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1. 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 thatafter 
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 [1]. 

We have observed a systematic shift of the photon recoil due to the index of refraction 
of a dilute gas of atoms [2].  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. 

 
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. 

2. 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 [3] to study the coherence properties of an alkali gas at finite 
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temperature [4].  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.  

3. Vortices and Superfluidity in a Strongly Interacting Fermi Gas 
Quantum-degenerate Fermi gases provide a remarkable opportunity to study strongly 

interacting fermions.  In contrast to other Fermi systems, such as superconductors, 
neutron stars or the quark-gluon plasma, these gases have low densities and their 
interactions can be precisely controlled over an enormous range.  By varying the pairing 
strength between two fermions near a Feshbach resonance, one can explore the crossover 
from a Bose-Einstein condensate (BEC) of molecules to a Bardeen-Cooper-Schrieffer 
(BCS) superfluid of loosely bound pairs whose size is comparable to, or even larger than, 
the interparticle spacing.  The crossover realizes a novel form of high-  superfluidity 
and it may provide new insight for high-  superconductors.  Earlier experiments with 
Fermi gases have revealed condensation of fermion pairs [5-9], but not observed 
superfluidity.  Our observation of vortex lattices directly displays superfluid flow in a 
strongly interacting, rotating Fermi gas [10]. 

CT
CT

A strongly interacting cloud of fermions was created by laser cooling, sympathetic 
cooling with sodium in a magnetic trap, followed by evaporative cooling in an optical 
trap [7, 9].  The trapped cloud was rotated about its long axis using a blue detuned laser 
beam (wavelength 532 nm). A two-axis acoustooptic deflector generated a two-beam 
pattern that was rotated symmetrically around the cloud at a variable angular frequency.  
Vortex lattices were generated both above and below the Feshbach resonance at 834 
Gauss. 
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Vortex lattices in the BEC-BCS crossover. After a vortex lattice was created at 812 G, the field was ramped 
in 100 ms to 792 G (BEC-side), 833 G (resonance), and 853 G (BCS-side), where the cloud was held for 50 
ms. After 2 ms of ballistic expansion, the magnetic field was ramped to 735 G for imaging. . The field of 
view of each image is 880 µm x 880 µm. 

4. Parametric scattering of Bose-Einstein condensates in a one 
dimensional optical lattice 

If a condensate with positive scattering length is moving in free space, the condensate 
is stable: Atoms cannot elastically scatter into different momentum states and conserve 
energy and momentum due to the quadratic dispersion relation for free particles.  In a 
one-dimensional optical lattice, even for small lattice depths the dispersion relation is no 
longer quadratic near the boundary of the first Brillouin zone.  As a result, two atoms 
with certain values of the initial momentum k0 can elastically scatter, and a condensate 
moving through an optical lattice becomes unstable. 

To demonstrate this, a 87Rb Bose-Einstein condensate was loaded into a moving 
optical lattice, i.e. the condensate had some adjustable quasi-momentum k0.  For values 
of k0 larger than ≈0.55 kL, where kL is the wavevector of the optical lattice, the dispersion 
relation imposed by the Bloch structure of the lattice allows elastic scattering to occur 
into two distinct momentum states k1 and k2 as observed in the experiment. 

This process could be seeded.  When a small fraction of atoms was first transferred to 
k1 before ramping on the lattice parametric amplification of scattered atoms into k1 and k2 

was observed.  These results can explain the dynamic instabilities shown in recent 
experiments with condensates in moving lattices [1,2]. 
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(a) Band structure of the optical lattice. The dashed line shows the free-particle dispersion curve. The 
dispersion relation of the lattice allows two atoms with momentum k0 to elastically scatter into the final 
momentum states k1 and k2 and conserve both energy and momentum.  (b) Absorption images for different 
initial condensate momenta k0, showing parametric scattering. 
 

5. Fermionic Superfluidity with Imbalanced Spin Populations 
We have established superfluidity in a two-state mixture of ultracold fermionic atoms 

with imbalanced spin populations [11].  This study relates to the long-standing debate 
about the nature of the superfluid state in Fermi systems.  Indicators for superfluidity 
were condensates of fermion pairs, and vortices in rotating clouds.  For strong 

interactions, near a Feshbach resonance, superfluidity was observed for a broad range of 
population imbalances. We mapped out the superfluid regime as a function of interaction 
strength and population imbalance, and characterized the quantum phase transition to the 
normal state, known as the Pauli limit of superfluidity. 
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Phase diagram for interacting Fermi systems with adjustable interactions (horizontal axis) and adjustable 
spin populations (vertical axis, expressed by the difference in Fermi energies between the two spin states) 
showing the normal (N) and superfluid (S) regimes.  Representative density profiles illustrate the quantum 
phase transition for fixed interaction (top, induced by varying the population imbalanced) and for fixed 
population imbalance (right) along the dashed lines.  The bright spot in the center of the profiles is the pair 
condensate which indicates superfluidity. 

6. Sodium Bose-Einstein Condensates in an Optical Lattice 
Optical lattices have become a powerful tool to enhance the effects of interaction in 

ultracold atomic systems to create strong correlations and probe many-body physics 
beyond the mean-field theory [12]. Simply through varying the depth of the lattice 
potential, one changes the tunneling rate as well as the on-site interaction energy by 
changing the confinement of the atoms.  So far, most optical lattice experiments have 
been performed with relatively heavy atomic species (e.g. rubidium and potassium) for 
which the recoil frequencies are lower and lasers are readily available to achieve trap 
depths of several tens of recoil frequencies at a few tens of milliwatts. For 23Na, high 
power single-mode lasers are necessary for similar experiments. In this work, we chose to 
use a dye laser red-detuned by 5 nanometers from the D lines of sodium (589 nm). The 
spontaneous scattering rate limited the time window of the experiment to less than 50 ms, 
but was still sufficient to satisfy the adiabaticity condition to explore the quantum phase 
transition from a superfluid to a Mott insulator [13]. We also observed strong atom losses 
at various lattice laser detunings, which were interpreted as photoassociation transitions. 
The particular molecular states responsible for these transitions were identified through 
theoretical calculations and previous experimental data. 
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Photoassociation resonances: Atom loss from the optical lattice as a function of the lattice laser detuning. The top row 
of images shows the remaining atom cloud after the lattice was turned off and the cloud expanded for 30 ms. The lower 
graph shows the remaining number of atoms for these and additional frequency points. The zero of the x axis 
corresponds to a laser wavelength ofv594.490 nm. 

7. Optical Weak Link between Two Spatially Separate Bose-Einstein 
Condensates 

The concept of Josephson coupling can be extended to include two spatially separate 
quantum systems by using intermediate coupling systems.  The phase of the coupling 
may be actively controlled by adjusting the coupling states of the intermediate systems.  
We have experimentally demonstrate phase-sensitive optical coupling of two spatially 
separate Bose- Einstein condensates using Bragg scattering [14].  We have studied two 
condensates in an optical double-well potential, irradiated by two pairs of Bragg beams 
which couple out beams of atoms propagating to the left or the right, respectively, and 
these unconfined propagating atoms constitute the intermediate coupling system in our 
scheme.  Depending on the relative phases of the two condensates and the coupling 
states, we observe only one outcoupled beam propagating to one or the other side, or two 
identical beams propagating in opposite directions (see figure).  This demonstrates phase 
control of currents and establishes a new scheme to realize Josephson effects with two 
non-overlapping condensates. 
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Symmetric and antisymmetric correlation between outcoupled atom patterns. Two pairs of Bragg beams 
outcoupled atoms in either +x or -x direction. Absorption images were taken after 5 ms outcoupling and 2 
ms additional ballistic expansion. The left outcoupled atom patterns were compared with the corresponding 
right patterns.  Depending on the frequency of the Bragg beams, we observed symmetric correlation 
between the two patterns (top) or antisymmetric correlations (bottom).  The field of view is 0. 9 mm x 0.6 
mm. 

8. Interference of Bose-Einstein condensates split with an atom chip. 
A major step towards compact matter wave sensors is an atom interferometer on an 

atom chip.  We have used an atom chip to split a single Bose-Einstein condensate of 
sodium atoms into two spatially separated condensates [15].  Dynamical splitting was 
achieved by deforming the trap along the tightly confining direction into a purely 
magnetic double-well potential.  We observed the matter wave interference pattern 
formed upon releasing the condensates from the microtraps. The intrinsic features of the 
quartic potential at the merge point, such as zero trap frequency and extremely high field-
sensitivity, caused random variations of the relative phase between the two split 
condensates.  Moreover, the perturbation from the abrupt change of the trapping potential 
during the splitting was observed to induce vortices.  

 
Splitting of condensates. (left)  Condensates were initially loaded and prepared in the bottom well and 
(middle) split into two parts by increasing the external magnetic field.  For clarity, two condensates were 
split by 80 µm.  The dashed line indicates the chip surface position. (right) Two condensates were released 
from the magnetic double-well potential and the matter wave interference pattern of two condensates 
formed after time-of- flight. 
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