin Secretion Products[END_REF], [START_REF] Kottmann | Mid-Infrared Photoacoustic Detection of Glucose in Human Skin: Towards Non-Invasive Diagnostics[END_REF]. In this configuration, the heat source (PT wave) is generated inside the sample and reaches the air interface by thermal conduction. This leads to the generation of a PA wave at the interface, which is then transmitted to the cell volume, where a microphone is placed (indirect photoacoustic detection).

For in-vivo imaging, the use of photoacoustic spectroscopy can give a spatial information, in addition to the spectral information. This method enables to realize high contrast and high resolution images, with a deep penetration in biological tissues [START_REF] Zhang | In vivo superresolution photoacoustic computed tomography by localization of single dyed droplets[END_REF]. To increase the resolution, it is necessary to modulate the excitation source in the MHz range, far higher than the frequencies usually encountered for gas detection. As a consequence, the associated transducer must possess a wide frequency response ranging from the sub-MHz to hundreds of MHz, and a high sensitivity. For these reasons, optical transduction methods are particularly adapted [START_REF] Wissmeyer | Looking at sound: optoacoustics with all-optical ultrasound detection[END_REF]. Among the various optical interferometers, the πFBG structure has been shown to work for photoacoustic imaging [START_REF] Shnaiderman | Intravital hybrid optical-optoacoustic microscopy based on fiber-Bragg interferometry[END_REF] with a limit of detection of 88 Pa in the MHz range (in comparison, piezoelectric transducers show a typical LOD of ∼ 1 kPa in this frequency range).

This optical transduction method is however limited by the size of the πFBG, which provides a lower resolution than point-like detectors, like piezoelectric transducers. In order to obtain high resolution images, Rosenthal et al. proposed a miniaturized πWBG (π phase-shifted waveguide Bragg grating) fabricated on a planar waveguide in a silicon-oninsulator photonic platform [START_REF] Rosenthal | Embedded ultrasound sensor in a silicon-on-insulator photonic platform[END_REF]. We believe that the WBG fabricated by femtosecond inscription, presented in the previous paragraph, offers appealing perspectives in terms of sensitivity and resolution for photoacoustic imaging, as well as reduction of the footprint.

C.2 Viscous and thermal distribution function

The viscous and thermal distribution functions are a solution of the Helmholtz equation, derived in section II.2.3 and recalled here:

∂ 2 ∂x 2 + ∂ 2 ∂y 2 + k 2 φ (ψ φ -1) = 0 with          k 2 v = -j ρ 0 ω µ k 2 τ = -j ρ 0 c p ω κ (C.6)
This equation is solved for two simple geometries: a slit, or thin layer of height h and length ℓ with h ≪ ℓ and a circular cylinder of radius R and length ℓ with R ≪ ℓ. The direction of propagation is z in both case and cartesian coordinates are used for the slit with x ∈ [-h/2, h/2] while polar coordinates are used for the circular cylinder with r ∈ [0, R].

The boundary conditions at the walls are the no slip condition ψ v = 0 and isothermal walls ψ τ = 0.

Slit or thin layer case

The Helmholtz equation is reduced to one dimension x and can be easily solved, with the following distribution function ψ φ , of average value 〈ψ φ 〉: In the low frequency approximation, we recall the impedance and admittance of the system:

Z diff = ρ 0 L S j ω Y v and Y com = LS γp 0 j ωY τ (C.8)
where Y v = 〈ψ v 〉 and Y τ = γ -(γ -1)〈ψ τ 〉. For a thin slit of thickness t , the viscous effect dominates, represented by the equivalent resistance, and given by :

R ac = lim ω→0 Re[Z diff ] = 12µt ℓh 3 (C.9)
If the considered geometry is a thin layer of volume V and in the presence of a heat source, the isothermal condition leads to a parallel resistance, calculated in section II. The assumptions made on the surrounding fluid and the structure to derive the hydrodynamic function are the following:

-the fluid is in the continuum regime and unbounded in space, -the fluid is supposed incompressible with a homogeneous density ρ 0 and viscosity µ 0 , -the structure is well described by the Euler-beam theory.

The force acting on the cantilever beam of width w 1 and length ℓ 1 is given by:

F hydro (ω) = π 4 ρ 0 ω 2 w 2 1 ℓ 1 Γ hydro (ω)z(ω) (D.1)
The front and back force for a circular cantilever beam described by Sader et al. [START_REF] Sader | Frequency response of cantilever beams immersed in viscous fluids with applications to the atomic force microscope[END_REF]:

Γ fb (ω) = 1 + 4i K 1 (-i i R e )
i R e K 0 (-i i R e ) (D.2) R e indicates the Reynolds number R e = ρ 0 ωw 1 /4µ 0 and K 0 , K 1 are the modified Bessel functions of the second kind. The lateral force described in Cox et al. [START_REF] Cox | Characteristics of laterally vibrating resonant microcantilevers in viscous liquid media[END_REF] is given by:

Γ ud (ω) = 2 2t m πw 1 R e (D.
3)

The expression for the squeeze film damping force can be found in Bao et al. [START_REF] Bao | Squeeze film air damping in MEMS[END_REF]: And σ = 12µ 0 ωw 2 1 /(p 0 L cav ) dimensionless number. Finally, the Couette force can be found in [START_REF] Zhang | Viscous air damping in laterally driven microresonators[END_REF]:

Γ squeeze (ω) = 4p 
Γ couette (ω) = i 4 πωρ 0 w 2 1 ℓ 1 µ 0 ℓ c t m h v (D.6)
ANNEXE G. RÉSUMÉ LONG cavité de haute finesse est fabriquée au sein d'un guide optique, à partir de deux miroirs distribués dans la longueur, appelés réseaux de Bragg. Cette cavité de Bragg est décrite dans la seconde partie du présent rapport (chapitre III du manuscrit) et permet de détecter des ondes thermiques de faible amplitude grâce au décalage de la résonance optique de la cavité. Finalement, la troisième partie de ce rapport (chapitre IV du manuscrit) présente les résultats obtenus en utilisant les deux systèmes proposés pour la détection photoacoustique et photothermique de trace de gaz.

Cavité Fabry -Perot extrinsèque Conception : modèle à constantes localisées et méthode des éléments finis

Le transducteur proposé est un système multiphysique, mettant en jeu trois blocs distincts. D'abord, un bloc d'acoustique en milieux thermovisqueux : celui-ci permet d'exprimer le différentiel de pression généré par effet photoacoustique de part et d'autre du diaphragme, à partir d'une quantité d'énergie déposée par le laser d'excitation. Ensuite, un bloc mécanique, permettant d'exprimer le déplacement de la structure mécanique soumise à un différentiel de pression. Finalement, un bloc d'optique, permettant d'exprimer la réponse de la cavité Fabry-Perot extrinsèque lorsque la longueur de la cavité est modulée par le déplacement du diaphragme. Les blocs acoustique et mécanique étant couplés, un modèle à constantes localisées prenant en compte ce couplage a été rigoureusement développé, en partant des équations fondamentales de l'acoustique, de la mécanique, et de l'optique, ainsi que plusieurs hypothèses de travail simplificatrices. Pour confirmer la validité d'un tel modèle, une résolution par éléments finis avec un logiciel commercial a également été effectuée.

Le modèle à constantes localisées permet, à travers l'étude des fonctions de transferts intermédiaires, de comprendre les leviers de conception permettant d'améliorer la sensibilité du capteur. Les conclusions de cette section permettent d'aboutir à une solution technique pour la fabrication du capteur, et d'établir un dimensionnement du système.

Fabrication du capteur

Le diaphragme a été réalisé à partir d'un film métallique en acier inoxydable de 100 µm d'épaisseur, et découpé à l'aide d'un instrument de découper laser. Dans un premier temps, les diaphragmes ont été réalisés à partir d'un instrument de découpe laser classique (Tau Tech, Cielle diffusion), mais la taille du faisceau de découpe conduisit à des largeurs de découpe trop importantes et non compatibles avec les exigences de dimensionnement issues de la conception. Pour pallier ces difficultés, une méthode utilisant un refroidissement par jet d'eau a été employée (Synova) par un sous-traitant spécialisé. Une fois les structures obtenues, celles-ci ont été installées sur un support mécanique, permettant un assemblage rapide sans alignement, par simple vissage de la fibre optique.

Mise en oeuvre expérimentale : banc de caractérisation et performances acoustiques

La cavité Fabry -Perot extrinsèque a été caractérisée pour la détection acoustique de faible amplitude sur un banc dédié. Une diode laser et un photodétecteur fonctionnant à la longueur d'onde de 1,55 µm sont utilisés pour lire le déplacement du diaphragme. Le signal électrique récupéré par le photodétecteur est démodulé par une détection synchrone, et l'excitation est apportée par un haut-parleur émettant une onde sonore de quelques mPa. Un étage de régulation a également été mis en place pour compenser les dérives thermiques du système. La régulation est effectuée en suivant le décalage des franges d'interférences pour se maintenir au point de fonctionnement, qui correspond à la pente maximale des franges d'interférences, et où la sensibilité est maximisée. Le capteur présente une excellente linéarité dans la gamme du mPa, et une limite de détection de 2 µPa/ Hz à la résonance mécanique située à 5,1 kHz. Ces performances sont conformes à l'état de l'art pour ce type de transduction optique résonante, et environ cinq fois meilleures que celles d'un microphone de référence MEMS, conçu pour avoir une réponse plate sur la gamme acoustique audible (20 Hz -20 kHz).

Cavité de Bragg fibrée Conception : modèle à constantes réparties et méthode des éléments finis

De manière analogue au premier chapitre, un modèle analytique a été proposé pour prédire le comportement du capteur et proposer un dimensionnement. Ici, l'hypothèse de travail consiste à considérer l'absence d'élément vibrant (parois du capteur et fibre optique rigides), et donc le système est simplifié. En revanche, le bloc acoustique ne peut pas être résolu par un modèle à constante localisées comme cela a été fait pour la cavité extrinsèque, car le rapport d'aspect de l'enceinte de gaz (faible section et longueur importante) ne permet plus de faire l'hypothèse d'une pression uniforme. La résolution de ce modèle permet de conclure que le système proposé est essentiellement sensible aux perturbations thermiques et non acoustiques, avec une réponse maximisée aux basses fréquences (inférieures à 100 Hz).

Fabrication du capteur

La cavité de Bragg a été fabriquée par un laboratoire du CEA -LIST, spécialisé dans l'étude et la fabrication de capteurs sur fibre optique. La technique choisie d'illumination par masque de phase, consiste à générer une modulation de l'indice optique du coeur de la fibre de l'ordre de 10 -4 , avec un défaut au sein d'un réseau de Bragg, conduisant à un résonateur optique de type Fabry -Perot. Les longueurs typiques de la cavité sont situées entre 10 et 40 mm. La fibre est ensuite simplement placée dans une enceinte de gaz cylindrique, afin de mesurer les variations de température induites par effet photothermique.

Mise en oeuvre expérimentale : banc de caractérisation et performances thermiques

Pour lire les perturbations d'ordre thermique, une méthode d'interrogation spécifique de verrouillage optique, appelée Pound-Drever-Hall, est utilisée. La méthode consiste à utiliser un laser de lecture accordable en longueur d'onde, modulé en phase à haute fréquence. Le signal réfléchi par la cavité est ensuite démodulé par une détection synchrone, et possède l'intéressante propriété d'être proportionnel à la dérivée du pic de résonance optique. Lorsque ce signal -appelé signal erreur -est égal à zéro, la longueur d'onde du laser est située exactement à la résonance. En boucle fermée, le signal erreur est renvoyé dans un canal de contrôle de la longueur d'onde du laser via un étage de PID, afin de maintenir sa valeur à zéro, et donc de verrouiller la longueur d'onde du laser sur la résonance de la cavité de Bragg. Cette méthode permet d'une part de s'affranchir des dérives lentes (thermiques et acoustiques) et d'autre part de suivre les décalages du pic de résonance induit par une perturbation photothermique. L'asservissement de Pound-Drever-Hall a pu être mis en place, avec un bruit en longueur d'onde mesuré à 7,4×10 -6 pm, soit 910 Hz, à la fréquence de 40 Hz, où les perturbations thermiques sont maximisées. Ce bruit en fréquence correspond à un bruit en température estimé de l'ordre du µK, rendant le transducteur extrêmement sensible aux perturbations photothermiques, dont les amplitudes sont généralement de l'ordre du mK.

Implémentation pour la détection photoacoustique et photothermique Banc de caractérisation photoacoustique et photothermique

Les deux systèmes de transductions optiques proposés ont été installés sur un banc de caractérisation pour la détection de traces de gaz. Le banc de caractérisation est constitué du transducteur et du système d'interrogation optique, et d'un laser à cascade quantique destiné à exciter une raie d'absorption du gaz à détecter. Pour générer l'effet photoacoustique et photothermique, une stratégie de modulation de longueur d'onde du laser d'excitation est employée.

Détection photoacoustique de monoxyde d'azote (NO) avec la cavité Fabry -Perot extrinsèque

Le capteur fabriqué à partir de la cavité Fabry -Perot extrinsèque est testé sur du monoxyde d'azote (NO) calibré, à 1906,1 cm -1 . La réponse photoacoustique en fréquence montre un excellent accord avec la théorie, avec une résonance acoustique de type Helmholtz (inférieure au kHz) et une résonance mécanique de poutre située à 5,1 kHz. À la résonance mécanique du système, la réponse spectrale du NO est mesurée, et une calibration est effectuée sur deux prototypes (voir table IV.1) présentant une enceinte de gaz de volumes différents. La calibration conduit à une réponse linéaire et stable dans le temps, avec une limite de détection pour le NO à 71 ppb/ Hz.

Résumé

Les cavités Fabry -Perot constituent une alternative optique de transduction pour la détection résonante de traces de gaz, par la méthode photoacoustique et photothermique. Le principe de la mesure exploite le décalage de la résonance de la cavité optique, induit par des perturbations pouvant être d'origine acoustique ou thermique. Durant cette thèse, deux approches ont été étudiées et évaluées, puis des systèmes de transduction ont été fabriqués, caractérisés et finalement implémentés dans des capteurs pour la détection de traces de gaz.

La première approche est basée sur une cavité Fabry -Perot de faible finesse, placée en bout de fibre et interrogée par une diode laser bas -coût à 1,55 µm. Le second miroir de la cavité est une poutre résonante mécaniquement, conçue pour la mesure de faibles signaux acoustiques. Dans un premier temps, un modèle à éléments réduits a été mis en place afin de prédire le comportement couplé de la structure mécanique, du fluide environnant, et de son interaction avec la source d'excitation lumineuse dans le capteur. Ce modèle a été comparé avec succès à des résolutions effectuées par la méthode des éléments finis et à des résultats expérimentaux de caractérisation. La limite de détection à la fréquence de résonance du système est de l'ordre de 2 µPa/ Hz. Finalement, le système de transduction a été intégré dans un capteur photoacoustique, calibré sur une raie d'absorption du NO, dont la limite de détection est inférieure à 10 ppb.

La seconde approche, plus novatrice, consiste en une cavité Fabry -Perot à saut de phase, fabriquée sur une fibre optique et de grand facteur de qualité, stabilisé par la méthode de verrouillage optique de Pound -Drever -Hall. La méthode de verrouillage optique employée rend le guide optique extrêmement sensible aux décalages du pic de résonance, qui dépendent ici essentiellement des perturbations d'origine thermiques. Après une implémentation du modèle à éléments réduits, adapté à ce nouveau problème, le guide optique est monté dans un capteur photothermique et testé pour la détection de CO 2 atmosphérique. La limite de détection, estimée par extrapolation, est ici de l'ordre du ppm.

Mot clés : capteur de traces de gaz, cavité Fabry -Perot, photoacoustique, photothermique, verrouillage optique

Abstract

This thesis focuses on the study of Fabry -Perot cavities, used as optical transduction alternatives for the resonant detection of gas traces, by the photoacoustic and photothermal method. The principle of measurement is based on the shift of the optical cavity resonance, induced by acoustic or thermal perturbations. During this thesis, two approaches have been studied, then the transduction systems were fabricated and characterized, and finally implemented in sensors for trace gas detection.

The first approach is based on a Fabry -Perot cavity of low finesse assembled at a fiber tip and interrogated by a low -cost laser diode emitting at 1.55 µm. The second mirror of the cavity is a mechanically resonant cantilever beam, suitable for the measurement of weak acoustic signals. In a first step, a reduced element model was set up to predict the coupled behavior of the mechanical structure, the surrounding fluid, and its interaction with the excitation light source in the sensor. The model has been successfully compared with resolutions performed by the finite element methods and experimental characterization results. The limit of detection at the resonance frequency of the system, is of the order of 2 µPa/ Hz. Finally, the transduction system was integrated in a photoacoustic sensor and calibrated on a NO absorption line, leading to a detection limit lower than 10 ppb.

The second approach, more innovative, consists of a phase shifted Fabry -Perot cavity, fabricated on an optical fiber and of very high quality factor, stabilized by a Pound -Drever -Hall optical locking technique. The implemented optical locking permits to be extremely sensitive to optical resonance shifts, which depends here mainly on thermal perturbations. After an implementation of the reduced element model, adapted to this new problem, the optical guide is mounted in a photothermal sensor and tested for the detection of atmospheric CO 2 . The limit of detection, estimated by extrapolation, is here in the order of one ppm.

Keywords: trace gas sensors, Fabry -Perot cavity, photoacoustic, photothermal, optical locking
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 2 Figure I.2 -General instrumentation for the PA detection of gas traces
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 4 Figure I.4 -Common cell configurations for photoacoustic trace gas detection. Microphone is not shown on the circular multipass cell because it is not not on the same plane.
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 5 Figure I.5 -Principles of the lock-in amplifier, retrieved from Zurich Instrument white paper[START_REF]Principles of lock-in detection and the state of the art[END_REF] 

  Sketch of the QEPAS illumination setup (left) and configuration with acoustic micro resonators tubes (right). (b) Differential detection with an acoustic source situated between (left) and outside (right) the prongs.
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 7 Figure I.7 -Common interferometers used as acoustic transducers. Acronyms used: beamsplitter (BS), photodiode (PD)

  Figure I.8 -Principle of Q point reading
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 9 Figure I.9 -Sketch of the two transducers based on the Fabry -Perot cavity
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 10311 Figure I.10 -Two locking techniques used for the read-out of the PA/PT wave and a stabilized operation

  Figure II.1 -EFPI transducer with a simplified block representation
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 2 Figure II.2 -State-space representation of the EFPI acoustic transducer with an input p fv and output ∆V and of the photoacoustic sensor with an input I QCL and output ∆V
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 3 Figure II.3 -Sketch of the extrinsic Fabry-Perot interferometer (EFPI)
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 4 Figure II.4 -At the top, evolution of the reflectivity of the cavity as a function of L cav for N = 1, 2 and 5. At the bottom, reflectivities obtained for small displacements (in blue) and associated optical sensitivity (orange) for three cavity lengths with N = 5
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 5 Figure II.5 -Evolution of the optical sensitivity as a function of L cav for N = 1, 2 and 5 The results obtained are summarized in the following table for the case N = 5: L cav (µm) 100 500 1000 max[S opt ] (mV/nm) 1.02 0.26 0.13 min[S opt ] (mV/nm) -1.44 -0.38 -0.19
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 6 Figure II.6 -At the top, evolution of the reflectivity of the cavity as a function of L cav . The black dotted line indicates the evolution of the non oscillating term R 1 + R 2,eff . At the bottom, reflectivities obtained for small displacements (in blue) and associated optical sensitivity (orange) for three cavity lengths.
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 7 Figure II.7 -Summary for the design of the FP cavity
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 8 Figure II.8 -Diaphragm dimensions in the simple cantilever configuration (left) and hingedcantilever configuration (right)
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 10 Figure II.10 -Mode of the cantilever with and without hinge
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 11 Figure II.11 -Couette and squeeze film damping. Red arrows on the left figure indicate the amplitude of the velocity field along the z component
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 39 Figure II.13 -Equivalent electrical circuit of the mechanical response of the hinged-cantilever diaphragm
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 14 Figure II.14 -Reduced frequency f c / f p as a function of the cantilever length ℓ 1 in the case of a straight cantilever and hinged-cantilever
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 1510 Figure II.15 -Reduced frequency f c / f p as a function of the cantilever length (ℓ 1 ) for various hinge lengths (ℓ 2 ), with w 1 = 1 mm,w 2 = 0.1 mm and t m = 100 µm. The higher dashed line indicates the Λ red = 1 limit while the lower dashed line indicates the hinged-cantilever length limit ℓ 1 + ℓ 2 = r p . The red dots indicates the studied configurations (ℓ 1 , ℓ 2 ).

  ℓ 1 +ℓ 2 to reach approximately ℓ 1 +ℓ 2 ≈ r p . Contrary to the sandwich solution, this method enables to keep a single structure and to reduce the fabrication steps. Moreover, this solution corresponds to the last sample chosen from figure II.15 where ℓ 1 = ℓ 2 = 2 mm and r p = 4 mm.
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 216 Figure II.16 -On the left, Bode diagram of the mechanical response in the case of the lumped model (dotted line) and FEM resolution (continuous line). The red curve corresponds to the response obtained with ℓ 2 = 300 µm while the black curve corresponds to the analytical response with ℓ 2 = ℓ 2,eff = 472 µm. On the right, mechanical response calculated with the lumped model for various hinge lengths ℓ 2

  Figure II.19 -Modeling of the slit problem
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 20 Figure II.20 -FEM resolution of the pressure field inside the transducer and the ventilation slit subjected to an incoming pressure of 1 Pa at 10 kHz, well after the cut-off frequency ω v
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 100 Figure II.21 -Bode diagram of the acoustic transfer T ac (ω) inside the photoacoustic cell with the parameters from table II.11

  [START_REF] Schilt | Wavelength modulation photoacoustic spectroscopy: Theoretical description and experimental results[END_REF] and II.[START_REF] Angelmahr | Wavelength-and amplitude-modulated photoacoustics: comparison of simulated and measured spectra of higher harmonics[END_REF] the results obtained for the evaluation of the 〈ψ τ 〉 function as a function of the frequency. In the case where h cell /r cell ≫ 1 (figure II.22) the lateral losses dominate and as a consequence the distribution function is well described by the cylinder case, which matches with the FEM resolution (see the implementation of the cylindrical cell in the second paragraph of appendix A.1). In the case where h cell /r cell ≪ 1 (figure II.23) the front and back side are mainly responsible for the losses and thus the slit case describes nicely the numerical value of 〈ψ τ 〉.
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 22 Figure II.22 -Real and imaginary part of ψ τ for r cell = 10 mm and h cell = 50 mm

  Figure II.24 -(a) Lumped model for the front volume with a heat source. (b) Study of the thermal resistance R th in the case of a 10 mm radius cylinder. The analytical expression (blue dotted line) is compared to the resistance retrieved from the FEM resolution (red continuous line). The two asymptotic cases R th,z and R th,r are represented respectively in black dashed-dotted and black dotted line.

  Figure II.25 -Bode diagram of the heat transfer T heat (ω) inside the photoacoustic cell with the parameters II.12
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 10 Figure II.26 -On the left, lumped model for the open front volume with a heat source. On the right, parametric study with the lumped model for the open front volume
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  Figure II.27 -Global lumped element circuit of the photoacoustic cell

  Figure II.28 -Microphone transfer T mic (ω) in nm/Pa calculated with the lumped model
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 29 Figure II.29 -Global response of the transducer block. The response is displayed in arbitrary units (a.u.), since different units are used on the same graph: the acoustic transfer function is expressed in Pa/Pa, while the cantilever and the global response are expressed in nm/Pa.
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 30 Figure II.30 -Pressure generated by photoacoustic effect and resulting displacement for a front volume of h cell =10 mm and r cell = 10 mm
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 31 Figure II.31 -Global transfer of the gas sensor in the photoacoustic configuration with the A1 diaphragm. The response is displayed in arbitrary units (a.u.), since different units are used on the same graph: the gas heating process is expressed in Pa/W, the acoustic transfer function is expressed in Pa/Pa, the cantilever response in nm/Pa, and the global response in nm/W.

  Figure II.32 -Photoacoustic transfer T sensor (ω) in nm/mW calculated with the lumped model

  Figure II.33 -Sensitivity and figure of merit as function of the resonance frequency of the hingedcantilever, calculated with the lumped model. The five red dots indicate the resonance of the four hinge samples (with a resonance from 0 to 6 kHz) and the cantilever with no hinge (resonance at 19 kHz)
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 34 Figure II.34 -Sketch of the optical transducer in the case of a strained structure
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 36 Figure II.36 -Sketch of Synova's MicroJet ® technology

  Figure II.38 -Fabrication of the first version of the FP transducer v0
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 39 Figure II.39 -Assembly of the Fabry-Perot based photoacoustic sensor v1
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 1540 Figure II.40 -Scheme of the packaged fibered DFB probe laser at 1.55 µm. The DFB laser can be supplied either by an external lab voltage source (Keysight) or a compact 5V power supply (Mean-Well) via the switch. On the right, two BNC connectors can be utilized for the tuning of the injection current or the temperature via a voltage control. On the left, an aperture is made on the box for the optical output (blue fiber)
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 41 Figure II.41 -Caracterization of the Eblana laser at 1.55 µm
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  Photodetector
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 43 Figure II.43 -Steps for the stabilized closed loop operation. Step 1 : raw interference scan. Step 2 : first normalization of the interference pattern and extraction of the parameters.
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 44 Figure II.44 -Step 3a : second normalization. Step 3b : activation of the PI closed loop
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 46 Figure II.46 -Experimental reflectivity (blue dots) compared to the sine fit (black dotted line) and analytical model (black solid line)
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 47 Photodiode signal (V)
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 48 Figure II.48 -Speaker calibration at 3 cm in Pa/V from 250 Hz to 10 kHz

Figure II. 49 -

 49 Figure II.49 -Experimental response of the A1, B1, A2 and B2 samples (filled circles) and response from the lumped model (solid lines)
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 50 Figure II.50 -Sensitivity of sample A1_100 at the resonance frequency 5.1 kHz

  Figure II.51 -Time signal acquisition for the Allan deviation study
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 52 Figure II.52 -Allan deviation of the acoustic signal with the closed loop activated (blue curve), with the closed loop and a normalization (orange curve), and with the system left free (green curve). The white noise is also indicated with a 1/ t slope (black dotted line)
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 1 Figure III.1 -Sketch of the guided Fabry-Perot transducer

  -4 and a Bragg wavelength at 1.55 µm, -the mirror bandwidth, defined by ∆λ FBG = 2δnΛ. The figure III.3b illustrates the evolution of the grating bandwidth, considering a fixed length of 10 mm and various index modulation depths δn.

  Figure III.3 -Reflectivity of the Bragg grating
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 4 Figure III.4 -Sine refractive index modulation of a π phase shifted Bragg grating. The defect is situated at z = 0.

  Figure III.5 -Reflectivity of the πFBG grating

  Figure III.6 -T and Π conduit configuration their impedance (equivalent Kirchhoff's voltage law):

  Figure III.7 -Transfer function of the pressure and thermal field in the closed cell configuration, at the center of a 60 mm long cell with a radius of 1 mm, calculated with the lumped model and 11 nodes (black dotted line) and comparison with the FEM resolution (blue continuous line)

  Figure III.8 -Transfer function of the pressure and thermal field in the open cell configuration, at the center of a 60 mm long cell with a radius of 1 mm, calculated with the lumped model and 11 nodes (black dotted line) and comparison with the FEM resolution (blue continuous line)
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 9 Photodiode

  Figure III.10a shows the normalized spectrum |E i /E 0 | 2 considering a Lorentzian distribution of the incident light beam with a bandwidth of 2 MHz. The figure III.10b shows the reflectivity as a function of the detuning considering the πFBG of length 30 mm with δn = 10 -4 , calculated in the previous section.

  Figure III.10 -Incident normalized power spectrum |E i /E 0 | 2 for a laser bandwidth of 2 MHz, a modulation frequency of 10 MHz and a depth β = 0.5 and reflectivity of πFBG with δn = 10 -4 and a length of 30 mm
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 12 Figure III.12 -FBG phase mask writing scheme, retrieved from https://www.solphotonics.nl/noria
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 13 Figure III.13 -Zoom on the Bragg inscription setup: we can see on the picture an immersion microscope objective and the optical fiber. A red laser light is launched into the fiber to show by diffraction the Bragg gratings (Copyright LIST/LCFO)

  Figure III.14 -Wikipedia and PreForm
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 16 Figure III.16 -All fibered FBG based photothermal sensor
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 17 PhotodetectorDC AC

  Figure III.18 -Large wavelength scan performed with the Tunics source and CT400 photodetector
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 19 Figure III.19 -DC and error response of the FBG cavity, with L = 6.5 mm and Ω = 100 MHz, performed by direct inscription
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 20 Figure III.20 -DC and error response of two πFBG resonators for two lengths L
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 21 Figure III.21 -Temporal acquisition and signal processing of the cavity and error signal for Ω = 10.3 MHz. The signal processing helps to identify the resonance of the reflected light (blue cross on the upper, blue curve), the zero error signal crossing (orange cross on the lower, red curve), the maximum and minium value of the error signal (blue crosses on the lower, red curve), and the linear fit to estimate the slope of the error signal (black line on the lower, red curve)

  Figure III.22 -Error signal slope as a function of the modulation frequency Ω, and linear fitting for low modulation frequencies (black dashed line)
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 23 Figure III.23 -Cavity and error signal as a function of the modulation frequency Ω. Fall of sensitivity after 125 MHz du to the EOM cut-off (150 MHz) and the photodetector cut-off frequency (200 MHz)
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 24 Figure III.24 -Cavity scan for t < 14 s, progressive step-by-step piezo setting, and PDH locking starting at t ≈ 0 s, with a stabilized signal after a few seconds
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 25 Figure III.25 -Error signal acquisition and piezo voltage correction with the system locked for 10 min, for various filter bandwidths (10, 50 and 100 Hz) and a PID bandwidth of 10 Hz
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 26 Figure III.26 -Mean value of the perturbation signal at ω p = 40 Hz and the error signal for Ω = 125 MHz as a function of the PID bandwidth. The mean and standard value are calculated from a 60 seconds acquisition

Modulation frequency Ω PID bandwidth ω c Filter bandwidth Laser intensity 125
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  The perturbation signal ω p is swept on the 10 Hz -100 kHz range and a noise spectrum is performed and shown on figure III.27. The noise, expressed in V/ Hz, corresponds to the absolute value (corresponding to R = X 2 + Y 2 ) of the demodulated component at Ω + ω p calculated for a 1 Hz bandwidth.
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  Figure III.27 -Error signal noise spectrum for a 1 Hz NEP (noise equivalent bandwidth)
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 1 Photodiode

Figure IV. 2 -

 2 Figure IV.2 -Absorption spectrum for NO and CO 2 from the Hitran database
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 34 Figure IV.3 -Sketch and pictures of the EFPI based photoacoustic sensor
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 5 Figure IV.5 -Photoacoustic response on the water absorption line at 1908 cm -1 measured with a bandwidth of 1 Hz and a modulation depth of 10 mA (blue curve). The orange and black dotted curve respectively correspond to the FEM resolution and the lumped model.
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 7 Figure IV.7 -NO calibration for the large cell (h cell = 10 mm), and an integration time of 1 s (corresponding to a Noise Equivalent Power Bandwidth (NEPBW) of 78 mHz)

  Figure IV.8 -NO calibration for a small gas cell (h cell = 2 mm), and an integration time of 70 ms (corresponding to a NEPBW of 1.12 Hz)
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 9 Figure IV.9 -Allan deviation with 5 ppm of NO
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 10 Figure IV.10 -πFBG photothermal trace gas detection bench
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 11 Figure IV.11 -Picture of the PT characterization bench with the excitation laser (QCL) and the two cells configurations: the all-fibered cell, equipped with a 0.6 pm πFBG, and the 3D printed cell, with a 1.1 pm πFBG
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 12 Photothermal transferFilter 10 Hz Filter 50 Hz Filter 200 Hz

  Photothermal transferFilter 10 Hz Filter 50 Hz Filter 200 Hz
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 13 Figure IV.13 -Photothermal response of the all-fibered closed cell, for a PID bandwidth of 5 Hz and three different filter bandwidths

  Photothermal scan for atmospheric CO 2 1f spectrum 2f spectrum

  Figure IV.15 -Fabrication steps of the SiON waveguides : material deposition, photolitography and wafer dicing

  ψ φ (x) = 1 -cos(k φ x) cos(k φ h/2) and 〈ψ φ 〉 = 1 -tan(k φ h/2) k φ h/2 (C.7)

0 πL cav w 1 ρ m ω 2

 2 f e (σ) -i f d (σ) (D.4)Where the functions f e , f d are given by:

  

  

Table I .

 I 1 -Characteristic and performance of selected PAS trace gas sensors from the litterature. The Gasera cell has a length of 95 mm and diameter of 4 mm.

	Method	Transduction	NNEA	Gas, wavenum-	Cell configuration	Frequency	Excitation	Probe	Cell	Ref.
				ber					volume	
		FP	1.8 • 10 -6 7.5 • 10 -8	SO 2 , 1380 cm -1 NO 2 , 405 nm	200 mbar /	500 Hz 1.4 kHz	QCL, 173 mW DFB DL, 20 mW 1 mW DL, 40 mW DL 1.55 µm,	0.7 mL 9 mL	[34] [70]
	Optical		8.8 • 10 -8	C 2 H 2 , 6524 cm -1 Hollow core fiber (d = 11 µm,	22.4 kHz	DFB DL, 117 mW	ECDL, 3 mW	6 • 10 -3 µL [71]
					L = 6.2 cm)+ PZT					
			8.5 • 10 -7	C 2 H 2 , 6524 cm -1 Hollow core fiber (d = 11 µm, L = 2 cm)	51 kHz	DFB DL, 109 mW	ECDL	2 • 10 -3 µL [36]
		MZI	4.9 • 10 -7	N 2 O, 2238 cm -1	(d = 200 µm, L = 25 Hollow core fiber	500 Hz	QCL, 6 mW	DL 1.55 µm	8 µL	[53]
					cm) + PZT					
			2.3 • 10 -9	(d = 11 µm, C 2 H 2 , 6534 cm -1 Hollow core fiber	50 kHz	mW DFB DL, 15.3	ECDL	0.9 µL	[54]
					L = 10 m) + PZT					
	The following acronyms are used: MI (Michelson interferometer), EFPI (extrinsic Fabry -Perot interferometer), DHR (Differiential Helmholtz), QTF (Quartz
	Tuning Fork), mR (acoustic micro resonator), QCL (quantum cascade laser), ICL (interband cascade laser), DFB DL (distributed feedback diode laser), ECDL
	(external cavity diode laser), SLD (superluminescent diode), WLI (white light interferometer), EDFA (erbium-doped fiber amplifier).		

Table I .

 I 

2 -Characteristic and performance of selected PTS trace gas sensors from the litterature. The following acronyms are used: MZI (Mach-Zehnder interferometer), FP (Fabry -Perot interferometer), QCL (quantum cascade laser), DL (diode laser), DFB DL (distributed feedback diode laser), ECDL (external cavity diode laser), PZT (piezoelectric stack).
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	Figure I.11 -Principle of the top-of-fringe PDH locking technique (retrieved from Toptica website
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	CHAPTER II. EXTRINSIC FABRY-PEROT INTERFEROMETER
	.5 -Optical sensitivity for different cavity lengths

  196 4.611 5.905 Table II.7 -Solution of the characteristic equation for the circularly clamped plate of radius r p

Table II

 II 

	Speed	Frequency Pulse duration Passes
	10 µm foil 100 % 55 m/min	55 kHz	50 ns	25
	50 µm foil 100 % 55 m/min	55 kHz	50 ns	88

.

[START_REF] Tabrizian | Dual-mode vertical membrane resonant pressure sensor[END_REF] 

-Laser parameters for the cutting of a stainless steel foil with a thickness of 10 µm and 50 µm

Table II .

 II Figure II.37 -Microscope view of the hinged cantilever cut with the laser MicroJet technology 14 -Cantilever samples CHAPTER II. EXTRINSIC FABRY-PEROT INTERFEROMETERThe new set of samples cutting was carried out by subcontracting with Synova's equipment. The designed structures are based on the reference hinged cantilever A1, with 4 variations of the hinge length ℓ 2 (see table II.14). As we have seen in the figure II.15 the various hinge lengths enable a large frequential study with resonance varying from 1 to 6 kHz.

	1 mm					
	2 mm					
					30 µm	
	300 µm	500 µm				
	100 µm		100 µm			
	Sample name	ℓ 1	w 1	ℓ 2	w 2	t m
	A1			300 µm		
	B1 A2	2 mm 1 mm	500 µm 1 mm	100 µm 100 µm
	B2			2 mm		

II.3.

2 Mechanical support of the diaphragm and assembling II.3.2.1 Transducer assembly by gluing of the diaphragm

  

  .

	Sample	A1	B1	A2	B2
	ℓ 2 (µm)	300	500 1000 2000
	ℓ 2,eff (µm)	469	649 1216 2290
	S opt (mV/nm)	0.8	0.9	0.6	0.6
	FEM eigenmode f res (Hz) 5147 4160 2744 1557
	Experimental f res (Hz)	5169 4180 2585 1464
	Error on f res (%)	0.4	0.5	6.2	6.4
	Table II.17 -Effective lengths for the 4 samples	

  2 0 δλ B .

	Optical sensitivity at 1.55 µm Wavelength shift Frequency shift
	At constant temperature	1.2 pm/µε	150 MHz/µε
	At constant strain	10.3 pm/K	1.29 GHz/K

Table III.1 -Optical sensitivity of the FBG in the strain or thermal configuration at 1.55 µm CHAPTER III. GUIDED FABRY-PEROT CAVITY

Table III .

 III 43 pε/Pa. The resulting optical sensitivity is provided in table III.2. 2 -Optical sensitivity of the FBG in the acoustic or thermal configuration at 1.55 µm

	Optical sensitivity at 1.55 µm Wavelength shift Frequency shift
	At constant temperature	1.3 ×10 -7 pm/Pa	16 Hz/Pa
	At constant pressure	10.3 pm/K	1.29 GHz/K

7 .

 7 Contrary to the first sample which consists in a typical fibered FP cavity with two infinitely thin mir-

		Sample 1	Sample 2	Sample 3
	Inscription technique	Direct writing Side-illumination Side-illumination
	Cavity length	6.5 mm	Λ (πFBG)	Λ (πFBG)
	FBGs length	2×500 µm	2×5 mm	2×20 mm
	Bragg wavelength λ B FWHM (wavelength)	∼ 1.55 µm 38.0 pm	∼ 1.53 µm 1.11 pm	∼ 1.53 µm 0.6 pm
	FWHM (frequency)	4.86 GHz	142 MHz	80 MHz
	Modulation frequency Ω 100 MHz	10 MHz	10 MHz
	Error signal sensitivity	0.15 mV/pm	9.6 mV/pm	58.2 mV/pm
	Table III.6 -Fabrication parameters and optical response of the three gratings

Table III .

 III Hz/Pa, and thermal sensitivity of 1.29 MHz/mK (see tableIII.2), we still expect to be sensitive to the PT signal. We recall in the table III.8 the values obtained from the lumped model for an open cell at f = 40 Hz and 10 kHz for a deposited power of 1 mW. 8 -Calculated PA/PT amplitude and resulting frequency shift, measured frequency noise and SNR in the photoacoustic or photothermal configuration for a deposited power of 1 mW. The SNR is calculated for a bandwidth of 1 Hz.

		40 Hz	10 kHz
		PA amplitude PT amplitude PA amplitude PT amplitude
	Signal amplitude	10 mPa	25 mK	197 mPa	0.22 mK
	Frequency shift	0.16 Hz	32.3 MHz	3.2 Hz	284 kHz
	Frequency noise	910 Hz/ Hz	910 Hz/ Hz	205 Hz/ Hz	205 Hz/ Hz
	Signal-to-noise ratio < 1	35 504	< 1	1386

  Figure IV.6 -2f spectrum of the NO absorption peak situated at 1906.15 cm -1 for a concentration of 20 ppm, without window (blue curve), with a window (black dashed curve) and absorption spectrum from the HITRAN database (orange curve). Experimental curves are normalized to the maximum value of the open cell (no window) configuration

			PA scan for 20 ppm of NO with the EFPI
		0.8 1.0	2f no Window 2f Window Hitran database
	Normalized signal	0.4 0.6
		0.2
		0.0	QCL wavenumber (cm 1 ) 1905.9 1906.0 1906.1 1906.2 1906.3 1906.4

Table IV .

 IV 

1 -Performance of the EFPI sensor for NO detection

Table IV .

 IV 2 -Performance of the πFBG sensor for CO 2 detection

In a photothermal configuration, S cell is expressed in K/W and the transducer measures a thermal variation and its sensitivity is expressed in mV/K.

The weak amplitude enables to eliminate (at first order) the residual power fluctuations resulting from the injection current variation. In practice, a pure wavelength modulation is not possible, and always comes with a small, residual, amplitude modulation[START_REF] Schilt | Wavelength modulation photoacoustic spectroscopy: Theoretical description and experimental results[END_REF].

For an introduction to this technique, we recommend the reading of the white paper published by Zurich Instrument[START_REF]Principles of lock-in detection and the state of the art[END_REF], briefly introduced in the next paragraph

The use of extremely small volumes of detection however, like hollow core fibers, can get rid of this limitation[START_REF] Yang | Hollow-core fiber Fabry-Perot photothermal gas sensor[END_REF] 

Similarly to a mechanical resonator, we use the notion of bandwidth for optical resonators, which indicates the spectral width (in term of the optical frequency, or wavelength) of the resonance peak

This representation does not describe the mutual coupling between the blocks

We point out here that for the sake of clarity the state-space diagram from figure II.2 has ben simplified with unidirectional arrows, but in reality, the blocks are interconnected via mutual coupling. For example, the differential pressure induced from the "back volume" block generates a displacement of the mechanical structure, but this displacement must be considered also as an input of the "back volume" block as it affects the generated differential pressure.

To avoid any possible confusion, we draw the reader's attention to the unit of displacement (nm) used in the expression of sensitivity, which is identical to the unit of laser wavelength (nm), used here to describe the tuning range of the laser

Although the velocity flow seems to be inappropriate to describe the mechanical structure, this notation is consistent with the notation used for the fluidic part (presented in the next section), which is necessary for the interfacing of the two physical domains

the notation p fv should indicate the pressure in the front volume when the system is enclosed, but is kept here to keep a consistency in the state-space representation: the variables names are the same, wether we study the microphone or the sensor reponse

The Brownian noise is often the main source of noise in cantilever based PA systems[START_REF] Kuusela | Photoacoustic Gas Analysis Using Interferometric Cantilever Microphone[END_REF], and its evaluation can give a first overview of the SNR. However, it is not the only source of noise in such a system. A deeper investigation of the noise sources in future work could be performed to obtain an accurate prediction of the SNR.

It was shown in section II.2.1 that the optical response is not a perfect sine but rather a sum of sines. However, the implementation of such a model would complicate the fitting and be time consuming without bringing a significant amelioration for the determination of the quadrature point.

In addition, one could also consider the variablity of the prestress when the diaphragm is fixed, but this should have a weaker impact

Although the PID control loop improves the stability and ultimate LOD of the system, it does not seem to be mandatory for acoustic detection over short periods of time. However, for the use of the transducer as a photoacoustic gas sensor, the thermal drift generated by the excitation laser is expected to be much higher than the natural thermal variations of the environment, and thus the use of the PID will be required.

The FWHM is often named cavity bandwidth and can be expressed either in terms of a wavelength difference (usually in pm) or a frequency difference (usually in MHz)

When looking at the central node (n = 5), an odd number is preferred in order to have the same number of nodes before and after the central node.

In chapter II however, the p 0 notation was used to describe the atmospheric pressure, while the harmonic pressure was simply denoted p. The p n indexing here should not be mistaken with the atmospheric pressure when n = 0.

The sidebands of the error signal can be a good way to calibrate with precision the piezo voltage-towavelength sensitivity. In our case, it confirms a good calibration of the piezo sensitivity of ∼ 1.6 pm/V

This frequency, although chosen quite arbitrarily, lies in an interesting region, where we expect to obtain a higher SNR, since it is situated at the end of the PA/PT transfer function plateau (see figure III.7)

At least, in this configuration. We can imagine a strain sensor situated on a sensitive structure (membrane or cantilever) in order to detect pressure variations in the mPa range. However, this requires to engineer a whole new system with vibrating elements.

To provide a generic sketch, the probe light beam modulation, necessary to perform PDH locking, is not represented here, as it concerns only the πFBG transducer.

For 1f detection. In the case of 2f detection, the modulation is performed at half the resonance frequency.

This is the main peculiarity of this new detection scheme, that requires two lock-in inputs: one is used for the stabilization, the other for the signal detection
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Since the term is purely real only the cosine term from equation (III.27) is kept and demodulated at Ω. This quantity is called the error signal and equals: err = 2 P c P s d|r | 2 dω Ω (III.31)

From equation (III. [START_REF]Principles of lock-in detection and the state of the art[END_REF] we see that for low frequencies the error signal is directly proportional to the derivative of the reflectivity and gives thus an indication on the detuning δω. Moreover, we see that increasing the value of Ω increases the amplitude of the error for a fixed detuning. In the case where Ω ≫ FWHM the sidebands are totally reflected: r (ω ± Ω) ≈ -1. In this case, the cosine term from equation (III.27) vanishes and the error signal is given by the imaginary part of the reflectivity: Near resonance (i.e., zero detuning), the sign of the error signal indicates on which side of the resonance the laser is, and the slope gives the sensitivity of the PDH method. From figure III.11 it is clear that it will be more convenient to consider the cosine component in the slow modulation regime for better results, while in the fast modulation regime the sine part will be more sensitive. This observation is confirmed by the parametric study, shown at the bottom of figure III.11, where we observe a first linear evolution of the slope of the Re[χ] function until approximately 10 MHz, and after that a significant increase of the Im[χ] slope, reaching a plateau after 200 MHz.

III.4 Instrumentation for the Pound-Drever-Hall locking

III.4.1 Probe laser

We explained in chapter II that a current controlled laser diode was enough to perform both optical reading of the acoustic perturbation and wavelength locking to prevent the EFPI from drifting. The current control loop enabled thus to reach a stability up to 100 s (see Allan deviation, on figure II.52). Although our compact laser diode was efficient to lock on our low finesse FP cavity, its efficiency for PDH locking on a very narrow cavity (FWHM of 1 pm expected) would be limited by its intensity noise, and wavelength tuning accuracy. Moreover, its tunability range is quite limited and not adapted for preliminary tests on various πFBG with different resonance wavelengths.

To perform an efficient PDH control, an ECDL source (for more details see section II.4.1.1) is used in the first instance (Toptica, DL pro 1550 nm). The laser comes with a fiber coupler, an isolator and a digital controller (DLC pro) enabling a current and temperature control with excellent stabilities, as well as a piezo control to provide an accurate wavelength tuning, with a range of ∼ 200 pm. An aditionnal coarse tuning can be performed by manually moving the grating position, with a wavelength tuning range of ∼ 100 nm. The modulation scheme to perform PDH locking can be performed by two methods:

Current control

-a frequency modulation via the analog AC current input of the Toptica laser source. This current modulation however adds intensity modulation and thus unwanted contributions to the measure, -a phase modulation via an external EOM : this option is preferred as it does not add laser intensity noise.

Concerning the laser feedback, just after the PID stage, three channels can be controlled to tune the emission wavelength (see table III.4): the temperature, current, or piezo voltage channel. The temperature channel is not chosen as it allows to correct only slow variations (indeed, the manufacturer tries to reduce at maximum this value to provide a stable laser wavelength). The current channel has the advantage of a fast response but causes a variation of the emitted power and thus unwanted fluctuations on the error signal, leading to additional noise in the control loop. In contrast, the piezo voltage control is reliable on the long term, accurate (minimal step of 9.5 µV), offers an interesting bandwidth 6 (kHz range) compared to temperature control, and does not affect the laser intensity.

6. A bandwidth of 1 kHz is enough for our application, but in the case where a higher correction bandwidth is needed, a second closed-loop control via the current channel can be added to the initial piezo control, in order to correct the high frequency contributions.

CHAPTER IV. IMPLEMENTATION FOR THE PHOTOACOUSTIC AND PHOTOTHERMAL DETECTION OF TRACE GAS

Both lasers were preliminarily characterized in order to allow for precise optical intensity and wavelength tuning. This characterization leads to two polynomial fitting functions which describe the laser intensity I QCL (i QCL , T ) and wavelength λ QCL (i QCL , T ) as a function of the applied current i QCL and temperature T , reported in appendix F.

To scan the absorptions peaks, the current is swept, while a nominal working temperature of 25°C is fixed (close to the room temperature), which reduces the risk of thermal instabilities.

CHAPTER IV. IMPLEMENTATION FOR THE PHOTOACOUSTIC AND PHOTOTHERMAL

DETECTION OF TRACE GAS free-space Fabry-Perot interferometers, and not with a completely guided interferometer like the πFBG transducer, which has many advantages (no alignment, compactness, robustness, etc.) compared to the free-space interferometer. Moreover, the presented results are meant to show the potential for this transducer, coupled with a Pound-Drever-Hall technique, rather than illustrate the highest sensitivity. Indeed, various points for improvement can be put forward:

-increase the quality factor of the πFBG resonance to increase the optical sensitivity, -decrease drastically the cell volume to work at higher photothermal frequencies where the noise is reduced. Some research teams studied the photothermal generation in extremely small volumes, like for example hollow core fibers, and reached operating frequencies above 10 kHz [START_REF] Yang | Hollow-core fiber Fabry-Perot photothermal gas sensor[END_REF], [START_REF] Tan | Cavity-Enhanced Photothermal Gas Detection With a Hollow Fiber Fabry-Perot Absorption Cell[END_REF]. Indeed, we believe that the low frequency operation is not really adapted for PDH locking, since a large fraction of external perturbations lies below the 100 Hz range and cannot be corrected by the closed-loop.

-keep control of the light injection with new cells architectures, and lensed fibers (GRIN lenses) to correctly focus the excitation beam inside the cell. 

Index

Appendix A

Finite element method resolution

The finite element method (FEM) consists in solving a discrete approximation of partial differential equations (PDE), in our case in two-dimensional or three-dimensional spaces, through a meshing of the simulation domain into small parts, called finite element. In the FEM, a numerical approximation of the PDE solution, often based on the Galerkin method, reduces the PDE on the entire domain to a matrix equation. With this method, a very large range of physical problems can be solved, and different studies can be made: transient study, harmonic analysis, eigenmode resolution, etc. For the calculation performed in this manuscript, we focused on the eigenmode resolution and frequency response analysis. The FEM models were implemented within the framework of the commercial software COMSOL Multiphysics.

This appendix summarizes and recalls the differential equations, the geometry, the mesh and the boundary conditions implemented in the simulator for the following physical systems, presented in the chapter II of the manuscript:

-The mechanical response of the hinged-cantilever diaphragm, solved with the thin plate theory (section A.1),

-The thermoviscous simulation of the fluid behavior inside the photoacoustic cell, solved with the fully linearized Navier-Stokes equations (section A.1),

-The coupled response of the mechanical structure surrounded by the fluid, in the acoustic (microphone transducer) or photoacoustic (gas sensor) configuration (section A.2).

A.1 Preliminary 2D studies Eigenmode resolution of the hinged-cantilever diaphragm

The purely mechanical FEM resolution is presented in section II.2.2, and consists in the resolution of the plate equation in two dimensions. The equations solved in COMSOL are based on the Mindlin-Reissner plate theory (equivalent to the Kirchhoff-Love theory used in the lumped model, but with shear deformations).

The figure A.1a shows the considered geometry and mesh for the FEM resolution. A clamped condition is set on the circumference of the diaphragm (red line) and a symmetry is used (black line) to divide by two the computation time. The other edges, around the cantilever structure, are free to move. A triangular mesh is used, with a refinement on the hinge (meshed with rectangular elements). The mechanical parameters for the eigenmode resolution are those of the stainless steel material used for the fabrication of the diaphragm: E m = 185 GPa, ν = 0.28, ρ m = 7850 kg/m 3 . 

Heat generation in the cylindrical cell

The fully linearized Navier-Stokes (FLNS) equations in the harmonic regime, detailed in equation (II.40), are considered for the prediction of the fluid behavior inside the PA cell. In COMSOL, these equations are implemented in the thermoviscous module. The cylindrical cell is simulated in a 2D axi-symmetric geometry with triangular elements. The walls (red line), made of metal, have no slip (v = 0) and isothermal conditions (τ = 0). To ensure a correct evaluation of the steep variation of the velocity and temperature at the walls vicinity, a mesh refinement (boundary layers) was performed inside the viscous and thermal length, given in equation (II.44). Considering air and a maximal frequency of 10 kHz, we obtain δ τ ≈ δ v ≈ 20 µm, so the thickness of the mesh layers is chosen below this value. The harmonic perturbation is a heat source (expressed in W/m 3 ) uniformly distributed in the entire domain. The FLNS equations are solved for several frequencies to obtain a spectral response.

A.2 Thermoviscous and mechanical coupling

A frequency analysis is performed in presence of i) an incident pressure (for the microphone response study) and ii) a heat source (for the photoacoustic generation study). In this case, a coupling between the fluid and the mechanical structure is accounted for. As a consequence, the 2D geometry and the thin plate theory cannot be implemented for the mechanical structure, since this geometry cannot take into account the effect of the viscous loss through the thickness of the ventilation slit. The 3D equation model considered for the diaphragm behavior is based on the complete theory of linear elasticity, and the fluid behavior is predicted with the FLNS equations.

Microphone response

The geometry of the complete system used to predict the response of the transducer in the acoustic configuration (microphone) is shown in figure A.2. As explained in section II.2.3.3, the thermoviscous simulation domain can be separated into 3 domains (see figure A.2): the external domain with an incident plane wave (1), the ventilation slit (2), and the back volume [START_REF] Goldenstein | Infrared laser-absorption sensing for combustion gases[END_REF]. The transition betwen the domain (1) and ( 3) is illustrated in the inset, and shows the ventilation slit (thermoviscous domain), while the mechanical structure is made invisible, for more clarity. The ventilation slit, where most viscous losses take place, is meshed with hexahedral elements for accuracy, and the rest of system is meshed with tetrahedral elements. This system can be solved in the purely thermoviscous case (no mechanical structure) or with the mechanical coupling. In this case, the domain ( 2) is composed of both the ventilation slit and the 3D hinged-cantilever diaphragm. The interface between the two domains, where thermoviscous and structural mechanics apply, is isothermal, and allows no slip (the diaphragm velocity is equal to the fluid velocity). 

Gas sensor response

In the PA configuration, the hemisphere with pressure condition is replaced by a closed cylindrical volume with a uniform heat distribution, with a similar mesh (mainly composed of tetrahedral elements). The final system (solved in a geometrical domain with the dimensions reported in tables II.9, II.11 and II.12) has 320 000 degrees of freedom and takes 11 minute to solve the coupled equations for one frequency point (with 20 cores at 2.20 GHz), i.e. 8 hours and 45 minutes for the 47 points ranging from 10 Hz to 10 kHz. 

Appendix B

Solid mechanics response B.1 Plate

In the case of a circular plate, the following equation is considered, in polar coordinates:

For a clamped circular plate of radius r p , the boundary conditions for the n th vibration mode ψ n (r ), with r ∈ [0, r p ], are given by:

In this case, the solution of the n th eigenmode reads:

And the eigenvalues γ n are solved by the following characteristic equation:

B.2 Cantilever

In the case of a cantilever beam, the following equation is considered, in cartesian coordinates:

For a clamped-free cantilever beam of length ℓ 1 , the boundary conditions of the n th vibration mode ψ n (x), with x ∈ [0, ℓ 1 ], are given by:

In this case, the solution of the n th eigenmode reads: The solution can be calculated:

Where A and B depend on the boundary conditions (p 1 , 〈v〉 1 ) and (p 2 , 〈v〉 2 ):

By use of the modified Euler equation, a direct relation between the pressure and velocity at the tube ends can be expressed:

and rearranged in this way:

leading to the impedance and admittance representation, given in equation (II.48). THERMOACOUSTIC MODEL

Cylinder case

The Helmholtz equation is reduced to the radial coordinate r and can be easily solved, with the following distribution function ψ φ , of average value 〈ψ φ 〉:

Similarly, the lumped elements for a cylinder of length ℓ and volume V can be calculated. This time, three equivalent parameters (real part and imaginary part of Z diff and Y com ) are accounted. After an asymptotic evaluation at the first order for low frequencies, the following expression is obtained:

where R ac = 8µ 0 ℓ πR 4 and L ac = ρ 0 ℓ πR 2 and

In the presence of a heat source, the isothermal condition leads to a parallel resistance, calculated in section II. 

Appendix E

State-space representation

The state-space representation, implemented in section II.2, relates the state vector X, input vector U and output vector Y to the matrix E, A, B, C, D, through the following equations:

We report hereafter the value of these matrices for the three blocks respectively studied in section II.2.2 and II.2.3.

E.1 Mechanical block

Solutions for the E, A, B, C, D matrix for the mechanical block:

With the following state X, input U and output Y:

E.2 Ventilation slit block

Solutions for the E, A, B, C, D matrix for the acoustic block:

With the following state X, input U and output Y:

E.3 Photoacoustic generation block

Solutions for the E, A, B, C, D matrix for the photoacoustic block:

With the following state X, input U and output Y:

Appendix F

Quantum Cascade Laser characterization

Two quantum cascade lasers are used as excitation sources for the proposed sensors. For the extrinsic cavity presented in chapter II, a laser from Thorlabs was used, while for the Bragg grating cavity from chapter III, a laser from AdTech was used. We report below the characterization of these lasers, performed with a commercial Fourier-transform infrared spectrometer. For each laser, the emitted power and wavelength are expressed as a function of the supply current and temperature. Le second capteur, conçu à partir de la cavité de Bragg sur fibre, est testé en configuration photothermique, sur une raie d'absorption du dioxyde de carbone atmosphérique, à 2362,8 cm -1 . Ce montage expérimental constitue la première démonstration de cette nouvelle technique, utilisant la méthode de Pound-Drever-Hall pour mesurer une perturbation photothermique dans un milieu gazeux. Deux cavités sur fibre ont été testées dans des enceintes cylindriques, avec une optimisation du signal photothermique à 10 Hz (voir table IV.2). Les mesures valident l'approche proposée, et permettent d'estimer la limite de détection du CO 2 atmosphérique autour du ppm/ Hz.

Conclusion et perspectives

L'objectif de cette thèse était de proposer de nouvelles approches optiques pour la détection de traces de gaz par la méthode photoacoustique ou photothermique. Cellesci ont l'avantage de pouvoir être utilisées dans une grande variétés de milieux agressifs (explosifs, corrosifs, etc.). Un des enjeux est également de proposer des méthodes compatibles avec l'élaboration à plus long terme de capteurs miniaturisés utilisant les techniques de la photonique intégrée. Le principe d'une lecture de la perturbation photoacoustique et photothermique par une cavité Fabry-Perot a été dévelopé, et décliné en deux prototypes : la cavité de faible finesse placée en bout de fibre, dite extrinsèque, et la cavité de haute finesse réalisée à partir d'un réseau de Bragg à défaut. Les deux systèmes ont été conçus, fabriqués, et testés, puis leur performances ont été finalement évaluées.

Le premier capteur basé sur la cavité extrinsèque est une variante d'une technique existante, et les performances obtenues sont au niveau de l'état de l'art. De plus, une importante amélioration de la sensibilité est attendue quant à la miniaturisation de l'enceinte de gaz de ce premier type de capteur, comme cela a été démontré expérimentalement durant cette thèse. Le second capteur, basé sur la cavité de Bragg, constitue une première démonstration de la méthode, avec des premiers résultats encourageants. L'avantage de cette technique réside dans l'aspect purement monolithique du réseau de Bragg à défaut, conduisant donc a une robustesse significative du transducteur. La piste d'une miniaturisation sur puce est également envisagée, avec de nouveaux champs d'applications, telles que l'imagerie photoacoustique en milieux condensés.