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This article summarizes recent work at MIT, which was presented at ICAP.  These examples 

demonstrate the broad range of topics, which are covered by research on quantum-degenerate gases: 
superfluidity, boson and fermion mixtures, and atom optics.  For further reading and references, we refer to 
the original publications and to a recent overview article [1]. 

 
1 Topological vortex formation in a Bose-Einstein condensate 

Following the theoretical suggestion [2], we have demonstrated a new method to create vortices in 
Bose-Einstein condensates.  Vortices were imprinted into the condensate wavefunction using topological 
phases.  Sodium condensates held in an Ioffe-Pritchard magnetic trap were transformed from a non-rotating 
state to one with quantized circulation by adiabatically inverting the magnetic bias field along the trap axis 
[3].  During this process, the magnetic fields rotated around position-dependent axes, and the associated 
Berry’s phase resulted in a vortex singularity. 

Using surface wave spectroscopy, the axial angular momentum per particle of the vortex states was 
found to be consistent with 2  or 4 , depending on the hyperfine state of the condensate. 
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Surface wave spectroscopy. A quadrupolar deformation precessed with the rotating condensate.  The graph 

shows the precession angle vs. normalized time in the presence of a vortex for condensates in the |1, -1> 
state measured after a delay of 0 ms (open circles), 5 ms (open squares), and 20 ms (open triangles) from 

the completion of the inversion of the axial bias field, in the absence of a vortex for |1, -1> (open 
diamonds) and |2, 2> (filled diamonds) condensates, and in the presence of a vortex for |2, 2> condensates 

measured immediately upon the completion of the inversion of the axial bias field (filled circles). 
 

2 Two-species mixture of quantum degenerate Bose and Fermi gases 
Experimental methods of laser and evaporative cooling, used in the production of atomic Bose-Einstein 

condensates have recently been extended to realize quantum degeneracy in trapped Fermi gases [4-9].  
Fermi gases are a new rich system to explore the implications of Pauli exclusion on scattering properties of 
the system, and ultimately fermionic superfluidity. 

We have produced a new macroscopic quantum system, in which a degenerate 6Li Fermi gas coexists 
with a large and stable 23Na BEC [8].  This was accomplished using inter-species sympathetic cooling of 
fermionic 6Li in a thermal bath of bosonic 23Na.  We have achieved high numbers of both fermions (>105) 
and bosons (>106), and 6Li quantum degeneracy corresponding to one half of the Fermi temperature.  This 
is the first time that a Fermi sea was produced with a condensate as a “refrigerator”. 
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Low rates for both intra- and inter-species inelastic collisions result in a lifetime longer than 10 s. 
Hence, in addition to being the starting point for studies of the degenerate Fermi gas, this system shows 
great promise for studies of degenerate Bose-Fermi mixtures, including collisions between the two species, 
and limitations to the sympathetic cooling process. 
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Onset of Fermi degeneracy. Three pairs of images (top to bottom) correspond to T/TF= 2, 1, and 0.5 (left). 
Column densities of the 6Li cloud were recorded by absorption imaging. (Right) Axial line density profiles 

and the Fermi-Dirac fits to the data are plotted. The arrow indicates the size of the Fermi diameter, DF, 
which is the diameter of the cloud at zero Kelvin. 

 
3 Decay of an ultracold fermionic lithium gas near a Feshbach 
resonance 

The interactions between atoms can be strongly modified by tuning magnetic fields to Feshbach 
resonances where a molecular state has the same energy as the colliding atoms. For degenerate Fermi 
gases, such control over the interaction strength is crucial in the search for a superfluid phase transition. 
Otherwise, the phase transition temperatures are too low to be experimentally accessible.  Near Feshbach 
resonances, the enhancement of the scattering length is usually accompanied by enhanced inelastic 
collisions, which lead to rapid trap loss.  We have performed the first study of inelastic collisions in a 
fermionic system near a Feshbach resonance. We have observed resonant magnetic field dependent 
inelastic decay of an ultracold, optically trapped spin mixture of 6Li [10]. 
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Magnetic field dependence of inelastic decay of lithium in a 50%-50% mixture of the lowest two hyperfine 

states.  The fraction of the atoms remaining after a 500 ms magnetic field pulse is shown (upper graph).  
The two resonances are shown in more detail for 2 s magnetic field pulses (lower graph). 

 



The spin mixture of the two lowest hyperfine states showed two decay resonances at 550 G and 680 G.  
The feature near 680 G may be related to the long-predicted Feshbach resonance around 800 G.  The 
resonance at 550G was unexpected, but new theoretical calculations have now identified it as an additional 
Feshbach resonance [11], which was not found in previous calculations.  Even on resonance, the observed 
decay happened on a time scale longer than the trap oscillation time, the time for elastic collisions, and the 
expected sub-millisecond time needed for the formation of Cooper pairs. 

 
4 Generation of macroscopic pair-correlated atomic beams by four-
wave mixing in Bose-Einstein condensates 

By colliding two Bose-Einstein condensates we have observed strong bosonic stimulation of the elastic 
scattering process.  When a weak input beam (third wave) was applied as a seed, it was amplified by a 
factor of 20, and an initially unpopulated conjugate wave was created [12].  Such a four-wave mixing 
process with matter waves had only been observed previously with a gain of 1.5 [13].  This large gain 
atomic four-wave mixing resulted in the generation of two macroscopically occupied pair-correlated atomic 
beams.  Since each collision process adds one atom each to the seed and conjugate waves, fluctuations in 
the relative atom number are suppressed (squeezed).  For the observed gain of twenty, the number 
fluctuations should be below the shot noise by a factor of 401/2.  We have also identified some limitations 
for using collisions to create twin beams, including loss by subsequent collisions, and competition between 
other modes with similar gain. 

 
(a) (b) (c)

 
High-gain four wave mixing of matter waves. The wavepackets separated during 43 ms of ballistic 

expansion. (a) Only a 1% seed was present (barely visible), (b) only two source waves were created and no 
seed, (c) two source waves and the seed underwent the four-wave mixing process where the seed wave and 
the fourth wave grew to a size comparable to the source waves.  The crosses mark the center position of the 

unperturbed condensate. The field of view is 1.8 mm wide. 
 

5 Transport of Bose-Einstein condensates with optical tweezers 
Conventional condensate production techniques severely limit optical and mechanical access to 

experiments due to the many laser beams and magnetic coils needed to create BECs. This conflict between  
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Absorption images of condensates in the science chamber, side view. All images have the same scale. 

Condensates of ≈ 6x105 atoms are shown in (a) an optical trap and (b) a wire-trap. The center segment of 



the Z-shaped wire is visible as a dark speckled horizontal strip and is 740 µm above the trapped atoms. The 
condensate was released from (c) an optical trap and imaged after 10 ms time of flight and (d) a wire-trap 

and imaged after 23 ms time of flight. (e) Schematic of the wiretrap, top view. Iw = 2 A is the current 
through the wire, and B0= 2.9 G is the bias field.  Atoms are trapped below the 5-mm-long central segment 

of the wire, which is aligned with the optical trap axis. The wire-trap was located 36 cm from where the 
condensates were produced. 

 
cooling infrastructure and accessibility to manipulate and study condensates has been a major restriction to 
previous experiments. So far, most experiments were carried out within a few millimeters of where the 
condensate was created. What is highly desirable is a condensate “beam line” that delivers condensates to a 
variety of experimental platforms. 

We have transported gaseous Bose-Einstein condensates over distances up to 44 cm [14]. This was 
accomplished by trapping the condensate in the focus of an infrared laser and translating the location of the 
laser focus with controlled acceleration.  Condensates of order 106 atoms were moved into an auxiliary 
“science” chamber, which has excellent optical and mechanical access.  This technique is ideally suited to 
deliver condensates close to surfaces, e.g., to microscopic waveguides and into electromagnetic cavities.  
As a proof-of-principle demonstration, we have used the tweezers technique to transfer condensates into a 
magnetic trap formed by a Z-shaped wire suspended in the science chamber. 

 
6 Propagation of Bose-Einstein condensates in a magnetic waveguide 

Progress in the field of atom optics depends on developing improved sources of matter waves and 
advances in their coherent manipulation.  Miniaturizing the current carrying structures used to confine 
Bose-Einstein condensates offer prospects for finer control over the clouds.  We have demonstrated that a 
gaseous Bose-Einstein condensate transported with optical tweezers [14] can be transferred into a magnetic 
trap microfabricated on a silicon substrate (see figure) [15].  This and other methods of generating Bose-
Einstein condensates near a microfabricated surface [16, 17] have opened up a front on which further 
techniques for coherent condensate transport and manipulation can be explored. 

We released the condensate from the magnetic microtrap into a single-wire magnetic waveguide and 
studied its propagation.  Condensates were observed to propagate 12 mm before exiting the field-of-view of 
our imaging system.  We observed single-mode (excitation-less) condensate propagation along 
homogeneous segments of the waveguide.  Transverse excitations were created in condensates propagating 
through perturbations in the guiding potential.  These perturbations resulted from geometric deformations 
of the current carrying wires on the substrate.  Finer imperfections were observed when trapped 
condensates were brought closer to the microchip as evidenced by the longitudinal fragmentation of the 
cloud.  Such imperfections have to be controlled in order to use atom chips for precision atom 
interferometry. 

 

 
Microfabricated magnetic trap and waveguide.  Optical tweezers loaded a Bose-Einstein condensate into 
the microtrap formed by currents I1 and I2 in conjunction with the magnetic bias field B⊥.  Lowering I2 to 
zero released the condensate into a single-wire magnetic waveguide.  Atom flow was from left to right.  



The condensate was trapped above the plane of the page and the gravitational acceleration, g, points out of 
the page.  All microfabricated features are drawn to scale. 

 
7 A continuous source of Bose-Einstein condensed atoms 

Unlike other macroscopic quantum systems such as superfluid 4He and optical lasers, dilute gas Bose-
Einstein Condensates have so far been only produced in a pulsed mode. We have realized a continuous 
BEC source by periodically replenishing a condensate held in an optical dipole trap with new condensates 
[18]. A moving optical tweezers for Bose-Einstein condensates [14] was used to transport condensates from 
where they were produced into a reservoir optical trap. The freshly produced condensates periodically 
replenished the condensate in the reservoir trap, thereby continuously maintaining a condensate of more 
than 106 atoms (see figure). 

The crucial step in realizing a continuous BEC source was to make sure that the new cooling cycle did 
not destroy the condensate held in the reservoir trap.  This involved shielding it from light during laser 
cooling, keeping it far away from the incoming hot atoms, and to hold it in an optical trap which made it 
immune against stray magnetic fields which were created during the evaporative cooling phase. 

An interesting aspect of the continuous BEC is its phase.  The freshly prepared condensates have a 
random phase relative to the condensate in the reservoir trap, and therefore, in the current experiment, the 
phase of the source after replenishment was random relative to the phase before the merger.  In principle, it 
would be possible to replenish a stationary continuous BEC source with an incoming moving condensate 
using phase coherent amplification [19, 20].  By outcoupling atoms from a continuous BEC source one can 
realize continuous atom lasers. 

 

 
A continuous source of Bose-Einstein condensed atoms.  The solid circles in the semi-log plot represent the 

atom number in the continuous reservoir and the open squares show the number of condensate atoms 
transferred from the production chamber. The dashed lines indicate the beginning of a new cycle and the 

solid lines are exponentially decaying curves determined by a simultaneous fit to the three cycles after the 
first cycle. The number of atoms for each data point was obtained from separate absorption images. 
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