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Are molecule-covered dust grains efficient catalysts of H2 formation in the cold ISM?
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Des prédictions observationnelles qui ont été déduites de ces expériences ont été testées par spectroscopie à longue fente dans l'infrarouge proche disponible au VLT et au Keck. Des nébuleuses planétaires présentant simultanément des émissions de H2 et de rayons X on été sélectionées comme cibles idéales. Des transitions de H2 ont été détectées sur certaines de nos objets. La distribution de ces raies est comparée avec des modèles théoriques de forma tion de H2 dans l'espace.

Une partie de cette thèse traite également de la spectroscopie VUV à haute résolution de CO et de ses isotopes, en utilisant le spectromètre à transformée de Fourier disponible au synchrotron SOLEIL. Cela complète le travail sur l'hydrogène dans le contexte plus large de l'astrochimie de petites molécules.

The formation of molecular hydrogen on interstellar silicates: from experiments to observations Abstract:

The goal of this thesis is to understand the formation of molecular hydrogen in the inter stellar medium (ISM) via laboratory experiments and astronomical observations. The experi ments are performed with FORMOLISM, an ultra-high vacuum setup to study the formation of molécules in the ISM. We are interested in the energy disposai during the exothermic recom bination of two H atoms on a cryogenically cooled surface (< 10 K). Résonance Enhanced Multi-Photon Ionization (REMPI 2+1) spectroscopy is used to probe the population of rovibrational levels in the ground electronic State of molecular hydrogen after formation. We hâve tested different surfaces of astrophysical relevance: amorphous and crystalline silicates, porous amorphous solid water, and a bare silicate pre-dosed with hydrogen molécules.

We hâve confirmed the formation enhancement of molecular hydrogen on a surface predosed with molécules and quantified D2 formation as a non-thermal desorption mechanism.

We hâve also measured the ortho-to-para ratio of newly formed molecular hydrogen on p-ASW, finding that it corresponds to the value expected at statistical equilibrium at high tem pérature. Silicate analog surfaces (forsterite and fayalite) hâve been fabricated to test the influence of their morphology and Chemical composition on hydrogen formation. We hâve found that newly formed molecular hydrogen leaves rotationally cooler (with respect to the molecular beam rotational température) from crystalline surfaces, and that it is unaffected when it scatters from amorphous surfaces. We hâve also detected nuclear spin conversion of molecular hydrogen adsorbed on bare silicates. Observational prédictions from these experiments are tested using long slit near infrared spectroscopy available at the VLT and Keck télescopes. Planetary nebulae with H2 and X-ray émission were chosen as idéal targets. H2 transitions hâve been detected throughout our targets. The distribution of these transitions will be compared to models of formation pumping spectra.

In addition, part of this thesis addresses the VUV high-resolution spectroscopy of CO and its isotopologues, using the Fourier Transform Spectrometer at the SOLEIL synchrotron. This compléments the work on hydrogen in the wider context of the astrochemistiy of small molécules.

La formaciôn del hidrôgeno molecular en los silicatos interestelares: de los expérimentas a las observaciones Resumen:

El objetivo de esta tesis es comprender la formaciôn del hidrôgeno molecular en el medio interestelar (MIS) a través de experimentos de laboratorio y de observaciones astronômicas.

Los experimentos se realizan con FORMOLISM, una configuraciôn de ultra-alto vacio para estudiar la formaciôn de moléculas en el MIS. Estamos interesados en la distribuciôn de energi'a de moléculas de hidrôgeno formadas en una superficie enfriada criogénicamente (< 10 K). La técnica de Résonance Enhanced Multi-Photon Ionization (REMPI 2 +1) se utiliza para sondar la poblaciôn de los niveles rovibracionales en el estado electrônico fundamental del hidrôgeno molecular. Hemos examinado diferentes superficies de interés astrofisico: silicatos amorfos como cristalinos, agua sôlida amorfa porosa, y un silicato pre-dosificado con molécu las de hidrôgeno.

Hemos confirmado la aumentaciôn de la tasa de formaciôn de hidrôgeno molecular sobre una superficie pre-dosificada de moléculas y hemos cualificado la formaciôn de D2 como un mecanismo no-termal de desorciôn térmica. Hemos medido la proporciôn orto-para del hidrôgeno molecular recién formado sobre la superficie de p-ASW, el cual corresponde al valor esperado en equilibrio estadistico a alta temperatura. Nuevas superficies de silicatos (forsterita y fayalita) han sido fabricadas para examinar el impacto de su morfologia y composiciôn quimica en la formaciôn de hidrôgeno. Hemos detectado el enfriamiento de la temperatura rotacional del hidrôgeno molecular (con respecto a la temperatura de rotaciôn del jet molecular) saliendo de superficies cristalinas. Hemos tambien detectado la conversion del espin nuclear del hidrôgeno adsorbido sobre superficies de silicatos.

Las predicciones observacionales hechas a partir de estos experimentos se sometieron a prueba usando la espectroscopia de rendija larga en el infrarrojo cercano disponible en los telescopios VLT y Keck. Las nebulosas planetarias con émision de H2 asi como de émision de rayos X fueron escogidas como objetivos idéales. Las transiciones de H2 se han detectado a lo largo de nuestros objetos. La distribuciôn de las transiciones se compararân con los modelos de formaciôn de H2 en el espacio.

Una parte de esta tesis trata la espectroscopia VUV de alta resoluciôn de CO y de sus isôtopos, utilisando el Espectrômetro a Transformada de Fourier instalado en el sincrotrôn SOLEIL.

Esto complementa el trabajo sobre el hidrôgeno en el contexto mas amplio de la astroquimica de moléculas pequenas.

La formation de l'hydrogène moléculaire sur des silicates interstellaires: des expériences aux observations Résumé:

L'objectif de cette thèse est de comprendre la formation de l'hydrogène moléculaire dans le milieu interstellaire (MIS) via des expériences de laboratoire et des observations as tronomiques. Les expériences ont été réalisées avec FORMOLISM, un montage fonctionnant dans l'ultra-vide pour étudier la formation de molécules dans le MIS. On s'intéresse à la distri bution en énergie des molécules d'hydrogène formées sur une surface refroidie par cryogénie (< 10 K). La technique de Résonance Enhanced Multi-Photon Ionization (REMPI 2+1) est utilisée pour sonder la population des niveaux rovibrationnels de l'état électronique fonda mental de l'hydrogène moléculaire. Nous avons examiné différentes surfaces d'intérêt astro physique: des silicates amorphes et cristallins, et de la glace d'eau solide amorphe poreuse (p-ASW).

Nous avons confirmé l'augmentation du taux de formation de l'hydrogène moléculaire sur une surface recouverte au préalable des molécules d'hydrogène et nous avons quantifié la formation de D2 en tant que mécanisme de désorption non-thermique. Nous avons mesuré le rapport ortho-para de l'hydrogène moléculaire nouvellement formée sur la surface de p-ASW, qui correspond à la valeur attendue à l'équilibre statistique à haute température (> 100 K).

Nous avons fabriqué au laboratoire de nouvelles surfaces de silicates (forstérite et fayalite) pour examiner l'impact de leur morphologie et de leur composition chimique sur la forma tion de l'hydrogène moléculaire. On a observé l'abaissement de la température de rotation des molécules d'hydrogène formées (par rapport à la température de rotation du jet molécu laire) émergeant de surfaces cristallines. Nous avons également étudié la conversion de spin nucléaire des molécules d'hydrogène adsorbées sur une surface de silicate.

Introduction

This thesis has centered on the problem of the formation of H2 in space and the experimental and observational methods that hâve been used to address it.

• In chapter 1: I give the context and motivation for this experiments: the formation of molécules on dust in the ISM. I introduce the different types of clouds in the ISM, the molécules so far observed and the different types of dust présent. I also review some of the key quantum mechanical properties of H2. I then review our current knowledge on the formation mechanisms of H2 in the gas phase and in the solid phase.

• In chapter 2: I describe the experimental setup used in these experiments, called FOR-MOLISM. This ultra-high vacuum setup uses détection techniques such as REMPI(2+1) spectroscopy and quadrupole mass spectrometry. With it, we hâve studied the forma tion of H2 on several surfaces of astrophysical interest.

• In chapter 3: I describe the results and publications from the experiments revolving around H2 formation. These include the study on the formation enhancement of H2 on a pre-dosed silicate, and the measurement of the ortho-to-para ratio of newly formed H2 and D2. Well-characterised nanometer-sized silicate grains hâve been fabricated, to be used in other H2 formation experiments. From these, we hâve discovered the rotational cooling of scattered particles from crystalline silicates, and the nuclear spin conversion of adsorbed H2 on Fe-containing silicates.

• In chapter 4: I describe experiments performed at the DESIRS beamline of the SOLEIL synchrotron (south of Paris). I présent our attempt to study rovibrationally excited H2 with the VUV synchrotron beam and the results on the high-resolution VUV spec troscopy of CO and its isotopologues.

• In chapter 5: I présent how the prédictions arising from laboratory experiments are tested via astronomical observations in the near infrared with the Very Large Telescope (VLT) in Chile and the W. M. Keck Interferometer (Hawaii). I présent the laboratory motivation for these observations, the data réduction of the spectra and some preliminary conclusions of this ongoing work. 1) is a transition between v" = continuum and v" = 14, the last State before the vibrational continuum of the X *E+ State, ( 2) is a forbidden transition 3E+ -» X XE+ 22 1.9 Barrier between a physisorbed site and a chemisorbed site for an atom, k, bound to the surface. When an atom crosses this barrier, it moves perpendicularly to the surface. Es is the energy of the saddle point. [Cazaux & Tielens 2004] 24 1.12 Left: Time between successive impacts of hydrogen atoms on a 0.1 ,um grain as a function of gas température [Govers 2005]. Different values for the same région correspond to the range in gas density and température that needs to be considered. Right: Minimum binding energies required for effective surface recombination of hydrogen atoms on a 0.1 [im grain for different surface tem pératures. They were obtained by equating the impact intervals on the left to the évaporation time of a hydrogen atom at a spécifie grain température. ... 2.3 Evolution of the pressure in the UHV chamber followed by a Balzers pressure gauge. At t = 32000 s the cryogenerator is started, followed by degassing pro cesses due to i) filaments of the titanium sublimation pump and ii) filaments of the QMS. At t = 72000 s, the cryostat has been set at 5 I< and finally, at t = 115000 s the cryo has been stopped and the pressure rises during the night.. . 34
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2.4 Left (top): At the gas entry typical pressures of H2 or D2 used in our experiments hâve ranged from 1 to 10 mbar. Left (bottom): For jet 2, the dissociated gas can go directly from the quartz tube into the first chamber. Right (top):

The quartz tube where the discharge is produced is cooled with compressed air while the metallic parts of the microwave cavity are cooled with water. Right 2.34 Left: The UV produced beam path after mixing and doubling is controlled with optical tracking motors. A close-up of this System is seen on the top-right corner and the tracking in auto-mode is seen in the bottom-right corner. ....

2.35

Sequence of experiments showing the synchronization of REMPI and QMS sig nais for successive experiments v" = 4, J" = 2 2.36 An example of the raw REMPI ion count for transitions from V = 4

2.37 REMPI ion count signal at v" = 4 after the application of a Haar denoising algorithm. We show both the QMS and REMPI (Fl) signal and the température signal (F2) used for synchronisation, as shown in Figure 2.26 2.38 Linear fit to find the REMPI ion count dépendance on the laser power for transitions from v" = 0 2.39 Here the REMPI ion count signais for différence rotational levels in V' = 0 hâve been normalised by variations in the laser power, denoised by a Haar algorithm, and smoothed. The baseline noise has been corrected so that the integrated amplitude reflects the relative intensity of each rotational level....
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showing the effect of pre-covering a silicate surface with D2 molécules and the effect this has on the rate of further D2 formation 4.8 Spectra of H20+ obtained by [Katayama et al. 1973] showing the total absorp tion, (jT, similar to the peaks in Fig. ing beams must interfère. The angle between the mirrors is one degree, after 21 reflections. The choice of this angle is a tradeoff between the précision of the sampling and the sensitivity to noise, (b) The alignment is controlled thanks to a four-quadrant diode, and déviations are amplified by the number of reflections, (c) The distance between mirrors is controlled fringe by fringe by a Michelson interferometer [START_REF] Joyeux | [END_REF] 4.12 Top: The data coming out directly from the experimental chamber, representing the intensity as a function of the total optical path. Bottom: A zoom on the left feature of the top image shows the interferogram obtained, which will be Fourier transformed to obtain the spectroscopic data 4. [START_REF] De Oliveira | A Fourier Transform Spectrometer Without a Beam Splitter for the Vacuum Ultraviolet Range: From the Optical Design to the First UV Spectrum[END_REF] The MgF2 cell on its adjustable support, before being inserted in the manipu lations chamber 4.14 The potential energy curves for the low-lying electronic States of CO. These are calculated in [Lu et al. 2013] and shown with their spectroscopic labels as X^"^, a3n, a/3X+, d3A, A1!!, and I1!]-. We investigated the transitions of the A-X band and considered the perturbations due to crossings by triplet States [Gavilan et al. 2013] 4.15 Potential energy curves for the much more energetic Rydberg States of CO.

Unlike the A-X band, B-X band shown here shows the predissociation due to the interacting D' 1S+ State. The unperturbed low V levels are used for calibration in [Eidelsberg et al. 2004] 4. [START_REF] Saloman | Energy Levels and Observed Spectral Lines of Xénon, Xe I through Xe LIV[END_REF] Example of a raw absorption spectra averaged over 50 scans. The x-axis is the wavenumber x 0.04 cm. The bottom two panels are zoomed in régions of the spectral régions marked in red 141

4.17 Zooming on v" = 3 (on a measurement identified as B20) represents the ab sorbance as a function of the wavelength in cm-1. We can differentiate three curves that correspond to the three branches: P, Q, and R 141 which include a shorter J range, and offer less précision than our measure ments (red comb) 144

4.22 Three spectra, plotted as absorption vs wavelength. The raw data is in black.

The synthetic spectra is in blue (unscaled), and the synthetic spectra after convolution with the instrument profile is in red xm 4.23 The experimental spectra for the 12C160 V = 2 band is shown in black. The synthetic spectra is shown in light blue. The original "comb" for identifying line positions (from [Simmons et al. 1969] is on the top, in purple. The new, corrected line positions "combs", and the synthetic spectra for each band are shown in red, green, and blue (PQR). The pink spectra shows the residuals from the simulation, which should hâve the same sign by adjusting the line positions (see text)

5.1 The relative rovibrational populations for H2 after formation on graphite [Islam et al. 2010] 5.2 IR émission computed for different formation pumping models:

(i) the model proposed in this work Figure 5.1 and (ii) the model proposed by [START_REF] Black | [END_REF]] in which equipartition of the H-H binding energy release is assumed [Islam et al. 2010] 5.3 Instruments available at the Paranal Observatory. At the background, the 8.2meter UT télescopes. ISAAC is installed on UT3. In the foreground, four 1.8meter auxiliary télescopes constitute the VLT Interferometer, or VLTI (crédit: Right: [Hora & Latter 1994] 2.12 /un narrow band image, J band image, and slit positions on the J band image. The slit (0.8" x 0.65", R ~700) is placed on the east lobe, north knot, core, and south lobe. North is up and east is to the left. . 5.19 Spectra of five positions (see Figure 5.18) in M2-9 by [Hora & Latter 1994]. . 178 5.20 IRTF/MIRLIN images of M2-9 by [Smith et al. 2005] in continuum filters centered at 8.8 pm (a), 17.9 /un (b), and 24. 5 ,um (c). Right: SOFIA composite RGB image of 20 /un, 24 /un, and 37 /un [Werner et al. 2012]. Both images are at the same scale 179 5.21 Radio images of M2-9 taken by [Kwok et al. 1985]. Left: M2-9 observed in 1982 with the VLA at 20 cm (1.5 GHz, for ND3) with a resolution of 2."3 x 2."1. The contour interval is 0.5 mJy/beam. Right: radio map of the core at 2 cm (H2CN), contours are at intervals of 1.5 mJy/beam 180 The formation of molécules in space can take place via gas phase reactions and solid-state pathways. One of the goals outlined in NASA's white paper on Laboratory Astrophysics [START_REF] Savin | [END_REF], is to measure reactions comprising the most abundant, reactive éléments in space such as H, C, N, O, S, and I] on different types of dust surfaces at different tempéra tures. This thesis is focused on the formation of molecular hydrogen on different surfaces of astrophysical relevance.

Molecular hydrogen and the origin of astrochemistry

Molecular hydrogen is the most abundant molécule in space. H2 formation on dust grains is a widespread process in the ISM of the local universe [Hollenbach & Salpeter 1971, Duley & Williams 1993]. H2 formation initiâtes the chemistry of interstellar clouds, controlling the ionization and thermal balance of the gas [Dalgarno 1999] and the non-thermal desorption mechanisms regulating molecular freeze-out that eventually enable star forma tion [Flower et al. 2005]. The production rate of H2 also has cosmological ramifications.

H2 has been detected in high-redshift damped Lyman-a Systems [Noterdaeme étal. 2008].

Sufficient cooling through H2 lines provides the conditions necessary for the forma tion of the first stars as shown by experiments in the gas-phase [Kreckel et al. 2010].

[ Norman & Spaans 1997] estimated that at a redshift of roughly unity, H2 formation in the gas phase and H2 formation on grain surfaces become equally important. A recent review by [Vidali 2013] describes the molecular hydrogen problem and the experimental techniques used to understand its formation. The évolution of the universe has been studied by spacecrafts such as WMAP and Planck.

At the time of the writing of this thesis, the most recent results from the Planck mission of the 1.3. Evolution of H2: from the high redshift to the local universe cosmic microwave background (CMB) gave an âge of the universe of 13.798 ± 0.037 billion years [Planck Collaboration et al. 2013]. This fact is important to understand the évolution of the physical conditions of the universe in order to allow the appearance of the first molécules.

Figure 1.1 shows the history of the universe from the Big Bang to the présent day determined by WMAP (Wilkinson Microwave Anisotropy Probe) measurements. Following the big bang, the universe was in an extremely hot (1010 K), ionised and dense State and began a rapid non-adiabatic expansion called inflation [Serjeant 2010]. This allowed the universe to be cooled sufficiently to allow the appearance of the first subatomic particles, including protons, neutrons, and électrons (103 K). After the recombination era, the primordial gas was composed of neutral hydrogen and hélium atoms with traces of électrons, deuterium, and lithium, exposed to the radiation field of the cosmic background radiation and in adiabatic expansion.

In these conditions, only a limited number of gas phase reactions was possible. The first molécules started to form only 10 000 years after the big bang, at a redshift z ~2000, reaching a freeze-out abundance (compared to H) at z ~100: about 1CT6 for H2 then HD, H2f, HeH+, and several less abundant species (see for example, [Bovino étal. 2011]). A review on the atomic and molecular processes in the early Universe is found in [Lepp et al. 2002].

In Figure 1.2 we can see the évolution of H2 for a given cosmological model with the mass density parameter H = 0.1. The évolution of H2 and other basic molécules from the beginning of the uni verse. Chemistry is simple as only H, D, He, Li are présent, but there is no dust [Black 1990].

Giant clouds of this primordial gas coalesced through gravity to form stars and galaxies, and the heavier éléments were synthesised either within stars or during supernovae explosions.

After the first stars collapsed, they released the first heavy éléments into the surrounding medium, leading to the formation of the first grains of dust.

The évolution of the universe from a plasma, then neutral, then molecular State has been slow. Throughout most of the history of the universe, Chemical processes hâve taken place in the gas phase. These involve the formation, destruction and rearrangement of bonds in processes such as radiative association, photodissociation and ion-molecule reactions, respectively. Once dust appeared, its larger surface area allowed it to catalyse the formation of more complex molécules allowing stars to form at a faster rate. Some gas-grain processes include the sticking of gas phase species on dust, the recombination of atoms (via the Langmuir-Hinshelwood process for example, as seen in subsubsection 1.8.3.2), etc. The interstellar medium makes up between 10 to 15% of the visible mass of the Milky Way. By mass, 99% of the material in the ISM is gas and the rest is dust [Hollenbach & Salpeter 1971].

The ISM and is composed of several régions of varied physical conditions (température, density), making it very heterogeneous. These conditions influence the chemistry and the for mation of molécules in the gas and solid phases. Its chemistry can also be influenced by the stellar, the interstellar radiation field, and the presence of energetic particles such as cosmic rays. The Cold Neutral Medium (CNM) is the term used to refer to interstellar clouds, the generic name given to an accumulation of gas, plasma and dust in our and other galaxies.

There is not much consensus as to the categories to define these clouds. We include the latest classification of interstellar cloud types by [Snow & McCall 2006], as shown in Figure 1.3.

Using a photodissociation région model (PDR), which describes neutral régions strongly in fluenced by far ultraviolet photons, [Neufeld et al. 2005] illustrâtes this new classification of clouds, see Figure 1.4. In addition to the CNM there is also the warm neutral or ionised medium (WIM or WNM) up to 104 K, and the Hot Ionised Medium (HIM) up to 106 K. These three phases were classified by [McKee & Ostriker 1977].

Hydrogen (in molecular and atomic form) is the main constituent of most cold interstellar clouds and it is a key intermediary in the hydrogénation and formation of most gas phase species. In addition to hydrogen, there are more than 180 molécules so far detected in outer space, see Table 1.1.

The laboratory experiments introduced in chapter 3 deal with the formation of molécules via gas-grain interactions focused on the physical conditions found in the local universe. When we talk about the interstellar medium we refer to a highly inhomogeneous régions of the ISM at a redshift < 1, where molécule formation can be catalysed by dust. Figure 1.4: Results from photodissociation région model [with nH =100 cm"3 and Xuv -1

[units of the standard Draine field] from [Neufeld et al. 2005], illustrating the revised défi nitions of cloud types in [Snow & McCall 2006] ON C h a p t e r 1 .
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Interstellar Dust

In this section I présent a short introduction to dust and ices présent in different régions of the ISM. These are important as they are among the surfaces used during our experiments. Dust grains act as catalysis of H2 formation and it is important to characterise dust grains to understand their rôle in this physical process. One of the first studies of the gas-solid interaction in space was made by [Oort & van de Hulst 1946], in which dust was called "smoke".

The presence of dust in interstellar space was first noted due the fact that they absorbed light.

The existence of dark régions in the Milky Way was first pointed out by W. Herschel in the late 18î,! century. At that time, dust clouds which obscured the light from the background stars, were considered as "holes in the heavens". It was not until the work of [Trumpler 1930] on open clusters that the first evidence for interstellar reddening was found.

The last décades hâve seen a révolution in the study of interstellar dust. This is because the observational access to the UV and the IR has shown that there is a wide range of particle sizes and types to account for the blocking of the starlight. This is thanks to instruments Dust is opaque in the visible, but absorbs and emits in the near and far infrared. The size distribution of dust particles can be described by Mathis' law [Mathis et al 1977]. In dense clouds, dust is made of grains (covered with icy mandes) having an average size of 0.1 jum [Hollenbach et al 2009]. In diffuse clouds, bare dust grains composed of silicates and/or carbonaceous materials hâve a size distribution ranging from the 1 to 10 nm (aromatic hy drocarbon PAHs and amorphous carbons) up to 1 ^im sized grains (amorphous silicates) [Draine & Lee 1984]. We hâve then three main types of dust:

• Carbon-rich dust: Carbon-rich star observations hâve shown dust species including SiC, amorphous hydrocarbons and polycyclic aromatic hydrocarbon-like species. Although experiments on carbonaceous dust hâve not been included in this thesis, previous work by [START_REF] Islam | The Formation of Molecular Hydrogen in the Interstellar Medium[END_REF]] on HOPG, a type of crystalline graphite, is used as reference for comparison.

-Amorphous hydrocarbons: contain saturated and non-saturated aliphatic chains, and can be produce a solid macro-molecular phase. IR absorption at 3.4 [im is attributed to their C-H bonds.

-Polycyclic aromatic hydrocarbon-like species: contain aromatic cycle and n bonds. They émit in aromatic émission bands (C-H and C-C modes linked to an aromatic nuclei) and contribute to extinction in the UV range [START_REF] Fitzpatrick | [END_REF]. They hâve also been detected in luminous infrared galaxies [Dartois & Munoz-Caro 2007]. (1,5) (2,[START_REF] De Oliveira | A Fourier Transform Spectrometer Without a Beam Splitter for the Vacuum Ultraviolet Range: From the Optical Design to the First UV Spectrum[END_REF] 9.75 ch3oh CO stretch (v8)

18 (1,[START_REF] Eidelsberg | Experimental Détermination of the Band Oscillator Strengths of the CO A'n (ll< v' < 23)-X'E+ (v" -0) Made at the LURE-SuperACO Synchrotron Facility[END_REF] 11 -14 h2o

Libration (v^) [28][START_REF] Franck-Condon | J") transition calculated by[END_REF][30][31] (1,5) • Oxygen-rich dust: ISO spectroscopy showed that as much as 15% of the stardust formed around oxygen-rich stars is in the form of Mg-rich crystalline olivines (forsterite, Mg2Si04) and pyroxenes (clinoenstatite, MgSi03), and also diopside (CaMgSi206).

This composition is consistent with dust condensation from a gas of cosmic Chemical composition. Even if in the ISM most silicate grains are amorphous, a small percentage is clearly observed in crystalline form [START_REF] Molster | Crystalline Silicates: From Nothing to Main Thing[END_REF]. The fabrication and experiments on amorphous and crystalline silicates will be shown in chapter 3.

• Ices: These are présent as mandes on dust grains in cold and dense régions of the ISM. They are composed of molecular species that condense or form on the surface of the grains such as H20 (the most abundant constituent), CO, C02, CH4, etc. Observa tions with the ISO-SWS hâve shed light on these ices from absorption, see Table 1.2 [Dartois 2005] for a list of ice features. Our experiments on porous water are shown in chapter 3.

Dust can undergo several processes during their lifetime in the ISM: irradiation by photons (U\( IR, X-rays), sputtering by heavy nuclei and cosmic rays, as well as mutual collision and shock waves of ageing stars. This is why in experiments described in chapter 3 we show experimental results on crystalline and amorphous grains, to sample the extremes of Processing in the ISM.

1.6 The quantum-mechanical structure of H2

Because the work of this thesis is centered on the formation of H2 an introduction to the quantum mechanics of this molécule is necessary. H2 is a homonuclear (composed of one element) diatomic molécule, and has no dipole moment. In this thesis, the phrase hydrogen molécule or molecular hydrogen refers to H2 and its isotopologues, such as HD and D2.

Because H2 is the simplest neutral molécule, theoreticians hâve been able to obtain its energy levels and transition probabilities to very high accuracy using ab initio calculations, found in a recent review [Campargue et al. 2012]. The potential curves for H2 are shown in Figure 1.5.

The électron distribution and the protons making up the nuclei of the hydrogen molécule are described by a quantum mechanical wavefunction. As two hydrogen atoms approach each other, their wave functions begin to overlap. This overlap is characterised as an exchange interaction and leads to a strong bond with dissociation energy 4.52 eV at a séparation of 0.074 nm. The potential energy of the anti-bonding orbital shown in fig. 1.6 (right) gives some insight into why a third hydrogen atom cannot bond to the two atoms of the hydrogen molécule. It would be in an anti-bonding situation with one of the other hydrogen atoms and would therefore be repelled. The Pauli exclusion principle détermines which covalently bound molécules can exist and which cannot such as He2 and H3.

In order to understand most of the work here, which concerns the quantum States of the H2 molécule and those of the CO molécule in chapter 4, an introduction to the nomencla ture of the energy levels and their transition sélection rules is given, complementing some dérivations found in [Le Petit 2002]. For a simple linear molécule, the Schrôdinger équation can be solved in the Born-Oppenheimer (BO) approximation, proposed in 1927. Because the mass of the nuclei is much larger than that of the électrons, the nuclei can be considered to be quasi-stationary with respect to the électrons, while the électrons are smeared out compared to the nuclei.

Thus the wavefunction can be split into independent parts of the nuclei and the électrons by considering the nuclei at fixed positions. In the BO approximation, the total wave function of the molécule is written as, Where,

• ^eiec is the wave function of the électrons, including the spatial (orbital) and spin components.

• $N is the spatial wave function of the nuclei.

• VN is the spin wave function of the nuclei. < d,(f>\l, m >= Ylfîn (6,<t>) (

L can be represented as a vector because its projection along a direction in space is quantised to values one unit of angular momentum apart. The magnetic quantum number m/ can take the values, = 1,1 -1,1 -2,..., -I (1.6) where l is the orbital quantum number associated to L2. The cylindrical symmetry of a linear molécule ensures that positive and négative values of a given m* for an électron in a molecular orbital will be degenerate in the absence of spin-orbit coupling.

Since the energy of the System is invariant to the sense of rotation of électrons, and thus

States with positive and négative values of ML are degenerate, we define,

A = \Ml\ (1.7)
and a capital Greek letter is used to refer to each value: A = 0, 1, 2, 3 are coded as,

ml 0 ±1 ±2 ±3 A 0 1 2 3 State S n A $
Thus, ail electronic orbitals are twice dégénéra te with the exception of E.

Reflection through a plane containing the internuclear axis

There are an infinité number of planes containing the internuclear axis of a linear molécule and hence there are an infinité number of possible reflections. For any of these planes, molecular ternis with A > 0 always hâve a State which is symmetric with respect to this reflection and one State that is antisymmetric.

In the case of n orbitals, the degeneracy due to | ML | =±1 is partial and can be lifted by taking into account the motion of électrons and the of the nuclei. These n States are unfolded into two States very close in energy, and rather than labelling those situations as fl* , the ± is omitted.

For the E States, however, this two-fold degeneracy disappears and States are either symmetric under any plane containing the internuclear axis, or antisymmetric. These two situations are labeled as E+ or E~. 1.6.2.3 Reflection through an inversion centre: u and g symmetry Taking the molécule center of mass as origin of coordinates, consider a change of ail électrons' position through the inversion centre. If the resulting wave function is unchanged, it is said to be gerade (German for even); if the wave function changes sign then it is said to be ungerade (odd). For a molécule with a center of inversion, ail orbitals will be symmetric or antisymmetric. The resulting wavefunction for the whole multielectron System will be gerade if an even number of électrons is in ungerade orbitals and ungerade if there is an odd number of électrons in ungerade orbitals, independently of the number of électrons in gerade orbitals.

This gives States such as, Hji» A", ...

(1.9)

Electronic spin degeneracy

The operator for the electronic spin is S parametrized by the spin quantum number S.

Given an arbitrary direction z (usually determined by an external magnetic field) the spin z-projection is given by Sz=Msh (1.10) where Ms is the secondary spin quantum number ranging from -s to +s in steps of one. This Positive and négative values of Mj are degenerate so the pairs (ML, Ms) and (-ML, -Ms) are degenerate. These pairs are grouped under the quantum number H, defïned as fl = A + Ms (1.13) for which ML is positive. With this, a molecular energy level is given by,

2S+1 A(±)
An,(s/u) (1.14) where S is the total spin quantum number, A is the projection of the orbital angular momen tum along the internuclear axis, fl is the projection of the total angular momentum along the internuclear axis, u/g is the parity and ± is the reflection symmetry along an arbitrary plane containing the internuclear axis.

Thus, for example, the three States of the triplet n are given as 3n0,3n,,3n2 u.is) 

Nuclear eigenvalues of the fundamental electronic level

A diatomic molécule has three degrees of freedom, one vibrational degree defined by the internuclei distance and two rotational degrees defined by the angles Q and </>. These are coupled as the vibrations alter the moment of inertia and thus its rotation energy. In the rigid rotor approximation, we take each motion as independent so that the nuclear spatial wave function *n = *v(R)*4>.6 (1.16) where <ï>v(R) and are the wave functions characterising the vibrational and rotational

States of the molécule.

Vibrational levels

From the previous équation, we note that the vibrational wave function only has a radial dependence. In the case of a harmonie potential, the vibrational energies are given by Ev = (v + ^)hco where [s x] (1.17)

Where p, is the reduced mass of the nuclei, v is the vibrational quantum number and hco is the quantum of the vibration. V" is the second dérivative of the potential in R0, the equilibrium position of the oscillator. For v = 0, the residual energy is called the zéro point energy. For the lower v, the energy levels characterised are mostly équidistant and dépend only on the reduced mass of the System fi, the energy différence between vibrational levels is constant.

For the larger v, the potential becomes anharmonic, so that 15 , AEV = Hco[l--cr2v\ (1.18) where cr dépends on the chosen shape of the potential, showing that the anharmonicity diminishes the energy of the vibrational levels. Solving for the rotational wave function of the nuclei, we consider the rigid rotor approxima tion so that the eigenfunctions are given by Y^J (6,4>) of energy,

Ej = -d(J + 1) = BeJ{J + 1) (1.19) 2/iK0
where Be is the rotational constant.

Total parity of levels

To define the System completely, we need to account for the invariance under the effect of symmetry transformations. This is important for the case of CO, as we will see in the last chapter of the thesis and for H2, which has an additional symmetry, being homonuclear. The energy of a linear molécule is invariant to the inversion of ail particles (nuclei and élec trons) with respect to the origin. The parity operator, P, corresponding to this inversion, is constant under motion. The eigenvalues of this operator are ± 1. To account for the total parity of the spatial molecular wave function, we need to account for each component, $tot,S = ^elec^v^r d-20)

Since <î>v only has a radial dependence, it is invariant for ail symmetry operations. The parity of 4>fotS dépends only on $dec and 4>r. The rotational wave function <ï>r is a spherical harmonie, Yj1j

For a State S it has parity (-1)J.

To obtain the parity of <Fe/ec, we can consider the inversion of ail particles in terms of two operations. The first can be a rotation of the molécule of 180°with respect to an axis passing the origin and perpendicular to the internuclear axis. Or a reflection with respect to a plane of symmetry of the molécule. States where the electronic wave functions is symmetric under the reflection with respect to a plane of symmetry, and having a parity (-1)J, are called e-levels. Those antisymmetric under reflection and having a parity (-1)J+1 are called/-levels [Brown et al. 1975]. We will use this terminology in chapter 4 to détermine the perturbation of the perturbations of the A-X bands of the CO molécule.

Homonuclear diatomic molécules

The additional symmetry of homonuclear molécules like H2 or D2 is that the energy of the System is invariant with respect to the permutation of the nuclei. This permutation can be associated to an operator iN. If the wavefunction is symmetric (S), itôt,tôt,s anâ ntisymmetric (A) if ijv4>fotjS=-4>totjS. This transformation can be decomposed in an inversion of ail particles with respect to the origin, followed by a reflection of the électrons with respect to the origin. The symmetry of the total wavefunction, $tot s, of a homonuclear molecular with respect to the exchange of the nuclei is,

g + g~u + u- ^even S A A S Jodd A S S A 1.6.5
Accounting for the nuclear spin

The degeneracy of the rovibrational levels of a linear molécule is found by considering the nuclear spin wave functions. The total wave function of the molécule can be re-expressed as, ^total ^tot,N^N (1.23) Where ^tot>N represents the spatial wave function of the nuclei and the electronic wave function.

For H2, which is composed of fermions (two protons and two électrons), the Pauli exclusion principle implies that the total wave function is antisymmetric.1 The symmetry of 4>tot N was already determined in the previous subsection. For the symmetry of the nuclei, TN, since the two spin of the protons are 1/2, the situation is the same as that for the spin of the électrons, a triplet of symmetric wave functions and one antisymmetric singlet State. The fundamental electronic level of H2 is E+, non-degenerate, the degeneracy of the rovibrational levels is fig. 1.7. These concepts will be further explored when we présent results on the ortho-to-para ratio of newly formed molecular hydrogen in chapter 3. A dipole moment results from the unequal sharing of the électrons between bonded atoms.

Therefore, no electric dipole allowed transitions exist for H2. At lower transition probability electric quadrupole transitions are allowed. An alternating quadrupole moment may also lead to émission or absorption of radiation (quadrupole radiation). This quadrupole moment varies during the vibration of the molécule [Herzberg 1950] and the rate of change of this quadrupole affects the intensity of the radiation.

Some quadrupole transitions for H2 are listed in Table 1.3. These transitions are inherently weak, and lie in the infrared part of the spectrum that is difficult to observe because of Earth's atmosphère. This makes H2 a very difficult molécule to detect from the ground, even though it is the most common molecular species in the Universe. 

, A v = ± 1 if the potential is harmonie and A v =4 1 if the potential is anharmonic. Av = 0, ±1, ±2, ±3,... if A = 0, A J = ±1 dipole if A 7^0, AJ = 0, ±1 dipole
The vibration-rotation wavenumbers of transitions for a harmonie oscillator with rigid rotor are given by, 1

Evr=(_v + -)hco±BeJ(J + 1) (1.25)

The plus sign implies simultaneous excitation of both vibration and rotation, giving the R branch whereas with the minus sign a quantum of rotational energy is lost while a quantum of vibrational energy is gained, giving the P branch. The pure vibration, AJ = 0, gives rise to the Q branch of the spectrum. Because of the thermal population of the rotational States the P branch is slightly less intense than the R branch.

A J = + 1 P -branch 0 Q -branch -1 R-branch (1.26)
In addition to Av = ±1 transitions, weaker overtone transitions with Av = 2 are also allowed (with a lower transition probability). For example, CO has its fundamental transitions (v = 1

-0) at 4.67 /un and its first overtone band (v = 2 -0) at 2.35 /im.

For H2 the symmetry sélection rule for radiative transitions allows Av = ±1 transitions with AJ = 0, ±2, irregardless of A. Since dipole transitions are not possible, the transitions with AJ = ± 1 are forbidden. Thus, an extension of the PQR notation is required, namely the SQO branches. Transitions with AJ = 0 will form a Q branch (with the exception of Q(0)

as J = 0 -» J" = 0 is forbidden), the transitions with AJ = +2 will form an S branch, and those with AJ = -2 an O branch. According the sélection rules for quadrupole transitions, the nomenclature is as follows,

f +2 AJ = h 0 -2 S -branch Q -branch O -branch (1.2 7)
Quadrupole radiation is less intense than ordinary dipole radiation, and therefore the rotation-vibration spectra due to quadrupole rotation hâve yielded little observations. This will be discussed in more depth in chapter 5.

It was proposed by [Herzberg 1938] that the extremely weak second overtone (v = 3 -0) transitions near 0.8 pm would be the most favourable in detecting molecular hydrogen in planetary or stellar spectra. In fact, in 1949, Herzberg carried out the first laboratory measurement of this transition which was also the first observation of the quadrupole transition in molecular spectra. In principle, overtone bands are more suitable to detect H2, taking advantage of the enhanced sensitivity of detectors in the near-infrared and visible régions compared with the infrared région.

Some rovibrational transitions of H2 are listed below, with the 0 -0 transitions being purely rotational transitions (as in Table 1.3). In chapter 2, we only consider rovibrational transi tions in the electronic ground State of H2, i.e. X1 E+. Rovibrational transitions are located in the near-and mid-infrared (NIR and MIR, respectively) part of the spectrum. We will exploit these in chapter 5. A transition is denoted by first writing the vibrational transition followed by the relevant branch and the lower rotational level. Thus the transition front v =

1 to v = 0, and J = 3 to J = 1 is written as 1 -0 S(l). [Black & van Dishoeck 1987] calculated the rovibrational transitions arising front the fluorescent excitation of interstellar H2 are given in Table 1.4 for a given PDR model. [Islam et al 2010] also gives a list of rovibrational transitions after modelling the pumping due to the formation of H2 on dust grains.

Table 1.4: Some H2 rovibrational transitions in the K-band [Black & van Dishoeck 1987, Abgrall et al. 2000].

v, j -v, y Notation Wavelength 1, 2 -0, 0 H2 1 -0 S(0) 2.223 /im 1, 3 -0, 1 H2 1-0 S(l) 2.121 fi m 1, 4 -0, 2 H2 1 -0 S(2) 2.033 /im 1, 1 -0, 1 H21-0Q(1) 2.406 /im 1, 2 -0, 2 H2 1 -0 Q(2) 2.413 jum 1, 3 -0, 3 H2 1 -0 Q(3) 2.423 /im 1, 0 -0, 2 H2 1 -0 0(2) 2.626 /im 1, 1 -0, 3 H2 1 -0 0(3) 2.802 /im 1, 2 -0, 4
H2 1 -0 0(4) 3.003 /im 1.6.9 Electronic transitions

For the electronic transitions of a diatomic molécule, the total wavefunction, <FrotN, can be inverted so that:

e<->/ (1.28)

In addition, for electronic transitions:

AS = 0 AA = 0,±1 + <-> - E (1.29) if A -0 AJ = ±1 if A 7^0 AJ = 0,±1
In addition, for homonuclear molécules, g <-» u. The ratio of electronic to vibrational to rotational energies is Ee : Evlb : Erot = 1: J~-f : (^). The energy différence between electronic States is typically a few eV (see Figure 1.5) and transitions lie in the visual and ultraviolet. The energy différences between vibrational States is typically a few tenths of an 1.7. Formation of H2 in the gas phase eV and transitions lie in the infrared. The energy différence between rotational levels is on the order of 1CT3 éV, and transitions lie in radio and infrared. The first allowed electronic transitions from the ground State occur at 11.2 eV (Lyman bands) and at 12.3 eV (Werner bands).

Formation of H2 in the gas phase

There are three main mechanisms by which H2 can form in the gas phase. Some of this are more viable than others, giving different rate constants, depending on the density and température of the medium. An introduction to the rate constant for these reactions are found in the textbook Interstellar Chemistiy by [Duley & Williams 1984]. The simplest way to form H2 would be via the radiative recombination of two neutral H atoms H+H^>H2 + hv (1.30) This is an inefficient process because, in order to form a molecular bond, stabilisation occurs via the émission of a photon. This photon can be emitted either by a vibrational transition within the X State or by means of an electronic transition from the obtained by [Jura 1975] thanks to observations of interstellar clouds by the Copernicus satel lite. The previous reaction has an enhanced cross-section if there is collisions between neutrals and ions. This gives rise to the reaction sequence, H + H+ + hv H+ +H ->H2+H+ (1.32) In diffuse clouds, the rates of these reactions are negligible compared to other reaction routes.

An additional gas phase formation mechanism is the associative detachment (AD) reaction via a négative ion, H~+H^H2+e~ (1.33) This reaction was most relevant during the epoch of first star formation. This requires a high degree of ionisation so that, H + e~-» H~ (1.34) The H" to H2 route becomes more important as the kinetic température of the gas increases.

Recent laboratory experiments [Kreckel et al. 2010] hâve researched the magnitude and en ergy dependence of the rate coefficient. Current laboratory measurements concerning pri mordial chemistry are detailed by [Savin 2012]. In régions with high H densities (nH > 108 cm-3 molecular hydrogen can form through three body interactions, 1) is a transition between v" = continuum and V' = 14, the last State before the vibrational continuum of the X State, ( 2) is a forbidden transition 3S+ -» X 1S^.

At these densities, and for a gas température, Tg < 800 K, this reaction has an efficiency of 100% [Palla et al. 1983]. This reaction is important in the photosphère of cool stars, and even in our sun [START_REF] Jaeggli | On Molecular Hydrogen For mation and the Magnetohydrostatic Equilibrium of Sunspots[END_REF]], but in diffuse clouds, the rate constant for this reaction is much lower than R.

Formation of H2 on dust surfaces

Even if the densities in interstellar clouds are too low (see Figure 1.3) to allow molecular hydrogen formation in the gas phase, H2 is still detected in these media, see the review by [START_REF] Shull | [END_REF] on the first UV and IR détections. This is evidence that gas-grain chemistry is favoured over gas phase routes for H2 formation. Additional evidence of gasgrain chemistry is that the abundances of FI20, C02, CH3OH in ices are higher than expected from freeze-out of gas phase species.

Grain surfaces allow newly formed H2 molécules to lose their formation energy exothermically. This is necessary to prevent atoms from re-dissociating, which is more likely to happen if two neutral hydrogen atoms associated in the gas-phase, see Figure 1.8. Infrared observa tions and solid State diagnostics of interstellar grains hâve shown that these can hâve a wide range in morphology, and that they can contain surface defects and impurities, providing sites with enhanced binding, as seen in chapter 3.

From [Duley & Williams 1984], if the formation of H2 is controlled by the collisions of H atoms with grains, (1.36) with a rate constant of, k2 = -na2vP [cm3s 1], (1.37) where a is the grain radius (assuming they are spherical), v is the average collision speed of an H atoms, and P is the probability that an H atom colliding with a grain is adsorbed and reacts to form H2. The formation rate of H2 (R) on grains (g) is then given by, Rg = kn[H)ng [cm3s 1], (1.38) where n(H) is the density of H atoms, ng is the space density of grains in g cm-3. From observations this is derived to be Rg -1.05 x 10"16 cm3 s-1, so that H2 molécules can be formed on grain surfaces at the required rate if P & 0.3.

Hydrogen adsorption on a grain surface

As soon as a hydrogen atom or molécule arrives on the surface of a dust grain, it can bind weakly or strongly. Adsorption of hydrogen atoms and subséquent diffusion are the fïrst steps to the formation of an H2 molécule. The time that the hydrogen atoms remain adsorbed on the surface is called the résidence time. This, added to the time between arrivais of hydrogen atoms on the surface (the collision time) are described later. Considering both the type of adsorption and the résidence time on the surface détermines the formation mechanism that dominâtes on the surface of a dust grain.

Physisorption and chemisorption

The weak atom-surface interaction, called physisorption, is a Van der Waals interaction. The strong atom-surface interaction, is called chemisorption, which establishes a Chemical bond.

There is an activation barrier at the grain surface, due to the polarisation of the surface by the incident hydrogen atom.

Typical potential curves with energies Ec and Ep, for chemisorption and physisorption sites are shown in figure 1.9. This has been modelled by [Cazaux & Tielens 2002], who benchmarked their study using the thermal desorption experiments (TPD) of [Pirronello et al. 1997].

Chemisorption energies are on the order of 1 eV (10 000 K for a silicate surface and 14

000K for a carbonaceous one [Fromherz et al. 1993, Cazaux & Tielens 2004]. Physisorption energies of H are on the order of tenths of meV (400 K for silicates and 700 K on carbonaceous surfaces).

Collision and résidence times of H atoms

In principle, for any formation mechanism to be efficient, the time between the arrivai of two hydrogen atoms has to be at least comparable to the résidence time of the atom on the dust grain surface.

Figure 1.9: Barrier between a physisorbed site and a chemisorbed site for an atom, k, bound to the surface. When an atom crosses this barrier, it moves perpendicularly to the surface. Es is the energy of the saddle point. [Cazaux & Tielens 2004] We consider the time between successive arrivais, or tcoU, which is calculated from nH and the average speed vav of H atoms with a kinetic gas température particular of the région (diffuse, dense cloud, etc.) so that, tco//=0Hvav^) 1 where a is the grain surface which can largely dépend on the roughness of the surface.

We then estimate the résidence time of the atoms on the grain surface. This will largely dépend on the particular région of the ISM we are referring to. For example, in the diffuse interstellar clouds, with TgQ5=100 K and H densities ranging from 1 to 100 cm-3, the required résidence time on a 0.1 /tm grain lies between an hour and a few days. These atoms are thus thermalised and their résidence time on the surface, tres, is expressed as, très ^0 -1 f ^ads *\

x exp(--)

F kTc (1.40) where Eads is the adsorption energy on the surface and Ts is the surface température and v"1

is the characteristic vibration frequency of an H atom in a physisorption well. The inverse of this quantity is also referred to the évaporation rate [Buch 1989]. Sticking refers to these résidence times, and can vary greatly depending on the value Eads See figure 1.10

Thus, we see that in order to comply with criteria c),

1-res -^co/Z (1.41) and that this is dépendant on several factors, and more importantly the ratio between the adsorption energies and the température of the grain. Hydrogen atoms may evaporate above 30 K before forming H2 unless the grain has strong binding sites. The problem of hydrogen formation is subtle as there are several possible scénarios: the hydrogen atoms may not completely thermalise on the grain and meet while doing a random walk, or a hydrogen atom may be chemisorbed and then desorbed by the warm-up of the grain, releasing them and allowing thermal hopping. Thus, the formation of molecular hydrogen dépends on the mobility of the adsorbed atoms, or adatoms. Mobility is the combination of two physical processes:

tunelling and thermal diffusion. Tunneling dominâtes at the lowest températures while ther mal diffusion becomes important at the highest températures [Cazaux & Spaans 2004].

The light mass of the hydrogen atom implies a large quantum mechanical zéro-point of the adsorbed H atoms making quantum tunnelling of the atoms on the surface is possible. This process can be described by the solution for the quantum mechanical pénétration of a particle of mass m through a one-dimensional barrier,

p = 1 + D^sinh2 [2m(Dw -E)H2) 2 A] 4E(DW -E) (1.42)
where p is the probability of pénétration through the barrier, Dw is the energy between two physisorption sites for example, A is the width of the barrier, and E is the particle energy.

The migration of an atom until it encounters a deeper binding site is a superposition of quantum mechanical diffusion and a random walk. At températures < 30 K, an H atom at a weak binding site can diffuse to a strong binding site before evaporating. This also réitérâtes the point that the recombination of D atoms via quantum mechanical tunnelling may not be as high as with H atoms due to the larger zéro-point energy making it more strongly adsorbed on the surface. Introduction

The main formation mechanisms on a surface are represented in Figure 1.11. They can happen independently, depending on the gas densities and température of the grain, or simultaneously, as shown in [Lemaire et al. 2010].

For grains to be effective catalysts in the formation of H2 we can consider a modified prescription originally given in [Duley & Williams 1984] so that, (a) An H atom collides with a grain, at a rate n a2 v ng.

(b) It is thermally accommodated (adsorbed). A function of the incoming kinetic energy of the atom and the adsorption potential (which can be a chemisorption or physisorption site).

(c) The H atom résides on the surface until a second one arrives on it.

(d) H atoms are mobile on the surface to recombine unless another atom arrives on top and recombines directly from the gas phase.

(e) H atoms recombine and depending on the nature of the surface (porous or crystalline) they stay on the surface (thermalised on the pores of an icy surface for example) or leave right away (as in the case of crystalline silicates).

The formation of H2 occurs then on an irregular grain surfaces that contains sites with a range of binding energies, so that even atoms that are initially physisorbed can diffuse on the surface and find a defect or impurity that provides enhanced bonding compatible with minimum résidence time requirements. There are three main formation mechanisms taken into account on a surface, as schematised in Figure 1.11.

The Langmuir-Hinshelwood mechanism

Langmuir-Hinshelwood is a diffusion mechanism fïrst suggested by the I. Langmuir in 1921 and developed by the C. Hinshelwood in 1926[START_REF] Hinshelwood | The Kinetics of Chemical Change in Gaseous Sys tems[END_REF]. In this mechanism, adjacent reactants are initially adsorbed onto the surface and in thermal equilibrium with the substrate. The rate of a heterogeneous reaction is controlled by the reaction of the adsorbed species, which migrate on the surface. This can be schematically described for two atoms coming from the gas phase (A and B) :

For this mechanism, we only care about physisorption sites. A hydrogen atoms sticks on a grain and becomes thermally accommodated, using some leftover kinetic energy to diffuse.

If the atom is weakly adsorbed, it will diffuse more easily. During diffusion, the atom may encounter a second hydrogen atom and recombine with it. This will resuit either in the immédiate éjection of the newly formed molécule or its thermalisation. Several laboratory experiments hâve concluded that the dominant mechanism at low températures is the LH formation mechanism, e.g. [START_REF] Roser | [END_REF], Vidali 2013], at least in the range of surface températures (during irradiation) that was sampled (5 -16 K). 1.8.3.3 The Eley-Rideal mechanism Eley-Rideal is a direct mechanism, first proposed in [Eley & Rideal 1940]. Only one of the reactants is strongly adsorbed (chemisorbed) on the surface of the catalyst. The reaction takes place when a gas-phase reactant collides directly with the one already adsorbed on the surface. This can be described as:

In this mechanism, the first atom becomes adsorbed on a chemisorption site and the second atom arrives to this site directly from the gas phase or after diffusing through the surface.

Except for grains with Tgrain < 10 K, physisorption binding energies are generally small for a second atom to reach the grain with sufficient probability before the first one évap orâtes. Efficient recombination above such températures requires that hydrogen atoms be bound with energies that are significantly larger than the physisorption energies measured for clean and smooth substrates. For a surface at 100 K and an average Eads = 20000 K (1.72 eV), the tres = oo. Thus, the évaporation rate from chemisorption sites is very small and the Eley-Rideal mechanism is independent of the grain température, and highly dépen dant on the gas température. Eley-Rideal can be considered as an indirect chemisorption process, a physisorbed H-atom scans the grain surface to recombine with a chemisorbed H-atom [Cazaux & Tielens 2002], and is proposed as the main mechanism of H2 forma tion in photodissociation régions (PDRs) where gas températures can be as high as 103 K Aads Bads (1.43) sticking Agas * ^ads (1.44) Chapter 1. The Astrophysical Context [Hollenbach & Tielens 1997]. 1.8.3.4 The Hot-Atom mechanism

Harris-Kasemo is also known as the "hot atom" (HA) mechanism, as it dénotés an atom for which part of the incident kinetic energy is transferred to the surface while diffusing on it to encounter another atom. The hot-atom or Harris-Kasemo (HK) mechanism differs from the LH process in the non-thermal origin of the mobility of the atoms. The kinetic energy of the arriving atoms is not completely taken by the substrate, but instead, allows them to diffuse supra-thermally. The efficiency of this process dépends on the density of atoms on the surface and the distance traveled during the bonding process [Harris 1981]. This distance may of dépend on the température of the gas phase and properties of the surface (adsorption energy, morphology). [Lemaire et al. 2010] found that D2 formation can only occur via the H-K mechanism for a silicate up to 70 K and that this happened simultaneously with the L-H mechanism.

Energy partition after formation

The reaction of two hydrogen atoms on dust is described as follows,

H + H + g H2(v, J) + Etranslation "b § "h Eheating There are several models employed for the energy distribution of H2 formed on dust.

[ Black & van Dishoeck 1987] proposed that there is either i) equipartition of the 4.48 eV into rovibrational and translational excitation, ii) formation with rovibrational excitation at v = 14 (close to dissociation, see Figure 1.8), J = 2 or 3, with no energy for translation or heating of the grain, iii) formation of H2 in vibrationally excited States (v = 6), with the rest of the energy going into translation . [START_REF] Duley | [END_REF], Duley & Williams 1993] suggested rovibrational excitation up to v < 7 for the formation of H2 on silicate and ice surfaces and v = 2 on PAHs. In a theoretical study, [Takahashi et al. 1999] also finds that H2 is found mostly excited at v = 6 -10.

Recent experimental work done by the UCL group, see [Islam étal. 2010], extrapolâtes the rovibrational populations of HD to H2, finding the most populated rovibrational State to be v = 4, J = 2. In addition to the formation of hydrogen molécules on dust surfaces, different mechanisms can rovibrationally excite the molécules such as: collisions with other neutrals (H°, He, H2, and e"), and FUV pumping (H2 absorbs UV photons via Lyman and Werner transitions). These will be important to consider when looking for H2 in space, whose spectral signature due to formation pumping could be mixed in with other excitation mechanisms, see chapter 5.

Influence of the astrophysical environment

This atom-surface interaction dépends on the température and density of the dust and gas and many other factors such as the structure and Chemical composition of the grain surface. The physical conditions in different régions of interstellar and circumstellar media are very wide, so that different mechanisms must be at work to allow recombination on dust grains. For example, consider the effect of varying gas density in an astrophysical région on the varying collisions of atoms on dust grains. This is summarised in [Govers 2005] for hydrogen atoms impacting on 0.1 /un grains, shown in Figure 1.12.

Hydrogen atom impact on 0.1 pm grains Gas température (K)

Hydrogen atom impact on 0. Surface température (K)

Figure 1.12: Left: Time between successive impacts of hydrogen atoms on a 0.1 /un grain as a function of gas température [Govers 2005]. Different values for the same région correspond to the range in gas density and température that needs to be considered. Right: Minimum binding energies required for effective surface recombination of hydrogen atoms on a 0.1 /un grain for different surface températures. They were obtained by equating the impact intervals on the left to the évaporation time of a hydrogen atom at a spécifie grain température.

Many of the reactions that take place on catalytic surfaces occur via the Langmuir- Bare dust grains and ice covered surfaces are used to mimic surfaces of astrophysical interest.

The design, construction and first tests of this setup are included in the thesis works of [Baouche 2004] and [Amiaud 2006]. The surfaces under study and the interacting gases can be cooled to cryogénie températures (TsampZe down to 5 K and Tga5 down to 20 K). The main chamber is maintained under ultra-high vacuum (UHV) to allow a controlled study of the low-flux gases entering the chamber, and to be able to discern product molécules from background gases. The main detectors installed of this setup are: i) a QMS (quadrupole mass spectrometer), ii) a REMPI-TOF (resonantly enhanced multi-photon ionisation time of flight) mass spectrometer System which works via nonlinearly produced high density UV photons, and iii) a RAIRS (reflection absorption infrared spectrometer) used mostly for surface studies on ices. The second detector is crucial to study the formation of molecular hydrogen as it helps distinguishing newly formed molécules from background H2 thanks to its quantum State selectivity.

2.1.1

The ultra-high vacuum chamber

The typical background pressure in the chamber is ~10"10 mbar. For gas at room tempéra ture, this corresponds to a mean density of 2.4 x 106 cm-3. We can compare this laboratory density to the physical conditions in molecule-bearing interstellar clouds. For example, the densest clouds in the ISM are cold or hot dense molecular cores. For the first case, densities approach 104 -106 cm"3 [Smith 2011]. For the latter, densities are greater than 106 cm-3 at T > 100 K, much doser to the density values reached with FORMOLISM.

The UHV chamber is a non-magnetic stainless Steel cylinder of 120 cm in height with a diameter of 30 cm (MECA2000). H2 is the main pollutant of the UHV chamber, followed by H20, CO and N2. Their abundances are monitored using the profile mode of the quadrupole mass spectrometer. The base pressure of the UHV chamber is achieved with a 1000 l.s-1 molecular turbo pump, a titanium sublimation pump and finally by an ionic pump (for the last stages of pumping in the 10"10 mbar range). Even if the main pollutant apart H2 is water,

UHV conditions allows the surface to remain clear during typical experimental runs. At the minimum base pressure it would take 5000 minutes to grow 1 ML of water on the surface [Matar 2009].

Main chamber bake-out

Each time the UHV chamber is vented to atmosphère, a baking procedure is required to reattain UHV conditions. While the turbo molecular pumps can evacuate most gas molécules in the main chamber, the pollutants are constantly replenished by molécules desorbing from the chamber walls. Baking accelerates the desorption rate from the walls and optimises vacuum. Once the System is completely sealed and leak tested, it is wrapped with aluminium foil and tape and fourteen thermocouples are placed in selected locations. Next, heating wires (résistances) are wrapped ail around the chamber and bellows and monitored by the thermocouples, via a homemade automat (made from National Instruments acquisition and control cards) controlled by a homemade Labview software. The main chamber is heated up to 90 -100°C with a thermally controlled ramp in order to avoid damages to the most fragile parts (e.g. the bellows). The bellows are heated up to 80°C and the sealed Windows up to 100°C. This increases the base pressure in the chamber as contaminants species desorb but it is lowered when the chamber is cooled down to room température.

The System reaches a full bake-out after at least 3 days while the pressure is checked by a Balzers pressure gauge. Additional procedures such as degassing filaments (turning any fila ments on in the System to hot to desorb gases from them) help reaching UHY see 3: Evolution of the pressure in the UHV chamber followed by a Balzers pressure gauge. At t = 32000 s the cryogenerator is started, followed by degassing processes due to i) filaments of the titanium sublimation pump and ii) filaments of the QMS. At t = 72000 s, the cryostat has been set at 5 K and finally, at t = 115000 s the cryo has been stopped and the pressure rises during the night.

Baking is particularly important for experiments detailed on chapter 4, where we had to break vacuum to remove the cryocooler and install the new silicate samples. Following bakeout, the chamber remains at room température but this is not important, as we neglect any 3-body reactivity in the gas phase, and only consider reactions produced at the surface. The cryostat (see subsection 2.1.3) also helps maintain an extremely clean vacuum by condensing gas phase species.

Triple differential pumping

The atomic and molecular gases interacting on the cold surface in the main chamber are provided by two separate feeding lines (or jets), as shown on Fig. 2.1.

Differential pumping involves different stages of a vacuum System that require maintaining large différence in pressures. Essentially, the conductance between two vacuum chambers is limited by the size of the aperture joining them. The pressure différence is maintained by a small nozzle between two stages and by additional pumping on the UHV région. In our setup, the pressure decreases progressively from the gas entry (a few mbar) to pressures down to 10"10 mbar in the main chamber, where molécules hâve a very long mean free path. The main features of each stage installed on the beam lines are given on Table 2.1.

In kinetic theory the mean free path of a molécule is the average distance the particle travels between collisions with other moving particles. If these molécules hâve a Maxwell velocity distribution, the mean free path (in meters) is given by, where kB is the Boltzmann constant in J/K, T is the température in K, P is the pressure in Pa, and d is the diameter of the gas particles in meters. Values in Table 2.1 are calculated assuming a diameter of 0.74 Â for H2 molécules at room température.

In addition, the Knudsen parameter, a dimensionless number defined as the ratio of the molecular mean free path length to a représentative physical length scale is given by,

A Kn = - n D (2.2)
where D in our case is the nozzle diameter. From this, we can describe two régimes, Kn> 1 effusive, Kn< 1 supersonic.

If the Knudsen number is near or greater than one, the mean free path of a molécule is com parable to the length scale of the System, and the continuum assumption of fluid mechanics is no longer a good approximation. During most of the journey of the molécules through the different stages of our setup, the beam is effusive, and it is only slightly supersonic at the entry of the pyrex tube. At the exit of chamber 3 the beam is inevitably diffused into the UHV chamber, which raises the background pressure by only a few 10~10 mbar.

In order for a very narrow beam to reach the surface at the centre of the UHV chamber, the molecular or atomic beams are forced to pass through diaphragms or nozzles, indicated on the first beam line (Fig. 

Atomic beam production

The UHV chamber is connected to the two jets, which allow the passage of atoms and/or molécules that can react on the surface at the centre of the chamber. This setup is inspired by the work of [Walraven & Silvera 1982]. These jets are differentially pumped, so that when the particle fluxes enter the UHV chamber, the pressure does not exceed 1CT9 mbar [Baouche 2004]. The fluxes of the molecular beams were estimated in [Amiaud 2006]. For the first beam (jet 1 on Fig. 2.1), the D2 molecular flux is estimated to be 1012 cm-2 s-1 and for the second beam (jet 2 on Fig. 2.1) 1013 cm-2 s-1, both within 30 %. These fluxes were measured by placing the QMS head (open on both sides) in the path of the beam. The signal due only to the background jet sent into the chamber (done by inserting a flag at the exit of Chamber 3) is compared to the signal when the full jet is sent in (when this flag is removed).

This pressure différence can then be detected by a Balzers cold cathode pressure gauge or by a Bayard-Alpert gauge.

Dissociation by a microwave discharge

The atomic jets sent towards the surface in the main chamber are initially molecular. In order to study the formation of molécules, we need to use dissociatively prepared atoms (H, D and O). In our study of the formation of molecular hydrogen, neutral H2 is excited by a microwave discharge to form which immediately splits to form a hydrogen plasma that produces excited hydrogen atoms. These atoms de-excite emitting H-a photons (656.3 nm) which give rise to the pink glow light seen in fig. 2.4. The dissociation is achieved by a surfatron (SAIREM), a microwave structure designed to launch an electromagnetic surface wave (SW). It is an efficient plasma source providing not only excited atoms and molécules but also radicals, ions and photons3.

Due to the field gradients within the gap région of the exciter, électrons are driven along the tube axis by the ponderomotive force, a nonlinear force that a charged particle expériences in an inhomogeneous oscillating electromagnetic field. Once the électron density in the launching area (plunger) exceeds a critical value, the surface wave propagates until it is reflected back at the axial position. This créâtes a large axial gradient of electric field at the reflection point and électrons are ejected forward. This forms an ionisation front which elongates the plasma column. This allows the electromagnetic field to gradually extend away from the launcher allowing the ionization front to move along with the wave field. The discharge build-up goes on until the plasma column is fully developed. A review on surfatrons is found in [Moisan & Zakrzewski 1991]. The device used in our laboratory was patented by Moisan, Leprince, Beaudry, and Bloyet (U.S. Patent No. 4,049,940 in 1977).

The plasma is ignited by a short burst from a Tesla coil or a gas lighter. The surface wave travels through an evacuated 4mm quartz tube (<£ = 4 mm) creating a filamentary hot plasma.

A microwave power supply delivers a maximum of 300 W at 2.45 GHz to the adjustable mi crowave cavity enclosing the tube. Quartz is an optimal material as it minimises recombina tion on the walls (non-reactive surface). The impédance of the microwave cavity is controlled by the plunger and coupler as seen in fig 2 .5. The microwave discharge is tuned by these two ;http://www.sairem.com/fiches_techniques/produits/applicateursMQ/SURFATRON_EN.pdf devices so that the power reflected by the surfatron towards the microwave generator is minimised. In our experiments, the power used was up to 30 W with a maximum reflected power 5 W for optimal dissociation.

We hâve used jet 2 for our experiments as the absence of a bent teflon tube (as in jet 1)

facilitâtes its alignment and allows a better dissociation rate detected in the main chamber.

Typical gas pressures at this stage were of 2.5 mbar with the discharge off and 5 mbar with the discharge on as measured upstream. We hâve checked that when the upstream discharge is turned on the secondary photons produced cannot induce photoelectric effects on the sur face at the UHV chamber level. The dissociation rates that we obtain on jet 2 are generally between 50 -90% for D2 and 50 -80 % for H2. These are both dépendant on the pressure and power of the discharge [Baouche 2004]. In 2012, both beam lines hâve been installed with a linear geometry which allowed for an easier alignment on the target. Cooling the molecular or atomic beam sent into the chamber is important to reproduce the low kinetic gas températures found in many astrophysical media, such as dense clouds in the ISM, where Tgas < 100 K. The accommodator consists of an aluminium block (100 mm) located before the first chamber of jet 1 which is cooled by a closed-cycle He cryostat, shown in fig. 2.6. The cold head lowers the aluminium température down to approximately 20 K, measured by a Silicon diode attached to the nozzle and a Lakeshore 332 controller. Aluminium is chosen as the material for the accommodator due to the low recombination probability on the aluminium oxide (Al203) surface at températures less than 100 K. This surface has properties similar to Pyrex and molécules cool by collisions with the aluminium walls. The probability of recombination increases rapidly with increasing température [Baouche 2004]. The gas leaving the accommodator is therefore a mixture of colder atoms and molécules. These are not excited as confirmed by using REMPI spectroscopy to analyse the incoming beam to look at the distribution of rotational States [Amiaud et al. 2008, Lemaire et al. 2010]. By assuming thermodynamic equilibrium with the accommodator walls, the kinetic température can be approximated by the rotational température scanned. We hâve studied the effects of beam cooling on D2 formation during the summer of 2011.

However, due to the foreseen misalignment of the accommodator, we hâve obtained highly unstable and varying dissociation rates (from 80 % down to 20 % dissociation at 50 K). This problem was absent in experiments before 2010 but was fixed in 2011. This made the resulting curves difficult to interpret, as both the température and the number of atoms arriving on the surface had a coupled effect on the formation rate. Some of these measurements are seen in Fig. 2.7.

The cryostat

A cryostat is a device used to maintain low cryogénie températures (< 123 K) of samples mounted on it. This cryostat main purpose is to cool the surface to reproduce interstellar thermal conditions, such as dust grains at 10 K. The cryostat (Arscryo DE204) installed in FORMOLISM works on He-4 circulation (boiling point = 4.2 K) which is continuously replenished by a steady flow and coupled to a compressor (APD:HC-4), which uses high pressure hélium lines. The main components of the closed-cycle cryostat are: the cold head, the com pressor, the vacuum shroud, and the shield. The cryostat and the cold head are described in In 2012, the extension copper tube on top of the second stage was suppressed and the sam ple was directly installed on the cooler second stage and an additional heating resistor was implemented at the top to give faster heating ramps for the TPD experiments. This extension tube had been originally foreseen to be used as part of a préparation chamber and valve that would hâve been inserted between the main experimental chamber and the cryocooler. This would hâve allowed to open the sample holder without breaking the high vacuum in the main chamber and to préparé and characterise samples in situ (i.e. without interaction with the atmosphère).

The silicate sample

The first silicate sample used in FORMOLISM up to 2012 was an amorphous silicate (olivine)

film. It was deposited on a gold-coated substrate for reflection absorption infrared spec troscopy, known as RAIRS. This sample was provided by Dr. D'Hendecourt (Institute d'Astrophysique Spatiale, Orsay) and prepared by électron beam évaporation of San Carlos olivine [Djouadi étal. 2005].

This olivine has the general formula (Fex, Mg1_x)2 Si04, where 0 < x < 1. Its exact Chemical composition is unknown, but its amorphous structure was verified by IR spectroscopy and is characterised by a broad absorption feature around 950 cmT1. Since this sample was deposited directly on the polished copper holder, it can be directly cooled by the cryostat.

The original thickness of this deposit was estimated to be 100 nm. Our recent AFM images (taken on October 2012), seen in fig. 2.10, show that this deposit is at most 20 nm thick.

This sample has been in use since January 2010. After years of dépositions and irradiation with atoms, this surface has most likely been processed by the exothermic release of Chemical reactions and interactions with radicals. Note also the scratch tracks (a few nm thicks) which may hâve also influenced sonie measurements. The température can be tuned by a Proportional-Integral-Derivative (PID) mechanism that Controls the power of the résistance. This controller was calibrated during the thesis of [Matar 2009]. In general, the température given by a PID controller is described by the where the first term is proportional to the error value e(t), or gain, the second is the intégral term, called reset, which is proportional to the error and its duration, and the last is the dérivative term, which calculâtes the rate of change of the process error. One of the sensors is located next to the sample and the other at the side of the resistor 15 cm from the sample, see fig. 2.9. In general, controlling the température of the sample is difficult because of the thermal inertia between the heating zone and the zone under study. However, the KP, KJ} and Kd coefficients can be experimentally adjusted after a few trials over a given and reproducible température range, giving an almost perfectly linear ramp required by the TPD experiments.

The quadrupole mass spectrometer

The détection of surface reactions occurring inside the main chamber involves several détec tion devices. One of these is a quadrupole mass spectrometer or QMS (provided by Hiden Analyticaï). The QMS consists of an ionization région, a flight zone and an ion detector, see fig. The QMS head can be rotated and translated vertically in the z-axis. It can be rotated to be directly in the path of jet 1 or jet 2, and it is able to collect the entire beam (see parameters in Table . 2.1). If it is moved on the z-axis it can be set to what is called a remote position, detecting molécules after a few collisions with the walls, see fig. 2.13. This is the suitable position in order to simultaneously use both QMS and REMPI-TOF diagnostics (described in section 2.2), as it allows having a free flight zone for the REMPI-TOF. If the entrance aperture of the QMS head is set in front of the sample (in the down position) and facing the surface, it collects the molécules that desorb from the surface (for example during a température ^http://webbook.nist.gov/ programmée! desorption).

The QMS can also be used in any position to characterise the residual or background gas in the main chamber. It is also used to characterise the dissociation rate, t. The dissociation rate is measured with the QMS placed either in front of the jet or set in a remote position while the discharge is turned on and off and obtained by,

. _ 1 QMSon QMSoff (2.5) where QMSon is the signal measured by the QMS when the microwave discharge is turned on and QMS0^is the signal measured when the discharge is turned off. Both hâve to be corrected by the residual background counts. At the expense of a lower S/N ratio, the dis sociation rate measured in the remote position is similar to the rate found by placing the QMS head directly on the beam path. The QMS can also be used to detect, for example, only vibrationally excited molécules, which would require a lower ionisation energy. Work by [Congiu et al. 2009] showed that setting the ionising électron energy to 15.2 eV would allow the détection of D2 molécules in a vibrationally excited State v" > 2. The QMS signal is controlled by a software provided by Hiden, which lets us adjust the ioni sation energy, the dwelling and setting times, the ionisation zone voltage (cage voltage), the filament current, etc. Depending on the RF electronics box installed, masses from A = 1 -50 can be scanned, another box allows détection of masses up to A = 300. In addition, the température of the surface (or any external signal) can also be simultaneously recorded by this software. The "profile mode" allows for analysing the residual gas in the chamber, which is convenient before each experimental run and also before and after a baking procedure.

The most common use of the QMS software is the choice of selected masses which will be sequentially scanned (in our case H or D, H2, HD and D2) in the "bar mode".

Resonance-enhanced multiphoton ionization (REMPI) détec tion

The goal of the REMPI-TOF diagnostic is to detect rovibrationally excited molécules (mostly REMPI (2+1) can be considered as a three-body efficient shock phenomenon, where the speed of ionisation is proportional to n x v2, where n is the density of molécules in the quantum State and v is the photon density [Pozgainer et al. 1994]. The light intensity to achieve this multi-photon transition is generally significantly larger than the light intensity to achieve a single photon photoabsorption. Cross sections of multiphoton processes are very small and thus require a large photon density (focused beam). This technique requires pulsed lasers delivering enough power. This is the main limitation of this method. In addition, the probing time of the molécules that are continuously formed is restricted to the short laser The Franck-Condon principle [Franck & Dymond 1926] is a rule in spectroscopy concerning the intensity of vibronic transitions. Vibronic transitions are the simultaneous changes in electronic and vibrational energy levels of a molécule due to the absorption or émission of a photon of the appropriate energy. Since electronic transitions are very fast compared to nuclear motions, vibronic transitions are favored when they correspond to a minimal change in the nuclear coordinates. This is a more restrictive approximation than the Born-Oppenheimer approximation. The B-0 approximation States that nuclear and electronic motions can be separated, but does not demand that the nuclear coordinate be a fixed value. (rW"{r)dr\ (2.6) The higher the magnitude of the FCF the stronger the intensity of the vibronic transition.

A single FCF is taken for ail rotational levels within a vibrational State. These values are calculated in page 43 (Table 5.3 for E,F -X for H2) and in page 92 (Table 5.50 for E,F -X for D2) of [Fantz & Wiinderlich 2004]. For B-X transitions, the FCFs are found in Tables 5.1 and 5.2 for H2 and 5.48 and 5.49 for D2. Further details about the transitions used in our experiment will be given in subsubsection 2.2.0.9. In 1917, Albert Einstein established the theoretical foundations for the laser and the maser [Einstein 1917] by rederiving Max Planck's law of radiation, based upon probability coef ficients for absorption, spontaneous émission, and stimulated émission of electromagnetic radiation. A few décades later, Alfred Kastler and colleagues [START_REF] Brossel | Gréation op tique d'une inégalité de population entre les sous-niveaux Zeeman de l'état fondamental des atomes[END_REF]] proposed and experimentally confirmed the method of optical pumping, the basis for modem lasers.

The tuned UV light required for the REMPI(2+1) process is achieved in several steps. We begin with an infrared laser Nd-YAG laser (20 Hz) at 1064 nm and a tunable dye laser, itself pumped by the Nd-YAG laser. Nd:YAG is a crystal based on neodymium-doped yttrium aluminium garnet (Y3A15012) and it is used as the lasing medium for this solid-state laser.

The neodymium ion (Nd+3) is responsible for the lasing activity in the crystal, in a similar way to the red chromium ion in ruby lasers. Yttrium ions can be replaced with other laseractive rare earth ions of the same size without strongly affecting the lattice structure. YAG is a lasing medium with favorable properties, particularly for high-power lasers and Q-switched lasers. Neodymium ions can be directly pumped into the upper laser level.

An Nd:YAG solid-state laser consists of a trigger circuit which initiate the ionization of the gas into the lamp (see fig. 2.26), a simmer circuit that keeps the ionized gas with a lowlevel de current, and a main discharge circuit where a storage capacitor is discharged into Krypton flash lamps to pump the Nd:YAG laser with photons around 880 nm. Nd:YAG is a four-level gain medium, in which the lower laser energy level is above the ground State and is quickly depopulated e.g. by multiphonon transitions. The reabsorption of the laser radiation is avoided and the gain usually rises linearly with the absorbed pump power.

Our Nd:YAG laser opérâtes in pulsed mode. An electro-optical device called a Q-switch is inserted in the laser cavity. The Q-switch causes variable atténuation inside the cavity which can lead to a decrease or increase in the Q factor or quality factor of the optical resonator. A high Q factor corresponds to low resonator losses per roundtrip, and vice versa [Koechner 2006], Since the rate of stimulated émission is dépendent on the amount of light entering the medium, the amount of energy stored in the gain medium increases as the medium is pumped. After a certain time the stored energy reaches a maximum (constrained by spontaneous émission), and the medium is said to be gain saturated. The Q-switch waits for this maximum population inversion in the neodymium ions before it opens. Then the light wave can run through the cavity, depopulating the excited laser medium at maximum population inversion. At this point, the Q-switch device is quickly changed from low to high Q, allowing feedback and the process of optical amplification by stimulated émission begins.

Because of the large amount of energy already stored in the gain medium, the intensity of light in the laser resonator builds up quickly, whilst the energy stored in the medium is depleted almost as quickly. The net resuit is a short puise of light output ffom the laser, known as a giant puise, which has a very high peak intensity.

The Nd:YAG major advantage is its substantial laser gain even for moderate excitation levels and pump intensities. The gain bandwidth is small, but this allows for a high gain efficiency and thus low threshold pump power. We work with puises around 10 ns every 50 ms, for a maximum of 2 J per puise in the IR. In our setup, in addition to the 1064 nm light we hâve the frequency doubled light obtained by a KDP crystal, which generates the second harmonie 532 nm pulsed radiation that will be used to pump the dye laser. The residual infrared is separated in a dichroic mirror for further use in a dye laser. 

Laser dye components

The dye laser consists of an oscillator cavity (with a tuneable diffraction grating), a pre- describe the behaviour of nonlinear media in which the dielectric polarization P responds nonlinearly to the electric field E of the light. These crystal nonlinear materials lack inversion symmetry (also called non-centrosymmetric). Second harmonie génération (SHG) was first demonstrated in [Franken et al. 1961], shortly after the invention of lasers, in which a ruby laser with À = 694 nm was sent into a quartz and verified the production of À = 347 nm light.

The physical mechanism of SHG is based on an optical electric field that induces electrical dipole moments in a nonlinear material. According to Maxwell's équations, the induced dipoles modify the incident beam and, for strong electric fields, leads to the génération of new k-vectors and waves oscillating with a frequency multiple of the fundamental frequency.

Maxwell équations in a dielectric non-magnetic and no-charged medium can be written as,

<1 G II O (2.7a) V • B = 0 (2.7b) dB V x E = -- dt (2.7c) dD VxH=-- (2.7d) dt
where D is the displacement field and H is the magnetizing field. An electromagnetic wave modifies the medium according to the following équation, D = £0E + P (2.8) where P represents the polarisation induced by the wave travelling through this medium.

By substituting the last eq. in eq. 2.7 and taking the cross product, we arrive to the wave équation. It describes the propagation of the electromagnetic wave in such a medium as follows,

-c2V2E + d2E ~di2 1 d2P e0 dt2' (2.9)
If we consider the polarisation P as a sum of oscillatory phenomena, each frequency can generate an electromagnetic field. Thus, P acts as a source term in équation 2.9 and it can be written as, P = XWE +x^E2 +x^E3... (2.10) The tensors x ^correspond to the macroscopie susceptibility of the medium, and their mag nitude decreases with higher n. When n > 1 we refer to these as the nonlinear terms, and as the magnitude of E increases, the nonlinear effects on the crystal lattice become apparent.

Thanks to lasers, high pulsed electric fields pushed the development of nonlinear solid State optics.

In the most simple case, if the incident is a plane monochromatic wave of frequency co such as, and considering the second order term of eq. 2.10, which is the first of the non-linear terms, we see that this wave will induce a polarisation in the medium of frequency 2co, and higher, corresponding to higher order susceptibilities. This corresponds to the harmonie génération of frequencies higher than the fundamental frequency of the incident wave. In a more complex case, we consider that the incident wave can be written as the sum of of monochromatic wave planes, if E is intense enough, eq. 2.9 shows that the terms corresponding to susceptibilities of order n > 1 will allow the génération of harmonies with 2co and higher, but also combinations due to the sum or différence of the two incident wave frequencies. This is applicable when two collinear beams with frequencies oq and co2 meet in a crystal.

Nonlinear susceptibilities

The term x^describes second order nonlinear effects such as frequency doubling, electrooptic effects, parametric oscillation, etc. This property is particular to solid crystals like the ones we use allowing second-order processes like doubling or mixing. The term %or third order susceptibilities, describe nonlinear effects such as the quadratic Kerr effect, intensitydependant refractive index, four-wave mixing, etc. We hâve seen that for second harmonie génération (SHG), the media needs to hâve %^7^0-Media where x^-0 are any media with an inversion center and isotropie media like gases, which cannot produce second order nonlinear effects.

SHG can be obtained with a KD*P (Potassium dideuterium phosphate) or BBO (Beta Barium Borate) crystals in the UV Used sequentially, the KD*P can double the frequency, which can be mixed afterwards with the fundamental frequency in the BBO crystal to obtain frequencytripled photons thus leading to third harmonie génération (THG). However, KD*P and BBO crystals used in UV génération will work only in the limit of their optical cut-off. They will not work in the génération of VUV light as they are VUV opaque. Such a process will require exploiting third order susceptibilities of rare gases, see for example [Malmasson 1994].

The second-harmonie field contributions generated at different points in the non-linear crystal must coherently add up at the crystal's exit face. High conversion efficiencies are achieved when pump light is delivered in puise form with a Q-switched laser as in our case. Frequency doubling is a phase-sensitive process which requires phase matching to be efficient. This is

E(z,t) = E(z)exp,(fcz-£0t) (2.11) p2 = x(2)E2 = x(2)E2expi(2*kz-2*ùiO (2.12) (2.13)
due to the fact that the 2co photons will travel at different velocities through the crystal than the fundamental photons. Crystals are provided already eut at different angles to their optical axis to cover the different wavelength ranges required, see Figure 2.23. In a given range, the crystal has to be rotated so that both propagate with the same velocity to avoid destructive interférence. These rotation or tuning angles are a function of the produced wavelength and can be found in look-up tables provided by Quantel. Once the laser exits the doubling crystal (DCC) it enters a compensator, where the beam is corrected for déviations due to the rotation in the crystal and brought back to its original path.

Choosing a dye laser

The two dye-laser Systems available in our laboratory allow us to easily choose between them, without having to change the dye every time, see fig. 2.21). They allow us to probe hydrogen molécules, one tuned to probe D2 or H2 in v" = 0 and the second one tuned for either D2 in v" = 4, or H2 in v" = 3.

To detect rotational transitions from the vibrational State v" = 0 of the ground electronic State, for example, we need to generate ~202 nm photons. According to fig. 2.23, which shows the non-linear processes required to obtain this wavelength, we note that we need doubling of the dye frequency (Rhodamine 610) which is then mixed with the original dye, essentially tripling the original frequency of the dye. This is done via a DDC crystal (doubling)

where 606 nm photons become 303 nm photons and a TTC crystal (tripling) produces the final wavelength of ~202 nm.

For D2 transitions from the vibrational State v" -4 (or from V = 3 for H2), we need to generate ~220 nm photons. We follow the tuning procedures for the harmonie wavelength between 217-272 nm, using the dye Rhodamine 590. This process consist on mixing of the fundamental Nd-YAG IR light (1064 nm) which is at first frequency-doubled (532 nm)

and which then pumps the dye laser to ~560 nm. This light is once again doubled to 280 nm. Subsequently, the residual IR light and 280 nm beam are mixed to achieve the desired wavelength of ( 1)-1 = 222 nm. The doubling is done with a DCC crystal and the 6 280 1064

mixing is done with an MCC crystal. The choice of v" -4 for D2 or v" = 3 for H2 is due to the good FCF for both of them in the same wavelength range.

Other frequencies are also présent in the mixer output as residues. Care must be taken to effectively separate the UV desired beam from the others. This is done with the help of a Pellin-Broca (PB) prism, seen in fig. 2.24. A Pellin-Broca prism is a constant déviation dispersive prism for a given wavelength. It is used to separate a single required wavelength from a light beam containing multiple wavelengths, such the output line from the dye laser after going through a mixing crystal. In principle, the PB angle has to be readjusted when scanning the wavelength. The alignment of the laser beam is adjusted for a given V' and kept fixed for every J" due to the short wavelength range covered for a given v".

REMPI-TOF coupling

The ions produced via the REMPI process are extracted by a large electric field induced by a voltage différence between the surface (and a guard ring also grounded acting as a counter Once the ions are produced via the REMPI process, they take a time tf = 6 -7 /is to arrive from the focused location of the UV beam to the microchannel plate (MCP) detector, where an électron cascades effectively amplifies the ion count. The MCP signal corresponding to the REMPI puise has to be synchronised to begin détection. This is done by sharing an external TTL (transistor-transistor logic) trigger, a type of binary electrical signal at either 0 or 5 V

The TTL trigger follows an internai trigger in the Nd-YAG, which is temporally located 240 ns after the flashes are switched on and almost corresponding to the maximum intensity of the Nd:YAG crystal émission puise. This setting is pre-fixed by Quantel. These flashes are fixed at 20 Hz with enough time for the condensators of the Nd:YAG laser to charge up. At the flash maximum the Q-switch is triggered, and this is considered t0 for the different détection Systems (MCP signal, power meter, digital oscilloscope). The TTL "start détection signal" is pre-amplified before being distributed to ail of these, as shown in fig. 2.26.

Although the TOF extraction voltage is large, depending of the location and the initial velocity of the H2 or D2 molécules leaving the surface, their extraction path after ionisation by the UV beam can vary. This is translated into slightly different time-of-flight arrivais. Once the MCP signal is read by the DSO Lecroy oscilloscope, a "look window" or gâte is set, in order to detect the arrivai time spread of the molecular hydrogen ions, which has a width of about 50 ns. This window also accounts for jitter due to the the uncertainty in the internai trigger, which can be a few ns, and it also includes the few ns that the UV light takes to arrive at the center of the chamber (about 3 meters away from Nd-YAG). The MCP signal is integrated within a window or gâte by the oscilloscope, which becomes signal Fl. The time of flight for D2 will be \/2 times larger than that of H2, due to the mass différence. In order not to change the DSO window, the extracting voltage (-450 V) can be also slightly modified in order to scan for the peak signal from the ions of interest. This is done to center the peak signal from the ion of interest in the gâte.

Because the oscilloscope is set at 250 ns/div, the MCP signal that is actually read by the oscilloscope is monitored after a delay of 1 -2 qs (called a pretrigger) in order to résolve the REMPI signal better. The oscilloscope also reads F2, the laser power signal, F3, the sample température signal (which arrives both to the QMS screen and oscilloscope via the Lakeshore software), and F4, the time between oscilloscope triggers. The digital oscilloscope (which is in fact a computer) with a fast data acquisition System, has its own internai trigger, which skips some of the laser TTL trigger shots.

The 240 ns between the internai trigger and the Q-switch external trigger can be increased up to 400 ns, when less light is required, for example, to adjust the laser, or in order to measure the power law between the laser power and the MCP ion signal, see subsection 2.2.6.

The température signal is recorded in order to synchronise the timescales of the REMPI-TOF signal to that of the QMS, which are both working independently.

UV wavelength calibration

The tuning mirror of the dye laser is driven by a micro controller (a simplified computer)

and does not provide an absolute wavelength calibration. This may lose the wavelength calibration introduced earlier in its memory. In order to find the précisé wavelength required for resonantly detecting a spécifie rovibrational level, once the wavelength calibration is done, a slight laser adjustment has to be done for every J" selected. As soon as the Pellin-Broca disperses the beams produced by the laser-dye Systems, we hâve to check that we are indeed generating photons of the desired wavelengths, in order for détection via enhanced résonance to work.

The hollow-cathode lamp

If the wavelength calibration is completely lost, a hollow-cathode lamp has to be used to recover the absolute calibration. Different types of hollow cathode lamps exist, but we use an HCL Hamamatsu which contains a neon/iron lamp, see fig. We tune the exiting wavelength from the dye-laser System by scanning with the motor controlling the diffraction grating angle. Once the photons hit this plasma at a spécifie résonance, they will be absorbed and the impédance of this plasma will be changed, detected via a 50

Ohm résistance. This is known as an optogalvanic effect. This current variation is detected via an oscilloscope and is recorded. We can then use the spacing of the néon or iron rés onances to identify them using the NIST atomic lines database. If there is a shift from the theoretically expected wavelength value, we change the grating angle setting so that they correspond to the real value, as seen in fig. 2.28.

The annex setup

Setting the laser wavelength for the different rotational States in v" = 0 is relatively simple with FORMOLISM. We just need to fill the main chamber up to ~10-9 mbar and detect the ions with the MCP setup. To detect vibrationally excited hydrogen molécules in V' > 0 of the ground electronic State, we need to verify that we hâve produced photons of the right wavelength. To this end, the monochromatic beam produced by the Nd:YAG-dye laser System is deflected by a prism into the annex chamber located at a right angle to the main chamber.

The beam passes completely through this chamber. This setup was developed during the thesis of [Malmasson 1994].

The annex setup, seen in fig. 2.29, consists of a hydrogen lamp whose voltage can be regulated (typically set at 8 V and 20 A). The UV beam passes through a quartz lens that focuses it just outside the outlet of D atoms, keeping a photon density sufficiently high to excite and ionise molécules recombined on the walls. We check it by looking at the exiting beam through a simple BK7 window. If the UV beam is misaligned, it may ionise an area where the newly formed Dïj gas is faintly présent and it will produce a weak signal embedded in the noise.

Just as in the main chamber, a similar TOFMS accelerates these ions. If no gas is présent no ion should be extracted with the TOF, but there is always a background noise on the signal.

Without this annex setup the précisé adjustment of the wavelength produced by the laser-dye Systems for a given V' or J" can only be done by fine-tuning the diffraction grating, which may hâve shifted from the real wavelength after several back and forth wavelength scans.

Thus, the most reliable way to verify the wavelength alignment is via the annex setup. 

REMPI in action

For REMPI(2+1) ionisation is achieved by 2 photons for excitation and 1 photon for ionisa tion. We need at first 2 x 6 eV photons of wavelengths 200 nm or 220 nm to excite from V'= 0 or 4 (for which you would need slightly less energetic photons). Both laser dye setups and the resulting Pellin-Broca diverging photon beams are seen in fig. 2.31. A third photon is sufficient at this wavelength to ionize the molécule.

In order to use the REMPI technique to measure the population in a given rovibrational level of the electronic ground State of H2 or D2, X we follow the following scheme:

1. We décidé which rovibrational State we are interested in. For the experiments presented in this thesis two vibrational States hâve been explored, v77 -0 and v77 = 4. To detect v" = 0 we would need two photons at ~200 nm photons while to detect v" = 4 we would need two photons at ~220 nm. These wavelengths détermine what laser-dye System to use. The dyes to study each vibrational State are different, and are commercially available dyes6.

2. We hâve used the REMPI(2+1) détection scheme considering electronic transition X (v77, J") -> E,F (v7, J7). The vibronic transitions are selected by considering their Franck

Condon Factors [Fantz & Wünderlich 2004] found in Appendix .2. For achieving E,F

States via REMPI(2+1) we require UV photons, while for achieving B1!!^or C1!!Ŝ tates via REMPI(1+1) we require VUV or XUV photons, see for example work done in [START_REF] Schrôter | [END_REF]]. Use of the X (v77, J") -> B or C (v7, J7) transition would hâve been difficult because the required wavelengths are obtained by frequency conversion 6http://www.exciton.com/pdf s/Cont inuum.pdf in rare gases at high pressure (see [Jolly 1999]), hindering its coupling to the main UHV chamber. REMPI (3+1) is theoretically possible but unlikely as it would require the use of near UV photons with extremely large intensifies. The theoretical wavelengths of transitions from X to E,F for H2 and D2, can be found in references such as [START_REF] Kolos | [END_REF], Dressler et al. 1979]. The wavelengths for transitions for X to B or C for H2 and D2 are found in [Abgrall et al. 2000]. Some of these are plotted in Appendix .2, Figure 26 and Figure 27.

3. In the final step, we détermine the appropriate dye laser scheme to achieve the desired wavelength, as provide in fig. 2.23. In addition, since the transitions for H2 and D2 are really close to each other, we also choose the suitable vibronic transitions so that both molécules can be scanned without needing to change the dye. For D2, a transition v" = 0 to V = 4, has a FCF = 0.15. The dye wavelength to achieve REMPI(2+1) is 560 nm. For H2 a transition v" = 0 to V = 3, has a FCF = 0.24. The corresponding dye wavelength is ~664 nm in both cases.

UV laser adjustments

Figure 2.32: Left: The UV beam stray light is grazing part of the cryoshield and of the chamber walls, inducing secondary ions, detected as a large ringing noise on the oscilloscope.

Right: after adjusting the distance from the beam to the surface, the noise due to secondary électrons is minimised and the REMPI signal due only to H+ ions is extracted and integrated within a gâte.

Once the wavelength of produced beam by the laser-dye System is verified with the annex setup by fine tuning with the manual Controls of the dye System grating, the beam of UV photons is sent towards the main chamber. Likewise, if any UV photons touch the copper holder, ions other than D+ or can be detected via the REMPI-TOF System, and additional beam alignments are required. This can be done by changing the Pellin-Broca orientation or the prisms deviating the beam from the laser room into the UHV chamber. The resuit is shown in Figure 2.32. The final position of the beam results from a trade-off between the length of the ringing oscillations to get an ion signal almost free of noise and the closest approach to the surface to ionise the largest number of hydrogen molécules.

The Nd-YAG laser also requires a cooling System to stabilise the flash lamps and the Nd:YAG crystal. Once tumed on, we must wait until the température of the circuit has reached a value close to that of room température in order to start the laser. The whole laser chain is placed in a separate room where air conditioning is provided that allows température control. The homogeneity of the intensity of the produced UV laser beam has to be checked at each step in the laser-dye System. When a complété adjustment is made, we can change the TTL Q-switch trigger so that the flash light is less intense. Then the laser is sent puise by puise throughout the optics and is blocked by infrared-sensitive paper usually encased in a transparent plastic container to avoid polluting the optical parts further, with the sensitive side away from the beam, see fig. 2.33. Once a single laser puise is sent in, the imprint on the paper gives an idea on the intensity distribution of the beam. Since REMPI is dépendant on the high-power density of photons, the generated beam needs to be homogeneous and intense.

Sometimes, dust particles can stick to the protecting coating and the high intensity UV beam can burn the dust and damage the coating. Dégradation of the optics is an important concern in dye-laser maintenance, as one single crystal (for example an MCC crystal used for frequency mixing) can cost up to 1500 € to replace. Optical coatings are very sensitive and i can be hydrophilic, so that they cannot be cleaned with alcohol. Polishing with zirconium powder can help but will not really remove ail the damage. so that when we tune the crystal angle, the quartz compensator keeps the beam aligned at the same place. At the exit of each stage the beam is partly refracted and amplified and its intensity is analysed by the photodiodes. The intensity of this beam should be uniform, and this information is sent as feedback into the motors controlling the alignment of the crystals at each stage. For the run from October-January 2013, problems with the tracking motors forced us to go into manual tracking mode. This means that as soon as a large différence of the intensity of the beam is detected, the compensator has to be manually adjusted so that the beam is re-aligned.

2.2.6

Processing the REMPI-TOF data Most of the experiments done in this thesis required the processing of the signais described in Figure 2.26. The REMPI ion count signal for molécules in a particular rovibrational State is affected by variations in the dissociation rate (td or th), gas flux, and laser power (LP).

The QMS signal is affected by the first two. In this section we will concentrate on the steps to extract meaningful information from the REMPI ion count signal.

During our experiments, we record over time the température of the sample surface, the REMPI ion count, and the QMS ion count. An example of a sériés of typical experiments is The REMPI signal is due to the UV photons arriving each 50 ms in from of the sample and ionising the newly formed molécules that desorb from the surface. Since there is a background gas in the main chamber, in addition to random desorptions, the REMPI signal will be noisy. The laser power, which may change over time due to heating of the crystals in the dye laser is also an important source of noise. An example of the raw REMPI signal during a typical experiment, is seen in Figure 2.36.

Before normalising the REMPI signal, we use wavelet denoise algorithms available in Orig-inPro. Wavelet analysis is a reliable tool for studying signais with abrupt changes of phase and frequency and helps smooth and denoise these type of signais. The wavelet denoising tool gets ride of the noise from signais using a wavelet transform7. Wavelet denoising is advantageous over denoising with Fourier transform as it préserves the shape of the real signal.

Following décomposition of the input signal into many levels, this tool uses thresholding to where IonREMPI is the number of ion counts integrated with the REMPI-TOF System, and LP is the laser power, we can obtain the power law dépendance for V -0, and détermine n = 1.8, from the linear fit in Figure 2.38. For v" = 4, the power law index was determined to be n = 1.6 in [Baouche 2004]. The REMPI signais are normalised over laser power variations to be able to compare the relative populations in each rotational level.

Because of the oscillatory nature of the REMPI signal, a convenient tool was the "Envelope" function. This traces the crests and throughs of a periodic signal. Even if our data points were not evenly spaced, this helped reducing the amplitude of the signal due to the baseline noise.

This baseline level varies from J to J. We use smoothing to further remove the noise from Power dépendance of the REMPI signal on laser power
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Figure 2.38: Linear fit to find the REMPI ion count dépendance on the laser power for tran sitions from v" = 0.

REMPI signal dépends on the species in the main chamber. For newly formed molécules, the S/N ratio is much lower than for pure molécules scattered from the surface. For example, the signal-to-noise values for D2 scattered from a surface at 10 K ( Figure 2.38) are in excess of 30 for J = 0, 1 and 2, and down to a S/N ~10 for J = 3, 4, 5. formation. We hâve used previous key laboratory findings, like the peak of the rovibrational distribution of H2 at J" = 2, V' = 4 from [START_REF] Islam | The Formation of Molecular Hydrogen in the Interstellar Medium[END_REF]] for our experiments.

In section 3.2 the rôle of diffusion of hydrogen atoms on a surface pre-covered with molécules is explored. This is an important concern for modellers, who hâve assumed that pre-coverage by molécules halts H2 formation. It is shown that this has the opposite effect, enhancing the formation rate. In section 3.3 we further explore the ortho-to-para ratio of molécules formed on a porous ice surface. These measurements confirm the expected value at LTE, and offer first-time measurements for deuterium. In section 3.4, we hâve used several solidstate diagnostics to characterise especially fabricated silicate analogs. Moreover, we hâve experimented on these surfaces and show the rotational distribution of molécules leaving them in section 3.5. Ail these experiments further confirm that the dominant formation mechanism at low gas and dust températures is the Langmuir-Hinshelwood process. We also show that, unlike porous ice, the formation and éjection is almost immédiate in silicate surfaces, leaving few molécules for the TPD. In these experiments, we study the physisorption of deuterium atoms and their recombina tion on an amorphous silicate described in subsection 2.1.4. We simulate ISM conditions such as dust at T = 5.5 K and 10 K and gas at T = 90 K. We use a QMS to monitor the dynamical coverage and sticking of D atoms and D2 molécules on dust (with and without D2 pre-coverage), while a REMPI-TOF (Resonantly Enhanced Multi-photon Ionization Time of Flight) spectrometer monitors the newly formed D2 molécules, considering a formation rovibrational distribution peaking at J" = 2, v"= 4.

These experiments confirm that a silicate pre-covered with D2 molécules enhances the for mation of new D2 molécules. There is a positive corrélation between D2 submonolayer pre- These experimental results are applicable to cold ISM, where the coupled effect of an en hanced formation rate and pre-adsorbed molecular éjection will resuit in larger molecular gas phase abundances, constraining the régions where the atom/molecule transition begins.

These results show a possible mechanism that hinders further molecular freeze-out on dust grains, an important condition in pre-protostellar core collapse. These results are published in [Gavilan étal. 2012a].

Are molecule-covered dust grains efficient catalysts of H2 formation in the cold ISM?

Montlhy Notices of the Royal Astronomical Society Accepted: June lst, 2012 INTRODUCTION H2 is the most abundant molécule in the Universe and a signilicant fraction of its baryonic mass. H2 formation initiâtes the chemistry of interstellar clouds, controlling their ionization and ther mal balance, eventually enabling star formation (Dalgarno 1999).

The production rate of H2 is crucial in the early Universe where cooling through H2 lines can provide the conditions allowing the formation of the first stars. Experimental work enriched rnodels hâve constrained H2 production in the gas phase during this epoch (Kreckel et al. 2010).

At a redshift of z ~1.5, Norman & Spaans ( 1997) estimated that H2 formation in the gas phase and H2 formation on grain surfaces become equally important. For z < 1, grain surface reactions are enhanced compared to the associative detachment of hydrogen (H + H--» H2 + e~) at higher redshifts (Cazaux & Spaans 2004). The recombination of H2 on a dust grain surface (g) happens in the *E-mail: lisseth.gavilan@obspm.fr. H+g:H->H:g:H^H-H:g^-HÎ+g.
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The first step is the sticking or thermalization of an atom on the grain surface, ':H\ This is followed by diffusion on the grain allowing atoms to encounter each other and bond. The newly formed molécule leaves the grain internally excited. In the first step, a hydrogen atom can bind to a grain surface via physisorption or chemisorption, depending on its incoming kinetic energy. In our case we examine physisorption which occurs when the attractive forces are due to mutually induced dipole moments in the électron shells of H and surface atoms (a van der Waals type interaction).

In chemisorption, a covalent bond is formed when the atom and the surface wavefunctions overlap. At 7dUSI > 1000K hydrogen atoms recombine thanks to chemisorption as the high Tgas provides is pervasive at wider température ranges, hydrogen formation had to involve H atoms bound to dislocations and impurities (Hollenbach & Salpeter 1971), which also included non-thermal diffusion by tunnelling, increasing the recombination efficiency to Tdust = 50 K.

Modelling work (Cazaux & Tielens 2004) stressed lhat the mobility of atoms can be govemed by a combination of quantum mechanical tunnelling and thermal hopping. The latter causes recombination to persist up to Tj,,;,, = 500 K. Such theoretical studies hâve been done on pristine dust surfaces, such as graphite. Langmuir (1918) argued that incoming atoms, arriving on top of atoms or molécules already bound to the surface, do not bind and are ejected. This may suggest a décliné in formation efficiency on colder dust, as its surface is saturated wilh molécules implying an immédiate éjection of incom ing atoms. Our experimental study addresses this long-unresolved question.

The first experimental studies on hydrogen formation on astrophysical analogues were done on icy surfaces (Lee 1972;Govers, Mattera & Scoles 1980) and more recently using H and D atoms on amorphous ice at T = 8 K (Homekaer et al. 2003;Roser et al. 2003).

Bare surfaces hâve also been used to study the formation of H2 isotopologues, initially using HD on crystalline silicates (Pirronello et al. 1997b,a) and then on amorphous carbonaceous surfaces between 5 and 20 K (Katz et al. 1999;Pirronello et al. 1999) and amorphous silicates (Perets et al. 2005;[START_REF] Vidali | Spectral measurements of CO and its isotopologues 139 4.5.5 Study of the 13C160 A-X bands 140 4.5.6 Term values of the A-X bands[END_REF]. Ail these hâve employed température programmed desorption (TPD). Laserinduced resonance-enhanced multiphoton ionization (REMPI) tech niques hâve been used to detect excited H2 and HD on a highly As for experiments, examples of non-thermal desorption studies include the photodesorption of CO ices (Ôberg et al. 2007) and the low-energy électron irradiation on H20 ice films (Brown et al. 1982).

In these experiments, we study the physisorplion and recombi nation of deuterium atoms by simulating ISM conditions such as Tdust =5.5 and 10 K and 7gas = 90 K. Our aim is to quantify the effect of D2 recombination enhancement and non-thermal desorption due to recombination on an amorphous silicate surface previously covered with fixed doses of D2 molécules. TPDs are performed using a 10 K min-1 linear heating rarnp, and the D2, HD and H2 signais are recorded.

To measure the rovibrational excitation of the molécules leaving the surface, we used REMPI coupled with TOF mass spectroscopy.

An ultraviolet (UV) laser beam is tuned to ionize and selectively detect a given rovibrational State via two-photon absorption through a virtual State followed by ionization: (2+1) REMPI. In this way, we sample the population of D2 formed in the v" = 4, J" -2 rovibrationally excited State of the ground State. This transition has been chosen for its suitable Franck-Condon factor (Fantz & Wunderlich 2004). A tunable dye laser pumped with the second harmonie of an Nd:YAG laser (2J/20Hz) followed by frequency mixing gives 222.6 nm photons with 200-300 pJ puise-1. The laser beam is focused 4 mm away from the centre of the surface. At the exit of the main chamber, the shot-by-shot laser puise integrated power appears rather stable (7 per cent) over a few hours.

The REMPI-TOF signal is recorded and integrated using a digital oscilloscope.

An ancillary set-up is composed of a hot molecular hydrogen lamp and a TOF spectrometer with characteristics very similar to the one in the main apparatus (Malmasson 1994). The source pro vides rovibrationally excited States (Schermann et al. 1994) by dissociating hydrogen on a 2900-K tungsten filament followed by re combination and thermalization on the cooled walls. The laser light is diverted to this set-up for wavelength adjustment and REMPI signal intensity calibration. The gas flux and the UV laser power are permanently recorded.

We devised a sériés of experiments aimed to understand the effect of D2 pre-coverage on D2 recombination. We begin each experiment by irradiating the silicate surface with a dose of D2 molécules as soon as the surface is cooled down to 5.5 or 10 K. These doses consist of letting the D2 gas irradiate the surface for a total time ranging from 30 to 600 s at rdust = 5.5 K, from 30 to 300 s at TduS( = 10 K and a single irradiation of 120 s at T^st = 16 K, where the maximum irradiation time is limited by a faster surface saturation. The main valve, controlling the admission of D2 into the main chamber from the jet, is closed and after a short évaporation wait (letting the QMS signal return to zéro) we begin irradiation with D atoms, followed by a TPD to 90 K. Additional TPDs were done separately to calibrate each dose of D2 molécules on the bare silicate and to characterize the new binding sites available for D2 recombination.

The analysis of the QMS signal (ail D2 molécules in the gas phase in the chamber, in ail quantum States) and the REMPI-TOF signal (only nascent, excited D2 molécules) was done at spécifie intervals, shown in Fig. 1. The REMPI signal has an approximate quadratic dependence on the number of photons (laser power) and a linear dependence on the flux of D atoms. The original signal was carefully normalized by fluctuations on both parameters, given by équation (1), which shows that the REMPI (2+1) process has an ion yield approximately given by (Demtroder 1991; Pozgainer,

Windholz & Winkler 1994) N\-C /Vo<72ph/Lrx O"ion t'u ^ionfion + A (2)
where N0 is the ground State number density and C is the instru mental ion détection efficiency. <T2ph and rrion are the cross-sections for the two-photon excitation process and the ionization process, respectively. 7CX and /jon are the photon flux densities for excita tion (221 nm) radiation and ionization (which in our case is also 221 nm). A is the spontaneous fluorescence decay rate from the excited State. Typical cross-sections for two-photon processes are 10-3() to 10"36cm4W"1. The laser beam is pulsed every 50 ms for 10 ns, and we record the integrated signal of each puise. This is the main drawback of the REMPI-TOF detector since it only probes about one in every five million newly formed molécules. We corrected the REMPI-TOF data using a power law to account for its non-linear dependence with laser power. We strongly smoothed the signal to visualize its positive fluctuations over the noise. Another source of noise is due to the random desorption of excited molécules. Consequently, the REMPI signal has a larger error bar (~10 per cent) than the QMS signal (~2 per cent).

RESULTS

3,1 Irradiation with deutérium molécules

The surface coverage with D? molécules is limited by the saturation fluence, the maximum number of particles that can be stuck on the surface at a given température. The QMS signal has a sharp rise when the surface reaches steady-state coverage (see Fig. 2). At this point, D2 molécules will elastically collide with the surface because of the very low binding energies, returning immediately to the gas phase. This happens al a fluence of 2 x 10l3 molécules cm-2 (after 250 s) at Tdus, = 5.5 K and a fluence of 5 x 1014 molécules cm-2 (after 70 s) at 7\iust = 10 K. Although we are exposing with a few monolayers (a maximum of five exposed monolayer (ML) at 5.5 K and 2.5 exposed ML at 10 K) only a fraction of the silicate is covered with molécules due to the lowered sticking coefficient of D2 molécules on the surface. The actually stuck doses correspond to a sub-monolayer coverage according to their integrated TPD profiles.

We characterize the surface coverage of each dose by means of a TPD experiment (Fig. 3, left-hand panel), which characterizes the distribution of adsorption energies of molécules on the surface. The thermal desorption profile can be described by the Polanyi-Wigner équation of the desorption rate, r, /-= --= AvV''e(-£W*Bn,

which defines the adsorption energy £ads, also known as the activa tion barrier for desorption. A is the pre-exponential factor describing the desorption efficiency, N is the number of adsorbed molécules on the surface, n is the order of the desorption kinetics, A:B is the Boltzmann constant and T is the température of the surface.

The maximum desorption signal will be given when unable to form a multilayer of Di, given that the desoiption rate is as high as 0.37 ML s-1 for the surface at 5.5 K (Schlichting & Menzel 1993).

Solutions of équation [START_REF] Eidelsberg | Experimental Détermination of the Band Oscillator Strengths of the CO A'n (ll< v' < 23)-X'E+ (v" -0) Made at the LURE-SuperACO Synchrotron Facility[END_REF] give the peak desorption energy range for D2 molécules. Assuming a desorption efficiency factor A = 10l2s-1, given by the fundamental vibration frequency of a molécule on the surface, the desorption energies at the TPD peaks range from 32 to 46meV, from larger to smaller dose at 5.5 K. At 10 K the corresponding desorption peak energies range from 39 to 46meV. We also note a 1-K shift in the trailing (high-temperature) edge of the TPD profiles for doses at 10 K compared to doses at 5.5 K. A single measurement at 16 K confirms this shift, due to a higher thermal diffusion rate allowed by the hotter surface. Lemaire et al. (2010) showed that two mechanisms compete in the formation of molécules on dust at different surface températures. Recombina tion at higher surface température is likely due to the Harris-Kasemo mechanism, which allows the non-thermal diffusion of particles on the surface. At higher surface température, this diffusion will be further enhanced, as the atoms will take on the energy from some of the enhanced vibrational modes of the surface. This increases the length of the random walk and thus the possibility of being trapped in even more energetic binding sites. We think a similar mechanism is at play when molécules populate a surface at higher température.

Irradiation with deuterium atoms

Following irradiation with atoms on the pre-covered surfaces (Fig. 3, centre), the TPD peaks for D2 converge around 32-33 meV for experiments at 5.5 K and around 41-42 meV for experiments at 10 K. We note a shift in the trailing TPD edge of about 3 K at a surface at 10 K, due to the combined effect of enhanced atomic and molecular diffusion compared to the surface at 5.5 K.

Following irradiation with atoms on a clean surface (Fig. 3, righthand panel), the TPD peak is centred at 33meV at 5.5 K and at 44-meV at 10 K. Thus, the resulting TPD profiles after 1200 s of atomic irradiation on the pre-dosed surfaces are more affected by the atomic irradiation for 1200 s than by the molecular population (doses < 600 s).

Irradiation with atoms on a pre-dosed surface leads to TPD pro files peaking around the same desorption température (see arrow at 13 K in Fig. 3b). This température corresponds to the TPD peak of the largest molecular pre-coverage dose, e.g. the peak is at 13 K for irradiation of 600 s at 5.5 K too (Fig. 3a). This is because recombination-induced desorption preferentially targets the lower energy edge of the D2 pre-adsorbed doses, as seen on Fig. 6. This effect is more prominent for larger pre-adsorbed D2 doses, and it is optimized for the dose before saturation.

D2 formation cnhancement

We process the QMS signal (D2 in ail quantum States) and the REMPI signal (newly formed, excited D2) during interval (b) (see Fig. 1 ) corresponding to the irradiation of the D2 pre-covered surface with D atoms. In this interval recombination happens promptly and we detect an REMPI signal as soon as atomic exposure starts.

Conversely, we did not detect REMPI signais above the background level during the heating activated phase (the TPD). Fig. 4 shows the QMS signal (gas-phase D2) during interval (b), at Tsampic = 5.5 and 10 K after different D2 pre-coverage doses.

The QMS signal during atomic irradiation is the net resuit of (i) A^.beam, the undissociated fraction of the deuterium beam that is reflccted from the surface, (ii) Nq2 iJosc, the ejected D2 pre-coverage dose and (iii) Afo,», the newly formed D2 molécules desorbing from the surface either excited or after being thermalized on the surface.

For the clean surface (no D2 pre-coverage), the adsorbed D2 molécules due to the undissociated beam fraction increases the sticking coefficient of D atoms and causes them to recombine more efficiently (Govers et al. 1980;Amiaud et al. 2007). For the precovered surfaces at 5.5 K, the maximum prompt recombination enhancement occurs for the 180 s and higher D2 doses, up to 40 ± 5 per cent after 50 s, obtained by comparing to the QMS signal during atomic irradiation on a clean surface. From Fig. 4 we also note that at 10 K the maximum enhancement is about 25 ± 5 per cent after 50 s.

Each QMS curve reaches a steady State that corresponds to the attainment of a steady détection in the gas phase due to a maximum recombination rate which will be balanced by the surface éjection D-atoms fluence / atoms cm'2 0.0 2.5x1015 5.0x10,s 7.5x1015 1.0x1016 1.3x1016 1.5x1016 1.8x10,e 0 2.5x10'5 5.0x10,s 7.5x10'5 1.0x1016 1.3x10'6 1.5x10,e 1.8x10" 2.0x10" 10 K than at 5.5 K (2500 versus 2400 db 50counts-1 on average), and this can be explained by a shorter résidence time causing an overall lower sticking coefficient.

For both surface températures we note that the QMS curves reach While the amount of particles detected due to D2 recombina tion dépends on the constant incoming D-atom flux, the amount of ejected pre-coverage dépends on the molecular dose that was previously adsorbed (less than a D2 monolayer for the maximum dose). Since recombination is an exothermic reaction, towards the end of irradiation with D atoms, the pre-coverage will be completely ejected (as it will be shown from the TPD analysis below), and the instantaneous coverage will be similar for ail experiments. We indeed see a convergence of the QMS curves for ail initial doses at a fluence ~1016 atoms cm-2 or 700 s of D-atom irradiation at 5.5 K and after 500 s at 10 K (Fig. 4).

The time évolution of the REMPI signais show the abundance of newly formed D2 molécules detected in the selectively ionized rovibrational level v" = 2, J" = 4. At rdusI = 5.5 K, there is a significant différence for curves that follow a dose of pre-adsorbed D2 compared to the curve that corresponds to a clean surface (Fig. 5, left-hand panel). It occurs from the very start of atomic irradiation (at 50 s) and can be as large as 40 ± 10 per cent compared to the REMPI curve following no dose, and 30 ± 10 per cent at 10 K. However, after about 1000 s of irradiation with atoms at 5.5 K and after 500 s at 10 K, we see that there is a tendency for the curves to converge to the curve with no pre-dosing of D2. This confirms the trend in the QMS signais, assuming that the atomic irradiation has cleaned up the entire surface from the initial doses via recombination-induced desorption.

The REMPI curves for ail doses show a rapid increase to a max imum signal level at a fluence of ~5 x 101'' molécules cm"2 at would not be possible with the QMS alone.

Comparison to prcvious works

We contrast these results with previous experiments on D2 recombi nation on an icy surface (Congiu et al. 2009). Atoms were irradiated on ice multilayers which were either porous or non-porous. The re combination signal monitored by a QMS showed a rapid increase (iransient phase) followed by adecrease to 1/5 of the original signal.

This was interpretcd as the thermalization of newly formed D2 on the pores of the rough ice surface. Roser et al. (2003) and Hornekaer et al. (2003) also found evidence that nascent HD is thermalized on porous water ice.

The non-porous amorphous solid water (np-ASW) surface has been compared to the silicate surface via température programmed desorption (TPD) experiments. These showed similar saturation coverages of CO, 02, H20 and D2 on both silicate and np-ASW water ice surfaces held at 10 K using the saine flux (Chaabouni et al. 2012). The experiments on D irradiation on ASW (Congiu et al. 2009) were done using a QMS for which the ionizing électron energy is set to 15.2eV. This would allow the détection of molécules in a vibrationally excited State v" > 2. However, unlike that work, here we do not observe a transient behaviour of the recombination signal for the D2 covered silicate, but instead a rapid increase to a steady-state level. This could be a conséquence of the dominance of the non-thermal desorption rate due to recombination exoergicity. This différence could also be due to the lower signal by the smaller populations of rovibrationally excited particles at v" > 2, compared to the optimally selected rovibrational State detected via REMPI or due to deeper surface Chemical and morphological différences that are undetected by the TPD.

ANALYSIS

Model of D2 formation

The REMPI-TOF detector enables us to distinguish the enhanced formation signal (excited D2 at v" -4, J" -2) on a molécule pre-covered silicate. We attribute this to the enhanced diffusion of incoming atoms. This confions the high mobility of atoms at Iow températures (Hornekaer et al. 2003). Hydrogen atoms that arrive at the silicate surface can diffuse either via thermal hopping or quantum mechanical tunnelling (Cazaux & Tielens 2004).

The TPD analysis of the D2 pre-coverage doses deposited at 10 K shows that at this température D2 molécules can populate adsorption sites up to a range of 27-57 meV depending on the dose. The first dose of 30 s of D2 is distributed on physisorption sites, peaking at 46 meV and extending to 57 meV, leaving empty physisorption sites between 27 and 46meV (ÀEac)s ~19meV). The 60-s dose leaves unoccupied physisorption sites between 27 and 43 meV (A£ads Ĩ6meV).

D2 molécules are adsorbed by first occupying the more energetic sites at lower coverage. The adsorption energies for D2 are found using équation [START_REF] Eidelsberg | Experimental Détermination of the Band Oscillator Strengths of the CO A'n (ll< v' < 23)-X'E+ (v" -0) Made at the LURE-SuperACO Synchrotron Facility[END_REF], where the TPD peak is used to calculate the desorption energy independent of the initial coverage. The lower and upper limits on the adsorption energies were estimated by fitting the TPD profiles with the direct inversion method (Amiaud 2006).

Thermal diffusion occurs via the Langmuir-Hinshelwood mech- Monthly Notices of the Royal Astronomical Society © 2012 RAS initial adatom. For H2 molécules on an amorphous surface the dif fusion energy can be ~60 per cent of the molecular binding energy and ~50 per cent for atoms (Perets et al. 2007). The available sites following the smallest molecular pre-coverage dose hâve Eads < 46meV. The diffusion barrier for incoming molécules would then be Ediff < 28 meV, following this dose. Following larger doses, the available sites are restricted to the lower energy sites for incoming molécules, and so the diffusion energies are lowered. Thus, in order to compare the recombination-induced desorption of any D2 stuck on the surface we sum the TPD due to 1200 s of D2 on a clean silicate to the TPD due solely to each molecular dose. The resulting TPD for each dose would be obtained if we assumed no reactivity (no exothermic desorptions) between the recombined D2 and the pre-coverage doses, in which case both contributions may be stacked and desorbed as one large TPD. We compare these constructed TPDs to the experimentally obtained ones (Fig. 3, centre). These later TPDs are experimentally ob tained by irradiating with D atoms for 1200 s on each pre-covered dose.

We find spécifie molecular doses that maximize recombinationinduced desorption: 300s D2 at 5.5 K and 120 s D2 at 10 K (see Fig. 6). This is due to the compétition between enhanced diffusion on the lower energy binding sites after pre-covering the surface with D2 molécules and the lower résidence time that results from lower binding energies. Thus, at spécifie doses, recombination is maximized over the decreasing sticking coefficient. We propose that at the maximum coverage (surface saturation), atoms will dif fuse more easily, but a large fraction will leave the surface before encountering another atom. At this pre-coverage, the decreased sticking will dominate over recombination. Fig. 6 also shows that the net recombination-induced desorption is targeted to the less energctically bound populations, i.e. the 4.48 eV released in each recombination will desorb more molécules that are less energetically adsorbed, as expected.

We further calculate the desorption of ail possible molecular D2 that could be stuck on the surface from the beginning of the molecular dosing. This includes the initial molecular dose, the con tribution of the undissociated beam and the nascent thermalized D2 after 1200 s of irradiation with D atoms. We do this by comparing the total area (the number of absorbed molécules) under ail TPD profiles (calculatcd and experimentally obtained). These results are shown in Fig. 7. We fit these trends with a polynomial, showing the spécifie D2 pre-coverages that maximize desorption: 200 s or where a is a parameter usually taken as 1, and since ED is usually less than £rcac, P ~1 and / ~a. Garrod et al. (2007) took a = 0, 0.01, 0.03 and 0.1, or a maximum desorption fraction of 10 per cent per exothermic reaction. Our experiments show that an approx imation like RKK for recombination-induced desorption does not account for effects like time-dependent surface coverage and the non-linearity of recombination enhancements. We note that we use a similar order of magnitude flux for atoms as for molécules. In the ISM, the gas-phase abundances of D atoms are much lower than the gas abundances of D2 molécules (Kristensen et al. 2011), so our net recombination/desorption effect will hâve to be scaled down.

An upper limit of 1 eV into translation energy was obtained from the QMS temporal widths of the H2 and HD signais on a HOPG sur face (Creighan et al. 2006). Combining this upper limit on the translational energy with the internai energy of the maximum (u", J") populated levels observed in that expcriment, it was suggested that an upper limit of approximately 40 per cent of the binding energy re leased upon the formation of H2 (and HD) goes into internai (0.8 eV) and translational (1 eV) excitation of the detected molécules, with the remainder (2.7 eV) of the energy flowing into the HOPG surface.

The energy partition of recombined D2 on an amorphous silicate surface may differ, but these values can be compared as hydrogen isotopologues are electronically équivalent. However, it is possible that molecular hydrogen formed by diffusion on shallow wells will most likely desorb with large internai energy, while molecular hy drogen formed on deeper wells may thermalize and impart most of its energy to the grain.

ASTROPHYSICAL IMPLICATIONS

Our experiments elucidate the parameters involved in the accelerated recombination of deuterium and the ensuing éjection of D2 molécules from a pre-adsorbed molecular dose. This scénario is common in low-temperature ISM environments where dust will develop icy mandes as molécules condense on its surface. The enhanced gas feedback mechanism due to recombination-induced desorption is proposed as an important surface reaction leading to the increasing abundance of D2 in these régions.

Deuterium chemistry plays a pivotai rôle in cold ISM environ ments like dense molecular core nuclei. Deuterium fractionation in dense cores is the isotopic enhancement of deuterium over hy drogen, seen in about 25 deuterated molécules (Millar 2003). Although the deuterium réservoir is provided by HD, towards denser régions, D2 can become a significant deuterium réservoir (Roueff et al. 2005). In hot cores, deuterium fractionation has been pro posed as a resuit of the évaporation of deuterium-rich molécules from icy grain mantles by the new star. However, recombinationinduced desorption can be a non-trivial évaporation mechanism of D2 during the pre-stellar core (PSC) phase, consequently reducing the gas abundance in the protostellar, activated heating, phase.

PSCs are typically cold (<10K) and hâve number densities ^ÎO4 H2 molécules cm-3 (e.g. Ward-Thompson et al. 1994;Crapsi et al. 2005). It was previously thought that low températures in PSCs do not allow significant évaporation to occur. It has been shown that in these régions recombination-induced desorption can dominate over non-thermal desorption processes such as cosmic rays and pholodesorption (Garrod et al. 2007).

The abundance of molecular hydrogen and isotopologues on dust grains in the dense ISM régions has been recently estimated (Kristensen et al. 2011). This work is based on experiments on a porous ASW ice surface ( 10 ML) at 10 K (comparable to a processed thicker mantle in the ISM). Since their model assumes thermodynamical equilibrium at each step (a stationary approach), and allows only one molécule per adsorption site, the population is given in the Fermi-Dirac formalism. At n(H2) = 105 6cirr3, the average abun dance in a PSC deutération zone, they estimate the ratio of D2 to H2 on the surface to be ~30 times greater than in the gas phase, implying an atomic fractionation 60 times larger than in the gas phase.

The ratio of HD/H2 remains almost constant both in the solid and gas phase. This amounts to a greater D/H abundance in the solid phase due to the higher zéro-point energy of D2 (2.6 meV greater than HD), making it more strongly bounded. Since the deuterium solid-gas phase ratio is greater than other isotopologues, the molec ular coverage effect on recombination and recombination-induced desorption will be more targeted to D atoms than other hydrogen iso topes. This allows deuterium atoms to preferentially recombine and mine the solid D2 réservoir on the ice mantles over other isotopes.

Our experimental results on enhanced formation also imply an accelerated déplétion of the atomic hydrogen réservoir towards denser ISM régions. We could reinterpret the results obtained on deuterium recombination on np-ASW (Congiu et al. 2009) where it is argued that the thermalization of newly formed D2 molécules explains the non-detection of D2 in dark clouds. Instead, we argue that the formation enhancement caused by the pre-adsorbed or frozen D2 molécules on dust will deplete the atomic réservoir, and if the density of atoms is reduced, recombination will not be détectable. This supports the theory put forward by Islam et al. (2010). In this work, a Chemical model is used to predict environments where a signature of the H2 formation process can be detected. Dark clouds are not suitable since the atomic réservoir is too low for viable rovibrationally excited H2 détection via IR fluorescence. Instead, environments which contain X-ray sources, with adéquate électron densities to dissociate hydrogen molécules, would supply sufficient H atoms that can then recombine. The coupled effect of an enhanced forma tion rate and pre-adsorbed molecular éjection will resuit in larger molecular gas-phase abundances and a depleted atomic réservoir.

This has important conséquences in deuterium fractionation and the eventual retardation of molecular freeze-out on dust grains, an im portant condition in pre-protostellar core collapse (Flower, Pineau Des Forêts & Walmsley 2005). In these experiments, the amorphous silicate surface is covered with ice, known as porous amorphous solid water (p-ASW). The water ice surface (held at 10 K) was irradiated with D and H atoms, which recombine and thermalise in the ice pores. These molécules are then desorbed in a température programmed desorption (TPD) and detected via REMPI (2+1) tuned to probe v"= 4, 3" = 0, 1 and 2. This process is schematised in Figure 3.2.

These experiments are motivated by previous astronomical observations and experiments

showing that that the OPR of H2 can differ from the expected statistical value of 3 or the local thermodynamic equilibrium (LTE) value at the gas or dust température. It is thus important to know the OPR of H2 newly formed on dust grain surfaces, in order to clarify the dependence of the observed OPR in space on the formation process.

We report for the first time the OPR value for newly formed D2, consistent with the expected LTE value at the high-temperature limit. Results with H2 with a much higher error bar, show a tendency for the expected statistical OPR value as well. These results are published in [Gavilan et al. 2012b].

In dense clouds, water ice mantles are mainly amorphous, with a structure that is microporous Herbig-Haro outflows (Lefloch et al. 2003), shocks (Wilgenbus et al. 2000;Neufeld et al. 2006;[START_REF] Kristensen | [END_REF]), and photodissociation régions (Sternberg & Neufeld 1999;Guzman et al. 2011). The subséquent spin-state-dependent chemistry (since the two spin modifications of H2 are essentially different Chemical species) has been studied in detail (Flower et al. 2004(Flower et al. , 2006)). In addition, it was recently found that a low H2 OPR is necessary for efficient deutération enrichment in the cores of dense clouds (Pagani et al. 2011). It is not possible from observations alone to tell if the detected OPR value is due to H2 just formed on grains or attained after a lime comparable to the cloud's lifetime.

Since the work of Salpeter and collaborators (Gould & Salpeter 1963;Hollenbach & Salpeter 1971), it became clear that the most plausible route of molecular hydrogen formation in the ISM is via interactions with surfaces of dust grains. The gas-phase radiative recombination of two H atoms is strongly disfavored at the local ISM densifies (Duley & Williams 1984).

After the first experiments that showed that the interaction of H atoms with silicate analogs involves physisorption sites H2 formation is an exothermic reaction that releases 4.48 eV.

This energy is distributed into the internai (rovibrational) A departure from the OPR at equilibrium could be due to interactions that flip the nuclear spin. Since interconversion by radiative processes is very slow other processes are invoked:

(1) scattering (exchange) events with an H atom or proton; a theoretical study by Flower & Pineau des Forêts (2000) found that the OPR decreases from the statistical value of We investigate here whether the newly formed molécule has an OPR in equilibrium with the surface or one that is related to the internai energy gained in the formation process. This will further tell us whether H2 formation on grains could be an important source of ortho hydrogen. These experiments are carefully designed to measure the OPR at formation of both PB and D2 on the surface of ASW by detecting H2 (D2) in both the 7 = 0 and 7 = 1 rotational States. These experiments were donc on short timescales to avoid any possible NSC due to surface catalyzed effects [START_REF] Chehrouri | Proc. Annual Meeting of the French Society of Astronomy and Astrophysics, Ortho/Para Spin Conversion of D2 on a Porous Water Ice Surface at 10 K in the Presence of 02 Traces[END_REF][START_REF] Watanabe | [END_REF]).

EXPERIMENTAL

The apparatus consists of an ultra-high vacuum (UHV) chamber pumped to low 10"10 torr range by a turbomolecular pump. The sample and the detectors are localized at the ccnter of the chamber (see Figure 3). The sample consists of a copper disk located at the end of a copper finger cooled to 5 K by a closed cycle hélium refrigerator. A radiation shield surrounds the cold finger, except around the sample area. The température of the sample is measured by a Silicon diode and can be varied by a résistive heater. Hydrogen is introduced into the chamber via a triply differentially pumped line. Experiments were done with deuterium as well in order to obtain better signal/noise because hydrogen is the main background gas even in a well-baked UHV apparatus. Deuterium and hydrogen molécules were dissociated by an air-cooled microwave discharge operating at ~70 W. The dissociation efficiency was measured by intercepting the beams before and after each set of measurements and was found to be rD, = 62% ± 3% for D2 and rH, = 47% ± 3% for H2.

À quadrupole mass spectrometer (QMS) can be rotated around the sample and moved vertically within the main chamber. It is used to characterize the incoming D and D2 beams, to measure the number of reflected particles during a deposit, and to collect D2 molécules evolving from the surface in a temperature-programmed desoiption (TPD) experiment.

The TPD is performed with a linear ramp of 10 K min-1 and its shape and peak température give information on the total number of molécules collected (yield) and also on the kinetics of desorption (Kolasinski 2008). (2 J/20 Hz) followed by frequency mixing gives ~202 nm photons with 300-400 /zJ per puise. The laser beam is focused ~4 mm away from the center of the surface. At the exit of the main chamber, the shot-by-shot laser puise integrated power appears rather stable (~7%) over a few hours. The REMPI-TOF and laser power signais are recorded. The REMPI-TOF data are corrected using a power law to account for its nonlinear dependence with laser power and its linear dependence on atomic and molecular flux fluctuations. However, the main source of noise is still the random desorption of excited molécules.

A porous ASW surface was chosen because it characterizes the non-processed surface coverage on very cold dust. In addition, prior work showed that on porous ice there are almost no molécules released right away in an excited State (Hornekaer et al. 2003;Congiu et al. 2009). On such amorphous surfaces, a smaller contribution of the energy from formation goes into translation and internai excitation, thus suggesting a smaller budget for a high-temperature OPR value. The préparation of the amorphous water ice was conducted as follows: a buffer layer of compact ice (250 ML) is deposited at 120 K on the copper disk by introducing water vapor in the chamber through a capillary that can be positioned in front of the surface. This is followed by déposition of porous ice at 10 K (10 ML). The porous ice is annealed to 30 K and then taken back down to 10 K. This is to avoid substrate changes with thermal ramps going from 10 to 30 K. Details about these procedures hâve been published previously (Amiaud et al. 2008).

MEASUREMENTS

In our experiment, the laser wavclcngth is kept fixed at the value of the desired Q(J) transition from the E,F 'Xg+(i/ = 0,7) State to the X 1Ig+(u" = 0, 7) State. To do this, the chamber is filled with H2 or EL (up to 10"8 //bar) and the 7 = 0, 1, and two correspond to the Q values lhat will be used to calculate the final OPR at formation with Equations ( 9) and ( 10). 1015 mol cm-2) were followed by thermally programmed desorptions to 30 K (see Figure 5). TPD traces of D2 versus exposure show common tails and maxima moving toward lower Thus a dose of 4 minutes, or 0.6 deposited ML, gives a surface coverage of 13% and this is the chosen dose at the surface.
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To interpret the TPD signal we take into account the molécules that can be formed during both the irradiation with atoms and the TPD (Amiaud 2006). The number of molécules measured by the TPD after irradiation with the discharge on is given by 7Von A'£",w = 1"/fr + 'x/î'(l-")]-yËi + wSL-G)

where a is the fraction of atoms available on the surface that can recombine during the TPD, Rr is the recombination coefficient or percent of a that will recombine during the TPD, /u. is the coefficient of rétention of the newly formed molécules by the surface including recombination-induced desoiption, R, is the coefficient of instantaneous recombinalion during irradiation, N™ads is the number of atoms adsorbed on the surface with the discharge on, which can be further expressed as YS"adS = 0-^)<fM.

O)

We take into account the residual number of molécules in the atomic beam due to rn, < 1. N^{{ is the number of molécules The left side of this last équation is the measurable recombina

tion coefficient, A7off _ivD2,lpd (1 -PD,) Rd2 - Nï M°tf _'vD2,lpd -(1 -rD2) 1
Td2' (6) and Nff are obtaincd from the integrated TPD signais, as seen in the inset in Figure 5. Taking a dissociation rate of Td2 = 0.6, linear régression of these points gives /?D, = 0.31 ± 0.05. Since hydrogen is lighter, diffusion is enhanced compared to that of the heavier deuterium isotope, and we expect that /?h2 > Rd,-

Laser Data

The REMPI signal, which we call Q, is obtained by exciting and lhen ionizing the ortho and para States of the desorbing molécules during the TPD following irradiation with the discharge on (a rnostly atomic jet with a molecular fraction).

Molécules can be formed during irradiation and they either desorb immediately or remain on the surface (/z/?,-, Equation ( 2)); they can also be formed during the TPD (aRT, Equation ( 2)).

We regard the molécules formed during both irradiation and the TPD as the newly formed PL (or D2) molécules. In our analy sis, we measure the OPR by integrating the REMPI signal solely during the TPD as it has a larger signal-to-noise ratio than during déposition. This is done over several sets of independent measurements. An example of one experiment is shown in Figure 6.

We also assume that the TPD itself does not affect the OPR of the newly formed molécules as the activated heating by 20 K is not enough to induce rotational transitions. In addition, the waiting time after each deposit is minimized so that the newly foimed molécules hâve no time to undergo NSC toward thermal equilibrium with the surface at 10 K. [START_REF] Chehrouri | [END_REF] showed that at least 500 s are necessary for a 2% intraconversion. Our typical waiting time after 4 minute long deposits with can be expressed in ternis of the sticking coefficients, S, for D and D2. Substituting expressions ( 3) and ( 4) in Equation ( 2) and (A color version of this ligure is available in the online journal.)

either atoms and molécules is ~1 minute. Deposits of 2 and 5 minutes were further made in order to verify the ratio between the signais with the discharge on and off, giving consistent ra tios. In order to dérivé the OPR from these measurements we need to take into account the contribution of the non-dissociated fraction of the impinging beam. This molecular fraction has a rotational distribution at equilibrium at 300 K (see Figure 2) and biases the rotational distribution from that solely due to forma tion. Thus, following a deposit with the entirely molecular beam the REMPI signal is given by The ratios Qa and Qp for D2 for ail measurement are displayed on Figure 7, showing the solid convergence for the ortho and para measurements. On the other hand, Figure 8 shows the large scatter for our KF data.

Qo( D2) = C4D2N0, (7) 
where N" -0.67, the fraction of undissociated D2 in the ortho State originally in equilibrium at 300 K then frozen at 10 K. The REMPI signal while the discharge is tumed on, is given by

£F(D2*) = C4 [( 1 -tq2)N0D2 + /?0td2D2], (8) 
where the (1-td2) term is due to the undissociated fraction of the beam and id, is due to the newly formed molécules in the ortho State. R() is the recombination coefficient of newly formed D2 in the ortho State. Dividing these last two équations gives QotW)

Qo( D2) Qo = (1 - + -td,, - Na - (9) 
where Q" refers to the discharge on/discharge off REMPI signal ratios for the ortho State. Similarly, for the para State, taking Np = 0.33 for the undissociated beam contribution, QP(Jh')

Qp( d2) Qp = ( 1 -Td2 ) + N, rD,, (10) 
where Rp is the recombination coefficient of newly formed D2 in the para State. Thus, we can obtain the OPR of the newly formed D2 molécules from the REMPI signal ratios Q" and Qp.

OPR(Di) = -= 2 X RP Qo + Tp, -1

Qp + rD, -r [START_REF] Kçpa | New Spectroscopic Investigations of the Fourth-Positive (A'ü-XlE+) System Bands in the 13CI60 Molécule[END_REF] Similarly, the OPR for newly formed KF is given by

OPR(FF) = -= 3 x Rp Qo + ffi2 -1 Qp + -l (12) 

RESULTS AND DISCUSSION

Our results are listed in Table 1. The experimentally found values are given with the lower and upper bounds from the error bar: OPR (D2) = 1.44j;g and OPR (H2) = 2.91?;". The experimentally found D2 OPR coiTesponds to the OPR at the high-temperature limit (T > 200 K). Recall that at LTE toward 7=0K, OPR (D2) -> 00 (see Figure 1). Since the signal at 7=2 was negligible we assume that the rotational distribution corresponds to equilibrium below <60 K (see Figure 2).

The experimentally found FF OPR has a larger relative error (42%) than the value found for D2. There seems to be an excess of ortho-molecules formed on the surface, which we attribute to the H2 molécules already présent in the chamber (major UHV pollutant) and thus we cannot conclusively détermine the OPR of nascent FF. Trace species in the chamber become our principal experimental limitation in the OPR measurements. a Experiment # Experiment # Figure 8. Ratio of REMPI-TOF signais of H2 molécules desorbed during a TPD following deposits with H+H2 and H2 beams (microwave discharge tumed on and off). H2 molécules detected in the ortho State (7=1) are given by the ratio Q" and molécules detected in the para State (7 = 0) are given by the ratio Qp.

(A color version of this figure is available in the online journal.) more affected than H2 by such a wavelength shift, increasing the systematic error in the measured OPR.

Watanabe et al. ( 2010) measured the REM PI signal due to the v = 0, J = 1 level during the continuous déposition of H2 or an atomic beam on a p-ASW surface held at 8 K. They found that the integrated signal following irradiation with an atomic beam is similar to that arising from a molecular beam, regardless of the total dose, concluding that the product molécules hâve an OPR similar to the deposited molécules with a statistical OPR of 3. Although their experimental methods are different to ours (as we measure both J = 0 and 1 States) there is a general agreement that both the OPR of H2 and D2 at formation correspond to the high-temperature limit.

Our findings on the OPR of D2 confirm previous theoretical work by Takahashi (2001 ) on the OPR of H2 newly formed on icy mandes, silicate dust, and carbonaceous dust. The calculated OPR was 3 regardless of the surface. Although the OPR of newly formed molécules tends to the high-temperature limit, it is not clear that the energy budget of the reaction is directly related to the OPR. Thus, the présent study could not provide information on the rovibrational distribution of the nascent D2 formed via D-D recombination on ASW. This investigation displays the use of techniques to measure the OPR of molécules formed after irradiating a cooled dust analog with atoms. These measurements are possible thanks to the joint use of laser and mass spectroscopy. Our results indicate a tendency for the OPR to assume the high-temperature equilibrium values after the formation of the molécule, in agreement with previous studies.

CONCLUSIONS

We measured the OPR of newly formed H2 and D2 on a p-ASW surface held at 10 K. The surface was irradiated with a beam that has been dissociated (with a larger atomic than molecular fraction) and with a purely molecular beam. The REMPI signal during a TPD was integrated, and corrected for the undissociated fraction, giving an OPR of newly formed D2 corresponding to the LTE value at high température (OPR = 3).

For H2, the experimental 1 y determined OPR is inconclusive due to the presence of H2 as a major chamber pollutant.

We note the importance of considering the molecular beam fraction and accounting for its rotational distribution in the experimental détermination of the OPR of newly formed molécules. We further note that dérivations of the OPR from astronomical observations should take into account the contribution of newly formed molecular hydrogen, especially in régions where H? can still be found in atomic form (allowed by a high enough dissociation rate) and will further recombine.

A low OPR value will thus indicate a région where recombina tion is not the dominant process, and where freezing on grains

gives an OPR at equilibrium with the grain température. Further In a joint collaboration with the Laboratory Astrophysics Group in Jena (Germany) we pro duce nanometer-sized silicate samples via laser ablation. Silicate samples with the stoichiometry of forsterite and fayalite are prepared with both amorphous and crystalline structure.

The silicate materials are characterised and ongoing structural transformations via spectroscopic techniques are monitored. High-resolution transmission électron microscopy (HRTEM), energy-dispersive X-ray spectroscopy (EDX), atomic forced microscopy (AFM) and scanning électron microscopy (SEM) are used to analyse the morphology, structure, and Chemical composition of dust, just condensed (amorphous) and subsequently annealed (crys talline). These samples will serve as surface catalysts in molecular formation experiments, and the results are presented in section 3.5. This provides a major link to astronomical observations as a tool for identification of cosmic dust properties.

INTRODUCTION

Major amounts of cosmic dust are formed via gasphase condensation in the winds of asymptotic giant branch (AGB) stars [START_REF] Zhukovska | Why Galaxies Care About AGB Stars: Their Importance as Actors and Probes[END_REF]Gail et al. 2009;Groenewegen et al. 2011;Zhukovska & Henning 2013). Eventually, the dust is ejected into the interstellar medium where it will be partly destroyed, recondensed and finally incorporated into intcrstellar clouds.

Silicates are a major component of interstellar dust (Dorschner et al. 1995;Colangeli et al. 2003;Henning 2010). They are mostly found as amorphous silicates with pyroxene (Mg^SDOo) and olivine (Mg2SiO,i) sto ichiometry, where M indicates the métal cation with Mg and Fe being the most abundant. Crystalline silicates in the form of forsterite (Mg2Si0.i) and enstatite (MgSiCU) hâve been detected in different as trophysical environments such as in circumstellar envelopes around low-mass evolved stars with liigli mass loss (e.g. Waters et a. 1. 1996), in luminous blue vari ables [START_REF] Waters | Luminous Blue Variables: Massive Stars in Transition[END_REF], and in protoplanetary disks (Waters et al. 1996;Juhâsz et al. 2010;Molster et al. 2010;Sturm et al. 2013).

Dust grains absorb stellar ultraviolet radiation and émit in the infrared, controlling the thermal balance of interstellar clouds and cosmic processes such as star tolou.sabri@uni-jena.de The most abundant molécule in the universe, H2, is supposed to be formed on the surface of dust grains (Vidali 2013). Gould & Salpeter (1963) and Hollenbacli & Salpeter (1971) pioneered the theoretical studies on hydrogen formation via physisorption on dust grains. They showed that surface defects such as kinks, ledges, and corners increase the résidence time of an atom on the surface and thus the formation efficiency of molec ular hydrogen.

In order to study the influence of dust surfaces on the formation of molécules or the spectral properties and Chemical processing of dust grains in different astro physical environments, one needs to generate astrophys ically relevant dust grains in the laboratory. A group of new materials, called cosmic dust analogs, hâve been created in various astrophysical laboratories. For a re view on the rôle of laboratory experiments in the synthesis and characterization of cosmic dust material see the papers by Colangeli et al. (2003), [START_REF] Henning | Astrophysics of dust; Proceedings of an International Symposium[END_REF], and Henning & Mutschke (2010), respectively. Synthesis techniques such as sol-gel synthesis (Jâger et al. 2003;Demyk et al. 2012), melting and quenching (Dorschner et al. 1995), and crystal growth techniques (Chihara et al. 2002;Koike et al. 2003) hâve been applied to produce siliceous cosmic dust analogs, mostly for spectroscopic characterization. Since these techniques usually proceed in tliermodynamical equilib-rium, the final products are bulk materials that are very hornogeneous in structure and Chemical composition.

Consequently, the dérivation of optical constants is possible without using difficult and uncertain models.

These can be used to calculate the absorption and scattering behavior of difforently sized and shaped grains (Fabian et al. 2001).

Nevertheless, cosmic dust grains are argued to be forrned by gas-phase condensation. Gas-phase con densation techniques for the production of amorplious nanometer-sized silicate grains hâve been applied by various groups (Day 1979;Nuth & Donn 1983;Scott & Duley 1996;Brucato et al. 1999Brucato et al. , 2002)). Com préhensive experimental studies of nonequilibrium gasto-solid condensation processes hâve been performed by Nuth and Rietmeijer. A summary of this work can be found in Nuth et al. (2002).

In our laboratory, we hâve successfully used gas-phase condensation techniques sueh as laser pyrolysis and laser ablation in a quenching atmosphère for the production of carbonaceous cosmic dust analogs (Jâger et al. 2006;Jâger et al. 2009). Laser ablation is a condensation tech nique that also turned out to be an efficient method for the production of hornogeneous, amorphous, nanometersized silicate grains. In this paper, we describe the pro duction of amorphous silicates of olivine-and pyroxenetype stoichiometry with various Mg2+/Fe2+ ratios including Mg2SiC>4 and Fe2Si04. Additionally, crystalline samples hâve been synthesized by subséquent annealing of the amorphous grains in well-defined atmosphères. Generally, the produced cosmic dust analogs can be used for experimental studies on dust condensation, Process ing by UV, ion irradiation, and shoek waves, and for studies on molécule formation in ices or on bare grains.

In a joint research project with the Laboratory Astrochemistry Group at the Observatoire de Paris, the condensed grains hâve been used as real surfaces for molécule formation experiments. The silicate samples hâve been inserted in a UHV molecular formation setup to investigate their effect on the formation rate and rovibrational distribution of H2. These results will be presented in forthcoming papers.

I11 this paper, the applied laser ablation technique and production procedure are described in detail in Section 3. The results of the condensation process using struc tural, Chemical, and morphological characterization tools are discussed in Section 4. In Section 5, we présent con clusions and outline future experiments that can be conducted with such samples.

GAS-PHASE CONDENSATION OF THE SILICATE ANALOG SAMPLES

Amorphous silicates with olivine and pyroxene sto ichiometry and crystalline silicates coinprising olivines and pyroxenes represent major silicate dust components.

The two endmembers of the olivine (Mg2xFe2-2a;Si04) and pyroxene (MgxFei_aeSi03) solid solution sériés are forsterite (Mg2Si04) and fayalite (Fe2Si04), and enstatite (MgSiOs) and ferrosilite (FeSiOs), respectively. We hâve mainly focused our study 011 the production of amorphous magnésium iron silicates with olivine sto ichiometry ineluding fayalite and forsterite with both amorphous and crystalline structure. Targets that hâve been used were either Mg-Fe-Si tar gets with métal ratios expected for olivine or pyroxene stoichiometry, or amorphous silicate targets with olivine or pyroxene composition. The powder was pressed under a pressure of 5 tons. The produced métal target was used in the ablation ehamber in a quenching gas atmosphère of He/02 with a ratio of 3:1. For the évap oration of silicates, a quenching gas atmosphère of pure hélium was employed. An advantage of tire applied laser ablation technique is the higli power density that can be achieved by using a pulsed laser. The applied power densities which is a measure that correlates with the tem pérature in the condensation zone varied between 4xl08 and 8xl09 Wcm'2 resulting in vibrational tempéra tures in the laser-induced plasma of more than 4000 K (Jâger et al. 2009). Consequently, a high concentration of reactive clusters and atoms can be achieved resulting in a high supersaturation of the vapor.

Laser ablation into a quenching gas atmosphère pro duces a shock wave which shows a decreasing expansion velocity with increasing distance froin the target. The velocity of the blast wave dépends 011 the pressure of the quenching gas (Dyer & Sidliu 1988). The condensation starts in a zone that is located between the vapor plume and the quenching or background gas wliere the super saturation of the vapor allows the condensation of stable nuclei and further growth of particles by surface growtli or coagulation. Generally, cooling rates of the vapor are high and may exceed K/s. The exact condensation température cannot be measured but according to the high température in the laser-induced plasma a conden sation température of more than 1500 K is supposed.

The freshly condensed grains were adiabatically extracted through a nozzle (orifice 0.8 mm) into a sec ond ehamber with a lower pressure of around 10"3 mbar.

During this expansion, the particles découplé from tire gas and the density of grains within a définit e vol ume strongly decreases. Consequently, further particle growth and coagulation processes are prevented. A sec ond extraction is performed through a skimmer into a third ehamber with a pressure of 10"6 mbar. The jet of particles can be simultaneously directed to a substrate for déposition of a particle film and to a quartz microbal ance for measuring the thickness of the particle film. In Fig. 4, the condensed amorphous grains of the pure end-members Mg2Si0.i and Fe2Si04 (left) are compared to the annealed crystalline grains (right panel). In the amorphous Mg2SiC>4 samples, the aggloinerated grains are in the range of 5 to 10 nm in diameter. As in the case of the rnixed divine sample, the amorphous Mg2SiC>4 particles do not show any inhomogeneities. The struc tural évolution during annealing can be observed by the appearance of the typical lattice fringes due to crystallization.

The annealing process causes the growth of the spherical particles, resulting in large, homogeneously composed grains with a maximum size of ~200 uni.

In addition, the spherical grains are transformed into facetted grains. The crystallites are randomly oriented and show lattice fringes with different distances due to various crystal surfaces of the anisotropic olivine crystals. It is inferred from the HRTEM images that about 80 % of the material is crystallized.

Most of the area of the amorphous Fe2SiC>4 do not show liints of phase séparation pointing to a homoge neous material. The HRTEM image shows the typical disordered structure of grains. However, the formation of traces of Si02 and FeOx can be found in the condensate. The annealing of the amorphous Fe2SiÛ4 grains amplified the tendency of the phase séparation result ing in a crystalline product that is composed of different phases sucli as fayalite, Si02, FeOx.

FESEM and AFM Imaging

FESEM imaging has been performed with a fieldemission FESEM (Zeiss LEO 1530 Gemini). The rés olution of the microscope dépends on the material but, at best, it can be up to 2nm. Tliis technique was used to obtain a better understanding of the morphology of the condensed and deposited silicate grains. Fig. 5 shows FESEM images outlining the morphological différences between the amorphous magnésium silicates (left) and crystalline magnésium silicates (right). The left image shows the individual particles with sizes from about 5 to 30 nui consistent with the sizes of primary grains of 5-15 mil observed in the HRTEM. Already in the conden sation process, the particles start to agglomerate leading to larger, fractal and porous grain structures. Consequently, the final grain sizes are very comparable to the size distribution of interstellar silicate grains between 25 and 250nm derived by Matins et al. (1977). The sizes of the pores were determined to range from around 20 to around 100 nm. After annealing, the grains grow and form up crystallites of about 150 nm that are connected over the pores. The rnixed amorphous MgFeSiO i and the pure amorphous and crystalline Mg2SiC>4 and Fe2SiÛ4

show very similar morphologies.

AFM imaging has been performed on our samples with a Nanoscope Ilia, a scanning probe microscope, using the tapping mode, which lessens the damage of the sur face. AFM images of our silicates are presented in Fig. As it is shown and discussed in Gavilan et al. (2013), as a resuit of annealling and crystallization, the shallow valleys transform into wider valleys with steeper slopes and "bridge-like" structures. The amorphous sil icates contain different types of defects such as nonbridging oxygen fiole centers [START_REF] Thompson | Asteroids, Cornets, and Meteors: ACM 2002[END_REF]), Ecenters (oxygen vacancies with a trapped hole or 3-foldcoordinated silicons), different variants of diamagnetic "ODCs" (oxygen-deficicncy centcrs). These defects are rernoved as crystallization progresses. The presence of defects in the amorphous silicate structure may increase the probability of surface reactions. ical of amorphous pyroxene-type or olivine-type silicate, monomers, chains, and three-dimensional Si02 struc tures are blended in the amorphous inaterial. Thus, a short-range order exists due to the given stoichiometry, but the long-range order is lacking. In contrast, crystalline silicates hâve a short-and long-range order due to their stoichiometry and regular lattice structure (Colangeli et al. 2003).

The results of the FTIR measurements are shown in Consequently, a small band shift from 9.7 to 10.0 pin can be observed due to the decreasing polymerization degree in amorphous silicates of pyroxene-compared to olivine stoichiometry (see Fig. 7). Similarly, a very small shift of the broad lOpm band front 9.7 pm for pure Mg2Si04 to 9.9 pm for pure Fe2Si04 can be observed in Fig 8 . The width of the 10 pm band is smaller for the Mg2Si04 sample. There is an additional feature at 11.5 gm in Mg2Si0.i or MgFeSi04 grains. This band is caused by H-Si-0 groups (Shinoda et al. 2006;Hagenmayer et al. 1998;Jâger et al. 2009) that can be fornted formed during silicate condensation in gas atmo sphères containing small traces of water.

Unlike the amorphous silicates, crystalline forsterite and fayalite produce a wealth of narrow bands from the mid-infrared to the far-infrared spectral range due to Si-0 and Mg/Fe-0 vibrations (Jâger et al. 1998;Koike et al. 2003). In general, olivine show asymmetric stretching vibrations in the 10 to 11.6 gm range and Si-O-Si and O-Si-O bending modes at 16, 20, and 23/mi. Metal-0 translational vibrations occur in the range between 33 and 40 /an. The crystalline Mg2SiO.) sample prepared by annealing was compared to the IR spectrum of previously measured forsterite (Jâger et al. 1998) showing a good agreement between both spectra.

The comparison proves that a randomly orientée! polycrystalline forsterite was produced from the amorphous Mg2SiC>4 sample. The slight shift of the forsterite bands to longer wavelengths in the spectrum taken from the literature can be explained by matrix and morphological effects. Our crystalline Fc2Si04 sample has been com pared to a synthetical fayalite measured by Koike et al. (2006). There are elear différences in both spectra due to the appearance of phase séparations and inhomogeneities in the annealed Fe2Si04 silicate sample. In fact, apart from the fayalite, Si02 and Fe-oxide grains hâve been detected. The phase séparation was already observed in the amorphous sample but was clearly developed during the annealing step. From the HRTEM studies of the an nealed Fe2Si04, we infer that around 60 % of the material is crystallized.

ASTROPIIYSICAL CORRESPONDANCE

Fig. 8 shows the comparison of both amorphous pyroxene-and olivine-type silicates with the silicate pro files of WR. 98a that represents the local ISM measured by Chiar & Tielens (2006). The lOpm feature peaks at a slightly shorter wavelength of 0.1 pm for pyroxene-type Mgo.6Feo.4Si03 compared to the observed extinction pro file.

As it is seen in Fig. 8, the extinction profile of the 9.7 and 18/im features broadens and the strength of the 18/im feature increases as the Mg/Fe ratio decreases (Dorschner et al. 1995). It is known that the extinction profile dépends on the shape and porosity of the absorbing grains. According to FESEM performed on our samples, the condensed silicate samples produced by laser ablation tend to be very porous. As explained by Chiar & Tielens (2006), the pores resuit in larger ex tinction cross sections relative to their solid counterparts and therefore by increasing 50 % of the vacuum volume they observed a better match to the observed extinction profile. Another cause for the différence in width and shape of the 18/im band could be aluminum oxide which is heavily depleted in the ISM and has a band at 12.13/iin [START_REF] Whittet | Dust in the galactic environment Wozniakiewicz[END_REF]) Mathis et al. (1977) indicated that the particle size dis tribution are roughly power law in nature and the size range of silicate material depending on the composition can vary between 0.025 to 0.25 pin. This resuit is com parable to what we preseted in HRTEM and FESEM spectroscopy. Our single condensed grains vary between 5 to 10 nm in diameter and tend to agglomorate and make larger grains in the range of 25 to 250 nm. Furthermore, a comparison between the morphology of the samples obtaind in the laboratory with some extraterrestial grains show a good match of the produced silicate grains. For instance, Wozniakiewicz et al. (2012) showed results on crystalline grain size distributions in chondritic porous (CP) interplanetary dust particles (IDPs) with grains that are Mg-rich silicates and Fe-rich sulfides, the two most abundant minerais in CP IDPs.

It is found that they are predominantly <0.25 pm in radius with a mean grain size that varies from one CP IDP to another.

Volliner et al. ( 2009) présents three Fe-containing glasses with subsolar Mg/Si ratios, similar to GEMS grains from IDPs, that are > 20 nm with minor sulfur content. They presented a grain consisting of a crystalline center, ~50 -100 nm in size, surrounded by an elliptical, amorphous, homogeneous mantle. In this paper, the focus was set on the production of olivines with different stoichiometry and structure including pure magnésium (Mg2Si04) and iron silicates (Fe2SiC>4). The thoroughly characterized silicate analogs described here were employed for joint surface experi ments on hydrogen formation using the FORMOLISM (Formation of Molécules in the ISM) ultra liigh vac uum apparatus (Lemaire et al. 2010) at the Université de Cergy-Pontoise.

In this apparatus, the incoming atomic or molecular gas impinges on the sample surface where atoms recombine into molécules. The détection of molecular formation is achieved using a quadrupole mass FlG. 7.-IR spectra of amorphous and crystalline Mg2Si04 (left) and Fe2Si04 (right) samples. The spectral région from 9.0 to 12.5 pm corresponds to different asymmetric and symmetric stretching vibrations of the SiC>4 tetrahedra, bands of the région between 14 and 22 pm are caused by bending vibrations of the SiC>4 tetrahedra, whereas the bands in the range beyond 22 pm can be attributed to translational vibrations of the métal cations within the O cage and complex translations involving métal and Si atoms. spectrometer (QMS) and a resonantly enhanced multiphoton ionization time-of-fiight spectrometer (REMPI-TOF). The latter can discriminate between the rovibrational States of the just-formed molécules, thus providing precious information on the excitation energy of H2 when it leaves the grain analog. The dependence of H2 formation on the structural variations within the sili cates and in particular, on the Chemical variations within the olivine family, is still unknown. This lias motivated the following experiments concerning the interaction of hydrogen atoms and molécules on these silicate analogs: i) we liave cooled the silicates (T < 10 K) to compare the rotational distribution of molécules (formed and already formed) following scattering on the amorphous and crys talline surfaces, ii) we hâve pre-dosed the silicates witli molécules to look for ejected rotationally hot hydrogen, iii) we hâve varied the surface température to probe the formation efficiency of molecular hydrogen on these sur faces, and iv) we hâve deposited pure hydrogen molécules on the different, silicat e surfaces to c.heck for possible nuclear spin conversion effects following adsorption. The results of these studies will be published in a forthcoming paper. The new group of gas-phase eondensed cosmic dust analogs can generally be used for laboratory studies on dust condensation and processing, and for experimental studies on molécule formation in ices or on bare grains. We hâve studied how silicate dust influences the formation of molecular hydrogen and how newly formed molécules are thereby affected by dust. In a joint collaboration, silicate analogs hâve been produced via laser ablation at the Laboratory Astrophysics Group in Jena, see section 3.4. These dust grains are then processed to simulate inter-and circumstellar media conditions, providing extremes in: structure (fully crystalline or amorphous grains), and stoichiometry (the forsterite and fayalite end-members of the olivine family).

The interaction between hydrogen atoms and carbonaceous surfaces (particularly graphite) has been favoured by theoretical studies mostly because of the symmetrical properties of graphitic surfaces. Silicate surfaces are more complicated to model, and the interaction of hydrogen on silicates is still an area under exploration. This is one major motivation for studying the interaction of atomic and molecular hydrogen on silicate dust in the laboratory.

These dust samples are then inserted in FORMOLISM, an ultra-high vacuum setup where they are cryogenically cooled (down to 5 K). Atomic beams are directed at the dust surfaces and the formation of new molécules is studied via REMPI(2+1) spectroscopy. With this technique, we explored the rotational transitions from v" = 0 , J" = 0 -5, of the ground electronic State of H2. These results are compared to those from the first silicate sample used in this setup, described in subsection 2.1.4, which was prepared by thermal déposition.

Surprisingly, the rotational structure of hydrogen molécules following scattering on amor phous and crystalline grains is different. These results complément surface science studies usually performed on single crystal surfaces, and hint at the major rôle of surface structure.

In addition, first-of-its-kind experiments hâve been performed to address the conversion of the nuclear spin of hydrogen on dust. These experiments had only been previously performed on icy surfaces. We deposited hydrogen molécules on both the Mg and Fe-rich dust surfaces and detected nuclear spin conversion possibly due to the presence of metallic oxides.

Because gas phase collisions are inefficient to form molécules in space, dust surfaces increase the atomic interaction timescale. We demonstrate that their structure and Chemical composi tion affect how molécules form and interact on their surface. We conclude that the analytic characterisation of dust analogs and the rotational distribution of product molécules is vital for our further understanding of the internai structure of molécules in space.
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INTRODUCTION

Simulating pliysical conditions in the interstellar medium has become possible since more tlian a decade due to the achievement of ultra high vacuum and cryo génie cooling (both of gas and surfaces) in the laboratory. The first experimental studies on hydrogen for mation on astrophysical analogues were done on icy sur faces (Lee 1972;Govers et al. 1980) under slightly impure conditions. Since then, experiments hâve attempted to more closely simulate H2 formation on dust surfaces: first on crystalline silicates (Pirronello et al. 1997a,b), amor phous carbonaceous surfaces (Katz et al. 1999;Pirronello et al. 1999), and more recently on amorphous silicates [START_REF] Vidali | Spectral measurements of CO and its isotopologues 139 4.5.5 Study of the 13C160 A-X bands 140 4.5.6 Term values of the A-X bands[END_REF]Lemaire et al. 2010;Gavilan et al. 2012).

In this paper, we hâve employed specially produced dust grain analogs corresponding to silicate dust widely observed in space (Henning 2010). We explore the for mation of molecular hydrogen by sending atomic beams on these surfaces. Newly formed molécules are then detected via quadrupole mass spectrometry (QMS) and REMPI(2+1) spectrometry. While the first diagnostic Few studies on cold surfaces of astrophysical relevance hâve employed the REMPI technique and this is the first work so far to scan the rotational structure of molécules interacting on silicate surfaces. Previously, the rovibrationally excited states of bl2 and IID formed on highly oriented pyrolytic graphite (HOPG) hâve been reported (Creighan et al. 2006).

In these experiments, we hâve used five surfaces. They consist of silicate dust grains known as forsterite-and fayalite-type (Mg2SiO,i and Fe2Si04) deposited on Sili con disks in amorphous form. Some of them were also annealed in order to obtain crystalline dust grains. A blank Si(lll) disk is used a référencé sarnple. We hâve executed several types of experiments in the laboratory. During ail these experiments, surface températures stayed con stant around 10 K, while the atomic or molecular D2 or H2 beams remained at room température.

We présent experimental results of the population of rotational States of molécules after interaction with the silicate surfaces mentioned above.

In section 2, we présent the rotational distribution of molécules formed on or ejected from the bare substrates as well as pure molécules scattered at v" = 0, J" < 5.

In section 3, we analyse these rotational distributions in order to obtain the rotational température of surface-interacting molécules. In section 3, we interpret these first set of results with the help of surface analysis microscopy methods sucli as AFM and SEM imaging. In section 4, we explore the rotational distribution of molécules after predosing each surface with D2 molécules. In section 5, we vary the surface température up to 70 K and scan only v" = 0, J" = 2 of D'2 molécules. 

FORMOLISM: Formation of Molécules in the ISM

The apparatus consists of an ultra-high vacuum (UHV) chamber pumped to low 10"10 torr range by a turbomolecular pump (Lemaire et al. 2010). The sample and the detectors are located at the center of the chamber.

The sample consists of a copper dise located at the end The dissociation efficicncy was measured either by Cross ing the QMS head with the molecular beam or with the QMS in a rernote position allowing the simultaneous use of the REMPI laser beam. There was no major différence in the resulting rates from these two methods, only the lower S/N in the rernote position. This was done before and after each set of experiments and was found to be 90 ± 5 % for D2 and 80 ± 5 % for H2. models (Morisset et al. 2005), show that newly formed hydrogen molécules hâve a high vibrational energy, the rotational energy can be spread over several rotational

States, from now on identified by the quantum number J. By comparing the REMPI signal with the dissociation on and off (atomic and molecular beams), and normalising by the undissociated molecular fraction, there an excess in the REMPI signal with S/N > 5 at v" = 0, attributed to the newly formed molécules on the surface. ble of D2 molécules in the gas phase at 300 K. Tins is used for comparison to our experimental results. Figure 2 shows the rotational distribution of formed molécules D£ after interacting on Mg2SiC>4 (amorphous) surface at three températures. Figure 3 shows the rotational dis tributions after interaction on crystalline silicates at 5.6

K. Figure 4 shows the rotational distribution after inter action on a Silicon disk at 10 K. For crystalline surfaces, we note that the higher rotational abundances occur at J = 0 and 1, whereas for the amorphous substrates, J = 2 is the most populated state.

We hâve also verified the rotational température of the molecular deuterium beam prior to any interaction with the surface. The rotational distribution and its rotational température fit are shown in Fig. 5. For this purpose, we probed the molecular beam with the laser from J = 0 to J = 5. The measured relative rotational populations résultée! in Trot = 360 ± 45 K (sliglitly above room tem pérature) with an ortho-to-para ratio (OPR) equal to 1.52 ± 0.48 (the expected OPR value at this tempéra ture is 2).

Rotational température: Boltzmann analysis

Boltzmann plots can be derived from the measured ro tational distribution of the molécules after interaction with the surface. These plots are obtained from the rela tive rotational distributions and allow us to détermine a characteristic rotational température for each vibrational level. The population Nj of a rotational level is found after integrating the REMPI signal during irradiation of the surface, for each rotational state, assuming that the formation of molécules results in instantaneous éjection, unlike formation on porous ice, e.g. Roser et ah (2003); Hornekaer et al. (2003). The Boltzmann distribution describes the population Nj as follows,

Nj oc gj{2J + 1) exp( -Ej k B Trot. ( 1 
)
where gj is the nuclear spin degeneracy, (2J+1) accounts for the rotational level degeneracy, J is the quan tum rotational number Ej is the energy of the cor respondu^rotational state, ks is the Boltzmann con stant and T is the rotational température.

We plot ~^n(gj(T/+i) ) vs ^he experimental data points are fitted by a linear least squares fit with a slope equal to 4. molécules formed and ejected from crys talline silicates hâve Trot << Tbearn, with a non-Boltzmann rotational distribution. However, there is not a complété thermal accommodation on the surface, so that Trot Tsurgace.

These results are summarised in Fig. 8 and in Table 1. The left panel shows the fitted rotational tempéra tures of molécules after interaction on amorphous sur faces. The right panel shows the saine for crystalline surfaces. When data points do not fit. on the straight line fit, the rotational populations deviate from the idéal Boltzmann distribution. Tins shows that the laser rriay be probing two rotational populations, one population exhibiting rotational cooling on the surface, and another population at ~Tbeam.

The first two major results derived from these experiments demonstrate that the rotational distribution of either D2 or Dj formed 011 any surface seerns to be the same. This hints that formation mechanism seerns to play a negligible rôle in the rotational distribution. The resulting rotational distribution for D2 molécules can be interpreted as a resuit of kinematic scattering events on the surface. This will be discussed in section 4. For newly formed molécules coming out of the surface after formation, another explanation is required and this is left as an open question.

Rotational cooling on crystalline surfaces

We remark the différence between the rotational distri bution of molécules scattered from an amorphous surface and of molécules scattered from a crystalline surface as shown on Fig. 8. In the first case, the rotational dis tribution corresponds to thermal equilibrium at 310 K.

On crystalline surfaces (crystalline silicates as well as the clean Silicon disk), the resulting rotational distribution is found mostly in J < 1 with an average rotational tempér ature of 120 K. This results from a transfer of molécules from J = 2 -F 0 and J = 3 -» 1.

We could even describe a progression in rotational cool ing with the degree of crystallinity of the surface. D2 scattered from amorphous Mg2Si04 show no rotational distribution changes. D2 scattered from the polycrystalline Mg2SiÛ4 and Fe2Si04 show a médian Trof ~130 K, while D2 scattered from the Silicon disk (single crystal) has Trot ~100 K (see Fig. 8).

Only one other group, using the Cosmic Dust experiment at UCL, has probed the rovibrational distribution of newly formed hydrogen molécules 011 highly-oriented pyrolitic graphite at 15 K. That work first probed HD and H2 molécules in the v" = 1 and 2 States (Creighan et al. 2006;Latimer et al. 2008). Later on, Islam et al. (2007) found the relative rotational populations in v" = 3-7. Measurements of newly formed molécules were not done for v = 0. Generally, they found that within each Rotational température for or D2 as a function of surface. Left: On an amorphous surface, the rotational température is K. Right: On crystalline surfaces, the rotational température is around 120 K. vibrational level, the most populated rotational States were J = 1 or 2. For our crystalline surfaces, we found that the most populated rotational states are J = 0 and 1.

The most populated vibrational State they found was v = 4. The HOPG surface consists of platelets of crystalline graphite with a mosaic spread of a few degrees. The rota tional température, averaging over ail vibrational levels, was found to be 317 ± 20 K. Their results differ front our findings on crystalline surfaces where the average Trot 120 K. Tins could be due to their low dissociation rate at the surface, which is estimated at 20 % at the graphite surface [START_REF] Islam | The Formation of Molecular Hydrogen in the Interstellar Medium[END_REF], leading to a lower formation rate.

Just like in [START_REF] Islam | The Formation of Molecular Hydrogen in the Interstellar Medium[END_REF], we find that Trot > Tsurface for newly formed molécules, confirming that part of the binding energy of hydrogen atoins is converted into rota tional energy on recombination. It also confirms that newly formed molécules do not coinpletely thermalise with the surface after recombination, but it does not eliminate the possibility of a few collisions within the surface. The formation happens via the Harris-Kasemo formation mechanism, which allows the non-tliermal dif fusion of atoms on the surfaces. The rotational distribu tion of newly formed molécules leaving crystalline sur faces also peaks at J = 0 and 1, agreeing with calcu lations by Morisset et al. (2005). Besides experiments by Lemaire et al. (2010) and the UCL group, not much experimental work on the recombinative desorption of molécules has been doue on bare surfaces at T < 20 K. However, the physical arguments help shed light on ours.

Experimental work has been done by Gostein & Sitz (1997). who measured the sticking coefficient of H2 dissociatively adsorbed on Pd(lll) and found a rotational level dependancy to it. They argued that the sticking co efficient should decrease with inc.reasing 4 because more quickly rotating molécules are less easily steered to dis sociation sites by interaction with the surface. They concluded that the rotational excitation of the incident molécule by the surface is together strong evidence for a coupling between the surface and the rotational de gree of freedom of the incident molécule, and support the model of dynamical steering in the adsorption process. Although they detected rotational excitation and no de-excitation, the rotational energy modification after surface interaction is seen. In addition, experiments by Bertino et al. (1998), showed that there are différences in the scattering of ortho-and para-H2 on a LiF(001)

surface. The experimental results 011 cooling hâve been interpreted by rotational-translational coupling, which transfers energy from the rotating, but still-adsorbed, molécule to the translational desorption coordinate.

Yang & Ralunan (1990) perforrned a classical trajectory calculation on a PES with emphasis on the ro tational degree of freedom for the H2CU System. For molécules desorbing with the angular momentum parallel to the surface normal (helicopter mode), no cool ing is found. For molécules with J parallel to surface (cartwheel mode), they obtain a strong rotational cool ing due to rotational-translational coupling. Gross et al. (1995) later used a 6D dynamics simulation to model tlie H2 dissociative adsorption of H2 on Pd(100), confirming the experimental results of Schroter et al. (1991), arguing that dynamical steering and steric effccts arc responsible in the rotational cooling of molécules.

ANALYSIS IN TERMS OF SURFACE

MORPHOLOGY

Table 1 shows a summary of the rotational tempéra tures of molécules leaving the different silicate surfaces and Silicon disk. These are derived from the Boltzmann plots in Fig. 6 and Fig. 7. To interpret the rotationally colder populations Corning out of the crystalline surfaces we need to consider botli the rotational distribution of the incoming beam and the morphology of the surfaces. AFM diagnostics is key in this analysis as it provides invaluable information on the morphology of the crys talline and amorphous surfaces, such as the depth of the defects, pores, facets, kinks, and inclination of the grains.

AFM and SEAI microscopy analysis

This work compléments our previous analysis in Sabri et al. (2013). We use our imaging diagnostics to consider the possible effects of the surface morphology on the ro tational cooling of the formed and scattered molécules on them.

A 3D image, see Fig. 9, produced from AFM measurements shows tirât the Silicon disk surface is extremely fiat and has no defects. Fig. 10 also shows processed 3D images of Mg2SiC>4, which demonstrate that, following annealing, the shallow valleys transfonn into valleys with sharper or steeper slopes, as seen in the 5 /nn overview and the 1 /mr zoom. Fig. 11 (b) shows the depth profile on two surfaces of different morphologies (amorphous and crystalline). It shows that the depth of the pores (dust grain clusters) is similar (~400 nm) at the maximum.

Inspection of the surface with a scanning electronic mi croscope (Fig. 12), shows that after annealing, the valleys between the porous clusters become filled with "bridgelike" structures, nanrely, tire crystalline grains develop large plane-like crystalline structures (of a few hundred nanometers).

These modifications are also seen with AFM and HRTEM diagnostics (Sabri et al. 2013). Even if these crystalline bridges are 100 -300 nm long, and therefore geometrically irrelevant for a single nrolecule of the order of 1 A in size, the single, flatter, dust grains could help adsorbing the rotational energy of inrpinging molécules.

Both crystalline silicates and the Silicon disk produce rotationally cooled molécules, suggesting that rotational cooling may be a kinematic effect most likely produced both by the flatter single grain geometry on these sur faces and by the presence of bridges in between clusters, which effectively affects the translation-rotation coupling of the incoming and/or newly formed molécules. Effec tively, rounder grains will allow the "cartwlieel mode to keep rolling", thus leaving the rotational température of D2 scattered on amorphous grains unchanged, while the flatter grain walls will facilitate rotational energy loss. A statistical analysis of the surfaces (performed with the GNU Gwyddion software maintained by the Czeeli Metrology Institute) shows that indeed, the average dé viation of the normal to the rnean plane from the z-axis SEM images of Mg2SiC>4: after annealing, the valleys between porous clusters seen on the amorphous surface get filled with crystalline bridges. These bridges act like molécule cages. (9 in Table 2), decreases from 6.3°for the amorphous Àlg2Si04 surface to 3.8°for its crystalline counterpart to 0°for the fiat Silicon disk. The angular distribution is also shown in Fig. 11 (a). We also show that grains on the crystalline Mg2SiC>4 surface hâve less heiglit irregularities (R", RMS values) than on the amorphous Mg2Si04 surface. The surface of the Silicon disks is, as expected, very smooth and perfectly fiat (witli 0 = 0) except for scratch marks a few nm deep.

Hot hydrogen

Recent experiments (Gavilan et al. 2012) hâve shown that part of the exothermic energy release during H2 for mation (4.5 eV) can lead to a non-thermal desorption mechanism of molécules already adsorbed on a dust sur face. Tins exothermic energy release may be transferred into the internai degrees of freedom of pre-adsorbed molécules. When ejected from the surface, these desorbed molécules are referred to as ''hot hydrogen", rotationally hot molécules that accompany newly formed H2 ejected from the grain. Cecclii-Pestellini et al. (2012) explore the importance of "hot hydrogen" in the chemistry of diffuse clouds. Mot.ivated by this, we designed experiments to scan the relative rotational abundances of hot hydrogen molécules.

Pre-dosing a dust surface with D2 molécules (up to a monolayer, approximately 1015 molécules cm-2) can increase the formation rate of D2 up to 35 ± 10 % at Tdust -5.5 K (Gavilan et al. 2012). With this in mind, we performed two experiments: in the first one, we predosed the dust surface, and in the second one, we employed a bare dust surface at T < 10 K. These were then irradiated with D atoms and followed by a TPD. REMPI signais from J = 0 to J = 5 were recorded dur ing the pre-dosage, atornic irradiation and TPD intervals.

The REMPI signal for eacli J was integrated during the atornic irradiation interval assuming immédiate éjection of newly formed molécules. A priori, the ejected "hot hy drogen" molécules are expected in the J > 3 rotational states, noting that this détection is difficult silice the number of molécules in the pre-coverage dose is much lower t han the irradiating flux, ideally, tire atornic beam sliould be cooled, so that the UV plioton beam disregards the molécules still présent in this beam. Newly formed IID on an amorphous silicate has a wider TPD profile than molécules formed on a single crystal, so that energy barriers for diffusion of H and H2 are larger, producing a dramatic différence in the kinetics of H+D for mation. HD molécules formed on the surface of an amor phous silicate hâve Edes ~60 meV, while on polycrystalline silicate Edes ~27 meV.

In these experiments, we used Fe2Si04 in both amor phous and crystalline form. We started with the crys talline form, varying its surface température up to 70 K and scanned only the v" = 0, J" = 2 rovibrational level of D2 molécules during irradiation with D atoms with the REMPI-TOF System. In addition, the QMS signal was also recorded during the 20 minute irradiation with D atoms. These were integrated for the irradiation period at the chosen surface températures, both for mass = 4 (D2) and mass = 3 (HD).

From the QMS data we note that when more IID forrns in the gas phase, less D atoms will be available to form on the surface. Figure 14 (right) shows that IID is less abundantly produced for the amorphous than for the crystalline surface.

This means that D2 formation is more efficient on the amorphous silicate surface. This is confirmed by the larger QMS integrated signais for D2 coming from the amorphous surface.

We compare these results to previous laboratory studies of H2 formation on interstellar grain analogs. The first experiments of this type done by (Pirronello et al. 1997b,a) on II2 formation on polycrystalline olivine found formation to be efficient only when the dust tem pérature is between 6 -10 K. More recent experiments on an amorphous silicate done by Lemaire et al. (2010) showed that formation is possible up to 70 K. Because we lack of data on the amorphous silicate surfaces beyond 40 K we cannot confirm this upper limit, but we confirm the decreasing formation efficiency trend with increasing surface température as seen by the black data points on Fig. 14. From the integrated REMPI signais, see Fig. 15, we note that for the lowest températures < 40 I< , the magnitude of this signal appears slightly larger for the amorphous surface compared to the crystalline surface. This can be understood in ternis of the higher surface area available on amorphous silicates as well as the greater number of defects they contain (Sabri et al. 2013).

The formation of HD on amorphous silicate samples has been studied by different authors (Percts et al. 2007;[START_REF] Vidali | Spectral measurements of CO and its isotopologues 139 4.5.5 Study of the 13C160 A-X bands 140 4.5.6 Term values of the A-X bands[END_REF]Vidali et al. , 2009)). Works by Katz et al. (1999) and more recently by He et al. (2011) hâve shown that there is a dramatic différence in the kinetics of IID for mation on amorphous vs. single crystal silicates. Our data reveals that the amorphous silicate (FeSiO.4) is a more effective surface for the recombination of D2 com pared to its crystalline counterpart. I11 addition, the sur face of a grain affects the energy of the newly formed H2 molécules since the formation of H2 is an exothermic reaction (releasing 4.48 eV). This energy goes into the heating of the grain, and into the translation and inter nai excitation of the newly formed molécule. We hâve shown in section 3.1 that once molécules form on our bare silicates, they are immediately released into the gas phase, allowing immédiate détection of molécules after atornic irradiation. There is no thermalisation of the H2 molécules such as in the porous ice case (Hornekaer et al. 2003).

ASTROPHYSICAL IMPLICATIONS

Bare dust grains are présent in diffuse atornic clouds (cold neutral medium) where kinetic températures are in the higher end of the 30 -100 K range (Snow & McCall 2006). Diffuse clouds are hypothesised to be the initial FlG. 14. Formation efficiency of D2 (surface reaction) and HD (gas phase) after interaction on Fe2SiC>4 at different surface températures detected in the gas phase by the QMS. 
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Fe2Si04 (amorph.) Fe2SiC>4 detected by the REMPI from v,r = 0, J" = 2.

link in the évolution towards denser and colder media.

Our experimental results on bare silicate dust can be applied to the gas-grain chemistry in diffuse clouds, where dust grains will be mostly bare.

The rotational cooling of gas-phase molécules interacting on crystalline silicates lias implications for the chemistry of the ISM. Rotationally cooler molécules will hâve a larger barrier to overcome when reacting with other species. The structure of dust grains will then hâve a clear impact in the ensuing Chemical networks.

Rotationally cooled molecular hydrogen maybe présent where crystalline silicates are found, such as in circumstellar shells. On the other hand, molecular hydrogen with a rotational Boltzmann distribution at 300 K may be more common in environments where amorphous sil icates are pervasive, such as the common diffuse interstellar medium.

CONCLUSIONS

In this paper, we hâve simulated the formation of molecular hydrogen on different dust surfaces. We chose silicate dust due to its large abundance in inter-and circum-stellar media. Because of our low kinetic tem pératures, we consider the physisorption of atoms and molécules on these surfaces and assume that the for mation mechanism ensues immédiate éjection. Thanks to the unique REMPI(2+1) technic{ue, we were able to map the rotational State abundances of the molécules formed and ejected or just scattered from these different surfaces.

Such scans allowed us to calculate the rota tional température of the newly formed molécules. This showed a rotational cooling of molécules that collided on crystalline dust surfaces. This is the first finie such an effect is reported. We interpret this as the blocking of spécifie rotational degrees of freedom when molécules collide with flatter surfaces. This characteristic was confirmed by AFM and SEM analysis of the surfaces. We showed data indicating the possible éjection of "liot hy drogen" molécules due to the exothermic release of newly formed D2, seen as a slight increase in the abundance for J > 4. Finally, we varied the silicate températures to confirm that lower températures enhance the formation of D2 and that an amorphous structure also enhances the formation over a crystalline 011e.

These novel experirnents demonstrate the simulation of the fundamental gas-grain interactions in the interstcllar medium and offer key information of the rotation structure of the ejected molécules. The ensuing chem istry from rotationally excited andor rotationally cool species plays a rôle in the Chemical network in space.

Our experimental results offer the possibility of mapping the rotational structure of molécules formed on silicate surfaces for the first time. In this chapter I describe the results from experimental runs at the SOLEIL synchrotron during 2011 -2013, to study two molécules of great importance in astrophysics: H2 and CO. These are used keys tracers of the molecular interstellar medium. However, H2, lacking a dipole moment, can only be observed through its quadrupole transitions. On the other hand, CO, a dipolar molécule, is used as a proxy for molecular hydrogen. Current astronomical research focuses on improving the CO-to-H2 "conversion factor", Xco, in different environments, e.g. [Bolatto et al. 2013].

A first experiment, described in detail in section 4.4, was aimed at the détection of ground State rovibrationally excited molecular hydrogen. Eventually, this would demonstrate the feasibility of doing molecular hydrogen formation studies using synchrotron radiation via REMPI(1+1). This method would be more efficient than the REMPI(2+1) method used in the laboratory described in subsection 2.2.4. Some of the advantages are the larger crosssection and the much easier tunability of the synchrotron light.

The as well as an ongoing joint analysis effort. The goal is to produce a comprehensive CO database composed of/-values and predissociation rates, and their rotational dependences, for the dipole-allowed bands in the 90-115 nm région for ail relevant CO isotopologues [Eidelsberg et al. 2012].

In addition, a complété study started in 2011 of the first vibrational A-X bands (V = 0 up to 9 or 10) of 13C160 in the 120 -155 nm région. Revised term-values for these bands hâve been recently published [Gavilan et al. 2013]. Ongoing work (subsection 4.5.7)

to calculate accurate oscillator strengths for this isotopologue is being done in response to a request from the astronomical community (Burgh, private communication). These will be used to analyse spectra acquired with the new UV instrument HST-COS (Cosmic Origins Spectrograph). Previous measurements on the A-X bands of 12C160 exist [Eidelsberg et al. 1992, StarketaZ. 1998, Eidelsberg et al. 1999] but no /-value measure ments hâve ever been undertaken on 13C160.

This high-resolution spectroscopic study will help in the interprétation of astrophysical ob servations. These measurements are critical inputs to the development of modeling efforts aimed at unravelling the complex spectroscopy of CO [Eidelsberg et al. 2004].

The SOLEIL Synchrotron

The name SOLEIL is an acronym for "Source optimisée de lumière d'énergie intermédiaire du LURE" (LURE optimised intermediary energy light source), LURE meaning Laboratoire pour l'utilisation du rayonnement électromagnétique. SOLEIL is managed by a civil corporation Electrons are first pre-accelerated before being injected to the storage rings. The Linac and the booster successively accelerate the électrons to their final energy. In the Linac (a linear accelerator), électrons achieve energies up to 100 MeV In the booster (a circular accelerator), électrons achieve an energy of 2.75 GeV The révolution frequency of the électrons is 846.6

Hz. When the électron velocity approaches the speed of light, in a circular orbit, the émission pattern is sharply collimated forward. This allows the vacuum chamber for the particles to be a large thin torus of a diameter of 113 meters diameter, circulating for many hours.

Once inserted in the storage ring, the électrons kinetic energy is kept constant. In the case a charged particle is accelerated perpendicular to the direction of motion, the particle energy is constant and the radiated power is given by,

e2c 2 f dp\2 rad ~67ie0(m0c2)2Ï [dt J (4-1)
where -p is the rate of change of the électron momentum, e0 is the permitivity of the free space, e and m0 are the charge and mass of the électron, and the Lorentz factor y is,

E ï = ? 9 m0cz (4.2)
for électrons at ultra-relativistic energies. For SOLEIL, y2 = 2.4 x 107. For a 2.75 GeV beam of 1012 électrons in a 1 Tesla field, the power radiated is 0.45 Mégawatt.

Bending magnets, wigglers and undulators deviate the trajectory of the électrons or make them oscillate, producing a beam with a continuous spectrum. The lost energy by the élec trons in the form of synchrotron radiation is compensated by radio frequency sockets, compensating the speed variations of the électron bunches. Multipole wigglers are periodic, high field devices, used to generate enhanced flux levels. Undulators are periodic, lower field, devices which generate radiation with additional harmonies. In order to eliminate undesired harmonies, the beam goes through a gas filter (Argon or Xénon) depending on the selected energy range, which absorb these and fluoresce in ail directions, as observed through a dedicated window. Undulators consist of N-S/S-N magnets. They émit only in restricted frequency ranges that are defined by adjusting the amperage in the magnets. In ail cases, radiation is then sent to experimental stations located on the different beam lines.

The source of light for DESIRS is a HU640 (OPHELIE2) undulator, an insertion device (ID) consisting of a 10 m-long helical/planar undulator designed to produce switchable photon polarisations in the VUy in the 5 -40 eV range. Among the properties of the synchrotron beam produced are its great spectral brightness or brilliance which is defined as the flux per unit area of the radiation source per unit solid angle of the radiation cône per unit spectral bandwidth. The addition of the wiggler to the 3rd génération synchrotrons provides light that is more brilliant than with dipoles. SOLEIL also benefits from having a large spectral range white light source, going from the infrared (1 eV) to hard X rays (50 keV). It also offers beams with variable polarisation, and spatial resolution down to tens of nanometers. These can be applied to techniques involving diffraction and diffusion of X rays. 

4.3

The DESIRS beamline Two mirrors, Ml and M2, prefocus the beam [START_REF] Nahon | DESIRS : a state-of-the-art VUV beamline featuring high resolution and variable polarization for spectroscopy and dichroism at SOLEIL[END_REF]. Ml is planar and takes most of the heat load (up to 120 W). M2 is toroidal in order to achieve a tight focus (~0.3 mm diameter) at the gas filter center used as a high harmonics/high order suppressor. The carbon-contamination of optical surfaces is a major concern on this beamline, particularly when working with CO or C02. This is resolved by injecting when necessary a constant flow of 02 on the M1M2 chamber at a base pressure of ~3 x 1CT9 bar. The photodissociation of 02 produces O radicals that react and clean up the hydrocarbon layer.

We hâve used the FTS branch (using the undulator white beam) for CO studies and the monochromatized beam (branch A & B) for H2 studies. VUV photons are absorbed by air and this is why the totality of the DESIRS beam line is put under vacuum, which makes it also compatible with the vacuum régime in the synchrotron ring. The pressure is controlled ail across the beam line as the photon beam propagates in vacuum at ~1CT8. To avoid a pressure excess in the beam line, relief valves are set up at regular intervals and close automatically the concerned section, interrupting the propagation of the beam.

The experimental runs (usually lasting three days, in shifts of eight hours) were granted after an application for beam time at the DESIRS beam line. The more the exit slit is open, the larger the photon flux as well as the wavelength width.

Therefore the resolution is low (which can cause simultaneous excitation of several rotational levels for example). In contrast, the narrower the exit slit, the higher the resolution, which allows a better sélection of individual levels at the expense of the photon flux. The monochromator is used for the REMPI(1+1) experiment detailed in section 4.4. Since the photon beam is ribbon shaped with a larger horizontal than vertical size, typical spectroscopy experiments require a monochromator with horizontal slits, which are narrowed to obtain the highest spectral resolution. The photon beam then has a small vertical size and angular divergence so that most of the flux from the source can pass through the narrowed entrance slits and strike the dispersing element at nearly the same angle. This quality is known as high brilliance.

VUV FTS branch

After the beam-waist created in the middle of the gas filter, the SR is steered and refocused Because the transportation to the synchrotron of an experimental setup such as FORMOLISM is difficult, hydrogen formation experiments up to now hâve been performed in the laboratory with a UV laser using the REMPI(2+1) technique. H2 in the ground electronic State at v", J" is excited to an electronic State and ionized immediately after so that it can be detected by a TOF spectrometer. A first drawback of using a dye laser is that the REMPI (2+1) process requires more power than the REMPI(1+1) process, as indicated below. A second drawback cornes from the large spacings exhibited between the different vibrational levels of H2, requiring the use of a large number of dyes (about one dye per v"). The third drawback is that pulsed lasers emitting during 12 ns puises at a rate of 50 ms (for a 20 Hz laser in our case) are inefficient, as the observed signal is diminished by a factor of ~5 x 106 compared to the continuous signal of excited H*.

The main advantages of using synchrotron radiation in these studies is the wavelength tunability and direct excitation at 100 -150 nm. Typical cross-sections for single-photon ex citation are 10"17 to 10~18 cm2 and for two-photon processes 10~30 -10"36 cm4 W-1 [Pozgainer et al. 1994]. Previous REMPI(1+1) work done by [Meier et ai. 1985], required 8 x 108 VUV photons/s at 110 nm in an interaction région of 2 mm, giving a power of ~10n photons s-1 cm-2. At the sample position, DESIRS offers a power of ~1015 photons s-1 cm-2 on a 70 x 200 jum2 spot. Therefore, the power density at the focus of the DESIRS-6.65 m monochromator is sufficient to enable this non-linear process.

Principle

H2 molécules in the chamber are excited from the ground State (unless heated up by the tungsten lamp) X to the parity-allowed B or C 1n^State, requiring photons between 110 to 170 nm and 95 to 140 nm respectively, see Figure 2.16. The timescales for radiative deexcitation from these electronic State were measured in [Chandler & Thorne 1986] finding observed lifetimes of 100 to 200 ns. This means that, once excited by the first photon, hydrogen molécules should be ionised by a second photon within 100 ns to avoid relaxation.

It should traverse the photon beam size with a flight time, tfiight < 100 ns.

The root mean square velocity vrms is given by, v rms (4.3) which at room température conditions gives 1574 m/s for H2 and 524 m/s for H20. Water has a longer transit time across the synchrotron beam which may explain the water peaks in our recorded spectra, described later.

The beams at sample provided by the DESIRS beam line has a waist of 70 /im (V) x 200 /im (H) at the sample position on arm B of the monochromator. A hydrogen molécule, at the centre of the photon beam, would then take ~127 ns to leave the beam perpendicular to it. This is long enough to allow a second photon to ionise an already excited molécule.

In addition to the dependence of the transit time on the spatial cross section of the beam, the experiment also dépends on the flux, or the temporal beam cross-section. The photons at the DESIRS are due to électron bunches producing photon bunches that last 20 ps every 2.84 ns (300 MHz répétition rate). The synchrotron photon beam is quasi-continuous, and the interval between photon bunches is much smaller than the minimum relaxation time of an excited molécule of hydrogen. It's useful to pinpoint too that the synchrotron beam has a much greater frequency than a typical laser (for example, our Nd:YAG laser has photon puises lasting 10 ns at 20 Hz), which is a crucial advantage in détection and allows REMPI(lTl) détection.

We hâve about 1.25 x 1011 photons/s which should give us enough signal over 1 second inté grations. The signal we expect is that of the convolution of the beam intensity (whose central frequency at each step given by the monochromator) and the lineshape of the transitions we require, expected to be proportional to the distribution of détection ions.

4.4.2

Set-up of the annex chamber at DESIRS Next, the annex setup has to be aligned so that the focused synchrotron beam arrives just at the gas exit. We can work at the zeroth-order, which means using the grating as a mirror to obtain white light, which allows us to align the beam "by eye". In addition, the alignment with the zeroth order allows the interposition of a windowed gâte with LiF between the SR beam exit and our experimental chamber. The chosen grating has 200 lines/mm which corresponds to the lowest resolution of the beam line, but allows us to conserve the maximum flux.

We then need to insert a machined aperture fitting the beam size and an intermediate differentially pumped chamber not to be in excess of 10~7 -10~8 mbar on the SR beam side.

With the differential pump used (150 1/s) we can go up to a few 10-5 mbar in the exper imental chamber. The SR focus is located in the space between the lamp aperture and the TOF-MS grid. The ions produced are detected by micro-channel plates and recorded by a digital scope at a high sampling rate. As we work with photons ~100 nm, we hâve to work without Windows (no window material transmits at these wavelengths). The settings were finally adjusted as follows,

• The photon beam used is Oth order. The exit slit is set at 200 jim (maximum flux), and the chosen wavelength range goes from À = 110 to 90 nm.

• The chamber is filled with a D2 pressure of ~2 x 10"4 mbar. This causes an excess pressure at the level of the differential pumping, which causes a beam stop. The pres sure threshold for the beam line being 4 x 10"7 mbar. We check that the final pressure in the chamber has to be lower than 5 x 10~5 mbar which leads to a pressure of 2.2 x 10"6 mbar in the differential area.

The TOF, see fig. 4.6 allows the détection of ions, but instead of distinguishing the ions by mass, we distinguish them by their spectra as a function of wavelength. In fact, there is a main différence between the laser and SR due to their timing characteristics. Since our Nd:YAG laser produces a puise every 50 ms, the ions produced hâve the time to arrive between two successive puises, and the formed quantity in a laser puise can be integrated in the received signal. On the other hand, in the case of the SR beam, puises (every 2.8 ns) are quasicontinuous giving a quasi-continuous flux of ions that consequently cannot be detected by their time of flight.

The only way is to slowly scan in wavelength using a narrow line width to identify the ions by their energetic transitions. The obtained integrated signal corresponds to a spectra of the ionic species présent in the chamber. We tried two détection schemes for the signal given by the micro-channel plates of the TOF: 1) with an analog Keithley picoammeter and 2)

in counting mode with a LeCroy discriminator and rate-meter. In this latter case, using a threshold (discriminator) allows counting the integrated signal only above a certain level in order to cancel the noise at a chosen level.

Results and conclusions

After the first tests, we know that the electronic detector works because a noisy signal is recorded. However, there is no signal detected for the ions at the expected wavelength.

We change frequencies by scanning À from 110 to 116 nm, but no détection is achieved.

Increasing the acquisition time does not give positive results. Spectra were take in different [Katayama et al. 1973] showing the total absorp tion, (jT, similar to the peaks in Fig. 4.7.

wavelength ranges to detect the presence of D2 in the higher rovibrational State. No transi tions for D2 are présent in the 106 -112 nm range. The lines at À < 100 nm are attributed to water, which may be due to impurities in the gas bottle. Scanning A from 89 to 99 nm gives an apparent signal for H20. The presence of water lines is surprising as the H2 bottle is pure to 99.997 % and H20 is présent at 2000 ppm. We identify this as the obtained spectra is similar to crT in [Katayama et al 1973], as seen in Fig. 4.8. This is why the pumps are stopped and the chamber is opened, to verify that no parts of the System were shifted. Everything was verified and the synchrotron beam was re-aligned to reach the D2 molécules at the exit. The bottle was switched with a bottle of H2 but once again, no détections were obtained, as seen in fig. 4.7. In the end, the wavelength range was verified to hâve a photon energy larger than 13.6 eV to be able to ionise more H2 but no signal was obtained. Once the annex setup was brought back to Cergy, REMPI(2+1) détection was tried at ~222 nm, with no success. Some hypothesis regarding this négative outcome include the resolution of the synchrotron beam used. However, the synchrotron beam offers a resolution on the order of AA = 0.02 nm, which is enough to résolve a purely rotational transition of AA = 2 nm at 110 nm. After close inspection, we found a fault with the TOF detector, which was unfortunately not calibrated before the synchrotron run. After opening up the TOF, a connection in the micro channel plate was found broken. This probably avoided the accélération of molecular hydrogen ions. This was fixed and the annex setup was able to detect and D^" again. In the open cell régime, a second cell can surrounds the main one, which allows to decrease the température in the cell thanks to liquid N2, down to 77 K. Due to the Boltzmann distri bution at this température, low J' levels are more populated than higher ones, which lets us disentangle blended lines. We work with differential pumping as the pressure in the syn chrotron line has to be very low. This is done with two pumps, and the pressure slowly decreases through the two capillaries. This is why it is hard to know the column density with the open cell.

With both cells, the accuracy of the pressure measurement is limited by the accuracy of the pressures gauge of the order of 10"3 mbar. Due to the aforementioned pumping limitation for the windowed cell, the base pressure is usually around 5 /ibar. When working at low pressures (a few /ibar) with the windowed cell we noticed an increase in the pressure with time. We hâve not found any explanation for this, but if we perform a second similar sériés of 30 to 50 scans with the same fill pressure, the CO absorption appears to be exactly the same than in the first sériés. The spectra were acquired usually over 30 to 50 scans at three different pressures, see Figure 4.16. These pressures were used to compare the intensities of various lines, some which were barely visible and others which were otherwise saturated.

Between each sériés of scans, the vacuum is reset in the chamber. Figure 4.14: The potential energy curves for the low-lying electronic States of CO. These are calculated in [Lu et al. 2013] and shown with their spectroscopic labels as X1S+, a3n, a/3£+, d3A, A1!!, and 11S". We investigated the transitions of the A-X band and considered the 12CO/13CO is measured in the ISM to deduct the isotopic ratio of 12C/13C. In the solar System this value is reported to be 89 ± 1 [Clayton & Nittler 2004], determined from the bulk values found for meteorites, cornets, and interplanetary dust particles.

The potential energy curves for the low-lying States of CO are shown in Figure 4.14, and for some Rydberg States in Figure 4.15. These hâve been produced thanks to calculations and measurements. Laboratory spectra measurements of the isotopologues of CO in the VUV hâve a particular interest in astrophysics and in particular in the field of interstellar photochemistry in diffuse clouds and proto-stellar dises. Knowledge of the line positions and oscillator strength can help refining photochemical models. These measurements also let us quantify the mutual screening different isotopologues with respect to UV radiation. Indeed, astronomical observations of 12CO and 13CO hâve also shown that fractionation among iso topomers can occur [Federman étal. 2003]. This is because the more abundant isotopomer has more optically thick lines, resulting in more self-shielding from dissociating radiation in clouds [van Dishoeck & Black 1988].

The précision and scope of recent far UV observations with the Hubble Space Telescope e.g., [Burgh et al. 2007], require significantly improved spectroscopic models for their interpréta tion. This is essential to interpret the wealth of new information coming from the STIS-COS instruments installed aboard the HST. CO can be observed in the UV through its electronic transitions, in the infrared through rovibrational transitions and in the millimétré domain through purely rotational transitions. Unlike H2, a polar molécule like CO, has radiative tran sitions that favour AJ = ±1 transitions, see subsection 1.6.7 used to trace cold régions in the ISM.

Spectral measurements of CO and its isotopologues

Measurements were done on five isotopologues of CO: 12C160, 12C180, 13C160, 13C180 and 12C170. This last one is available only in the form of a 50% mixture with 12C160.

Work in 2009 -2011 led to the measurements of the oscillator strengths and predissociation rates for 12C160 of four bands from X 1E+(v" = 0) to the V = 0-3 vibrational levels of the W1!! Rydberg States and for six overlapping bands between 92.97 and 93.35 nm with a resolving power R = 350000. These were done with the open cell at 295 K and 77 K.

In 2011, two régions were considered: the B-X (0, 0) band for 12C160 at 115 nm and the A-X bands (129 -155 nm). These were both done with the closed cell. The B-X(0,0) band measurements in the closed cell were done as calibration measurements for the W-X bands.

This is because the former is unperturbed. Measurements are taken to accurately calibrate the intensity of the lines, even if part of the sériés was absorbed by MgF2 (which was not the case with the LiF window). These measurements were made with a very low pressure of accurate / -values and their error bars. Even for the strongest bands (V=l to 3) the statistics are poor. In addition, some of the records hâve been polluted by some strong 12C160

outgassing which is particularly detrimental for the low v where both isotopologues bands overlap, therefore perturbing the data fitting.

The A-X bands of 13C160 hâve been measured in a sériés of very low pressures (about 0.01 mbar) scans, as they are easily absorbed. We noticed oscillations on the spectrum, interpreted as being due to the MgF2 window that behave like a Fabry-Perot. These can be removed later during processing of the raw spectrum. The raw spectra include two atomic lines due to Xénon: between V = 2 and 3 (Xe I at 68045.156 cm-1) and between V = 9 and 10 (Xe I at 77185.041 cm-1). These lines hâve the advantage of not disturbing the spectrum and are The spectra in émission, after linearising the raw data using the Beer-Lambert law, were studied with the OriginPro software. This served to find, and mark each peak présent in each PQR band. The peaks doser to the band head are the most intense and they get weaker with increasing rotational number. PQR bands are identifiable by the progression in their intensities, where the Q-branch is the strongest, then the P-and finally the R-brandi. were successfully obtained on february 2013, with longer scans (N = 20 -60) at several dif ferent amperages and pressures. This resulted in spectra with much higher S/N than any of our previous measurements.

We started by analysing the 12C160 A-X bands as the oscillator strengths for this one are well known [Eidelsberg et al. 1999] and will allow us to verify our current calibrations and calculations with previous theoretical and experimental measurements. Once this step is achieved, we will proceed to calculate the unknown oscillator strengths of the 13C160 isotope.

In addition, these spectra are polluted by 12C160 présent as an impurity in 13C160, calling for these consecutive steps.

4.5.8

The simulation-fitting procedure

The goal is to obtain a parametrized theoretical spectrum to compare directly to an experimentally obtained spectra. After the recorded intensities are transformed into optical depths using the Beer-Lambert relation (eq. 4.5), the line positions are measured and tabulated and are used to create a synthetic spectra. The least-squares fit method used here is found in [START_REF] Press | Numerical recipes in C. The art of scientifïc computing[END_REF]]. It makes use of the Levenberg and Marquardt (1963) algorithm. The method consists on determining unknown parameters by a least-squares fit, minimising the X2 function defined as,

I2(a) = è 1 = 1
where a; corresponds to the parameters to be found, xi} y,-represent a single point coordinates, y(x(-,y, ) represent the value of the theoretical spectra calculated in x,-with parameters OEj, (ij is the error of the measurements and N is the number of points of the experimental spectra used for the fit.

This program, written in C, was developed at Meudon during the theses of [Malmasson 1994] and later [Jolly 1999]. With this program, several unknown parameters are determined simultaneously, and allows immédiate vérification by comparing the experimental and syn thetic results instantly. It also lets us combine the contributions of perturbations and isotope impurities. To calculate the synthetic spectra we use the following model, y(--y(x,-,a.) (Ji (4.7) where,

• P(A) is the apparatus profile

• Aj are the tabulated line positions and their relative intensities or cross-sections, crf, which will be adjusted.

• Fk(L, G, T, J]-, A,-, A') refers to the profile of a vibrational band obtained by summing over individual rotational lines.

• Summing over k allows the addition of a contribution of one isotope or another species defined by ?.i k and intensities L k with the parameter Rk which allows fitting the rela tive intensities by, for example, an isotopic ratio. Or, as it will be shown in Figure 4.23,

we can consider the P, Q, R branches as individual components.

• T is the température used to calculate the distribution of the rotational populations (n(J7/) following a Boltzmann distribution given by, n(J") (2J" + l)eTT £(2J"-f l)e~ïf The synthetic spectra is in blue (unscaled), and the synthetic spectra after convolution with the instrument profile is in red.

The optically thin simulated spectrum is then convolved with the instrument profile taken to be a sine function in the case of the FTS (whereas it is a Voigt profile in the case of a conventional grating spectrometer), see fig. 4.22. This is in order to compare the simulated spectra to the experimental spectra which is really the physical spectra convolved by the instrumental profile.

A.red file is fed into the modelling programme for each v' which contains lines positions and cross-sections. The program will do several itérations until the theoretical and experimental spectra match as well as possible. The input parameters of the simulation Appendix .2, could be left fixed (e.g. the line profile, the apparatus profile and the cross-sections) or be left free so that the program adjusts them. This has to be done carefully as some parameters may influence each other when left free. This is why, the parameters are fixed one at a time by examining the experimental spectra and choosing a fixed value so that the synthetic spectra can best describe the experimental one. This is the case for the gaussian width of a line which is derived from the gas température, and for the sine width which is determined by checking the spacing of its oscillations compared to the experimental ones. This latter is obtained by looking at a given isolated line.

Once the fitting is done, we can recover the best fitted values, for the line positions, crosssections, etc., and use these to eventually calculate the oscillator strengths (ongoing work)

as follows, me2 1fi / T(À)dÀ /o = ^2CTW=n-13x108) NA2 . w-13)

where the numerical coefficient corresponds to 12C160, À is in nm, N is in cm-2, and a is in cm2, and the intégration is over the band (PQR) profile.

The Hônl-London factors (Sj/j") indicate how the total intensity of a transition is distributed among the branches, i.e. the relative intensity found in the R-, P-and Q-branches. The absorption cross-section of a band is related to the cross-section of a single line by the relation for the A-X band [Larsson 1983],

= °Wy'\ç2jl + 1)Sj'j'' (4.14) so the Hônl-London factors for this transition are equal to J"-l, 2J"+1, and J//+2 for the I] Q and R branches respectively. Effectively, ctq = 0.5crv and <jp + crR = 0.5crv. Already known are the oscillator strengths of 12C160 results from lower resolution measurements [Eidelsberg et al. 1999]. In addition, A-X and triplet bands wavelength and crosssections are known resulting from theoretical calculations [Simmons et al. 1969]. Using the FTS, we hâve the unique opportunity to résolve the rotational lines. Thus, a first work before the study of 13C160 was to perform measurements on 12C160, in the same high resolution conditions, in order to check and compare with previously known oscillator strengths values obtained at lower resolutions. This work is still in progress as of july 2013.

A first step is to verify the experimental rotational lines présent in the spectra with previously measured rotational lines [Simmons et al. 1969], which are tabulated in a file containing ail rotational lines for the A-X bands transitions to V = 0-3, 6-8 as well as rotational lines due to triplets. These correspond to experimentally measured vibrational levels that were not saturated. There are about a thousand theoretical values for the three types of branches, PQR. The values for each V were plotted as "combs" on top of the experimental data, and if the theoretical value was not présent in the measurement they were removed from the theoretical list. In the end, about a hundredth of the original calculated values were found in the measurements. This is because some of these values hâve a faint cross-section and would require much larger pressures to appear in the spectra. A separate list of peaks that hâve been observed, but that do not appear in the calculated list of values is made. These peaks may correspond to unknown perturbations. The oscillator strengths calculated are compared to those listed in [Morton & Noreau 1994] until V -6 and those obtained at lower resolution by [Eidelsberg et al. 1999].

Préparation of input files for the simulations

Starting from the identified experimental lines .red files are created, containing A, and cr,-.

For each V, two separate files are created: one for lines with larger cross-sections and one for the set of weaker lines. These files contain the line position (in nm), and the label for each line (P#, Q#, R#), where the numeric suffix corresponds to the rotational number J" at the fundamental State. The notation for the rotational lines within a vibrational band v" -0 -» v' -1-9 is as follows, The LMD program takes the first two lines in these files as comments. In some cases there are two wavelength values with the same label in the supplementary peak list, corresponding to degenerate perturbations. Once the program is executed we obtain a file of the type B20_lpss.lmj which allows us to plot in OriginPro, the three curves and their labels as well as the residuals from the fit as in Fig. 4.23. Residuals can be minimised by improving on the line position measurement corresponding to the center of the peak. This is the case when the error is both positive and négative around a line. When ail line positions hâve been properly adjusted, the residual is then positive, indicating that the cross section of a given line has to be adjusted. Of course, both tasks are not easy when lines are blended as it is generally the case towards the band head. Introduction

We présent high-resolution VUV spectroscopy measurements of the A-X bands of 13C160. We measure more précisé and complété term values and tabulate observed perturbations. The A1!! State and the neighbouring valence States are mixed by the spin-orbit interaction for the triplets and the spin-rotation interaction for the singlet States. The following analysis is extracted from the thesis of [Field 1971] and [Jolly 1999], used to calculate the line positions of the main and perturbed lines for each band. The interaction between a vT level from a triplet and a vA level from the A 1n State is characterised by the matrix element, a{vT,vA) = (T,vt\HS0 \A,va) (4.16) where H50 is the spin-orbit operator following the sélection rules, see subsubsection 1.6.2.5, = Q ÜT ~nA = 0 e <-> e f f e *-/-»/ (4.17)

In an r-centroid approximation, a can be represented by the product, a(vr,vA) = H(r,A)(vr,vA) (4.18) where H(T, A) is an electronic term independent of v and (vr, vA) is the overall intégral for the The continuum background passes through a multipurpose gas-sample chamber before entering the VUV-FTS. The harmonic-free undulator source with a typical bandwidth of 7% is reflected toward the FTS branch. In practice, ten overlapping régions were recorded to cover the vibrational sequence of 13CléO A-X bands (t/ = 0 to 9) in the 128 to 155 nm région. Figure 1 Wavenumber (cm' ) The VUV-FTS line width is typically 0.17 cm"1, correspond ing to a resolving power around 400 000. At this resolution, over the course of about 1 h of data collection, 30 coadded scans typically resulted in an S/N ratio at the peak of the undulator bandpass of ~10, as seen for v' -5 in Figure 1 (top).

Owing to strict linearity in the wavenumber scale, the spectra can be put on an absolute scale using a single reference wavelength in the source. In fact, two Xe lines, compiled in the NIST Atomic Database,16 are interlaced with the A-X bands (between v' = 2 and 3 at 68045.156 cm-1 and between v' = 9

and 10 at 77185.041 cm-1), thus improving the accuracy in the wavelength calibration. In addition, as there is some overlap between the ,2C,60 and 13C160 bands, particularly for low v' numbers, we hâve used line positions of the former (recently measured in ref 17 with an accuracy of 0.002 cm-1) as references for v' = 0 and 1. This procedure is described in section 3.1 providing term values with an average accuracy within 0.01 cm-.

The gas-sample chamber includes two independent set-ups:

(l) a windowless gas cell (10 cm long equipped with two 15 cm extemal capillaries and permanently installed) that can be cooled with liquid nitrogen (contained in a concentric cylindrical vessel), and ( 2 High-purity 13C160 gas (Messer, 13C 99.1% ; ,60 99.95%) and CK-gas (13C 99%; lsO < 2%) was used. Spectra were obtained at several CO pressures between approximately 3 and 40 /vbar (recorded upstream from the windowless cell) and between 2.5 and 100 /ffiar (recorded at the filling of the windowed cell) in ten overlapping wavelength régions. The corresponding column densities in the windowless cell ranged from 10 to 120 X 1014 cm-2. Column densities in the windowed cell ranged from 1.2 to 50 X 1014 cm-2.

Measurements were made with the windowed cell at room température, 293 K, and with the windowless absorption cell either at room température or cooled by liquid nitrogen. The line positions of rotational lines based on the SOLEIL spectra will be used later to model the bands and extract oscillator strengths and perturbations. In the case of lines that were previously blended,9 our higher resolution measurements together with the use of the cooled cell at 77 K allows us to discern the spectral overlap in the majority of cases.

In summary, the VUV-FTS provides a typical measured resolving power of ~400 000 in the 128 to 155 nm range, considerably higher than conventional broadband techniques based on grating spectrometers. Furthermore, the instrument provides an efficient data collection rate,14 which is particularly important during a synchrotron run because the time given to perform measurements is limited. The quality of the CO absorption spectra obtained with this instrument on I3CléO shows signfficant improvement over that previously obtained by Haridass and Huber.9 These measurements allow us to study the numerous perturbations and confirm previously calculated and observed perturbations. [START_REF] Kçpa | The Àngstrom (B'27 -* A1 FI) Band System of l3Clf,0: New Observations and Analyses[END_REF][START_REF] Kçpa | New Spectroscopic Investigations of the Fourth-Positive (A'ü-XlE+) System Bands in the 13CI60 Molécule[END_REF] Because of time constraints, the scan intégrations performed in December 2011, leading to a S/N « 10, appear to be insufficient to accurately dérivé oscillator strengths. Further position. We check that the Xe line width (0.073 cm-1 at 293 K) is in fact convoluted with the sine function and has a width of ~0.18 cm-1. Thus, the Xe line can be considered as équivalent to the apparatus sine function. For instance, the isolated Q(2) line has a measured width of '--0.22 cm-1 resulting ffom the convolution of its Doppler width (0.165 cm-1 at 293 K) with the instrumental function. In some cases, as there is no predissociation for the A-X bands, lines broader than their Gaussian profiles indicate the presence of perturbing lines. Because of the S/N, the oscillations of the sine function in the Q(2) wings are not very noticeable, but similar measurements made on several isolated lines for different v show that the overall accuracy in line positions is within 0.01 cm-1 for most of the lines and within 0.02 cm-1 for weak or blended (24, 25) (21,22) v' = 8

1, 2 [START_REF] Nahon | DESIRS: A State-of-the-Art VUV Beamline Featuring High Resolution and Variable Polarization for Spectroscopy and Dichroism at SOLEIL[END_REF]. The e and / labels refer to rotational energy levels with parity +(-1);' observed in the R and P branches and -(-1);' observed in the Q_ branch.

Perturbations of the e levels are due to II State perturbers, while perturbations of the / levels are due to X perturbers. Some of the most severe perturbations involve v' = 0 and 1 (see Figure 3). For v' = 0, we confirm the pattern of three avoided crossings in A1!! (v' -0) at /' = 8 and 14 in the e levels C h e m . A X X X X , X X X , X X X -X X X C h e m . A X X X X , X X X , X X X -X X X In addition to the observed perturbations already noted,10,11 Term values for the A1 Fl State, given relative to X1E+(v" = 0, J" = 0), allowed us to dérivé new reduced term values and to report new weak perturbations that appear especially at lower improving the spectroscopy of this isotopologue. Additional measurements at different pressures will help us improve our measurements of the oscillator strengths for each v', and these results will be reported elsewhere.
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Observing H2 formation in space

The formation of molecular hydrogen gives birth to the Chemical complexity in the ISM.

However, the spectral signature of this process has not yet been confirmed. Laboratory experiments on molecular formation on dust grain analogues hâve shown that part of the 4.48 eV exothermically released during formation is converted as H2 rovibrational excitation peaking around v" = 4 [Creighan et al 2006[START_REF] Islam | The Formation of Molecular Hydrogen in the Interstellar Medium[END_REF], Lemaire et al. 2010].

Our aim is to detect the signature of the formation of molecular hydrogen on dust grains predicted by previous experiments. Our experiments, performed on a cold silicate surface (T = 5.5 -70 K), hâve shown that the exothermic release in the recombination of two hydrogen atoms leads to rovibrational excitation and ensuing IR émission [Lemaire et al. 2010].

The method used to test this is to use long slit spectroscopy across the dust tori of planetary nebulae with positive X-ray émission. These planetary nebulae are suitable targets as theoretical models e.g. [Islam et al. 2010] hâve shown that the presence of X-rays can dissociate molecular hydrogen via secondary électrons enabling détectable atomic recombination on grains. In addition, nebular régions with high column densities, such as rings and knots, are well shielded from the stellar UV field which could allow us to discern the IR fluorescence solely due to formation pumping.

5.2.1

Criteria for target sélection and instrumentation choice In principle, the radiative decay following from the rovibrational excitation of H2 af ter formation should be détectable in dark clouds, whose conditions are detailed in sec tion 1.4. Because in these régions dust grains are cold, allowing the sticking of atoms, H2 formation should be enhanced, and the infrared émission from newly formed H2 seen [Duley & Williams 1993]. However, most searches for H2 in dense dark clouds hâve failed, see for example [Tiné et al. 2003]. Observations by Lemaire & Field (private communication) of Barnard 68 (ESO program 66.C-0526A) in 2001, using the ISAAC instrument in spectroscopic mode, also resulted in no détection of H2. This is despite a 5-hour intégration in the K-band in nodding mode to subtract the telluric lines. Therefore, a new type of targets is deemed necessary in the search for H2 émission due to formation pumping. [START_REF] Black | [END_REF]] in which equipartition of the H-H binding energy release is assumed [Islam et al. 2010].

A renewed interest on H2 émission from planetary nebulae (PNe), both from observations [Hora et al. 1999] In addition to IR émission, the selected targets are also known as X-ray planetary nebulae.

They can contain soft photospheric X-ray émission from the hot (>106 K) central stars or diffuse X-ray émission from the hot gas (confirmed by Chandra and XMM-Newton observa tions). Recent modelling work by [Islam et al. 2010] (see Figure 5.1) has proposed X-ray dominated régions (XDRs) as régions favouring formation pumping détection. X-rays can penetrate dense dusty régions and dissociate enough H2 molécules to enable the détection of atomic hydrogen recombining on dust.

Furthermore, X-ray PNe provide régions where we expect the H2 formation pumping spectral signature to be significantly shielded by the dust from UV and collisional excitations. The first case will be characterised by a lack of transitions from high v" (> 7) vibrational levels, which would hâve been populated by cascades down from upper electronic States. As collisions and shocks are not able to produce lines from excited levels higher than v" ~3 [Black & van Dishoeck 1987], régions of formation pumping will be mainly characterised by transitions from excited levels in the V' = 4 State, as predicted from laboratory experiments.

An X-ray field also has the advantage that the ensuing secondary électrons will at most excite pre-existing H2 to v"=2 [Dalgarno 1999], i.e. it will not obscure the rovibrational excitation due to formation pumping. Rovibrationally excited H2 will then émit in the NIR bands with a particular distribution of H2 line intensities, see Figure 5.2. In short, in such shielded PNe régions, the formation signature is expected to be unobscured by other (non)-radiative processes. What is more, with the slit positioned radially away from the central star, we should observe the évolution of the émission line intensities as the X-ray and UV fields decay.

The strengths of the previous laboratory prédictions from work on molecular hydrogen are the confirmation of H2 formation pumping to V' = 4 and the use of an amorphous silicate surface containing both Fe and Mg, a type of silicate making up most of the dust surrounding PNe. IRAS spectroscopy of planetary nebulae [START_REF] Pottasch | [END_REF] has shown that these contain several kinds of dust grains. In oxygen-rich planetary nebulae dust is composed of oxygen based grains, which include different forms of silicates, such as the amorphous silicates we hâve used in our experimental models. Moreover, [Stasiriska & Szczerba 1999] characterized the dust content of 500 PNe finding a characteristic dust température for Tdust between 50 and 180 K. [Lemaire et al 2010] found strong evidence that molecular hydrogen recombination is possible up to 70 K. This is why we argue that the détection of the H2 formation process in such PNe environments should be feasible.

In conclusion, a multiwavelength approach in selecting our new targets is followed: we cross correlate our targets so that they are both part of an IR spectral database [Hora et al. 1999] and hâve positive X-ray détections [START_REF] Guerrero | [END_REF]]. The nature of the IR fluorescence has the potential of showing clearly that either formation is occurring, or that more complex processes are taking place. The white and black images are due to the nodding on and off of the slit. Right: preliminary spectra in band K, showing strong émission lines.

We hâve gathered spectra of the objects listed in Table 5.2 in the Z, J, H, K and L bands (centered respectively at 1.06, 1.25, 1.65, 2.16 and 3.78 jum) provided by the ISAAC instrument.

We hâve placed the long slit on favourable positions for each object, allowing us to follow the spectral évolution from the central star, as opposed to previous observations, see Figure 5.5. We hâve obtained spectra across rings or lobes up to the more distant and fainter measurable objects from the central star.

The large collecting area (8.2 m for the VLT and 10 meter for the Keck telescope) are advantageous to detect émission from diffuse features in particular, such as jets and FLIERS (fast, low-ionization émission régions) in the PNe halos. We hâve used the low resolution spectral mode R ~1700 with a 0.3" slit, which is sufficient to résolve the different H2 lines. The slit length (120 arcseconds) is suitable for ail cases, except NGC7293 which has a 2 arc minute diameter. 

Spectroscopic data réduction

In order to arrive to well-calibrated (in wavelength and intensity) spectra, a sériés of steps need to be followed to treat the raw telescope data. While near-infrared detectors are fundamentally different than CCDs used for optical observations, the general data réduction steps required are essentially the same long and either the 0.3", 0.6" or 1" thick. The choice of the slit thickness dépends on the photometric conditions. A choice of a narrower slit requires longer intégration times. The resolution in low resolution mode with the 0.3" thick slit is ~1700 for ail filters, for the 0.6" slit is ~860, and for the 1" slit is ~700. The slit is tilted, producing a spectra that is also tilted. This distorsion is non-linear in x and y. In the near infrared, most of the atmospheric absorption is caused by water vapour and CO.

Oxygen occurs at 0.76 /im, carbon dioxide at 2.0 and 2.06 /im. The atmosphère transmittance is characterised as seen in Figure 5.8 and at the top (in green) of Figure 5.23.

In addition, a large range of émission lines is observed on the raw images Figure 5.7 (center and right). These are due to telluric émission lines by the earth's atmosphère. They can be suppressed by taking successive images, one on the object and one on a clear patch on the sky. Another option for small objects is to nod on two positions (A and B) where both include the object so that both images record useful signais. The subtracted raw image is shown on Figure 5.9, where the lower half of the image has been made positive.

The fainter the object, the more difficult it is to get rid of these telluric lines. They will in fact become the limiting factors for the détection of the faintest features, noting that the sky émission may also vary between two successive exposures, particularly if they are too long.

We hâve usually worked with exposure times of 150 s.

2https://www.eso.org/sci/facilities/paranal/instruments/isaac/doc/ VLT-MAN-ES0-14100-0841_v89.pdf It is also possible that a calibration star star is laying on the slit as it appears on Figure 5.9.

We hâve also imaged several calibration stars (called spectrophotometric standards). Among them are GJ 620.IB, a white dwarf in a binary System of spectral type DA2 at 24276 K [Sion et al. 2009] with fluxes in I, J, H, K of 10.841, 11.577, 11.708, and 11.768 respec-tively3, see Figure 5.12, and HD 146957, a blue subgiant star of spectral type B9IV at ~11000 K with fluxes in J, H, K of 8.113, 8.110, and 8.122 respectively.

Wavelength calibration

From the flat-fielded image, horizontal spectra are extracted on the spatial features of in terest. The next step is to calibrate the pixel scale and translate it into a wavelength scale.

Wavelength calibration can be done using either lamps or directly with known lines in the object itself. Néon, Argon or Xénon lamps hâve been taken in each filter (ZJHKL). The lines are identified by using the instrument manual or by going to the NIST website4 where measured or theoretically calculated positions are identified for the most intense transitions. In our case, the calibration is more reliable by identifying intense atomic hydrogen lines, and, when présent, molecular hydrogen and hélium lines, that are observed in the central object spectrum itself.

Since there is horizontal distortion on the spectra from the top to the bottom of the raw images due to slit tilt, the calibration done at the top could give slightly different wavelengths than at the bottom. However, this calibration is close to 4 pixels, so an additional correction factor can be simply added. We should also be careful in identifying lines close to the région of thermal noise (> pixel # 800 or 2.4 pm in band K). Large features or line-looking artefacts could be just due to the treatment of the image (bad subtraction/division or from hot pixels).

There are several ways to check that a line is correctly identified. For instance, preferably more than one line should follow the intensity trend of the hydrogen Brackett sériés if présent, also, by using various H2 rotational lines (for a given V, v") if they are observed.

Unlike the ZJHK bands, the L-band is processed separately, as the original FIT S files are found in cube format. The L band data in the data cube includes each nodding image lasting about 0.56 seconds in order not to saturate the detector with thermal noise. After subtracting one position from another to remove telluric lines, several short exposure images were coadded, resulting in an image as seen in Figure 5.14.

Case study: the Butterfly nebula

From the observed targets with ISAAC, listed in Table 5.1, we focus on M2-9 for the current thesis work. The spectra réduction and analysis for this and the other targets is still ongoing.

The Butterfly nebula (Minkowski 1947), also known as PN M2-9, was imaged by Hubble in 1999, see Figure 5.15.

M2-9 is a highly symmetric bipolar nebula [Hora & Latter 1994], that has smooth, almost cylindrical bipolar lobes that meet in a very tightly pinched waist at the location of the bright central star. M2-9 is a complété example of this class of objects whose morphology is reviewed in [START_REF] Balick | [END_REF]. There are several factors that can affect the characteristics of a PN:

the mass of the star and nebula, the binarity of the star, the composition of the star and the ejected shell, the stellar wind speed, the wind anisotropy and velocity variations over time, and the surrounding interstellar medium [Hora & Latter 1994]. M2-9 is considered a young PN, with an estimated âge of 5000 years. The main components of M2-9 are: i) a bright nucléus containing the binary System, ii) the limb-brightened bipolar lobes (up to ±25"), iii)

the fainter lobes (up to ±60"), and iv) the bright condensations called "ansae" inside the polar lobes [Smith et al. 2005].

These knots are suggested to form from the red giant envelope (RGE) éjection phase when the gas is still largely molecular [Icke et al. 1992]. M2-9 and Mz 3 (another one of our targets (Table 5.1) hâve very similar spectroscopies in the visual and infrared [Hora & Latter 1994].

However, unlike M2-9, Mz 3 shows no H2 émission. pattern that rotâtes with a period of 92 ± 4 years, as seen in Figure 5.17. From Ha images, [START_REF] Scarrott | [END_REF] argued that the knots are the limb-brightened falls of the lobe cavity.

[ Hora & Latter 1994] confirmed that the higher émission spots (including the north knot)

hâve not changed position. [ Hora & Latter 1994] find that the spectrum of the core région is distinguished by a central source dominated by H recombination lines and a strong continuum rising toward longer wavelengths consistent with a T = 795 K blackbody. The core région includes lines of He I and [Fe II] but no émission of H2. We hâve fitted the central région of M2-9 with a blackbody at 830 ± 20 K.

Thermal infrared observations

As seen in the previous sections, M2-9 has been extensively studied at visual and NIR wave lengths. It shows a highly reddened stellar core with rich emission-line spectra. However, its thermal components hâve been less studied. [Smith et al 2005] The faint extended structure in M2-9 is elongated in the north-south direction, similar to the structure seen in the near-IR (Figure 5.18), and in the optical (Figure 5.16). The dust also give rise to polarization in scattered light, e.g. [Trammell étal. 1995], Figure 5.20(center) "We note that when referencing to the NIST atomic spectra database http://webbook.nist.gov/ chemistry/ that lines labelled [Fe II] in [Hora & Latter 1994] are in fact [Fe I] lines.

RA Offset (arcsec) shows shows émission from the Southern and northern knots (S3) suggesting that dust sur vives in these condensations, which are thought to be shock excited.

The SOFIA instrument FORCAST has also recently produced images of M2-9 [Werner et al. 2012] showing not only a bright, compact central source but also émission from the lobes at 19.7, 24, and 37 /xm, see Figure 5.20. The 37 /xm wavelength band detects the strongest émissions from the nebula. This band is impossible to observe from groundbased télescopes.

The central source is not resolved by SOFIA at any wavelength, with an angular size less than about 5". The émission from the lobes extends ± 20" from the center. The infrared émission is confined EW to a région comparable in width to the optical lobes. The émission can be attributed to a cylindrical distribution of dust within the lobes with a small central empty région but without extreme limb brightening as suggested by the optical images of [Corradi étal. 2011] (see Figure 5.17).

Radio observations

Radio observations of the bipolar planetary nebula M2-9 hâve been made at five different wavelengths using the VLA (at 20 cm for ND3, 6 cm for NH3, 2 cm for H2CN, and 1.3 cm for NH36) and Westerbork Synthesis Radio Telescope (at 6 and 49 cm for H recombination) [Kwok et al. 1985]. These are seen in The 2 cm map shows essentially a point-like source. The angular sizes of the core suggests that it is optically thick and there is a density gradient in the gas distribution. The authors conclude that the core of M2-9 would correspond to the région where the central star wind (v ~1600 km s-1) interacts with the remnant red-giant wind (v ~10-30 km s-1). They proposed that M2-9 is descended from a rotating red giant progenitor, and that the bipolar morphology is the resuit of a rapid expansion of the ionization front in the N-S directions.

X-ray observations

A dynamo in the central star may be responsible for the field driving the wind. Magnetic flaring and the production of hard coronal X-rays might then be expected in PPN engines [START_REF] Blackman | [END_REF]]. [Livio & Soker 2001] consider a model where the central System consists of an AGB or post-AGB star and a hot white dwarf companion, with an orbital period of about 120 years (interesting to compare with the pattern in the visual discussed in subsec tion 5.3.1). The white dwarf is supposed to hâve undergone a symbiotic nova éruption about 1200 years ago, followed by a supersoft x-ray source phase.

Diffuse X-ray émission from hot gas in planetary nebulae was detected thanks to the improved sensitivity and spatial resolution of the Chandra and XMM-Newton observatories which hâve allowed the détection of hot gas from planetary nebulae. M2-9 can be found in the X-ray planetary nebulae database7. It was observed by the Chandra X-ray Observatory (PI: Sahai), a space telescope launched on STS-93 by NASA on July 23, 1999. They identified a count rate 7http://www.iaa.es/xpn/xmm_axaf.html of < 0.0017 counts/s and and adsorbed flux of < 5.9 x 10~15 ergs cm~2 s-1. This absorbed (observed) flux is in the energy range of 0.25-2.5 keV from the best-fit model. However, these are upper bounds of détection and M2-9 was considered a non-emitter in X-rays (Guerrero, M. Private communication). Right: M2-9 raw image containing two spectra for the north-south slit position.

We now présent our preliminary results of the spectra in the K band. The acquisition im age taken in the Ks band together with the slit positions are shown in Figure 5.22 (left).

These were obtained by removing the sky background, following the steps outlined in sub section 5.2.3. The spectra were taken at 15 to 150 s exposure, followed by a nod of the slit along its length onto the sky which is followed by another exposure. The shorter exposure time was required in order not to saturate the central région. The slit spans 120" with a pixel scale of 0.148"/pixel.

K band spectra

We hâve recorded the observed spectral features as a function of their location in the nebula.

We présent the results for two positions of the NS slit Figure 5.23. The observed lines are collected in Table 5.3. Although some lines are really close, (1.9443 and 1.9444 jum for example), it is impossible to résolve them beyond the limit of our spectral resolution ( 0.001 jum at R = 1700). However, we can discern between them by checking to see if they are part of an atomic or molecular sériés in a spécifie région. The first thing to note is that thanks to our greater spectral resolution and sensitivity, we hâve detected many more features, extending previous measurements done by [Hora & Latter 1994]. We also notice that, depending on the région on the nebula, the spec tral components follow different trends. For example, the north lobe includes mostly H2 lines, in particular, the rotational lines up to the Q-band (1 -0 Q(l) to 1 -0 Q( 7)). On the other hand, the north knot, found at the open end of the lobe, exhibits He I and HI lines and [Fe I] and [Fe III] émission lines [Likkel et al. 2006].

According to [Hora & Latter 1994] this région could be shock excited (note the bow shock morphology in Figure 5.22(a) at 14" N and 16" S) as it is in direct line with the stellar wind traveling through the low density lobe région unimpeded. Although enclosed in a shell (north lobe) with H2 émission, the N knot shows no H2 émission, suggesting that rather than forming in situ it is driven along by the fast stellar wind. This supports the arguments given in [Hora & Latter 1994].

H2 excitation in the northern and Southern lobes From Figure 5.24, we note the extended structures called lobes, which extend about 18"

N and 15" S from the central star, and are about 15" EW. We hâve extracted spectra at the positions of these lobes. We note that the ratio of the 2-1 S(1) / 1-0 S(l) is often used to characterise H2 line-emitting régions. We calculate this ratio to be ~0.2 (~0.1 in [Hora & Latter 1994]) in the north lobe.

[ Hora & Latter 1994] claim having found a ratio of ~0.1, a value consistent with shock exci- tation. However, the excitation is more likely due to "collisional" fluorescent émission according to [Sternberg & Dalgarno 1989], corresponding to the UV field produced by the central star. The central star is classified as late O, which is a strong UV source with a température of ~30000 [Swings & Andrillat 1979].

The UV flux is sufficient to ionise the nebula, and H2 molécules may absorb UV photons resulting in near-IR fluorescent émission in M2-9. The émission is then attributed to a PDR.

Once UV excited, about 10 % of molécules resuit in dissociation. This produces observable atomic and molecular components, seen in the spectra of the north lobe Figure 5.19. According to this work, the lobes of M2-9 exhibit a spectrum consistent with UV excitation, with different rotational and vibrational températures: Tejc(J) % 850 ± 50 K and Tex(v) «a 2250 ± 100 K. Future work will include creating H2 excitation diagrams with our data.

H2 émission due to formation pumping

We hâve detected several H2 transitions in the northern and Southern lobes of M2-9 in the K-band. Three of these transitions are predicted in model (iii) by [Islam et al. 2010], namely 2 -1 S(5), 2 -1 S(2), and 1 -0 Q(l). In this theoretical work, they présent a list of strongest émission lines due to formation pumping in the near infrared. Even if we hâve detected these transitions, the most intense transitions we hâve detected in the K-band are: 1 -0 SCI), 1 -0 Q(l), 1 -0 Q(3), see Table 5.3. The 1 -0 Q(l) line is in fact the most intense transition in the model and in our spectra. These transitions were calculated by considering dark clouds, where dust températures are ~10 K throughout the cloud. From [Smith et al. 2005], the bipolar lobes include warm dust at 100 K. In our future work, we aim to clarify the dust température effects.

Model (iii) of [Islam et al. 2010] corresponds to the pumping profile suggested by [Draine & Bertoldi 1996], where they enhance the populations of high v States with respect to high J States. In this model, stationary photodissociation fronts are considered, in which the H2 level populations at each point are the steady State level populations resulting from UV pumping, spontaneous radiative decay, collisional excitation and de-excitation, photodis-sociation, and H2 formation on grains. In this work they mention that the émission spectrum from low J levels [e.g. 1-0 S(l), or 3-2 S(l)] is insensitive to the distribution function <5(v, J) of newly formed H2, and that émission from higher J levels [e.g., 1-0 S( 9)] is increased (by a factor of ~2) when the newly formed H2 is rotationally "hot". This latter trend is clearly observed in our émission lines listed in Table 5.3, where émission lines up to 1 -0 Q(7) i.e.

J" = 7 -> J' = 7. Note: ?: Indicates lines that hâve not been yet identified.

*: Indicates that the wavelengths are subject to strong atmospheric absorption, so only the ratio between the different features can be taken into account.

a: Refers to the core région, where the intensity value is taken above the continuum.

Lines ratios for the Core Région and North Knot régions are given relative to the intensity of the Br y line. The ratios for the North lobe components are given relative to the H2 1-0 S(l) line at 2.1213 jtim.

Intensity distribution along the slit incomplète subtraction of the central core continuum for H2 and HI Bry. In principle, the pixels at the center should show 0 counts, so they are left blank after continuum-subtraction.

More importantly, we remark that the intensity distributions of H2 and HI are spatially anti correlated. This suggests that H2 is formed in régions where HI is less abundant or alternatively that HI is depleted in régions showing H2. Future work will be to find the spatial correspondence to dust distribution in the mid infrared.

For the EW slit, in Figure 5.25 (right), which goes solely through the north lobe, we can see that the distribution of H2 1 -0 S(l) is also spatially anti-correlated to the distributions of HI (Pa /3 and Br 0). Interestingly, H2 émission is spatially correlated to Fe I in this région.

Further analysis is required to interpret this latter results.

Outlook

From this preliminary work, our first results confirm the positive détection of H2 émission lines on targets observed during the recent VLT run (ID: 089.C-0586A). We need to improve our results by reducing the complété set of data obtained for M2-9 (so far two out of five slit positions hâve been considered) in order to improve the S/N ratio of the spectra and thus the accuracy of the line ratios. This requires careful analysis as the spectra on each feature has to be studied individually, due to horizontal and vertical dispersions. An overview of our additional VLT and Keck data has shown that four objects among the nine already observed could be interesting.

The work on M-29 could be complemented by further observations in the northern hemisphere with the Keck II telescope and in the Southern hemisphere with the VLT. Achieving a statistically significant sample will enable us to provide the first observational evidence that molecular hydrogen forms on dust grains in the local universe.
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 1224 The évolution of the universe has been studied by spacecrafts such as WMAP and Planck The évolution of H2 and other basic molécules front the beginning of the uni verse. Chemistry is simple as only H, D, He, Li are présent, but there is no dust Results from photodissociation région model [with nH =100 cm-3 and Xuv = 1 [units of the standard Draine field] from [Neufeld et al. 2005], illustrating the revised définitions of cloud types in [Snow & McCall 20062006]. The two électrons of H2 can be arranged to form either a singlet System or a triplet System. The ground State is a singlet State X1 E^where the angular momentum and the symmetry and parity of the électron wavefunction is indicated. The small tics in the potential curve of the ground State indicate the energy of the vibrational levels for H2. Within these, the rotational States 10 1.6 Electron wave functions of two hydrogen atoms and their potential of the bonding and anti-bonding orbital 11 1.7 The configurations of two proton spins are singlet for para-H2 (1=0) and triplet for ortho-H2 (1=1), respectively. Iz is the z-component of the total nuclear spin. The antisymmetric nuclear-spin operator ia-ib, where ia and ib are the nuclearspin operators of proton a and b, couples the singlet (para) State with the triplet (ortho) State. ia>b represent création and annihilation operators the case of two électron spins, the antisymmetric électron spin operator couples the electron-spin singlet State with the triplet States. [Sugimoto & Fukutani 2011] 17 1.8 Potential energy curves for two ground State H atoms. X 1E^is the electronic ground State of H2. Stabilising collisions that lead to radiative association are shown. (
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 10 This figure shows calculated résidence times, tres based on physisorption éner gies and low dust température, with v0 = 1012 Hz. The curves (in a logarithmic scale) diverge showing the strong dependence on the surface température. . . 25 1.11 Scheme of different formation mechanisms on a surface with energetically dif ferent sites
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 291 Schéma of different parts of the FORMOLISM setup including the main detectors used for this thesis work, the quadrupole mass spectrometer and the REMPI-TOF System. Jet 1 makes an angle of 28°to the surface (and UV laser path) while jet 2 makes an angle of 47°. Asterisks dénoté the position of the diaphragms 33 2.2 Left: actual State of FORMOLISM (photograph dated from October 2012), showing the three chambers on jet 1. Right: Controls of the chamber, on the top left, the Balzers gauge indicating the current pressure of 1.1 x 10~10 mbar, below are the motor Controls for the QMS motion in the z-direction. At the bottom we find the different thermal diodes of the sample cryocooler at T = 262 K 33

(

  bottom): Continuous use of the discharge can generate organic matter inside the quartz tube which has to be cleaned or replace from time to time. Before its first use, the quartz tube is cleaned with an orthophosphoric acid solution. . 36 2.5 Schéma of the surfatron used to dissociate molécules within a pyrex tube. ... 38 2.6 Schéma of the accommodator System located on beam 1 used to cool molécules down to 20 K 38 2.7 Effect of cooling the atomic beam on D2 formation on an amorphous silicate. Detected by mass 4 (D2) in the gas phase with the QMS and by D* by the REMPI-TOF System 39 2.8 Scheme of the cryostat used to cool the samples located at the centre of the UHV chamber. The dash lines show the shortening of the second stage that took place in 2012 40 2.9 Left: Scheme of the internai structure of an ARS closed cycle cryocooler expander, and the steps of Gifford-McMahon cycle 40 2.10 2D and 3D AFM images of the amorphous silicate surface used in FORMOLISM until 2012 42 2.11 Lakeshore software showing the température Controls of the cryostat and the location of the different sensors. To the right: the TPD ramp settings
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 2 12 Lakeshore software showing the évolution of the température monitored by each diode in the cryostat. Visible are the TPD and cooling ramps sériés during a typical day-long experimental run 2.13 Scheme of the working principle of the QMS 2.14 Mass spectrum (cracking pattern) of éthanol, C2H60. (Crédit: NIST webbook) 2.15 Quadrupole mass spectrometer head, seen in the down position facing the sample surface (left) and up or remote position (right) suitable for synchronous REMPI-TOF détection 2.16 Example of the REMPI transitions. In REMPI(2+1) two photons at 222 nm are used to excite H2 and a third photon (also at 222 nm) is used to ionise it. ... 2.17 Energy diagram showing the electronic fundamental and an excited State. An example of a favored vibronic transition (with a large FCF) is the absorption from V = 0 in the ground electronic State to v" = 2 in the excited electronic State (image produced by Mark Somoza via Wlkipedia commons) 2.18 Left: Schéma showing main parts of an Nd:YAG laser. Right: Transitions of Nd3+ ions in a YAG matrix, which removes degeneracy showing the absorbed optical photons and produced IR laser photons 2.19 Transitions allowed by a dye laser laser [Davis 1996]. Si and S2 are singlet States, Tx and T2 are triplet States and S0 is the ground State 2.20 Tuning curves for Nd:YAG laser dyes (crédit: Exciton) 2.21 Dye laser Systems used in the production of spécifie wavelengths to detect spécifie vibrational levels of the ground electronic State of H2, showing the path of the original IR and dye laser pumped light, whose frequency is then doubled and/or mixed 2.22 Nd:YAG produced 532 nm beam enters an oscillator generating the fluores cence of the selected dye. Image crédit: Quantel 2.23 Quantel Nd-YAG laser provides a list of the non-linear processes required to obtain a particular wavelength range by means of the coupled dye lasers. ... 2.24 Scheme showing the constant déviation dispersive Pellin-Broca prism. Light enters the prism through face AB, undergoes total internai reflection from face BC, and exits through face AD. The refraction of the light as it enters and exits the prism is such that one particular wavelength of the light is deviated by 90°. As the prism is rotated around a point O, the selected wavelength which is deviated by 90°is changed without changing the geometry or relative positions of the input and output beams 2.25 Scheme showing the Time-of-Flight apparatus used to extract the ionised molécules by the UV REMPI photons 2.26 Schéma showing the electronic détection and synchronisation for the REMPI-TOFMS coupled signais. The TTL external trigger signal follows the Nd-YAG internai trigger and gets distributed to synchronise the laser puise and the détection of different ion arrivai times 2.27 Left: the hollow cathode lamp with the Ne-Fe plasma used for frequency tun ing. Right: UV in résonance with an Fe transition seen thanks to the optogalvanic effect, which tracks the change in the conductivity of the plasma 2.28 Ne and Fe Unes excited in the plasma of the hollow cathode lamp by the mid UV photons produced by frequency doubling of the dye laser photons. The shift with respect to the NIST-provided wavelengths help us calibrate our dye-laser produced UV wavelengths 62 2.29 Schéma of the annex setup used for wavelength adjustments for the REMPI-TOF System in the main chamber. This setup is used to calibrate wavelengths of rotational levels in v" > 0 States 63 2.30 Left: Annex setup used in UV wavelength calibration for détection of rovibrationally excited molécules (y" = 4). Right (top): a lamp containing a tungsten filament heated up to 2500 K dissociâtes D2. Right (bottom): UV photons intercept molécules that recombined on the walls at room température detected via REMPI. This setup has the advantage of allowing higher pressures than the UHV chamber, which leads to stronger REMPI signais than those pro duced by the low fluxes in the main chamber. 63 2.31 Dye laser Systems adjoint to the FORMOLISM setup. Left: dye laser System producing photons to detect molécules in the v" = 4 State. Right: dye laser System producing photons to detect molécules in the v" = 0 State. At the bottom, the generated UV and residual infrared and dye beam spots 64 2.32 Left: The UV beam stray light is grazing part of the cryoshield and of the chamber walls, inducing secondary ions, detected as a large ringing noise on the oscilloscope. Right: after adjusting the distance from the beam to the surface, the noise due to secondary électrons is minimised and the REMPI signal due only to H+ ions is extracted and integrated within a gâte 65 2.33 Laser-dye System adjustments. Left (top): Manual Controls that allow us to modify the diffracting grating when scanning the dye wavelength. Left (bot tom): MCC crystal with dust damage that grilled its external coating. Right (top): infrared-sensitive paper for optimising the 1064 nm beam shape. Right (bottom) : mask used to align the UV beam parallel and 4 mm away from the surface at the center of the UHV chamber.
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 324142 Schéma showing the formation of D2 molécules on a p-ASW surface up to détection 86 On top, schéma showing the working principle of the SOLEIL synchrotron. In the centre: the linear accelerator and the booster, around, the stockage ring and the beam lines (crédit: JF Santarelli, Synchrotron SOLEIL). At the bottom, a photo of the interior of the synchrotron, on top of the beam lines (crédit: J. Orkisz) Screen of the synchrotron Controls, showing the active beam lines and the beam status in the stockage ring. We see the stop of the machine and the progressive loss of the signal, with a half-life of about 8 hours 4.3 Synchrotron radiation energy flux, a) for a non-relativitistic source, b) for a relativistic source of électrons in a circular orbit. Source: R. Bartolini, John Adams Institute 4.4 Monochromator gratings (200, 2400 and 4000 grooves/mm) available on branch B of the DESIRS beamline. (Photo crédit: Nelson de Oliveira) 4.5 Top view of the optical layout of the DESIRS beamline. Red rays corre spond to the undispersed white beam used either in the FTS or sent to a monochromator. Green rays correspond to the monochromatized beam when the MTF is removed. EnS stands for entrance slit and ExS stands for exit slit [Nahon et al. 2013] 4.6 Left: Annex setup installed at the DESIRS end station at SOLEIL to study the feasibility of REMPI(1+1) to detect rovibrationally excited H2. Right: zoom of TOF spectrometer. 4.7 Left: REMPI(1+1) spectra obtained with D2. Right: REMPI(1+1) spectra obtained with H2. No molecular hydrogen transitions were detected
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 479 Left: Manipulation chamber of DESIRS. Right: Fourier Transform Spectrometer. 4.10 VUV scanning wavefront-division interferometer. a) Principle of a Fresnel bimirror: two roof-shaped optical blocks consisting of two VUV reflective sur faces meeting at an angle of 90°face the incident VUV undulator beam. The reference reflector (VUV-F) and the mobile reflector (VUV-M) are separated by a 100 /un gap. The VUV beam incident on the adjacent edges is divided and reflected twice at an incidence angle of 45°by the two reflectors. The two reflected beams overlap and interfère downstream due to a small vertical tilt of the top reflector. The interferogram is detected by a VUV photodiode (b) Schéma of the interferometer setup. The VUV-M motion is measured using a visible interferometer based on a multireflections scheme between two plane mirrors. (HeNe, HeNe frequency-stabilized laser beam; FM, fixed mirror; BS, beamsplitter of the control interferometer). After the beamsplitter, the beam is reflected p times (p=ll in this case) between the plane surface at the back of the VUV-M and a reference wedge (RW) prism and then returns [de Oliveira et al. 2011] 4.11 (a) Principle of measurements by multiple réfactions: the incident and emerg-
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 18 Multiple vibrational levels with "combs" denoting the wavelengths of previously known transitions making up different PQR bands within each vibra tional level. The Xénon line, used for wavelength calibration, appears around 68100 cm-1 142 4.19 Left: line positions for each branch as a function of J. Center: line position différences (AA) as a function of J, the straight line vérifiés the measurements in an unperturbed State. Right: line positions for v' = 1, showing déviations due to perturbations of the transitions 143 4.20 Spectra of the v' = 10 State, showing the absorbance as a function of wave length (in wave numbers). The S/N is very low, and several lines are blended. 143 4.21 Experimental spectra of the v' = 2 band of 13C160, showing the labels (green comb) obtained by previous theoretical calculations [Morton & Noreau 1994],
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 56 : photo of ISAAC mounted on UT1 (crédit: ESO). Right: ISAAC monitored during our observing run from the control room at Paranal 5.5 Images taken during the observing run (Real Time Display). Left: choosing a slit position across the brightest régions in the K-band (2.12 fim) acquisition image of NGC7009. The white and black images are due to the nodding on and off of the slit. Right: preliminary spectra in band K, showing strong émission lines Acquisition images of PNe showing the selected slit positions passing through régions with strong émission in the K-band 5.7 Left: Raw acquisition image with slit. Center: Slit on the nod A position. Right: A-B image and flat-fielded image (A-B)/flat. These science data were taken in the K filter with 150 s exposure times. We can extract the spectra by taking horizontal slices from the center image, talcing into account that the spectrum is slightly tilted 5.10 Fiat field image for band K (lamp on -lamp off). The profile of intensity per pixel on the right shows the variation due to the 1024 x 1024 array sensitivity. 5.11 Quantum efficiency of the 1024 x 1024 HgCdTe Hawaii Rockwell array 5.12 Spectrum of the white dwarf GJ 620.IB (spectrophotometric standard) taken with each filter (ZJHK). The blackbody curve at the theoretical température (~24000 K) will help normalise the line intensities across filters 5.13 Wavelength calibration for the band K spectra (1.84 -2.56 /im) of NGC7009. Red and black lines are two extracted spectra. The blue line shows the spectra from the Ar+Xe lamps. The yellow triangles show the positions of strong HI lines, the black triangles show the positions of strong Hel lines. The calibration is done with both HI (Paschen-a at 1.87 |tm) and Ai II (2.48 [im) 5.14 Left: Flat-fielded spectra in the L-band for NGC7009. Right: extracted spectra showing HI 5-8 (Pfund sériés) and HI 4-5 (Brackett sériés) in the central core région (black) and on a particular feature (red) 5.15 HST image of M2-9 taken in 1997 shown in représentative colors (R = 01, G = N[II], B = 0[III]). The apparent size is 115" x 18" [Schwarz et al. 1997]. Crédit: B. Balick (U. Washington) et al., NASA 5.16 Evolution of M2-9 imaged by [Doyle étal. 2000]. Left: Ha images obtained in 1989 (cyan) and 1999 (red) showing the morphological évolution of the nebula. Second: [O III] images obtained in 1989 (cyan) and 1999 (red). Third: Using the previous panel as background, a heuristic corkscrew model is fitted by eye to the [O III] morphologies seen in 1989 and 1999. Each line is a model in which the projected corkscrew turns by 30°. Right: Unconvolved HST WFPC2 images from 1997.7 in Ha (green) and [O III] (magenta) 5.17 Evolution of the rotating pattern of M 2-9 from 1999 to 2010 [Corradi étal. 2011] in the images from the NOT telescope. The field of view is 14".5 x 64" for each box. [O III] and Ha+[N II] images are shown in the upper and lower rows, respectively. Ail images are displayed in a linear intensity scale. North is up and east to the left 5.18 Left: Our slit (1" x 120", R ~1700) positions on the Ks image.
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 22 Left: Acquisition image of M2-9 with an overlay of the three chosen slit posi tions. Right: M2-9 raw image containing two spectra for the north-south slit position 181 5.23 K-band (1.84 -2.56 /un) spectra of M2-9 taken with the N-S slit position (Fig ure 5.6), passing through the central star (internai reference: I_1013). Yellow triangles show positions of strongest HI Unes. Black triangles show positions of strongest He I lines 182 5.24 Composite of our Ks image, the HST optical image 5.15, and mid-IR contours (Figure 5.20) at 24 cm 183 5.25 Left: intensity distribution in the direction of the NS slit. Right: Intensity distribution in the direction of the EW slit. The size is about 52" for both cases. The intensifies across JHK bands are not normalised 185
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 3 Figure 1.1:The évolution of the universe has been studied by spacecrafts such as WMAP

  Figure 1.2:The évolution of H2 and other basic molécules from the beginning of the uni

  molécules that hâve been detected by their rotation-vibration spectrum, ** indicates those detected by electronic spectroscopy only. Molécules in red hâve been detected in 2012/2013.

  italicised detected molécules are either tentative, need confirmations or their abundance are still subject to strong debate. References: (1) D'Hendecourt and Allamandola (1986); (2) Sandford and Allamandola (1993); (3) Gerakines et al. (1995); (4) Dartois and d'Hendecourt (2001); (5) Hudgins et al. (1993); (6) Grim and Greenberg (1987); (7) Schutte and Greenberg (1997); (8) Demyk et al. (1998); (9) van Broekliuizen et al. (2004) a value 3cr above the other déterminations; (10) Schutte et al. (1996a); (11) Schutte et al. (1999); (12) Boogertetal. (1997); (13) Kerkhofetal. (1999); (14) Schutte and Khanna (2003).

Figure 1

 1 Figure 1.5: Potential energy curves for the singlet State of H2 from [Fantz & Wünderlich 2006]. The two électrons of H2 can be arranged to form either a singlet System or a triplet System. The ground State is a singlet State X1 £+ where the angular momentum and the symmetry and parity of the électron wavefunction is indicated. The small tics in the potential curve of the ground State indicate the energy of the vibrational levels for Fl2. Within these, the rotational States.
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 16 Figure 1.6: Electron wave functions of two hydrogen atoms and their potential of the bonding and anti-bonding orbital.

  generates 2s+l different values of Ms. For the case of H2 which has only two électrons of spin = 1/2, S can only be 0 or 1. The multiplicity of spin is given in the molecular orbital nomenclature as 2S+1. For example, in a n State, we hâve singlet coupling lifts the degeneracy of the electronic States. The z-component of spin interacts with the z-component of the orbital angular momentum, generating a total electronic angular momentum along the molécule axis, Jz, which is characterised the by the
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 17 Figure 1.7: The configurations of two proton spins are singlet for para-H2 (1=0) and triplet for ortho-H2 (1=1), respectively. Iz is the z-component of the total nuclear spin. The antisymmet ric nuclear-spin operator iü-ib, where ia and ib are the nuclear-spin operators of proton a and b, couples the singlet (para) State with the triplet (ortho) State. ia>b represent création and an nihilation operators the case of two électron spins, the antisymmetric électron spin operator couples the electron-spin singlet State with the triplet States.[Sugimoto & Fukutani 2011] 
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 18 Figure 1.8: Potential energy curves for two ground State H atoms. X is the electronic ground State of H2. Stabilising collisions that lead to radiative association are shown. (1)
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 110 Figure 1.10: This figure shows calculated résidence times, tres based on physisorption én ergies and low dust température, with v0 = 1012 Hz. The curves (in a logarithmic scale) diverge showing the strong dependence on the surface température.
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 111 Figure 1.11: Scheme of different formation mechanisms on a surface with energetically dif ferent sites.

  Figure 2.3. 
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 21 Figure 2.1: Schéma of different parts of the FORMOLISM setup including the main detectors used for this thesis work, the quadrupole mass spectrometer and the REMPI-TOF System. Jet 1 makes an angle of 28°to the surface (and UV laser path) while jet 2 makes an angle of 47°. Asterisks dénoté the position of the diaphragms.

Figure 2 . 2 :

 22 Figure 2.2: Left: actual State of FORMOLISM (photograph dated from October 2012), showing the three chambers on jet 1. Right: Controls of the chamber, on the top left, the Balzers gauge indicating the current pressure of 1.1 x 10~10 mbar, below are the motor Controls for the QMS motion in the z-direction. At the bottom we find the different thermal diodes of the sample cryocooler at T = 262 K.

Figure 2 .

 2 Figure 2.3: Evolution of the pressure in the UHV chamber followed by a Balzers pressure

  2.1). The first two diaphragms (doser to the beam entry) are aligned by optimising the intensity of the reflected beam of a He-Ne laser which reaches the reflective surface at the centre of the UHV chamber. The last nozzle remains in a fixed position.
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 24 Figure 2.4: Left (top): At the gas entry typical pressures of H2 or D2 used in our experiments hâve ranged from 1 to 10 mbar. Left (bottom): For jet 2, the dissociated gas can go directly from the quartz tube into the fïrst chamber. Right (top) : The quartz tube where the discharge is produced is cooled with compressed air while the metallic parts of the microwave cavity are cooled with water. Right (bottom): Continuous use of the discharge can generate organic matter inside the quartz tube which has to be cleaned or replace from time to time. Before its fïrst use, the quartz tube is cleaned with an orthophosphoric acid solution.
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 25 Figure 2.5: Schéma of the surfatron used to dissociate molécules within a pyrex tube.
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 27 Figure 2.7: Effect of cooling the atomic beam on D2 formation on an amorphous silicate. Detected by mass 4 (D2) in the gas phase with the QMS and by D* by the REMPI-TOF System.
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 210 Figure 2.10: 2D and 3D AFM images of the amorphous silicate surface used in FORMOLISM until 2012.
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 211 Figure 2.11: Lakeshore software showing the température Controls of the cryostat and the location of the different sensors. To the right: the TPD ramp settings.
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 212 Figure 2.12: Lakeshore software showing the évolution of the température monitored by each diode in the cryostat. Visible are the TPD and cooling ramps sériés during a typical day-long experimental run.

2 . 13 .

 213 fig. 2.13. The ionization chamber has two diaphragms to allow the residual gas to enter and exit without accumulating, see Figure 2.15. A heated filament provides the électrons which are accelerated at a variable voltage and used to ionise the species passing through it. Outgassing of the filament is performed after bake-out and before long experimental runs. The flight area, which serves to filter different masses, is delimited by four métal bars subjected to sinusoidal voltages. This electric field causes the ions to oscillate. Only the résonant ions reach the detector and are selected by their m/e ratio as ion counts. Other ions are ejected or collide on the bars.
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 214 Figure 2.14: Mass spectrum (cracking pattern) of éthanol, C2H60. (Crédit: NIST webbook)
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 215 Figure 2.15: Quadrupole mass spectrometer head, seen in the down position facing the sample surface (left) and up or remote position (right) suitable for synchronous REMPI-TOF détection.

  photoelectrons by using the technique of ion imaging. However, even if such a device has been built and checked it has never been used to replace the simple TOF.In an (n + m) REMPI process, a molécule or atom is excited to the résonant excited State via an intermediate or Virtual State by absorption of n photon(s) followed by a m photon(s) ionisation. These photons can either hâve the same or different frequencies. In REMPI, the initial State of the System, photon energy, angular momentum and other sélection rules help in determining the nature of the intermediate State. We hâve seen for example, that the sélection rule between the electronic States of a diatomic molécule involves opposite parity as seen in subsection 1.6.9. Nonetheless, a transition between X -> E,F is possible via REMPI thanks to a Virtual State, see fig.2.16.
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 216 Figure 2.16: Example of the REMPI transitions. In REMPI(2+1) two photons at 222 nm are used to excite H2 and a third photon (also at 222 nm) is used to ionise it.
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 217 Figure 2.17: Energy diagram showing the electronic fundamental and an excited State. An example of a favored vibronic transition (with a large FCF) is the absorption from V = 0 in the ground electronic State to v" = 2 in the excited electronic State (image produced by Mark Somoza via Wlkipedia couvrions).

Figure 2 . 18 :

 218 Figure 2.18: Left: Schéma showing main parts of an Nd:YAG laser. Right: Transitions of Nd3+ ions in a YAG matrix, which removes degeneracy showing the absorbed optical photons and produced IR laser photons.
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 2 .0.4 Nd:Yag-Pumped Dye Laser System Nd:YAG lasers, mainly via their second and third harmonies, are used to pump dye lasers.Dye lasers are tuneable sources over a broad fluorescent wavelength range. They consist of organic dyes solutions such as rhodamine, coumarin and tetracene, dissolved in methanol.The Nd:YAG 1064 nm and 532 nm beams are split with dichroic mirrors as seen in fig.2.21.A quarter wave plate at the exit of the Nd:YAG in the main optical device helps direct the power to either of our dye Systems (Dye 1 or TLD 1 or Dye 2 or TLD2). This allows the use of two different dye solutions and thus of two different wavelength ranges. The optical box in fig.2.21 is equipped with dichroic mirrors and reflecting prisms used to share the energy between the two dye lasers. As the full power of the Nd:YAG surpasses the power required by one dye laser, part of it (10 to 15 %) is directed towards the dye which is not in use.This allows the insertion of a power-meter in the dye laser path which is used to readjust the tuning angle of the doubling crystal in the Nd:YAG without touching the optical adjustments inside the main laser.
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 219 Figure 2.19: Transitions allowed by a dye laser laser [Davis 1996]. Sl and S2 are singlet States, Tj and T2 are triplet States and S0 is the ground State.
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 220221 Figure 2.20: Tuning curves for Nd:YAG laser dyes (crédit: Exciton).
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 2223 Figure 2.22: Nd:YAG produced 532 nm beam enters an oscillator generating the fluorescence of the selected dye. Image crédit: Quantel.
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 2222 Figure 2.24: Scheme showing the constant déviation dispersive Pellin-Broca prism. Light enters the prism through face AB, undergoes total internai reflection from face BC, and exits through face AD. The refraction of the light as it enters and exits the prism is such that one particular wavelength of the light is deviated by 90°. As the prism is rotated around a point O, the selected wavelength which is deviated by 90°is changed without changing the geometry or relative positions of the input and output beams.

  2.27. Their transitions are numerous in our concerned wavelength ranges. In order to use this lamp at any time, and due to the numerous number of lines présent either in the 280 nm range for v" = 4 for D2 or in the 303 nm range for v" = 0 for D2 or H2 we used the rejected doubled frequency beam, seeFigure 2.21 and Figure 2.23. 
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 2228229 Figure 2.27: Left: the hollow cathode lamp with the Ne-Fe plasma used for frequency tuning.Right: UV in résonance with an Fe transition seen thanks to the optogalvanic effect, which tracks the change in the conductivity of the plasma.

Figure 2 .

 2 Figure 2.30: Left: Annex setup used in UV wavelength calibration for détection of rovibrationally excited molécules (v" = 4). Right (top): a lamp containing a tungsten filament heated up to 2500 K dissociâtes D2. Right (bottom): UV photons intercept D* molécules that recombined on the walls at room température detected via REMPI. This setup has the advantage of allowing higher pressures than the UHV chamber, which leads to stronger REMPI signais than those produced by the low fluxes in the main chamber.

Figure 2 .

 2 Figure 2.31: Dye laser Systems adjoint to the FORMOLISM setup. Left: dye laser System producing photons to detect molécules in the v" = 4 State. Right: dye laser System producing photons to detect molécules in the v77 = 0 State. At the bottom, the generated UV and residual infrared and dye beam spots.

Figure 2 .

 2 Figure 2.33: Laser-dye System adjustments. Left (top): Manual Controls that allow us to modify the diffracting grating when scanning the dye wavelength. Left (bottom): MCC crystal with dust damage that grilled its external coating. Right (top): infrared-sensitive paper for optimising the 1064 nm beam shape. Right (bottom): mask used to align the UV beam parallel and 4 mm away from the surface at the center of the UHV chamber.

Figure 2 .

 2 Figure 2.34: Left: The UV produced beam path after mixing and doubling is controlled with optical tracking motors. A close-up of this System is seen on the top-right corner and the tracking in auto-mode is seen in the bottom-right corner.
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 22 Figure 2.35: Sequence of experiments showing the synchronization of REMPI and QMS sig nais for successive experiments v" = 4, J" = 2.

Figure 2 .

 2 Figure 2.37: REMPI ion count signal at V -4 after the application of a Haar denoising algorithm. We show both the QMS and REMPI (Fl) signal and the température signal (F2) used for synchronisation, as shown in Figure 2.26.

  the REMPI signal and display its évolution over time to change the factors affecting it. Due to the pulsed nature of the REMPI signal, we chose and adjacent averaging type of smoothing to further denoise the signal from the shot noise. It essentially takes the average of an specified number of data points around each point in the data, and replaces that point with the new average value. This is usually taken as 30 to 50 adjacent neighbors. The S/N ratio of the -

Figure 2 .

 2 Figure 2.39: Here the REMPI ion count signais for différence rotational levels in v" = 0 hâve been normalised by variations in the laser power, denoised by a Haar algorithm, and smoothed. The baseline noise lias been corrected so that the integrated amplitude reflects the relative intensity of each rotational level.
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 31 Figure 3.1: Schéma showing the effect of pre-covering a silicate surface with D2 molécules and the effect this has on the rate of further D2 formation.
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 2 Article I: H2 formation on an H2 covered silicate coverage doses on an amorphous silicate surface and D2 formation leading to a formation enhancement of D2 up to 65 ± 10% on dust at T -5.5 K. Furthermore, our results reveal that the non-thermal desorption due to D2 recombination can lead to gas-phase feedback of up to a D2 monolayer. This is due to the enhanced diffusion of D atoms due to occupation of deeper adsorption sites by D2 molécules, schematically explained in Figure3.1.
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  sufficicnt energy for atoms to populate chemisorbed sites. None the less, recent theoretical work(Goumans & Bromley 2011) seems to indicate that chemisorption on a silicate could be barrierless even at low Tgas.Gould & Salpeter (1963) pioneered a study on hydrogen ph ysisorption on grains which showed that the recombination of physisorbed atoms on an ice surface is efficient between TjU5, = 10 and 20 K. Since there is observational evidence that molecular hydrogen D o w n l o a d c d f r o m h t t p : / / m n r a s . o x f o r d j o u m a l s . o r g / a t O b s e r v a t o i r e d e P a r i s -B i b l i o t h è q u e o

  oriented pyrolytic graphite (HOPG) surface between rdust = 15 and 50 K (Perry & Price 2003; Creighan, Perry & Price 2006; Islam, Latimer & Price 2007; Latimer, Islam & Price 2008). These studies mapped the nascent rovibrational distribution of HD up to v" = 7, J" = 7. The internai excitation of a newly formed H2 molécule is used in its détection via REMPI, effectively discerning nascent H2 from other sources. More recently, REMPI has also been used to study D2 on an amorphous silicate at 5.5 < Tdus, < 70 K (Lemaire et al. 2010), showing the involvement of competing formation mechanisms.The partition of the released energy in the formation of niolecular hydrogen (4.48 eV) has important conséquences in the overall thermal balance of a cloud in the interstellar medium (ISM), as the gained internai energy of the molécule is reradiated in the infrared (IR).Duley & Williams (1993) first suggested that the exoergicity of this réaction could impart energy to the grain surface, inducing évaporation. A study byGarrod, Wakelam & Herbst (2007) focused on the non-thermal desorption of product species from dust grains due to exothermic surface reactions. This model proposed that nonthermal desorption could prevent the complété freeze-out of gas species in dark clouds and makc up for the gas-phase abundances of molécules (e.g. methanol) unaccounted by thermal desorption alone. Other typical non-thermal desorption mechanisms included in Chemical models are cosmic-ray-induced desorption (Hasegawa & Herbst 1993) and direct photodesorption(Willacy &Millar 1998).

Figure 1 .

 1 Figure 1. Scheme of one model experiment. The QMS signal is shown in blue, REMPI in black and the température of the surface in red. Interval (a) corresponds to the D2 irradiation dose, (b) to the D atomic irradiation dose, (c) to the TPD and (d) to the measurement of the beam dissociation rate.The REMPI signal is the shot-by-shot laser puise integrated area, and the noise is removed by a Haar wavelet algorithm.

Figure 2 .Figure 3 .

 23 Figure 2. QMS signal (mass 4 a.m.u.) during D2 irradiation of the silicate sample at F<]us[ = 5.5 K (Ieft) has a discontinuity after 250 s irradiation and after 70 s at rdust = 10 K (right). These discontinuities show the surface saturation. The drop-off signais on the right-hand side show the termination of irradiation. D2 doses D2 doses after D irradiation D irradiation on a clean surface

Figure 4 .

 4 Figure 4. QMS signal of D2 after a D2 dose for x seconds (see inset) on the silicate surface, during irradiation with D atoms (Fig. 1, interval b) at 5.5 K (left) and 10 K (right). The 30-s curve at 10 K is omitted due to random detector noise, but the actual dose is veritied by a TPD. © 2012 The Authors, MNRAS 424,2961-2970 Monthly Notices of the Royal Astronomical Society © 2012 RAS

Fig. 4 ,

 4 Fig. 4, D2 signais during D irradiation after D2 doses, to Fig. 2, D2 signais during D2 irradiation on a clean surface, we note that the QMS signal rises faster when we irradiate with atoms. The QMS signal rise is then dominated by the newly formed D2 and the ejected D2 front the pre-coverage and less influenced by the decreasing sticking of undissociated D2 from the beam. We use REMPI as a

5. 5 K

 5 Figure 5. REMPI-TOF signal of excited D2* due (o recombination on the silicate surface as a function of irradiation of D atoms on top of a surface pre-dosed with D2 (see inset for the doses used). At left, data are for a surface at T -5.5 K; at right, for a surface at T -10 K. The coloured bands aie the respective error bars for the lowest and largest REMPI signais at each sample température. The lower bands are the error margins for D2* on a clean surface.

  anism and is related to the depth of the physisorption well of the © 2012 The Authors, MNRAS 424,2961-2970
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 426 Figure 6. Net D? recombination-induced desorption at 10 K for each pre-coverage dose. The shaded areas correspond to the différence between the constructed TPD (see text) and the experimentally obtained TPD after irradiating D atoms for 1200 s on different D2 doses. The areas show a préférence for recombinationinduced desorption on Di molécules adsorbed on the less energetic sites. The largest recombination-induced desorption corresponds to the 120-s D2 dose.

Figure 7 .

 7 Figure 7. Per cent of the net molecular coverage on the surface (from the beginning of each experiment) ejected by D2 recombination on the silicate dust surface at 7\iust = 5.5 and 10 K after irradiation with D atoms for 1200 s. This molecular coverage (solid-phase D2) includes the pre-coverage D2 dose, the newly forined D2* molécules that thermalize and D2 from the undissociated beam that sticks on the surface.

  examining molecular hydrogen formation on pristine dust surfaces has assumed that a molecule-saturatcd surface halts recombination due to short atomic résidence times. We find instead a positive corrélation between D2 sub-monolayer doses on an amorphous silicate surface and D2 formation, which can be up to 35 ± 10 per cent at = 5.5 K. Furthermore, the non-thermal desorption due to D2 recombination can lead to gas-phase feedback of up to a D2 monolayer (approximately 1015 molécules cm-2). © 2012 The Authors, MNRAS 424, 2961-2970 Monthly Notices of the Royal Astronomical Society © 2012 RAS D o w n l o a d c d f r o m h t t p : / / m n r a s . o x f o r d j o u m a l s . o r g / a t O b s e r v a t o i r REMPI (2+1) quantum sélective detector and a QMS detector during irradiation with atoms. The prompt recombinalion enhancement is confirmed by hoth instruments up to 1000 s of irradiation with atoms. We interpret this as the time when ail molecular pre-coverage doses are completely ejected by the D2 recombination-induced desorption. A complété TPD analysis pro vides the coverage profile before and after irradiation with D atoms on the D? dosed surface showing that recombination-induced des orption is enhanced by molecular doses below surface saturation. Finally, we show that molecule-covcred dust grains remain active catalysts, enhancing recombination which desorbs condensâtes efficiently. The cycle of D2 éjection due to enhanced D2 recombination on cold silicates is a highly energetic process that can affect the Chemical balance of the ISM prior to star formation. Introduction
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 32 Figure 3.2: Schéma showing the formation of D2 molécules on a p-ASW surface up to détec tion.
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  PiiTonello et al. 1997), attention has shifted to characterize the State of molecular hydrogen released from the surface 1 Visiting Professor. Permanent address: Physics Department, Syracuse University, Syracuse, NY 13244-1320, USA. 2 Permanent address: LEPC Université de Saida, BPI38, ENSAR, 20002 Saida, Algeria. 3 Permanent address: LPMAA, UMR 7092, Université Pierre et Marie Curie, F-75252 Paris Cedex 05, France. after recombination. The heterogeneous catalysis of hydrogen formation by the dust surface could lead to momentum transfer and scramble quantum States of the newly formed molécule. In addition, the vast array of surface parameters and formation mechanisms makes it difficult to predict the internai structure of newly formed H2 ejected into the gas phase. We thus investigate the surface dependence at low températures of the OPR of newly formed H2. The OPR of H2 is the ratio of the populations in the ortho State (rotational States of odd quantum number, J) to those in the para State (even J). Ortho-H2 has a total nuclear spin / = 1 while para-H2 has 1 = 0. For H2, ortho States are triplets while para States are singlets. Therefore, at local température equilibrium the ratio of ortho-to-para States is given by the rotational quantum number. For T > 200 K, this value converges to 3. For D2, ortho States are sextuplets (degeneracy, go = 6) and para States are doublets, and at the high-temperature limit, T > 100 K, OPR (D2) = 2. For D2, the ortho States correspond to rotational States of even J and para States correspond to rotational States of odd J.Nuclear spin conversion (NSC) toward the lower energy State is possible but slow. Ortho-to-para (7 = 1 to ./ = 0) conversion is expected for H2 at equilibrium at low températures, where OPR(H2) -» 0. On the other hand, para-to-ortho (7 = 1 to 7 = 0) conversion for D2 gives a diverging OPR toward T = 0 K, OPR(D2) -> oc (see Figure1). Figure2shows the distribution of H2 and D2 molécules in LTE at different températures. We also show the expected distribution after D2 and H? initially at LTE at 300 K corne in contact with a surface at 10 K (black bars). If NSC conversion does not occur, molécules that reach the surface in even rotational States relax in the 7 = 0 State, whereas molécules in odd rotational States relax and are detected in the 7 = 1 State(Amiaud et al. 2008;[START_REF] Chehrouri | Proc. Annual Meeting of the French Society of Astronomy and Astrophysics, Ortho/Para Spin Conversion of D2 on a Porous Water Ice Surface at 10 K in the Presence of 02 Traces[END_REF]).

Figure 1 .

 1 Figure 1. OPR of H2 and D2 in LTE as a function of the local température, calculated using Equation (I). The high température equilibrium OPR value occurs at T > 100 K for D2 and for T > 200 K for H2. (A color version of this figure is available in the online journal.)

3Figure 2 .Figure 3 .

 23 Figure 2. Population of rotational levels of H2 and D2 in LTE at different températures up to J = 4. The black columns show the rotational distribution of gas originally at 300 K after déposition on a surface at 10 K, which freezes the distribution on the lowest rotational States 7 = 0 and 1, before full nuclear spin conversion to J = 0. (A color version of this figure is available in the online journal.)

rotational

  States of the ground electronic State of H2 or D2 at room température are measured and the wavelength is adjusted for maximum signal. The surface is kept above 30 K to avoid adsorption of H2 and D2 on it. The sample is exposed to a flux of 1.2 x 1013 D atoms cm-2 s-1 and 9 x 1012 D2 molécules cm-2 s"1 (Accolla et al. 2011). After different doses are sent the sample température is linearly raised as a function of time, and the signal of molécules evolving from the surface is detected. Two types of measurements are made. A laser beam ionizes the molécules

Figure 4 .

 4 Figure 4. REMPI signal during the TPD after deposits with D2 and D + D2 with the laser tuned at J = 0, 1,2. Note the negligible J = 2 signal. The shaded areas

(Figure 5 .

 5 Figure 5. Left: TPD profiles at mass 4 following D2 irradiation for the times indicated. The surface température during irradiation is 10 K. Right: following D + D2 irradiation. Inset: Plot of integrated intensity vs. irradiation time after doses of D+D2 (discharge on) and D2 (discharge off) beams. Note that desorption starts at a higher température for D+D2 profiles than for D2 profiles, due to the preferential recombination-induced desorption of lower energy binding sites during atomic irradiation(Gavilan et al. 2012).(A color version of this figure is available in the online journal.) (via REMPI) according to their v, J State and the signal is collected, a technique called SQS-TPD (sélective quantum state-thermal programmed desoiption;Arniaud et al. 2008). To measure the OPR, the v -0, J = 0, 1, 2 States are probed. A signal in the J = 2 State was detected following D2 deposits, but weak (<1%) compared to the J -0 and 1 contributions (see Figure4) and is attributed to molécules colliding with the chamber walls at room température. A second measurement is performed concurrently by the QMS located in front of the surface but vertically displaced to avoid interférence with the REMPI measuremcnts. The QMS measures the total number of D2 molécules irrespective of their rovibrational State. The TPD following irradiation has contributions from the PE (D2) undissociated in the beam and from the H2 (D2) that is formed on the surface. Newly formed H2 or D2 molécules are detected during both the irradiation and the TPD intervals. The incident molecular beams (either EL or D2) hâve a rotational distribution corresponding to 300 K, i.e., their States are distributed over several rotational States and the overall OPR = 3. Once they reach the surface at 10 K, this

Figure 6 .

 6 Figure 6. REMPI-TOF signal (at J = 1) during H+H2 and H2 déposition (the microwave discharge is on and off, respectively), as the sample is kept at 10 K and during a TPD to 30 K. The QMS signal, recorded synchronously, is shown in red.(A color version of this figure is available in the online journal.)

  with the discharge off. The number of molécules adsorbed on the surface from the beam with the discharge on,

Figure 7 .

 7 Figure 7. Ratio of the REMPI-TOF signais of D2 molécules desorbed during TPDs following deposits with D+D2 and D2 beams (microwave discharge tumed on and off). The horizontal axis shows the different pairs of experiments performed. D2 molécules detected in the ortho State (J = 0) are given by the ratio Q" and molécules detected in the para State (7=1) are given by the ratio Qp. The error bar (shaded area) is one standard déviation of the mean. Note the larger dispersion of data points at the J = 1 State compared to the J = 0 State.

  work on carbonaceous and siliceous surfaces of different mor phologies will complément these results, as they are relevant surface catalysts widely présent in the ISM. The authors acknowledge the financial support from the ANR (Agence Nationale de la Recherche, contract 07-BLAN-0129), the Conseil Régional d'île de France (SESAME contract I-07-597R), the Conseil Général du Val d'Oise and the French National PCMI program funded by the CNRS. G.V. acknowledges partial support by NSF Astronomy & Astrophysics Division, grant No. 0908108. L.G. is fully supported by the European Community FP7-ITN Marie-Curie Pro gramme (LASSIE project, grant agreement No. 238258.) J.-H.F. acknowledges the financial support from the ANR under con tract ANR-09-BLAN-0066. important fraction of dust in the general diffuse interstellar medium are of great interest to astrophysicists. Silicate surfaces allow the recombination of the most abundant molécule H2, which drives further Chemical complexity in the ISM. The properties of this type of dust dépend on their location and lifetime in the ISM, where they can be irradiated by energetic photons and ions.
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2. 1 .

 1 Préparation of Amorphous SilicatesThe gas-phase condensation of nanometer-sized sili cate particles lias been realized by pulsed laser ablation of silicate or metallic targets and subséquent condensa tion of the evaporated atoms, molécules and clusters in a quenching gas atmosphère at a pressure of 3 mbar. A scherne of the experimental setup is shown in Fig.1. The setup consists of three differentially pumped chambers and a fourth one containing the substrate for particle déposition. The laser ablation is attaclied to a Fourier Transform Infrared (FTIR) spectrometer to enable insitu spectroscopy of the dcposit.ed grains. The first chamber contains the target on wliich the laser beam is focused through a lens. The target is placed adjacent to a nozzle, shown in Fig.2. Nd:YAG laser puises at a wavelength of 532 nm (second harmonie) with puise energies between 100 and 130 mJ were used to evaporate the rotating siliceous target. The duration of the laser puises was 10 ns.

  FiG. 1. -Scheme of the laser ablation setup for the condensation of silicates

FiG. 2 .

 2 FiG. 2.-Left: Pressed target of métal powder on the holder. Center: Rotating target holder under the laser beam. Right: The target after the ablation.

Fig. 3 .

 3 Fig. 3.-HRTEM of amorphous MgFeSiC>4

6 .

 6 In each set of AFM images, a 3D view of the sam ple (a & c) and an amplitude/phase image of the sam ple (b & d) are presented. The amplitude mode is the sample topography that does not indicate the absolute height in the sample. The amorphous Mg2SiO ( sam ple shows spherical nanometer-sized grains with porous random-shaped agglomérâtes whereas the crystalline ma terial shows clear sharp edges in the amplitude mode images. Also, the amorphous Fe2Si04 sample shows ag glomérâtes of round-shaped nanometer-sized grains while in the crystalline material, the edge of every individual grain is distinctly observed in the phase images. The horizontal fines in sonie AFM images are artifacts due to the cantilever that could not follow the scan rate.

3. 3 .

 3 Infrared spectroscopy The spectral properties of silicates are strongly affected by the Chemical composition, structure, size, and mor phology of the grains. Broad bands around 10 and 20 pm are typical of amorphous silicates, while narrow, multiple features indicate crystalline materials. The exact band positions and shapes of magnésium iron silicates dépend on the cation ratio, i.e. Fe, Mg, and Si, contained in the silicate structure, as well as on the presence of oxygen, OH, and H20 in the quenching gas. In crystalline and amorphous olivine-and pyroxenetype silicates, the SiÛ4 tetrahedra are mainly connected by oxygen bridges (exceptions are the crystalline olivine minerais). In amorphous silicates, the incorporation of métal oxide into a Si02 structure leads to the forma tion of non-bridging oxygen atoms. In the case of two or more non-bridging oxygens per Si O 4 unit, which is typ-

Fig. 4 .

 4 Fig. 4.-HRTEM micrographs of amorphous (left) and crystallized grains (right). The two top images correspond to Fe2Si04 while the two images in the lower panel correspond to the Mg2Si04 sample.

Figs. 7 and 8 .

 8 Figs. 7 and 8. The as-condensed amorphous olivine-and pyroxene-type silicates show typical broad and structureless IR bands at around 10 and 20 pm due to the distribu tion of bond lengths and angles in the amorphous struc ture. The 10 and 20 prn bands are attributed to Si-0

Fig. 5 .

 5 Fig. 5.-FESEM images of the deposited amorphous (left) and crystalline (right) Mg2SiC>4 grains.

FiG. 6 .

 6 FiG. 6.-AFM images (3D view and apmplitude/phase micrographs) of silicates prepared via laser ablation. The top four images correspond to Mg2SiC>4 particles whereas the down four images represent Fe2SiC>4. a) and b represent the amorphous and c) and d) the crystalline materials, respectively.

Fig. 8 .

 8 Fig. 8.--Dust absorption profile of WR 98a representing the local ISM (Chiar & Tielens 2006) (solid curve) compared to the IR spectrum of the amorphous olivine-type MgFeSi04 (dotted curve) and the IR spectrum of amorphous pyroxene-type Mgo.6Feo.4Si03 sample (dashed-dotted curve).

  , the condensation of nanometersized silicate dust grains has been realized by laser ab lation of bulk silicates or mixed métal targets (Mg, Fe, and Si) in He or He/02 quenehing gas atmosphère, respectively. This method allows us to préparé aniorphous silicates of different, composition ranging from non-stoichiometric silicates to silicates with pyroxeneor olivine-stoichiometry. The structure and morphology of the produced samples liave been characterized and monitored by efficient analytical and imaging tech niques. in contrast to former gas-phase condensation studies of silicates (Rietmeijer et al. 1999), the struc tural and compositional characterization of the condensed grains clearly revealed the formation of amor phous and homogeneously composed, nanometer-sized silicate grains. Homogeneous, mixed magnésium iron silicates of pyroxene (Mg(1_x)FexSi03) and olivine stoichiometry (Mg(2_2;c)Fe2:ESiO 1) can be directly condensed with the new method. Only in the amorphous Fe2Si04 condensate, a small fraction of the condensât,e suffered from phase sépara tion into Si02 and iron oxide. During the annealing of the Fe2Si04 condensate at a definite oxygen fugacity, the phase séparation became stronger resulting in an inhornogeneous crystalline material containing a higher frac tion of Si02 and FeOx. The spectra of the gas-phase condensed silicates show the typical 10 and 20 /un bands of amorphous silicates. The presence of water in the quenehing gas atmosphère results in the formation of Si-H and H-Si-0 groups that absorb at 4.5 and 11.5 gm. These two bands are observable in the amorphous Mg2Si04 and MgFeSiCU. Grains and agglomérâtes, adiabatically extracted from the condensation zone and deposited on the substrate, eventually form layers of particles and very fractal clus ters resulting in very porous particle films. The individual amorphous grains show the typical spherical shapes expected for amorphous particulate condensâtes. In order to produce nanometer-sized crystalline samples, a subséquent annealing step is required. Morphological changes after annealing could be monitored showing the formation of larger grains with facets due to crystallization.

  . and L.G. are supported by the European Community FP7-ITN Marie-Curie Programme (LASSIE project, grant agreement no. 238258). We thank Hiroki Chihara (Osaka University, Japan) and Sebastien Peralta (LPPI, Université de Cergy-Pontoise) for lheir contributions in the sample préparation, annealing, and AFM
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1 .

 1 FiG. 1. Left: Silicon substrate covered by a silicate deposit produced via laser ablation showing fringes. Right: Silicon substrate stuck on top of the sample holder of the cryostat.

Figure 1

 1 Figure1shows the sample out of the ablation chaniber and ensuingly installed in FORMOLISM. The sili cate sarnples were prepared aecording to extreme ISM parameters: structural (polycrystalline or amorphous), and Chemical (the forsterite and fayalite end-mernbers of the olivine farnily). Even if they do not represent the average silicate found in the ISM (since amorphous sili cates contain a mixture of Mg and Fe), they allow us to test one pararneter at a time, namely, stoichiometry and structure. The last sample installed was a bare Si(lll) disk.

  of a copper finger cooled to 5 I< by a closed cycle hé lium refrigerator. A radiation shield surrounds the cold finger, except around the sample area. The température of the sample is measured by a Silicon diode and can be varied and controlled by a résistive heater. Iiydrogen atoms or molécules are introduced into the chamber via a triply diflerentially pumped line. Experiments were done with deuterium to increase the S/N of our measurements because hydrogen is the main background gas even in a well-baked ultra-high vacuum apparatus. Deuterium and hydrogen molécules were dissociated using an air-cooled microwave discharge operating at 2.45 GHz and ~70 W.

Fig

  photons with 300-400 pJ per puise. The laser beam is focused ~4 mm away from the center of the surface. At the exit of the main chamber, the shot-by-shot laser puise integrated power appears rather stable (~7%) over a few hours. The REMPI -TOF and laser power signais are recorded. The REMPI -TOF data is corrected using a previously measured power law to account for its nonlinear dependence with the laser power. However, the main source of noise is still the permanent random desorption of excited molécules, compared to the short duration of the laser puise. Because of experimental constraints, higher vibrational levels hâve not been measured.Although tlieoretical

1 .

 1 Rotational distribution of surface scattered molécules At first, we send a beam of either deuterium molécules or atoms towards the surface. We then measure the rota tional distribution of molécules leaving these substrates.Throughout tliis paper, we refer to the scattering of pure D2 molécules (with the microwave discharge off) as D2, while newly-formed molécules, recombining on the sur face, are identified by D£. For most surfaces, REMPI scans were doue over rotational States 3" = 0 -5. For strong signais, the signal-to-noise (S/N) values are in ex cess of 30 and down to a S/N ~10 for the higher and usually less populated rotational States (J > 3). The bars diagrams were obtained by considering Rj, the laser power-normalized REMPI signal for a rotational state J during atomic or molecular irradiation. Rj is then normalized by the total abundance or ^2 Rj. J The blue bars in Fig. 2 to Fig. 4 show the rotational dis tribution of pure D2 scattered on different surfaces (5.6 K or 10 K). The red, green, and yellow bars show the ro tational distribution of newly-formed D2. The black bars show the theoretical rotational distribution of an ensem

1 /

 1 Fig. 3. -Rotational distribution of D2 and from Mg2SiÛ4 and Fe2Si04 (crystalline).

Fig. 5 .

 5 Fig. 5.-Left: Rotational distribution of the pure D2 beam (no surface interaction) showing a distribution resembling gas at equilibrium at 300 K. Right: Boltzmann fit for this rotational distribution.

Fig. 7 .

 7 Fig. 7. -Boltzmann plots for or D2 (formed by recombination or just irradiated on the surface) scattered from Mg2Si04, Fe2SiC>4and a Silicon disk (ail crystalline) at different surface températures. These fits cannot be described by a single linear Boltzmann fit and it is assumed that two gas components at different rotational températures are présent. The last figure (bottom right corner) lacks the higher température linear fit due to the fewer data points recorded.

3. 4 .

 4 Comparison to previous experiments on rnetallic surfaces A Boltzmann distribution of rotational States has been previously observed for associative desorption on rnetallic surfaces. In 011e of the recombinative desorption studies of D2 on Pd(100), a single erystal surface, rotational cooling was observed, with Tr"t < T surface There are theoretical models to describe the behavior of the rotational degree of freedom of desorbing molécules. A recent, review by Parias & Miranda (2011) explains the rotationally inelastic diffraction (RID) peaks of molécules colliding with rnetallic surfaces, whereby in elastic refers to energy exchange between the degrees of freedom of the hydrogen molécule, and not with re spect to the substrate. Most of tliese experiments refer to cooling with respect to the surface température Trot <'' Tsurfaces while ill OUr Case T surface <'-Trot ^T(,eQ7rj.

Fig. 9 .

 9 Fig. 9.-Silicon disk surface in 3D showing the smooth single crystal structure with a depth scale of 6 nm.

Fig. 10 .Fig. 11 .

 1011 Fig. 10. -AFM images of Mg2Si04 in 3D showing the amorphous dust grains (left) and crystallised dust grains (right).

Fig. 13

 13 Fig. 13 shows the rotational distributions of D2 formed (blue bars) on Fe2Si04 and Mg2SiC>4 (both crystalline) with and without molécule pre-coverage. Within the error bars, a slight overabundance at J = 4 and J = 5 following the pre-dose of molécules on the surface is detected and hints at the production of rotationally hot D2 molécules for the Mg2SiC>4 surface. 4.3. Formation efficicncy vs surface température Previous work on silicate surfaces (Ile et al. 2011) has looked at lrow the surface morphology of silicates in fluences the formation of molecular hydrogen. Newly formed IID on an amorphous silicate has a wider TPD

  .-Top: Rotational distribution of D2 after scattering from Fe2SiC>4 and Mg2SiC>4 (crystalline) previously dosed with D2 molécules. Bottom: Boltzmann plots for Di) or D2 (formed or pure) scattered from Fe2Si04 and Mg2SiC>4 (crystalline).

  Fig. 15.-Formation efficicncy of D2 after interaction on

  VUV spectroscopy of CO work is a project led since the 80's at the Meudon observatory, successively achieved on the ACO, super-ACO and most recently at the SOLEIL syn chrotron. The work reported here is part of a collaboration started in 2009 by two research teams: the Paris-Meudon/Toledo group and the Wellesley/UCLA/Harvard/ANU group. This collaboration has included joint measurements on the DESIRS beamline from 2009 to 2013

  held by the French National Centre for Scientific Research (CNRS) and the Commissariat à l'Energie Atomique (CEA), two French national research agencies. It currently houses 25 beam lines.

Figure 4 . 1 :Figure 4 . 2 :

 4142 Figure 4.1: On top, schéma showing the working principle of the SOLEIL synchrotron. In the centre: the linear accelerator and the booster, around, the stockage ring and the beam lines (crédit: JF Santarelli, Synchrotron SOLEIL). At the bottom, a photo of the interior of the synchrotron, on top of the beam lines (crédit: J. Orkisz).

Figure 4 . 3 :

 43 Figure 4.3: Synchrotron radiation energy flux, a) for a non-relativitistic source, b) for a relativistic source of électrons in a circular orbit. Source: R. Bartolini, John Adams Institute.

Figure 4 . 4 :

 44 Figure 4.4: Monochromator gratings (200, 2400 and 4000 grooves/mm) available on branch B of the DESIRS beamline. (Photo crédit: Nelson de Oliveira).

Figure 4 . 5 :

 45 Figure 4.5: Top view of the optical layout of the DESIRS beamline. Red rays correspondto the undispersed white beam used either in the FTS or sent to a monochromator. Green rays correspond to the monochromatized beam when the MTF is removed. EnS stands for entrance slit and ExS stands for exit slit[START_REF] Nahon | DESIRS : a state-of-the-art VUV beamline featuring high resolution and variable polarization for spectroscopy and dichroism at SOLEIL[END_REF]].

  photons arriving on the sample dépends on the chosen wavelength (5 eV to 40 eV), In the 5-32 eV range, the flux is typically 1010 to 1011 photons s-1 in a 1/50000 bandwidth and 1012 to 1013 photons s-1 in a 1/1000 bandwidth, before falling for lower values above 32 eY because of the low reflectivity on the normal-incidence gratings at high energy.

  towards the FTS endstation by inserting the toroidal MFT mirror, for absorption spectroscopy experiments. A more detailed description of the FTS is given in subsection 4.5.1.4.4Studies of rovibrationally excited H2 via REMPI(1+1) with the monochromatised beam This work is a feasibility study of detecting rovibrationally excited H2 via 1+1 REMPI using synchrotron light. This work was done during an experimental run on February 3 -7, 2011. We used the branch B of the monochromatised beam, described in Figure 4.5. This beam provides slit-limited high resolution spectroscopy over a wide energy range. For this experiment we transferred the annex chamber described in subsubsection 2.2.3.2 originally used in Cergy to the DESIRS beam line at SOLEIL, see Figure 4.6. The goal was to use the synchrotron tuneable UV light to excite the ground State of H2, X 1X+. A second photon then ionises this excited State to produce an ion, detected by the TOF spectrometer, without the need for a virtual level, as the experiments presented in chapter 3.

Figure 4 . 6 :

 46 Figure 4.6: Left: Annex setup installed at the DESIRS end station at SOLEIL to study the feasibility of REMPI(1+1) to detect rovibrationally excited H2. Right: zoom of TOF spectrometer.

Figure 4 . 7 :

 47 Figure 4.7: Left: REMPI(1+1) spectra obtained with D2. Right: REMPI(l-Fl) spectra obtained with H2. No molecular hydrogen transitions were detected.

Figure 4 . 8 :

 48 Figure 4.8: Spectra of H20+ obtained by[Katayama et al. 1973] showing the total absorp

  An application for beam time to re-study this idea was presented again in 2012 and was accepted as part as an exploratory collaborative project with S. Béchu from the Laboratoire de Physique Subatomique et de Cosmologie at Grenoble. Due to administrative problems, the REMPI(l-fl) part of this project was not pursued. The other part of the project was designed to investigate both atoms and vibrationally-excited molécules via two-photon Ab sorption Laser-Induced Fluorescence (TALIF) and VUV-LIF schemes without using complex and costly laser devices. TALIF allows the measurement of the absolute density groundstate hydrogen atoms H (n=l). In this scheme, H atoms are excited from the ground State with two photons at 205 nm. The resulting fluorescence (Ha -656.5 nm) is measured by a conventional photomultiplier (PM) tube. This was studied in a specially designed structure consisting of a Pyrex tube, a microwave (2.45 GHz) dipolar plasma source, and a sample holder. Such sources produce H" and are developed as part of injectors in Tokamaks. The goal of this experiment is to check the rôle played by H2 recombination on the formation rate of H". Although I participated to these experiments, the data réduction was directly managed by the other team. 4.5 VUV spectroscopy of CO with the FTS 4.5.1 Spectroscopy with the Fourier Transform Spectrometer Vacuum-ultraviolet (VUV) high-resolution absorption spectroscopy is used to study gas-phase atomic and molecular electronic structure. To date, it has been performed by using lasers or synchrotron radiation-based grating spectrometers. The disadvantage is that none of these techniques can offer simultaneous high resolution, wavelength accuracy and broad tunability.

Figure 4 . 9 :

 49 Figure 4.9: Left: Manipulation chamber of DESIRS. Right: Fourier Transform Spectrometer.

Figure 4 . 10 :

 410 Figure 4.10: VUV scanning wavefront-division interferometer. a) Principle of a Fresnel bimirror: two roof-shaped optical blocks consisting of two VUV reflective surfaces meeting at an angle of 90°face the incident VUV undulator beam. The reference reflector (VUV-F) and the mobile reflector (VUV-M) are separated by a 100 jim gap. The VUV beam incident on the adjacent edges is divided and reflected twice at an incidence angle of 45°by the two reflectors. The two reflected beams overlap and interfère downstream due to a small vertical tilt of the top reflector. The interferogram is detected by a VUV photodiode (b) Schéma of the in terferometer setup.The VUV-M motion is measured using a visible interferometer based on a multireflections scheme between two plane mirrors. (HeNe, HeNe frequency-stabilized laser beam; FM, fixed mirror; BS, beamsplitter of the control interferometer). After the beamsplitter, the beam is reflected p times (p=ll in this case) between the plane surface at the back of the VUV-M and a reference wedge (RW) prism and then returns [de Oliveira et al. 2011].

Figure 4 .

 4 Figure 4.11: (a) Principle of measurements by multiple reflections: the incident and emerging beams must interfère. The angle between the mirrors is one degree, after 21 reflections. The choice of this angle is a tradeoff between the précision of the sampling and the sensitivity to noise, (b) The alignment is controlled thanks to a four-quadrant diode, and déviations are amplified by the number of reflections, (c) The distance between mirrors is controlled fringe by fringe by a Michelson interferometer [Joyeux et al 2005].

Figure 4 .

 4 Figure 4.12: Top: The data coming out directly from the experimental chamber, representing the intensity as a function of the total optical path. Bottom: A zoom on the left feature of the top image shows the interferogram obtained, which will be Fourier transformed to obtain the spectroscopic data.

Figure 4 . 13 :

 413 Figure 4.13: The MgF2 cell on its adjustable support, before being inserted in the manipula tions chamber

Figure 4 . 15 :

 415 Figure 4.15: Potential energy curves for the much more energetic Rydberg States of CO. Unlike the A-X band, B-X band shown here shows the predissociation due to the interacting D/ xX+State. The unperturbed low V levels are used for calibration in[Eidelsberg et al. 2004] 

Figure 4 . 16 :Figure 4 . 17 :

 416417 Figure 4.16: Example of a raw absorption spectra averaged over 50 scans. The x-axis is the wavenumber x 0.04 cm. The bottom two panels are zoomed in régions of the spectral régions marked in red.

Figure 4 . 18 :

 418 Figure 4.18: Multiple vibrational levels with "combs" denoting the wavelengths of previously known transitions making up different PQR bands within each vibrational level. The Xénon line, used for wavelength calibration, appears around 68100 cm-1.

  level, we find three branches, each representing the transitions be tween two rovibrational levels: PQR, which are defined by the rotational quantum number change

Figure 4 .Figure 4 . 20 :Figure 4 . 21 :

 4420421 Figure 4.19: Left: line positions for each branch as a function of J. Center: line position différences (AA) as a function of J, the straight line vérifiés the measurements in an unperturbed State. Right: line positions for v' = 1, showing déviations due to perturbations of the transitions.

( 4 . 9 )•Figure 4 . 22 :

 49422 Figure 4.22: Three spectra, plotted as absorption vs wavelength. The raw data is in black.

Figure 4 . 23 :

 423 Figure 4.23: The experimental spectra for the 12C160 V = 2 band is shown in black. The synthetic spectra is shown in light blue. The original "comb" for identifying line positions (from [Simmons et al. 1969] is on the top, in purple. The new, corrected line positions "combs", and the synthetic spectra for each band are shown in red, green, and blue (PQR). The pink spectra shows the residuals from the simulation, which should hâve the same sign by adjusting the line positions (see text).

3 The

 3 vibrational levels in the A and T electronic States. The eigenfunctions are linear combinations of the State \A, vA)N and \ T,vt)n: \T,vt,J) = C(vT,J). \ T, vT,J)N + C(vT, vA,J). \A, vA,J)N IA va>J) -C(vA, | T, vT,J)N + C(vA, J). |A, vA,J)N where the index N refers to the non-perturbed wave functions. Diagonalising the energy matrix for each J, gives the functions and the eigenvalues corresponding to each rotational level. Field's model also allowed to calculate the intensity of the lines thanks to the mixing coefficients provided in the diagonalisation. The C coefficients verify the relations, |C(v7, vA, J)|2 = |C(vA, vr, J)|2 = C2 |C(vr, J)|2 -|C(vA, J)|2 = 1 -C2. C C2 coefficients represent for each triplet level the fraction of the n character that they contain. For each J, we find two eigenvalues, one for A 1n (the main line) and one for the perturber (the extra line). If C2 becomes too weak, the extra lines are not observed as their shift is not measurable and their intensity too weak. If the interaction States are far apart, 4.6. Article V: High-Resolution study of 13ClôO A-X

Figure 1 .

 1 Figure 1. I3C160. Top: absorption bands at 293 K on the fui] undulator bandwidth centered on v' = 5. In red, I0 has been fitted for each v'. Center: the v' -5 band. Bottom: the v' = 5 band head.Individual features are identified in the bottom two panels.

  ) a switchable windowed gas cell (~19 mm in length and sealed either with MgF2 or LiF wedged Windows). In the first case, two stages of differential pumping maintain the ultrahigh vacuum in the VUV-FTS and in the DESIRS beamline. A 0.1 mbar full-scale capacitance gauge monitored the CO pressure in the external gas-handling System.The highest pressures, either with the windowless or the windowed cells, allowed measurements for the largest possible number of lines. When necessary, spectra obtained with the LN2 cooled windowless cell were used to disentangle the régions where the R-branch forms a band head, and low-/ lines in the P-, Q;, and R-branches are closely spaced. Both windowless and windowed cells were used for line measure ments from which term values are derived.

Figure 3 .

 3 Figure 2. Close-up of the Q(2) line (solid black trace), the sine function (dotted line), and the shifted Xe line (in gray); see section 3.1.64800

Figure 2

 2 Figure2shows an overview of the Q(2) line together with the sine function that helps to accurately détermine the line

Figure 4 .

 4 Figure 4. Reduced term values for the v' = 2 to 9 rovibronic levels in A1 FI of 13CIéO. The stars show the last e or/value measured by Haridass and Huber.9

  E dx.doi.org/10.1021/jp312338z I J. Phys. Chem. A XXXX, XXX, XXX-XXX d x . d o i . o r g / l 0 . l

  .9'10 The perturbing States are the F(l) and F(3) triplet components of the e3IT(v' = l) vibrational level, respectively. The observed perturbation at /' = 10 in the/level is caused by the eTT(v' = l) vibrational level.9 For v' = 1, we confirm perturbations at ]' = 13 and 19 in the/levels due to the F(l) and F(3) triplet components of the a'3Z+ (v' = 10) vibrational level. The observed perturbation at /' = 16 in the e level corresponds to the F(2) triplet component of the a'JE+(v' = 10) vibrational level. The observed perturbation at ]' -26 in the e and/levels corresponds to the D'A(i>' = l) vibrational level.21

For v' = 2 , 4 ,

 24 and 5, we confîrm predicted perturbations10 in a number of instances. At the présent time, the causes for the unassigned perturbations remain unclear. One possibility involves more distant perturbations, such as those found in an analysis of oscillator strengths for triplet-singlet transitions within the A-X System for l2C160.225. CONCLUSIONSGiven the superior resolution of the VUV-FTS instrument located at the SOLEIL synchrotron, we hâve been able to improve measurements of the line positions for the rovibronic transitions of the A'IT-X'X+ band System of 13C160.

Figure 5 . 1 :

 51 Figure 5.1: The relative rovibrational populations for H2 after formation on graphite [Islam et al. 2010].

Figure 5 . 2 :

 52 Figure 5.2: IR émission computed for different formation pumping models: (i) the model proposed in this work Figure 5.1 and (ii) the model proposed by[START_REF] Black | [END_REF]] in

  and calculations [AlemanetaZ. 2011] puts them forward as interesting targets to search for H2 excitation due to formation. A recent study of the ring nebula, NGC 6720, by [vanHoofetab 2010] has found a clear spatial corrélation between dust émission (observed with Herschel at 70, 160, 250, 350 /im) and H2 émission from the 1 -0 S(l) line at 2.12 [mi. This fluorescence is argued to be due to UV pumping from the central star and, in certain régions, to shock excitation [Flower & Pineau des Forêts 2003, Black & van Dishoeck 1987].Thus, the selected targets are planetary nebula with confirmed H2 IR fluorescence, particularly in the tori of dust and knots surrounding the central star. Bipolar PNe similar to M57 are chosen for long slit spectroscopy in the near infrared. The slit will be placed across the torus, allowing discrimination between differently excited régions. It contains knots with a modelled density of nH = 105 cm"3. To confirm the contribution from H2 formation that has been put forward by laboratory experiments, a much finer analysis of H2 émission lines over several NIR bands is required.

Figure 5 . 3 :

 53 Figure 5.3: Instruments available at the Paranal Observatory. At the background, the 8.2meter UT télescopes. ISAAC is installée! on UT3. In the foreground, four 1.8-meter auxiliary télescopes constitute the VLT Interferometer, or VLTI (crédit: ESO).

Figure 5 . 4 :

 54 Figure 5.4: Left: photo of ISAAC mounted on UT1 (crédit: ESO). Right: ISAAC monitored during our observing run from the control room at Paranal.

Figure 5 . 5 :

 55 Figure 5.5: Images taken during the observing run (Real Time Display). Left: choosing a slit position across the brightest régions in the K-band (2.12 /im) acquisition image of NGC7009.

2

  Acquisition images of observed targets were taken in the K band(1.82 -2.5 pm). Ail slit positions are overlapped on top of the objects, as seen in Figure5.6. The only target not showing any émission was IRAS 17423-1755 as its central star was a lot brighter than the nebular régions.

Figure 5 . 6 :

 56 Figure 5.6: Acquisition images of PNe showing the selected slit positions passing through régions with strong émission in the K-band.

  details outlines below are found in the ISAAC user manual provided by the ESO2. To start, we first identify the location of the slit on top of the acquisition image, in order to spatially relate the spectral features detected within the slit area. The slit is 120"

Figure 5 . 7 :

 57 Figure 5.7: Left: Raw acquisition image with slit. Center: Slit on the nod A position. Right: Slit on the nod B position.

Figure 5

 5 Figure 5.8:Atmospheric transmittance, visible to near-infrared, modelled by[START_REF][END_REF]].

Figure 5 . 9 :Figure 5 . 10 :

 59510 Figure 5.9: Raw A-B image and flat-fielded image (A-B)/flat. These science data were taken in the K filter with 150 s exposure times. We can extract the spectra by taking horizontal slices from the center image, taking into account that the spectrum is slightly tilted.

Figure 5 . 11 :

 511 Figure 5.11: Quantum efficiency of the 1024 x 1024 HgCdTe Hawaii Rockwell array .

Figure 5 . 12 :

 512 Figure 5.12: Spectrum of the white dwarf GJ 620.IB (spectrophotometric standard) taken with each filter (ZJHK). The blackbody curve at the theoretical température (~24000 K) will help normalise the line intensities across filters.

Figure 5 . 13 :

 513 Figure 5.13: Wavelength calibration for the band K spectra (1.84 -2.56 pim) of NGC7009.Red and black lines are two extracted spectra. The blue line shows the spectra from the Ar+Xe lamps. The yellow triangles show the positions of strong HI lines, the black triangles show the positions of strong Hel lines. The calibration is done with both HI (Paschen-a at 1.87 nm) and Ar II(2.48 ,um).

Figure 5 .

 5 Figure 5.14: Left: Flat-fielded spectra in the L-band for NGC7009. Right: extracted spectra showing HI 5-8 (Pfund sériés) and HI 4-5 (Brackett sériés) in the central core région (black) and on a particular feature (red).

Figure 5 . 15 :

 515 Figure 5.15: HST image of M2-9 taken in 1997 shown in représentative colors (R = 01, G = N[II], B = O[III]). The apparent size is 115" x 18" [Schwarz et al. 1997]. Crédit: B. Balick (U. Washington) et al., NASA.

Figure 5 . 16 :Figure 5 . 17 :

 516517 Figure 5.16: Evolution of M2-9 imaged by [Doyle et al. 2000]. Left: Ha images obtained in 1989 (cyan) and 1999 (red) showing the morphological évolution of the nebula. Second: [O III] images obtained in 1989 (cyan) and 1999 (red). Third: Using the previous panel as background, a heuristic corkscrew model is fitted by eye to the [O III] morphologies seen in 1989 and 1999. Each line is a model in which the projected corkscrew turns by 30°. Right: Unconvolved HST WFPC2 images from 1997.7 in Ha (green) and [O III] (magenta).

Figure 5 . 18 :

 518 Figure 5.18: Left: Our slit (1" x 120", R ~1700) positions on the Ks image.Right:[Hora & Latter 1994] 2.12 jum narrow band image, J band image, and slit positions on the J band image. The slit (0.8" x 0.65", R ~700) is placed on the east lobe, north knot, core, and south lobe. North is up and east is to the left.

Figure 5 . 19 :

 519 Figure 5.19: Spectra of five positions (see Figure 5.18) in M2-9 by [Hora & Latter 1994].

  did some of the first ther mal infrared imaging of M2-9, showing the spatial distribution at these wavelengths. They obtained thermal-IR images of M2-9 using the 5 -26 [im caméra mounted on the 3 m NASA IRTF, see Figure5.20. They showed that the bright bipolar lobes of M2-9 are dusty. They attribute these features to a warm dust component, and the more extended émission from the bipolar lobes to a component at 100 K.

Figure 5 .

 5 Figure 5.20: IRTF/MIRLIN images of M2-9 by [Smith étal. 2005] in continuum filters centered at 8.8 jum (a), 17.9 /xm (b), and 24.5 /xm (c). Right: SOFIA composite RGB image of 20 jum, 24 /xm, and 37 /xm [Werner et al. 2012]. Both images are at the same scale.

Figure 5 . 21 .Figure 5 . 21 :

 521521 Figure 5.21: Radio images of M2-9 taken by[Kwok et al. 1985]. Left: M2-9 observed in 1982 with the VLA at 20 cm (1.5 GHz, for ND3) with a resolution of 2."3 x 2."1. The contour interval is 0.5 mJy/beam. Right: radio map of the core at 2 cm (H2CN), contours are at intervals of 1.5 mJy/beam.

Figure 5 . 22 :

 522 Figure 5.22: Left: Acquisition image of M2-9 with an overlay of the three chosen slit positions.

Figure 5 .

 5 Figure 5.23: K-band (1.84 -2.56 [im) spectra of M2-9 taken with the N-S slit position (Fig ure 5.6), passing through the central star (internai reference: 11013). Yellow triangles show positions of strongest HI lines. Black triangles show positions of strongest He I lines.

Figure 5 .

 5 Figure 5.24: Composite of our Ks image, the HST optical image 5.15, and mid-IR contours (Figure 5.20) at 24 cm.

Figure 5 .

 5 Figure 5.25 shows the intensity distribution along the slit for two positions at selected wave lengths. The intensity distribution in the K band for the NS slit (left spectra) shows the

Figure 26 :FFFigure 27 :

 2627 Figure26: Wavelengths for H2 for the vibronic transition X 1E^-* E,F calculated by[Abgrall et al. 2000] 

Table 1 .

 1 1: List of the interstellar and circumstellar molécules observed until 2013. Ail molécules hâve been detected (also) by rotational spectroscopy in the radiofrequency to far-infrared régions unless otherwise indicated. From http : //www. astro. uni-koeln. de/cdms/molecules

	: 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	Cs*	CSH	C6H	ch3c3n	ch3c4h	ch3c5n	HCçN	c-C6H6*	HCUN
	AIF	C2H	1-C3H	c4h	1-H2C4	ch2chcn	HC(0)0CH3	ch3ch2cn	(CH3)2CO	CH3C6H	C2HsOCH3 ?	c60 *
	A1C1	c20	c3n	C4Si	c2h4*	ch3c2h	ch3cooh	(CH;t)20	(CH2OH)2	c2h5ocho	n-C3H7CN	C7o *
	C2"	C2S	C30	i-c3h2	ch3cn	hc5n	c7h	ch3ch2oh	CH3CH2CHO			
	CH	CH2	c3s	c-C3H2	ch3nc	ch3cho	c6h2	hc7n				
	CH+	HCN	c2h2*	h2ccn	ch3oh	ch3nh2	ch2ohcho	CgH				
	CN	HCO	nh3	ch4*	ch3sh	c-C2H40	1-HC6H'	CH3C(0)NH2				
	CO	HCO+	HCCN	hc3n	hc3nh+	h2cchoh	CH2CHCHO (?)	c8hd				
	CO+	HCS+	HCNH+	hc2nc	hc2cho	c6hd	CH2CCHCN	c3h6				
	CP	HOC+	HNCO	hcooh	nh2cho		H2NCH2CN					
	SiC	h2o										

Table 1 .

 1 2: Line list of ices absorptions observed by ISO from[Dartois 2005].

	Wavelength (utn)	Molécule	Vibrational mode	A (10 18 cm/mol)	Reference
	2.7	C02	Combination (vl + v3)	-	
	2.78	C02	Combination (2v2 + v3)	-	
	2.97	nh3	N-H stretch (vl)	10-11	(1,2)
	3.05	h2o	O-H stretch (vl -v3)	200	(1,3)
	3.47				

  new set of operators is necessary to characterise the States of a molécule: S2, Sz, Lz, Jz (= Sz + Lz). These operators commute with each other and with the Hamiltonian in the limit of negligible spin-orbit coupling. Their eigenvalues are used to describe a molécule State through the quantum numbers S, Ms, Mh, and Mj. The following dérivation resulting in

	the nomenclature used for the molecular orbitals of diatomic molécules was extracted mostly
	from [Herzberg 1950].
	1.6.2.1	The A quantum number
	The internuclear axis of a diatomic molécule or symmetry axis is taken as the z-axis and
	commutes so that,
				[I"H]=0	(1.3)
			'htotal	^elec^N^N	(1.2)
	1.6.2	Electronic levels
	Unlike the atomic case, where S, L, J and Mj characterise a given State, the electric field

generated by the nuclei of a diatomic molécule is not spherical. This means that the orbital angular momentum of the électrons (called L) surrounding the nuclei is not conserved, or that it does not commute with the Hamiltonian, H, of the électron System. 2m (1.1) A Which makes Lz an invariant, i.e. the projection of the orbital angular momentum of the électrons on the symmetry axis of the molécule is invariant with respect to the movement of électrons. When solving to find eigenstates of this operator, we obtain the following L2\l, m >= h2l(l + 1)|l, m > Lz\l,m >= hm\l,m > where, are the spherical harmonies.

Table 1 .

 1 

		3: Some H2 rotational transitions
		j -y	Notation	Wavelength
		2-0	H2 S(0)	28.18 pm
		3 -1	H2 S(l)	17.03 pm
		4-2	H2 S (2)	12.28 pm
		5 -3	H2 S (3)	9.66 pm
		6-4	H2 S (4)	8.03 pm
	1.6.8	Rovibrational transitions	

Within each vibrational State, a complété set of rotational States exists. For any diatomic molécule

Table 1 .

 1 Fitted parameters for hyperbolic fits of [QMS signal (t) =

	Pi t/(P2 + t)J describing the QMS signal time évolution during irradiation
	with D atoms after D2 doses.			
	D2 on 7'dUSt = 5.5 K (s)	P\	Pi	D2 on rdust = 10 K (s)	P\	Pi
	0		2555	46.7	0	2525	18.3
	30		2480	18.4		
	60		2435	8.2	60	2540	12.2
	180		2490	2.9	120	2575	8.7
	300		2430	2.7	300	2560	3.1
	600		2480	3.4		
	of newly formed D2 and the undissociated deuterium beam that
	elastically collides with the surface. The QMS signal time évolution
	curvcs arc (itted by a hyperbolic function and the titted parameters
	are given on Table 1. The fit to the rising QMS signal is given as
	where P\ is proportional to ND2bcam and P2 is proportional to
	1/(ND,*,	Since AD,Jose «: AD2*, the inverse of the ver

tical asymptote parameter, P2, is proportional to the recombination rate. The QMS curves hâve a higher steady-state level at 7'dUSt =

Table 1 REMPI

 1 

		Signal Ratios, Calculated OPR and K (the Total Recombination
			Coefficient) for Newly Formed H2 and D2	
		r	Qo	Qp	OPR	R = R0+Rp
	H2	0.47 ± 0.03	0.86 ±0.10	0.87 ±0.09	2.91 ± 1.23	0.71 ±0.31
	d2	0.62 ± 0.03	0.65 ± 0.03	0.76 ± 0.09	1.44 ± 0.43	0.49 ±0.17

Table 1

 1 

. The achieved ratio of Mg/Fe in the silicate grains is found to be around 1:1. The quantitative EDX analysis of individ ual grains retrieved from different sample areas show only

TABLE 1 EDX

 1 

	ANALYSIS OF CONDENSED GRAINS WITII OLIVINE STOICIIIOMETRY
			Weight (%)		Atomic (%)
		Q	Si	Mg / Fe	O	Si	Mg / Fe
	MgFeSi04	41.41	18.93	12.25/27.42	60.80	15.83	11.84/11.53
	Mg2Si04	43.19	28.05	28.75	56.93	12.84	29.37
	Fe2Si04	18.38	20.39	61.23	52.09	13.3	26.33

TABLE 1 ROTATIONAL

 1 

	TEMPERATURE (DERIVED FROM BOLTZMANN PLOTS) FOR	OR D2 FORMED OR SCATTERED ON A SURFACE
							Trot [ K ]	
	d2 or D2	Sample	am./cryst.	Tsample [ K ]	J" scanned	ail J"	J" = 0 -2	y =2 -5
		Mg2Si04	amorph.	10	0 -3	330 ± 66		
	d2	Mg2SiÛ4	amorph.	30	0 -2	318 ± 35		
		Mg2Si04	amorph.	50	0 -3	321 ± 76		
	d2	Mg2Si04	amorph.	10	0 -3	303 ± 44		
	d2	Mg2Si04	cryst.	5.6	0 -5		170 ± 30	513 ± 137
	d2	Mg2Si04	cryst.	5.6	0 -5		131 ± 21	505 ± 68
	D2	Fe2Si04	cryst.	5.6	0 -4		101 ± 3	
	d2	Fe2Si04	cryst.	5.6	0 -4		133 ± 8	455 ± 23
	d2	Si disk	cryst.	10	0 -3	202 ± 67	101 ± 3	
	d2	Si disk	cryst.	10	0 -2	97 ± 13	97 ± 13	

TABLE 2 STATISTICAL

 2 RESULTS FROM AFM IMAGES COMPARING THREEMORPHOLOGIES (AMORPHOUS, CRYSTALLINE AND SINGLE CRYSTAL).

		Mg2Si04	
	Height Statistical Quantities	am.	cryst.	Si disk (cryst.)
	Average Height nm	414	400	11
	Min. Height nm	199	257	0
	Max. Height nm	568	520	47
	Médian Height nm	431	409	11
	Ra of nm	55	46	2
	RMS (grain-wise) nm	68	56	3
	Height Distribution Skew	-0.72	-0.46	1.03
	Height Distribution Kurtosis	0.11	-0.52	6.55
	Inclination [ 6°6.3	3.8	0
	Inclination [	-3.9	-172	85.4

  The fitting program is used through an exécutable called LMD. The program can then create a synthetic spectra separately for each set of lines. As an example, we outline the steps to simulate the spectra of V = 2, see Fig. 4.23. We first need to create the file paravlB20pss.txt (see Appendix .2), that points towards B20_l.txt for the complété experimental dataset. It also points towards the .red files containing the measured and labeled rotational lines, classified into the most intense lines, the secondary lines, and the supplementary peaks. These are called AXlnp.red (contains 75 peaks), AXlns.red (contains 46 secondary peaks, due to the presence of a triplet State), and AXlnsup.red (containing 4 supplementary or unattributed peaks) respectively.

	J"	P	Q	R	
	0			RO	
	1		Q1	RI	ctq +crK
	2	P2	Q2	R2	(JP + (Jq + crR
	i	Pi	Qi	Ri	VPi +CrQ, +CTfl.

  displays a typical transmission spectrum for

	0.3 -				
	0.2				
	0.1				
	_ 1?" 0.0 -	* u T^rT » 1>A*»liihifJl.tluiiiiiLti 1J	W*W\ "mi	nu T',"'rr	iWrpnq
	71450	71500	71550	71600	71650
		Wavenumber(cm' )	
	71655	71660	71665	71670	71675
						Spécial Issue: Oka Festschrift: Celebrating 45 Years of Astrochem-
						istry

Table 1 .

 1 Confirmed and Newly Observed Perturbations for

Table 2 .

 2 I3C160 Measured Term Values" 

Table 2

 2 

		. continued											
		v' = 3		v' = 3		v = 4	v' = 4		II		v' = 5	v\ = o\	II	6
	/'	e	e«5/H											T h e J o u r n a l o f P h y s i c a l C h e m i s t r y A
	av		-0.088		-0.091	-0.070		-0.062	-0.078		-0.072		-0.059	-0.06
			v = 7		V	= 7	v' = 8		v' = 8		1/ = 9		v' = 9
	r	t		e <5/H	f	JS/ H	C	e «5/H	/	/«5/H	e	e «5/H	J	JS/H
	i	74207.508	-0.128	74207.485	-0.065	75426.671	-0.141	75426.844	0.056	76611.284	-0.004	76611.278	-0.038
		74213.014	-0.043	74213.006	-0.126	75431.989	-0.109	75432.298	-0.088	76616.610	0.010	76616.635	0.055
		74221.281	-0.131	74221.294	-0.104	75439.969	-0.159	75440.360	-0.070	76624.644	-0.104	76624.635	-0.075
		74232.323	-0.043	74232.333	-0.083	75450.710	-0.100	75451.025	0.015	76635.278	-0.078	76635.317	-0.026
	S	74246.128	-0.098	74246.148	-0.128	75464.149	0.001	75464.381	-0.071	76648.651	-0.091	76648.648	-0.098
		74262.671	-0.081	74262.683	-0.093	75480.331	-0.041	75480.471	-0.041	76664.666	-0.136	76664.652	-0.072
		74281.996	-0.076	74281.998	-0.108	75499.238	-0.108	75499.337	-0.047	76683.331	-0.091	76683.319	-0.099
		74304.043	-0.073	74304.060	-0.090	75520.867	-0.037	75520.937	-0.067	76704.673	-0.123	76704.658	-0.078
		7432S.89J	-0.071	74328.872	-0.092	75545.219	-0.109	75545.260	-0.060	76728.669	-0.068	76728.651	-0.071
		74356.421	-0.081	74356.458	-0.098	75572.284	-0.073	75572.309	-0.069	76755.334	-0.0S4	76755.307	-0.097
		74386.735	-0.015	74386.772	-0.082	75602.061	-0.111	75602.084	-0.094	76784.634	-0.034	76784.617	-0.057
		74419.802	-0.062	74419.853	-0.113	75634.551	-0.091	75634.545	-0.085	76816.633	-0.013	76816.514	-0.094
		74455.612	-0.052	74455.659	-0.089	75669.714	-0.094	75669.733	-0.083	76851.244	-0.054	76851.303	-0.032
		74494.178	-0.038	74494.218	-0.078	75707.598	-0.068	75707.586	-0.086	76888.528		76888.571	-0.161
		74535.482	-0.021	74535.517	-0.107	75748.140	-0.080	75748.137	-0.077	76928.464		76928.493	-0.053
		74579.520	-0.120	74579.577	-0.107	75791.771	-0.071	75791.770	-0.079	76971.053		76971.065
		74626.315		74626.355	-0.105	75837.371	-0.031	75837.360	-0.060	77016.329		77016.294
		74675.841		74675.845	-0.095	75885.903	-0.023	75885.891	-0.051	77064.135		77064.167
		74728.047		74728.090	-0.050	75936.919	-0.079	75936.907	-0.047	77114.645		77114.661
		74783.058		74783.053	-0.073	75990.768		75989.447		77167.774		77167.808

Table 5 .

 5 1: Filter, wavelength range, order for the low-resolution spectral mode with the

	SWS1-LR and LWS3-LR at ISAAC		
	Filter	À range [jum]	Order
	SZ	0.98 -1.1	5
	J	1.1 -1.4	4
	H	1.4-1.82	3
	K	1.82 -2.5	2
	L	2.55-4.20	1
	'https://www.eso.org/sci/facilities/paranal/instruments/isaac/

Table 5 .

 5 2: List of PNe targets observed with the VLT on June 2012

	Name	ID	RA(J2000)	Dec(J2000)	Size (')
	Ant Nebula	Mz 3	16 17 13	51 59 11	0.3 x 1
	Butterfly Nebula	M2-9	17 05 38	-10 08 35	0.3 x 1
	Proto-PN	IRAS 17423-1755	17 45 14	-17 56 47	0.3
	Dumbell Nebula	M27	19 59 36	+22 43 15	2.5
	Saturn Nebula	NGC 7009	21 04 11	-11 21 48	1
	Hélix Nebula	NGC 7293	22 29 39	-20 50 14	

  As indicated in Table5.1, the different bands (Z to K) are obtained with different grating orders and with a different optical setting for the L band. Thus, if we would like to compare line intensities in the different bands we need to perform a relative calibration between them. This is done by observing a calibration star with a known spectral type and température with each filter. The corresponding blackbody curve is used to normalise the line intensities to the

						2.00E+014
		6	2.0	2.2	2.4	2.6
	5.2.3.2	Calibration star			

Table 5 .
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		3: M2-9 Line Ratios (preliminary)	
	Wavelength (Â) Identification Core Région0 North Lobe North Knot
	1.8751*	HI 3-4 Paa	2.24		
	1.9443*	H2 2-1 S (5)		0.26	
	1.9444*	HI 4-8 Bry	0.54		0.61
	1.9549	He I			0.29
	1.9570	H2 1-0 S(3)		0.52	
	2.0332	H2 1-0 S (2)		0.42	
	2.0581	He I			0.53
	2.0729	H2 2-1 S (3)		0.23	
	2.1139	He I	0.57		
	2.1213	H2 1-0 S(l)		1.00	
	2.1388	?	0.60		
	2.1446	[Fe III]	0.61		
	2.1536	H2 2-1 S(2)		0.23	
	2.1655	HI 4-7 Br y	1.00	0.27	1.00
	2.2008	H2 3-2 S(3)		0.27	
	2.2192	[Fe III]	0.66		0.32
	2.2227	H2 1-0 S(0)		0.45	
	2.2428	[Fe III]			0.19
	2.2471	H2 2-1 S(l)		0.20	
	2.3550	H2 2-1 S(0)		0.29	
	2.4059	H2 1-0 Q(l)		1.00	
	2.4128	H2 1-0 Q(2)		0.42	
	2.4231	H2 1-0 Q(3)		0.72	
	2.4368	H2 1-0 Q(4)		0.37	
	2.4539	H2 1-0 Q(5)		0.46	
	2.4746	H2 1-0 Q(6)		0.27	
	2.4991	H2 1-0 Q(7)		0.32	

  Franck-Condon Factors for the H2 E,F (y', J') -X {y", J") transition calculated by[Fantz & Wünderlich 2004]. Franck-Condon Factors for the D2 E,F (V, J') -X (v", J") transition calculated by[Fantz & Wünderlich 2004]. nomical Society Meeting Abstracts 219, volume 219 of American Astronomical Society Meeting Abstracts, page 116.07, January 2012. xiv, 179
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Wavelengths for H2 for the vibronic transition X 1S^' -» E,F 1S^' calculated by[Abgrall et al. 2000] 

'http://www.iledefrance.fr/aides-régionales-appels-projets/ soutien-aux-équipés-scientifiques-acquisition-moyens-experimentaux 2http://www.agence-nationale-recherche.fr/

Ha+[N II]
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Experimental results on H2 formation
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ABSTRACT

Our laboratory experimcnts continue to explore how the formation of molecular liydrogen is influenced by silicate dust and how dust thereby affects hydrogen molécules adsorbed on its surface. In a first paper by Sabri et. al. (2013), we presented the fabrication via laser ablation of nanomet.er-sized silicate grain analogs. These hâve been further processed to simulate inter-and circumstellar dust, providing extremes in: structure (fully crystalline or fully amorphous grains), and stoichiometry (the forsterite and fayalite end-members of the olivine family). These silicates hâve been fully characterised via AFM, 1IRTEM & EDX, SEM. In this paper, dust samples are inserted in FORMOLISM, an ultrahigh vacuum setup where they are cryogenically cooled (down to ~5 K). Atomic beams are directed at these surfaces and the formation of new molécules is studied via REMPI(2+1) spectroscopy. With this technique, we explored the rotational distribution (0 < J" < 5) of v" -0 of the ground electronic State of H2. The results of these measurements are reported here. Surprisingly, molécules formed and ejected from crystalline silicates hâve a cold (Trot ~120 K) rotational energy distribution, while for molécules formed on and ejected from amorphous silicate films the température of the rotational dis tribution is > 310 K. The same trend is observed for molécules in a room température beam scattered from crystalline vs. amorphous silicate surfaces. These results are compared to previous experimen tal results crystalline metallic surfaces and theoretical simulations. Our current interprétation deals with rotational inelastic scattcring, where flatter grains hinder the "cartwheel" rotational mode of both newly formed and ejected molécules. A searcli for hot hydrogen, predicted as a resuit of the exothermic release of II2 formation, hints at its production. This is the first time that the internai structure of hydrogen molécules formed on an array of silicate dust lias been measured. These results are essential to understand the chemistry of diffuse clouds containing bare dust grains.

Subject headings: astrochemistry -dust, extinction -ISM: molécules -molecular processes CO 0.03 mbar) to avoid saturating the lines. At these densities, many scans are required to compensate for the low signal to noise ratio. This work has been recenüy published in [Eidelsberg et al 2012].

Work on the A-X bands of 13C160, whose term values hâve been determined, were published in [Gavilan et al. 2013]. Measurements in 2013 were done to complété and improve the measurements of accurate oscillator strengths (presently nonexistent) of the 13C160 A-X (V = 0-8) bands, using a windowed cell in the 120 -155 nra région. This cell is used to accurately measure the gas column density. The 2013 measurements were done with an MgF2 window of 0.5 mm thickness, improving the transmission compared to the previous runs done with 1 mm LiF or MgF2 Windows. Analysis on the oscillator strengths of the A-X bands of 13C160, has started by calibrations with the A-X bands of 12C160 and is still in progress.

Study of the 13ClôO A-X bands

In this section, I will présent some more details about the data réduction necessary to study the A-X bands of 13C160. For 13C160, the datasets were taken in June 2011, October 2011 

The reduced term values are plotted against J'(J' + l) for each rovibronic level, v'= 0-9. Since the rotational constants B and D dépend on v, we used the calculated rotational constants Bv and D,, from Table 3 in 2 shows the revised term values derived from the présent measurements. For the A1 TI rovibronic energies (cm-1) for 13C160, the upper State term values are given relative to X'E+(v" = 0, J" = 0), the ground State energy levels determined by Farrenq et al.20 This table contains the average différence of our measured term values compared to those measured by previous VUV measurements.9 This différence is on average -0.068 cm-1. For the levels in common,9 the largest différence corresponds to levels v = 3 and 7, where d = -0.091 and -0.094 cm-1, respectively. These différences compare favorably with the quoted uncertainty of 0.1 cm-1.9 For the bands in common with the study of A-X transitions in the visible11 (v' -7 to 9), the average différence is -0.028 cm-1, consistent with the quoted précision of ~0.025 cm-1. We présent records that go to higher }' values than Haridass and Huber9 for most v1 levels and lower )' values for v' -0. The bands in the visible portion of the spectrum studied by Kçpa and colleagues10,11''1 provide results for somewhat higher

We confirm perturbations that these groups hâve previously observed and/or calculated.
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