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7. GRAVITO-OPTICAL TRAPS AND CAVITIES

In recent years, there has been developed another effective method of trapping cold atoms, the gravito-optical method based on a combined use of electromagnetic and gravitational forces. The key element in this method is the atom mirror (Cook and Hill, 1982), which was experimentally implemented for a beam of sodium atoms (Balykin et al., 1987, 1988; Kasevich et al., 1990), cesium atoms (Aminoff et al., 1993), and a variety of other atoms (Dowling and Gea-Banacloche, 1996).

Conceptually the most simple gravito-optical atom trap–cavity can consist of a single concave atomic mirror arranged horizontally (Fig. 7.1). In this geometry, the role of the second mirror is played by the gravitational field (Liston et al., 1995; Wallis et al., 1992; Wallis, 1997). A cavity of this geometry is the most simple version of the two-mirror vertical cavity proposed by Balykin and Letokhov (1989). In this cavity, the curvature of the mirror is small, and the vertical atomic motion spectrum at not very small quantum numbers (quasiclassical approximation) is determined by the well known quantum-mechanical problem of the bouncing of a particle on an absolutely elastic plane in the gravity field (see, for example, Flugge, 1971). The corresponding spectrum is defined by the eigenvalues of the Airy functions:
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where 
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 is the characteristic gravitational length governed by the mass of the particle. For atoms of medium mass, the characteristic gravitational length is of the order of a micron, and the characteristic values of energy (7.1) correspond to the effective temperatures of the order of 10 nK.

In this cavity, the transverse (horizontal) size of the atomic mode can be expressed in terms of the distance L from the surface of the mirror to the classical turning point, which determines the length of the cavity. For estimation purposes, the gradient force potential can be taken to be stepped near the surface of the mirror. The surface shape of the mirror in the most simple approximation can be treated as a paraboloid of revolution,

                                                 

,                                                             (7.2)

where R is the radius of curvature of the mirror at its center.

Assuming that the atom mirror has a parabolic shape, the transverse size of the atomic mode in the vicinity of the mirror is estimated as
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and at the upper point of the classical trajectory at a distance L from the mirror as
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The distance to the upper point of the classical trajectory is determined by the atomic velocity in the neighborhood of the mirror, L = v2/2g, and can be associated with the energy of longitudinal motion given by (7.1). With the typical gravitational length being as indicated above of the order of a micron, the size of the atom mode comes to a few tens of microns.

The gravito-optical trapping scheme was experimentally investigated for cesium atoms (Aminoff et al., 1993). The atoms were preliminarily localized and cooled in a MOT. When the MOT was switched off, the atoms fell freely onto the atom mirror from a height of 3 mm. The atoms were observed to execute about ten bounces. In each reflection event, around 40% of the atoms were lost as a result of a) photon scattering during the reflection, b) background gas collisions, c) residual misalignment of the mirror with respect to the vertical axis.

Note that the intensity of the evanescent wave in the atomic mirror can be increased by two or three orders of magnitude on account of the excitation of the surface plasmons produced by introducing a thin metal layer in the dielectric–vacuum interface (Esslinger et al., 1993; Feron et al., 1993; Seifert et al., 1994). Another method to intensify the evanescent wave is to introduce a dielectric film of high refractive index, which produces a dielectric optical fiber for laser radiation. The repeated reflection of the laser light from the dielectric–vacuum and dielectric–dielectric interfaces substantially increases the intensity of the evanescent wave (Kaiser et al., 1994).

The reflecting surface formed by the evanescent wave is a very rich structural component for creating atomic traps and waveguides of varying geometry. In the past few years, such light surfaces have formed the basis for several types of half-open traps and waveguides. The further development of the simplest gravito-optical trapping scheme resulted in the vertically arranged pyramidal and conical traps (Dowling and Gea-Banacloche, 1995, 1996; Ovchinnikov et al., 1995) and also atom gravitational cavities based on hollow optical fibers (Harris and Savage, 1995).

Figure 7.2a presents a schematic diagram of a gravito-optical trap where atoms are cooled as a result of their inelastic reflection from an evanescent wave (Ovchinnikov et al., 1995; Soding et al., 1995). With this scheme, Cs atoms were trapped in a horizontal plane by the gradient force produced by a hollow blue detuned laser beam (Ovchinnikov et al., 1997). The trap implemented for cesium atoms embedded a cooling mechanism associated with the optical pumping of the atoms between the hyperfine structure states (Fig. 7.2b). An inelasti reflection takes place when the atom enters the evanescent wave in a lower ground state and, by scattering a photon during the reflection process, it pumped into the less repulsive state. The dot in Fig. 7.2(b) shows Cs atom that approaches the dielectric surface at the lower hf state, then scatters a photon, leaves the evanescent wave at the upper ground state, and finally pumped back into the lower state. The experimental dependence of the temperature of the trapped atoms as a function of the time storage is shown in Fig. 7.3. Open circles describe the the vertical temperature of atoms in the trap and closed circles – the horizontal temperature. The solid lines arethe theoretical fits. As is seen from the Fig. 7.3 the vertical temperature follow an exponential decay caused by the cooling mechanism. The horizontal motion is not cooled directly, its temperature decreases due to the motional coupling of the horizontal and vertical degrees of freedom of the atom.    
The use of light surfaces formed by evanescent waves makes it in principle possible to create enclosed atom traps–cavities as well. One possible version is the enclosed trap in the form of a cube having all its sides coated with evanescent waves (Cook and Hill, 1982; Dowling and Gea-Banacloche, 1995, 1996). Yin and Zhu, 1998, proposed a novel gravito-optical trap composed of a blu-detuned plug beam and blue-detuned dark hollow beam generated from the output beam of a LP01 mode in a micrometer-sized hollow fiber. 

8. APPLICATIONS
The methods developed during the past decades for the electromagnetic trapping of neutral atoms are of interest in applications in many domains of physics. Among them one may note briefly the followings.

8.1. Laser Trapping Spectroscopy

An idea of the method of the Doppler-free ultrasensitive laser spectroscopy has started to be discussed since 1975 (Letokhov, 1975). That time the method seemed to be a far goal. Nowadays, the method is becoming to be accustomed in many spectroscopic experiments. Two impressive applications of the method are listed below.

First, one may note the use of cold trapped atoms in ultrahigh-resolution spectroscopy. A striking example is the observation of a two-photon transition 1S(2S in cold hydrogen atoms localized in magnetic trap (Cesar et al., 1996). Two-photon Doppler-free spectroscopy of trapped atoms was reported by Cesar et al. (1999). Cold trapped atomic sample may provide a unique source for improved measurements of the fine-structure constant (Zhao et al., 1989).
Second, one should mention the first experiments with rare atoms. Rowe et al., 1999, have measured the ground-state hyperfine structure of the laser-trapped radioactive 21Na (t1/2=22 s) collected in a MOT on-line at the 88-in cyclotron at Lawrence Berkeley Nat. Lab. Lu et al. (1997) realized efficient collection of 221Fr (t1/2=4.9 min) in a vapor cell MOT. They measured energies and the hyperfine structure of the 72P3/2 and 72P3/2 states with 900 trapped atoms with a signal to noise ratio about 60 in 1 s. These experiments prove good prospects of the laser trapping spectroscopy of a very rare atomic samples.

8.2. Bose-Einstein Condensation

The most impressive application of the methods for cooling and trapping neutral atoms is the observation of the Bose-Einstein condensation (BEC) in the dilute atomic samples (Anderson et al., 1985; Bradley et al., 1995; Davis et al., 1995). The first attempts to observe BEC of the atomic hydrogen have been started 20 years ago (Silvera and Walraven, 1980; Greytak and Kleppner, 1984). However, only after the development of the laser cooling techniques, the magneto-optical traps and the evaporative cooling technique it has become possible to produce cold dense atomic samples satisfying the BEC condition (1.6) for the critical phase density for Rb atoms (Anderson et al., 1995), Li atoms (Bradley et al., 1995), and Na atoms (Davis et al., 1995). Recently, the critical phase density has been achieved for for atomic hydgrogen (Fried et al., 1998). Nowadays, the study of BEC in atomic samples is one of the most fastly developing direction in atomic physics. Last experimental and theoretical progress in the field can be found in recent reviews (Dolforo et al., 1998; Burnett et al., 1996; Parkins and Walls, 1997).                                                                
8.3. Atom Laser
The developlment of the research on BEC has recently resulted in the development of an atom laser, i.e. the device which emits the coherent atomic beam. In a Bose-Einstein condensate a macroscopic number of bosonic atoms occupy the ground state of the system, which can be described by a single wave function. A pulsed output coupler which coherently extracts atoms from a condensate was demonstrated by Mewes et al., 1997 and Andrews et al., 1997. Producing BEC in a novel magnetic trap (Esslinger et al., 1998) T. Hänsch and co-workers realized an atom laser with a CW output coupler (Bloch et al., 1999). Obviously, this very promising application of the atom trapping will be fastly developing in recent years.

8.4. Intense Atomic Beams
Cold atoms localized in the electromagnetic traps can be used as sources of slow incoherent atomic beams with high phase density. Lu et al. (1996) have used the MOT to produce a slow CW atomic beam with intensity 5(109 atoms/s and brightness 5(1012 atoms/ster.s. Atomic beams with much higher brightness can be obtained under the pulse extraction of atoms from the MOT. Fukuyama et al. (2000) have used the pulse release of atoms from the MOT to produce an atomic beam with brightness 1.1(1015 atoms/ster.s. The incoherent but very intense atomic beams may have various important applications in atomic spectroscopy and atomic physics.

8.5. Nuclear Physics
Cold and trapped radioactive atoms open new experimental opportunities in nuclear physics. Trapped radioactive atoms can be used in the fundamental symmetry experiments, including the experiments on nuclear (-decay, atomic parity nonconservation, and the search for parity and time-reversal violating electric dipole moments. First successfull experiments on the trapping radioactive atoms were realized for isotopes 21Na (Lu et al., 1994), 79Rb (Gwinner et al., 1994), 210Fr (Simsarian et al., 1996), 38Km, 37K (Behr et al., 1997), 221Fr (Lu et al., 1997). It is expected that further activity in this direction will be concentrated on efforts to  undertake a meaningful measurements with trapped radioactive species. 
Recently, the experiments on nuclear decay started to use the MOT as a source of cold well localized atoms. The low-energy recoilling nuclei can freely escape the MOT and be detected in coincidence with -decays to reconstruct the information on the properties of the particles coming from the nuclear reactions. An example of such an experiment is the beta-neutrino correlation measurement on laser trapped 38mK and 37K (Behr et al., 1999). In the experiment ions 38mK and 37K produced at the on-line isotope separators TISOL and ISAC at TRIUMF (Canada) were converted to neutral potassium atoms by stopping in a Zn foil. Next, the rethermalized low-energy atoms were captured by the first MOT and finally transferred by a laser push beam and magneto-optical funnels into the second MOT free of a large number of the non-localized atoms. The overall capture efficiency into the second MOT was 7(10-4. The experiment has detected several hundred thousand recoil-(+ coincedences, sufficient for further use with a goal to test the Standard Model.

Many new nuclear experiments are now in progress which explore the MOT as a convenient target for the measurements. Typically, the mass-separated ion beam is first converted to neutral atomic beam and after that the neutral atoms are captered initially by the first MOT and finally transferred to the second MOT used as a target. This principal scheme developed by the Los Alamos National Laboratory was used for  trapping radioactive isotopes 82Rb (Gückert et al., 1998) and 82-84Rb, 135,137Cs (Vierra et al., 1999). It is expected that the target MOT can be used for the following measurements: (1) the high-precision parity violation measurement of beta-decay assymetry on polarized 82Rb; (2) measurements of the properties of ultracold 84Rb fermionic atoms sympathetically cooled by 87Rb atoms in the state of the Bose-Einstein condensation; (3) ultrasensitive measurements with the use of trapped atoms.
Electromagnetic trapping of atoms is also considered to be the most likely scheme for production of atomic antihydrogen and its spectroscopic investigation. The crusial point here is the laser cooling of hydrogen atoms. The only possible optical transition for the effective laser cooling of hydrogen is 1S-2P transition with the vacuum ultraviolet wavelength 121,6 nm. Pahl et al., 1999 reported on the development the  first CW source of coherent Lyman-  radiation. The source is based on four-wave mixing in mercury vapour. Ultrahigh resolution laser spectroscopy of a few trapped antihydrogen atoms opens a unique opportunity to compare the spectra of hydrogen and antihydrogen and realize thus a stringent test of the fundamental CPT symmetry (Bluhm et al., 1999) and to compare the gravitational forces on matter and antimatter.

Spectroscopic investigation of trapped atomic antihydrogen can in particular be done using the resonance enhanced two-photon spectroscopy (RETS) (Hijmans, 1999). This technique is based on the stimulated absorption of photons at two different wavelengths, one nearly resonant with 1S-2P transition, the other with 2P-3S(D) transition. The sensitivity of the RETS is much higher the method of the two-photon spectroscopy that uses the resonant two-photon excitation at 1S-2P transition. RETS was already tested for the temperature and density measurements in atomic hydrogen localized in magnetic trap (Mosk et al., 1998).
8.6. Ultra-Sensitive Isotope Trace Analysis
An important property of the MOT consists in the ability to catch the atoms whose optical frequencies are shifted from the laser frequency by only a few natural linewidths. This property has found an application for ultra-sensitive isotope trace analysis. Chen et al. (1999) has developed the technique for detection of counted number of radioactive isotopes 85Kr and 81Kr with abundances 10-11 and 10-13 against the stable isotope 83Kr. The technique was called Atom Trap Trace Analysis (ATTA). At present, only the technique of the Accelerator Mass Spectrometry (AMS) (Collon et al., 1997) has the detection sensitivity comparable with that of ATTA. Counter to the AMS technique based on the high power cyclotron, the ATTA technique is much simpler and it does not require a special operation environment. In the experiments by Chen et al. (1999) krypton gas was injected into a DC discharge volume where the atoms were excited to the metastable level. Two-dimensional transverse laser cooling was used to collimate the atomic beam and the Zeeman slowing technique was used to load the atoms in the MOT. Under the specific laser frequency chosen for trapping 81Kr or 85Kr isotope, only chosen isotope could be trapped by the MOT. The experiment was able to detect a single trapped isotope which remained in the MOT for about a second. Fig. 8.1 shows the fluorescence produced by an individual 81Kr isotope stored in the MOT in the experiment. Note that the fluorescence signal coming from a single isotope atom exceeds considerably the noise due to the scattered laser light.
8.7. Ultracold Atom Collisions

Trapping of ultracold atoms gives an opportunity to study the collisional processes in cold atomic samples. Sьpitz et al. (1994) reported on simultaneous cooling and trapping two different Rb isotopes and measurement a cross-isotope collisional rate. Similar experiment was done by Santos et al. (1995) with two different atomic species, Na and K. This experiment gave an estimation on the elastic collisions cross section of the Na-K system as 3.8(10-13 cm2. Houbiers et al. (1998) studied the elastic and inelastic collisions of 6Li atoms in magnetic and optical traps. The research was important for estimation the possibility to achieve quantum degeneracy in a fermionic gas. In the case of fermionic 6Li, it has been shown theoretically that a transition to a superfluid state could be realized at a critical temperature of the order of temperatures obtained in the BEC experiments (Stoof et al., 1996; Houbiers et al., 1997). See also theoretical  study of interacting Fermi gas in a harmonic trap (Bruun et al., 1998). 

Anderson et al. (1998) studied the resonant dipole-dipole energy transfer in nearly frozen Rb Rydberg gas in a MOT. In a room temperature vapor of Rb Rydberg atoms, resonant dipole-dipole energy transfer occurs via binary collisions. In contrast, in the 300 (K vapor in the MOT the many atoms interact simultaneously, as in an amorphous solid. As a result of simultaneous multiple atom interactions, the energy transfer resonances are broadened substantially in frequency. In the laser-induced collisions between ultracold atoms, the combination of low velocities and long-range interactions results in collision times which can exceed the excited-state lifetime. Using pulsed excitation, Gensemer  and Gould (1998) found this collisional process for Rb to take place on a 10-6 sec time scale.

Many various collisional processes were investigated on cold atoms localized in the MOT. Among numerous important experiments one may note the following: observation of a Feshbach resonance in cold atom (Rb) scattering (Courtelle et al., 1998); study of Penning and associative ionization of two metastable cold (1 mK) helium atoms (Mastwijk et al., 1998); study of elastic and inelastic collisions of cold spin-polarized 133Cs atoms (Arndt et al., 1997; Söding et al., 1998; Leo et al., 1998); observation of cold collision frequency shift of 1S-2S transition in hydrogen (Kilian et al., 1998); measurement of long-range forces between cold Cs atoms (Fioretti et al., 1999); measurements of ionizating collisional rate of metastable rare-gas atoms (Kr, Ar) in an optical lattice (Kunugita et al., 1997). By confining 3He and 4He in their respective magneto-optical traps, ionization rate coefficients for Penning collisions between the cold He (2s3S1) atoms have been measured  (Kumakura et al., 1999). At a temperature of 0.5 mK, the rate coefficients obtained are 3.8(10-10 cm3/s for 4He-4He collisions and 1.1(10-9 cm3/s for 3He-3He, a difference of a factor of 3. Similar results were reported by Tol et al. (1999) who achieved the large number (1.5(109) of cold metastable helium atoms in a MOT. The measurements of the collisional rates in a Na/Rb mixture in a MOT were done by Telles et al. (1999). 

Note finally the collisional experiments with different atoms captured in the MOT. Shaffer et al. (1999a,b) described a comprehensive investigation of a trap loss in a two species Na-Cs MOT. Observed losses, due to the interspecies interactions, are attributed to collisions in which a change in the finestructure state of the Na partner causes the escape of atoms from the trap. Results are described in terms of the heteronuclear pair potentials and the interaction of the colliding pairs with the radiatively active environment.

8.8. Formation of Cold Molecules

Application of well established laser cooling techniques to molecules does not seem to be possible because of the absence the cyclic intraction schemes which could  keep molecules from being optically pumped into inaccessible states. The most successful technique to produce translationally cold molecules is the combination of the techniques of trapping atoms with the photoassociation technique (Thorsheim, 1987). Photoassociation of cold atoms can be realized by both a single-color excitation (Fig. 8.2) (Nikolov et al., 1999) and two-color excitation (Fig. 8.3) (Band and Julienne, 1995).

First experiment on formation of cold molecules (Cs2) by technique of  photoassociation of cold Cs atoms in MOT was done by Fioretti et al. (1998). A pair of ground state cold Cs atoms is resonantly excited to a 

 rovibrational state of Cs2 using a CW laser. A significant fraction of these molecules decay to bound levels of the 

 ground state, yielding long lived translationally cold molecules. The latter are detected by pulsed laser ionization into 

 ions, thorough a time of flight mass selection. Takekoshi et al. (1998) realized the first observation of optically trapped cold neutral molecules Cs2. Cesium dimers in the electronic ground state were produced directly in MOT and transferred to a dipole trap formed at the focus of a CO2 laser beam. A cold molecules trap lifetime was on the order of a half a second. Takekoshi et al. (1999) also observed translationally cold dimers Cs2 produced directly in a MOT and the photoassociation of cold Cs atoms in the trap. The measured translational temperature of the neutral cesium dimmers was about 100 (K.

In the other pioneer work (Nikolov et al., 1999) an ultracold potassium molecules were produced in the 

 electronic ground state by photoassociation in a MOT. Authors observed deeply bound molecules with vibrational quantum numbers about v≈36 and translational temperature of about 300 (K. About 103 molecules/s were produced, and much higher production rates should be attainable in the future. Ultracold heteronuclear molecules NaCs were produced by Shaffer et al. (1999) in a novel two-species MOT. Individual trap atom densities were about 1010 cm-3 with around 106 Na atoms and 107 Cs atoms. The formation of ultracold heteronuclear molecules opens up new and exciting ways of research in molecular spectroscopy.

8.9. Cavity QED, Single Atoms etc

New interesting applications of the МОТ were recently demonstrated by Kimble and co-workers. His group realized the trapping of single cold atoms in cavity QED (Ye et al., 1999). This opened an opportunity for the deterministic control of atom-photon interactions quantum by quantum. Cavity QED led to many new effects, including the realization of quantum phase gate (Turchette et al., 1995), the creation of Fock states of the radiation field (Walther et al., 1999), the demonstration of quantum nondemolitation detection for single photons (Nogues et al., 1999) etc. Ye et al. (1999) note that “all serious schemes for quantum computation and communication via cavity QED rely on developing techniques for atom confinement”. This explaines an important role of the experiments on trapping of single atoms under conditions of cavity QED. Kimble’s group used in the experiments the far-off-resonance optical dipole trap (FORT), providing a confining potential to trap atoms within the cavity mode.

Among other interesting applications of the MOT one may note the quantum-nondemolitation (QND) measurements with the use of cold trapped Rb atoms (Roch et al., 1997; Sinatra et al., 1998); observation of the superfluorescence from optically trapped Ca atoms (Kumarakrishnan and Han, 1998).
Atom interferometers built around atomic waveguides and quantum-mechanical atomic gravitational cavities seem very promising for high-precision measurements (Harris and Savage, 1995). The Saniac effect for atoms is larger than for photons (Scully and Dowling, 1993). Atom interferometers has already demonstrated the potential for precision measurement of gravity and inertial effects (Adams et al., 1994). 
An interesting technological application of optical lattices can be the deposition of atomic structures with a resolution better than the optical wavelength. In one such experimental attempt, sodium atoms, after being channeled in periodic potential wells, were deposited on a surface, forming lines a few tens of nanometers wide (Timp et al., 1992; Gupta et al., 1996; Drodofsky et al., 1997). In another example of nanolithography using optical lattices, chromium atoms were deposited on the surface of one- and two-dimensional gratings (McClelland et al., 1993).

List of applications the methods of electromagnetic trapping cold atoms an dmolecules will certainly be fastly grow and expand into the different fields of science. As one remarkable example one may note the measurements of Earth’s gravity gradient (Snadden et al., 1998) and gravitational acceleration by dropping cold atoms from the trap (Peters et al., 1999). In the coming years we will see many productive “marriages” of the trapping techniques with many advanced fields of science and technology.
This work was supported in part by the Russian Foundation for Basic Research (Grant No. 99-02-16215 ).
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