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Progress in year 2001 

1. Observation of Vortex Lattices in Bose-Einstein Condensates 
Quantized vortices play a key role in superfluidity and superconductivity.  In 

superconductors, magnetic flux lines arrange themselves in regular lattices that have been 
directly imaged.  In superfluids, direct observation of vortices had been limited to small 
arrays (up to 11 vortices), both in liquid 4He [1] and more recently in rotating gaseous 
Bose-Einstein condensates (BEC) [2, 3]. 

We have observed the formation of highly-ordered vortex lattices in a rotating Bose-
condensed gas [4]. They were produced by rotating the condensate around its long axis 
using the optical dipole force exerted by a blue-detuned laser.  A striking feature of the 
observed lattices is the extreme regularity, free of any major distortions, even near the 
boundary.  Such “Abrikosov” lattices were first predicted for quantized magnetic flux 
lines in type-II superconductors.  The observed triangular lattices contained over 100 
vortices with lifetimes of several seconds.  Individual vortices persisted up to 40 s.  The 
lattices could be generated over a wide range of rotation frequencies and trap geometries, 
shedding light on the formation process.  Our observation of lattice dislocations, irregular 
structure and dynamics indicate that gaseous Bose-Einstein condensates may be a model 
system for the study of vortex matter. 
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Observation of vortex lattices.  The examples shown contain (A) 16 (B) 32 (C) 80 and (D) 130 vortices.  
The vortices have "crystallized" in a triangular pattern. The diameter of the cloud in (D) was 1 mm after 
ballistic expansion which represents a magnification of 20. 
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2. Observation of vortex phase singularities in Bose-Einstein condensates 
Bose-Einstein condensates of dilute atomic gases offer a unique opportunity to study 

quantum hydrodynamics. The low density of the gas allows direct comparison with first 
principle theories. 

Recently, vortices in a Bose-Einstein condensate have been realized experimentally 
and are currently under intensive study [3-5]. In most of this work, vortices were 
identified by observing the density depletion at the cores. The velocity field was inferred 
only indirectly, with the exception of the work on circulation in a two-component 
condensate [5].  The flow field of a vortex can be directly observed when the phase of the 
macroscopic wavefunction is measured using interferometric techniques.  In our work, 
we created one or several vortices in one condensate by moving a laser beam through it 
and imaged its phase by interfering it with a second unperturbed condensate which served 
as a local oscillator [6]. 

The characteristic signature of vortices were dislocations in the interference fringes.  
The “extra” fringe which terminates at the vortex core corresponds to one quantum of 
circulation h/m (where m is the atomic mass and h Planck’s constant) or a phase change 
of 2π integrated along a path around the vortex core. 

 

Observation of the phase singularities of
vortices created by sweeping a laser beam
through a condensate. Without the sweep,
straight fringes of about 20 µm spacings
were observed (upper image), while after
the sweep, fork-like dislocations appeared
(lower image). The speed of the sweep was
1.1 µm/ms corresponding to a Mach
number of  0.1.  The field of view of each
image is 1.1 mm x 0.38 mm. 
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3. Realization of Bose-Einstein condensates in lower dimensions 
Bose-Einstein condensates of sodium atoms have been prepared in optical and 

magnetic traps in which the energy-level spacing in one or two dimensions exceeds the 
interaction energy between atoms.  This realized condensates of lower dimensionality [7].  
In anisotropic traps, a primary indicator of crossing the transition temperature for Bose-
Einstein condensation is a sudden change of the aspect ratio of the ballistically expanding 
cloud.  The transition to lower dimensions is a smooth cross-over, but has similar 
indicators.  In the 3D Thomas-Fermi limit the degree of anisotropy of a BEC is 
independent of the number N of atoms, whereas in 1D and 2D, the aspect ratio depends 
on N.  This was used in our experiments as a distinctive feature of lower dimensionality. 

In our traps, the ratio of the highest to lowest frequency was about 100.  Due to this 
extreme geometry the number of atoms at the cross-over to lower-dimensionality was 
rather large (> 105 in the 2D case) which provides a good starting point for the 
exploration of  phenomena which only occur in one or two dimensions. 

 

Cross-over from 3D to 2D condensates observed in the
change of the aspect ratio. Condensates were released from
a disk-shaped optical trap and observed after 15 ms time-
of-flight. a) (2D) condensate with 9x104 atoms b) (3D)
condensate with 8x105 atoms in a trap with vertical trap
frequency of 790 Hz. c) Aspect ratio as a function of atom
number for optical traps with vertical trap frequencies of
1620 Hz (filled circles), 790 Hz (open diamonds) and 450
Hz (filled squares). The lines indicate the aspect ratios as
expected for condensates in the 3D (Thomas-Fermi)
regime. We attribute discrepancies between expected and
measured aspect ratio for large numbers to the influence of
anharmonicities on the measurement of the trap
frequencies. 
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4. Vortex Nucleation in a Stirred Bose-Einstein Condensate 
Dissipation and turbulence in superfluid flow often involves the creation and 

subsequent motion of quantized vortices.  Since vortices are topological defects they may 
only be created in pairs, or can enter a system individually from its boundary.  The 
nucleation process has been a subject of much theoretical interest [8].  Experiments with 
Bose-Einstein condensates in atom traps are well suited to test theories of nucleation 
because the boundary of the condensate is well controlled, and vortices can be directly 
imaged. 

In previous work, we had observed vortex lattices in stirred Bose-Einstein condensates 
[4].  By varying the stirring parameters we explored different mechanisms for vortex 
nucleation [9].  A large stirrer, with a beam waist comparable to the condensate radius 
showed enhanced vortex generation at discrete frequencies.  The figure shows the 
number of vortices versus the frequency of rotation of the laser beam using 2-, 3- and 4-
point patterns for the stirring beams.  These resonances were close to the frequencies of 
excitation for surface modes of different multipolarity. This observation confirms the role 
of discrete surface modes in vortex formation. 

However, when we used a tightly focused (beam waist 5 µm) laser beam as stirrer, we 
observed a broad response as a function of the frequency of the stirrer's motion, and no 
resonances (see figure).  Furthermore, vortices could be generated well below the critical 
rotation frequency for the excitation of surface modes.  This suggests a local mechanism 
of vortex generation involving hydrodynamic flow and local turbulence. 
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Discrete resonances in vortex nucleation (left). The number of vortices created by multi-point patterns is 
shown.  The arrows below the graph show the positions of the surface mode resonances.  The stirring times 
were 100 ms for the 2- and 3-point data, and 300 ms for the 4-point data.  Inset shows 2-,3-, and 4-point 
dipole potentials produced by a 25 µm waist laser beam imaged onto the CCD camera. 
Non-resonant nucleation using a small stirrer (right).  Average number of vortices created for different 
stirring times using a 2-point pattern positioned at the edge of the condensate. 
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5. Formation and Decay of Vortex Lattices in Bose-Einstein Condensates 
at Finite Temperatures 

Gaseous Bose-Einstein condensates (BEC) are a testbed for many-body theory.  
Recently, rotating condensates and vortices have become the focus of many theoretical 
and experimental studies [8].  We have done the first quantitative investigation of vortex 
dynamics at finite temperature [10]. 

The decay of the vortex lattice was observed non-destructively by monitoring the 
centrifugal distortions of the rotating condensate. The formation of the vortex lattice 
could be deduced from the increasing contrast of the vortex cores observed in ballistic 
expansion. In contrast to the decay, the formation of the vortex lattice was insensitive to 
temperature.  Both processes are dissipative and require physics beyond the Gross-
Pitaevskii equation. 

 

Crystallization of the vortex lattice. The
top row shows three condensates that
have equilibrated for 50, 150 and 300
ms, respectively, and have 48, 86 and
140 vortices recognized as “visible” by
our algorithm. The bottom row shows
the same condensates with the “visible”
vortices circled. The field of view was
1.4 mm by 1.6 mm. The increase in
visibility was shown to be independent
of temperature in the range studied. 
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6. 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 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 
[11]. 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.  The same procedure can now be used to load condensates into atom chips  In 
such devices, patterns of wires are lithographically deposited on a surface and may allow 
the realization of single-mode waveguides and atom interferometers. 

(a)

(b)

(c) (d) (e)
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Absorption images of condensates in the science
chamber, side view. All images have the same scale.
Condensates of ≈ 6 105 atoms are shown in (a) optical
trap and (b) 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 after 10 msec time
of flight and (d) wiretrap 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 wiretrap was located 36 cm from where the
condensates were produced. 
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7. Experimental observation of the Bogoliubov transformation for a Bose-
Einstein condensed gas 

The pioneering paper by Bogoliubov in 1947 was the starting point for a microscopic 
theory of superfluidity [12].  Bogoliubov found the non-perturbative solution for a 
weakly interacting gas of bosons.  The main step in the diagonalization of the 
Hamiltonian is the famous Bogoliubov transformation, which expresses the elementary 
excitations (or quasi-particles) with momentum q in terms of the free particle states with 
momentum +q and –q.  For small momenta, the quasiparticles are a superposition of +q 
and -q momentum states of free particles. 

Following the theoretical suggestion in ref. [13] we observed such superposition states 
by first optically imprinting phonons with wavevector q into a Bose-Einstein condensate 
and probing their momentum distribution using Bragg spectroscopy with a high 
momentum transfer.  By combining both momentum and frequency selectivity, we were 
able to “directly photograph” the Bogoliubov transformation [14]. 

+q+Q

-q+Q
+Q

-q-Q

+q-Q
-Q

+q
0
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(c)

(b)

(d)

 
Momentum distribution of a condensate with phonons. After imprinting +q phonons into the condensate, 
momentum analysis via Bragg spectroscopy transfers a momentum ±Q (two photon recoil) to the atoms. 
Absorption images after 40 ms time of flight in (a), (b), and (c) show the condensate in the center and 
outcoupled atoms to the right and left for probe frequencies of 94, 100, and 107 kHz, respectively. The 
small clouds to the right of the condensate are phonons which were converted to free particles. The size of 
the images is 25 x 2.2 mm. (d) The outlined region in (a) - (c) on the right is magnified, and clearly shows 
outcoupled atoms with momenta Q±q, implying that phonons with wavevector q/  have both +q and -q free 
particle momentum components. 
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8. 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 [15].  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 [16].  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”. 

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 of 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. (a) Column densities of the 6Li
cloud were recorded by absorption imaging.
(b) 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. 
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9. Bose-Einstein condensation in rubidium 
We have designed and set up a high-performance apparatus for BEC of Rubidium.  

Production of 87Rb condensates was achieved in mid-December 2001. 
The new Rubidium apparatus was adapted and modified from the existing sodium 

experiments.  It features a Zeeman slower that delivers up to 1011 slow Rb atoms per 
second into the main vacuum chamber. Laser cooling and trapping is done using a stable 
all-diode laser setup, including a high-power tapered amplifier.  Atoms are trapped and 
evaporatively cooled in a cloverleaf magnetic trap after compressed-MOT and gray-
molasses phases. 

With our apparatus we can create condensates of up to four million atoms (the highest 
number ever achieved for Rb!) in the F=1, mF=-1 ground state with a duty cycle of 25 
seconds.  This is an excellent starting point for future experiments. 

 
Observation of the BEC phase transition of 87Rb.  As the temperature is lowered, a condensate appears in 
the absorption images. 
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