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Introduction and overview 
 
Bose-Einstein condensation of atoms was achieved in 1995 and had a major impact of atomic physics.  
New techniques were developed to prepare atomic samples at nanokelvin temperature, to control their 
properties and to diagnose them with a variety of powerful techniques.  Since then, the field has 
dramatically grown.  The family of quantum-degenerate gases now includes metastable and fermionic 
atoms, and molecules  Such systems have become an ultralow-temperature laboratory for atom optics 
and collisional physics, and also for many-body physics that encompasses phenomena as phonons, 
superfluidity, quantized vortices, Josephson junctions, and quantum phase transitions. 
 
Most of our results in the past year reflect the moving frontier of our field.  We have created ultracold 
molecules, made of both bosonic and fermionic atoms and studied them.  Pair condensation of ultracold 
fermions was investigated.  A new area is surface physics with ultracold atoms, and the quantum 
reflection experiment is the first of its kind.  Atom optics continues to be another important area of our 
activities, with major results on the photon recoil and a new atom interferometer with optical preparation 
and readout of the phase. 
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1. Quantum reflection of ultracold atoms from a solid surface 
Quantum reflection is a process in which a particle reflects from a potential without reaching a classical 
turning point.  Quantum reflection requires low incident velocity or weak attraction to the surface, 
conditions previously realized only using liquid helium surfaces or solid surfaces at grazing incidence [1].  
In this work, we demonstrated quantum reflection of ultracold sodium atoms from a solid silicon surface at 
normal incidence [2]. 
 
Using Bose-Einstein condensates in a weak gravitomagnetic trap to reduce the atomic motion, atoms 
were incident on the surface at velocities as low as 1 mm/s, corresponding to collision energies of kB×1.5 
nanokelvin.  Reflectivities of 20% are in qualitative agreement with theoretical predictions.  When atoms 
were confined in one dimension by a silicon surface, lifetime measurements indicate reflection 
probabilities in excess of 50%.  If higher reflectivities can be obtained with low-density of thinned 
surfaces, new atom-optical elements based on normal reflection will become possible. 

 
Reflection probability vs incident velocity.  The solid curve is a numerical calculation for  

                        individual atoms incident on a conducting surface. 
 

2. Observation of Feshbach resonances between two different atomic species 
Feshbach resonances have made it possible to control interactions in ultracold atomic gases.  By tuning 
the magnetic field near a value where the energy of two free atoms coincides with a molecular bound 
state, the sign and strength of the atomic interactions can be varied.  So far, all experiments on Feshbach 
resonances studied collisions between two atoms of the same species.  We have now observed three 
Feshbach resonances in collisions between 6Li and 23Na atoms [3]. The resonances were identified as 
narrow loss features when the magnetic field was varied. The molecular states causing these resonances 
have been identified, and additional 6Li-23Na resonances are predicted.  These resonances will allow the 
study of degenerate Bose-Fermi mixtures with adjustable interactions, and could be used to generate 
ultracold heteronuclear molecules.  Ultracold polar molecules could be used for quantum computation, for 
studies of correlated many-body systems, and for searches for an electronic dipole moment. 
 

3. Dynamical Instability of a Doubly Quantized Vortex in a Bose-Einstein condensate 
The study of topological excitations and their stability is an active frontier in the field of quantum 
degenerate gases.  Most studies focused on vortices with one quantum of circulation.  In earlier work, we 
created doubly quantized vortices in a Bose-Einstein condensate [4], but due to technical limitation, could 
not observe the predicted decay.  Now we have studied the time evolution of a doubly quantized vortex 
state [5] and directly confirm its dynamical instability by observing that a doubly-quantized vortex core 
splits into two singly-quantized vortex cores [6].  The characteristic time scale of the splitting process was 
determined as a function of atom density and was longer at higher atomic density.  The vortices were 
topologically imprinted into the condensate by reversing the magnetic field which created topological 
phases. 
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Decay of a doubly quantized vortex. Axial absorption images of condensates after 15 ms of ballistic 
              expansion with a variable hold time after imprinting a doubly quantized vortex.  A doubly quantized 

       vortex decayed into two singly quantized vortices.  The field of view in each image is 320 µm × 320 µm. 
 

4. Feshbach Resonances in Fermionic 6Li 
We performed a detailed study of Feshbach resonances in 6Li with the goal of accurately characterizing 
the interaction potential of two 6Li atoms. Three new resonances in the |1> and |1> states which are p-
wave resonances were observed [7].  The positions of these Feshbach resonances together with the 
location of a narrow s-wave resonance in the |1> + |2> mixture near 543 G were used for a precise 
determination of the singlet s-wave scattering length. These results, however, did not constrain the 
position of the broad resonance near 830 G, which also depends on the triplet scattering length. An 
improved measurement of its location was presented and the magnitude and the origin of possible 
systematic errors were discussed.  This broad resonance is currently used in experiments on strongly 
interacting fermions. 
 

5. Formation Time of a Fermion Pair Condensate 
Atomic Fermi gases close to a Feshbach resonance can explore the entire regime from weak coupling to 
strong interaction between the particles. When cooled below a critical temperature, fermions form bosonic 
pairs which can condense into the ground state of the system. The nature of the pairs depends on the 
interaction strength:  The particles can be either tightly bound into a small molecule or they can form long-
range pairs, whose size can become comparable to or even larger than the interparticle spacing, 
analogous to Cooper pairs of electrons. 
 
The control over the interactions between particles also offers a new way to study the dynamics of a 
strongly interacting many-body system: One may vary the interaction strength in a time-dependent 
fashion and observe how fast the system responds to that perturbation. Using this method, we studied 
the formation time of a condensate of fermionic atom pairs close to a Feshbach resonance [8]. The 
observable was the fraction of condensed molecules in the cloud after a rapid magnetic field ramp across 
the Feshbach resonance. The measured response time of the system was slow compared to the rapid 
ramp, which provides final proof that the molecular condensates observed earlier [8, 9] reflect the 
presence of fermion pair condensates before the ramp. 
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Measurement of the formation time of fermionic pair condensates. Shown is the delayed 

  response of the observed condensate fraction (data points and thick line to guide the eye) 
     to a 250 Hz modulation of the interaction strength (magnetic field, thin line) on the BCS-side 

                      of the Feshbach resonance at 834 G. The vertical lines indicate the points of maximum 
                      condensate fraction, which are delayed by 500 µs with respect to the times at which the 
                      interaction is strongest (the magnetic field is closest to resonance). 
 

6. Coherent Molecular Optics using Sodium Dimers 
Coherent molecular optics was performed using two-photon Bragg scattering [10].  Molecules were 
produced by sweeping an atomic Bose-Einstein condensate through a Feshbach resonance [11].  Using 
optical standing waves of suitably chosen frequencies, sodium dimers were coherently manipulated with 
negligible heating or other incoherent processes.  The spectral width of the molecular Bragg resonance 
which is Doppler sensitive corresponded to an instantaneous temperature of 20 nK, indicating that atomic 
coherence was transferred directly to the molecules.  An autocorrelating interference technique was used 
to observe the quadratic spatial dependence of the phase of an expanding molecular cloud.  Finally, 
atoms initially prepared in two momentum states were observed to crosspair with one another, forming 
molecules in a third momentum state. This process is analogous to sum-frequency generation in optics. 
 

 
Sum frequency generation of atomic matter waves.  (a) Atoms were initially prepared 
in momentum states 0, 1. (b) By sweeping through the Feshbach resonance, atoms 
combine to form molecules with momenta 0, 1, and 2. Momentum state 1 is the sum 

                           frequency of the two atomic matter waves.  The “nonlinear medium” is provided by 
                           the atomic interactions.  The time-of-flight in each image is 17 ms. 
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7. Continuous measurement of the relative phase of two Bose-Einstein condensates 
using light scattering 

We have demonstrated an experimental technique based on stimulated light scattering to continuously 
sample the relative phase of two spatially separated Bose-Einstein condensates of atoms [12].  This is 
the first time that the phase of a condensate could be determined in a non-destructive way.  The phase 
measurement process created a relative phase between two condensates with no initial phase relation, 
read out the phase, and monitored the phase evolution.  
 
By monitoring the phase of two condensates at two separated times, we realized interferometry between 
two trapped Bose-Einstein condensates without need for splitting or recombining. 
 
 

 
Continuous optical read-out of the relative phase of two condensates. The traces show that the 

                  intensity of the light scattered from the condensates oscillates in time. Bragg scattering starts  
at t =0 when the second beam is turned on. The relative depth of the two wells was different for 

                  the three traces, generating a difference in the beat frequency between the two condensates. 
 

8. Photon Recoil Momentum in Dispersive Media 
Recently, there have been discussions about what happens to an atom when it absorbs a photon within a 
medium with an index of refraction n.   If one assumes that after absorbing the photon, no motion is left in 
the medium, then the recoil momentum should be k.  However, the correct answer is that the atom will 

recoil with a momentum of n k, which requires particles in the medium to receive a backward momentum 
(for n > 1) due to the interaction of the oscillating dipole moments of the particles in the dispersive 
medium and the absorbing atom.  This has important consequences for atom interferometers using 
optical waves to manipulate atoms by the transfer of recoil momentum.  High precision measurements of 
the photon recoil are used to determine the fine structure constant α.  The accuracy of the best photon 
recoil measurements are limited by the uncertainty in the correction to the photon recoil due to the index 
of refraction [13]. 
 
We have observed a systematic shift of the photon recoil due to the index of refraction of a dilute gas of 
atoms [14].  The recoil frequency was determined with a two-pulse light grating interferometer using near-
resonant laser light. The results show that the recoil momentum of atoms caused by the absorption of a 
photon is n k. 
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Recoil frequency as a function of detuning showing the dispersive effect of the index of refraction. 

                The solid line gives the expected recoil frequency including a mean field shift.  The shaded area 
                reflects the uncertainty in the atomic density. The dashed line is the expected value without 
                index of refraction effects. 
 

9. High-Contrast Interference in a Thermal Cloud of Atoms 
Currently, there is considerable interest in characterizing the coherence properties of non-condensed 
systems including ultracold fermions, fermion pairs, and ultracold molecules.  We have used an 
interferometric autocorrelation technique, previously applied only to condensates [15], to study the 
coherence properties of an alkali gas at finite temperature [16].  Bragg diffraction was used to create two 
spatially separated wave packets, which would interfere during expansion, analogous to a Young’s 
double slit experiment.  Fringe visibility greater than 90% was observed in a thermal cloud.  We have 
shown that interference is lost when the separation between the wave packets exceeds the coherence 
length.  However, the coherence length grows during ballistic expansion, and can become arbitrarily 
large.  This can be understood by the conservation of local phase-space density, where the decrease in 
density is accompanied by a decrease in momentum spread.  When the sample was filtered in 
momentum space using long, velocity-selective Bragg pulses, the contrast was enhanced; an effect the 
simple theory of a non-interacting gas could not account for. 
 

 
Contrast emerged as the coherence length grew in ballistic expansion. 

                                     The initial cloud separation was 2 µm, and the expansion times were 
                                     14 ms, 20 ms and 25 ms, respectively. 
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