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Direct, Nondestructive Observation
of a Bose Condensate

M. R. Andrews, M.-O. Mewes, N. J. van Druten, D. S. Durfee,
D. M. Kurn, W. Ketterle

The spatial observation of a Bose condensate is reported. Dispersive light scattering was
used to observe the separation between the condensed and normal components of the
Bose gas inside a magnetic trap. This technique is nondestructive, and about a hundred
images of the same condensate can be taken. The width of the angular distribution of
scattered light increased suddenly at the phase transition.

Bose-Einstein  condensation (BEC) is
characterized by a macroscopic population
of particles in the quantum-mechanical
ground state below a critical temperature.
It is the origin of macroscopic quantum
phenomena such as superfluidity in liquid
helium (I). For a homogeneous sample,
BEC is sometimes called “condensation in
momentum space” (2) because it does not
lead to a spatial separation between the
condensate and the normal component.
However, in any inhomogeneous poten-
tial—for example, in atom traps or even in
Earth’s gravitational field—the conden-
sate and the normal fraction of a Bose gas
are spatially separated (2, 3). So far, BEC
has only been seen in momentum space:
the condensate fraction of liquid helium
was determined by neutron scattering (4),
the condensation of excitons was deduced
from the observed energy distribution of
the excitonic particles (5), and BEC in
dilute atomic gases was detected by obser-
vation of the velocity distribution of freely
expanding Bose condensates (6, 7). We
report the direct and nondestructive ob-
servation of the spatially localized conden-
sate in a gas of magnetically trapped sodi-
um atoms.

Bose condensates of dilute atomic gases
are a new form of quantum matter. The
pioneering work toward BEC in atomic gas-
es was done with spin-polarized hydrogen
with the use of magnetic trapping and evap-
orative cooling (8). In work at JILA (9) and
the Massachusetts Institute of Technology
(10), these techniques were successfully
combined with laser cooling (11), which
resulted in the observation of BEC in ru-
bidium in June (6) and in sodium in Sep-

tember of 1995 (7). Lithium has also been
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cooled to the quantum degenerate regime
(12). Since these developments, there has
been a flurry of both theoretical and exper-
imental activity (13).

In atom traps, the condensation phe-
nomenon results in the formation of a
dense core of atoms in the ground state of
the system surrounded by the normal com-
ponent—analogous to droplet formation
in a saturated vapor. Our earlier attempts
to observe the Bose condensate directly by
absorption imaging failed because of the
high optical density of the atom cloud
near the critical temperature. For typical
parameters of our experiment, the peak
optical density D, for resonant light was
about 300, corresponding to a transmis-
sion coefficient of e73%, Thus, the probe
light was completely absorbed, even in the
wings of the spatial distribution, prevent-
ing direct imaging of the condensate. De-
tuning of the light, which reduced the
absorption, revealed major image distor-
tions caused by dispersive effects: the con-
densate acted as a lens and strongly de-
flected the light. However, by using the
so-called “dark-ground” imaging tech-
nique (14), we were able to use the dis-
persively scattered light to clearly image
the condensate.

Dispersive imaging has significant ad-
vantages over absorption methods for the
imaging of small and dense clouds (D, >>
1). To obtain a good absorption signal, one
would like to detune the probe light until
the off-resonant optical density D is close to
unity; D is given by D = D,/A?, where the
detuning A from the resonant frequency w,
is A = 2(o0 — wp)/I', with I' being the
natural linewidth. The maximum phase
shift & of the transmitted wave is 8 =
Dy/2A, and thus for D ~ 1, the phase shift
is 8 ~ VDy/2. Such a large phase shift is

caused by lenslike refraction, which bends



the incident probe light beyond the cloud’s
diffractive scattering angle. If the spatial
resolution of the imaging system is well
matched to the small size of the cloud, this
refracted light is not collected by the optics;
therefore, absorption images of small and
dense clouds are unavoidably degraded. In
order to use the imaging system at its nom-
inal resolution, detunings on the order of
D, are necessary, where absorption signals
are negligible, but dispersive phase shifts are
close to unity. The signal in dispersive im-
aging depends on this phase shift, yielding a
viable method for probing small and dense
clouds.

This argument can be quantified by con-
sidering the small, dense cloud to be a lens.
A sphere of radius R and index of refraction
n acts as a lens having focal length f with
1/f = 2(n — 1)/R (14). The phase shift & of
light at wavelength \ passing through the
center of the lens is 8 = 4@wR(n — 1)/A,
yielding f = 2wR?/3\, and the maximum
deflection angle 6 for the light is approxi-
mately 0 =~ Rff = (28/w) X (A\/4R). If & >
7/2, light will be deflected as a result of
refraction at an angle that exceeds the scat-
tering angle A/4R due to diffraction. As long
as the imaging system collects and images
the refracted light, quantitative absorption
imaging is possible. However, the radius R
of the smallest object that can be resolved is
usually determined by the collection angle
a of the optics to be R = A\/2a. Additional
refraction by the object will scatter light out
of the optical system and impede absorption
measurements. Therefore, dispersive refrac-
tion limits the use of absorption imaging to
objects =28/ times as large as the diffrac-
tion-limited value of R = \/2a.

Dispersive scattering is the coherent for-
ward scattering of light. In a homogeneous
medium, the scattered light interferes con-
structively only in the direction collinear
with the incident light. Interference with
the transmitted beam results in a phase shift
and is described by the usual theory for the
index of refraction (14). In contrast, for an
inhomogeneous medium of extension 2R,
such as a trapped cloud of atoms, the co-
herently scattered light interferes construc-
tively in an angular region A\/2R. The scat-
tered light can be separated from the inci-
dent light in the Fourier transform plane of
the imaging system. The incident beam
comes to a focus there and can be blocked
by a small opaque object. This “dark-
ground” method is common in microscopy
and is related to Schlieren and phase con-
trast methods (14). In all of these methods,
the image is modified in the Fourier plane,
enhancing the contrast or the sensitivity for
phase objects.

In our experiment, sodium atoms were
cooled down to BEC by a combination of

laser cooling, magneto-optic trapping, mag-
netic trapping, and evaporative cooling.
The atom cloud was confined in a magnetic
trap that uses cloverleaf coils to generate
the inhomogeneous magnetic field (15).
Near the bottom of the trap, the potential
was harmonic and axially symmetric, with
independently adjustable axial and radial
confinement. We controlled the evapora-
tive cooling by continuously reducing the
frequency of rf (radio frequency) radiation.
The of field induces spin flips at a specific
value of the magnetic field where the con-
dition for electron spin resonance is met.
Because the spin flips reverse the sign of the
magnetic force on the atoms, the spin-
flipped atoms are ejected from the trap
(16); in this way, the tf frequency deter-
mines an effective trap depth. The escape of
the hottest atoms from the trap, in combi-
nation with rethermalization of the remain-
ing atoms through elastic collisions, cools
the sample (evaporative cooling) to a tem-
perature that is about 10% of the effective
trap depth.

Typically, we reached the BEC phase
transition with 1.5 X 107 atoms in the F =
1, mg = —1 hyperfine state at a temperature
of 1.5 pK and a number density of 10'*
cm™>. Further cooling resulted in the for-
mation of a nearly pure condensate with
5 X 10 atoms (15). Temperature and num-
ber were determined by a time-of-flight
technique in which the trap was suddenly
switched off and the cloud expanded bal-
listically. The expanding cloud became
dilute, and quantitative absorption images
could be taken. The temperature was de-
rived from the root mean square (rms)
velocity of the cloud’s normal component,
and the number was obtained from the
total light absorption.

To image the cloud with the use of
dispersive light scattering, we detuned the
probe light frequency by 1.71 GHz (A =
—342)tothered of the F = 1to F = 2
optical transition (17). The cloud was im-
aged with a CCD (charge-coupled device)
sensor using a lens system with a resolution
of 5 wm. A thin wire (0.2 or 1.0 mm) in the
Fourier plane of the lens system blocked the
transmitted unscattered light (dark-ground
imaging). We obtained the images by ex-
posing the trapped atoms to weak probe
light for 0.5 s after the loading and cooling
procedure. For each image, a new cloud was
loaded and cooled to a progressively lower
temperature. In this way, we were able to
monitor the growth of the condensate frac-
tion within the saturated Bose gas (Fig. 1).
The number of atoms in the normal com-
ponent saturates at 1.202(kyT/Aw)* (18),
where kg is Boltzmann’s constant, T is the
temperature, # is Planck’s constant divided
by 2m, and @ is the geometric mean of the
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Fig. 1. Direct observation of BEC of magnetically
trapped atoms by dispersive light scattering. The
probe laser beam propagates along a radial direc-
tion of the trap. The clouds have condensate frac-
tions that increase from close to 0% (left) to aimost
100% (right). This series was taken at axial and
radial field curvatures of 0.1 and 3 kG/cm?, re-
spectively, resulting in an aspect ratio of the
trapped cloud of about 6. The signal for the nor-
mal component is rather weak and interferes with
the speckle pattern of stray laser light, giving it a
patchy appearance.

three harmonic trapping frequencies. Low-
ering the temperature forces the atoms that
exceed this number to condense, similar to
droplet formation in a saturated vapor. We
measured the effective area of the cloud as
observed in dark-ground imaging versus fi-
nal rf frequency. The sudden decrease in
area at the onset of BEC (at an tf frequency
of 1200 kHz) (Fig. 2) is a sensitive indicator
for the phase transition.

Dispersive imaging is a nondestructive
technique and allows many pictures of the
same condensate to be taken. Absorption
imaging relies on incoherent large-angle
(Rayleigh and Raman) scattering. Each
scattering event heats an atom by an aver-
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Fig. 2. Effective area of the atom cloud in dark-
ground imaging versus final rf frequency, which is
approximately linearly related to temperature. The
effective area is defined as the total amount of
scattered light divided by the peak scattered in-
tensity. The sudden decrease in the effective area
indicates the BEC phase transition.
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age energy of (kk))m = 2.3 puK X kg,
which is twice the single-photon recoil en-
ergy (hk denotes the photon momentum,
and m is the atomic mass). In dispersive
scattering, the photons are elastically scat-
tered by only a small angle A/4R, which was
typically 0.02 rad in our experiment. The
recoil energy of this process is about 0.5 nK,
1/2000th of the single-photon recoil energy.
Furthermore, when the probe pulse dura-
tion is much longer than the oscillation
period in the trap, the momentum transfer
to an individual atom averages out; hence,
no heating is associated with the coherent
forward scattering of light. This suppression
of heating can be regarded as a Mossbauer
effect, where the momentum is absorbed by
the trap and not by individual atoms. An
alternative explanation uses the concept of
light forces. For light detuned to the red of
the atomic resonance, the incident plane
wave is focused (because the index of re-
fraction is greater than one). As a conse-
quence, the light exerts an outward force on
the atoms through the stimulated light
force (or the optical dipole force). If this
force is switched on and off adiabatically,
there is no heating.

To test the nondestructive nature of dis-
persive imaging, we imaged the same con-
densate twice with a delay time of 1 s:
There was no observable reduction in the
signal (Fig. 3A). When the incident pulse
energy of the probe light was increased to 2
w)/cm?, the signal in the second image de-
teriorated. At this energy, 5 X 10° scattered
photons were detected, which is sufficient
to allow 100 consecutive images of the same
condensate to be taken. We estimate that
under these conditions, the probability for
off-resonant absorption was about 4%, im-
plying an energy transfer of around 100 nK

] 50
Intensity (arbitrary units)

Fig. 3. Demonstration of nondestructive imaging.
(A) Images of the same condensate taken 1 s
apart. The axial and radial field curvature were 0.1
and 30 kG/cm?, respectively, resulting in an as-
pect ratio of the trapped cloud of about 20. (B)
Dynamics of a single condensate. The two pic-
tures were taken 6 s apart during radial decom-
pression of the cloud. The final radial field curva-
ture (right) was 3 kG/cm?,
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per atom in the cloud. It is therefore likely
that the limit to the probe pulse energy was
set by residual absorption and can be further
reduced with the use of larger probe-light
detunings.

Short probe pulses would provide good
temporal resolution at the expense of sup-
pressing the Mossbauer effect. For probe
durations shorter than the oscillation time,
the atoms should behave as free particles
and receive recoil kicks of 0.5 nK per for-
ward-scattered photon. For our conditions,
this energy is negligible compared with the
heating from residual absorption. In agree-
ment with this calculation, no difference in
the maximum nondestructive probe pulse
energy was observed when the pulse dura-
tion was varied between 2 and 200 ms. The
shortest exposure time was comparable to
the radial oscillation period (3 ms). Shorter
pulses with the same energy could not be
applied because of limitations in probe pow-
er but are possible and would give even
better temporal resolution.

The ability to take several nondestruc-
tive images is useful for the study of the
dynamics of a single condensate, such as its
formation, decay, and response to external
forces (Fig. 3B). If studies are done destruc-
tively, each time step is taken with a new
sample, and shot-to-shot fluctuations may
be limiting.

The angular distribution of the scattered
light is anisotropic because of the elongated
shape of the cloud. For a dilute sample, the
angular distribution is determined by the
Fourier transform of the spatial distribution.
At low density, the scattering is weak and
covers an angle of about M4R. Increasing
the density increases only the intensity of
the scattered light. However, when the
phase shift across the sample approaches
/2, the cloud behaves as a lens and refracts

—
10 mrad

e
50
Intensity (arbitrary units)

Fig. 4. Angular distribution of the scattered light.
The trapping field curvatures are the same as in
Fig. 3A. The figure shows the intensity of the scat-
tered light in the Fourier plane of the imaging sys-
tem, that is, the intensity as a function of the radial
and axial scattering angles. The upper image is for
a cloud just above BEC, and the lower one is for
an almost pure condensate. The central parts of
the images are obscured by a 1.0-mm-diameter
wire blocking the undeflected probe beam.
SCIENCE -«
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the incident light with a mean angular de-
flection larger than A/4R (as estimated
above). Further increase of the density will
increase the deflection angle.

At a detuning of 1.71 GHz and an esti-
mated resonant optical density of 300, the
maximum phase shift is about 0.5, which
means that we are still in the diffractive
regime but close to the transition where
refraction becomes important. Between 10
and 100% of the incident probe light inten-
sity was deflected by the condensate.

By focusing the camera onto the Fourier
plane of the first imaging lens, we were able
to directly record the angular distribution of
scattered light. The BEC phase transition
was accompanied by a sudden increase of
the scattering angle. The rms scattering
angle of the thermal cloud, =7 mrad, is the
diffraction angle of a cloud with radial di-
ameter 20 pwm, in agreement with the size of
a 1.5-pK cloud in the magnetic trapping
potential (Fig. 4). The angular scattering
pattern of the condensate has an rms width
of ~20 mrad, in agreement with the size
and shape of the condensate as calculated
by the nonlinear Schrodinger equation and
the Thomas-Fermi approximation (19).

The results presented here demonstrate
that dispersive light scattering is an impor-
tant method for study of BEC. Although we
have emphasized qualitative aspects in the
present study, quantitative measurements
are possible because the signal in dispersive
imaging depends only on the phase shift 3;
8 is an absolute measure of the line-of-sight
integrated atomic density. For small phase
shifts, which are obtained at large detun-
ings, the fraction of scattered light in dark-
ground imaging is 8%. A signal linear in &
can be obtained by implementing the phase
contrast method.

This work is the starting point for a sys-
tematic study of the optical properties of a
Bose condensate (20). Additional measure-
ments at 100-MHz detuning showed several
fringes in dark-ground images as a result of
phase shifts & > 2. We are currently setting
up an independent dye laser to characterize
the optical properties of the condensate
starting from large detunings. It has been
predicted that the linewidth of a Bose con-
densate shows superradiant broadening (21).
On the other hand, the dispersive signal at
far detuning is independent of the linewidth
and therefore particularly suited for quanti-
tative measurements. Quantum-statistical ef-
fects on the index of refraction have been
calculated (22) but are only noticeable near
the phase transition and vanish at T = 0.

We have presented dispersive light scat-
tering as a nondestructive method. Strictly
speaking, however, quantum mechanics
does not allow nonperturbative measure-
ments. Although dispersive scattering does




not heat up the cloud and destroy the con-
densate, it will change its phase as a result
of frequency shifts by the ac Stark effect.
This still allows a nonperturbative measure-
ment of the number of condensed atoms,
which is the variable complementary to the
phase (so-called quantum nondemolition
measurement), and would be the inverse
situation compared to related measure-
ments in microwave cavities where the
photon number can be determined from the
phase shift of Rydberg atoms passing
through the cavity (23).
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Homogeneous Linewidths in the
Optical Spectrum of a Single
Gallium Arsenide Quantum Dot

D. Gammon,* E. S. Snow, B. V. Shanabrook,
D. S. Katzer, D. Park

The homogeneous linewidths in the photoluminescence excitation spectrum of a single,
naturally formed gallium arsenide (GaAs) quantum dot have been measured with high
spatial and spectral resolution. The energies and linewidths of the homogeneous spec-
trum provide a new perspective on the dephasing dynamics of the exciton in a quantum-
confined, solid-state system. The origins of the linewidths are discussed in terms of the
dynamics of the exciton in zero dimensions, in particular, in terms of lifetime broadening
through the emission or absorption of phonons and photons.

Excitons are the quanta of excitation in
semiconductors that are composed of an
electron excited across the band gap bound
to the hole left behind. Localization of the
exciton in all three dimensions changes the
density of states from a continuous band
structure to one that is “atomic-like” and
strongly modifies the optical spectrum.
Large variations in the magnitude of local-
ization lead to variations in the energies of
the different excitons and consequently to
inhomogeneous broadening of the spectral
features. However, the rate at which a given
exciton is scattered is greatly reduced by
localization, which dramatically decreases
the homogeneous linewidth (I, 2). This
effect was first measured in GaAs-
Al Ga,_,As quantum well structures by
Hegarty et al. (3) and subsequently by many
other groups, although only with the rather
indirect methods of nonlinear spectroscopy
(1, 4) and light scattering (3, 5, 6) on large
inhomogeneous ensembles. We discuss here
a direct measurement of the homogeneous
linewidth of a single localized exciton.

In narrow quantum wells, localization
occurs in one of the dimensions through
the quantum-well potential and in the
other two dimensions through random
variations in the quantum-well width aris-
ing from monolayer fluctuations in the
position of the interface (schematic in Fig.
1). In some cases, the localized excitons in
quantum wells can be treated as a dilute
but weakly bound system of “zero-dimen-
sional” (0D) quantum dots (Qdots). Local
spectroscopic techniques, such as near-
field optical microscopy, can be used to
probe an individual Qdot (7-10) and to

measure its excited states (9, 10). We can

measure directly the homogeneous lin-
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ewidth because, by looking at a single
Qdot, all inhomogeneous broadening is
removed. This allows us to measure the
homogeneous linewidth of a localized ex-
citon along with its excited-state spec-
trum. We can simultaneously obtain a di-
rect measure of the homogeneous line-
widths of the exciton ground and excited
states and determine the size of the Qdot
potential as parameterized by the energy
separations of the quantized states. We
compare the measured Qdot homogeneous
linewidths with those expected if the OD
exciton dynamics (2, 11-13) are dominat-
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Fig. 1. Nonresonant (laser energy, 2.4 eV) PL
measured through an aperture 1.5 pm in diame-
ter. The sharp lines arise from the Qdot potentials
discussed in the text. The clustering of the sharp
lines into two broad features centered at 1.677
and 1.690 eV arises from fluctuations of one
monolayer (0.3 nm) in the quantum-well width,
whereas the distribution within the broad peaks
arises from fluctuations in the lateral sizes of the
Qdots. The arrow points to the Qdot line that is
discussed in detail here. The inset shows sche-
matically (not to scale) the monolayer fluctua-
tions in the quantum-well interfaces that lead to
the localization of the excitons (ovals) into Qdot
potentials.
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