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Evaporative cooling of magnetically trapped neutral atoms 

Annual Report for AASERT grant 
"A quantum gas of cold lithium atoms" 

Period 7/1/94 to 6/30/95 

PROFESSORS: Wolfgang Ketterle, David E. Pritchard 

GRADUATE STUDENTS: Michael R. Andrews, Kendall B. Davis, Marc O. Mewes, 
Dallin Durfee 

UNDERGRADUATE STUDENTS: Ilya Entin, Philip Hinz, Everest Huang, Stanley 
Thompson, Peter S. Yesley, Charles Sestok 

Introduction 
Cooling and trapping of neutral atoms offers exciting new possibilities. Many are 

related to the fact that the deBroglie wavelength increases with decreasing temperature T 
as 1/VT. When the deBroglie wavelength is comparable to atomic dimensions (range of 
the interaction potential) collisions can no longer be treated classically and are dominated 
by a few partial waves. Dramatic effects are expected for even colder temperatures and 
higher densities, when the deBroglie wavelength becomes comparable to the interatomic 
spacing. In this case, the "atomic waves overlap" and a novel type of highly correlated 
quantum matter is predicted. In the case of bosonic atoms one expects the formation of a 
Bose condensate, a macroscopic population of a single quantum state [1], and phenomena 
similar to superconductivity or superfluidity; fermions would form a highly correlated 
Fermi sea. 

Such strongly correlated atoms are predicted to exhibit unusual behavior in their 
interaction with light and in collisions. Furthermore, such samples of atoms have 
potential applications in the field of atom optics, such as the creation of microscopic 
structures by direct-write lithography or atom microscopy. With coherent atoms, one 
could realize the ultimate resolution in focusing atoms which is analogous to the 
diffraction limit in optics. A Bose condensate would also find application in metrology, 
improving frequency standards and atom interferometry. 

The observation of degenerate quantum gases requires temperatures well below the 
recoil-limit (i.e. kinetic energies should be much less than the recoil energy due to the 
emission of a single photon). Although optical sub-recoil cooling is possible, it has 
severe limitations due to collisions of excited atoms and absorption of scattered light. 

Our approach is to use evaporative cooling which does not involve light and therefore 
has no recoil limit to overcome. The cooling is accomplished by selectively removing 
atoms with the highest energy from the trap and then allowing the rest of the sample to 
rethermalize through elastic collisions. Unfortunately, this method requires high initial 
densities which could until recently only be prepared by cryogenic methods applicable 
solely to atomic hydrogen [2]. By using a combination of different cooling and trapping 
techniques involving lasers and magnetic fields we were able to obtain the high initial 



density and observe evaporative cooling. This closes the gap between optical cooling at 
relatively low density and collisional cooling. It frees evaporative cooling from the 
restrictions of a cryogenic environment by using laser cooling as the precooling stage. 

The graduate students (Michael R. Andrews, Kendall B. Davis) and the undergraduate 
students (Philip Hinz, Everest Huang) supported by the AASERT grant have made 
essential contributions to the first demonstration of evaporative cooling in alkali atoms [3, 
4] and to major improvements since then. They are now described in greater detail. 

Elastic cross section of ultracold sodium atoms 

The driving process for evaporative cooling is elastic collisions. We were able to 
deduce the elastic collision cross section by observing the thermalization of an atom 
cloud (Figure 1). For this, a non-thermal distribution was prepared by temporarily 
displacing the trap center along the symmetry axis resulting in an elongated cloud. Using 
absorption imaging, the relaxation of this anisotropic energy distribution was observed by 
recording the shape of the cloud as a function of time [5]. In principle, equilibration 
might happen due to the ergodic evolution of orbits in the trap independent of collisions. 
However, this effect was ruled out by showing that the equilibration time depended 
linearly on density. 

From the thermalization time we derived the elastic cross section a = 6.0 ± 3.0 cm"12. 
The measurement was performed at 200 U.K, well below the temperature (1 mK) at which 
one expects d-wave contributions or a temperature dependence of the s-wave cross 
section. We can therefore deduce the scattering length a = ±(92 ±25) ao using the relation 
a = 8 7t a 2. Recently, accurate calculations of the scattering length of cold sodium atoms 
have been performed. For sodium atoms in the F=l, HIF = -1 state the result was 56 ao < 
a <154 ao and, for an alternative choice of potentials -36 ao < a < 154 ao [6]. Thus those 
calculations could not rule out negative values of the scattering length which would result 
in an unstable Bose condensate. Our experimental result, together with the theoretical 
prediction, show that sodium in the F=l, mp = -1 state has a large positive scattering 
length and is therefore an ideal choice for the pursuit of Bose Einstein condensation in 
alkali atoms. 

Rfinduced evaporative cooling of atoms 

We want to reach the nK regime using evaporative cooling. Evaporative cooling is 
accomplished by repetitively removing the high energy "tail" of the thermal distribution 
of atoms in the trap [7]. The remaining atoms then cool collisionally as the high energy 
tail is repopulated. The essential condition for evaporative cooling is that the collision 
rate be sufficiently high for many collisions to occur within the lifetime of the atoms in 
the trap. Beside high initial density and long trapping times, evaporative cooling requires 
a method for selectively removing hot atoms from the trap. In rf induced evaporation, 
atoms are spinflipped to an untrapped state when they are in resonance with an applied rf 
field [8]. Since this resonance frequency is a function of magnetic field B, atoms are 
selectively removed at a specific value of B. In the case of transitions between magnetic 
sublevels mp, the resonance frequency is C0rf = Igl U-B B/h, where g is the g-factor and fiß 
the Bohr magneton. Since the trapping potential is given by mpgU-B B(r), only atoms 
which have a total energy E r^corf Impl will evaporate, or in other words, application of rf 
radiation of frequency corf creates a trap lip with a height of Äcorf Impl. An advantage is 



that the "lip" exists over a large surface rather than a small saddle point region of the trap 

PI- 
We observed temperature reduction by a factor of 12 and a simultaneous increase in 

density by a factor of 4.6 resulting in an increase in phase space density by a factor of 
190 Evaporation was performed in such a way that the elastic collision rate, which is 
proportional to density times velocity, increased during evaporation. We are therefore 
already in the regime where evaporative cooling is self-accelerating. Indeed, one expects 
"run-away" evaporation when the number of collisions during a trapping time exceeds 25 
[9] With an estimated collision rate of 50/s in the compressed cloud we exceed this 
value by a factor of about 60. The cloud after evaporation had a temperature of 80 U.K 
and a density of 2 1012 cm"3. This phase space density is 2 10* times smaller than 
required for Bose-Einstein condensation. 

An optically plugged magnetic quadrupole trap 
The limitation of our initial evaporative cooling experiments is an increased trap loss 

for small atom clouds. For the coldest temperatures achieved, the trapping time decreases 
from 30 s to a few seconds. This is due to Majorana flops, non-adiabatic transitions to an 
untrapped state which happen near the center of the trap where the magnetic field 

vanishes [10]. 
We have demonstrated a novel type of magnetic trap, which provides the tight 

confinement of a linear potential, but avoids trap loss due to non-adiabatic spin flips near 
zero magnetic field. The trap loss is suppressed by a tightly focused blue detuned laser 
beam which creates a repulsive AC Stark shift potential around the zero of the magnetic 
field (see Fig. 3). One concern when using light forces to manipulate atoms is the heating 
generated by photon scattering. However, due to the far-off resonant detuning, photon 
scattering rates are less than 0.01/s. 

Rf induced evaporation in this trap increased the phase space density by about five 
orders of magnitude, only a factor of 30 less than the phase transition to Bose-Einstein 
condensation. In the 1000 G/cm gradient, the size of the atom cloud approached our 
resolution limit of 10 fim. Adiabatic expansion is non-trivial, because the magnetic 
center has to be kept aligned with the optical plug. Work into this direction is in 
progress. 
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FIGURE 1- Thermal relaxation of an atom cloud after one-dimensional heating. The 
figure shows the aspect ratio of the cloud versus time for two different initial (peak) 
densities (solid circles: 5 lO™ cm-3, open circles: 4 10-9cm-3). The lines represent 
simple exponential fits with time constants of 1.0 s and 13 s, respectively. 
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FIGURE 2: Optical density (a) and density (b) before and after evaporative cooling. The 
initial temperature was reduced by a factor of twelve. At the same time, the density 
increased, despite the loss in the number of trapped atoms. 



FIGURE 3: Experimental setup for forced evaporation. Neutral atoms are magnetically 
trapped. Radio-frequency radiation is tuned into resonance with the most energetic atoms 
in the thermal distribution. These atoms are spin-flipped to an untrapped state and 
ejected from the trap. The temperature of the remaining atoms is reduced by collisional 
thermalization. Trap loss due to Majorana flops in the center of the trap is avoided by 
repelling the atoms with a focused Ar ion laser beam - the Ar ion laser is "plugging the 
hole" due to Majorana flops. 
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