31
90

6. MAGNETO-OPTICAL TRAPPING
6.1. Simplified Scheme and Basic Configuration
The idea of magneto-optical trapping of atoms can be understood by considering the idealized one-dimensional scheme shown in Fig. 6.1a (Dalibard, 1987). In this scheme, the atoms are placed in a weak magnetic field B = Bez which increases linearly in the positive direction of the z-axis, B(z) = az, being equal to zero at the central point z = 0. For simplicity, the atoms are assumed to have two electronic states: the ground state with the energy 
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 is the atomic transition frequency in a zero magnetic field, i.e., at the point z = 0, and  is the projection of the magnetic moment 
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 laser beams propagating in the directions (z. The frequency  of the laser beams is assumed to be red-shifted with respect to the frequency of the unperturbed atomic transition, 
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In the above scheme, the atom is acted on by the radiation pressure force F = Fez caused by the one-photon transitions between the ground state and two upper-state magnetic sublevels me = (1. For a motionless atom, the rate of atom excitation to the upper-state sublevels depends on atom’s coordinate. When the coordinate z is positive, the atom is excited with a higher probability to the magnetic sublevel me = –1 and with a lower probability to the sublevel me = 1, and when the coordinate z is negative, it is excited with a higher probability to the sublevel me = 1 and with a lower probability to the sublevel me = –1. As a result, the direction of the radiation pressure force on a motionless atom depends on the sign of the coordinate z. When the atom coordinate is negative, z < 0, it mainly interacts with the +-polarized radiation, and experiences a force in the positive direction of the z-axis. On the contrary, at a positive atom coordinate, z > 0, the atom mainly interacts with the –-polarized laser light and is subject to a force in the negative direction of the z-axis. The radiation pressure force in the scheme of Fig. 6.1a is thus always directed opposite to the displacement of the atom. Accordingly, the radiation pressure force produces a potential well for atoms located at the central point z = 0. 
For an atom moving near the center of the trap, the efficiency of atom excitation by a red-detuned laser light depends strongly on the direction of the atom velocity. When the atom moves in the positive direction of Oz axis it is more efectively excited by the –-polarized laser light. On the contrary, the atom moving in the negative direction is mostly excited by the +-polarized laser light. For these reasons, the radiation pressure force is directed opposite to the atomic velocity and thus produces the cooling of atoms. Qualitative dependence of the radiation pressure force on velocity for three different atom coordinates is shown in Fig. 6.1b. 

Thus, in the above scheme the radiation pressure force simultaneously displaces atoms to the centre of the trap and cooles atoms near the central region.

The one-dimensional magneto-optical trapping scheme considered above can easily be generalized to three dimensions. A practically most frequently used three-dimensional scheme of the magneto-optical trap (MOT) includes a magnetic field in the form of spherical quadrupole (5.2) and a laser field produced by three orthogonal pairs of counter-propagating laser beams with polarizations ( (Fig. 6.2). In this basic configuration of the MOT, the radiation pressure force is responsible both for the formation of a three-dimensional potential well for atoms and for a three-dimensional cooling of atoms near the center of the trap. Some other configurations of the MOT can be found in the literature cited in Subsection 6.6.
6.2. (1+3)-Level Atom Model
For the above considered (1+3)-level atom model, the interaction of the atom with the one-dimensional ( laser field configuration defined by Eq. (2.58) is described by a three-level V-scheme. The lower energy level 
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 retains its magnitude at any value of the coordinate z, and the energies of the upper levels 
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 are the linear functions of the displacement of the atom from the central point z = 0.
In the case of weak optical saturation, the radiation pressure force in the above interaction scheme may be written in the form of a sum of two forces (2.20a) taken in a linear approximation in the saturation parameter G:
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where 
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 is the position-dependent Larmor frequency, ge is the g-factor and the detuning 
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 may have any sign. In a linear approximation in velocity and coordinate, i.e., for atoms slowly moving in the vicinity of the center of the trap, radiation pressure force (6.1) in the case of red detuning is reduced to a sum of two forces, a friction force and a harmonic restoring force:
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where the friction coefficient  and oscillation frequency 
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and 
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 is the recoil frequency.

In the same linear approximation in the saturation parameter, the longitudinal momentum diffusion coefficient for a three-level V-scheme is reduced to the sum of the two diffusion coefficients 
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 (2.64) for the two counter-propagating laser waves. For small atomic velocity and displacement, the longitudinal diffusion coefficient according to Eq. (2.64) is
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Cooling and restoring force (6.2) jointly with diffusion coefficient (6.4) fully define the steady-state atomic velocity and coordinate distribution in the one-dimensional MOT. According to the steady-state solution of a one-dimensional Fokker-Planck equation with force (6.2) and diffusion coefficient (6.4) the steady-state atomic  distribution is a Gaussian one,
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where the velocity distribution half-width is
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the coordinate distribution half-width is
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and the temperature is defined as
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The minimum temperature attained at detuning 

 is defined by the natural line width:
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The above considered model of the MOT describes thus the trapping and cooling atoms by the radiation pressure force coming from the one-photon processes. Accordingly, the model describes only the so-called Doppler cooling of atoms inside the MOT. In this model, the minimum temperature is of the order of the Doppler limit temperature, 
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. This minimum temperature accordingly defines both the minimum velocity width (6.6) and the minimum spatial size (6.7) of the trapped atomic cloud.    

6.3. (3 + 5)-Level Atom Model
The theory of the magneto-optical trapping of atoms in the case of interaction scheme featuring two-photon or higher-order multiphoton processes substantially differs from the one considered above, for multiphoton processes sharply change the friction force and momentum diffusion tensor.

Steane and Foot (1991) were the first to suggest that the Doppler theory is not always adequate to describe the behavior of atoms in the MOT. Their measurements of such MOT parameters as the friction coefficient, elastic constant, and the size of the atomic cloud showed that the multilevel structure of atomic levels might play an important role. In their experiment, the temperature of Cs atoms in the MOT proved substantially lower than the Doppler limit and amounted to some 30 mK. In later experiments (Townsend et al., 1992; Drewsen et al., 1994) it was found that at a low atomic density in the MOT the temperature of atoms is identical to that in an optical molasses free from an external magnetic filed.

The main differences occurring between two-level and multilevel atoms in the MOT can be illustrated using as an example a model of a (3+5)-level atom interacting with a one-dimensional red-detuned ( laser field configuration (2.58) in the presence of a non-uniform magnetic field B(z) = az (Fig. 6.3). In such a scheme, the radiation pressure force on an atom slowly moving in the central region of the trap contains the friction force and a harmonic force due to the two-photon processes (Jun et al., 1999a,b). As a result, along with a deeper, sub-Doppler cooling of the atoms, there takes place their localization in a region whose size is much smaller than that defined by Eq. (6.7). The spatial behavior of the radiation pressure force on a (3+5)-level atom in the laser field (2.58), which illustrates the contributions from the two-photon processes, is shown in Fig. 6.4.
For motionless atom the radiation pressure force on a (3+5)-level atom includes an ordinary one-photon restoring force and two-photon restoring force, 
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where 
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 is the Zeeman frequency shift assumed to be the same for the upper and lower magnetic sublevels. Force (6.10) creates the double-structure potential well where the first and second terms come from the one-photon and two-photon processes,
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 is the characteristic distance from the center of the trap at which the Zeeman frequency shifts equal half of the natural linewidth.                                          
6.4 Three-Dimensional MOT

The dynamics of atoms in any real three-dimensional MOT is much more involved that that described in Section 6.1. Two factors substantially complicate the motion of atoms in the three-dimensional trap. First, in actually used atoms the lower and upper states are hyperfine-structure levels including several magnetic sublevels. For this reason, the atom–laser field interaction always proceeds by a complex multilevel scheme. Secondly, the polarization direction and intensity of the laser field in the scheme of Fig. 6.2 vary on the scale of the optical wavelength. This circumstance, as in the case of optical lattices (Section 4.2), causes a small-scale modulation of the magnetic sublevel populations and coherences between the magnetic sublevels. These effects may give rise to additional friction forces due to the non-adiabatical time evolution of the magnetic sublevel populations and atomic coherences for moving atom (Ungar et al., 1989; Weiss et al., 1989; Dalibard and Cohen-Tannoudji, 1989).

It should be noted that the hyperfine structure in the ground and excited states is no obstacle for magneto-optical trapping. If there are a number of hyperfine structure levels in the excited state, any of them can be chosen to serve as the upper working level. If the ground state of the atom is split into several hyperfine structure levels, a multi-frequency laser light then can be used to excite the atoms from the hyperfine structure levels.

6.5. Density Effects

The above estimations for atomic temperature defined by Eqs. (6.8) and (3.15) are valid for a low-density atomic cloud in the MOT. At a high density and (or) for large number of trapped atoms the absorption of the laser light and subsequent re-absorption of the spontaneous emission  may strongly effect both the temperature of atoms and the spatial distribution of atoms in the MOT (Drewsen et al., 1994; Walker et al., 1990; Cooper et al., 1994; Castin et al., 1998). Simple estimates show that the increase in the temperature of atoms caused by re-scattering of absorbed laser light is proportional to the cube root of the number of trapped atoms (Cooper et al., 1994). 

The absorption of a photon from the laser light and subsequent emission of a photon increases the momentum diffusion coefficient in Eq. (6.8) and accordingly increases the temperature of atoms as
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where T is the temperature in a low-density atomic cloud, 
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 is the temperature in a dense cloud, 
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 is the fraction of the spontaneous emission reabsorbed by atoms before leaving the trapped atomic cloud,  is an absorption cross-section, n is the number density, l is the dimension of the cloud and 
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 is a factor of order unity. The temperature of trapped atoms can thus be expressed as a sum of the temperature for non-interacting atoms and an additional term including the fraction of photons that are reabsorbed after emission by the atoms. Introducing the total number of atoms, 
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. Accordingly, the temperature for a dense atomic cloud includes a term proportional to the cube root of the total number of atoms,
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This estimate has been verified experimentally.

In the MOT, the restrictions on the maximum density and minimum temperature of atoms stem from the very nature of the trap: the scattered laser photons are absorbed again by the atoms, which gives rise to effective forces that push the atoms apart and thus limit their density and temperature. The effect of the radiation trapping in a dense atomic sample localized in the MOT was directly observed for Cs atoms as the lengthening of the natural radiative lifetime (Fioretti et al., 1998).  

6.6. Experimental Results
The first magneto-optical trapping scheme was experimentally tested with sodium atoms (Raab et al., 1987). Since the ground state 3S1/2 of sodium atom is split to two hyperfine structure levels with the total angular momenta F = 1, 2, the atoms were excited on the dipole transition 3S1/2 ( 3P3/2 by a two-frequency laser light. The two-frequency excitation avoided the optical pumping of atoms to one of the two lower hyperfine structure levels and thus provided for a long-term atom-laser light interaction. In the first experiment, about 107 atoms were confined in the MOT for about 2 minutes at a temperature below 1 mK. The trapping time of the atoms was mainly limited by the collisions with the residual gas particles.

The principal features of the MOT are its ability to simultaneously cool and trap atoms, a fairly large potential well depth, the relatively large capture velocity, and a weak sensitivity to disturbances in the directions of the laser beams and their polarization imperfection. The MOT is capable of effective operation not only in the standard geometry shown in Fig. 5.2, but also with the use of only four laser beams in a tetrahedral geometry (Shimizu et al., 1991). The trap parameters also vary but insignificantly when replacing one or several beam pairs of +–– configuration by linearly polarized beam configurations (Walker et al., 1991).

An important advantage of the MOT over purely magnetic traps is that it uses very weak magnetic fields, approximately 100 times weaker. In the MOT, the magnetic field is used only to produce a small Zeeman shift of the magnetic sublevels, whereas pure magnetic traps require a substantial magnetic field strength to produce magnetic dipole force (5.1). No less important advantage of the MOT is also the possibility of injecting atoms into it both from an atomic beam and from an atomic gas (Monroe et al., 1990). 

In past years, the MOT has become the most popular trap for cold atoms. To date, there is a very impressive list of atom isotopes that have been successfully localized in the MOT’s. This includes atom isotopes of such alkali metals as lithium (Lin et al, 1991), sodium (Raab et al., 1987; Lu et al., 1994), potassium (Williamson III et al., 1994; Santos et al., 1995; Wang et al., 1996; Behr et al., 1997; Catoliotti et al., 1998; Prevedelli et al., 1999), rubidium (Fox et al., 1993; Gwinner et al., 1994), cesium (Monroe et al., 1990; Sagna et al., 1995; Dudle et al., 1996; Jun et al., 1999a,b), and francium (Simsarian et al., 1996; Lu et al., 1997; Grossman et al., 1999), atom isotopes of alkali earth metals, such as calcium and strontium (Kurosu and Shimizu, 1990), and atom isotopes of inert gases, such as helium (Bardou et al., 1992; Kumakura et al., 1992; Rooijakkers et al., 1997) and neon (Shimizu et al., 1989), argon and krypton (Katori and Shimizu, 1990), and xenon (Walhout et al., 1993). Recently, the MOT was loaded with chromium atoms (Bell et al., 1999) and a magneto-optical trapping of Yb atoms was successively carried out using both the singlet 1S0 - 1P1 transition (Honda et al., 1999) and the intercombination 1S0 - 3P1 transition (Kuwamoto et al., 1999). 

In typical magneto-optical traps, the temperature of the atomic cloud ranges between 1 mK and 10 K, and the density of atoms, between 108 and 1011 cm–3. Attaining high atomic densities in MOT’s is mainly limited by collisions between the trapped atoms and residual gas particles, the trapping of radiation, collisions between atoms in the lower states with the optically excited atoms, and the above-barrier momentum diffusion-associated escape of  atoms from the trapping region (Sesko et al., 1989; Townsend et al., 1992; Metcalf and van der Straten, 1994; Anderson et al., 1994; Willems et al., 1997).

A material increase in the atomic density has been attained in what is known as the dark MOT wherein the localized atoms are optically pumped to a hyperfine structure sublevel at which they are off resonance with the main localizing laser field. This method was successfully used to localize sodium atoms (Ketterle et al., 1993). They demonstrated a substantial improvement of the trap parameters in comparison with the standard MOT: the atomic density amounted to 1012 atoms/cm3 at a large total number of localized atoms (over 1010). The application of the dark MOT technique to other elements comes up against considerable problems (Townsend et al., 1996). As a rule, an increase in the density of atoms is achieved at the cost of their increased temperature.

Balykin (1997) suggested a method to increase the density of atoms in the MOT, based on the irradiation of the atomic cloud with a pulsed laser radiation. The method is essentially as follows. At a certain instant of time, the laser field localizing the atoms is switched off, and the atoms freely fly away from the center of the trap during a time long enough for their density to decrease. Thereafter the atoms are irradiated with a short pulse of the laser light used initially to form the trap. If the atom–laser pulse interaction time is commensurable with the inverse of the decay coefficient of the atoms in the trap, the velocity of the atoms is reversed and damped to a value governed only by the magnitude of the magnetic field and the atomic coordinate at the instant the laser pulse is switched on. The time it takes for the atom to return to the center of the trap is the same for all the atoms, and this leads to a substantial (~102) increase of the density. Arlt et al., 1998 suggested the use of the piramidal MOT with a small hole at its vertex as a source of slow atoms. Atoms are first captured in the trap and then pushed through the hole by a laser beam. The flux of cold atoms was about 109 s-1 and found to be readily scalable to obtain higher fluxes. Note also the proposal on a booster for ultrafast loading of the trap (Vredenbergt et al., 1998).  
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