
Volume 47. number 6 15 October 1983 

PROPOSALS OF STABLE OPTICAL TRAPS FOR NEUTRAL ATOMS 

J .  DALIBARD, S. REYNAUD and C. COHEN-TANNOUDJI 
Laboratoire de Spectroscopie Hertzienne, Ecole Normale Supérieure and Collège de France, 
F 75231 Paris Cedex 05, France 

Received 21 July 1983 

Proposals of three dimensional stable optical traps for neutral atoms are presented. Two different laser beam configura- 
tions, separately optimized for trapping and cooling, a d  alternately on the same atomic transition, or simultaneously on 
two different transitions. Large values are predicted for the ratio optical potential depths over residual kinetic energy. 

1. Introduction 

This paper presents new proposals of three dimen- 
sional optical traps for neutral atoms. Special attention 
is given to the discussion of the stabiiity of these opti- 
cal traps in terms of two important parameters (fig. l), 
the depth Uo of the potential well associated with radi- 
ative dipole forces [1-41, and the residual total energy 
E resulting from the competition between diffusion 
heating and radiative cooling: 

where D is the atomic momentum diffusion coefficient 
[actually the trace of the diffusion tensor] due to the 
fluctuations of radiative forces (1-41 , M  the atomic 
mass, 7 the damping time of the atomic velocity due 
to the cooling force (T is the effective temperature as- 
sociated with E). 

An optical trap can be considered as stable if 

a Fig. 1. Important characteristics of an optical trap: potential 
depth Uo and residual energy E. . 

since the escape probabiiity [5] contains the factor 
exp (- Uo/kg T). The problem is therefore to reduce 
kg T to the lowest possible value, which is practicaily 
of the order of h r ( r  natural width of the atomic ex- 
cited state) [6], while achieving the largest possible 
potential depth Uo, i.e. Uo much larger than h r .  

It is now generally admitted [ l ]  that using a single 
laser wave does not allow to achieve stable traps, since 
Uo and kBT are at best of the same order. This results 
from the difficulty of optimizing simultaneously the 
trapping and cooling efficiencies of a single laser wave. 
It has been proposed to use two separate waves for 
cooling and trapping on the same transition [7]. But, 
in that case, the light-shifts produced by the intense 
trapping beam strongly perturb the cooling efficiency 
by introducing a position dependent detuning. The 
question of the three dimensional stability of such a 
trap seems to remain open [ l  ,8]. 

The main idea of the present paper is to  decouple 
the two trapping and cooling functions, either tem- 
poraiiy (sect. 4), i.e. by using alternated trapping and 
cooling phases, or by use of two different atomic tran- 
sitions sharing no common level (sect. 5). It is then 
possible to optimize separately the two trapping and 
cooling beams. We discuss in particular in sect. 2 a new 
laser configuration for trapping which uses two counter- 
propagating O+ and O- polarized beams and leads to a 
deep potential well with a reasonably small diffusion 
coefficient. The cooling design is discussed in sect. 3. 
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2. Trapping design 

The sirnplest possible idea is to take a focused travel- 
ling gaussian beam tuned below resonance. Dipole forces 
attract the atom towards the focal zone, but radiation 
pressure pushes it along the beam. Dipole forces can 
be predominant, but only in situations leading to a too 
large momentum diffusion [condition (2) not fulfded] . 

The next idea is then to eliminate radiation pres- 
sure * by using two counterpropagating waves form- 
ing a standing wave [IO, 111. But the intensity gradients 
along the beam are huge (variations over a wavelength 
A) and lead to  a prohibitive diffusion coefficient D [12], 
which does not saturate at high intensities or large de- 
tunings (i.e. for Uo B Ai'). Physically, this large value 
of D is due to the coherent redistribution of photons 
between the two counterpropagating waves [coherent 
processes involving absorption in one wave and stimu- 
lated emission in the other one [13]]. Such a momen- 
tum diffusion can be also interpreted as being due to  
spontaneous emission which introduces random jumps 
between two "dressed states" with opposite energy 
gradients [ 1,2,14]. 

Our proposa1 here is rather to use two counterprop- 
agating a+ and O- polarized gaussian beams with co- 
incident foci (fig. 2a). The resulting wave has a linear 
polarization which rotates dong the direction of the 
beam. But the intensity along this direction varies 
smoothly over a wavelength. The possibility of trap- 
ping the atom in the focal zone is the same as for a 
standing wave, but with a much smailer diffusion co- 
efficient. Because of conservation of angular momen- 
tum, redistribution cannot indeed occur between the 
two waves: absorption of a O+ photon cannot be fol- 

* Some proposals of optical traps using only radiation pres- 
sure [9] are criticized in ref. [8]. 

Fig. 2. (a) Trapping configuration: superposition of two 
focused o+ and C counterpropagating waves. (b) Zeeman 
optical components (for a J = O to J = 1 transition) excited 
by the a+ and o- waves. 

lowed by the stimulated emission of a O- one (fig. 2b). 
The redistribution can only occur inside the same 
wave, so that the contribution of dipole forces to the 
diffusion coefficient is much smailer than for a stand- 
ing wave, by a factor of the order of ( l l k ~ ~ ) ~ ,  where 
wo is the beam waist and k = 2nlh. 

AU the previous qualitative predictions have been 
confmed by a quantitative calculation of the poten- 
tial well and diffusion coefficient for a J = O to  J = 1 
atomic transition (resolution of the corresponding 
optical Bloch equations). For a detuning 6 = wL - wo 
between the laser (aL) and atomic (oo) frequencies 
equal to -100 i', for a saturation parameter 

S = 
4 1 2  

62 t (1-214) 
(3) 

(where wl is the Rabi frequency) equal to  4, and for 
a beam waist wo equal to 50 A, one gets a diffusion 
coefficient due to dipole forces equal to 0.1 Tz2k21', 
and a potential depth Uo equal to 8 0  hi'. 

3. Cooling design 

In the quasiadiabatic regime UTR < h (where v is the 
velocity and TR the radiative lifetime), or equivalently 
kv < i' (Doppler effect small compared to the natural 
width), the velocity dependence of radiative forces is 
mainly linear [ l ]  and can be used for damping the 
atomic motion. 

As for trapping, radiation pressure prevents us from 
using a plane running wave for cooling. 

The case of a plane standing wave has been studied 
in detail [ l ,  151. For small values of the detuning 
(16 1 < i ' l d ) ,  radiative cooling occurs for 6 < O as 
for a travelling wave. For larger detunings, the sign of 
the velocity dependent force, spatially averaged over a 
wavelength, changes when the saturation parameter 
increases. This behaviour remains valid when one takes 
three perpendicular standing waves with three orthog- 
onal polarizations. A quantitative calculation gives for 
example for a J = O to J = 1 transition the three dimen- 
sional cooling F = -MU/T with T = 5 ~ I t i k ~  for 6 = t 4 i '  
and s = 3. Note that 6 has been chosen much smaller 
than for the trapping configuration in order to  avoid 
large momentuni diffusion (here D = 3.7 fi2k2r). 

Another interesting new possibility is to use the 
O+ - O- configuration of fig. 2a (with a larger beam 
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waist). As for a running wave, cooling (in the direction 
of the beam) always occurs for S < O. The optimum 
cooling force is found to be F = -Mu/T with T = 
3 ~ / f i k ~  for S = -r /2 and s = 1 (the corresponding 
value of D being 0.25 h2k2r).  It is however impossible 
to generalize these results to  three orthogonal direc- 
tions, since one would then reintroduce intensity gra- 
dients over a wavelength as in the standing wave case. 
A simple solution for achieving three dimensional 
cooling with a single a+ - a- laser configuration is to 
apply it to an asymmetrical trap with three different 
oscillation frequencies (such a trap can be produced 
for example by focusing the a+ - a- trapping beams 
with cylindrical lenses). If the cooling beam-has equd 
projections along the three axis of the trap, it damps 
equaily the three components of the atomic velocity 
(with a three times smaller efficiency) [16-181. 

4. Altemating cooling and trapping phases for a J = O 
to a J = 1 atomic transition 

As mentioned in the introduction, our first propo- 
sa1 for achieving the stabiiity condition (2) is to alter- 
nate in time cooling and trapping phases, each with a 
duration T. It is then possible to  optimize separately 
the two functions (as this is done in sections 2 and 3) 
and to avoid their mutual perturbation *. 

If the duration T of each phase is large compared 
to the radiative lifetime TR, but smail compared to  the 
cooling time T and to the oscillation period in the po- 
tential weii, the coefficients appearing in the Fokker- 
Planck equation describing the atomic motion are the 
average of the same coefficients corresponding to the 
cooling and trapping phases: 

u = ' [ u  2 cool + Utrapl 

Dml and Dtrap are of the same order. But 1 / ~ ~ ~ ~ ~  
% l/rtrap so that T = 2rmol and Uotrap % UO cool so 

* The same result would be obtained by leaving the cooling 
on, ail the time, and switching on and off the trapping, 
since, when the trapping is on, its products light shifts 
which make the effect of  the cooüng negligible. 

that Uo = UOtrap/2. The stabiiity condition (2) be- 
comes 

Since we have optimized separately UO trap and 
rcOo1, while keeping reasonably smail values of DmO1 
and Dm,  it follows that stable traps can be achieved 
[we take "half the best of each function".] . 

We consider now the two specific examples of Mg 
and Yb atoms which have a J = O to J = 1 resonance 
line [ I s - ~ P  at 285 nm with r = 5 X 108 s-1 for 
Mg, ~ s - ~ P  at 556 nm with r = 1.2 X 106 s-l for Yb]. 
Using an asymmetrical a+ - a- trap and a single 
a+ - a- cooling beam (see end of sect. 3), one gets 
the following values: for Mg (with a 100 mW trapping 
laser power ? focused on a waist wo = 13 pm), Uo = 
40Ri ' andkBT=2.5h i ' (T=  10mK);forYb (1 W 
on 250 pm), Uo = 370 h r  and k B T =  2.5 h r  (T = 24 
pK). Large values of Uo/kBT are thus achieved (16 
for Mg, 150 for Yb). 

Finaiiy, we would like to emphasize the versatile 
character of the alternating scheme. One could for 
example achieve a more compact spherical trap by 
alternating trapping phases using a+ - a- beams with 
orthogonal directions. In such a case, the direction of 
the cooling beam would have also to be alternated. 
"Black" phases could be also devoted to the observa- 
tion of unperturbed atoms. 

5. Simultaneous cooling and trapping on two different 
atomic transitions 

#en a single atomic transition is used, alternating 
cooling and trapping phases seems the only way to 
avoid mutual perturbations of the two functions. An- 
other solution is to use simultaneously two different 
atomic transitions sharing no common level for cool- 
ing and trapping (fig. 3). 

The 4-level scheme of fig. 3 represents for example 
a simplified energy diagram for an alkali atom. Levels 
a and b are then the two hyperfme ground levels, sepa- 

t Entering a ünearly polarized beam in an opticai cavity con- 
taining two quater wave plates and two focusing lenses, 
one can produce the laser configuration of  fig. 2a, while 
taking advantage of the power enhancement factor of the 
cavity. A 100 mW power at 285 nm seems therefore achiev- 
able. 
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Fig. 3. Four level scheme. Two transitions a-c and b-d are 
respectively used for cooling and trapping. 

rated by the hyperfme splitting Sg. Transition a-c (Dl 
line) is used for cooling, with a detuning Smol and a 
Rabi frequency ol cool. Transition b-d (D2 line) is 
used for trapping (SQap and ol mp). Because of spon- 
taneous emission processes, c -+ a, b and d -+ a, b, the 
atom interacts randomly and successively with both 
cooling and trapping beams. The simultaneous pres- 
ence of the two laser beams prevents atoms from being 
put in a trap level by optical pumping. 

Even if the trapping beam is far from resonance for 
the a-d transition, it however produces light shifts on 
level a. If one uses the O+ - O- cooling design of sect. 
3, which is optimum for Scool = -r /2,  these light shifts 
must be kept much smaller than r, if one wants an ef- 
ficient cooling throughout the trap. The standing wave 
cooling design on the other hand works with larger val- 
ues of S and consequently allows larger light shifts of 
level a. This is why we will prefer here such a scheme. 

AU these qualitative considerations have been quan- 
titatively confirmed by a numerical resolution of the 
16 optical Bloch equations of the problem. Stable 
trapping is predicted for each alkali atom. Best results 
are obtained for cesium (A,,, = 894 nm and Lp = 
852 nm with r = 3.3 X 107 s-l ) which has the great- 
est hyperfme splitting (Sg = 1740 r) and then allows 
the most intense trapping beam. For SQap = -250 r ,  
ol Qap = 200 r (at the center of the trap), Scool = 10 r 
and ol mol = 4 r (averaged over A), one gets a poten- 
tial depth Uo = 20 RF with a temperature kB T = RI', 
(T = 0.2 mK), i.e. Uo/kB T =  20. We fmd that the 
shift of level a due to the trapping beam never exceeds 
-5 r (< Sc,,,) so that cooling effectively remains ef- 

' ficient on-the whole trap. 

We fmally discuss the validity of Our model. 
(i) The hyperfme structure of level d (6P312) in Cs 

is of the order of 1 10 r. The trap detuning I SQap 1 is 
larger than this structure, so that if the laser is tuned -. 
below the lowest hyperfine level of 6P312, all the 
four hyperfine levels of d contribute to trapping with 
the same sign. r 

(ii) The hyperfine structure of level c (6PlI2) in CS 
is of the order of 230 r. Smol and ol mol are much 
smaller than this structure so that one can choose for 
c the upper hyperfine level of 6PlI2 and ignore the 
other one. 

(iii) For each hyperfme level, we have neglected the 
. Zeeman structure. But taking it into account would 

not change drasticaliy the physical results. 

6. Conclusion 

We have proposed new laser configurations for trap- 
ping and cooling neutral atoms. Stable optical traps 
have been quantitatively predicted with large values 
of Uo/kBT (ranging from 16 to  150). A lower bound 
for the confinement time can be obtained by multiply- 
ing the oscillation period in the trap by exp(Uo/kgT) 
[5]. One fmds confinements times larger than one 
minute in al1 presented cases. This means that other 
physical processes (collisions with residual gas for 
example) will actually limit the trapping time. Final- 
ly, the recent developments in the production of slow 
atomic beams [19,20] seem to provide a possible solu- 
tion for the problem of loading such traps #. 
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