Application of lasers to ultracold atoms and molecules

Hélène Perrin^{1,6}, Pierre Lemonde^{2,6}, Vincent Josse^{3,6}, Bruno Laburthe Tolra^{1,6}, Frédéric Chevy^{4,6}, and Daniel Comparat^{5,6} 1Laboratoire de physique des lasers, CNRS and Université Paris 13, 99 avenue J.-B. Clément, 93430 Villetaneuse 2LNE-SYRTE, Observatoire de Paris, CNRS and UPMC, 61 Avenue de l’Observatoire, 75014 Paris, France 3LCFIO, Institut d’Optique Graduate School and CNRS, Campus Polytechnique, RD128, 91127 Palaiseau Cedex 4Laboratoire Kastler Brossel, ENS, CNRS, UPMC, 24 rue Lhomond, 75005 Paris, France 5Laboratoire Aimé Cotton, CNRS, Univ Paris-Sud, Bât. 505, 91405 Orsay, France and 6IFRAF, Institut Francilien de Recherche sur les Atomes Froids, 45 rue d’Ulm, 75005 Paris, France

In this review, we discuss the impact of the development of lasers on ultracold atoms and molecules and their applications. After a brief historical review of laser cooling and Bose-Einstein condensation, we present important applications of ultra cold atoms, including time and frequency metrology, atom lasers, simulation of condensed matter systems, production and study of strongly correlated systems, and production of ultracold molecules.

Application des lasers aux atomes et molécules froids

Cette revue présente l’impact de l’avènement des lasers pour la physique des atomes ultrafroids, des molécules, et de leurs applications. Après un rappel historique sur le développement du refroidissement d’atomes depuis les années 60, nous présenterons quelques applications importantes des atomes ultra froids, pour lesquelles les lasers jouent un rôle essentiel. Ils sont tout d’abord utilisés pour refroidir les atomes jusqu’à des températures très basses, de l’ordre du microkelvin. L’utilisation de ces atomes froids en métrologie du temps et des fréquences a permis d’atteindre des degrés d’exactitude inégalés dans les horloges atomiques. Dans un second temps, les atomes peuvent être refroidis davantage, jusqu’au seuil de la condensation de Bose-Einstein, aux alentours de 0,1 microkelvin. Ils se comportent alors comme une onde de matière cohérente, un ≪ laser à atomes ≫, qu’on pourra utiliser en interférométrie atomique comme on utilise les lasers en interférométrie optique. Les condensats peuvent eux-mêmes être confinés par des lasers focalisés, ce qui permet par exemple d’étudier le degré de liberté de spin ou de manipuler les interactions entre atomes. Grâce au grand degré de contrôle que l’on a sur les paramètres clé (densité, interactions, température, spin...), les atomes froids sont à présent utilisés comme simulateurs quantiques : des systèmes plus complexes sont accessibles à l’expérience, comme les ensembles atomiques fortement corrélés ou les molécules. Celles-ci peuvent être produites par association d’atomes ultra froids, ou par refroidissement de molécules, ces deux approches ayant conduit récemment à des avancées spectaculaires.

PACS numbers:

I. INTRODUCTION

The manipulation of dilute gases with light is a good example of a field where a major technological step – the development of lasers – triggered important achievements in fundamental research – high resolution spectroscopy, laser cooling and trapping, and Bose-Einstein condensation – which in turn contributed to the development or improvement of new technologies – atomic fountain clocks, atomic gyrometers, atom lasers, quantum simulators... The mechanical effect of light on matter was first demonstrated in 1901, where radiation pressure was evidenced independently by Lebedev, and Nichols and Hull [1]. Otto Frisch demonstrated in 1933 that individual particles from a beam of sodium could be deflected by the radiation pressure of a sodium lamp [2]. But these early demonstration experiments were not developed further until the advent of lasers. Only ten years after the first demonstration of the laser, Ashkin proposed to use laser light to manipulate the external degree of freedom of atoms [3]. The first experiments using lasers for deflecting an atomic beam were performed two years later [4].

The mechanical action of light on matter, described as light forces, is linked to the momentum transfer of a photon recoil ℏk in the absorption or emission process of one single photon of wave vector k. Light is coupled to atoms by the interaction between the electric light field and the atomic dipole. Two kinds of light forces can be distinguished, radiation pressure and the dipole force. Radiation pressure is a dissipative force and corresponds to the absorption of a photon from a light source followed by the spontaneous emission of another photon. As spontaneous emission is a random process with equal probabilities in opposite directions, a net average force is built in the direction of the light wave vector when this process is repeated. Radiation pressure is particularly efficient with a laser tuned on a strong cycling transition of an atom or ion, and accelerations of order 10^5 m·s^{−2} can be reached with moderate laser powers of a few mW. Radiation pressure depends on the laser frequency like the photon scattering rate and is maximum on resonance. On the other hand, a redistribution of photons in the light field occurs when the absorption is followed by a stimulated emission. These processes lead to a shift of the atomic states known as light shift. The variation of the light shift in space, linked to intensity gradients in the light field, is responsible for the dipole force, which is conservative. The dipole force vanishes on resonance and is opposite for opposite detunings of the light frequency with respect to the atomic transition. Depending on the value of the detuning, either one or the other force can be dominant. Historically, the first experiments on atomic manipulation made use of the radiation pressure only as the dipole force becomes important for rather cold atomic samples.

In 1975, Hänsch and Schawlow [5] suggested to take benefit of the Doppler effect to make the radiation pressure velocity dependent : laser cooling was born. At the same time, a similar idea was proposed by Wineland and Dehmelt to cool trapped ions [6]. Tuning two counterpropagating lasers below the atomic resonance favours the absorption from the laser propagating against the atom, which is set closer to resonance by the Doppler shift. Hence, the radiation pressures from the two lasers are unbalanced and a net force acts against the atomic velocity, leading to dissipation and cooling. This Doppler cooling scheme can be generalised to all three dimensions of space with six laser beams. It leads to very low but finite velocities, limited to typically a few cm/s by the fluctuation of the instantaneous force due to absorption and spontaneous emission of individual photons. As the energy extracted at each absorption-emission cycle, the recoil energy, is rather low, many cycles are necessary to efficiently cool thermal atoms. Cooling therefore requires an almost closed transition, which can be found in many atoms. However, this requirement is very demanding in the case of molecules.

If laser cooling could be implemented in 1978 soon after these proposals with trapped ions [7], it was not the case for neutral atoms. Indeed, neutral atoms cannot be trapped starting from room temperature, as is the case for ions, and the interaction time between lasers and thermal atomic beams is not large enough to allow for efficient cooling. An additional decelerating step was necessary before laser cooling could be applied, and this was achieved in 1985 with the first Zeeman slower [8] : a laser propagating against an atomic beam is maintained into resonance during the deceleration process thanks to an inhomogeneous magnetic field, the Zeeman shift compensating for the Doppler shift everywhere on the atomic trajectory. The first implementation of laser cooling in a six-beam molasses, loaded by a Zeeman slower, followed immediately [9].

An important step toward the applications of cold atoms was the implementation of the first magnetooptical trap by Raab et al. in 1987, following a suggestion of Dalibard [10]. The basic idea is to make the radiation not only velocity- but also position-dependent by the addition of a magnetic field gradient to the setup. The Zeeman shift splits the magnetic substates of both the ground state and the excited state, which makes the transition frequency sensitive to the local magnetic field and hence to the position. This results in a restoring force. The magneto-optical trap setup was even simplified in 1990 by Monroe et al. who demonstrated that the atoms could be loaded directly from the low velocity tail of a vapour at room temperature [11]. The magneto-optical trap represented a major step in the quest for large phase space densities in atomic vapours [12], essential for Bose- Einstein condensation.

Laser cooling proved to be an extremely powerful technique to reach low temperatures in an atomic vapour. Indeed, the temperature of 40 μK obtained with sodium atoms was even lower than the 240 μK predicted by a theory based on Doppler cooling only [13]. This is due to the combination of optical pumping and differential light shift between magnetic substates of the atomic ground state, atoms being always pumped into the substate with the lowest energy [14]. The demonstration of laser cooling and the theoretical developments for its understanding were rewarded by the 1997 Nobel prize in physics [15].

With the progress of laser cooling, the use of the dipole force to act on atoms became relevant. With bluedetuned lasers – detuned above the atomic transition – atoms are pushed away from the regions of high intensity, whereas they are attracted towards the region of high intensity in the case of a red detuning. The dipole force is proportional to the gradient of the light intensity, and Cook and Hill proposed in 1982 to use the huge intensity gradient of an evanescent wave at the surface of a dielectric to repel atoms from the surface [16]. This kind of atom mirror was demonstrated by Balykin et al. a few years later [17]. Ashkin proposed in 1978 to trap atoms at the focus point of a red-detuned laser [18]. This was realised in 1986 when Chu et al. loaded atoms from an optical molasses into the first dipole trap [19]. Since then, dipole traps have became an important tool of ultracold atom experiments [20]. In particular, optical lattices [21], where atoms are trapped in the nodes or antinodes of a light standing wave created by the interference of counterpropagating laser beams, have proved to have important applications in quantum simulation [22, 23] as well as in time metrology, as described in section II.

As a matter of fact, the importance of laser cooling for time and frequency metrology was recognized very early. The long measurement times available with very slow atoms made possible in 1989 the successful realisation of the Zacharias fountain [24]. The idea is to launch atoms vertically to let them interact twice with the microwave cavity tuned to the caesium hyperfine frequency defining the second, and detect Ramsey fringes. The delay of typically 0.5 s between the two interactions sets the uncertainty on the measurement. The atom fountain is used now on an everyday basis to determine the International Atomic Time (TAI). The recent development of optical clocks with neutral atoms in optical lattices was again allowed by laser cooling and laser trapping in standing wave, see section II. Here, a transition in the optical domain is used, improving greatly the uncertainty in the relative frequency. Moreover, the advent of femtosecond combs, celebrated by the 2005 Nobel prize [25], made possible the direct comparison of this optical frequency with the microwave frequency standard.

Cold atoms are also used in atom interferometers as very sensitive inertial sensors : the best gravimeters and gyrometers are now based on cold atom interferometers [26]. Here, the coherence of the atomic source is essential. As monomode lasers of large coherence length greatly improved light interferometry, the development of an atom laser would be of great interest for improving the coherence of atom interferometers. A giant step towards this goal has been made in 1995 with the first observation of Bose-Einstein condensation in dilute gases, for which the Nobel prize was attributed in 2001 to Cornell, Ketterle and Wieman [27]. This was allowed by laser cooling followed by evaporative cooling in a magnetic trap [28]. An atom laser, as described in more detail in section III, is a coherent atomic source, in which all the atoms occupy a single quantum mode. Indeed, a Bose-Einstein condensate (BEC) fulfils this criterion, as below the critical temperature, there is a macroscopic population of the ground state, a single quantum state.

The coherence of the BEC considered as a new source for atom optics was demonstrated soon after the first observation [29]. Even if the condensation is obtained with dilute gases, interactions between atoms play an essential role in the physics of the BEC. This can lead to phase diffusion and degrade the coherence length, especially in 1D atomic guides [30]. On the other hand, interactions provide non linearity which may improve interferometers through, e.g., squeezing, in analogy to non linear quantum optics [31]. Interactions are also responsible for the superfluidity of the condensate, evidenced by the presence of quantum vortices when the gas is set into rotation[32], in analogy with vortex lattices in superconductors. In fact, quantum gases can be seen as quantum liquids, which bridges atomic physics and condensed matter physics. Two striking examples are the observation in 2002 of the Mott insulator to superfluid transition with atoms in an optical lattice [33], an analog to the Mott transition in solids, and more recently, the observation of Anderson localisation with cold atoms [34, 35] described in section III.

More generally, degenerate quantum gases can be considered as model systems, with easily tunable parameters, for difficult problems in condensed matter physics. In particular, the use of dipole traps – atom traps relying on the dipole force – to confine and produce BECs [36] opened the way to new experiments using a magnetic field as a free parameter : the study of new quantum phases for multi-component BECs [37, 38], or the tuning of atomic interactions and non linearity through a Feshbach resonance [39] to investigate strongly interacting regimes. Examples of the use of dipole traps for the production and the study of degenerate gases are given in section IV. Fermions can also be laser cooled and evaporatively cooled to degeneracy, and the analogy with electrons in condensed matter is even more natural in this case. The regime of strongly interacting fermions is now available with Feshbach resonances in dipole traps, see section IV.

Finally, the physics of cold matter has also been developed with more complex systems. Cold molecules can be formed from ultracold atoms through a Feshbach resonance and even be brought to Bose-Einstein condensation [40]. The grail of producing cold molecules of astronomical, biological or fundamental interest for high resolution spectroscopy or controlled cold chemistry is not reached yet. However, big progress towards laser cooling of molecules have been accomplished recently both with neutral molecules [41, 42] and molecular ions [43, 44], and the expected developments are presented in section V.

II. OPTICAL LATTICE CLOCKS

Lasers are at the heart of the recent developments in the field of atomic clocks. As already mentioned in the introduction, a first revolution happened around 1990 with the advent of clocks using laser cooled atoms, known as atomic fountains [24, 45]. The clock transition of Cs or Rb atoms cooled down to below 1 μK can be probed for up to a second, i.e. two orders of magnitude longer than in traditional atomic beam apparatus. This leads to proportionally narrower atomic resonances. In addition, with these slow atoms, key physical effects like the Doppler frequency shift which is a long standing limitation to the clock accuracy, are strongly reduced. This results in a dramatic improvement of the clock performance and atomic fountains now come close their ultimate limits. The best devices exhibit a quantum limited residual frequency noise close to 10^{−14} τ^{−1/2} with τ the averaging time in seconds and a control of systematic effects at a level of 3 × 10^{−16} in relative frequency [46, 47].

In atomic fountains the frequency reference is a hyperfine transition of the atomic ground state at a frequency of 9.2 GHz for Cs and 6.8 GHz for Rb. It has long been anticipated that another revolution would be possible by switching to a transition in the optical domain, at a frequency that is 4 orders of magnitude larger [48]. Indeed both the quantum limit to frequency noise and the relative magnitude of most frequency shifts scale as 1/ν with ν the clock frequency ! This however required solving two major issues. The first one is to be able to effectively measure optical frequencies and compare optical clocks which operate at a much too high frequency for the electronic devices used for that purpose in the microwave and RF domains. The solution to this problem came in the late 90’s with the advent of femto-second frequency combs, another revolution which boosted the development of optical frequency standards since then [25, 49].

The second issue is to tame the Doppler effect which remains the dominant term in fountains’ accuracy budget and is the major exception to the 1/ν rule stated above. It is well known for more than fifty years that confining the reference particles to a region of space that is smaller than the transition wavelength (submicrometer for an optical transition) is a way to cancel motional effects [50, 51]. This is the Lamb-Dicke regime which is a key ingredient for narrow resonances in hydrogen masers or Mössbauer resonances. Confinement however generally shifts the clock frequency and it was thought for a long time that this idea could only be applicable for trapped ions in high accuracy clocks. Thanks to their external charge, ions can indeed be confined in relatively low fields. It was shown recently that all systematic effects could be controlled down to better than 10^{−17} in a clock using a single trapped Al^+ ion [52]. This clock sets a new state of the art in the field and outperforms atomic fountains by more than an order of magnitude. Using trapped neutral atoms in an optical clock still remains highly desirable since a large number of particles can be trapped and interrogated simultaneously thanks to the limited interaction between neutrals. The quantum limit to the detection signal to ratio scales as √ N, with N the number of contributing particles so that an optical clock with 10^4 to 10^6 atoms could potentially surpass its single ion counterpart by 2 to 3 orders magnitude in terms of residual frequency noise. Trapping neutrals however requires large fields leading to frequency which apparently cannot be controlled at the required level. Beating gravity in a trap of sub-micrometer dimensions typically requires a shift of the energy levels of tens of kHz, i.e. 10^{−10} of an optical frequency [53]. This implies a control at the 10^{−8} level if one aims at a fractional accuracy in the 10^{−18} range !

This frequency shift problem can however be circumvented in an optical lattice clock thanks to a smart tailoring of the light shifts, as proposed in 2001 by H. Katori [54, 55]. The idea is to use atoms confined in the optical lattice formed by the interference pattern of several laser beams in a configuration where the shift of both clock states exactly match. An optical lattice is based on the dipole force which generally speaking depends on the trap laser polarisation, intensity and frequency [20]. The clock transition in an optical lattice clock couples two states with zero total electronic angular momentum (J = 0). These spherically symmetrical states experience a dipole force that is to leading order independent of the field polarisation. In addition, the coupling between these states is extremely weak. It is in fact forbidden to all orders for a single photon coupling, so that the excited state is metastable allowing for long coherence times and consequently narrow resonances (the same kind of transition is used in an Al^+ or In^+ clock for this reason). For^{87}Sr, which was the first atom for which the scheme was proposed, the transition is weakly allowed by hyperfine coupling only. Its natural linewidth is 1 mHz and will most probably never constitute a limit to the clock performance [56]. The second key ingredient of the lattice clock scheme is to tune the lattice frequency to the so-called magic frequency such that the intensity dependence of the dipole force exerted on the clock states are identical to leading order. The only remaining critical parameter of the trapping field is in principle its frequency which can be controlled to its magic value extremely well... ultimately by an atomic clock ! Several atoms have the requested energy level structure for an optical lattice clock. This is the case for most alkalineearth (Sr, Ca, Mg) and apparented atoms (Yb, Hg,...) and several projects using these atoms have been started since 2001 mainly with Sr and Yb [57–63].

The proposal developed by Katori is based on leading order arguments, while several higher order effects have been identified as potential issues to the ultimate performance and should definitely be considered when the requested light shift cancelation lies in the 10^{−8} range. In addition these effects are usually difficult to predict theoretically with the requested accuracy. Several experiments progressively demonstrated that these potential issues actually do not constitute a serious limitation to the clock performance, down to the 10^{−17} level for Sr and Yb [64–66].

The most advanced optical lattice clock now have an accuracy in the low 10^{−16} range [67, 68], already better than atomic fountains and approaching the best ion clocks performance. This corresponds to a control of the frequency of the laser probing the atoms to within less than 0.1 Hz. In addition, several measurements of the Sr clock transition frequency performed in different laboratories in totally different setups display a perfect agreement, strengthening further the confidence in the potential of these new apparatus [69]. And much room for improvement remains. In terms of residual frequency noise, state-of-the-art is marginally better than single ion clocks and approach 10^{−15} τ^{−1/2}. This is about two orders of magnitude away from the expected quantum limit in these clocks using a large number of atoms, and results from a technical though very difficult issue, associated to the residual frequency noise of the laser probing the clock transition [70]. Several schemes have been proposed to either dwarf the measurement sensitivity to this noise source and/or reduce the noise source itself [71–73]. It is doubtless that in the coming years at least an order of magnitude can be gained which would allow extending the coherence time of the clock laser to tens of seconds or more by stabilisation to the atomic reference.

Optical lattice clocks are a topical example of the use of lasers in physics. Laser cooled atoms confined in a laser trap are excited by an ultra-stable probe laser which in turns allows to further stabilise and accurately control the long term properties of this laser frequency. Frequency-combs based on femto-second laser pulses are then used to transfer these properties to other regions of the electromagnetic spectrum where they can be used to either generate a time-scale or perform more physics experiments [74]. The development of lattice clocks is indeed interesting in itself for the progress of the field of time and frequency metrology. But other very promising applications in other fields of physics are anticipated and already under investigation. An interesting case is the study of collisions between cold atoms in the lattice. The collisional properties of confined quantum gases is definitely a hot topic and the information retrieved from clock experiments are complementary to the ones deduced from the dynamics of degenerate quantum gases [75–77]. In a totally different field, optical lattice clocks can be used for fundamental physics experiments. The comparison and gathering of the measurements performed in different institutes allowed setting a very stringent constrain on the coupling of gravity with other fundamental interactions by looking the Sr/Cs clock frequency ratio in the various gravitational potentials provided by the ellipticity of the Earth rotation around the Sun [69]. In the future, more information could be gathered by sending these clocks in space in earth-orbit or in deep space and several such projects have already been proposed to the European Space Agency (ESA) and under investigation [78].

III. ATOM LASERS

Bose-Einstein condensation corresponds to a macroscopic accumulation of particles in the ground state of the system. All atoms being in the same mode, i.e. having the same wavefunction, the BEC is the matterwave analog of a photonic laser field inside an optical cavity. In analogy with a propagating laser field, a so-called atom laser can be formed by coherently extracting atoms from the BEC. Not surprisingly, such atomic outcouplers, which play the role of partially transmitting mirror in optics, have been quickly developed after the achievement of BEC in dilute gases. In 1997, in the group of W. Ketterle at MIT, a pulsed RF field was used to perform a transition between the BEC state (a low-field seeker Zeeman sublevel trapped in a magnetic field) and a nearly magnetic insensitive (untrapped) state, leading to atomic wave packets falling under gravity : the first atom laser [79].

Other atom laser prototypes followed shortly after. In Munich, a quasicontinuous atom laser beam was produced using a similar RF outcoupler [80], but taking advantage of a new, ultra-stable magnetic field configuration. Meanwhile, another kind of atom laser was produced at Yale from the Landau-Zener decay of a BEC loaded in a vertical optical lattice : there the constructive interference between the decay occurring at different lattice sites led to a pulsed emission of a coherent matterwave, in close analogy with mode-locked photonic lasers [81]. Last, a two-photon Raman transition outcoupler, transfering a large momentum kick to the atoms, was realized at NIST to generate a well collimated and directional atomic beam [82].

Since these early demonstration, new schemes have been developed. For instance, atom lasers can be produced by simply lowering the trap depth, which can be done in an “all-optical” way [83]. Such techniques do not require any transition between internal degrees of freedom and are intrinsically less sensitive to the surrounding magnetic field fluctuations, which constitute a major drawback of the “genuine” scheme. Besides, efforts have been made to achieve a better control on the beam propagation using new atom-optics tools, like reflectors [84], or by compensating gravity [85]. Atom lasers can also be directly coupled into waveguides, consisting in a laser guiding the atoms through the dipole force [86–88], similarly to the ‘pig-tailed’ photonic lasers (see Fig. 1). These configurations yield to nearly transverse single mode occupancy (see e.g. [89] for a detailled analysis) and open the way to the realization of integrated circuits [90, 91].

This short overview testifies to the interest dedicated to this new atomic source in the cold atom scientific community. Indeed, based on the example of its photonic counterparts, its coherence and brightness hold great promise to improve the sensitivity of atomic interferometers. Moreover, interactions between atoms can lead to interesting non linear atom optics phenomena : the use of solitons in atom interferometers [92], or the reduction of atom number fluctuations with squeezed matter waves [93]. In addition, atom lasers constitute a very appropriate tool to probe fundamental concepts in physics, for instance the test of equivalence principle in general relativity or the study of a rich variety of quantum transport phenomena. Such prospects, discussed in the following, have triggered a significant experimental and theoretical effort to characterize the atom laser properties, including coherence, flux and spatial mode quality.

First, the temporal coherence raises fundamental questions : will the well defined phase of the BEC be preserved ? What about the phase diffusion along the propagation ? Landmark experiments in the group of T. Esslinger have answered those questions by measuring the first [94] and second [95] order coherence of an atom laser. Provided that classical fluctuations have been suppressed, the coherence length was there shown to be Fourier limited by the outcoupling duration. Second, much work has been devoted to another key feature : the flux of the atom laser. Along these lines, quantitative descriptions of the outcoupling process have been made (see e.g. [96]) and a special attention has been paid to the weak-coupling conditions enabling a “quiet” and quasi-continuous emission [97–99]. These conditions imply quite stringent flux limitations that may constrain future applications. In fact these limits strongly depend on the specific atom laser scheme, Raman outcouplers allowing to reach the largest peak flux, typically a few 10^9 at.s^{−1} [100, 101]. Last, the transverse dynamics has been investigated, either in guided configurations (in term of transverse mode occupancy as mentioned above) or in the “freely” propagating case [102, 103]. For the latter situation, the popular beam-quality factor M^2, initially introduced by Siegman [104] for photon laser, has been adapted to describe the propagation of the atomic beam with ABCD matrices and to characterize how far an atom laser deviates from the diffraction limit [105, 106]. This work especially emphasizes how atom optics can benefit from the methods originally developed in the optical domain.

More than a decade after its first realization, the atom

Figure 1: Top (a) : Image by absorption of an atom laser directly outcoupled in an horizontal optical waveguide (from ref. [86]). Bottom : Experimental scheme of [34] for the demonstration of Anderson Localization with ultracold atoms. Following the proposal [107], a somewhat crude version of an atom laser (the whole initial BEC (b) being released) is allowed to expand along a guide and is stopped in presence of a laser speckle disorder (c). d) Density profile of the stationary state in semi-log scale. The exponential decay observed in the wing is the emblematic signature of Anderson Localization [108].

laser has now clearly gained in maturity and is heading towards applications. With the realization of spatially separated beams [109, 110], progress have been made towards the integration of atom lasers into interferometric schemes, for instance to realize ultra-sensitive inertial sensors [26]. Moreover the atom laser pair created in [110] is expected to exhibit non classical correlations that could improve the interferometer sensitivity below the shotnoise limit [111]. Another route towards sub-shot-noise interferometry is to take benefit from the inherent interatomic interactions. This non-linearity could be used to generate “squeezed states” along the propagation [112], as the Kerr effect does with photons.

Besides atom interferometry, one of the major interest of ultracold atomic systems is their suitability as a model system to revisit fundamental concept in condensed matter physics [113]. In this context, the horizontally guided atom lasers [86, 87], where the de Broglie wavelength is kept large and constant along the propagation, are particularly well suited to study quantum transport phenomena past obstacles (see e.g. [114]). A rich physics is here expected ranging from linear effects (e.g. tunnelling transmission, quantum reflection, Bloch oscillations in a periodic potential...) to nonlinear effects (for instance the atomic analog of the Coulomb blockade through a microcavity). As we detail below, a striking example of the control achieved in these systems is given by the recent experiments studying the propagation through disorder.

Considering transport properties, the role of disorder, whose presence cannot be avoided in real material, comes naturally to mind. There, the subtle interplay between phase coherence, diffusion and inter-particles interactions leads to numerous complex phenomena which are not yet fully understood [107]. At the very heart of those, lies the emblematic Anderson localisation (AL), discovered in

1958 [108]. It predicts that even a small amount of disorder can completely freeze the motion of non-interacting particles, leading to a purely quantum metal-insulator transition. Past years, there has been a strong interest to directly observe AL with ultracold atoms. It finally succeed at Institut d’Optique in Orsay [34] (see Fig. 1), and simultaneously at LENS in Florence [35]. Most importantly, these two landmark experiments are very promising in view of future extensions to more complex situations, i.e. in higher dimensions or with controlled interactions [115–119]. Similar AL was observed in momentum space in a cloud of thermal atoms [120].

After these promising results, one may wonder if the atom laser will remain only a beautiful object of study for the physicist or will escape from the labs and lead to practical applications. The answer will likely depend on two main challenges : i) building miniaturized and reliable systems similar to the great technical improvement brought by semiconductor diode lasers and ii) achieving continuous operation. As illustrated by the recent experiments realised in micro-gravity (either in a 146-meter-tall drop tower [121] or in “zero-g” parabolic flights [122]), the first of those is about to be taken up. In parallel, important steps have been made towards continuous operation. Both the merging of two BECs [123] and the simultaneous pumping and outcoupling [124] were indeed demonstrated. The combination with other approaches such as continuous condensation in an atomic beam [125, 126] or continuous loading of a trap [127] is then very promising.

IV. OPTICAL DIPOLE TRAPS TO QUANTUM DEGENERACY

The use of far detuned lasers to create optical dipole traps for cold atoms and reach quantum degeneracy has spread dramatically in the last ten years. While some of the reasons for this have been cited in the previous two sections, the goal of this section is to highlight some of the technical advantages of optical dipole traps, and to discuss, briefly, how they open a whole new field of investigation related to quantum many-body physics.

A. Figures of merit of the optical dipole trap

If evaporation in magnetic traps has been the main route to production of quantum degenerate gases, mainly due to the possibility of combining strong confinement and a large volume (to load atoms from a MOT), the use of lasers to confine and evaporate atoms to quantum degeneracy is now taking over. To create a trap using cw laser, one uses the inhomogeneous AC stark shift produced by tightly confining a red-detuned laser on the atoms [20]. Deep traps are typically created using very powerful lasers, and the first all-optical quantum gases were achieved using CO_2 cw laser [36, 128]. Cs could be first condensed using a combination of CO_2 and 1 μm lasers [129]. With the increasing level of power that one can produce at 1 μm in fiber lasers [130], they have now become the lasers of choice for all optical BEC (due to more traditional optics, and smaller diffraction-limited spot size). Solid-state lasers at 532 nm were employed to reach BEC for Yb [131] (Yb cannot be magnetically trapped, as its electronic spin is zero), and, more recently, cw fiber lasers at 1.5 μm were also employed for Rb [132].

The first burst of interest into all optical BEC was due to the fact that lasers provide a relatively fast way to produce BECs, as they typically produce very confining traps. They may be more difficult to load than magnetic traps, due to smaller volume, but once loaded, BECs can be produced in a matter of seconds, compared to typically 30 s in conventional magnetic traps. The interest is to increase the cycling rate of the experiment, and to reduce the requirements on vacuum.

Stability and flexibility are two additional benefits of using lasers to trap quantum degenerate gases. Stability is provided by the extremely low pointing and power noise of lasers ; in addition, possible fluctuations in pointing or power can be compensated for by active stabilization with a large bandwidth. The stability of laser traps is such that some experiments now start evaporation in magnetic traps (to take benefit of their large volume) and finish evaporation in more stable optical traps [133]. Using lasers to create traps also brings flexibility : typically, quantum degenerate gases are produced at the intersection of two perpendicular focussed laser beams, and the trap geometry can be most easily controlled in real time by the ratio of power in each of the two beams. One can also use the periodic potential made by the interference of two or more coherent laser beams to trap atoms into optical lattices (as described in the first section of this paper). Recently, holographic techniques were used to build traps of complex shape [134, 135], and dark hollow traps based on Laguerre-Gauss profiles were suggested [136]. Finally, let us mention the fact that laser traps can be switched on and of much faster than conventional magnetic traps.

B. What are dipole traps good for ?

Optical traps [20] rely on the AC stark shift, and therefore mostly depend on the electronic structure of the trapped atom. One application is that one can trap more or less independently two atomic species. Another advantage is that one can trap atoms with no magnetic moment (as is the case for Yb [131]) with interesting metrologic perspectives, or atoms in their absolute ground state, which, interestingly, do not undergo inelastic collisions at low temperature due to conservation of energy arguments, but which, unfortunately, cannot be magnetically trapped. In other words, one can produce quantum degenerate in optical traps with atoms for which magnetic traps are not adapted.

In fact, when lasers are very detuned compared to the resonant lines of the atom, the optical traps are almost independent of the Zeeman or hyperfine internal sub-state. This has considerable impacts on the physics that one can explore with quantum degenerate gases : one can trap mixtures of atoms in different internal states with exactly the same trap, and explore new quantum phases involving the internal (spin) degree of freedom. When spin interconversion (or spin exchange) dynamics is absent, one studies mixtures of quantum degenerate gases. On the other hand, spin-exchange collisions lead to spin dynamics at constant magnetization. In the case of Spin 1 Bosons, the sign of spin exchange also determines which spin configuration is lowest in energy, and the ground state is either ferromagnetic or polar [37, 38]. Finally, an interplay between the linear and the quadratic Zeeman effect can be used to study quantum phase transitions between different multi-component BEC phases [137].

More subtle features in the AC stark shift lead to a slight dependence of the shift to the Zeeman substate (vectorial or even tensorial light shift). This has been used to control and adress individual lattice sites in an array of double-wells using radio-frequency techniques [138], with interesting application to quantum computing [139].

A last important interesting feature of optical dipole traps is that trapping become independent of the magnetic field, which opens the way to study magnetically tunable Feshbach resonances [39]. In the case of mixtures of ultracold fermions, this has enabled the study of strongly interacting fermions. This is the subject of the last section of this chapter.

C. Dipolar quantum gases

Bose-Einstein condensates are quantum fluids, whose properties greatly depend on the interactions between particles. While most of the experiments performed up to now were performed in a regime where interactions are dominated by the short-ranged and isotropic Van der Waals interactions, the production of Bose-Einstein condensates with highly magnetic Cr atoms allowed for the study of quantum gases where dipole-dipole interactions cannot be neglected. In contrast to the Van-der- Waals interaction, dipole-dipole interactions are long ranged and anisotropic, which introduces qualitatively new physics in the field of quantum degenerate gases.

The case of chromium atoms is an excellent example of the usefulness of lasers to produce, trap and study quantum degenerate gases. First, it should be noted that BEC with Cr was first tried in magnetic traps, with no success : the main ingredient which made BEC of Cr atoms very interesting, i.e. its large electronic spin, and therefore large anisotropic, long-ranged, dipole-dipole interactions, was also responsible for strong dipolar losses [140, 141]. The group of Stuttgart therefore started the evaporation of Cr atoms in a magnetic trap, and finished evaporation in an optical trap, where atoms can be optically pumped in their absolute electronic ground state, free of two-body inelastic losses. The group of Villetaneuse uses a short cut, consisting in directly loading atoms in their electronic absolute ground state in an optical dipole trap directly from a MOT. Both strategies lead to BEC[142– 144].

Once Cr BECs are produced, as optical traps are relatively insensitive to magnetic fields (their second main interest here), it becomes possible to use a magnetically tunable Feshbach resonance to decrease the scattering length of Cr atoms, hence increasing the relative strength of dipole-dipole interactions. The group of Stuttgart hence studied an almost purely dipolar gas [145], and studied its spontaneous collapse due to the attractive part of dipole-dipole interactions [146]. During this collapse, the BEC loses its parabolic shape and reveals the symmetry of the dipolar interactions.

Then, the group of Stuttgart used the flexibility of atoms trap to modify the trapping potential, and study how the collapse dynamics depend on the trapping geometry [147]. This dependence is a direct consequence of the anisotropic character of dipole-dipole interactions.

Dipolar interactions can also be revealed by the study of collective excitations of a Cr BEC. For short range interactions in the Thomas Fermi regime (reached for large enough number of particles), collective excitations of Bose-Einstein condensates in harmonic traps only depend on geometrical factors related to the trapping frequencies. In contrast, with dipole-dipole interactions, the frequency of the collective excitations also depends both on the strength of dipolar interactions and on the orientation of the dipoles. This departure from the usual behaviour of collective excitations of trapped Bose-Einstein condensates has recently been observed by the group of Villetaneuse [148].

The group of Villetaneuse also takes benefit of the fact that laser traps trap all Zeeman substates of Cr atoms almost equally. As a consequence, they could study dipolar relaxation of optically trapped Cr BECs in the electronic state of highest Zeeman energy m = 3. They have found that dipolar relaxation is strongly reduced for a given magnetic field value, which led to a very accurate determination of Cr S = 6 scattering length [141].

In addition, they have found that dipolar relaxation can be modified in optical lattices, when the trapping frequency in each lattice site is on the order of the Larmor frequency [141]. This strong modification is a consequence of an inter-play between spin dynamics and physical rotation, which is one of the major interest of sduying Cr spinor BECs. For example, one expects that for some given experimental parameters, spin relaxation spontaneously induces vortices in Cr BECs, equivalently to the Einstein-de Haas effect [149–151]. More generally, dipoledipole interactions in Cr enable to study magnetization dynamics in quantum spinor gases and open new perspectives in the field of multicomponent BECs.

The experimental activity on species with relatively important dipole-dipole interactions has been recently extended to Er and Dy atoms (up to now far from the quantum regime) [152, 153]. Heteronuclear molecules can also possess a large (induced) electric dipole moment, leading to even stronger strong dipole dipole interactions, with interesting possible prospects for quantum computation, or the study of novel quantum phases (crystalline, checkboard, supersolid ?). Progress towards this goal are impressive [154], but the experimental task remains challenging.

D. Strongly interacting fermions

The understanding of fermionic many-body systems is one of the most challenging problems in modern quantum physics : indeed, in addition to interactions, the antisymmetrization of the wave-function imposed by Pauli Exclusion Principle implies the existence of non trivial quantum correlations making the resolution of the problem highly non trivial.

Combined to Feshbach resonances, the realization of ultra-cold Fermi gases in dipole traps have paved the way to a new era in the experimental study of the quantum many body system by providing highly controllable systems corresponding to parameter ranges beyond the reach of usual condensed matter devices. The most striking example is the exploration of the connexion between Bardeen, Cooper and Schrieffer’s theory (BCS) of superconductivity and Bose-Einstein condensation (BEC) through the BEC-BCS crossover model. This theory, developed in the early eighties by Leggett [155], Nozières and Schmitt-Rink [156], addresses the properties of an attractive Fermi gas and shows that the BCS state describes the weakly attractive regime of large size Cooper pairs, while the strongly attractive regime is associated with the Bose-Einstein condensation of tightly bound dimers. Interest for this problem was revived in the 90’s with the advent of high critical temperature superconductors : in these systems the size of the Cooper pairs is small compared to usual metallic superconductors, suggesting that they may operate in the transition region of the BEC-BCS crossover. Using the ability to tune interactions using Feshbach resonances, cold atoms provided in 2003 the first experimental confirmation of the crossover scenario [157–160]. The wide range of experimental investigation probes available in atomic physics has made possible an accurate quantitative description of the physical properties of the system, from the characterization of superfluidity by the observation of quantized vortices [161], the study of low-lying excitation modes [162, 163] or the measurement of the thermodynamic equation of state [164, 165].

In more recent years, the physics of ultra-cold Fermi gases has evolved towards even more exciting directions. They have been able to confirm the Clogston- Chandraseckhar [166, 167] scenario of resistance of Fermionic superfluidity against spin imbalance [168–170] or, even more recently, the groups of Zurich and Munich have investigated the Mott superfluid/insulator transition of repulsive fermions in optical lattices [171, 172].

V. TOWARD LASER COOLING OF MOLECULES

A. Introduction and state of the art

Laser techniques such as precision spectroscopy or femtosecond control of chemical reactions have improved considerably our knowledge on molecular physics. One of the greatest challenges of modern physical chemistry is to now push forward the techniques to probe and manipulate molecules in order to explore molecular physics at low temperature. A first ”cold regime” is reached (for T < 1 K) when the deBroglie wavelengths become comparable to the size of molecules ; then resonances or tunneling effects dominate the chemistry. A second ”ultracold regime” is reached (for T < 1 mK), when s-wave scattering dominates, and fascinating collective effects eventually arise when the deBroglie wavelengths become comparable to the separation between molecules.

Unfortunately, the standard technique used for atoms to reach such low temperatures, namely laser cooling is generally not available for molecules because of the modification of the internal state occurring after the spontaneous emission step, which is the fundamental dissipative process in laser cooling. In this paper, by cooling of molecules [173] we mean the reduction of the translational temperature T = T_{trans} whereas the control of the rotational and the vibrational excitations (T_{rot} and T_{vib} temperatures being understood as best fitting parameters for an hypothetic Boltzmann distribution), is called (optical) pumping of molecules.

Hence, the sub-Kelvin temperature ‘cold molecule’ domain has been reached only in 1998 by associating cold atoms into molecules. Since then, many other techniques have been developed either by starting from cold atoms

Figure 2: a) Principle of laser cooling of molecules through absorption-spontaneous emission cycles to transfert (photon) momentum ; if needed (dashed line) an optical pumping step can be added. b) Principle of ”one-way” or ”Sisyphus cooling” of molecules : 1) remove kinetic energy through motion in an external potential, 2) dissipative process avoiding the reverse motion, 3) if needed the process can be repeated by bringing the molecule back, in position using the trapping potential, and in its original internal state using light absorption.

or by manipulating already formed molecules as reviewed in [174]. In brief, the techniques starting with cold atoms associate them in molecular states by engineering a free-bound transition with a laser, a magnetic field, or by using collisional (three-body) processes. These methods have created ultra-cold molecules in the micro-or nano-kelvin temperature range and the quantum degenerate regime of a molecular Bose-Einstein condensate has been reached[175–177]. With few exceptions ([178–180]), the molecules are usually in high vibrational states. On the other hand, the techniques starting with molecules, such as cryogeny [181], energy redistribution in supersonic beams [182] or velocity filtering of effusive molecular beams [183] are able to create molecules in low vibrational states but unfortunately with translational temperature not colder than few millikelvins. These techniques involve light forces, mechanical forces, as well as the Stark or the Zeeman effects and apply to a large family of molecules.

Thus, the cold molecule community has to face two major challenges. The first is to control of the internal degree of freedom of molecules formed by atom-association. Impressive advances in lowering the internal state energy has been recently achieved either by transferring population of a single level [184–187], with laser stimulated transitions or by a reduction of T_{vib} through optical pumping of molecules using a spectrally shaped broadband laser [188, 189]. The second challenge is to lower the translational temperature of molecules, in analogy to atom cooling. A major breakthrough was obtained very recently by directly laser cooling a well suited molecule (SrF) with a quasi-closed-level system [42].

B. Cooling schemes for molecules.

The amount of possible cooling schemes for molecules, using optical, magnetic or electric forces combined with laser (or Radio-Frequency) transition of any kind is very large. Almost all the proposed ideas have been suggested and often demonstrated for atoms. Here, we briefly describe a few of these schemes :

1. Collisional cooling.

A first possibility is to use collisions with colder species such as trapped laser cooled atoms or ions in a so called sympathetic cooling scheme. This technique has been demonstrated with molecular ions [190], but up to now reactive or inelastic collisions have ruled out the process for neutral species [191]. As for other techniques such cooling methods may be improved by acquiring extra information on the sample, as in feedback or in stochastic cooling [192].

2. Laser cooling.

Deflection of molecules, first observed in 1972 using electric field [193], has been observed using laser radiation pressure as early as in 1979 [194]. One could then expect that this would have opened the way to laser cooling. Only very recently this type of laser cooling of molecules has been observed with SrF [42]. Unfortunately, laser cooling relies on several absorption-spontaneous emission cycles to remove kinetic energy, and closed-level schemes cannot generally be found for molecules.

However, it is probably possible to close the cycle for other molecules by using optical pumping as demonstrated in [188, 189], or by using an external cavity [195]. These techniques may enable laser cooling for a larger variety of molecules as described in figure 2 a).

Finally, as pioneered by Alfred Kaslter in 1950 [196], another laser cooling process is possible in very dense gas, liquid or solid phases [197], taking benefit of collisions inducing thermal equilibrium between T_{trans}, T_{vib} and T_{rot}. Indeed, such laser cooling of molecules has been realized in 1981 by removing vibrational energy of CO_2 molecules using a CO_2 laser [173]. Unfortunately, the translational temperature reduction obtained was below the percent level.

3. ‘Potential climbing’ cooling.

The last, and maybe the most promising and general idea is to remove kinetic energy by transferring it into potential energy using external forces, and using (absorption-)spontaneous emission to make the process irreversible [198–200]. Such one-way cooling can even be repeated, in a Sisyphus-like process [201, 202], for instance by bringing back the particles to their original state as described in figure 2 c) [199, 203, 204].

A widespread method to realize large sample of molecules at very low temperature has still to be demonstrated. Laser techniques combined with external potentials will probably play a key role in this quest. The challenge is nevertheless appealing because molecules at low temperatures are expected to lead to significant advances in laser molecular spectroscopy, optical molecular clocks, fundamental test in physics, controlled laser-chemistry studies and quantum computation thought control of quantum phenomena [174].

VI. CONCLUSION

In this review, we have discussed some of the recent advances on the physics of ultracold atoms and molecules allowed by the advent of lasers. It was not possible in the limited length of this paper to comment on all the aspects of this fast developing research area. In particular, the great progress in the applications of laser cooling and laser control to ions for metrology or quantum information [205] was not discussed here.

The first field which benefited directly from the progress in laser cooling and trapping is atom interferometry and especially time and frequency metrology. Cold caesium fountain clocks have become the regular way of building a primary frequency standard. Recent progress in optical clocks confirm the importance of laser manipulation of atoms in the development of new frequency standards. This allows both dramatic improvements in time and position metrology, and opens the way to new tests of fundamental physics – variation of the fundamental constants or test of general relativity [206, 207].

After 15 years of Bose-Einstein condensation in dilute gases, the field has become mature and looks for applications in metrology [31, 208] and condensed matter. Experiments where cold atoms mimic difficult condensed matter problems are now within reach. Both periodic systems confined in optical lattices and low dimensional systems have shown properties specific to strongly correlated systems [30]. When considering the internal (spin) degree of freedom, the nature of the ground state depends on the relative interactions. Both ferromagnetic and polar behaviour have been evidenced, as well as quantum phases transitions [137], and spin textures. The amazing control over important parameters such as the atomic density, the interactions or the temperature opens the way to the metrology of many-body bosonic or fermionic systems, as well as the study of few body physics [209].

Whereas dramatic achievements have been accomplished, important challenges remain. First, only a few atomic species, and even fewer molecules, are available at low temperatures. Cooling different atomic species is technologically involved due to the complex internal atomic or molecular structure. The recent laser cooling of SrF [42] is promising in this direction, which may eventually lead to cold (quantum) chemistry. Second, the coupling of degenerate gases with external devices like high finesse cavities [210], supraconductors [211, 212] or nanoobjects [213] has just started. Third, a better control on the temperature will be necessary for the implementation of a quantum simulator for condensed matter problem, for example to determine relevant phase diagrams near zero temperature. Finally, the control of entanglement in a many body system is a key feature both for the study of many body physics itself and for quantum computation. Moreover, entanglement found a recent application as a new diagnostic tool in metrology : quantum logic spectroscopy, based on the entanglement between two ions in a common trap, recently allowed unprecedented accuracy in Al^+ clocks [52].

Acknowledgements

We thank Michèle Leduc for giving us the opportunity to write this review in the name of IFRAF. All the authors are members of the Institut Francilien de Recherche sur les Atomes Froids (IFRAF).

[1] P. Lebedev, Ann. Phys. (Leipzig) 6 (1901) 433. E. F.

Nichols and G. F. Hull, Phys. Rev. 13, 307 (1901). [2] R. Frisch, Z. Phys. 86 (1933) 42. [3] A. Ashkin, Phys. Rev. Lett. 25 (1970) 1321. [4] J.-L. Picqué, J.-L. Vialle, Opt. Commun. 5 (1972) 402.

R. Schieder, H. Walther, and L. Wöste, ibid. p.337. [5] T. Hänsch, A. Schawlow, Opt. Commun. 13 (1975) 393. [6] D. Wineland, H. Dehmelt, Bull. Am. Phys. Soc. 20 (1975) 637.

[7] D. J. Wineland, R. E. Drullinger, F. L. Walls, Phys.

Rev. Lett. 40 (1978) 1639.

[8] J. Prodan et al., Phys. Rev. Lett. 54 (1985) 992. [9] S. Chu et al., Phys. Rev. Lett. 55 (1985) 48. [10] E. Raab et al., Phys. Rev. Lett. 59 (1987) 2631. [11] C. Monroe et al., Phys. Rev. Lett. 65 (1990) 1571. [12] C. Townsend et al., Phys. Rev. A 52 (1995) 1423. [13] P. Lett et al., Phys. Rev. Lett. 61 (1988) 169. [14] J. Dalibard, C. Cohen-Tannoudji, J. Opt. Soc. Am. B 6 (1989) 2023.

[15] S. Chu, Rev. Mod. Phys. 70 (1998) 685. C. Cohen- Tannoudji, ibid. p. 707 ; W.D. Phillips, ibid. p. 721.

[16] R. Cook, R. Hill, Opt. Commun. 43 (1982) 258. [17] V. Balykin et al., JETP Lett. 45 (1987) 353. [18] A. Ashkin, Phys. Rev. Lett. 40 (1978) 729. [19] S. Chu et al., Phys. Rev. Lett. 57 (1986) 314. [20] R. Grimm, M. Weidemüller, Y. Ovchinnikov, Adv. At.

Mol. Opt. Phys. 42 (2000) 95.

[21] G. Grynberg, C. Robilliard, Physics Reports 355 (2001) 335 .

[22] R. Feynman, Int. J. Th. Phys. 21 (1982) 467. [23] I. Bloch, Science 319 (2008) 1202.

[24] M. A. Kasevich et al., Phys. Rev. Lett. 63 (1989) 612. [25] J. L. Hall, Rev. Mod. Phys. 78 (2006) 1279. T. W.

Hänsch, ibid. p. 1297.

[26] A. D. Cronin, J. Schmiedmayer, D. E. Pritchard, Rev.

Mod. Phys. 81 (2009) 1051.

[27] E. A. Cornell, C. E. Wieman, Rev. Mod. Phys. 74 (2002) 875. W. Ketterle, ibid. p. 1131.

[28] M. Anderson et al., Science 269 (1995) 198. [29] M. Andrews et al., Phys. Rev. Lett. 275 (1997) 637. [30] I. Bloch, J. Dalibard, W. Zwerger, Rev. Mod. Phys. 80 (2008) 885 ?964.

[31] C. Gross et al., Nature 464 (2010) 1165. [32] K. W. Madison et al., Phys. Rev. Lett. 84 (2000) 806. [33] M. Greiner et al., Nature 415 (2002) 39. [34] J. Billy et al., Nature 453 (2008) 891. [35] G. Roati et al., Nature 453 (2008) 895.

[36] M. D. Barrett, J. A. Sauer, M. S. Chapman, Phys. Rev.

Lett. 87 (2001) 010404.

[37] T.-L. Ho, Phys. Rev. Lett. 81 (1998) 742. [38] T. Ohmi, K. Machida, Journal of the Physical Society of Japan 67 (1998) 1822.

[39] S. Inouye et al., Nature 392 (1998) 151. [40] J. Herbig et al., Science 301 (2003) 1510. [41] M. Viteau et al., Science 321 (2008) 232. [42] E. S. Shuman, J. F. Barry, D. DeMille, Nature 467 (2010) 820.

[43] P. F. Staanum et al., Nat. Phys. 6 (2010) 271. [44] T. Schneider et al., Nat. Phys. 6 (2010) 275. [45] A. Clairon et al., Europhys. Lett. 16 (1991) 165. [46] S. Bize et al., J. Phys. B : At. Mol. Opt. Phys. 38 (2005)

S449.

[47] A. Bauch et al., Metrologia 43 (2006) 109. [48] L. Hollberg et al., J. Phys. B : At. Mol. Opt. Phys. 38 (2005) S469.

[49] S. A. Diddams et al., Phys. Rev. Lett. 84 (2000) 5102. [50] R. H. Dicke, Phys. Rev. 89 (1953) 472.

[51] J. Vanier, C. Audoin. The Quantum Physics of Atomic Frequency Standards. Adam Hilger, Bristol and Philadelphia, 1989.

[52] C. W. Chou et al., Phys. Rev. Lett. 104 (2010) 070802. [53] P. Lemonde, P. Wolf, Phys. Rev. A 72 (2005) 033409. [54] H. Katori. In : P. Gill (Ed.), Proceedings of the 6th Symposium on Frequency Standards and Metrology. World Scientific, Singapore, 2002, p. 323.

[55] H. Katori et al., Phys. Rev. Lett. 91 (2003) 173005. [56] I. Courtillot et al., Phys. Rev. A 68 (2003) 030501. [57] M. Takamoto et al., Nature 435 (2005) 321. [58] A. D. Ludlow et al., Phys. Rev. Lett. 96 (2006) 033003. [59] R. Le Targat et al., Phys. Rev. Lett. 97 (2006) 130801. [60] Z. W. Barber et al., Phys. Rev. Lett. 96 (2006) 083002. [61] H. Hachisu et al., Phys. Rev. Lett. 100 (2008) 053001. [62] M. Petersen et al., Phys. Rev. Lett. 101 (2008) 183004. [63] C. Lisdat et al., Phys. Rev. Lett. 103 (2009) 090801. [64] A. Brusch et al., Phys. Rev. Lett. 96 (2006) 103003. [65] M. M. Boyd et al., Phys. Rev. A 76 (2007) 022510. [66] Z. W. Barber et al., Phys. Rev. Lett. 100 (2008) 103002. [67] A. D. Ludlow et al., Science 319 (2008) 1805. [68] N. D. Lemke et al., Phys. Rev. Lett. 103 (2009) 063001. [69] S. Blatt et al., Phys. Rev. Lett. 100 (2008) 140801. [70] A. Quessada et al., Journal of Optics B : Quantum and Semiclassical Optics 5 (2003) S150.

[71] P. Westergaard, J. Lodewyck, P. Lemonde, IEEE Trans.

Ultr. Ferr. Freq. Contr. 57 (2010) 623.

[72] D. Meiser et al., Phys. Rev. Lett. 102 (2009) 163601. [73] J. Lodewyck et al., New Journal of Physics 12 (2010) 065026.

[74] T. Udem, R. Holzwarth, T. Hänsch, Eur. Phys. J. Special Topics 172 (2009) 69.

[75] K. Gibble, Phys. Rev. Lett. 103 (2009) 113202. [76] G. K. Campbell et al., Science 324 (2009) 360. [77] S. Blatt et al., Phys. Rev. A 80 (2009) 052703. [78] S. Schiller et al., Exp. Astron. 23 (2009) 573. Wolf et al., ibid. p. 651.

[79] M.-O. Mewes et al., Phys. Rev. Lett. 78 (1997) 582. [80] I. Bloch, T. W. Hänsch, T. Esslinger, Phys. Rev. Lett.

82 (1999) 3008.

[81] B. P. Anderson, M. A. Kasevich, Science 282 (1998) 1686.

[82] E. W. Hagley et al., Science 283 (1999) 1706. [83] G. Cennini et al., Phys. Rev. Lett. 91 (2003) 240408. [84] K. Bongs et al., Phys. Rev. Lett. 83 (1999) 3577. [85] G. Kleine Büning et al., preprint (2010).

arXiv :1005.3964.

[86] W. Guerin et al., Phys. Rev. Lett. 97 (2006) 200402. [87] A. Couvert et al., Europhys. Lett. 83 (2008) 50001. And Europhys. Lett. 85, 19901 (2009).

[88] R. G. Dall et al., Phys. Rev. A 81 (2010) 011602. [89] G. L. Gattobigio et al., Phys. Rev. A 80 (2009) 041605. [90] O. Houde, D. Kadio, L. Pruvost, Phys. Rev. Lett. 85 (2000) 5543.

[91] E. Torrontegui et al., preprint (2010). arXiv :1003.4594.

[92] A. Negretti, C. Henkel, Journal of Physics B : Atomic, Molecular and Optical Physics 37 (2004) L385.

[93] A. Louchet-Chauvet et al., New Journal of Physics 12 (2010) 065032.

[94] M. Köhl, T. W. Hänsch, T. Esslinger, Phys. Rev. Lett.

87 (2001) 160404.

[95] A. Öttl et al., Phys. Rev. Lett. 95 (2005) 090404. [96] F. Gerbier, P. Bouyer, A. Aspect, Phys. Rev. Lett.

86 (2001) 4729. And Phys. Rev. Lett. 93, 059905(E) (2004).

[97] M. W. Jack et al., Phys. Rev. A 59 (1999) 2962. [98] G. M. Moy, J. J. Hope, C. M. Savage, Phys. Rev. A 59 (1999) 667.

[99] N. Robins et al., Phys. Rev. A 72 (2005) 031606. [100] N. P. Robins et al., Phys. Rev. Lett. 96 (2006) 140403. [101] J. E. Debs et al., Phys. Rev. A 81 (2010) 013618. [102] T. Busch et al., Phys. Rev. A 65 (2002) 043615. And Phys. Rev. A 65, 069902(E) (2002).

[103] M. Köhl et al., Phys. Rev. A 72 (2005) 063618. [104] A. E. Siegman, IEEE J. Quantum Electron. 27 (1991) 1146.

[105] J.-F. Riou et al., Phys. Rev. Lett. 96 (2006) 070404. [106] M. Jeppesen et al., Phys. Rev. A 77 (2008) 063618. [107] L. Sanchez-Palencia, M. Lewenstein, Nature Physics 6 (2010) 87.

[108] P. W. Anderson, Phys. Rev. 109 (1958) 1492. [109] J. Dugué et al., Phys. Rev. A 77 (2008) 031603. [110] R. G. Dall et al., Phys. Rev. A 79 (2009) 011601. [111] V. Giovannetti, S. Lloyd, L. Maccone, Science 306 (2004) 1330.

[112] M. T. Johnsson, S. A. Haine, Phys. Rev. Lett. 99 (2007) 010401.

[113] I. Bloch, J. Dalibard, W. Zwerger, Rev. Mod. Phys. 80 (2008) 885.

[114] T. Paul et al., Phys. Rev. A 76 (2007) 063605. [115] A. Aspect, M. Inguscio, Physics Today 62 (2009) 30. [116] M. Robert-de Saint-Vincent et al., Phys. Rev. Lett. 104 (2010) 220602.

[117] B. Deissler et al., Nat. Phys. 6 (2010) 354. [118] D. Dries et al., preprint (2010). ArXiv :1004.1891. [119] M. Pasienski et al., preprint (2009). ArXiv :0908.1182. [120] J. Chabé et al., Phys. Rev. Lett. 101 (2008) 255702. [121] T. van Zoest et al., Science 328 (2010) 1540. [122] Stern, G. et al., Eur. Phys. J. D 53 (2009) 353. [123] A. P. Chikkatur et al., Science 296 (2002) 2193. [124] N. P. Robins et al., Nature Physics 4 (2008) 731. [125] T. Lahaye et al., Phys. Rev. A 74 (2006) 033622. [126] S. E. Olson, R. R. Mhaskar, G. Raithel, Phys. Rev. A 73 (2006) 033622.

[127] A. Aghajani-Talesh et al., Journal of Physics B : Atomic, Molecular and Optical Physics 42 (2009) 245302.

[128] S. R. Granade et al., Phys. Rev. Lett. 88 (2002) 120405. [129] T. Weber et al., Science 299 (2003) 232. [130] T. Kinoshita, T. Wenger, D. S. Weiss, Phys. Rev. A 71 (2005) 011602.

[131] Y. Takasu et al., Phys. Rev. Lett. 91 (2003) 040404. [132] J.-F. Clément et al., Phys. Rev. A 79 (2009) 061406. [133] Y.-J. Lin et al., Phys. Rev. A 79 (2009) 063631. [134] R. Newell, J. Sebby, T. G. Walker, Opt. Lett. 28 (2003) 1266.

[135] S. Bergamini et al., J. Opt. Soc. Am. B 21 (2004) 1889. [136] A. Jaouadi et al., preprint (2009). ArXiv :0909.5090. [137] L. E. Sadler et al., Nature 443 (2006) 312.

[138] P. J. Lee et al., Phys. Rev. Lett. 99 (2007) 020402. [139] M. Anderlini et al., Nature 448 (2007) 452. [140] S. Hensler et al., Applied Physics B : Lasers and Optics 77 (2003) 765.

[141] B. Pasquiou et al., Phys. Rev. A 81 (2010) 042716. [142] A. Griesmaier et al., Phys. Rev. Lett. 94 (2005) 160401. [143] A. Griesmaier, J. Stuhler, T. Pfau, Applied Physics B :

Lasers and Optics 82 (2006) 211.

[144] Q. Beaufils et al., Phys. Rev. A 77 (2008) 061601. [145] T. Lahaye et al., Nature 448 (2007) 672. [146] T. Lahaye et al., Phys. Rev. Lett. 101 (2008) 080401. [147] T. Koch et al., Nature Physics 4 (2008) 218. [148] G. Bismut et al., Phys. Rev. Lett. 105 (2010) 040404. [149] Y. Kawaguchi, H. Saito, M. Ueda, Phys. Rev. Lett. 96 (2006) 080405.

[150] L. Santos, T. Pfau, Phys. Rev. Lett. 96 (2006) 190404. [151] K. Gawryluk et al., Phys. Rev. Lett. 99 (2007) 130401. [152] A. J. Berglund, J. L. Hanssen, J. J. McClelland, Phys.

Rev. Lett. 100 (2008) 113002.

[153] M. Lu, S. H. Youn, B. L. Lev, Phys. Rev. Lett. 104 (2010) 063001.

[154] K.-K. Ni et al., Science 322 (2008) 231. [155] A. Leggett, J. Phys. C. 41 (1980) 7.

[156] P. Nozières, S. Schmitt-Rink, J. Low Temp. Phys. 59 (1985) 195.

[157] M. Greiner, C. Regal, D. Jin, Nature 426 (2003) 537. [158] S. Jochim et al., Science 302 (2003) 2101. [159] M. Zwierlein et al., Phys. Rev. Lett. 91 (2003) 250401. [160] T. Bourdel et al., Phys. Rev. Lett. 93 (2004) 050401. [161] M. Zwierlein et al., Nature 435 (2005) 1047. [162] M. Bartenstein et al., Phys. Rev. Lett. 92 (2004) 203201. [163] A. Altmeyer et al., Phys. Rev. Lett. 98 (2007) 040401. [164] S. Nascimbene et al., Nature 463 (2010) 1057. [165] N. Navon et al., Science (2010) 729. [166] A. Clogston, Phys. Rev. Lett. 9 (1962) 266. [167] B. Chandrasekhar, App. Phys. Lett. 1 (1962) 7. [168] G. Partridge et al., Science 311 (2006) 503. [169] M. Zwierlein et al., Science 311 (2006) 492. [170] S. Nascimbene et al., Phys. Rev. Lett. 103 (2009) 170402.

[171] R. Jördens et al., Nature 455 (2008) 204. [172] U. Schneider et al., Science 322 (2008) 1520. [173] N. Djeu, W. T. Whitney, Physical Review Letters 46 (1981) 236.

[174] R. V. Krems, W. C. Stwalley, B. Friedrich (Eds.).

Cold molecules : theory, experiment, applications. CRC Press, Boca Raton, Florida, 2009.

[175] A. Fioretti et al., Phys. Rev. Lett. 80 (1998) 4402. [176] S. Jochim et al., Science 302 (2003) 2101. [177] M. Greiner, C. A. Regal, D. S. Jin, Nature (London) 426 (2003) 537.

[178] A. N. Nikolov et al., Phys. Rev. Lett. 82 (1999) 703. [179] J. Deiglmayr et al., Physical Review Letters 101 (2008) 133004.

[180] M. Viteau et al., Phys. Rev. A 79 (2009) 021402. [181] J. D. Weinstein et al., Nature (London) 395 (1998) 148. [182] H. L. Bethlem, G. Berden, G. Meijer, Phys. Rev. Lett.

83 (1999) 1558.

[183] S. A. Rangwala et al., Phys. Rev. A 67 (2003) 043406. [184] J. M. Sage et al., Phys. Rev. Lett. 94 (2005) 203001. [185] F. Lang et al., Physical Review Letters 101 (2008) 133005.

[186] S. Ospelkaus et al., Physical Review Letters 104 (2010) 030402.

[187] J. Danzl et al., Nature Physics (2010). [188] M. Viteau et al., Science 321 (2008) 232. [189] D. Sofikitis et al., Phys. Rev. A 80 (2009) 051401. [190] K. Mølhave, M. Drewsen, Phys. Rev. A 62 (2000) 011401.

[191] P. Soldán, P. S. Uchowski, J. M. Hutson, Cold and Ultracold Molecules, Faraday Discussions, volume 142, 2009, p.191 142 (2009) 191.

[192] V. I. Balykin, V. S. Letokhov, Phys. Rev. A 64 (2001) 063410.

[193] P. J. Dagdigian, L. Wharton, J. Chem. Phys. 57 (1972) 1487.

[194] A. Herrmann et al., Chemical Physics Letters 62 (1979) 444.

[195] B. L. Lev et al., Phys. Rev. A 77 (2008) 023402. [196] A. Kastler, J. Phys. Radium 11 (1950) 255. [197] M. Sheik-Bahae, R. I. Epstein, LASER & PHOTONICS REVIEWS 3 (2009) 67.

[198] Y. Ovchinnikov, I. Manek, R. Grimm, Phys. Rev. Lett.

79 (1997) 2225.

[199] E. Narevicius, S. T. Bannerman, M. G. Raizen, New Journal of Physics 11 (2009) 055046.

[200] J. J. Thorn et al., Physical Review Letters 100 (2008) 240407.

[201] J. Dalibard, C. Cohen-Tannoudji, Journal of the Optical Society of America B Optical Physics 2 (1985) 1707.

[202] B. Hoeling, R. J. Knize, Optics Communications 106 (1994) 202.

[203] M. Zeppenfeld et al., Phys. Rev. A 80 (2009) 041401. [204] F. Robicheaux, Journal of Physics B Atomic Molecular Physics 42 (2009) 195301.

[205] H. Häffner, C. Roos, R. Blatt, Physics Reports 469 (2008) 155 .

[206] C. W. Chou et al., Science 329 (2010) 1630. [207] V. V. Flambaum, Int. J. Mod. Phys. A 22 (2007) 4937. [208] K. J. Hughes, J. H. T. Burke, C. A. Sackett, Phys. Rev.

Lett. 102 (2009) 150403.

[209] T. Kraemer et al., Nature 440 (2006) 315. [210] F. Brennecke et al., Science 322 (2008) 235. [211] C. Roux et al., Europhys. Lett. 81 (2008) 56004. [212] C. Hufnagel, T. Mukai, F. Shimizu, Phys. Rev. A 79 (2009) 053641.

[213] E. Vetsch et al., Phys. Rev. Lett. 104 (2010) 203603.