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The main objective of this PhD was to develop new methods and obtain new information about spectroscopy of molecular, radical species or ions of astrophysical interest at the Institute for Molecular Sciences of Orsay (ISMO), especially in the near infrared and visible spectral range. The project was developed in the research group "Molecular Systems, Astrophysics and Environment" (SMAE) at ISMO. The first part of the work was devoted to the study of the very weak high-overtone vibrational bands of cyanoacetylene (HC3N) molecule with the cavity ring down spectroscopy (CRDS) technique. The second part of the work was devoted to the implementation of an inductively coupled radio frequency (RF) plasma source of transient species, coupled to a CRDS set up.

Characterization of the plasma and its pertinence to produce anions was demonstrated through the quantitative measurement of the C2 -/ C2 ratio in a wide variety of conditions.

A quantitative spectral analysis of the 15 NH2 radical was performed to help and confirm the observed 15 NH2/ 14 NH2 ratio in the atmosphere of comets. The third and last part of the work was devoted to the development of a CRDS scheme called DEFComb-RDS, meaning Dual Etalon Frequency Comb Ring Down Spectrometer. This technique is based on the use of two optical cavities with high finesse, injected by two beams originating from the same laser and the analysis of the heterodyne components appearing after the Fourier Transform of the signal resulting from the superimposed outgoing signals from the two cavities. A heterodyne signal was obtained from the combination of two frequency combs from two cavities with about 300 MHz free spectral ranges, via the use of a midband optical parametric oscillator laser source with 4 cm -1 spectral width and 5 nanoseconds temporal width. Analysis of the heterodyne components in time and frequency allowed recovering the ring down time for each beat note. The actual figure of merit was then calculated to be about 10 -9 cm -1 √Hz and ways for improvement are assessed. This technique should allow performing molecular spectroscopy with ultimate spectral resolution delivered by the high finesse cavities of the CRD set up, using nanosecond broadband sources and exploiting the full capacities of plasma sources of transient species.

i Résumé L'objectif principal de cette thèse était d'obtenir de nouvelles informations sur la spectroscopie d'espèces moléculaires radicalaires neutres ou ioniques d'intérêt astrophysique en particulier dans le domaine spectral du proche infrarouge et du visible. Ce travail a été effectué dans le groupe de recherche «Systèmes Moléculaire, Astrophysique et Environnement" (SMAE) à l'Institut des Sciences Moléculaires d'Orsay (ISMO).

1) La première partie de ce travail a été consacrée à l'étude d'harmoniques élevés de la vibration C-H (1) de la molécule cyanoacétylène (HC3N) avec la technique de spectroscopie d'absorption ultra sensible par mesure de durée de vie de photons dans une cavité optique de haute finesse, technique dite de Cavity Ring Down Spectrroscopy (CRDS). Dans la première partie de ce travail, cette technique CRDS a permis de d'identifier les 2 bandes harmoniques de 1 (51 et 61), les 4 bandes de combinaison (41+3, 51+3, 41+2 et 51+2) ainsi que la bande chaude (61+5-5), toutes situées dans le domaine visible (entre 14 600 et 18 600 cm -1 ). Les valeurs d'intensité intégrée absolue ainsi que les forces d'oscillateur ont été également obtenues pour ces bandes, pour la première fois. La force d'oscillateur de ces toutes ces bandes est typiquement comprise entre 7×10 -11 et 4×10 -12 sauf pour la bande de combinaison (51+2) pour laquelle cette valeur a été estimée à 9×10 -13 . Ces résultats ont déjà fait l'objet d'une publication : Cavity Ring Down Spectroscopy Measurements for High-Overtone Vibrational Bands of HC3N,

Nous avons également observé les spectres électroniques de l'anion C 2 -, sur les séquences vibrationnelles (0-0) et (1-1) de sa transition électronique 𝐵 2 Σ 𝑢 + ⟵ 𝑋 2 Σ 𝑔 + située entre 530 et 542 nm dans les mêmes conditions expérimentales que celles utilisées pour la production du radical C2. La densité absolue pour C 2 -, a également été obtenue pour les différents précurseurs. Celle-ci varie entre 1.4 et 1.8 10 8 cm -3 ce qui donne un taux de conversion du précurseur relativement constant et situé autour de 10 -5 .

Les rapports entre les concentrations de C 2 et C 2 -ont également été déterminés pour les différents précurseurs utilisés et les différentes conditions expérimentales testées. Ce rapport C 2 -/C 2 varie de quelques % jusqu'à près un peu moins de 12% avec l'acétylène comme précurseur, ce qui représente un grand rapport. Ce résultat nous amène à proposer d'utiliser le radical anionique C 2 -comme traceur de la croissance de nanoparticules carbonées dans les plasmas. En effet les plasmas crées avec l'acétylène pouvaient, dans certaines conditions expérimentales aboutir à la création d'une importante quantité de suies carbonées.

Nous avons également été en mesure de faire, à la fin de cette deuxième partie du travail, la spectroscopie du radical 14 NH2 sur sa bande vibronique
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située autour de 598 nm (16700 cm -1 ). Pour cela, une décharge dans un mélange de 14 NH3 et d'argon a été réalisée pour des conditions expérimentales typiques de 1% de 14 NH3 dans l'Ar, un flux de 1 l/min, une pression dans la cellule de 0.5 mbar ainsi qu'une puissance de décharge de 50 W. Nous avons également été en mesure d'extraire la densité absolue de radicaux 14 NH2 égale à environ 6.3 10 11 cm -3 , sur la base de l'hypothèse que les 2 températures vibrationnelles et rotationnelles sont tous deux égales à 1750 K. Dans cette hypothèse, le rapport de conversion de 14 NH3 en 14 NH2 est de 0.42 %. En utilisant le précurseur 15 NH3, nous avons également fait le même travail de spectroscopie pour l'isotopomère 15 NH2, pour lequel aucune donnée précise n'est disponible dans la littérature. En raison des perturbations, il est en effet impossible de prévoir simplement la position et l'intensité des raies du radical 15 NH2 à la lumière de celles, connues, de 14 NH2.

Afin de comparer l'intensité des raies rotationnelles de l'isotopomère 15 NH2 à celle de l'isotopomère 14 NH2, nous avons généré une décharge d'un mélange de 50%-50% 14 NH3 et 15 NH3 et enregistré le spectre du mélange autour de 17347 cm -1 . Des rapports d'intensité ( 14 NH2/ 15 NH2) ont été mesurés notamment sur les 2 raies : 312-422 (F1-F1) et (F2-F2) et valent 1,12 et 1,15. Ces résultats impliquent que les récentes mesures du rapport isotopique 14 N/ 15 N dans les comètes, issues du rapport des raies d'émission des 2 isotopomères 14 NH2 et 15 NH2 et basées sur l'hypothèse d'une intensité identique dans ces 2 espèces isotopiques, peuvent nécessiter un ajustement pouvant aller jusqu'à 15%.

3) Dans la troisième et dernière partie de cet ouvrage, une nouvelle technique DEFComb-RDS a été étudiée. Ce projet consiste à injecter 2 Cavités optiques de haute finesse avec la même impulsion issue d'un laser nanoseconde et de recombiner les deux modes transverses fondamentaux TEM00 sortant des deux cavités sur un détecteur de type PMT.

Lorsque toutes les conditions sont réunies, nous observons des battements caractérisés par l'apparition de fréquences nouvelles dites hétérodynes.

Pour obtenir le signal hétérodyne, il est notamment nécessaire que la source ait des caractéristiques très spécifiques en termes de durée d'impulsion p et de degrés de cohérence. Nous avons essentiellement avec une impulsion nanoseconde et accordable issue d'un laser à solide de type mid-band OPO (OPOTEK) pompé par un laser Nd :YAG. Ce laser accordable possède une largeur spectrale d'environ 4 cm -1 . Beaucoup de temps a été consacré à l'optimisation du couplage entre cette source à bande large et les deux cavités optiques, afin d'éliminer au mieux les modes transverses longitudinaux.

Les fréquences hétérodynes apparaissent après Transformée de Fourrier du signal temporel obtenu par recombinaison des 2 déclins exponentiels issus des 2 cavités. Pour reconstruire le déclin exponentiel de chacune des fréquences hétérodynes, il est nécessaire de calculer dépendance temporelle de la Transformée de Fourrier d'une tranche du signal temporel.

Nous avons réussi à extraire des coefficients d'absorption pour chaque fréquence hétérodyne mais, en raison du spectre très structuré en modes longitudinaux de la source laser OPO utilisée, le faible nombre de fréquences hétérodynes observées ne permet pas une application à la spectroscopie moléculaire. Ce problème peut être résolu par l'utilisation d'une source lumineuse à large bande, sans aucune structure en mode longitudinal (sans cavité) et présentant un degré suffisant de cohérence. Une telle source nanoseconde pourrait ainsi permettre l'excitation de tous les modes longitudinaux des cavités optiques ensemencées dans la bande spectrale.
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Astrophysics is considered as a branch of space science which tends to exploit physical and chemical principles in order to provide explanations about the birth, life as well as death of stars, planets, nebulae, galaxies along with diverse objects present in the universe 2 .

Molecules are discovered in a huge variety of astronomical objects such as planetary nebulae, interstellar clouds, stellar atmospheres, circumstellar envelopes and comets.

Additionally, molecular observations deliver a great amount of helpful information associated with physical properties as well as chemical compositions. Molecular spectra bring diagnostics which help determine the density, temperature and composition of the investigated regions. Even though initial detections of molecules in extraterrestrial environments were implemented in the visible domain, the great portion of latest discoveries has been recorded in the millimeter wave domain. Nonetheless, the employment of sensitive array detectors has helped recover the spectroscopic measurements in the visible region; besides infrared array detectors have also an impact through the infrared astronomy. Since infrared and submillimeter wave astronomy are attracting more attention, molecules, therefore, play an increasingly vital role in astrophysics 3 .

The list of molecules, radicals and ions that have been detected in the interstellar medium 4 , circumstellar environment and other astrophysical systems is given in Table 1-2. This list, although large, highlights the need to detect new molecules, radicals and ions (cations and anions) to offer new tracers of local conditions and to help to explain unidentified molecular features. Although rotational spectroscopy has allowed numerous detections, most of in fact, electronic spectroscopy may help the observation of molecules without strong dipole moment. In addition, in order to model the photophysics of some tracers in some environments such as the coma of comets, the knowledge of the most complete set of data possible is necessary for the most important tracers as C2 or NH2 for instance, including their isotopomers. Multiphoton Ionization (REMPI) and Photoacoustic spectroscopy (PAS). These techniques will be introduced in the following sections that focus on laboratory methods in the visible to UV (and NIR).

In the spectroscopy field, there are also two essential characteristics, which are spectral resolution and signal-to-noise ratio (S/N) that determines the detection limit. It is essential to first have a closer look at these since they are important performance indicators to be concerned with when regarding spectroscopic methods.

Resolution: Depending on diverse circumstances, the actual line shape might be described by either a Gaussian or a Lorentzian function illustrated by a linewidth, ∆λ. The output of a spectrometer will also contain the instrumental linewidth. The resolving power of a specific spectrometer is defined as λ/Δλ.  For a system which employs a multi frequency source and a monochromator to send a selected narrow band of frequencies into the sample, the resolution will be restricted by the width of an output slit. It always exists a trade-off between the slit width against the power transmitted, thus between the resolution versus the time needed to attain a spectrum.  For a system using a single-frequency source, the resolution will be commonly determined by the source's bandwidth and stability.

Signal-to-noise ratio (S/N):

In any spectrometer, there will be always noise that takes place from accidental fluctuations of the electronic components which control the source as well as process the signals at different points. Due to a sample, there might be a case in which the absence of signal absorption occurs; this noise will create a background fluctuation which then leads to a randomly varying output. With a given molecular energy transition, it exists a certain absorption coefficient that will provide the fraction of power absorbed per unit path length in the sample. In case the coefficient is small enough that the variation of output power after absorption is lower than the random fluctuations due to noise, S/N will then be less than unity and the expected signal will be lost in noise. There are ways to improve this value of S/N via the use of (1) high-quality stable electronics, (2) cumulative spectra techniques and (3) a variety of modulation methods like beam chopping in the infrared region, magnetic field modulation in NMR and ESR or Stark modulation in the microwave region 1 .

In order to be able to compare the S/N capacities of different spectrometers, one can use the smallest detectable absorption (or noise equivalent absorption). It can be pondered by the acquisition time and the number of data points to be acquired, providing the figure of merit M:

Δν δν x t α M acq min  (1-1)
Here αmin is the lower limit of detectable absorption and tacq the acquisition time of the number of spectral measurements in a Δν spectral range with a δν spectral resolution. The figure of merit is the noise equivalent absorption obtained in 1s per spectral point. This indicator will be preferentially used in this PhD thesis to characterize the performance of our set ups.

Direct absorption spectroscopy

Direct absorption spectroscopy is known as a very powerful technique in analytical and physical chemistry. Its principle is based on the Beer-Lambert law 5 , which gives a quantitative relationship between the intensity of a spectral feature and the frequencydependent absorption properties of the sample:
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where I0 and I are the intensities of light entering and leaving the cell respectively, L is the sample path length and α (λ) is the absorption coefficient at wavelength λ.

In case of one single species in the sample, then:
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with N [cm -3 ] being the number density (molecules per volume unit) of the absorbers, σ(λ) being the absorption cross-section at λ wavelength [cm 2 ]. This method is considered as a simple, noninvasive as well as a quantitative technique in order to get spectroscopic information on the species in gas, liquid, or solid phase. From the experiment, we are able to determine the absorption coefficient and consequently, the absorption cross-section if the density of absorbers is known or the density of absorbers, if the absorption cross-section is known.

The minimum detectable absorption coefficient can be written as:
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One of the disadvantages of this technique is related to the determination of the ratio I/I0 which causes the poor sensitivity. Indeed, the fluctuation of the intensity of a radiation source, are rarely better than a few percent which limits the sensibility.

Direct laser absorption spectrometry (DLAS) techniques are usually restricted by the detection of absorbance at value of approximately 10 -2 -10 -3 . This, therefore, limits its application in a number of research fields (trace gas detection, for example). The detection limit might be improved by 1) weakening the noise, 2) employing transitions with greater transition strengths or 3) increasing the effective path length. The first factor can be obtained thanks to the use of a modulation technique; to achieve the second factor, it is suggested to use transitions in unconventional wavelength regions and for the third factor via using external cavities. As a consequence, the synchronous detection (using DLAS techniques along with making improvement for one of the three factors) will enhance considerably the detection limit. For illustration, Wavelength Modulation Spectroscopy (WMS) or Frequency Modulation Spectroscopy (FMS) technique reduces the noise and the detection of absorbance 6,7 can reach values of around 10 -5 .

1.2.2. Indirect absorption Spectroscopy 1.2.2.1. Photons Detection One of the existing indirect absorption spectroscopy techniques consists of collecting the photons emissions of the species emitting when it decays back to lower energy state or to the ground state (see the Figure 12).

If the source used to excite species is a laser, this technique is called Laser Induced Fluorescence (LIF). If all the fluorescence is collected and if the energy of the exciting photons is scanned, it is possible to record a fluorescence excitation spectrum which gives spectroscopic information of upper excited states. If the energy of the exciting photons is fixed and if the fluorescence is dispersed, it is possible to record dispersed fluorescence spectra which gives spectroscopic information of lower excited states.

One of the advantage of LIF technique is that it is a background free technique and is very well adapted for electronic transitions located in the visible and UV regions. On the other hand, LIF detection is limited to excited state with fluorescence quantum yield ≥ few 10 PM, CCD camera,… the remaining scattered light; easy to do when the fluorescence lifetime is longer than the exciting laser pulse. LIF is also not adapted in IR regions because of much lower fluorescence rates and poorer sensitivity of IR detectors. It is also not adapted for applications at high pressure due to collisional quenching. LIF may be a quantitative technique if a calibration standard is used as OH for example.

Typical detection limits of other LIF versions are:

-PLIF : Planar LIF measurements for Na atoms in the plume of a single particle suspended in the flat flame are implemented and calibrated through laser absorption.

The atomic sodium's temporal concentration profile attains a peak of 64.1 ppb at the end of char combustion before decaying 8 .

-Photofragment LIF: Photofragment experiments on Ni employing NiCl2 as precursor are carried out using 193 nm excitation within a heated laboratory cell at temperature of 1000 o C. One can estimate a detection limit of approximately 50 ppb for a typical flue gas at atmospheric pressure, with a laser fluence of 10 mJ/ cm 2 and averaging over 500 laser shots.

-Na-LIDAR: Huang et al. 9 measured simultaneous wind and temperature by using This technique possesses certain advantages; one of those is its high sensitivity due to background free detection. If REMPI couples with mass-selection spectrometer, it becomes a mass selective technique. There is no limitation in VUV range. The drawbacks are that it may not be adapted to heavily pre-dissociated intermediate resonant states and very difficult to turn it into a quantitative technique (ionization cross sections have to be known as well). Furthermore, it is challenging to perform under atmospheric conditions.

Another drawback is that it is mainly limited to long-lived intermediate states as for LIF.

Detection limits are in fact usually in the same range as LIF. Microphone or piezoelectric detector microphone. So consequently, Photoacoustic spectroscopy is a highly sensitive technique of absorption spectroscopy. A number of studies about very weak high vibrational overtones have been performed with this technique. However, photoacoustic spectroscopy is not considered as a direct quantitative technique. Besides, this technique also needs the use of high power lasers, such as CO2 laser and relatively high pressure (1 bar) to reach high sensitivity.

Photo Acoustic Detection

Concluding remarks

Developments are continuing, either in the lab or for application (for example, LIF, metal LIDAR…). The great advantage of LIF and REMPI techniques is that these techniques are background free. Nevertheless, a disadvantage of these techniques is that they are not selfcalibrating. Sometimes, the calibration procedure is difficult to perform. One of the weaknesses of indirect absorption is its limited sensitivity. As a consequence, a new method, Cavity Ring-down Spectroscopy, has been developed to improve the limited sensitivity as well as to restrict the drawbacks of "conventional" absorption spectroscopy. 
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After one round trip, the intensity of the second pulse is given:
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with t1=2L/c= Δt being the round trip time. One more round trip takes place, the third pulse's intensity will be: 
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whereby t2 = t1 + Δt = 2 Δt So, after n+1 completed round trips, the intensity of pulse on the detector will become:
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in which tn+1 = tn + Δt, then:
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According to the calculation,
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Here τ0 is called the ring-down time and corresponds to the surviving mean time of the photons in the empty cavity. It is also called mean lifetime of photons in the cavity.

On the detector, generally a photomultiplier tube (PMT), in the case the round trip time t=2L/c of the pulse in the cavity is longer than laser pulse timewidth t, we observe a series of peaks separated with the same round trip time t and with exponential decay decreasing intensities. In the case that the round trip time t=2L/c of the laser pulse in the cavity is smaller than laser pulse time-width t, we observe a continuous exponential decay (see chapter 4 for more details).

Because, in this technique, the reflection coefficient R is generally very close to 1, the transmission T=1-R is very close to 0:
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As an example, to give order of magnitude: if the length of the cavity L = 100 cm and the reflection coefficient R=99.99% (typical value generally easily reached in the red), we obtained a ring down time value of τ0 = 33.3 µs corresponding to an impressive effective mean distance done by the photons of Leff = c τ0 = 10 km.

If we suppose now that absorbing species with an absorption coefficient ) at the  wavelength fill the cavity, following to the Figure 123456.

According to Beer-Lambert law, we can express now the intensity   After one round trip time, at the time t1:
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So, after n+1 completed round trip, the intensity of pulse on the detector will become: 
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And also
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If the reflection coefficient R of mirror is very close to 1 and if the losses represented by 2α(λ)d are much smaller than 1 (i.e. weak absorption), also:
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Ring-down time is also given:
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When there is some absorbing species in the cavity, the intensity decreases also with an exponential decay, but the ring-down time is smaller, due to the absorption coefficient. The photons absorbed by the species are lost for the laser pulse and because of these additional losses the ring-down time is smaller.

From equation (1-18) and (1-28) we can extract the value of:
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If the cell is entirely filled by the absorbing species (L=d), the absorption coefficient of the species at λ wavelength is also easily deduced by the formula: 
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If the absorption cross-section of the species is known for the wavelength , we can also extract the number density N of the species from the absorption coefficient measured with this experiment. On the contrary, if the density N of the species is known, we can extract from ) (  , the absorption cross-section of the species.

The minimum detectable absorption in CRDS can be provided as below:

                                                                                      L T L R c c 2 2 1 2 1 1 0 2 2 0 0 min (1-32)
The smallest absorption coefficient which can be determined is proportional to the mirror transmission and inversely proportional to the length of cavity. It is directly positively proportional to a constant fractional change in time       . Therefore, it can also be asserted that the absorption coefficient is independent of the intensity fluctuation of the source.

With a simple CRDS set-up, a minimum absorption coefficient of 4 10 -6 cm -1 can be easily achieved with for example R=99.9 %, L=50 cm and       = 10 %.

 Disadvantage of the CRDS technique

The highly reflective mirrors possess a narrow bandwidth. Indeed, the reflection coefficient R of the mirrors depends on the wavelength: R(). Normally, the mirrors' bandwidth is about 50 nm in the visible region (see Figure 1234567). However, when the reflection coefficient R of the mirrors becomes bigger in value, the bandwidth will be narrower, leading to the fact that we will only be able to measure in a smaller range. Another disadvantage is that in case the range of the absorption features is unknown, exploration may not be performed by CRDS due to the limited scan range.

The mirror contamination will (dramatically) reduce the sensitivity of this technique due to the necessary high reflection coefficient R of the mirrors, which puts constraints on the sample cell.

The higher the reflection coefficient R of the mirrors is, the more expensive the price of the mirrors will be.

 Some typical values:

If L = 1 m, R=99.99 % and % 1 ) (      (the lowest achievable variation detection in conventional CRDS) , according to formula 1-32, it is easy to obtain min ~2 10 -8 cm -1 , comparing to the result achieved by the direct absorption technique, at best 10 -4 cm -1 for L=1 m. Besides, if N = 2.4 10 16 cm -3 (P = 1 mbar) is given, and min ~ 10 -8 cm -1 , then according to formula 1-31, we can calculate the absorption cross-section of the sample min ~ 5 10 -25 cm 2 .

With typical molecular electric-dipole allowed rovibronic transitions the absorption crosssection is  ~ 10 -18 cm 2 , according to formula 1-31 the detectable number density (molecules per unit volume) of the absorber is Nmin ~ 10 10 cm -3 and corresponds to ~ 0.5 ppbv.

Typical molecular electric-dipole forbidden but magnetic-dipole allowed rovibronic transition as for example the O2 molecule on its

     g g X b
1.2.3.3. Story of development of Cavity Ring-Down Spectroscopy Herbelin and Anderson 10,11 are two scientists who can be seen as pioneers of the CRDS technique. In 1980, Herbelin et al. 10 proposed, for the very first time, the use of an optical cavity to measure the reflectivity of a pair of mirrors in cavity. They used a modulated continuous laser which was paired with an optical cavity. The measurement of the result Phase Shift at exit mirror allows the mirror reflectivity to be determined at an accuracy of 0.01 %.

Herbelin 's work was followed by Anderson et al. 11 in 1984 who presented their work using a shuttered laser pumped to an optical cavity. This was the first measurement of the photon lifetime in a resonator by monitoring the intensity decay that occurred when the laser was shut off with a fast optical switch (Pockels). They measured the characterizing reflectivity of low-loss highly reflecting mirror at an accuracy of 5 ppm.

In the 1988, O'Keefe and Deacon 12 demonstrated the possibility to use this technique to do spectroscopy. They simplified the experiment arrangement by using of pulsed laser and the intensity decay was directly measured after the output mirror. They measured the absorption spectrum of the weak ) 0 ( ) 2 , 1 (

3 1          g g X b
bands of molecular oxygen and found to have sensitivity about five times better than the apparatus of Anderson et al. 11 . This was considered as the first spectroscopic application using CRDS technique.

After that, there have been many other groups who used this technique for measurements of gas-phase spectroscopy either with strong absorption of species present in trace amounts or weak absorption of abundant species.

In 1990, CRDS, for the first time, was coupled with pulsed molecular beam by O'Keefe and Saykally groups 13 at Berkeley. They measured additional bands spectroscopy of dimer and trimer copper clusters. From Cu2 C-X band spectrum, they obtained the absorption per pass which equals to 320 ppm with a reflection of mirror R = 99.968 %. This initial work demonstrated the suitability of the ring-down technique for molecular beam spectroscopy and highlighted the potential of this method for other applications.

In 1993, the first development of the ring-down time technique for kinetics study was undertaken by Yu and Lin 14 . They explored the kinetics of the C6H5 +O2 reaction. Their work reported measurement of the rate constant of the C6H5 with other compound (such as NO, O2, C2H4…..) reactions. The mirrors used in this experiment had very high reflection coefficients of 99.99%.

In the same year, the first measurement of very weak overtones absorption transition with CRDS was introduced by Romanini and Lehmann 15 . Spectroscopy of HCN (105) overtone around 492 nm corresponds to an excitation of νCN+6νCH state.

One year later, Meijer et al. 16 have developed, for the first time, CRDS coupled with a small Bunsen burner flame. A spectrum of the band of OH was obtained around 300nm.

In this report, absorption per pass equivalents 4200 ppm corresponding to reflection of mirror R = 99.568%.

During the two last decades, CRDS techniques have been developed and numerous spectroscopic applications from UV region to IR region [16][17][18][19][20] were explored.

In the 2005, the absorption spectrum of natural water vapor at about 750 nm has been noted by Kassi et al. 21 with a typical sensitivity at 3 x 10 -10 cm -1 through the use of a cw cavity ring down spectroscopy which was set up based on a Ti:sapphire laser. In 2013, the extremely weak S(4) and S(6) electric quadrupole transitions of the 3-0 band of nitrogen have been identified thanks to a very high sensitivity cw cavity ring down spectroscopy closed to 6950 cm -1 . Besides, a noise-equivalent absorption on the order of min approximately 6 x 10 -13 cm -1 was obtained 22 after few days of measurements. cw-CRDS is in fact among the most sensitive absorption techniques.

In 2006, Hodges and Lisak 23 applied the frequency-stabilized cavity ring-down spectroscopy technique in which it is able to perform measurements with high accuracy in terms of trace water vapor concentration. One of the strongest rovibrational transitions in the ν1+ν3 water vapor combination band was measured at around ν = 7181.156 cm -1 .

Additionally, the minimum noise-equivalent absorption coefficient measured in 1s, of the spectrometer, was recorded at value of 1.2 × 10 -10 cm -1 Hz -1/2 , which further corresponded to a minimum detectable water vapor mole fraction of 0.7 × 10 -9 .

In 2012, Cygan et al. 24 applied the frequency stabilized CRDS (FS CRDS) technique in order to observe 16 O2 rovibronic B-band transition at the pressure of 933 Pa. The minimum detectable absorption coefficient therefore can be determined at approximately 2 x 10 -10 cm -1 .

One of the most sensitive technique is called NICE-OHMS 25 , for Noise-immune cavityenhanced optical-heterodyne molecular spectroscopy. The limits of absorption coefficient are in the 10 -10 -10 -11 cm -1 range.

In 2012, Kiwanuka et al. 26 introduced a spectrometer for sensitive absorption measurements in liquids across broad spectral bandwidths, the Broad Band CRDS technique. This method is a combination of the unique spectral properties of incoherent supercontinuum light sources with the advantages of the CRDS technique, it is, therefore, called a self-calibrating technique. Via employing the BB CRDS technique, the minimum detectable absorption coefficient was recorded to be 3.2 × 10 -6 cm -1 Hz -1/2 at 527 nm.

Indeed, many schemes have been developed to couple broad band light source to cavity, either in its cavity enhanced absorption spectroscopy or in its BB-CRDS version. A review paper can be found here and actually, that reaching the highest sensitivity 1.2x10 -9 cm -1 , was developed by Ball and Jones 27 .

Objectives of the PhD

 Research problem 1:

The first goal has been to use the very sensitive and absolute absorption CRDS technique to measure very weak absorption features. We have also measured the absolute absorption cross section of high vibrational overtones, such as CH stretching modes, for HC3N molecule. Many previous spectroscopic investigations were devoted to this molecule, but data concerning absolute integrated intensities of vibrational overtone transitions located in the visible are not available.

 Research problem 2:

Regarding the Table 1-1 above, we realize that the number of small radicals and ions only accounts for small portion of the total amount of molecules which have been discovered so far, roughly 15%, probably due (in part) to the limited information of small radicals and ions. On the other hand, the exploration and observation of molecules do bring out helpful comprehension related to physical as well as chemical properties, which play a vital role in explaining the establishment, life or death of various objects in the universe.

This drives us to come up with one of the main objectives for this PhD thesis, which is to develop new technique to efficiently produce and probe small radicals and ions at ISMO and hence to provide more information for molecular astrophysics.

 Research problem 3:

In the past, at our laboratory, we implemented the CRDS technique using the conventional nanosecond pulsed laser sources with the spectral width of about 0.1-0.2 cm -1 , i.e. a resolving power of about 10 [1][2][3][4] , cometary atmospheres 5 , in the atmosphere of the largest Saturn's moon Titan 6 and in extragalactic sources as well 7 . As the first member of the HCnN (n≥3) cyanopolyyne family, (carbonaceous molecules with at least 2 triple bonds and one -C≡N group), HC3N plays an important role in the complicated network of chemical reactions occurring in these various environments penetrated by UV and cosmic rays. Members of this cyanopolyyne family are in relation with a whole range of unsaturated free radicals and to large chemical structures as well, for instance the polymeric ones appearing in Titan's atmosphere (tholins) which gives its characteristic orange haze.

The reason to study high vibrational overtones

Overtone frequencies strongly depend on the attractive part of the potential energy surface (PESs), whereas overtone intensities depend on its repulsive part 8 . Experimental studies of highly excited vibrational states can therefore provide information on the shape (anharmonicity) of a PES at a considerable distance from its minimum, as well as on phenomena like internal vibrational redistribution or unimolecular reactions. Emission from highly excited vibrational states has been observed for hot (T ≥ 1500 K) astronomical objects, including some gaseous disks surrounding young stars 9 . Moreover, overtones are of importance for the Terrestrial atmospheric photochemistry 10 , and supposedly also for the atmospheres of other Solar System bodies, including Titan. Cross sections for electronic absorptions (i.e., typically, those involving UV quanta) are usually orders of magnitude higher than for vibrational overtone transitions; these latter, however, may provide the gate toward the photochemistry triggered with visible or near-IR radiation (of note, the maximum of solar emission lies in the visible).

Previous work concerning high vibrational overtones studied with CRDS

The absolute absorption cross section of high vibrational overtones, such as CH stretching modes, has been determined by CRDS technique in the visible region for several molecules. For instance, the spectrum of the HCN molecule (17500-23000 cm -1 region) consists of nνCH (n=5, 6 and 7) overtone transitions and correlated combination bands, were first reported by Romanini et al. in 1993 11 . In 1997 the same group 12 reported the measurement of the spectrum of acetylene with (5νCH+νC≡C) combination band, which was close to 17500 cm -1 . Kleine et al. 13 investigated the 6 νCH overtone of benzene, at 16550 cm -1 along with measurement of the corresponding oscillator strength. The oscillator strength for the 6 νCH overtone bands of propane, n-butane and neopentane was achieved by DeMille et al. 14 . The absolute absorption strength for the 5 νCH and/ or 6 νCH overtone bands of ethylene, ethane, propane, n-butane, n-pentane, isobutene and neopentane was measured by using phase-shift CRDS technique, by Lewis et al. 15,16 . Concerning all previously named 5 νCH and 6 νCH bands, the oscillator strengths with values of about 10 -11 and 10 -10 respectively have been measured.

Summary of the main work

Overtone (51 and 61) and combination (41+3 and 41+2) vibrational bands of gaseous HC3N, located in the visible range (14 600-15 800 cm -1 and 17 400-18 600 cm -1 ), were investigated by cavity ring-down absorption spectroscopy. The 51+3 and 51+2 combinations as well as the 61+5-5 hot overtone band have also been identified, based on previous overtone assignments. Absolute integrated intensity values and the ensuing oscillator strengths have been measured here for the first time; f -values are typically confined between 4×10 -12 and 7×10 -11 . For the even weaker 51+2 combination band, the oscillator strength was estimated as 9×10 -13 . The values concerning CH-stretch overtones (n1) are similar to those found in the literature for HCN and C2H2, the molecules with sp-hybridized carbon atoms. Data presented here may prove useful for studying the photochemistry triggered with visible or near-IR radiation within the atmospheres of certain Solar System bodies, including Titan.

Figure of merit

At this stage, it is important to evaluate the figure of merit of our CRDS apparatus that has been used to study the high overtone vibrational bands of HC3N. This number has been already define in the chapter 1 (equation 1-1) and is equal to:

𝑀 = 𝛼 𝑚𝑖𝑛 √𝑡 𝑎𝑐𝑞 × 𝛿𝜈 𝛥𝜈 (2-1)
The lower limit of detectable absorption αmin has also already been defined (eq 1-32) and is equal to:

                      0 0 min 1 2 L R (2-2)
If the probe laser is pulsed, its repetition rate is F and if N is the number of laser shots per spectral element, also:

𝑀 =                  0 0 1 2 L R √ 𝑁 𝐹 (2-3) The value               0 0
depends on the exponential fit uncertainty and on the fluctuations from shot to shot. It is also dominated by the latter part.

The Figure 2-1 shows the dependence of the ratio

              0 0
expressed in % versus the number of shots for 2 different independent series of measurements, at 680 nm. We can observe the convergence of the value of this ratio beyond 20 shots, and we can take:

  037 . 0 0 0             
Finally the figure of merit of our experimental set-up is:

𝑀 =   L R  1 2 0.037√ 𝑁 𝐹 (2-4)
For the experiments concerning the study of high vibrational overtone bands of HC3N, we had: L = 68.5 cm, 0  17 s (also R  0.99987), F = 10 Hz, N = 20 and finally we can extract the value: 

𝑀 ≈ 2.10 -7 𝑐𝑚 -1 /√𝐻𝑧

CRDS of radicals and ions

There have been 194 molecules which were detected in the interstellar medium or circumstellar shells at the date of October 2015. Besides, at least five of those are tentative detections and for no less than three others, the situations were slightly uncertain.

Regarding the carbonaceous molecules which have been detected, there are numerous cations, anions and radicals. Consequently, it is essential to record spectra from electronic transitions in the near IR to the visible range, especially for centro-symmetric molecules, radicals and ions that cannot be detected through their pure rotational transition. One of the objectives of this study is to find conditions that optimize the production of neutral, cationic or anionic radicals of astrophysical interest.

Our choice for production is plasma based on an inductively coupled radio frequency (RF, In the work presented here, absolute concentrations of 2 neutral radicals (C2 and NH2) and 1 anion (C2 -) were probed. In the case of NH2, the measurements are aimed at constraining the 15 N/ 14 N isotopic ratio in the coma of comets.

3.1. Experimental details  CRDS was coupled with the RF discharge. The principle of this discharge will be described below;

Monochromator

Optical fiber bundle

 A glass tube was used for the RF waves in order to penetrate in the gas;

 As we were afraid of mirror contamination when there is a lot of carbon inside the cavity, hence a longer cavity was created by introducing new metallic tubing;

 Under discharge conditions, we had to build a Faraday box in order to protect the lab from RF waves. Pairs of CRDS mirrors (Layertec GmbH, curvature radius RC=1 m) were used, covering regions of interest, with reflection coefficients R not lower than 99.98 %. The distance between mirrors was varied from L = 50 cm and up to 2m to meet the stability conditions for the cavity and the optimal distance between mirrors and plasma of the discharge. The highest ring-down time constant τ0 reached for the empty cavity was about 25 µs for the first set of mirrors (at ca. 500 nm) and about 17.5 µs for the second one (around 560 nm).

The light getting out of the cavity was collected behind the rear mirror by optical fiber bundle and monochromator before going into a photomultiplier tube (Hamamatsu H10721-01). This light contains both the very frequency narrow ring down signal and the frequency broad light coming from the excited gas under discharge. The reason why we used this bundle of fiber and monochromator is to minimize the frequency broad light coming from excited gas in the discharge conditions. Then the signal was processed, without any prior amplification, by a computer equipped with a high speed acquisition card (Zteck 4441 PCI, 14 bits, 800MS/s). In-house developed data acquisition program were used, all using Labview environment. These allowed the ring-down time to be measured for every single shot, averaging over n shots and scanning of the wavelength of a laser to monitor the spectra of interest. The Figure 3-4 shows two pictures of our cavity coupled with RF discharge. In the picture at the bottom, the discharge is switched on. The plasma produced inside the cavity, is visible by the purple light characteristic of the used excited buffer gas. The deposition of contaminants on the surface of mirror is minimized by a continuous flow of Ar or He. A mixture of gas of hydrocarbon (methane (CH4), acetylene (C2H2), ethylene (C2H4) and propylene (C3H6)) or ammonia (NH3) and buffer gas (Ar or He) are introduced inside the cavity and is decomposed by the discharge to form the neutral or ionic radicals of interest.

We used as a probe, a commercial (Quanta-Ray MOPO-730) tunable OPO (Optical Parametric Oscillator) laser. It is pumped by Spectra-Physics pulsed (10Hz repetition rate)

Nd:YAG laser with pulses of 500 mJ at 355 nm. It can be scanned in all the visible range (440 to 690 nm) and to near infrared range (730 to 1600 nm). The measured laser bandwidth of this tunable laser was 0.1  0.04 cm -1 . The OPO laser pulse energy at the CRDS cavity entrance, after about more than 10 m propagation from the laser output, was set to about 1 mJ. In this configuration, spatial filtering of the probe beam was necessary to eliminate all transverse modes. The wavelength of the OPO laser pulse was controlled by the High Finesse/AngstronWS6 lambda meter (0.02 cm -1 spectral resolution). A Lambda Physics FL3002 dye laser pumped by and Excimer laser was also used. It was used to deliver few mJ at the entry of the cavity maximum, with about 0.15 cm -1 spectral bandwidth and about 12 ns duration.

Perpendicular configuration

Not only to reduce the pollution under plasma conditions to the surface of mirrors but also to relax the constraints on plasma conditions (power of discharge) and cavity length, the perpendicular configuration between cavity and Radio Frequency circuit has been established. Effectively in the normal configuration, in some conditions, the ring-down time was vanishing down to almost 0 s due to particularly strong extinction. 3.2. The electronic transition d 3 П ga 3 П u of C 2 Swan system

State of the art

The C2 radical is a significant and well-known molecule in various fields such as combustion science, plasma chemistry, materials science, astronomy and astrophysics. The electronic spectra of C2 have been observed since the beginning of 19 th century 3 and has first been identified by William Swan in 1857 4 which results from transitions between the d 3 Пg and a 3 Пu electronics states. This molecule has widely been observed in comets [5][6][7][8][9][10] and in other astronomical environments, for instance interstellar clouds [11][12][13][14][15][16][17] , ending part of stars [18][19][20][21] and the sun 22,23 . The reactions of this molecule are attributed to be involved in the hydrocarbons' formation as well as of other organic compositions in interstellar clouds 24 .

C2 has also been discovered created in flames 25,26 and found from the irradiation of soot 27 .

The most intense electronic transition in the visible area of C2 Swan system is known as the (0, 0) band close to 516.5 nm d 3 Пga 3 Пu. Originally, the a 3 Πu state has been thought to be as the ground state (Herzberg et al., 1969) 28 since it was witnessed to be easily excited. This is due to the fact that it lies just about 700 cm -1 above the actual 𝑋 1 Σ 𝑔 + ground state 29 . The Swan system has been studied broadly. Vibrational band intensity investigations were early performed including those of King (1948) 30 , Phillips (1957) 31 and Hagan (1963) 32 . In the study of Mentall and Nicholls (1965) 33 , these three previous works formerly declared by Phillips and Davis (1968). Unlike the lower vibrational bands, the higher bands were only investigated with advanced high resolution instrumentation by the year 2002, when the Swan system was observed thanks to a direct absorption technique using a tunable dye laser, by Tanabashi and Amano 43 . These scientists measured three bands (5, 7), (6, 8), (7, 9) with electronic transition Δv= -2. They realized that the line positions observed were inconsistent with those recorded by Phillips and Davis (1968), which had been considered as the most recent rotational analysis about the higher vibrational bands so far. This difference resulted in the reinvestigation towards the whole Swan system with a high resolution Fourier transform spectrometer (FTS) 44 , whereby the line positions obtained from this later analysis did agree with their prior work for the (5, 7), (6, 8), (7, 9) bands. In 2006, T. Schmidt et al. 45 From above discussions, it can be stated that C2 has been very well studied so far; especially the Swan system and a number of spectroscopic constants have been measured

and it is easy to simulate this transition. Regarding to our group in particular, this is the very first time that the CRDS technique coupled with radio frequency discharge has been applied in order to measure the electronic transition d 3 Пga 3 Пu of C2 Swan system with Δv = 0 and -1. C2 radicals was produced with different carbonated precusor : CH4, C2H2, C2H4, C3H6 and with CH3OH, mixed with Ar or He under radio frequency discharge conditions. The goal was to find the best experimental conditions to optimize the production of the C2 radicals. The tables below report the Swan band molecular constants of C2 which were used for the present work to simulate to spectra obtained with different conditions. We have been able to produce C2 radicals in the RF discharge with methane (CH4), mixed as few % with rare gas (He or Ar) in the linear configuration.

The top of the Figure 3-7 below shows the strongest vibrational sequence Δν = -1 triplettriplet d 3 Пg -a 3 Пu Swan system of C2 radical, from 535 nm to 565 nm (18691.6 to 17699.1 cm -1 ), we have recorded with our CRDS absorption technique. of Bristol, http://pgopher.chm.bris.ac.ukis). This best simulation has been obtained with a rotational temperature of 350 K and a vibrational of 10 000 K. You can see that the simulated spectrum matches very well the experimental one. Of course, there are some small mismatches in intensity, for example, particularly for the (1-2), and (3-4) vibronic bands. These mismatches reflect the non-thermal equilibrium inside the plasma and particularly the vibrational one. Indeed, in this kind of radio-frequency discharge, the radicals are produced by collisions with the electrons contained in the plasma having a temperature of about 10 000 K. The radicals are produced with very high internal energy.

Due to the huge number of collisions with the buffer gas: 10 7 collisions per second for 1 mbar and with the walls of the glass tube, the rotational levels are much more efficiently thermalized than the vibrational ones. Therefore it appears that the rotational temperature is similar to that of the discharge tube.

Under the thermal equilibrium, the molecules are seen to follow the Maxwell-Boltzmann distribution in terms of velocity. The photons emitted or absorbed from these species will have energies different from their rest-frame values, due to the Doppler Effect. There is also a Doppler broadening and the Full Width at Half Maximum D of an absorption line is given, in cm -1 , by 82 :

               M RT c 2 ln 8 (3-1)
In this formula, 0 is the wavenumber of the transition line (about 18000 cm -1 ), R= 8.32 Pa.mol -1 .K -1 is the constant of ideal gases, M the molar mass of the studied species (MC2=24 g.mole -1 ) and T is the translational temperature of the medium.

It should be noted that the line width is about 0.20 cm -1 and the laser bandwidth measured by our lambda-meter is about 0.1 cm -1 . It implies that the Doppler broadening is about 0.20 cm -1 . Due to the previous formula, we can calculate the translational temperature value which is about 700 K, not far from the value of the rotational temperature.

To illustrate this, we have plotted on the Figure 3 1.0x10 -6
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5.0x10 -7 0.0 Wavenumber (cm -1 ) 0-0 The experimental conditions used for recording the spectrum of the = 0 vibrational sequence are completely different than the one used for recording the = -1 one. For the = 0 sequence, the pressure is smaller (0.14 mbar versus 1 mbar), the power of the discharge is much higher (400 w versus 30 W), and the flow is much lower (0.1, l/min versus 2.5 l/min) than the one used to record the = -1 vibrational sequence spectrum.

The radicals are produced with higher internal energy, they have fewer collisions: they have not the time to reach the thermal equilibrium in rotation explaining the mismatch between experiment and simulation. The uncertainty of this temperature evaluation is 75 K for rotational temperature and 2000 K for vibrational temperature. Wavenumber (cm -1 )

Results and discussion with methanol as precursor

We have also tried to replace methane (CH4) by methanol (CH3OH). We have been able

to produce C2 radicals in the RF discharge with a higher quantity than the ones we produced with methane.

The top of the Figure 3-14 shows a part of the vibrational sequence Δν = 0 of the triplettriplet d 3 Пg -a 3 Пu Swan system of C2 radical from 510 nm to 517 nm we have recorded with our experimental set-up. The best conditions for C2 production on the 2 vibronic bands (0-0) and (1-1) with methanol used as precursor were founded for a concentration of 2% of CH3OH in Ar, with a flux corresponding to 2.5 l/min of the mixture, for the power of discharge of 200 W and for a pressure inside the cavity of 0.9 mbar.

The best simulation obtained with Pgopher with Trot = 870 K and Tvib = 10000 K is showed on the bottom of Figure 3-14. With methanol as precursor and with the presented experimental conditions, it is clear, at the light of the figure, that the internal energy level of C2 radicals in their ground electronic state do not follow a Boltzmann distribution. There is no thermal equilibrium in this plasma conditions. The spectrum shows that the C2 radicals are produced with higher internal energy (rotation and vibration) than the one produced with methane as precursor, for approximatively similar experimental conditions.

It proves that the chemistry at work inside the RF discharge we used is very complex and that the precursor seems to play a very important role on the internal energy of the radical of interest. 1.0x10 -6
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T rot =870K T vib =10000K We have also tried to use acetylene (C2H2) as a precursor of the C2 radical. One more time,

we have been able to produce C2 radicals in the RF discharge, but with a lower quantity than the ones we produced with methanol and with methane. Especially, C2H2 is easily forming the soot. The tube cell was rapidly covered by carbonaceous dust. radical. We obtained with a rotational temperature of 310 K and a vibrational of 2400 K.

As said before, the total quantity of C2 radical produced under these experimental conditions is smaller than previously but this is interesting to remark that there are two new groups of lines which appear with strong intensity around 540 nm and 565 nm. We have marked with two "?" these two group of lines. We will see, in the next part that we have been able to create an anion in these experimental conditions.

3.2.5. Results and discussion with propylene (C3H6)) as precursor CRDS absorption technique. The best conditions for C2 production on its Δν = -1 vibrational sequence with propylene were found for a concentration of 0.12% of C3H6 in Ar, with a flux corresponding to 2.5 l/min of the mixture, for the power of discharge of 200W and for a pressure inside the cavity of 1 mbar. The absorption spectrum of the Figure 3-18 has been recorded by scanning the tunable laser with the same step of 0.04 Å corresponding to a recording time of 8 hours. The bottom of the Figure 3-18 represents the best simulation of the same vibrational sequence Δν = -1 of the Swann system for C2 radical. We obtained with a rotational temperature of 400 K and a vibrational of 10500 K.

In this experiment, the total quantity of C2 radical produced under these experimental conditions is as similar as methane but this is interesting to remark that there are two new groups of lines which appear with strong intensity around 540 nm and 565 nm. We have marked with two "?" these two group of lines. We will see, in the next part that we have been able to create an anion in these experimental conditions.

Conclusion for C2

A variety of precursors have been examined successfully (including methane, acetylene, methanol, propylene). From this, C2 was produced with different internal energy distribution. Additionally, we also succeeded in coupling CRDS with cell and RF discharge. In the mixture containing Helium (C2H2-He), the C2 vibrational temperature was observed to be much lower than that in Argon. It indicates that the energy exchange transfer process from Ar metastable states or other high energy states of Ar to the C2 radical is significant.

However, there is a small issue in terms of the recording time, whereby it took about eight hours in order to scan only about 1300 cm -1 . This makes us to think of a new high resolution experimental technique based on heterodyne frequency obtained by the combination of 2 High Finesse Optical Cavities seeded with the same laser pulse. This technique is called DEFComb-RDS (see the chapter 4 of this report). + state. The molecular constants are listed in Table 3-4 and Table 3-5 and those of Shan-Shan were used for simulations. 58 , the oscillator strength of the electronic transition was found to be f=0.044±0.004.

In Pgopher, if you put very low temperature (for both vibrational and rotational temperature), for instance Tvib=Trot=1 K. There is only one line on rotational and vibrational level populated, R(0) corresponding to J'=0; J''=0, and f00= f. Using the FC factors, one can then simulate the spectra for a given vibrational temperature. The procedure is as follows. Einstein A00 coefficient can be inferred from f00 using the equation 34 :

1.5 ~2 00 00 On the other side, A00 value is related to the transition moment: 

 f A  (3- 2 
      x R e (3-5)
The strength for the 0 T 0 is then found to be: 4.0x10 -7
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Results and discussion with other precursor

We have also tried to replace acetylene by methane (CH4), ethylene (C2H4) and propylene (C3H6). We have been able to produce C 2 -radicals in the RF discharge with a higher quantity produced with methane. We have also tried to use propylene (C3H6) as a precursor of the C 2 -radical. 5.0x10
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3.3.4. C2 and C 2 -concentrations in the RF plasma C2 and C2 -could be easily measured in several conditions in a RF plasma. It should be noted that the electron affinity of C2 is about 3.27 eV, i.e. close to the mean energy of the electrons in the plasma which range from 2 to 6 eV. It is thus not surprising that the anion could be formed by electron attachment. However, we could not find the C2 + cation in the plasma. It indicates that this source is of strong interest to the study of molecular anions.

At first, the temperatures are compared. It was found that for almost all precursors except for C2H2, the vibrational temperature is found to be close to 10 000K, i.e. close to the typical electron temperature of such RF plasmas. Because C2 emission could be observed as well, it is assumed that the electronic temperature of C2 is close to that also owing to the numerous collisions. However, in the case of the C2H2 plasma, a much smaller vibrational temperature for C2, about 2000K, while a higher temperature (comparable to the value found in the other conditions) was found for C2 -. It is surprising but it may simply be due to a bad estimate of the effective temperature of C2, with a high population on the v"=0 forcing toward lower temperature.

From all these measurements, the absolute concentrations of C2 and C2 -could be deduced.

It is restricted to their absorbing states: a for C2 and X for the C2 -. Table 3-6 and Table 3-7

show the absolute density (N) for C2 and for C 2 -that we obtained in this work. It can be seen that the yield of conversion of the precursor into C2 is about 10 -4 . In addition, the ratios between C2 -and C2 is found to be few percent, reaching nearly 12% with the acetylene precursor. The conversion yield is very high.

It is noteworthy that C2 was used as a tracer of nanoparticles growth in this type of plasmas 59,60,61 . Concentration measurements were mainly using emission but CRDS was also applied 60,62 . Here, we show that its anion counterpart can also be easily quantitatively measured. In addition, the role of anions like C2, C2H, etc in the growth of nanoparticles or soot in these plasma was put to front recently 63,64 . These are more and more taken into account. We recall here that the C2H2 plasma, exhibiting the highest anion relative concentration, was strongly sooting. It suggests that C2 -coud serve as a tracer of the nanoparticles growth in dusty plasma. We were able to record the electronic spectra of an anion, C 2 -, on the (0-0) and (1-1) vibronic bands from 530 nm to 542 nm in its 𝐵 2 Σ 𝑢 + ⟵ 𝑋 2 Σ 𝑔 + electronic transition, with a good signal to noise ratio. We have deduced the absolute concentrations of C2 and C2 - within several RF plasma conditions. We have also shown that C2 -may be a pertinent tracer of the nanoparticle growth in dusty plasma.

Additional features are not assigned yet. The work is in progress to try to unravel the carriers of these rovibronic bands. Thanks to the perpendicular configuration, exploration of the plasma conditions is much less constraints, offering the opportunity to look for new species. Nevertheless, if we want to record new spectra, it is necessary to try out with a large quantity of different precursors, which is very time consuming. Thus, it is suggestive of looking for a new technique which is (hopefully) more rapid and for heavier radical with a better spectral resolution. The new technique will be introduced in the chapter 4.

3.4. A visible spectroscopy of the 14 NH 2 and 15 NH 2 isotopomer radical 3.4.1. Introduction

In solar system entities, the identification of nitrogen isotopic ratios is considered to be a key in order to obtain deeper insight about their evolution. Indeed, by determining these ratios in various bodies of the solar system, people will probably obtain helpful information associated with the origin of the solar system.

Measurements of the 14 N/ 15 N isotopic ratio in various solar system objects have explored a huge diversity. Indeed, the ratio has been measured to be about 50 in several organic matters of chondrite (Messenger 2000 et al.) 65 and interplanetary dust particles (Bonal et al. 2010) 66 . To understand what a chondrite is, a brief definition of this is given. In fact, asteroids which did not entirely melt are attributed to contain materials that established in clouds of dust and gas from which the solar system formed, these are labelled the solar nebula. Chondrites, whereby, refer to the stony meteorites from these solar nebula 67 . The 71 . Every entity within the solar system, excluding Jupiter, is in fact enriched of 15 N in comparison with the protosolar nebula.

Comets are considered to be appealing targets. The rationale is that comets contain a huge amount of both HCN and NH3 molecules which then result in CN and NH2 radicals after photodissociation process by solar radiation. Until now, the ratio of 14 75,76 . With the two species, the measurements indicated the similarity of nonterrestrial isotopic composition ( 14 N/ 15 N = 150 in comets versus 272 in the Earth atmosphere) and their independence with the comets' origin (Jehin et al. 2009) 72 .

Rousselot et al. 2014 77 performed the investigation towards the 15 NH2 emission spectrum in the 5550-6250 Å (16,000-18,000 cm -1 ) spectral range, in which the most intense lines are expected ((0, 10, 0)-(0, 0, 0) and (0, 9, 0)-(0, 0, 0) bands). The emission spectrum was recorded through the Fourier transform interferometer of the AILES beamline of the synchrotron SOLEIL. In the work of Rousselot 77 , 39 cometary spectra was presented for searching 15 NH2 lines on 12 different comets. 78 and Herzberg (1966) 79 .

State of the art concerning the

The bending mode has a characteristic spacing of about 1500 cm -1 in the ground state and about 625 cm -1 in the excited state. The HNH angle equals to about 105° in its electronic ground state, while the excited state behaves like a linear molecule. There are a number of studies which have been dedicated to theoretical as well as experimental comprehension of the complex Renner-Teller effect for 14 NH2 radical, and the goal here is not to understand completely the very complicated spectroscopy of this molecule. It is just important to understand that this radical exhibits strong coupling between the two already presented electronic states and that this coupling will be different in the 15 NH2 isotopomer.

Thus only a complete experimental measurement of the lines is needed to know their precise positions and intensity ratios. Dressler & Ramsay (1959) 78 have already investigated, in the visible range, the spectroscopy of the 15 NH2 less abundant isotopomer but they don't give any table with precise positions of the lines of this radical and show only a non-precise linear correlation between the 14 NH2-15 NH2 isotope shift against the wavenumber of the 14 NH2 lines. To determine the 14 The experimental set-up details are described in Figure 3-24. We used a pulsed XeCl (308 nm) excimer laser (Coherent, CompexPro, typical pulse energy of 300 mJ, pulse width of 15 ns, repetition rate 10 Hz) to pump a dye laser (Lambda Physik, LPD 3002), the latter operating with the following dyes (Exciton): RH 610C in ethanol for the range around 600 nm region. The dye laser pulse energy at the CRDS cavity entrance was about 1 mJ. One pairs of CRDS mirrors (Layertec GmbH, curvature radius RC=1 m) were used, covering the region of interest: 585-605 nm, with reflection coefficients R not lower than 99.99 % respectively. The distance between mirrors was fixed at L = 100 cm to meet the stability condition for the cavity and the maximum distance between mirrors and plasma of the discharge. The highest ring-down time constant τ0 reached for the empty cavity was about 34 µs (around 590 nm). In these conditions, the value of min, (equation 1.32), is about 8.10 -8 cm -1 for a single shot and for an average over 20 laser shots, we reached a value of min about 2 10 -8 cm -1 and a figure of merit of 𝑀 ≈ 10 -7 𝑐𝑚 -1 /√𝐻𝑧. First work was devoted to find the best conditions allowing optimization of the production of 14 NH2 radical with a Radio Frequency 13.56 MHz discharge in a cell containing ammonia 14 NH3 as precursor in a rare gas mixture. The parameters we changed were concentration of NH3 in rare gas (He or Ar), flux of the mixture, pressure in the cell and power of discharge. We have also filled different bottle with several concentrations of NH3 in Ar or He, ranging from 0.5 % to 5 %.

The best conditions reached for 14 NH2 production correspond to a concentration of 1% of 14 NH3 in Ar, a flux of Ar of 1 l/min, a power of discharge in the plasma of 50W and a pressure in the glass tube cell of 0.5 mbar. step of about 0.03 cm -1 around 16735 cm -1 . All the most intense lines appearing in the spectrum have been assigned in the light of the previous work of Ross et al. 81 to the
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rovibronic transition of the 14 NH2 radical and has been marked with red bars (without taking account intensity) in the Figure 3-25. Several relatively intense lines could have been assigned to transitions between excited states in neutral Argon and has been marked by blue arrows. The 6 more intense not assigned lines (beyond 2 10 -7 cm -1 ) have been marked with a star.

In all these experiments, we have tried to minimize chemical reactions by decreasing the total pressure in the cell and the concentration of NH3 precursor molecules. Despite all these precautions, we have not been able to suppress completely the production of N2 molecules in the plasma, during the RF discharge, after complete dissociation of 14 NH3 and recombination after collisions. Indeed, in this wavelength range, almost all weaker lines appearing in this spectrum have been assigned to rotational line Qij (J") and Rij (J") of the 
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The Figure 3-26 shows a detail of the rovibronic transition of the 14 NH2 radical from 16720 to 16750 cm -1 (respectively 598.09 and 597.01 nm). The rotational line Qij (J") and Rij (J") of the 3) -(7
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vibronic band of 14 N2 have been marked with green bars (without taking account intensity). The lines marked with a star have not yet been assigned. 16748 cm -1 range. The second column gives the corresponding absorption coefficient of the selected lines. We have selected all the lines having, in this range, an absorption coefficient above 2.7 10 -7 cm -1 . The lines with an absorption coefficient beyond 10 -6 cm -1 have been marked in blue. The third column gives vacuum wavenumbers in cm -1 of the same lines reported by Ross et al. 81 .

Evaluation of the translational temperature in the cell

The spectral width of a line is about 0.15 cm -1 and the laser bandwidth measured by our lambda-meter is about 0.1 cm -1 . We can extract from these measurements an upper limit of the Doppler broadening which is also of about 0.1 cm -1 . And with the help of the formula (3-1), we can also estimate an order of magnitude of the translational temperature of about T = 1100 K in the cell.

Determination of the absolute concentration of the 14 NH2 isotopomer radicals

One of the main objectives of this work is to determine the absolute concentration of NH2.

Because this radical is a triatomic molecule, because it exhibits a Renner-Teller effect and because there is a lot of perturbations in the transition of interest, it is not possible to simply simulate the electronic spectrum of this transition. It will be less precise to evaluate the absolute concentration of NH2 radicals than what has been done for C2 or C2 -because it will be deduced only from one line. The line mostly used for the determination of the absolute concentration of NH2 is the: 𝛴 𝑝 𝑄 1,7 line of the
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electronic band located at 16739.9 cm -1 .

The oscillator strength fik of this line have been measured experimentally by Votsmeier et al. 1999 83 and from 1500 K to 2100 K is equal to : fik =8.36 10 -5 (3-7) The relation between the integrated absorption cross section of a line int and the oscillator strength fik of the same line is provided as follow (Van den Oever 2005) 84 :

ik f c e m e 0 4 2 int    (3-8)
By definition, if the cross section is given in m 2 and the frequency in Hz, the corresponding integrated absorption int of the line is given by :

      d ) ( int [m 2 Hz] (3-9)
Taking into account the fundamental physical constants for the electron-mass me, the elementary charge e, the dielectric constant ε0, the light speed c, and the value for the oscillator strength, we deduce the value of the integrated absorption cross section int as:

int = 2.21x10 -10 [m 2 Hz] (3-10)
If we want to express this integrated absorption int in m 2 cm -1 :
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The total NH2 density has been evaluated by (Van den Oever 2005) 84 In which fb represents the Boltzmann fraction depending on the vibrational and rotational temperatures and has no-dimension, l refers to the absorption path length in their cell (l=30 cm) and Aint is representative of the integrated absorption of experiment and is provided by:
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Taking l=0.3 m, they found: In our CRDS experiment, we have measured the absorption coefficient of the same line using equation 1-30 and then we deduced:
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And then, combined to equation 3-12, we obtain:
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Using equation 3-14 and 3-16, we obtain:
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We measured with our spectrum, the absorption coefficient of molecule NH2 provided by: 
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Thus the total NH2 density will be: Due to the known experimental conditions, we can also evaluate the efficiency of our experimental setup in term of production of NH2 radicals.

The spectrum of the Figure 3-26 has been recorded with 1% of NH3 in Ar and the pressure inside the cell was maintained at 0.64 mbar. The total NH3 density inside the cell is then . We can also evaluate the The highest uncertainty concerning this absolute concentration is due to the fact that we have supposed that our experimental conditions are the same than the one used by Van den Oever et al. 84 . Because the dependence of the concentration is only due to the Boltzmann Factor fb and because its dependence relative to Tvib and Trot is given in the work of Van den Oever et al. 84 , we have tried to evaluate the change of this concentration with the temperature if this one is not well evaluated. The above panel of Figure 3-27 shows the evolution of the absolute density of NH2 radical with the rotational temperature for 4 different values of the vibrational temperature (300, 1000, 5000 and 10 000 K). The vertical scale has been chosen to be a logarithmic scale. Due to the fact that with the same experimental setup, C2 and C2 -have been produced with a rotational temperature of about 350 K and due to the fact that it is relatively easy, in such conditions, to equilibrate the rotational temperature, we think that, for NH2 the rotational temperature is, one more time, not far from the room temperature. This hypothesis is in good agreement with the already presented evaluation of the translational temperature from the width of the lines. The evaluated upper limit of 1100 K of the translational temperature, very close to the rotational temperature value adds a good argument in favor of a rotational temperature close to the room one. It is why the range appearing in the above panel Figure 3-27 for the rotational temperature has been limited from 300 K to 2000 K. It is easy to see that the effect of the uncertainty concerning the rotational temperature has no huge effect on the value of the absolute concentration of NH2 (less than a factor of 2 on the range 300-2000 K).

The bottom panel of Figure 3-27 shows the evolution of the absolute density of NH2 radical with the vibrational temperature for 4 different values of the rotational temperature (300, 500, 1000 and 1750 K). The vertical scale has been chosen to be a logarithmic scale. Due to the fact that the vibrational temperature is much more difficult to equilibrate and because we found in our previous experiment concerning C2 and C2 -than these 2 radicals could have a vibrational temperature of about 10 000 K, we have plotted the dependence to this vibrational temperature in temperature range (from 300 to 10 000 K). We see that the indetermination concerning the vibrational temperature in this range create an uncertainty in the determination of the concentration of NH2 of almost 2 orders of magnitude.

There is however a possibility to limit this range of uncertainty. Indeed, if we recalculate the number of density for NH2 at Tvib=5000K and Trot=350K, we obtain a density of This efficiency ratio seems to be an upper limit for such RF plasmas. It is then reasonably to limit the vibrational temperature to the range of 1000 K-5000 K, which give an evaluation of the absolute concentration of about 2 10 11 -3 10 12 cm -3 . Several small lines correspond to the most intense lines of the 14 NH2 radical spectrum and appear in the red dot in the Figure 3-30. They are due to contamination of the gas line by 14 NH3. The gas line has to be pump and heat to minimize this contamination. Some other lines have not been unambiguously assigned yet to the 15 The first column of the Table 3-9 gives vacuum wavenumbers in cm -1 of the most intense absorption lines of the 15 NH2 isotopomer radicals recorded in the 16649-16719 cm -1 range, corresponding to a shift of about 30 cm -1 to the red relative to the spectrum of the Figure 3-25. The second column gives the corresponding absorption coefficient of the selected lines. We have selected all the lines having, in this range, an absorption coefficient above 2.7 10 -7 cm -1 . The lines with an absorption coefficient beyond 10 -6 cm -1 have been marked in blue. The 2 first columns of the Table 3-10 give the vacuum wavenumbers in cm -1 and the absorption coefficient in cm -1 of almost of the most intense absorption lines of the 14 NH2 isotopomer radicals. The third and the forth column give the same data for the 15 NH2 isotopomer radical. The 2 last columns of this table give respectively the shift of the wavenumbers and the ratio of the absorption coefficients of the equivalent lines for the 2 isotopomers. All the lines of the 15 NH2 appearing in this table have been chosen to have the have a shift as close as possible to 29 cm -1 and a ratio of the absorption coefficients as close as possible to 1. This is just here a tentatively assignments for the lines of the 15 NH2 isomer based on 14 NH2 assignment.

For the 29 lines appearing in this table, the average of the shifts is 28.9 cm -1 . This value is very close to the one previously extracted from the correlation for the "unperturbed" lines (29 cm -1 ). The root mean square is 3.3 cm -1 . Concerning the ratio of the absorption cross sections, the mean value is 1.4 and the root mean square is 0.8. If we take only the 8 most intense lines (absorption coefficient beyond 8 10 -7 cm -1 ), the mean shift value becomes 30.4 (2.8) and the mean ratio one 1.2 (0.5).

The mean of the ratio of the intensities is not close to 1 proving either:

 the tentative assignment of the lines for the 15 NH2 radical is not good,  Or the assignment is good but, due to the perturbations, the intensities of the lines are not the same for the 2 isotopomers.

Conclusion and perspectives concerning the spectroscopy on 15 NH2

We have succeeded to couple a RF discharge to our CRD setup to produce enough amount of the 14 NH2 from a mixture of 14 NH3 precursor diluted in Ar to do spectroscopy. We have also been able to extract an absolute density equal to 6.3 10 11 cm -3 for the 14 NH2 radical if we assume that its vibrational and rotational temperature both equal to 1750 K. The same work has been done on the 15 NH2 isotopomer radicals from 15 NH3 precursor. The goal of this work was to try to see if it was possible to extract population ratios 15 NH2/ 14 NH2 just by evaluating the intensity ratios of rotational lines.

Due to the Renner-Teller effect, a more precise and complete spectroscopic work on the 15 NH2 radical has to be done to obtain a complete assignment. On this basis, the comparison of the intensities of the same rovibronic lines could therefore be performed. This work is in progress in collaboration with Michel Vervloet and Olivier Pirali.

In order to bring some new spectroscopic data, a mixture of 50%-50% 14 NH3 and 15 NH3 was used in the discharge. The analysis of the very congested spectra is in progress. We can show only some preliminary results. The Figure 3-31 shows the absorption coefficient of the 312-422 (F1-F1) (right lines of the doublet) and (F2-F2) (left lines of the doublet) lines for the 15 NH2 (left panel blue bars) and 14 NH2 (right panel red bars) isotopomers recorded in the same experimental conditions with a mixture of 50%-50% of 14 NH3 and 14 NH3 isotopomer precursors. These 2 lines were used by Rousselot et al. 77 to measure 14 N/ 15 N ratio in comet through the NH2 amino group. The Table 3-11 gives the vacuum wavenumbers, the absorption coefficients of the 2 lines of interest for the 2 isotopomers. This table gives also the isotopic shift for the 2 lines, the ratio of the absorption coefficient and the ratio of the area of each line.

We see that the isotopic shift for these 2 lines at 17347 cm -1 is in good agreement with the one given ( 31.6 cm -1 ) by the previous given correlation. Concerning the ratios of the intensities, we observe that the ratios are not the same if we work on the absorption coefficient instead of the area of the line. It is more representative of the true ratio, if the areas are taken into account. We observe also that the intensities of the lines for the isotopomers are not identical and if we consider the intensity as equal, as Rousselot 77 supposed in his work, we generate an uncertainty of about 15 % which is not negligeable.

The work is in progress and we will provide ratios of all the 7 lines used by Rousselot to confirm this preliminary result.

All these data will finally serve to model the photophysics of 14 NH2 and 15 NH2 on the coma of the comets. The quantitative analysis of the fluorescence through these rotational bands could then be done. 

Conclusion

In this chapter, we proved that we were able to produce C 2 , C 2 -anion and NH2 radical in a Radio Frequency discharge coupled to the Cavity Ring Down setup. We have performed spectroscopy on these radicals of astrophysical interest, on very well-known electronic transitions with a resolution (several tenth of cm -1 ) corresponding to the frequency width of the used tunable nanosecond probe lasers. We have also been able to extract the absolute densities of these species. However some extra lines have not been yet assigned and the work is in progress.

If we want to extend these kind of studies, to heavier astrophysical of interest radicals, we need to improve the resolution of our experimental technique. The next chapter will show you, how it is possible to do that even by keeping the same nanosecond probe source lasers. This technique, as it will explained with more details below, is built on the injection of two passive high finesse optical cavities, by two beams derived from a single nanosecond dye laser beam (spectral bandwidth equals to 0.15 cm -1 ) pumped by a pulsed nanosecond Excimer laser. This innovative technique allows exploiting both the high finesse of cavities and conventional nanosecond pulsed sources. It permits using those cavities and sources in a dual frequency comb type approach coupled to CRDS technique, making this method absolute and potentially highly sensitive. It seems to be perfectly adapted to the research problematic of the SMAE group which is limited by the spectral resolution of the conventional nanosecond pulsed laser sources.

During my PhD, I have been working on this new technique in order to perform absorption spectroscopic studies with a much better spectral resolution (theoretically up to 10 -5 cm -1 , e.g. 300 kHz) than those usually achieved with the conventional laser sources (about 10 -1 cm -1 for nanosecond pulsed tunable lasers). One of our goals has been to demonstrate the feasibility of this technique with broadband pulsed nanosecond solid state Optical Parametric Oscillator pumped by nanosecond Nd: YAG laser in order to increase the probed spectral band and keeping the high spectral resolution. This new high resolution spectroscopic probe is aimed to be coupled to a gas phase reactor excited by radio frequency discharge, to produce and to study neutral or ionic radical species of astrophysical interest. Another intended objective of this work is to compare different performances in terms of resolution, sensitivity, ease to perform, etc.… of this new technique with those obtained by the different schemes of BB-CRDS and BB-CEAS.

The general introduction of classical CRDS technique is provided in chapter 1 of this manuscript, including its evolution according to the chronological order, its fundamental principles and findings. In the following, (fs) frequency combs and methods to perform molecular spectroscopy will be presented to prepare the readers to the specifity of the method developed here. This state-of-the-art is largely based on recent reviews such as Maslowski et al 2 . The pertinent characteristics of a passive high finesse cavity will then be presented as well as the properties of the outgoing frequency comb generated using broad band nanosecond sources. The results achieved for the development by applying the new technique DEFComb-RDS will be presented and a discussion and perspectives will be provided.

Optical Frequency Comb

An Optical Frequency Comb (OFC) [2][3][4][5][6][7][8][9]10 in the spectral domain derives from a series of equally spaced pulses in the time domain and is generated inside a mode-locked laser. This frequency comb contains a chain of narrow, similarly spaced lines whose optical frequencies are known and controllable, along with a well-defined phase relationship among them. The frequency distance between adjacent lines, called comb modes (FRS appearing in the frequency domain is provided by the inverse of the time (t) occurred between two contiguous pulses. This frequency is the repetition rate frep:

t f rep   1 (4-1)
and is related to the optical path-length inside the laser resonator:
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If there are N frequency modes resonating in the cavity, the inverse of the time width t of each pulse is equal to :

FSR N t    1  (4-3)
establishes the total frequency domain spectral bandwidth :

FSR N     . (4-4)
There is also one supplementary level of freedom which is the pulse-to-pulse phase shift of the electric-field carrier wave that is related to the pulse envelope (the carrier-envelope phase shift, ΔφCE). This shifts the comb modes in the frequency domain whereby the m th mode's frequency is determined by

0 . f f m rep m    (4-5)
Herein, m is known as an integer mode number and f0 is the offset frequency (also known as the carrier-envelope offset frequency) because of the carrier-envelope phase shift is defined by

  2 . 0 CE rep f f   (4-6)

First applications for OFCs

At the beginning, optical frequency combs were dedicated to frequency and time metrology 5,11 . Because of both the consistency of the frequency comb mode spacing at the 10 -19 level 12 and the probability of making individual mode stable to under 10 -15 fractional frequency stability [13][14][15] , OFCs allow metrology of optical frequencies to be accurate without establishing complex frequency chains; it also facilitates the transfer of frequency stability and phase coherence throughout long distances or to different spectral regions 16- 20 . The number of applications are continuously increasing by the expansion of frequency comb sources covering new spectral ranges from extreme ultraviolet (EUV) [21][22][23][24] , through the UV and the visible, and extending to the mid-infrared (mid-IR) 98,108-113 . OFCs have been used for a number of applications in various scientific disciplines 30,31 , for example bioengineering 32,33 , astronomy [34][35][36][37][38] or microwave generation for communication systems, deep space navigation and novel imaging 39,40 . They have also helped explore characteristics of physical objects from the size of atoms [41][42][43] up to size objects like planets or planetary systems 37 .

Direct Frequency Comb Spectroscopy

Owing to the ability for accurate measurement towards the optical frequencies given by the OFCs, their applications in molecular laser spectroscopy were developped 41 .

Continuous wave (cw) laser spectroscopy referenced to a frequency comb provides considerably increased frequency accuracy 3,[44][45][46][47][48][49] . An OFC can be used straight as a light source for spectroscopy, it is called Direct Frequency Comb Spectroscopy (DFCS) 50 . With this method, accurate control over the frequency comb structure is applied to simultaneously analyze a massive amount of atomic or molecular levels 43,50,51 . The frequency comb spectrum brings some benefits for spectroscopic applications in comparison to more conventional sources like incoherent light (thermal or LED) or cw lasers 2,7 . The broad emission spectrum permits the concurrent acquisition over thousands of channels and facilitates the measurement of various spectroscopic characteristics at the same time. The major advantage is that this broadband operation is joined with high spectral resolution, restricted by the linewidth of a single comb tooth, which can be as narrow as under 1 Hz 14,52 . Comb spectroscopy therefore retains the high resolution of cw laser based spectroscopy while eliminating the necessity of frequency scanning.

The DFCS's detection sensitivity might be notably improved by enlarging the path length of the optical beam through the absorbing sample. Absorption cells at moderate lengths with geometric designs that provide tens to hundreds of passes allow broadband acquisition with reasonable sensitivity. One of the advantage of using such cell is that it permits the whole OFC spectrum to be utilized for spectroscopic examination 53 . Additionally, since there is no resonance condition, these systems enable uncomplicated optical coupling of the comb spectrum. These characteristics make multipass cells appropriate for spectrometers with intermediate sensitivities based on broadband femtosecond laser sources.

For applications which are more demanding like atmospheric study, the concentration detection limitations are regularly lower than those attainable with multi-pass cells.

Besides, via a high-finesse optical enhancement cavity, an additional increase of the interaction length between the laser beam and a gaseous sample can also be achieved. In the years of 1990s, researchers who worked on CRDS started to combine picosecond lasers and passive optical cavities 54 . Due to the very restricted spectral coverage of a picosecond laser, the combination of the repetition frequency with the cavity free spectral range (FSR) was brought into consideration. At the time, this method was naturally extended to femtosecond mode-locked lasers. In the mode-locked laser cavity-enhanced absorption spectroscopy (ML-CEAS) 55 , the "magic point" where frep = FSR was found. Strict investigation of comb-cavity combination, which contained the concept of the modification of the carrier-envelope offset frequency, was first introduced by Jones and

Ye 56 . This comprehension resulted in 2006 in the development of the Cavity-Enhanced Direct Frequency Comb Spectroscopy (CE-DFCS) 57 . The CE-DFCS's potential has already been proved via identification of molecular species that are vital in environmental research 53,[57][58][59] , observation of production processes 60 and human breath analysis 61 , as well as for investigation of the energy level structure of exotic molecules 62,63 .

Before presenting in detail the new Dual Etalon Frequency Comb Ring Down

Spectrometer (DEFComb-RDS) experimental technique, it is important to go back to the operating principle of the already described highly sensitive absorption CRDS technique using a frequency comb.

Frequency comb with CRDS

The possibility of efficient coupling of the frequency-comb light into a cavity does exist since the frequency domain spectrum of Fabry-Perot cavity and that of an OFC are similar in structure. Nevertheless, despite the fact that the comb line spacing is persistent, the optical cavity resonances are separated from each other due to a frequency-dependent free spectral range (FSR) 64 , provided by:

0 ω 0 FSR δω δφ c 2L c ) (ω    (4-7)
whereby c represents the speed of light, L is the cavity length and δω δφ is the intra-cavity dispersion, normally deriving from the cavity mirror coatings and the effects of the absorbing sample on the optical index in the cavity. This dispersion expression refers to the separation of consecutive cavity resonant modes which is about constant in a restricted frequency range. Hence, some concerns should be considered in order to minimize the cavity dispersion for the spectral region of interest. It should be noted that this effect was neglected in the present work, but may be of interest in the future.

The investigation of the comb-cavity combination performed by Jones and Ye in 2002 65 pointed out that the most favorable coupling involves combining both the spacing (set by frep) and absolute frequencies (f0) of the comb lines with related cavity modes over as large spectral range as possible. This implies that the repetition rate of OFC needs to be matched to the cavity FSR (or an integer multiple or sub-harmonic thereof) at the interested spectral region. In (e), when frep is scanned around the value that equals to the FSR but with unoptimized f0, the heights of the two side peaks are not symmetric, whereas when f0 is correct as in (f), the height of the main transmission peak is maximal and that of the two nearby peaks are evenly shaped. The figure is taken from Maslowski 2014 9 .

As demonstrated in Figure 4-1, an inaccurate repetition rate leads to a general discrepancy between the comb lines and cavity resonances and only accidental (Vernier coincidence) resonances can take place. Optimization of frep can be carried out by either altering the laser oscillator cavity length, via a piezo-electric transducer (PZT), for instance, which moves a mirror in the free-space part of the laser cavity or lengthening a piece of fiber in every fiber laser source 66 . Once the frep corresponds to the cavity FSR as illustrated in Figure 4-1 (c), the comb's f0 should be selected properly so that the comb lines and the resonances of the cavity coincide, making Δf0 equal to zero 18,67 .

The appropriate values of frep and f0 might be identified when scanning the length of the enhancement cavity or the repetition rate of the laser and studying the signal of cavity transmission, like demonstrated in It can be seen here that locking a frequency comb to another cavity frequency comb is demanding, although progresses have been made. In the next section, the use of two combs and ultimately the avoidance of feedback will be reviewed. These sketch out the approach we are developing. The optical detector, a photodiode or a photomultiplier tube, measures the intensity of the incident light, whereby

/2 E cε t) I(x, 2 0  (4-8) 
c represents the speed of light, ε0 is the permittivity of free space, and E refers to the electric field vector of the incident light. In heterodyne detection, two beams are superimposed on the active surface of the (thus non-linear) detector. The intensity, ) , ( t x I of two optical waves with electric fields E1 and E2 is measured by:
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The square of this total electric field provides a cross term depending on both E1 and E2, to illustrate:
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whereby I1 and I2 represents the intensities of E1 and E2, correspondingly. The position of variable x implies the spatial modification of the combined optical field. One is only concerned by the intensity at a fixed point, the detector, one simplification can be made by setting x equal to 0. 

The equation
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On a photodetector, the overlap of the wave fronts creates a beating signal among all the optical modes of the two frequency combs. In case only the beating signals among the teeth of the same order n are concerned, the frequency of each individual beat is indicated as:
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The Fourier transform spectroscopy principle with two frequency combs. One of the two frequency combs is introduced into a gas cell filled with the sample and then overlapped with the other with a not considerably different repetition rate. The interferences down-convert optical frequencies into radio frequencies which can be measured by a regular photodiode. After Fourier transform for the interferogram and data acquisition, the gas's absorption spectrum is discovered.

The differences of repetition rates δ is selected with a purpose in which all the beat notes fn,1 -fn,2 are present in the radio frequency region so that they will be identified with a photodetector at a suitable bandwidth.

One benefit of the frequency combs considered as the spectrometer's light source refers to the capability to manage the frequency position of the comb modes; thus it is possible to peak the value of the down-converted frequencies. In this way, heterodyne detection of the laser's optical spectrum is established.

Once the heterodyned RF spectrum is generated, it can be used to probe the molecular fingerprint. However, in its first version, the spectral resolution is limited to the FSR (frep).

In addition, the heterodyne signal is referenced to a timebase whose precision may not reach that of the comb spectra. Developments to overcome this problem (phase error in FT spectroscopy) have been proposed recently 75,76 . As the entire spectral information is already included in the beat notes of the nearby modes (red), it is seen to be adequate to study only those and to ignore the higher frequencies that correspond to the beat notes at higher orders with a low-pass filter (expressed by the dashed gray line).

FC generated by High Finesse Optical Cavity (HFOC)

OFCs have been produced with mode-locked fs lasers. However, HFOC provide a spectrum similar to the OFCs and may be injected by more conventional sources.

Thereafter, dual FC may be applied. We will show how microseconds FC may be generated using passive HFOC, first by describing the frequency spectrum of an HFOC and then their excitation by a nanosecond pulse. A wave with complex wave amplitude Ei which is incident on the first mirror produces a transmitted wave of complex amplitude Eit1 and a reflected wave of complex amplitude

Eit1r2e

-i/2 on the second mirror. After the second mirror, a transmitted wave of complex amplitude Eit1t2. The complete transmitted electric field after n transmission is given by :
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Total transmitted electric field will be:
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Where the phase difference  is defined by:
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If the two mirrors have the same characteristics: r1 = r2 and t1 = t2, R referring to the reflection coefficient for the intensity will be: R = r1 2 = r2 2 = r1r2 and T representing the transmission coefficient for the intensity: T = t1 2 = t2 2 = t1t2. We then have: R+T=1 if there is no loss (absorption, scattering…) occurring through the mirror surface.

The total transmitted intensity will be given by:
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If the direction of the plane wave is perpendicular to the mirrors: θi = 0, then the phase difference  is:
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If we introduce the Free Spectral Range

L c FSR 2   , the phase difference  is:         FSR L c 2 (4-19)
And finally, the total transmitted intensity is given by the Airy function:
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The Figure 4-6 represents the ratio between the transmitted intensity and the incident one (corresponding to the well-known Airy function) for a Fabry-Perot etalon with different reflection coefficients ranging from 20 % to 99 %. The more the mirror reflectivity raises the more narrow are the transmission features characterized by , the full width at half maximum (FWHM) of the transmission peaks. We can also define the cavity's finesse of this etalon as:
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This transmission is also periodic in phase or frequency, and maxima are separated in frequency space via the cavity's free spectral range Inside the etalon, there is also superimposition of an infinite number of waves, going back and forward, with decreasing intensity. Physically, a longitudinal mode m is also generated by constructive interference conditions in the cavity, which happens once the distance L between the etalon mirrors equals to an integer number of half wavelengths:
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The Free Spectral Range is also given by:
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and corresponds to the frequency shift between two consecutive longitudinal modes.

HFOC seeded with continuous light

Contrary to a Fabry-Perot etalon which is built from 2 flat mirrors, a High Finesse Optical Cavity (HFOC) is made of 2 spherical mirrors (Radius of curvature: Rc) with high reflection coefficients. This HFOC is the main part of the CRDS Technique as it has been already presented in the chapter 1. The longitudinal frequency modes found in the case of the Fabry-Perot resonator are the same in HFOC but the standing waves resonating in such 
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Compared to the classical Fabry-Perot interferometer, some new frequencies appear.

If such a HFOC is seeded with cw broad band light source, one can generate, as in the case of the Fabry-Perot etalon, a frequency comb. However, this comb will be richer since there are more possible resonating frequencies corresponding to the transverse modes.

HFOC seeded with nanosecond pulsed laser

As shown in the Figure 4-7 and as it has been already described in chapter 1, the CRDS technique we used consisted in a nanosecond pulsed laser source injected into a HFOC.

Before the injection, it is important that the beam of the laser source has to be shaped (using spatial filtering and collimation) so that it has the characteristics of size and profile as close as possible to the divergence of the fundamental transverse mode, TEM00. T = |T| 2 with T being the electric field transmissivity. These two mirrors are separated by length L in a Fabry-Perot arrangement. The study's scope is limited to a physical condition in which a mechanically stable cavity possessing no absorbing sample is injected with a pulsed laser field transversely mode matched to the TEM00 mode of the cavity. The cavity round-trip time with velocity of light c is also given by:

c L r 2   (4-25)
The excitation laser field is established to be a Fourier transform limited Gaussian pulse taking formula:
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with  being the laser carrier frequency,

2 / 2 ln 2 p a   (4-27) 
is the coefficient related to the pulse duration τp defined in FWHM, and is the normalized complex amplitude.

Passing 2n times of the multiple reflection from cavity mirrors, the amplitude of the intracavity field is reduced by the factor R 2n and the cavity total round trip time is given by (n+1/2)tr. For every round trip, a part of the field gets out of the cavity because of output mirror transmissivity T. The transmitted output field Eout causing from an excitation input Ein is given:
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replacing Ein from equation (4-26) to (4-29), we obtain:
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is the carrier frequency detuning value representing the difference between the central frequency of the laser field and the frequency of the cavity longitudinal mode ( 0   is the magic point for a monomode laser injected into the HFOC):
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being the cavity resonance frequency. The ring-down signal intensity can also be described as:
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The entire time evolution of a cavity ring-down signal that is excited by a Fouriertransform-limited laser pulse of arbitrary carrier frequency and pulse duration is then defined thanks to the above expression. The phase shift among the exiting photons, Ωtr in equation (4-33), is an important parameter, since it affects the performance of interference in development of the ring-down decay signal.

In 1999, several ring down time decay signals were computed for different parameters by Lee et al. 80 . We have also computed this ring down decay for a HFOC excited by a Fouriertransform-limited Gaussian laser pulse. We have also added the frequency point of view Gaussian pulse), thus larger than the FSR. The pulse duration is also 4 times smaller than the round-trip time, (p = 0.25tr) meaning that there is only very small spatial overlap between the reflected waves inside the cavity. This is why we see on the right panel the ring-down signal collected as a chain of pulses in which each individual pulse is separated by the constant distance tr = 2 ns. The shape of each pulse is the duplication of the excitation pulse shape one with temporal width p of 0.5 ns and the intensity is decreasing via the (1-R) 2 reflection coefficient. It is why the first pulse's intensity is equal to 2.510 -3 (=0.05 2 ).

The Fourier transform of this decay on the right panel shows the characteristic frequencies with FSR = c/2L = 500 MHz, and the width of the frequency peaks being about 25 MHz.

According to the value of finesse of the cavity being about 60, the lower limit of the width of the frequency peaks is about 16 MHz. The difference is mainly due to the lack of spectral 
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131 resolution in the present FFT. The results are exactly the same if the value of  is equal to 0.25FSR or 0.5FSR, the maximum frequency detuning. In those cases, the transmitted total intensities of the ring-down signal are unchanged. This case corresponds exactly to the photons bullet model from which all the pulses have no interactions and go out the cavity with an extremely regular time corresponding to the round-trip time.

These results imply that spectral filtering is at work although there is no overlap between the ringing pulses. Under these conditions the HFOC generate a frequency comb lasting for about 100 ns, determined by the reflectivity of the mirrors, having similar nature than the one generated in a mode-locked femtosecond laser. For an excitation pulse duration of p = tr, the impact of the carrier frequency detuning upon a ring-down signal appears to be more obvious. The intensity of the ring-down signal has significantly decreased. When the carrier frequency detuning  value is increasing, there are more destructive interferences than constructive ones and the transmitted light is weaker. In the frequency domain, the frequency peak at 500 MHz is still observable in all detuned cases implying an excitation of mainly 2 adjacent modes. In the bottom right panel of Figure 4-10, a strong broadening of the frequency peak is found. This is due to the spectral profile changes: efficient injection of the cavity modes while decrease of the detuned frequencies. This spectral broadening leads to the temporal narrowing observed in the bottom left panel, the temporal width of a simulated pulse being about 1 ns. This effect is weakly seen in Figure 4-9 as well. This illustrates the necessity to have the time and frequency response of the cavity to provide a clear understanding. In Figure 4-11, the excitation pulse duration is long, p = 4 ns= 2tr relatively to the cavity round-trip time tr, leading to a pulse width of 110 MHz. The carrier frequency detuning from cavity resonance frequency is again set at 0, 0.25νFSR and 0.5νFSR. Through this long duration of the pulse excitation, the complete temporal overlap can be seen. Besides, the sensitivity of ring-down signal intensity strongly depends on the carrier frequency detuning. The ratio of the transmitted intensity is much higher in case of the detuning = 0 (resonant injection or magic point), from approximately 18x10 -3 down to about 2.5x10 -3 for maximum detuning. For the frequency spectrum, owing to the narrow width of the excitation laser, only a single cavity mode can be excited. In this case, a single tooth is generated and no more comb can be formed. Spatial mode matching is a prerequisite and spatial filtering of the light source as well as shaping for mode matching has to be performed to have only the fundamental transverse modes TEM00 resonating in the cavity. Indeed, higher-order transverse modes would enrich the frequency comb with unwanted frequencies for a heterodyne detection (see formula
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To eliminate the higher-order transverse modes, we have to check very carefully every step in adjusting the characteristics of laser beams. We implemented this by using a CCD camera that allows us to visualize continuously the transverse intensity distribution of the light source at all stages. It was also necessary to install a spatial filter (pinhole diameter 200-400 m) to purify the beam because the transverse shape of the OPO source beam was very bad. As it has been said previously, a HFOC seeded with a nanosecond pulsed laser exhibits a frequency comb having the same nature than the ones delivered by mode-locked femtosecond lasers. A huge difference between the microsecond frequency comb delivered by an injected HFOC and a femtosecond comb comes from the modulation of the intensity due to the decay time obtained in a HFOC.

To succeed in obtaining a heterodyne signal with the combs going out from 2 HFOC cavities, it is necessary to spatially match the wave fronts of the 2 modes on the surface of an intensity sensitive detector 70 , and to focus them as energy density is essential for efficient beating. To do that perfectly, it is necessary to obtain pure fundamental transverse TEM00 modes at the exit of the 2 HFOC. In addition, time and frequency constraints have to be respected.

Based on the original work by Schiller 69 , the conditions of applicability of dual FC spectroscopy are:

1. Spectral confusion has to be avoided by making the FSRs as different as possible to multiples of the spacing between the beat notes. This will avoid overlaps.

2. In order to avoid spectral confusion, also the width of the frequency combs has to be limited such that no overlap between the different RF heterodyne spectra, originating from beating between adjacent teeth, occurs.

3. The spectral resolution of the RF spectrum has to be much higher than the separation between 2 RF beat notes, i.e. the difference of the 2 FSRs.

4. The integration time has to be large enough to maximize the signal to noise ratio.

One has thus to ensure the maximum overlap in time between the 2 combs.

5. The spacing between the beat notes has to be larger than the instabilities of the combs during the whole ring-down event, to reach ultimate spectral resolution.

It is also important here to give some formulae to clarify the conditions given by Schiller 69 and to know how to choose the important parameters (Length L1 of the first cavity, difference of length L between the 2 cavities, reflection coefficient R of the mirrors,…)

to verify these conditions. For a given ring down time 0, the frequency peaks of the FFT spectrum have a width of about 1 𝜏 01 and the condition 2 which is like the "Rayleigh criterion", is well verified if :
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And finally: value is, the lower the ring down time is and the broader the heterodyne peaks are the more important become the difference between the 2 cavities in order to avoid superposition of the peaks. We can also give the resolution power of our spectrometer under this condition at about =600 nm:
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(4-37) From this, the upper limit of resolution power can be expressed as: The condition 4 on the page 142 is also fulfilled if:

4 ) ( 1 2 1 FSR FSR FSR N      (4-39)
where N is the number of transverse modes within the bandwidth of the probe laser.
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where BW is the FWHM of the probe laser.

In order to fulfill these conditions, it appears that the ring down time is the key parameter to find conditions for observation of a heterodyne signal between 2 s combs. From the temporal point of view, beating between 2 combs on the detector will occur only when they perfectly overlap in time. Owing to the limiting ring-down time, the temporal pulse width has to be larger than the round trip to maximize this overlap. Such time profiles of the frequency comb can be seen in Figure 4-10 and Figure 4-11, for instance. This is very difference from dual FC spectroscopy with fs combs 69 . The ring down time is also dependent on the cavity length, which in turn determines the FSR. The temporal width of the source may place a severe limitation on the cavity length, the fixing of the possible ring down time and on the FSR. In addition, the ring down time also limits the spectral resolution, therefore limiting the minimum difference between the FSR of the 2 cavities, i.e. the difference of the length of the 2 cavities. Therefore the accessible spectral range is (about few tens of wavenumbers) were tentatively used: a broad band OPO and a broadband dye laser, directly installed on the optical table. In both cases, no heterodyne signal could be obtained. The reason is probably due to mode beatings during the pulse which prevented a good degree coherence. The best source was a nanosecond pulsed of tunable Midband OPO (Opolette, OPOTEK), pumped by a diode pumped Nd:YAG laser (Centurion, Quantel; repetition rate = 100 Hz). This OPO delivers pulses of 4 ns temporal width and energies/pulse of about 1 mJ with a spectral width of about 4 cm -1 . The laser beam is first spatially filtered, the pinhole having a diameter of 400 microns. The pulses of this laser are then separated into two beams by a beam splitter and sent to the two optical cavities. Focusing lenses (f=30 cm) are used to match the TEM00 mode of the cavity, which is checked by using an imaging CCD camera. Basically, the beams are focused at the center of the cavities with sizes as close as possible to the TEM00. At the entry of the cavities, energies per pulse are about 40 J.

The two cavities are very similar with a value R of the mirror reflectance of about 99,991% at 590 nm and the L length of about 50 cm is sensitively adjustable by a (manual) microcontrol translation stage. The optimization of the cavity mode is done by looking at the spatial mode at the output and the FFT of the ring-down signal simultaneously to minimize the transverse modes.

At the output of the cavities, the two TEM00 transverse modes are recombined with another beam splitter and, after focusing, sent on the PMT detector's surface. Alignment of this stage is also performed with the aid of the beam profile analyzer. The detector signal is fed into a digitizer and the acquisition is monitored by an in-house labview acquisition program.

The signal obtained on the surface of the PM detector is not a pure exponential decay but a modulated exponential decay. Indeed, the interferences occurring between the two beams modulate the decay. The Figure 4-19 shows one of the ring-down we find, when the ouput from the 2 cavities under vacuum are very well spatially superimposed on the surface on the PM. The central frequency if the laser was set to 590 nm. In the frequency domain, if the two cavities have exactly the same length, we obtain exactly the same type of spectrum as that obtained with a single cavity (normal comb with teeth separated by the νFSR). If this is not the case, the free spectral range of two cavities νFSR and ν'FSR do not have the same values and the teeth of the two frequency combs do not have the same frequencies. The Fourier transformed CRD signal then shows two different frequency components and their respective corresponding harmonics. Indeed, we can see also the The first block is in charge of general management for menus, buttons, etc. as well as synchronization management for other loops. The synchronization management for other loops involves the management card on acquisition-thread digitizer, place data in a buffer file-memory cache and treatment data-thread data. All processes the thread digitizer, memory cache and thread data run at the same time. Since the memory cache has limited capacity, the program will stop if the amount of data exceeds 2 Go, This program simulates an exponential decay and extracts the ring-down time, gives a FFT on the entire time trace or on n sections of the temporal signal where n equals to the number of sections, averages the time trace and/or frequency trace. It manages also an automatic data backup and saves data on the disk. Ultimately, all treated data will be displayed by graphic displayvisualization. Figure 4-22 shows the front panel of the LabView program where one FFT spectrum of the entire ring-down time signal exponential decay has been recorded. In this screen-capture, it is not possible to distinguish the positions of the FSR frequencies of the 2 cavities around 300 MHz but it is clear that all the peaks at lowest frequencies are due to heterodyne components between 25 and 100 MHz.
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Place data in a buffer file It is however important to emphasize that this improvement of the side-band effect is linked to a degradation of the resolution by an increase of the width of the lines, as it can be seen on the spectrum of all the right panel of the Figure 4-23. There is sometimes some compromise to find between side-band effect and resolution. 

Ring down of an individual beat note

We will now describe the temporal development of the frequency comb intensity received by the detector, after injection of a broadband pulse into a HFOC. All the equations developed here are similar to those found in Chandler and Strecker 1 and Levenson et al 84 .

The intensity I(x,t) resulting from the sum of N electric fields Ei (i=1 to N), each i th component of the comb having angular frequency i, is given by :
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If we consider only the temporal variation of the intensity 𝐼 𝑑 (𝑡) at the fixed position of the detector (x = 0 to simplify), we find:
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in which the double summation over i and j gives the corresponding cross terms of all possible frequency pairs. N, the number of modes, is determined via the ratio of the laser's bandwidth divided by the FSR (FSR) of the etalon. If the optical pulse's length is short in comparison with the decay time of the cavity, the intensity pattern at the detector towards a single frequency i is as follow:
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in which τ0i equals to the ring-down time of the empty cavity for the i th mode, as defined in equation 1-28, αi represents the absorption coefficient of the sample at i, as defined in equation 1-30, and c refers to the light speed in the cavity.

The intensity Id received on the detector from a single broadband laser pulse injected into a HFOC is then provided by:
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This formula shows that we have a multi exponential decay.

When two combs having angular frequencies 1i and 2j are superimposed on a detector, additional beating between components i and j generate supplementary heterodyne modulation. The intensity Id received on the detector is:
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Where l, m = 1, 2 refers to comb 1 or 2 and are used to generalized equation (4-55).

Therefore, when two combs arise from two distinct but nearly identical etalons injected by the same broadband pulse, the intensity i het I a single beat note from the lowest frequency pairs of the heterodyne components (nearest neighbors, see Figure 4-14), is given by:
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Here, we have a single exponential decay and if the 2 cavities are empty, we have:
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The effective ring-down time 0i for the i th tooth appears to be:
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If one of the 2 cavities is empty (for instance cavity 2) and only one cavity contains an absorbing sample (here cavity 1), we can extract the absorption coefficient 1i :
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We see that the measurement of the absorption coefficient is similar to that from a single cavity, except that we have to deal with an effective ring-down time.

Matlab algorithm

The data analysis progression for a single ring-down time signal from the DEFComb-RDS spectrometer is described rapidly in the following. Because there is a lot of steps of calculations and a lot of data (number of points, number of files, number of heterodyne peaks,…), a home-made MathLab program has been built which is used to perform this data analysis. Here, a list of the different steps in this program is given. The following chapter 4.4, will then give in details, all the steps of calculations. i. Firstly, the MatLab program performs Fast Fourier Transform or Power Spectrum for the total ring-down time signal corresponding generally to a range of about 40 s. When the temporal resolution of the card is set to the maximum (0.625 ns), the number of points of this ring-down time signal is usually equal to 2 17 . Several apodization functions could be chosen.

ii. From this Fourier transform spectrum, the next step consists in identifying the frequency of each heterodyne component. These heterodyne frequencies are identified by their intensity. A threshold corresponding to a variable percentage of the heterodyne peak with maximum of intensity is used to eliminate the peaks coming from the noise chosen. Several apodization functions could be also chosen. iv. The intensity of each identified cross-beat frequency is then extracted and plotted versus the time corresponding to the center of each range. v. Using non-linear exponential fit to adjust the intensity versus time, we obtained the ring-down time of each identified cross-beat frequency. If there is no absorbing species in the cavity, the ring-down time has to be the same for all the heterodyne component and corresponds to the value of the empty cavity at the wavelength. vi. When the cavity contains absorbing samples, we obtain ring-down times  smaller than  We also obtain the absorption coefficient (αi) for each cross-beat frequency i.

The MathLab program is given in the Appendix

Analysis of a single event

Before trying to extract the data from a large number of laser shots (thousands recorded and yet to be analysed fully) and attempting to build the frequency resolved spectrum, a careful analysis of a single laser shot time trace has to be performed to highlight all the details, strengths and limitations of this approach. the Blackman-Harris function, the peaks are well defined and no spurious contamination is observed. The expression of this Blackman-Harris window function is as follows: This Blackman-Harris window function will therefore be our choice for all the next FFT to be performed. It is implemented in the displayed intensities of the cross-beats.

FFT of the full time trace
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Another usual trick is to perform "zero-filling". It simply consists in adding a defined number of points in the time trace with 0 intensity to increase the frequency resolution after FFT and provide a better shape representation. It is particularly useful to point the maximum of the peaks. However, performing this is at the expense of the intensity of the peak in the frequency spectrum. Thus care has to be taken if one wants to compare intensities. In Figure 4-26, the effect of the 0 filling is shown for one of the fundamental peaks (left panels) and one beat note (right panels). It can be seen that without 0 filling, the narrowest peaks (top panels) can hardly be resolved. Then, the Lorentzian profile can nearly be obtained with a large 0 filling (bottom panels). A compromise (the calculation is more time consuming) would be to double the size of the time trace if more precision is necessary.

Here, one can note that the beat note is much larger than the fundamental peaks at about 300MHz, about 3 times larger. The reason for that is not clear and remains yet to be (FT)

explored. In the following, 0 filling will be used by doubling the time trace in size, otherwise the choice is stated. One can see the progressive spectral congestion and merging of all individual peaks.

Because the heterodyne peaks are separated by about 500 kHz, a time window well below 2 s causes a cross contamination between peaks. To find the positions of the most intense heterodyne peaks and to be sure that we are not dealing with peaks coming from the noise, we have chosen to test the intensity of each point of the spectrum and to keep only the most intense peaks with a criterion corresponding to a percentage of the heterodyne peak exhibiting the maximum intensity.

The typical percentage was a few percent (2 %).

One more time, to be sure that we are dealing with the correct heterodyne peak, it is possible to control the position in frequency of each peak. Indeed, as said previously each i th heterodyne peak, has precisely a frequency 𝜈i given by:
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Where f0 is the difference of the carrier offset frequencies of each comb and 𝜈FSR1 and 𝜈FSR2 are the FSR frequencies of each comb. This equation determines strictly the positions as it is not the case for a peak coming from the noise, or from higher order transverse modes. To verify this, and to determine the heterodyne peaks, we have plotted the experimental frequency of each peak extracted from the previous treatment relative to the theoretical expected frequency. The correlation is shown on the Figure 4 In Figure 4-30, we see that the position of the peaks are not regular and not located at the expected position. Two hypotheses could be given for that discrepancy:  This instability could be due to the internal clock of the oscilloscope card. We could also observe here a limitation of the performance of the digitizer, the stability of the internal clock not being high enough.

 The position of each heterodyne peak is not stable during the acquisition time (40 to 80 s) because the lengths of the 2 cavities are changing during this time due to mechanical vibrations or thermal fluctuations.

In the second case, the discrepancy is expected to show the same behavior for all teeth while here, the differences appear erratic and no shift with a particular frequency is evident. Such a contribution is thus expected to be much weaker than the other one and is not considered in the following. We can now deduce, at the frequency of the heterodyne peaks, the ring down time in the two cavities and the absorption coefficient. When the cavity contains absorbing samples, we obtained the ring-down time which gives the absorption coefficient (αi) for each frequency within the bandwidth of the laser. Because ring downs and frequency positions are specific within each laser shot, the value of the empty cavity cannot be measured separately. We have implemented two approaches.

One considers that the highest value of the ring down is that attainable for all measured frequencies, therefore it is used to determine the absorption coefficient using equation 4-59. The other is done performing a statistical analysis of the ring down times, excluding the extreme points identified by evaluating the standard deviation and recalculating the average values and so on until a rough convergence is obtained. In that case, the ring down The use of the statistical approach is more demanding and provides unphysical negative absorption coefficient values. However, it provides an additional estimate of the uncertainty on the position of the measurable absorption coefficient.

From these values, a figure of merit Msingle for a single laser shot event can be obtained.

The mean absorption coefficient was found to be 8.9 10 -7 cm -1 (using the maximum ring down time) and the standard deviation 4.4 10 -7 cm -1 , calculated from the 34 beat notes found in this event. The minimum absorption coefficient for a single laser shot is thus min=10 -6 cm -1 . Because the time trace is 40 s, Msingle is found to be about 2.10 -10 cm -1 .√Hz.

It is reasonably comparable to values obtained from our conventional CRDS set up (see chapter 3). In this last subsection on the analysis of a single event, the effect of the time window on the extracted ring down times and related absorption coefficients will be analysed. In particular the limitation related to the value of the maximum ring down times are looked for. For instance, a large width implies to measure small variations of the ring down with respect to the empty cavity. It can be seen that modulations appear in the ring down curve, probably arising from contamination between close lying beat notes. However, for smaller time windows, modulations are washed out and the heterodyne spectrum can be seen as the optical broad band optical spectrum, down converted to low spectral resolution. Exploration of this effect has to be further investigated in order to check for its relevance for a low resolution spectroscopic study.

Analysis of an ensemble of laser shots

Several measurements of few thousands of traces have been performed under particularly good conditions. These were obtained at about 590 nm, the central position of the laser being around a strong line of one overtone in water, located precisely at 16940.2665 cm -1 (Hitran database). It possesses an integrated absorption cross section of 2. 75 10 -24 cm.molec -1 giving an absorption cross section of about 10 -23 cm 2 . From the single event sensitivity limit, we can see that measuring the water absorption line would be accessible.

The above treatment has to be applied prior to its exploitation for spectroscopy. It should be recalled here that, in the original paper by Chandler & Strecker, only the analysis of a single event was shown. Here, we propose a statistical analysis of a set of 1000 events to show the behavior of the comb and point out necessary developments. These were measured keeping one cell under vacuum and the other with a partial pressure of H2O of about 20 mbar.

Ring down times

For all traces of a series of 1000 measurements, the individual ring down times have to be extracted, as well as the absorption coefficients. At first, the combs are analysed. In figure 4-36, the number of beat notes is plotted for all events. One can see that the mean value is about 18 and the standard deviation 7. Within the laser pulse of about 3 cm -1 , the expected number of beat notes is about 300 with a FSR of 300 MHz. Therefore only 6% of the modes of the cavities are excited and beating. It is related to the spectro-temporal behavior of our laser where mode beatings are important and the mode structures strongly modulate the spectral energy density. In the midband OPO Opolette, the cavity length is about 5 cm, 10 times smaller than that of our HFOC systems. Thus the poor match of the mode structure may be the main source. In fact, we realized that for such an experiment, a nanosecond pulse without mode structure would be ideal, i.e. a source without a cavity based only on strong amplification: amplificated stimulated emission in a dye cell or optical parametric generation in a crystal. The use of these methods is planned in the near future to attempt to fill up the comb. In figure 4-37, the mean frequency of the beat notes is reported. The average is found to be 50.9 MHz with a standard deviation of on 27.26 MHz. It indicates a relatively stable difference of the carrier offset frequency, although no particular active stabilization is implemented. In addition the average of the standard deviations of the beat note frequencies within each comb is 11 MHz. From this analysis, the optical combs generated in the HFOC are found to cover about 2 cm -1 , to be compared with the measured 4-5 cm -1 width of the OPO pulse. Finally, the mean absorption coefficient is reported in Figure 4-38 for the 1000 analysed combs. The average is found to be 1.21x 10 -6 cm -1 with a standard deviation of 4.8x 10 -7 cm -1 . The values are somewhat comparable to that of the single event analysed in the previous subsection, although a bit higher. In order to test the presence of water absorption, a similar analysis has to be performed in the case of empty cavities, a drawback of CRDS measurements. At the time this PhD has been written, the complete analysis was not been performed yet and no definitive conclusion can be drawn here: is there any signature of absorption in the actual data? does not provide the difference of the carrier offset frequency, no self-calibration is thus possible. Actually, from analysis of the average frequencies of the heterodyne combs, combined with the standard deviation, we can see that the extent of the optical combs are rather similar. Thus, assuming that the first comb line position provides a rough estimate of the carrier offset frequencies, we can shift the heterodyne spectra and compare them.

The uncertainty of the comb position is thus superior to the FSR. This attempt is reported in figure 4-39, where an average of the 1000 shifted combs is reported. In figure 4-39, one can see the dispersion of the absorption coefficients below 100 MHz.

At about 100 MHz, an accumulation of higher absorption coefficients is observed with a spectral width corresponding to about 0.6 cm -1 . This value is reasonable compared to the expected (0.016 cm -1 ) Doppler width of water and with the uncertainty of the position (several 0.01 cm -1 ). The value of the absorption coefficient is found to be as high as 5.5x10 -6 cm -1 , significantly above the dispersion of the absorption coefficient. Even if reasonable, this very preliminary result has to be considered promising, but yet relying on rough assumptions. We have to pursue to confirm this finding, and to carefully analyse the resulting spectrum if confirmed. The feasibility of the DEFComb-RDS approach has not been fully demonstrated here.

However, the main results are focused on the identification of the laser source characteristics that are necessary for the realization of DEFComb-RDS. The absence of mode structure and a high spectral energy density without spectro-temporal evolution during a time larger than the round trip time are essential. Matching these requirements should enable us to produce a s frequency comb that could be used for CRDS. This points toward even simpler laser source based on half cavity and fluorescence.

In addition, it was realized that the absence of mode-locking of the high finesse optical cavity preclude any self-calibration except if the comb can be well defined from shot to shot and the difference in carrier offset frequency accessed. Otherwise, a reference has to be used either by adding beating with another cw source or including absorption from a known sample such as the sodium doublet at about 590 nm. It shows again that the quality of the source is at the core of future development of this method.

The sensitivity limit is actually close to the single shot limit. Again, higher spectral energy density should enable to better measure the ring down time of each beat note and provide more spectral elements within each single event. A future strong effort dedicated to the spectro-temporal characterization of the nanosecond source will be performed, in line with the actual growing interest in broad band sources.

In addition, experimental techniques for producing various unstable species (for example radio frequency plasma discharge source) can cause pollution of the cavity mirrors. The surface must, however, remain as clean as possible to keep the initially specified reflection coefficient by the manufacturer. The only way to avoid these problems is to separate the mirrors as far as possible from the area where the plasma is generated. For example, an effective length of 60 cm for producing species, the cavity length must be 1m at least is required, and consequently a pulse duration of more than 7 ns. A laser source having a pulse duration beyond 10 ns therefore seems perfectly suited to satisfy both the requirements of spatial superposition and sensitivity. With respect to the spatial coherence of other sources, it must be optimized for interferences being possible between two modes of the TEM00 from two cavities. With respect to the temporal coherence, the conditions are not as dramatic as for the spatial coherence.

Indeed, even if a laser pulse has poor temporal coherence at the input of the CRDS cavity, it shows some degree of coherence in the output, because of the large number of reflections which it undergoes on the surface of the mirrors. To extract the heterodyne peaks and consequently the ring down time of each tooth of the beat notes, it is necessary to do the FFT of the entire ring down time signal and of shifting the time gates. The acquisition digitizer (Keysight, BW = 1.5GHz, 3.2Gs / s) that we used was extremely efficient and fast as it is able to acquire a signal over a hundred microseconds at a time resolution of 625 ps and calculates the Fourier Transform. However, despite the excellent performance, we have highlighted the fact that in the Fourier transform spectra, heterodyne spectral signals were not located at constant frequency intervals, which must be interpreted as a limitation of the frequency stability of the internal clock of the card. Indeed, this card has a time jitter of only a few hundreds of fs, which may seem very low, but which is still not sufficient for our application. We therefore consider acquiring an external clock with a much higher frequency stability. We have also been able to extract absorption coefficients for each beat note but, due to the structured spectrum of the source we have used, the heterodyne signal was not dense enough in frequency. We have also not been able to rebuild correctly the spectrum for different laser shots. This problem may be solved by the use of a broadband light source without any longitudinal mode structure, but having a sufficient degree of coherence. Such a Title : Cavity ring-down spectroscopy of astrophysically relevant molecular species, toward quantitative and high resolution studies using spectro-temporal properties of high finesse cavities Keywords : CRDS, HC3N, RF discharge, C2, C2 -, 15 NH2, frequency comb

Abstract:

The main objective of this PhD was to develop spectroscopic techniques using high finesse optical cavities. These were applied to the measurement of quantitative spectroscopic data for neutral, radical and ionic molecular species of astrophysical interest in the near infrared and visible spectral range.

The first part was devoted to the measurement of the oscillator strength of high vibrational overtone bands of the cyanoacetylene (HC3N) molecule with the Cavity Ring Down Spectroscopy (CRDS) technique.

The second part was devoted to the study of the spectroscopy of transient neutral and ionic species. For that, an inductively radio frequency (RF) discharged has been coupled to the CRDS set up. The pertinence of this plasma to efficiently produce anions was demontrated via the quantitative measurement of the C2 -/ C2 ratio in a wide variety of conditions. A quantitative spectral analysis of the radical isotopomers 14 NH2 and 15 NH2 was also performed for the first time. This study provides experimental data that will allow to better constraint the 15 
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 11 Figure 1-1 : Direct absorption spectroscopy.

Figure 1 -

 1 Figure 1-1 shows principle of direct absorption spectroscopy, whereby we need a source of radiation such as spectral lamps, black body, lasers, or synchrotron radiation. The light is then injected in the cavity containing absorbing species like gas (cell, effusive jet, molecular beam…), or solid (glass, crystal, cryogenic matrix). If the radiation of the source has a broad bandwidth, the radiation going out from the cavity has to be dispersed by a dispersive element (prism, grating, Fourier Transform…) and send to a detector (Photomultiplier Tube, CCD camera, Diode Array…).

  -

4 .

 4 Furthermore, according to principle of this technique, scattered light from the excitation laser create noise. One of the methods to reduce the noise is to use a spectral filter to block most of the scattered light. Time-gated detection is also another device to prevent most of Detector
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 12 Figure 1-2: Laser Induced Fluorescence techniques.

  schemes are shown in Figure1-3.
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 13 Figure 1-3 : Ionization principle.
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 14 Figure 1-4 : Photoacoustic spectroscopy.
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 23 Cavity Ring-Down Spectroscopy Technique 1.2.3.1. Principle of CRDS The Cavity Ring-Down Spectroscopy Technique is a direct absorption technique. It generally consists in measuring the decay rate of a laser pulse (having the wavelength λ) sent into a rigid optical cavity made of two highly reflective spherical mirrors separated by the distance L and having respectively a reflection coefficient R at the wavelength of laser. The Figure 1-5 shows the principle of the CRDS technique. Each time the pulse laser reaches the mirror's surface, there is a reflection and a transmission. If we suppose that there is no absorption and scattering losses in the cavity, the intensity   λ,0 0t I of the first pulse passing through the cavity could be written as, T being the transmission coefficient:

Figure 1 - 5 :

 15 Figure 1-5: Scheme of the description of the so-call "Photon bullet model" of the pulse CRD technique.
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 17 Figure 1-7: Ring down time's curve obtained for the OPO laser coupled with Ring-Down Cavity. This OPO laser (MOPO-730 from Spectra-Physics) has a bandwidth of about ~0.25 cm -1 . The huge range of scan is from 430 nm to 540 nm.
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 21 Figure 2-1 : Value of the ratio versus the number N of shots for 2 different independent series of experiment.

16. 56

 56 MHz) discharge. The first application of CRDS to analytical measurements in such plasma was introduced by Miller and Winstead 1 in 1997. They used inductively coupled plasma cavity ring-down spectroscopy for trace analysis. In 2000, Booth et al. 2 coupled radio-frequency plasma to CRDS to detect CF, CF2, AlF and SiF2 radicals. The absolute concentration measurements are obtained by this technique.
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 3131 Figure 3-1: Experimental set-up of CRDS coupled with Radio frequency discharge.
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 32 Figure 3-2: RLC circuit of Radio Frequency discharge.
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 33 Figure 3-3: A picture of the front panel of the power supply of the discharge. The range of this power is from 0-600W.

Figure 3 - 4 :

 34 Figure 3-4: Two pictures showing our experiment CRDS coupled with Radio frequency discharge switched off (panel a) and switched on (panel b). The plasma is produced inside the cavity.

Figure 3 - 5 shows a draw

 35 of this new configuration. This configuration has been tested to find the experimental conditions allowing optimizing the production of radical of interest (exclusively C2 and C 2 -). In this new configuration, a slit and pump with bigger tube were introduced (refer to the picture below). This new change has been done to avoid mirror contamination and to provide additional possible collisional cooling.
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 35 Figure 3-5: Experimental set-up of CRDS technique coupled with radio Frequency discharge in the perpendicular configuration.

Figure 3 - 6 :

 36 Figure 3-6: Three pictures showing our experiment CRDS coupled with Radio frequency discharge in the perpendicular configuration, the discharge switched off (top) and switched on without the slit (bottom left) and with slit (bottom right). The plasma is produced inside the cavity. The pink in the bottom left picture, only Ar gas is under discharge condition. The blue light in the bottom right picture is due to the emission of C2.

  were reanalyzed in order to generate a more updated record of absolute band strengths, oscillator strengths and Einstein A values for most vibrational bands up to v′ =4. Tyte et al. (1967)34 's paper presented a complete revision of the work conducted byMentall and Nicholls. In the year of 1968, Phillips and Davis 34 carried out a combination of previous published data with their latest rotational analysis, whereby these two scientists computed spectroscopic constants for the Swan system and issued an entire rotational line list consisting of relative intensities. Danylewych and Nicholls, in 197435 , announced a record of absolute band strengths, oscillator strengths and Einstein A values involving most vibrational bands up to v′ =9 with ∆v ≤ 4. The C2's features were widely revised by Huber and Herzberg (1979)36 . Since advanced experimental techniques have become attainable, new investigations about the lower vibrational bands have been performed at high resolution. These were made up by those works of Amiot (1983)37 , Curtis and Sarre (1985)38 andSuzuki et al. (1985) 39 , in which they studied the (0, 0), (0, 1), (1, 0) bands correspondingly by applying laser excitation techniques. On the other hand, the Swan system was investigated byDhumwad et al. (1981) 40 through the use of a quartz discharge tube with tungsten electrodes for CO excitation. Later in 1994, Prasad and Bernath41 worked out on nine low vibrational bands (v′ ≤ 3 and v′′ ≤ 4) of the Swan system in jetcooled C2 (for low J) and in C2 derived from a composite wall hollow cathode (for J ranging from 25 to 46) via a Fourier Transform Spectrometer (FTS). The study of Lloyd and Ewart in 199942 pointed out an improvement on the (0, 0) band compared to the work of Amiot (1983) andPrasad and Bernath (1994) by the application of degenerate four-wave mixing spectroscopy. Those later investigations enhanced the precision of the line assignments

3 g+ 3 g+ 5 g 3 g ← a П 3 u

 33533 detected a (3-0) band near 630 nm of electronic transition d П 3 g ← c Σ 3 u+ by laser induced fluorescence spectroscopy. One year later, his group measured rotationally resolved excitation spectra of the (4-1), (5-1), (5-2), and (7-3) bands in the electronic transition d П state are also updated3,46,47 . In 2009, the new band (4-3) of jet-cooled C2 reported in the e П system by Nakajima et al.48 with fluorescence spectroscopy and with the help of ab initio multi-reference configuration interaction (MRCI) method. In 2011, Schmidt and Bacskay 49 investigated and defined 1 П state of C2 by using ab initio spectroscopic constant at the theory of MRCI level. In 2013, James Brooke et al.29 have determined new rotational line strength for vibrational bands with ν'=0-10 and ν''=0-9 of the C2 Swan system (d П 3 g ← a П 3 u ), in which J values up to from 34 to 96. In 2015, 55 Krechkivska et al. 50 presented a new band system of C2 (4 П ) which was detected by resonant 2-photons ionization spectroscopy and time-of-flight mass spectrometry. (1-3) and (0-2) bands are determined, considering the 4 П 3 g origin electronic transition energy lied at 51496.44 cm -1 .
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 3762 Figure 3-7 : Top: Δν = -1 vibrational sequence of the Triplet-Triplet d 3 Пg -a 3 Пu electronic transition (Swan system) of the C2 radical from 535 nm to 565 nm recorded for the best experimental conditions with methane (see text). Bottom: Simulation of the same sequence with Pgopher for Trot = 350 K and Tvib = 10 000 K.

  -8, a zoom of the previous experimental and simulated spectra shown in the previous Figure 3-7 focusing on the (0, 1) vibrational band of the d 3 Пg -a 3 Пu electronic transition near 562 nm. The perfect match between experiment and simulation, for this (0-1) vibrational band, appears clearly on this figure, proving the quasi perfect thermal equilibrium reached in rotation in the cell excited by the RF discharge. The evaluated temperature is about 350 K, not far from the one of the wall of the glass tube which was very hot (feeling by hand). There are some non-attributed lines in the spectrum (559.85 nm, 560.775 nm, and around 561 nm) which are remarked by blue stars. Again, they have not yet been assigned.
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 3812392310 Figure 3-8 : Top: (0-1) vibronic band of the Triplet-Triplet d 3 Пg -a 3 Пu electronic transition (Swan system) of the C2 radical from 535 nm to 565 nm recorded for the best conditions with methane (see text). Bottom: Simulation of the same vibronic band with Pgopher for Trot = 350 K and Tvib = 10 000 K.
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 311 Figure 3-11: Top: Δν = 0 vibrational sequence of the Triplet-Triplet d 3 Пg -a3 Пu electronic transition (Swan system) of the C2 radical from 505 nm to 517 nm recorded for the best experimental conditions with methane (same previous spectrum in Figure3-10). Bottom: Simulation of the same sequence with Pgopher for Trot = 350 K and Tvib = 8 000 K. At this vibrational temperature, there is a significant change of (2, 2) vibronic band around 19630 cm -1 .
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 3313 Figure 3-12 Top: (0-0) vibronic band of the Triplet-Triplet d 3 Пg-a 3 Пu electronic transition (Swan system) of the C2 radical from 513 nm to 516.8 nm recorded for the best conditions with methane (see text). Bottom: Simulation of the same vibronic band with Pgopher for Trot = 350 K and Tvib = 8 000 K.

  d 3  g (')a 3  u ('') Simulation T rot = 425 K,T vib =10000 K
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 314 Figure 3-14 : Top: (0-0) and (1-1) vibronic band of the Triplet-Triplet d3Пg-a3Пu electronic transition (Swan system) of the C2 radical from 510 nm to 517 nm recorded for the best conditions with methanol (see text). Bottom: Simulation of the same vibronic band with Pgopher for Trot = 870 K and Tvib = 10 000 K.
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 315 Figure 3-15 : Top: (0-0) vibronic band of the Triplet-Triplet d3Пg-a3Пu electronic transition (Swan system) of the C2 radical from 510 nm to 517 nm recorded for the best conditions with methanol (see text). Bottom: Simulation of the same vibronic band with Pgopher for Trot = 870 K and Tvib = 10000 K.
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 316 Figure 3-16: Top: (0-0) and (1-1) vibronic band of the Triplet-Triplet d3Пg-a3Пu electronic transition (Swan system) of the C2 radical from 510 nm to 517 nm recorded for the best conditions with methanol (see text). Bottom: Simulation of the same vibronic band with Pgopher for Trot = 700 K and Tvib = 8000 K.
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 317 Figure 3-17 : Top: Δν = -1 vibrational sequence of the Triplet-Triplet d3Пg -a3Пu electronic transition (Swan system) of the C2 radical from 530 nm to 570 nm recorded for the best experimental conditions with acetylene (see text). Bottom: Simulation of the same sequence with Pgopher for Trot = 310 K and Tvib = 2400 K.
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 3182 Figure 3-18 : Top: Δν = -1 vibrational sequence of the Triplet-Triplet d 3 Пg -a 3 Пu electronic transition (Swan system) of the C2 radical from 532 nm to 565 nm recorded for the best experimental conditions with propylene (C3H6) (see text). Bottom: Simulation of the same sequence with Pgopher for Trot = 400 K and Tvib = 10500 K.

1 .+ 2 - 52 .+

 1252 photoelectron spectra of C 2 -. Beer et al. (1995) 56 , on the other hand, applied a different method in probing C 2 -through Stimulated Raman Pumping (SRP). To elaborate, SRP was used to excite a rotationally resolved transition between the ν = 0 and ν = 1 levels of the ground Σ 2 g + state; this excitation was then managed via the resonant two-photon detachment through the excited B Σ 2 u

  -Condon factors are given by Shan-Shan57 (Table3-5).
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 3 Figure 3-19 displays on the top, the spectrum of the electronic transition 𝐵 2 Σ 𝑢 + ⟵ 𝑋 2 Σ 𝑔 + , of the C 2 -radical anion on the (1-1) and (0-0) vibronic bands from 530 nm and 545 nm,

Figure 3 - 19 :

 319 Figure 3-19 : Top: Δν = 0 vibrational sequence of the 𝑩 𝟐 𝚺 𝒖 + ⟵ 𝑿 𝟐 𝚺 𝒈 + electronic transition of the C 2 -radical anion from 530 nm to 545 nm recorded for the best experimental conditions with acetylene (see text). Bottom: Simulation of the same sequence with Pgopher for Trot = 300 K and Tvib = 8 000 K.

Figure 3 -

 3 20 displays on the top, the spectrum of the electronic transition 𝐵 2 Σ 𝑢 + ⟵ 𝑋 2 Σ 𝑔 + , of the C 2 -radical anion on the (0-0) vibronic bands from 539 nm and 542 nm, measured with our CRDS technique. The best conditions reached for C 2 -production correspond to a concentration of 0.5% of CH4 in Ar, a flux of Ar of 0.1 l/min, a power of discharge in the plasma of 35W and a pressure in the glass tube cell of 0.137 mbar. Simulation with Pgopher Trot = 460 K and Tvib = 8000 K. The perfect match between experimental data and simulation is shown.
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 320 Figure 3-20 : Top: (0, 0) vibrational band of the 𝑩 𝟐 𝚺 𝒖 + ⟵ 𝑿 𝟐 𝚺 𝒈 + electronic transition of the C 2 -radical anion from 539 nm to 542 nm recorded for the best experimental conditions with methane (see text). Bottom: Simulation of the same band with Pgopher for Trot = 460 K and Tvib = 8 000 K.
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 13211322 Figure 3-21 : Top: (0, 0) vibrational band of the 𝑩 𝟐 𝚺 𝒖 + ⟵ 𝑿 𝟐 𝚺 𝒈 + electronic transition of the C 2 -radical anion from 539 nm to 542 nm recorded for the best experimental conditions with ethylene (see text). Bottom: Simulation of the same band with Pgopher for Trot = 400 K and Tvib = 8 000 K.
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 322 on the top, the spectrum of the electronic transition 𝐵 2 Σ 𝑢 + ⟵ 𝑋 2 Σ 𝑔 + , of the C 2 radical anion on the (0-0) vibronic bands from 539 nm and 542 nm. The best conditions reached for C 2 -production correspond to a concentration of 0.5% of C3H6 in Ar, a flux of Ar of 0.1 l/min, a power of discharge in the plasma of 35W and a pressure in the glass tube cell of 0.139 mbar. Simulation with Pgopher Trot = 420 K and Tvib = 8000 K. The perfect match between experimental data and simulation is obvious.

  study about Genesis solar wind samples(Marty et al. 2011) 68 asserted the 14 N/15 N ratio of 441 ± 5 for the present-day Sun, seen as representative for the protosolar nebula. The rationale is that the protosolar nebula, in other words the minimum-mass solar nebula, possessed an initial composition which was similar to that of the outer layers of the presentday Sun. The 15 N/14 N ratio is consistent with the in situ measurements obtained in the ammonia of Jupiter's atmosphere, (2.22±0.52)×10 -3(Fouchet et al. 2004) 69 , possibly coming from primordial N2, (2.3±0.3) ×10 -3(Owen et al. 2001) 70 . The value of the Earth's ratio (272) measured form the atmospheric N2, is15 N enriched in comparison with Jupiter and is observed to be close to the ones generated from the investigation of comet 81P/wild 2 grains(Mckeegan et al. 2006) 

  spectra are known to exhibit intense emission in all the visible range. Part of this intense emission is due to the the NH2 radical which can be easily detected in comet. This radical containing an amine (-NH) functional group is produced in comets after photo dissociation by solar radiation of NH3 molecules, contained in huge amounts in this particular objects.The 14 NH2 radical is a prototype molecule exhibiting a strong Renner-Teller effect in its electronic ground state (seeFigure 3-23). The doubly degenerated 2  split into two components, of about 700 cm -1 . The transition between these two components gives rise to a long vibrational progression covering the near IR to UV range.All of this work has been initiated byDressler & Ramsay (1959) 
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 323 Figure 3-23: Potential energy surface of the strongly bent fundamental
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 324 Figure 3-24: Experimental set-up of CRDS coupled with Radio frequency discharge to produce 14 NH2 and 15 NH2 isotopomer radical.
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 325 Figure 3-25 : Absorption spectrum of the 14 NH2 radical, from 16678 to 16748 cm -1 , corresponding to the region of the     0 , 0 , 0 B 0 , 9 , 0 A ~1 2 1
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 3 Figure 3-25 displays the spectrum of the

Figure 3

 3 Figure 3-26: The



  consider, in our experimental conditions, that we are at the thermal equilibrium and that Tvib = Trot =1750 K, then we can deduce that we have in our cell a cm . This number is in good agreement with what we could find in the literature: for example 3.5 10 12 cm -3 84 .

  Which means that about one molecule of NH2 is produced for 240 molecules of NH3.
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 327 Figure 3-27 : Effect of rotational and vibrational temperature on the determination of the absolute density of NH2 radicals.

  due to transitions between excited states in neutral Argon. These lines appear in blue in this figure.

  NH2 isotopomer radical vibronic band of interest and appear as pink bars in the top panel of the Figure 3-30.Some other ones have to be confirmed.Smallest lines should be due to rotational lines Qij (J") and Rij (J") of several bands of 15 N2, of 14 N2 and of the 15 N-14 N mixed isotopomer molecules.
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 330 Figure 3-30 : Absorption spectrum of the 15 NH2 isotopomer radical in the range 16690-16748 cm -1 .
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 39 List of the positions (cm -1 ) and absorption coefficients (cm -1 ) of the most intense lines (target lines) in the range of 16649-16719 cm -1 corresponding to the region of the

Figure 3 - 31 :

 331 Figure 3-31 : Absorption coefficient of the 312-422 (F1-F1 ) and (F2-F2) lines for the 15 NH2 (left panel blue bars) and 14 NH2 (right panel red bars) isotopomers recorded in the same experimental conditions with a mixture of 50%-50% of 14 NH3 and 14 NH3 isotopomer precursors.
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 41 Figure 4-1: Optimization of comb-cavity coupling. The optical cavity modes are illustrated in (a), the OFC spectrum with frep not matching the cavity FSR in (b) and the comb spectrum has the correct frep yet the incorrect value of f0 in (c). The cavity transmission signal during a frep scan around various central figures of frep and for various values of f0 is demonstrated in (d)-(f). With (d), as presented by (a) and (b), even with frep ≠ FSR, there is an accidental overlap between the OFC modes and some of the cavity, leading to low and large transmission peaks. In (e), when frep is scanned around the value that equals to the FSR but with unoptimized f0, the heights of the two side peaks are not symmetric, whereas when f0 is correct as in (f), the height of the main transmission peak is maximal and that of the two nearby peaks are evenly shaped. The figure is taken from Maslowski 20149 .

Figure 4 -

 4 1 (d)-(f). When the central value of frep is tunedclose to the correct value, the intensity of the studied peaks raises while their width shrinks (Figure4-1 (d)-(e)), as more of the comb lines appear on resonance with cavity modes at the same time7 . After frep corresponds to the cavity FSR, the value of f0 is optimized by comparing the height of the two neighboring transmission peaks of the most outstanding peak. The true value of f0 is determined at the time the height of the central peak is maximized and the two nearby peaks equal in height (as shown in Figure4-1 (e)-(f)). Once frep and f0 are optimized, these values have to be retained over a long period of time. This might be accomplished in two different manners: (1) by strictly locking the comb and cavity modes to make sure a stable transmission through the cavity, or (2) by modification either one of the comb parameters or the cavity FSR that permits the laser light to be periodically introduced into the laser cavity (the swept coupling scheme). Another version of this coupling has directly taken advantages of the Vernier effect by Morville68 .
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 15 Dual Frequency Comb 4.1.5.1. Principle of Heterodyne detectionHeterodyne detection consists in changing the frequency range of a spectrum to another one prior to detection. Generally the shift is toward much smaller frequencies, down conversion, where detectors and electronics (in the radiofrequency domain) may easily analyses the frequency spectrum. Heterodyne beat notes can be observed at various frequencies, between a single frequency laser and each of the comb teeth, for instance. The idea of dual frequency combs was first proposed by Schiller69 , and is nowadays developed and used in many laboratories. Chandler and Strecker 1 proposed a version of this method using high finesse optical cavities to generate the frequency combs. The following explanations are largely inspired by their papers.
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 4344 Figure 4-3: Down conversion of the optical frequencies. Two frequency combs having different repetition rates frep,1 and frep,2 overlap and create a beating signal which is a comb in the radio frequency region. The optical frequencies, therefore, are down-converted into radio frequencies via the scaling factor α which depends on the repetition rates' detuning of the combs.

4. 2 . 1 .Figure 4 - 5 :

 2145 Figure 4-5: Reflection and Transmission of Fabry-Perot interferometer.

FSR.

  It corresponds to a cw frequency comb. The evenly spaced (in terms of frequency) maxima of the pattern are labelled as longitudinal modes.
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 46 Figure 4-6: Frequency dependence of the transmittance equation (4-20) for 4 different reflection coefficients ranging from 20 % to 99 %.

  cavity are spherical Gaussian waves. Some of these, solutions of the wave equation, are characterized by the numbers (m and n) intensity nodes in the 2 transverse directions. These solutions, the transverse modes, are called TEMmn modes. The frequency of the resonating waves is given by:

  by calculating the Fourier Transform of the time exponential decay. For direct comparison with Lee et al.'s work, we have chosen the same parameters of their work. The chosen optical cavity consists of two spherical mirrors with mirror reflectivity of 95%, separated by length L of about 30 cm corresponding to the cavity round-trip time tr = 2L/c = 2 ns. We obtain a Free Spectral Range νFSR = 1/tr = 500 MHz and the equivalent ring-down time td = tr/2|ln R| is 19.5 ns. This cavity possesses a finesse of about 60.
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 48 Figure 4-8 : Ring-down signals in time (right) and its Fourier transform in frequency (left). Excitation pulse duration p = 0.5 ns = 0.25 tr The carrier frequency detuning value has been set to 0. For a carrier frequency detuning value of =0.25 𝝂 𝑭𝑺𝑹 or =0.5 𝝂 𝑭𝑺𝑹 , the results are the same.

Figure 4 -

 4 Figure 4-8 presents the ring-down signal relative to the time on the left panel and its Fourier transform on the right. In this particular case, the time duration of the pulse is set to p = 0.5 ns and the cavity round-trip time tr = 2L/c = 2 ns. The value of the carrier frequency detuning  is equal to 0, which means that the injected frequency of the laser is equal to the one of the longitudinal mode of the cavity. The pulse width is 880 MHz (FT limited
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 49 Figure 4-9: Ring-down signals in time (right panel) and its Fourier transform in frequency (left panel). Excitation pulse duration p = 1 ns = 0.5 tr. The carrier frequency detuning value has been set to =0 (above panel), to =0.25 𝜈 𝐹𝑆𝑅 (middle panel) or =0.5 𝜈 𝐹𝑆𝑅 (bottom panel).

Figure 4 -

 4 Figure 4-9 illustrates the ring-down signals in the time and frequency domains (Fourier transform), with parameters being the same than the one used in Figure 4-8, except that the excitation laser pulse time duration is now equal to p = 1 ns, then p = 0.5tr. The pulse width is now 440 MHz, i.e. comparable to the FSR. The carrier frequency detuning value has been set to =0 (above panel), to =0.25 𝜈 𝐹𝑆𝑅 (middle panel) or =0.5𝜈 𝐹𝑆𝑅 (bottom panel). In this case, we see some differences in the ring-down signals in the time domain and in the intensity of frequency peaks in Fourier transform spectrum. The reason is that the successively reflected pulses inside the cavity start to overlap in time, and interferences can build up. The temporal signal is hence dependent on carrier frequency detuning. A frequency comb is generated, but the number of teeth is smaller than the previous case, as may be seen from the smaller extent of the FT in Figure 4-9.
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 4104 Figure 4-10: Ring-down signals in time (right panel) and its Fourier transform in frequency (left panel). Excitation pulse duration p = 2 ns = tr. The carrier frequency detuning value has been set to =0 (above panel), to =0.25 𝜈 𝐹𝑆𝑅 (middle panel) or =0.5𝜈 𝐹𝑆𝑅 (bottom panel).
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 411 Figure 4-11: Ring-down signals in time (right panel) and its Fourier transform in frequency (left panel). Excitation pulse duration p = 4 ns = 2tr. The carrier frequency detuning value has been set to =0 (above panel), to =0.25 𝜈 𝐹𝑆𝑅 (middle panel) or =0.5𝜈 𝐹𝑆𝑅 (bottom panel).

4. 2 . 1 . 4 .

 214 Conditions for generation of a microsecond FC with a pulsed nanosecond sourceThe previous simulations allow pointing out the conditions for generation of a s frequency comb whose intensity is modulated by the ring down time of the cavity. These simulations were based on two conditions: monomode Fourier transform Gaussian pulse and spatial mode matching.
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 412 Figure 4-12: Picture recorded by the CCD camera showing the transverse mode resonating in one cavity, before the use of the pinhole spatial filtering. The intensity of the light is plotted with different colors (black: very low intensity and yellow: high intensity). The vertical and horizontal curves give the projection of the intensity on the 2 perpendicular axes. It is of course easy to see that the shape of the laser is very far from the fundamental very symmetric transverse TEM00 mode.
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 413 Figure 4-13: Picture recorded by the CCD camera showing the fundamental very symmetric transverse TEM00 mode after the use of the pinhole spatial filtering. The diameter of this mode is about 1200 m.
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 4142 Figure 4-14: Our ring down signal (a) and Fourier transform from time domain to frequency domain (b). We deduce from this measurement: the excitation pulse duration p = 3.125 ns, the round-trip time tr = 6.587 ns, the ring-down time 0 = 12.2 s and the Free Spectral Range νFSR = 151.81 MHz. One can note that no high order transverse mode is excited

Figure 4 -

 4 Figure 4-15 : difference L between the 2 cavities versus the length of the shorter one for 4 reflection coefficient values
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 416 Figure 4-16 : the resolution power versus L1 for different reflection coefficients
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 418 Figure 4-18:A schematic of the frequency comb spectrometer using two optical cavities.
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 419 Figure 4-19: The ring down time output signal from the combined two cavities of the DEFComb-RDS.

  Photodiode signal (Arb)

  appearance of new components at lower frequencies, resulting from the beating of two frequency combs, as shown in the inset of Figure4-17. All the new components named heterodyne components, and particularly the most interesting ones in the lowest frequency region, are separated by a frequency shift het   corresponding to the difference in free spectral range of the two cavities: hardware The acquisition card is a key component because it determines the capacities of the set up.The highest vertical dynamics is required, and for CRDS values up to 16 bits are usually recommended. However, a fast sampling rate is also needed because it determines directly the accessible frequency domain. A compromise between these two requirements had to be found. The chosen acquisition card (Keysight, BW = 1.6GHz, 3.2Gs/s) we use for this project is extremely efficient and rapid. It is able to acquire a signal over hundreds of microseconds at a time resolution of 625 picoseconds. The precision of the clock is about 225 femtoseconds. In addition, data transfer has to be as fast as possible to optimize the duty cycle: the choice of an on-board card on PCI-express slot was done. Other characteristics of this acquisition card consist of: i. 2 channels with the sampling rate up to 1.6 GS/s (3.2 GS/ s simultaneously), ii. 50 Ohm input impedance, DC coupled, iii. External trigger input, iv. Full scale 1V or 2V under 12 bits, v. Input voltage offset from -2V to +2V or from -4V to +4V, vi. Memory of 256 M samples / channel, vii. Bandwidth -input frequency range: DC to 2 GHz. The detector is a PMT from Hamamatsu, model H10721-01. The wavelength range is from 230 up to 870 nm. It has a linear gain for more than 3 orders of magnitude, for a control voltage above 500V. The rise time is given to be 0.57 ns, falling time should be about few times this value, i.e about 2 ns. It means that the hardware bandwidth should be limited by the PMT and the overall gain should fall for frequencies between 500 MHZ and 1 GHz. 4.2.4.2. Labview acquisition program The goal of this DEFComb-RDS technique is to use Fourier transform the CRD signal on a reduced time window (compared to the full trace) for measuring the variation in time of the amplitude of all beat notes contained in the time signal. The way to perform this is to apply a Fourier transform piecemeal (for each of the incident laser pulses, one by one) on different sections of the time signal in order to have a value of the amplitude of the frequency signals as a function of time. The Figure 4-20 illustrated the principle of the DEFComb-RDS. The FFT of the entire ring down modulated exponential decay signal coming from the 2 cavities gives the positions and intensities of the different heterodyne components. The FFT of shifted temporal slices of the ring down modulated exponential decay signal coming from the 2 cavities gives the temporal evolution of the intensity of each heterodyne component and also their ring down time. To do so, we used a LabView program written by Julien Vincent, engineer at ISMO and deeply involved in the project.

Figure 4 -

 4 Figure 4-21 describes the operating principle of our LabVIEW program. The diagram includes two main blocks which are the user interface and the visualization panel.

Figure 4 - 20 :

 420 Figure 4-20: Fourier transform from the time domain to the frequency domain by using LabVIEW program.

FFTFigure 4 - 21 :

 421 Figure 4-21: Schematic operations in our LabVIEW program.

Figure 4 - 22 :

 422 Figure 4-22: Screen-capture image of the program's front panel

Figure 4 - 23 :

 423 Figure 4-23: (a, b) A free temporal decay and its related spectrum obtained by FFT corresponding to a single absorption band. (c, d) Truncation of the free temporal decay as the data has not been gathered till the signal was completely decayed and the effect on its spectrum. (e, f) Application of a Hamming window function to the truncated temporal decay and its effect on the spectrum.

  iii. Then the total ring-down time signal is divided into equally temporal ranges (for example 20 s) and stepped forward with 1s (such as [0-20 s ], [1-21 s ], [2-22 s ], [3-23 s ]….) and the program perform the FFT of each temporal range.

Figure 4 - 24 :

 424 Figure 4-24 : Panel a) FFT spectrum of entire 40 s of the ring down signal. Panel b) two frequency peaks located at 300.467 MHz and 300.93 MHz, corresponding to the two free spectral ranges of the two cavities. Panel c) Heterodyne signal located around 10-40 MHz.

Figure 4 -

 4 Figure 4-19 shows a typical ring down time signal obtained when all the parameters of the experiment are well adjusted allowing the heterodyne peaks to be observable. The Figure 4-24 gives the direct Fast Fourier Transform of the entire ring down time signal, from 0 to 40 s. The FFT is plotted from 0 to 310 MHz. Around 30 MHz, it is possible to see the expected group of heterodyne peaks and 2 very intense peaks around 300 MHz. The panel b) of this figure shows a zoom of the 2 peaks around 300 MHz. These peaks precisely located at 300.467 and 300.93 MHz are corresponding to the two free spectral ranges of two cavities. The panel c) of this figure shows a zoom of the heterodyne peaks group located around 30 MHz. The 9 non-ambiguous more intense peaks of this group have been highlighted with red crosses.

Figure 4 - 25 :Figure 4 - 26 :

 425426 Figure 4-25: Effect of the apodization on few heterodyne peaks using different functions: panel a) square, panel b) Hamming, panel c) Blackman-Harris

4. 4 . 3 .

 43 Effect from the time gate on the FFT Calculation of the ring down time requires the use of the narrower time gates than the entire time trace itself to perform the FFT. The effects of the reduction of this time gate has thus to be explored. The Figure 4-27 shows the FFT of the ring down time signal for several time-windows, from the entire time trace of 40 s (panel top left) down to a window of 0.2 s (bottom right panel). One then obtains the same heterodyne components that are widening in frequency due to the fact that we are decreasing the spectral resolution by decreasing the width of the time-window.It can be seen that for a width of 5 s, the full width at half maximum of the individual beat note is comparable to the spacing between two beat notes, thus reaching the minimum spectral resolution. The full heterodyne comb is shown in Figure4-28.

Figure 4 - 27 :

 427 Figure 4-27: a superposition of the above heterodyne spectrum with different time gates: 0-40, 0-20, 0-10, 0-5, 0-2, 0-1, 0-0.5, 0-0.2 s. Note that the horizontal scales are different for the left and right panels. Note that the vertical scales are also adapted because the time gates always start at zero and the (multi-)exponential decays strongly influence the relative intensities.

Figure 4 - 28 :

 428 Figure 4-28: Spectra of the heterodyne combs obtained with different time gates. Note that the vertical scales are also adapted because the time gates always start at zero and the (multi-)exponential decays strongly influence the relative intensities.

  -29. 

Figure 4 - 30 :

 430 Figure 4-30: Zoom of the FFT and position of the predicted comb lines superimposed (vertical green lines) from the fit of the position thanks to equation (4-65).
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Figure 4 - 31 :

 431 Figure 4-31: Zoom of the FFT and position of the predicted comb lines superimposed (vertical red lines) from the fit of the position thanks to equation 4-65, using the external clock.

Figure 4 - 33 :

 433 Figure 4-33: Intensity of some heterodyne peaks versus time. There are 9 curves with exponential decay fits corresponding to 9 heterodyne frequencies.

Figure 4 - 34 :

 434 Figure 4-34: The ring down time extracted from each heterodyne frequency versus time.Here are 34 ring down time values corresponding to 34 heterodyne frequencies found in the comb. In this case there is no absorbing species inside the cavity.

Figure 4 -

 4 Figure 4-34 shows the ring down times extracted from each heterodyne frequency versus time. Here are 34 ring down time values corresponding to 34 heterodyne frequencies. In this case there is no absorbing species inside the cavity. It should be recalled that these measurements were done under vacuum.

  time of the empty cavity is taken to be the average of all measured frequencies. This is illustrated in Figure4-34.

Figure 4 - 34

 434 Figure 4-34 Absorption coefficient deduced by two approaches. Either from measurement of the maximum lifetime within the cavity (black squares) or using a statistical analysis of the ring down values (red points). See text for details.

7 .

 7 Adjusting the spectral resolution

Figure 4 - 35 :

 435 Figure 4-35: Ring down decay curves for the same heterodyne peak, using different time gates from 20 down to 1 s. The ring down time, obtained by fitting the entire decay curve, is indicated.

  s; =8.9986 red-2 s;=9.25258 green-5 s;=10.55957 blue-10 s; =11.90546 cyan-20 s; = 9.48965 (Arb)

Figure 4 - 36 :

 436 Figure 4-36: Number of beat notes found in each comb spectrum.

Figure 4 - 37 :

 437 Figure 4-37: Mean frequency of the comb lines.

Figure 4 - 38 :

 438 Figure 4-38: Mean absorption coefficient measured for all combs of the series.

Figure 4 - 39 :

 439 Figure 4-39: Average of the heterodyne combs after shifting by the position of the first comb line found in the heterodyne spectrum.

  N/14 N isotopic ratio in comets through the emission lines of these two amino bearing isotopomers. The third and last part of the work was devoted to the development of a CRDS scheme called Broad Band Dual Etalon Frequency Comb Ring Down Spectroscopy. This new heterodyne technique, based on the use of the microsecond frequency combs generated by two high finesse optical cavities, should allow performing molecular spectroscopy with ultrahigh spectral resolution. First proof experiments were performed and perspective's for improvement of the method is provided. Titre : Spectroscopie par déclin de cavité d'espèces moléculaires d'intérêt astrophysique via des études quantitatives à haute résolution utilisant les propriétés spatio-temporelles des cavités de haute finesse.Mots clés: CRDS, HC3N, décharge RF, C2, C2 -, 15 NH2, peigne de fréquence Résumé : Le principal objectif de ce travail de thèse a été de développer de nouvelles techniques de spectroscopie moléculaire afin obtenir de nouvelles données spectroscopiques dans le visible et le proche infrarouge pour des molécules, radicaux ou ions d'intérêt astrophysiques. La première partie de ce travail a consisté en l'étude d'harmoniques élevés, très faibles en intensité, de bandes vibrationnelles de la molécule HC3N (cyanoacetylène), par la technique de spectroscopie CRDS. La deuxième partie a consisté en l'étude spectroscopique d'espèces instables radicalaires. Pour cela, une décharge inductive Radio Fréquence a été couplée au montage CRDS. Le plasma ainsi créé a été caractérisé et sa capacité à produire des anions a été démontrée via notamment la mesure quantitative du rapport C2 -/C2 pour une grande variété de conditions expérimentales. De même, une analyse spectroscopique quantitative a été menée sur les radicaux isotopomères 14 NH2 et 15 NH2. Cette étude valide certaines hypothèses faites dans de précédents travaux ayant permis de mesurer le rapport isotopique 15 N/ 14 N dans les comètes, pour la première fois à partir de raies d'émission de ces 2 isotopomères portant un groupe amino. La troisième et dernière partie de ce travail a consisté en le développement d'une nouvelle technique expérimentale appelée Broad-Band Dual Etalon Frequency COMb. Cette technique expérimentale basée sur l'utilisation de 2 cavités optiques de haute finesse devrait permettre d'obtenir une spectroscopie avec une résolution spectrale ultime non limitée par la source laser nanoseconde large bande mais par l'intervalle spectral libre des cavités de haute finesse utilisées. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France
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 3 General introductionSpectroscopy is the use of the absorption, emission, or scattering of electromagnetic radiation by matter to qualitatively or quantitatively study the neutral or ionic, atoms or molecules (for instance see Ref[ 1 ] for a general textbook), or to study physical processes.Spectroscopy approaches in a large number of analysis techniques of materials in gaseous, liquid or solid phase find numerous applications in many areas of physics such as astronomy, chemistry, nuclear physics, biology, industry, and even in archeology or the study of works of art. Most current spectroscopy procedures are used to probe the sample
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8: List of the positions (cm -1 ) and absorption coefficients (cm -1 ) of the most intense lines (target lines) in the range of 16678-16748 cm -1 corresponding to the region of the

14 

NH2. ................................................. 89 Table 3-9: List of the positions (cm -1 ) and absorption coefficients (cm -1 ) of the most intense lines (target lines) in the range of 16649-16719 cm -1 corresponding to the region of the 15 NH2. ................................................. 99 Table 3-10 : Rovibronic line characteristics of the 14 NH2 and 15 NH2 isotopomer radicals. The tentative correspondence is done assuming an isotopic shift of about 29 cm -1 therefore implying weakly perturbed lines. ................................................................................................................................................... 100 Table 3-11 : Absorption coefficient and wavenumbers of the 312-422 (F1-F1) and (F2-F2) lines for the 15 NH 2 and 14 NH2 isotopomers. The isotopic shift and the ratio of the intensities of these lines are also given. . 103 1 1. Molecular spectroscopy 1.1. non-destructively, local and fast. Many techniques for spectroscopy have been developed, each providing particular characteristics in terms of spectral coverage, sensitivity, acquisition time, etc. The development of lasers in the 1960's permitted the development

Table 1 - 1 :

 11 Spectral regions and associated absorption phenomenon

Table 1 - 2 :

 12 The list of stable molecules, radicals and ions (cations : yellow, anions : green) detected in the interstellar medium Molecular Spectroscopy in the visible range Molecular Spectroscopy is a very important field of research, especially for physical scientists. It is the study about the interaction of electromagnetic radiation and matters. It is used to demonstrate the structure and dynamics of quantum systems, for example atoms, molecules, and small clusters. There are two main methods among the huge number of techniques to measure molecular spectra, direct absorption spectroscopy and indirect absorption spectroscopy technique. Several well-known indirect absorption technique or action spectroscopies are Laser Induced Fluorescence (LIF), Resonant Enhanced

	2 atoms	3 atoms	4 atoms	5 atoms	6 atoms	7 atoms	8 atoms	9 atoms	10 atoms	11 atoms	12 atoms	>12 atoms
	H2	C3	c-C3H	C5	C5H	C6H	CH3C3N	CH3C4N	CH3C5N	HC9N	c-C6H6	HC11N
	AlF	C2H	i-C3H	C4H	H2C4	CH2CHCN	HC(O)OCH3	CH3CH2CN	(CH3)2CO	CH3C6H	n-C3H7CN	C60
	AlCl	C2O	C3N	C4Si	C2H4	CH3C2H	CH3COOH	(CH3)2O	(CH2OH)2	C2H5OCHO	i-C3H7CN	C70
	C2	C2S	C3O	C3H2	CH3CN	HC5N	C7H	CH3CH2OH	CH3CH2CHO	CH3OC(O)CH3	C2H5OCH3	C60 +
	CH	CH2	C3S	c-C3H2	CH3NC	CH3CHO	C6H2	HC7N				
	CH +	HCN	C2H2	H2CCN	CH3OH	CH3NH2	CH2OHCHO	C8H				
	CN	HCO	NH3	CH4	CH3SH	c-C2H4O	HC6H	CH3C(O)NH2				
	CO	HCO +	HCCN	HC3N	HC3NH +	H2CCHOH	CH2CHCHO	C8H -				
	CO +	HCS +	HCNH +	HC2NC	HC2CHO	C6H -	CH2CCHCN	C3H6				
	CP	HOC +	HNCO	HCOOH	NH2CHO	CH3NCO	H2NCH2CN	CH3CH2SH				
	SiC	H2O	HNCS	H2CNH	C5N		CH3CHNH					
	HCl	H2S	HOCO +	H2C2O	HC4H							
	KCl	HNC	H2CO	H2NCN	HC4N							
	NH	HNO	H2CN	HNC3	c-H2C3O							
	NO	MgCN	H2CS	SiH4	H2CCNH							
	NS	MgNC	H30 +	H2COH +	C5N -							
	NaCl	N2H +	c-SiC3	C4H -	HNCHCN							
	OH	N2O	CH3	HC(O)CN								
	PN	NaCN	C3N -	HNCNH								
	SO	OCS	PH3	CH3O								
	SO +	SO2	HCNO	NH4 +								
	SiN	c-SiC2	HOCN	H2NCO +								
	SiO	CO2	HSCN	NCCNH +								
	SiS	NH2	H2O2									
	CS	H3 +	C3H +									
	HF	SiCN	HMgNC									
	HD	AlNC	HCCO									
	FeO	SiNC										
	O2	HCP										
	CF +	CCP										
	SiH	AlOH										
	PO	H2O +										
	AlO	H2Cl +										
	OH +	KCN										
	CN -	FeCN										
	SH +	HO2										
	SH	TiO2										
	HCl +	C2N										
	TiO	Si2C										
	ArH +											
	NO +											

  . CRDS measurements of high-overtone vibrational bands of HC 3 N 2.1. Introduction My first work was devoted to experiments with the CRDS experimental technique. These were aimed at the studies of high-overtone vibrational bands of the HC3N molecule. This project was already handled by Stéphane DOUIN, one of my two supervisors, prior to my venue. During several months, we have recorded absorption spectra in the visible range for this molecule and a publication on this subject, presented below, has been published. My second supervisor, Thomas PINO, did not participate in this first part of my PhD work.

5 

. The spectral resolution obtained by this technique is directly related to the spectral width of the source used. Due to this limitation, the second objective of this study is to develop a new broadband CRDS technique -Dual Etalon Frequency Comb Ring Down Spectrometer (DEFComb-RDS), still employing nanosecond pulsed laser sources, to improve the spectral resolution, desirably up to 10 -5 cm -1 for a range of about few tens of cm -1 . 22.2. The reason to study HC3N HC3N (known as cyanoacetylene, cyanoethyne or propynenitrile) is a molecule that captures a lot of interest in astrophysical domain. This molecule was found in the interstellar medium

Table 3 -1: Molecular constants for the a 3 u state of the C2 Swan system (in cm -1 ) 34 .

 3 

		T	A	AD	B	D.10 6		O	P	Q
	0	0	-15.26986(43)	0.0002634(71)	1.6240452(44)	6.4506(19)	-0.15450(36)	0.67525(35)	0.002537(42)	-0.0005281(44)
	1	1618.02244(53)	-15.25197(61)	0.0002266(73)	1.6074266(44)	6.4439(21)	-0.15373(51)	0.67017(51)	0.002705(44)	-0.0005772(42)
	2	3212.72793(96)	-15.2328(15)	0.0001996(94)	1.5907513(61)	6.4527(44)	-0.1526(12)	0.6649(14)	0.003132(77)	-0.0006457(48)
	3	4784.0688(31)	-15.1972(39)	0.000186(42)	1.574088(24)	6.455(24)	-0.1333(61)	0.6815(51)	0.00488(42)	-0.000618(17)
	4	6332.1364(51)	-15.2043(65)	0.000318(36)	1.557117(31)	6.338(39)	-0.1551(72)	0.6674(67)	0.00632(36)	-0.000894(16)
	5	7856.8175(32)	-15.2096(35)	0.00025(FIXED)	1.540139(24)	6.312(35)	-0.1492(36)	0.6546(37)	0.00734(25)	-0.001246(12)
	6	9358.1565(40)	-15.1646(60)	0.000355(33)	1.523439(26)	6.034(38)	-0.1551(46)	0.6886(38)	0.00504(32)	-0.000676(16)
	7	10 36.1430(92)	-15.085(11)	0.00025(FIXED)	1.50869(25)	3.51(92)	-0.1641(90)	0.704(14)	-0.0244(23)	0.00632(49)
	8	12290.7997(29)	-15.1702(46)	0.00025(FIXED)	1.488684(28)	5.329(52)	-0.1665(36)	0.6742(30)	0.01449(29)	-0.002053(23)
	9	13722.0897(43)	-15.0980(61)	0.000419(31)	1.472818(24)	6.066(35)	-0.1584(27)	0.6926(23)	0.00303(33)	-0.000081(16)

Table 3 -2: Molecular constants for the d 3 g state of the C2 Swan system (in cm -1 ) 34 .

 3 

		T	A	AD	B	D.10 6		O	P	Q
	0	19378.46749(51)	-14.00139(63)	0.0005068(83)	1.7455663(43)	6.8205(16)	0.03301(47)	0.61076(52)	0.003973(43)	-0.0007752(43)
	1	21132.14977(25)	-13.87513(49)	0.0005740(83)	1.7254062(53)	7.0194(77)	0.02972(38)	0.61713(36)	0.004133(44)	-0.0008171(43)
	2	22 848.3877(21)	-13.8205(23)	0.000600(43)	1.704516(21)	7.308(22)	0.0253(41)	0.6208(32)	0.00624(38)	-0.000835(14)
	3	24 524.2201(19)	-13.5361(28)	0.000775(17)	1.681437(16)	7.438(24)	0.0470(26)	0.5827(26)	0.00579(17)	-0.0008568(85)
	4	26 155.0448(29)	-13.3892(50)	0.001451(14)	1.656859(26)	7.684(43)	0.0219(38)	0.6313(32)	0.00954(29)	-0.000923(21)
	5	27 735.6720(43)	-13.0324(66)	0.000723(37)	1.630205(23)	8.573(32)	0.0601(28)	0.6161(23)	0.00685(32)	-0.000912(15)
	6	29 259.3548(36)	-12.820(10)	0.001203(56)	1.599876(31)	8.998(44)	0.0529(71)	0.5773(71)	0.00874(47)	-0.000986(22)
	7	30 717.9011(46)	-12.3458(71)	0.000814(41)	1.566047(32)	10.044(66)	0.0960(34)	0.5532(31)	0.00936(35)	-0.001175(17)
	8	32 102.655(22)	-12.107(22)	0.00076(FIXED)	1.52675(31)	9.60(97)	0.095(FIXED)	0.546(22)	0.0055(21)	-0.00088(21)
	9	33 406.230(22)	-11.698(39)	0.00076(FIXED)	1.485755(96)	11.85(10)	0.172(26)	0.498(28)	0.0097(14)	-0.002062(44)
	10	34626.7860(94)	-11.297(15)	0.00076(FIXED)	1.441138(72)	12.837(73)	0.115(16)	0.399(12)	0.00745(90)	-0.000977(30)

Table 3 -3: Equilibrium molecular constants for the C2 Swan system 34 .

 3 

	Constants	d 3 g	a 3 u
	e	1788.45(33)	1641.3463(55)
	exe	16.87(19)	11.6595(19)
	eye	-0.259(36)	-0.00079(16)
	eze	-0.0396(20)	-
	Be	1.755408(92)	1.632355(78)
	αe	0.01960(13)	0.016582(63)
	γe	-0.000144(39)	-0.0000273(75)
	δe	-0.0000806(31)	-

Table 3 -4: Rotational molecular constants (in cm -1 ) of 𝐁 𝚺

 3 

	𝟐	𝐮 + and 𝐗 𝚺 𝟐	𝐠 + states of 𝐂 𝟐 -

Table 3 -5: The Frank-Condon factor of 𝐁 𝚺

 3 Results and discussion with acetylene (C2H2) as precursorWe have used the Pgopher software to simulate the spectrum. It is necessary to provide molecular constants, those are taken from the Table3-4 and Table3-5. To extract the absolute population density, it is required to fill the "strength" corresponding to transition dipole moment. From experimental data ofLeutwyler et al. in 1982 

	𝟐	𝐮 + -𝐗 𝚺 𝟐	𝐠 + systems of 𝐂 𝟐 -57

Table 3 -6: Determination of the concentration for C2. The % of C2 is relative to the precursor.Table 3 -7: Determination of the concentration for C 2

 33 

	-

  N/15 N isotopic ratio in comet from 14 NH2 and 15 NH2 isotopomer radical lines compare it to the one measured from CN radical, it is necessary to record spectrum

	3.4.3. Results and discussion concerning spectroscopy of 14 NH2
	3.4.3.1. Spectroscopy of 14 NH2
	in the laboratory and measure precise accurate positions and intensities of the most intense
	lines of the 15 NH2 radical.

Table 3 -

 3 

	8: List of the positions (cm -1 ) and absorption coefficients (cm -1 ) of the most
	intense lines (target lines) in the range of 16678-16748 cm -1 corresponding to the region of the     0 , 0 , 0 B 0 , 9 , 0 A ~1 2 1 2 X A  rovibronic transition for the 14 NH2.
	vacuum	Absorption	Wavenumbers
	Wavenumbers a)	coefficient a)b)	(cm -1 )
	(cm -1 )	(cm -1 )	Ross et al. 81
	16678.9	7.8 10 -7	16678.859
	16682.3	3.5 10 -7	16682.326
	16684.6	3.0 10 -7	16684.624
	16685.1	4.1 10 -7	16685.102
	16695.3	4.9 10 -7	16695.302
	16696.2	2.7 10 -7	16696.190
	16697.1	10.2 10 -7	16697.117
	16697.8	5.0 10 -7	16697.776
	16699.5	9.8 10 -7	16699.506
	16704.8	8.6 10 -7	16704.787
	16705.0	9.5 10 -7	16705.047
	16705.4	8.2 10 -7	16705.409
	16710.1	3.1 10 -7	16710.133
	16710.3	6.0 10 -7	16710.228
	16712.8	3.7 10 -7	16712.911
	16713.1	3.1 10 -7	16713.210
	16713.5	4.2 10 -7	16713.619
	16725.5	42.5 10 -7	16725.411
	16725.8	10.4 10 -7	16725.784
	16726.4	12.3 10 -7	16726.398
	16727.6	12.6 10 -7	16727.488
	16727.9	6.1 10 -7	16727.872
	16730.1	8.2 10 -7	16730.129
	16731.5	8.2 10 -7	16731.463
	16732.1	7.6 10 -7	16732.038
	16732.6	3.9 10 -7	16732.550
	16732.9	4.4 10 -7	16732.888
	16733.5	4.3 10 -7	16733.471
	16735.1	3.7 10 -7	16735.118
	16740.0	16.0 10 -7	16739.956

a) This work, b) Uncertainty is 2 10 -8 cm -1 .

The first column of the

Table 3-8 gives vacuum wavenumbers in cm -1 of the most intense absorption lines of the 14 NH2 isotopomer radicals recorded in this work, in the 16678-90

  Tentative comparison of the absorption coefficient of 14 NH2 and 15 NH2 radical for the target lines assuming an isotopic shift of about 29±5 cm-1 

	3.4.5.	
	Vacuum	Absorption
	Wavenumbers	coefficient a)
	(cm -1 )	(cm -1 )
	16654.5	6.5 10 -7
	16656.7	3.6 10 -7
	16663.4	5.1 10 -7
	16663.7	8.5 10 -7
	16664.8	5.0 10 -7
	16665.7	8.1 10 -7
	16668.5	4.5 10 -7
	16672.0	3.6 10 -7
	16672.3	3.7 10 -7
	16676.4	5.0 10 -7
	16676.6	8.0 10 -7
	16681.9	3.5 10 -7
	16689.8	3.5 10 -7
	16690.2	3.5 10 -7
	16690.4	3.4 10 -7
	16690.9	3.7 10 -7
	16692.9	4.2 10 -7
	16694.7	5.0 10 -7
	16695.7	3.7 10 -7
	16697.0	4.2 10 -7
	16697.4	21.5 10 -7
	16698.1	11.4 10 -7
	16698.3	11.2 10 -7
	16699.1	3.1 10 -7
	16699.2	7.7 10 -7
	16699.5	7.3 10 -7
	16700.4	9.7 10 -7
	16701.4	3.6 10 -7
	16701.9	3.6 10 -7
	16702.1	3.3 10 -7
	16702.5	3.3 10 -7
	16704.0	2.7 10 -7
	16704.4	8.0 10 -7
	16712.2	6.5 10 -7
	a) Uncertainty is about 2 10 -8 cm -1 .
	100	

Table 3 -10 : Rovibronic line characteristics of the 14 NH2 and 15 NH2 isotopomer radicals. The tentative correspondence is done assuming an isotopic shift of about 29 cm -1 therefore implying weakly perturbed lines.
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	Wavenumbers (cm -1 ) 14 NH2	Abs. Coeff. (cm -1 ) 14 NH2	Wavenumbers (cm -1 ) 15 NH2	Abs. Coeff. (cm -1 ) 15 NH2	Δ𝜈( 𝑁𝐻 14 2 -𝑁𝐻 2 ) 15 (cm -1 )	Ratio abs14/abs15 (cm -1 )
	16682.3	3.5 10 -7	16654.5	6.5 10 -7	27.9	0.5
	16684.6	3.0 10 -7	16656.7	3.6 10 -7	27.9	0.8
	16685.1	4.1 10 -7	16663.4	5.1 10 -7	32.0	0.8
	16695.3	4.9 10 -7	16663.7	8.5 10 -7	32.5	0.6
	16696.2	2.7 10 -7	16664.8	5.0 10 -7	31.4	0.5
	16697.1	10.2 10 -7	16665.7	8.1 10 -7	31.4	1.3
	16697.8	5.0 10 -7	16668.5	4.5 10 -7	29.3	1.1
	16699.5	9.8 10 -7	16672.0	3.6 10 -7	27.5	2.8
	16704.8	8.6 10 -7	16672.3	3.7 10 -7	32.5	2.4
	16705.0	9.5 10 -7	16676.4	5.0 10 -7	28.6	1.9
	16705.4	8.2 10 -7	16676.6	8.0 10 -7	28.7	1.0
	16710.1	3.1 10 -7	16681.9	3.5 10 -7	28.1	0.9
	16710.3	6.0 10 -7	16689.8	3.5 10 -7	27.9	0.5
	16712.8	3.7 10 -7	16690.2	3.5 10 -7	27.9	0.8
	16713.1	3.1 10 -7	16690.4	3.4 10 -7	32.0	0.8
	16713.5	4.2 10 -7	16690.9	3.7 10 -7	32.5	0.6
	16725.5	42.5 10 -7	16697.4	21.5 10 -7	28.0	2.0
	16725.8	10.4 10 -7	16698.1	11.4 10 -7	27.6	0.9
	16726.4	12.3 10 -7	16698.3	11.2 10 -7	28.1	1.1
	16727.6	12.6 10 -7	16699.1	3.1 10 -7	28.5	4.0
	16727.9	6.1 10 -7	16699.2	7.7 10 -7	28.6	0.8
	16730.1	8.2 10 -7	16699.5	7.3 10 -7	30.6	1.1
	16731.5	8.2 10 -7	16700.4	9.7 10 -7	31.1	0.8
	16732.1	7.6 10 -7	16701.4	3.6 10 -7	30.6	2.1
	16732.6	3.9 10 -7	16701.9	3.6 10 -7	30.7	1.1
	16732.9	4.4 10 -7	16702.1	3.3 10 -7	30.8	1.3
	16733.5	4.3 10 -7	16702.5	3.3 10 -7	30.9	1.3
	16735.1	3.7 10 -7	16704.0	2.7 10 -7	31.1	1.4
	16740.0	16.0 10 -7	16704.4	8.0 10 -7	35.6	2.0

Table 3 -11 : Absorption coefficient and wavenumbers of the 312-422 (F1-F1) and (F2-F2) lines for the 15 NH 2 and 14 NH2 isotopomers. The isotopic shift and the ratio of the intensities of these lines are also given.
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		15 NH2 Wavenumbers Abs. Coeff. (cm -1 ) (cm -1 )	14 NH2 Wavenumbers Abs. Coeff. (cm -1 ) (cm -1 )	Δ𝜈( 𝑁𝐻 14 2 -𝑁𝐻 2 ) 15 (cm -1 )	Ratio abs14/abs15 (cm -1 )	Ratio Int14/Int15 (cm -1 )
	F1-F1	17347.2	10.0 10 -7	17378.2	12.1 10 -7	31	1.21	1.12
	F2-F2	17347.0	8.9 10 -7	17378.0	9.9 10 -7	31	1.11	1.15

  Chandler et al.1 have developed a new experimental technique to implement spectroscopy with the use of two frequency combs to perform spectroscopy with ultimate spectral resolution that is far better than the spectral width of the radiation source used.

	4. Dual Etalon Frequency Comb Ring Down Spectrometer
	(DEFComb-RDS)
	4.1. Optical Frequency Comb (OFC) and Spectroscopy
	Recently,

  4.4.4. Analysis of the heterodyne spectrumOne of the main difficulties of the technique is related to the processing of data because it is necessary to reconstruct the temporal evolution of each heterodyne component. The reason is that if we calculate the Fourier Transform on the full time window, we cannot obtain the ring-down time for each heterodyne component; consequently it is impossible to compute the absorption coefficient of the investigated sample. To do this, we need to calculate the Fast Fourier Transform spectrum that is no longer on the full time window of the decreasing modulated exponential decay but on different smaller time windows which are increasingly distant from the origin point of time, with identical time range.

1 transition or typical molecular high vibrational absorption overtones transition if  ~ 10 -25 cm 2 , we can then obtain Nmin = 10 17 cm -3 (corresponding to Pmin ~ 5 mbar).
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Results and discussion about 15 NH2 isotopomer radical

We have been able to record the absorption spectrum of the 15 NH2 isotopomer radical in the regions of the

from 16400 cm -1 to 17020 cm -1 , corresponding respectively from 609.76 nm to 587.54 nm.

The experimental conditions were the same than the one exposed above except that the precursor gas was a mixture of 1 % of 15 NH3 in Ar instead of 14 NH3 in Ar. The Figure 3-28

shows the corresponding spectrum. 1.0x10 -6
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This spectroscopy of the 15 NH2 radical has only been studied by Dressler and Ramsay 78 .

However they did not publish tables with precise positions of the lines in the region of the

 vibronic bands concerning this isotopomer, but showed only in this publication, a figure given the 14 NH2-15 NH2 isotopic shift relative to the wavenumber of the lines of the 14 NH2 in all the visible range. The Figure 3-29 gives the linear correlation existing between these 2 quantities. Of course, this correlation is only an average and due to perturbations, the positions of the lines for the 15 NH2 radical could not be strictly deduced from this correlation. One can see than the positions of several lines could be shifted than more by 10 cm -1 from the correlation. The equation of this linear correlation is :

2 -𝑁𝐻 2 )(𝑐𝑚 -1 ) = -39 + 0.00407𝜈 𝑁𝐻 14 2 15 (3-18) and gives an average isotopic shift of about 29 cm -1 between the same "unperturbed" lines of the 2 isomers in the range of interest of about 16700 cm -1 .

The Figure 3-30 represents a spectrum of the 15 NH2 isotopomer radical vibronic band of interest (top panel) and the one of the 14 NH2 isotopomer radical (bottom panel). The theoretical explanation of a cavity response to pulsed excitation can be achieved equally by either time or frequency domain method. Lehmann et al. 82 and Hodges et al. 83 have demonstrated successfully the general framework based on the frequency domain method, whereby the cavity response is treated principally in the same manner than the one used with cw laser excitations only by substituting the spectral property of the cw with that of a pulsed input. Nonetheless, the time domain approach might be still an essential as well as convenient option to point out specific details of the ring-down signal formation 79 . Take into account a ring-down cavity which consists of two mirrors having identical intensity reflectivity R = |R| 2 with R being the electric field reflectivity and intensity transmissivity

The time and frequency characteristics are also essential. As long as the goal is to develop a broad band spectroscopic method, the broadest source is required to generate a broad frequency comb. However, few tens up to few hundreds of cm -1 bring to fs frequency comb if Fourier transform laser are required. Using ns sources leads to the combination of two contradictory conditions: a temporal pulse width which is larger than the round trip and a frequency pulse width which covers the whole desired spectral range. In addition, in order to avoid weak injection due to a poor match between the comb spectrum of the cavity and that of the source, spectral density has to be quasi-continuous within the laser pulse. This implies also a rather high spectral power density because of the large spectral filtering imposed by the transmission of the HFOC.

Conventional ns laser sources have usually a poor coherence time, well below 1 ns for most of them. Therefore most sources are multi-mode. This implies that the HFOC will work roughly as seeded by a sum of independent pulses whose temporal widths are shorter than the round trip. It is not a problem as long as a severe condition is respected: the degree of coherence has to be high to allow all frequencies (within the spectral resolution) to be present at any time during the round trip time. Otherwise spectral filtering will not work and a s frequency comb can not be generated. This condition is usually not fulfilled by broad band OPO and broadband dye lasers, where cavity modes are excited in an uncontrolled way during the pulse build up 81 . In fact, an ideal source should be based on a pulse generation without the use of an optical cavity, albeit exhibiting a good spatial coherence. This was not possible to test within the time of the PhD and the work focused on a midband OPO pumped by a diode pumped Nd:YAG.

HFOC seeded with nanosecond pulsed laser : experimental data

While most of the work obtained with the CRDS technique, described here, has been obtained with a round trip time smaller than the pulse duration time, we have been able to obtain conditions where the duration time of the pulses is smaller than the round trip time of the cavity by increasing the length of the cavity. We used a commercial OPO (Quanta-Ray MOPO-730) pumped by a seeded nanosecond pulsed Nd:YAG laser (Spectra -Physics). The frequency bandwidth of the tunable OPO is about 0.2 cm -1 . Figure 4 ≈ 81.9 k𝐻𝑧 and we can precisely measure that the Free Spectral Range of this cavity is about of 151.81 MHz. In this configuration, we see that although the temporal overlap is weak, spectral filtering is obtained via the HFOC, as predicted by the simulations. also constrained by the ring down time: spectral resolution on one side and FSR on the other side.

Optical design

Figure 4-18 shows the experimental setup that was finally chosen for realising the DEFComb-RDS in our team. The set up requires a broad band source, the two HFOCs, the detector and an acquisition system. At present the HFOC are passive and no particular environmental protections (like laminar flow) are used. The optimum optical design was implemented after many test and the current configuration was found to be "easy" to align and stable in time. A counter-propagating CW diode laser at 532 nm is used to pre-align the whole optical beam path, including the high finesse cavity mirrors. The first attempts were performed with an excimer pump Lambda dye laser (FWHM=0.15 cm -1 ), equivalent to that used by Chandler and Strecker 1 . The long distance, between the laser system and the optical table of the CRDS set up, generated too many spatial instabilities which made us realize that the laser source had to be as close as possible to the two cavities, even better directly installed on the same table. Two broad band sources 

in which x represents the input sequence, X is its DFT, and n refers to the quantity of samples in both the discrete-time and the discrete-frequency domains.

The DFT direct performance, (equation 4 -48), involves approximately n 2 complex operations whereas computationally efficient algorithms might require only as little as n log2(n) operations. These algorithms are labelled Fast Fourier Transforms (FFTs) 82,83 and are available either as dlls in Labview or in Matlab.

The distribution of power into frequency components is explained by the power spectrum function, which is strongly associated with the Fourier Transform. This function is used to identify the harmonic power of a signal. The power spectrum Sxx(f) of a time domain signal

In which X(f) = F{x(t)} and X*(f) refers to the complex conjugate of X(f). In our data treatment, the FFT is applied to carry out the data analysis. The power spectrum is used for the analysis of the frequency comb and the quality of the optical alignment.

In the Fourier Transform processing, a window function (in other words, an apodization function) refers to a mathematical function in time which serves as a helpful tool to eliminate truncation artifacts in the calculate spectrum, at the same time to improve the signal-to-noise ratio as well as the spectral resolution.

The FFT spectrum exhibits frequency characteristics related to the time characteristics of the ring down time signal. The spectral resolution min giving the smallest distance in frequency between two consecutive points is related to the maximum probed time 𝑡 𝑚𝑎𝑥 of the time window and: The two frequencies at 𝜈 𝐹𝑆𝑅1 ≈ 300.467 ± 0.025 MHz and 𝜈 𝐹𝑆𝑅2 ≈ 300.93 ± 0.025 MHz corresponding to two free spectral ranges of two cavities are stable in frequency for all the laser shots at the measurement precision. We can then measure precisely the distance between the 2 mirrors for the 2 cavities and their associated uncertainties by: it is clear that we have improved the results.

We have improved the results, but there is still a difference between experimental positions of the heterodyne peaks and the expected ones. It is also seen that the uncertainty on the offset frequency is directly given by the limited frequency resolution. One source of error could be the pointing of the central frequencies of all the heterodyne peaks. The precision is limited by the spectral resolution and, for instance, 0 filling may help to improve.

However, to solve this problem, we would need to buy an even more precise clock and, if possible, increase the ring down time! At the time of writing, we have not yet been able to buy and install this materiel.

Conclusion

In the first part of this work, Cavity Ring Down Spectroscopy has been performed to measure high (51 and 61) and combination (41+3 and 41+2) vibrational overtone bands of gaseous HC3N, located in the visible range (14 600-15 800 cm -1 and 17 400-18 600 cm -1 ). Absolute integrated intensity values and the ensuing oscillator strengths have been measured for the first time. The f -values are typically between 4×10 -12 and 7×10 -11 for the 51+3 and 51+2 combinations as well as for the 61+5-5 hot overtone band. For the even weaker 51+2 combination band, the oscillator strength was estimated as 9×10 -13 . These results have already been published.

In a second part of this study, we have coupled the CRD setup to a Radiofrequency discharge to produce neutral or ionic radicals of astrophysical interest. We have been able to produce C 2 and the C 2 -anion. The strongest vibrational sequence Δν = -1 triplettriplet d 3 Пg ⟵ a 3 Пu Swan system of the C2 radical, from 535 nm to 565 nm and the vibrational sequence Δν = 0 of the triplet-triplet d 3 Пg -a 3 Пu Swan system of the C2 radical from 510 nm to 517 nm have been recorded with variety of precursors. We have also observed the electronic spectra of an anion, C 2 -, on the (0-0) and (1-1) vibronic bands from 530 nm to 542 nm in its 𝐵 2 Σ 𝑢 + ⟵ 𝑋 2 Σ 𝑔 + electronic transition with a good signal to noise ratio. The absolute densities for C2 and for C 2 -have been obtained for different precursors leading to the determination of the yield of conversion into C2 which is found to be about 10 -4 . The ratios between C2 -and C2 have been determined and were found to be few 10 -2 , up to nearly 12% with the acetylene precursor. This leads us to propose to use C2 -as a tracer for nanoparticle growth in dusty plasmas.

We have also been able to do spectroscopy of the 14 NH2 radical in its

vibronic band located around 16700 cm -1 . For that, a discharge in a mixture of 14 NH3 in Argon has been provided. We have also been able to extract the absolute density of the 14 NH2 radicals equal to about 6.3 10 11 cm -3 , based on the hypothesis that the 2 vibrational and rotational temperatures are both equal to 1750 K. We have also done the same job for the 15 NH2 isotopomer, in order to compare its line intensities to those of the 14 NH2 isotopomer radical. Due to perturbations, it is not possible to predict simply the positions and the intensities of the lines of the 15 NH2 isotopomer radical at the light of the one of the well-known 14 NH2 isotopomer radical.

We then conclude that it is necessary to do more precise spectroscopy of the 15 NH2 isotopomer radical. To correctly compare the intensity of the equivalent lines, it is also necessary to generate a discharge of a mixture of 50%-50% 14 NH3 and 15 NH3. Some experiments have been done but the data treatments has been only done on the 2 312-422 (F1-F1) and (F2-F2) lines located around 17347 cm -1 . The ratios ( 14 NH2/ 15 NH2) of the intensities of these lines have been measured to be 1.12 and 1.15. This implies that the recent measurements of the cometary isotopic ratio of 7).*y(lct-7)+x(lct-6).*y(lct-6)+x(lct-5).*y(lct-5)+x(lct-4).*y(lct-4)+x(lct-3).*y(lct-3)+x(lct-2).*y(lct-2)+x(lct-1).*y(lct-1)+x(lct).*y(lct)+x(lct+1).*y(lct+1)+x(lct+2).*y(lct+2)+x(lct+3).*y(lct+3)+x(lct+4).*y (lct+4)+x(lct+5).*y(lct+5)+x(lct+6).*y(lct+6)+x(lct+7).*y(lct+7)+x(lct+8).*y(lct+8); %com1 = com/(y(lct-8)+y(lct-7)+y(lct-6)+y(lct-5)+y(lct-4)+y(lct-3)+y(lct-2)+y(lct-1)+y(lct)+y(lct+1)+y(lct+2)+y(lct+3)+y(lct+4)+y(lct+5)+y(lct+6)+y(lct+7)+y(lct+8)); com = (x(lct).*y(lct))/y(lct); %Sum of 3 points nearby at maximum point %pkt= (y(lct-1)+y(lct)+y(lct+1))/3; I=[x(lct) pkt]; xlim([1e6 316e6]); hold on; %save peak (f and I) save'C:\Users\tiep\Documents\MATLAB\Data\09decembre15\09decembre15-Acq00004_T00002-0-40BH blackman_max_intensity_of_peak_5%.txt' 'I' -ascii %save'C:\Users\tiep\Documents\MATLAB\Data\26novembre15-Acq00001_T00004-0-40_max_intensity_of_peak_5% test2.txt' 'IA' -ascii %Sum of 3 points nearby at maximum point %(F(:,2),idx)=pkt; %vec3 = y(idx-1:idx+1); count=0;