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Long-term Research Objective:
Our long-term goals are twofold. First, to explore the new properties of gaseous Bose-Einstein
condensates and advance our understanding of quantum gases. Second, we want to use Bose
condensed gases as new atom sources of unprecedented brightness (“atom lasers”) for precision
atom optics and precision metrology.

S&T Objectives:

The goal is to characterize quantum-degenerate bosonic gases by studying their elementary
excitations and their coherence properties. In parallel, we want to develop new techniques to
manipulate and probe ultracold atomic matter.

Approach:

Ultralow temperatures are reached by applying first laser cooling and then evaporative cooling.
The atomic samples are isolated using optical and magnetic traps. Excitations of Bose-Einstein
condensates are created by perturbing the condensate, either by optical forces or magnetic forces.

S&T Completed:

1. Strongly enhanced inelastic collisions in a Bose-Einstein condensate near Feshbach
resonances

The properties of Bose-Einstein condensed gases can be strongly altered by tuning an external
magnetic field near a Feshbach resonance [1]. Feshbach resonances affect elastic collisions and
lead to the observed modification of the scattering length [2]. However, we found that this is
accompanied by a strong increase in the rate of inelastic collisions. The observed three-body loss
rate increased by up to several orders of magnitude when the scattering length was tuned to both
larger and smaller values than the off-resonant value [3]. These observations could not be
explained by available theoretical treatments and have stimulated theoretical studies by several

s 19990719 13




groups. The strong losses impose severe limitations for using Feshbach resonances to tune the
properties of Bose-Einstein condensates.

2. Metastable Bose-Einstein condensates

In the previous year, we studied the equilibrium state of spinor condensates in an optical trap [4].
In contrast to magnetically trapped condensates, spinor condensates have the orientation of the spin
as a degree of freedom, which can be described by a multi-component wavefunction (one for each
magnetic sublevel)- During the studies of the spinor ground states with total angular momentum
F=1 we encountered two different types of metastability which we investigated in more detail [5].
In one case, a two-component condensate in the m=+1, O hyperfine states was stable in spin
composition, but spontaneously formed a metastable spatial arrangement of spin domains. In the
other, a single component m =0 condensate was metastable in spin composition with respect to the
development of m_=+1, -1 ground-state spin domains.

3. Quantum tunneling across spin domains in a Bose-Einstein condensate

The observation of metastable spin domains in optically trapped F=1 spinor Bose-Einstein
condensates of sodium (previous section) raised the question of how thermal equilibrium would
ultimately be achieved. Besides thermally activated processes, we observed quantum tunneling as
an equilibration process. For the study of this process, spinor condensates were prepared which
consisted of only two spin domains in the m =0 and m=+1 states. Those domains are immiscible
due to their antiferromagnetic interaction. When a field gradient was added, .it became
energetically favorable for the two domains to change sides, and quantum tunneling was observed.
A mean-field description of the tunneling process was developed and agreed well with the
measurements [6].

4. Bragg spectroscopy of a Bose-Einstein condensate

The first evidence for Bose-Einstein condensation in dilute gases was obtained by a sudden
narrowing of the velocity distribution as observed for ballistically expanding clouds of atoms.
However, the dominant contribution to the observed momentum distribution of the expanding
condensate was the released interaction energy (mean-field energy) resulting in momentum
distributions much broader than the zero-point motion of the ground state of the harmonic trapping
potential. Since the size of a trapped condensate with repulsive interactions is larger than the trap
ground state, the in-situ momentum distribution should be considerably narrower than in the trap
ground state. We could measure the momentum distribution of a trapped condensate with Doppler
velocimetry using two-photon Bragg scattering. We observed that the momentum distribution was
Heisenberg uncertainty limited by its finite size, i.e. the coherence length of the condensate was
equal to its size [7].

5. Excitation of phonons in a Bose-Einstein condensate by light scattering

Light scattering imparts momentum to the condensate and creates an excitation (which can be a
phonon or a free particle). A detailed study of the scattered light should therefore reveal a detailed
picture of the Bose condensate similar to the case of superfluid helium where neutron scattering
was used to obtain the spectrum of elementary excitations.

In the previous section, we showed how a condensate responds to a large momentum transfer,
which lead to particle-like excitations. Light scattering at small angles does not impart enough
momentum to the condensate to create a recoiling atom. Instead, it creates a sound wave by
“optically imprinting” phonons into the gas. A sound wave is a collective excitation of all the
atoms in the system and therefore requires that the atoms don’t act as individual atoms, but show




correlated motion. It has been predicted that this correlated motion results in much weaker light
scattering than for free atoms. We found a significant decrease of the rate of light scattering in the
phonon regime, providing dramatic evidence for the presence of correlated momentum excitations
in the many-body condensate wavefunction [8].

6. Superradiant Rayleigh scattering from a Bose-Einstein condensate

We discovered a new phenomenon in the scattering of light by a condensate: highly directional,
“superradiant” scattering of light and atoms [9]. This phenomenon is deeply rooted in the long
coherence time of a condensate. When a condensate has scattered light, an imprint is left in the
form of long-lived excitations. This “memory” accelerates the scattering of further photons into the
same direction. It provides a gain mechanism for the generation of directed beams of atoms and
light. ’

When a condensate was illuminated with a single weak laser beam, it randomly scattered light
into all directions. However, above a certain threshold intensity, the condensate produced two
highly directional beams of light. Such highly directional light scattering was accompanied by the
production of highly directional beams of recoiling atoms. These beams of atoms were shown to
build up by matter wave amplification. The condensate acted as an amplifier for a recoiling atom
and “amplified” it to about a million atoms. The simultaneous superradiant emission of light and
atoms emphasizes the symmetry between atom lasers and optical lasers.

7. A new BEC experiment

A major effort of our group is the design and construction of an improved source of Bose
condensed atoms. The design includes an intense slow atomic beam, a glass trapping chamber and
a tightly confining magnetic trap. In January ’99, the first condensates were produced with about
five million atoms in the condensate. A YAG laser with a rapidly scanning x/y deflector was
implemented which will allow flexible manipulation and optical trapping of Bose condensates.

Impact / Navy Relevance:

Bose-Einstein condensates of dilute atomic gases are quantum degenerate gases, which have
properties different form the quantum liquids helium-3 and helium-4. Therefore, it is now possible
to study macroscopic quantum phenomena in a new regime.

Coherent atom sources based on Bose-Einstein condensation may replace conventional atomic
beams in demanding applications such as atom interferometry, precision measurements, future
atomic clocks (which provide the time and frequency standard), matter wave microscopy, and the
creation of microscopic structures by direct-write lithography. The techniques, which we have
developed, may improve future sensors for rotation based on matter-wave gyroscopes.

Planned Research Efforts:

We will study collective excitations with angular momentum. They will be excited by a
scanning laser beam. We plan an experiment on superfluidity in a condensed Bose gas. The idea is
to stir the gas with a scanning laser beam and show that there is no heating below a certain critical
velocity. '
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Figure caption: Bragg spectroscopy of a trapped condensate. A condensate was exposed to two
counterpropagating laser beams. Atoms absorbed a photon from one beam and were stimulated to
emit it by the other beam, resulting in the transfer of recoil momentum to the atoms, as observed in
ballistic expansion using absorption imaging after 20 msec. time-of-flight (upper part). The
number of Bragg scattered atoms showed a narrow resonance when the difference frequency
between the two laser beams was varied (upper and middle part). The width of the resonance was
studied for various radial sizes of the condensate. The solid line (lower part) compares the
experimental results with the prediction for the momentum uncertainty due to the finite size. The
agreement shows that the coherence length of a condensate is equal to its physical size, i.e.
condensates are one “coherent matter wave”.
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Technology Transfer:

Our current effort includes the development of new techniques to manipulate coherent atomic
matter. There are potential technological applications in atomic clocks and metrology, but these are
rather long-term prospects.
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