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Bose-Einstein Condensation of Lithium: Observation of Limited Condensate Numbe
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Bose-Einstein condensation of7Li has been studied in a magnetically trapped gas. Because of
the effectively attractive interactions between7Li atoms, many-body quantum theory predicts that the
occupation number of the condensate is limited to about 1400 atoms. We observe the condensa
number to be limited to a maximum value between 650 and 1300 atoms. The measurements we
made using a versatile phase-contrast imaging technique. [S0031-9007(97)02369-7]

PACS numbers: 03.75.Fi, 05.30.Jp, 32.80.Pj
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In a previous Letter [1] we reported evidence for Bos
Einstein condensation (BEC) in a magnetically trapp
atomic gas of7Li. Unlike 87Rb and 23Na, the other
species in which gaseous BEC has been observed [2]7Li
atoms have a negatives-wave scattering lengtha, indi-
cating that for a sufficiently cold and dilute gas the inte
atomic interactions are effectively attractive. Attracti
interactions are thought to prevent BEC from occurring
all in a spatially homogeneous (i.e., untrapped) gas [3
and as recently as 1994, these interactions were belie
to preclude BEC in a trap as well. Current theories p
dict that BEC can occur in a trap such as ours, but with
more than about 1400 condensate atoms [5–11]. Ve
cation of this prediction would provide a sensitive test
many-body quantum theory. In our previous work [1], t
condensate could not be directly observed, and the n
ber of condensate atoms suggested by the measurem
was overestimated. In this Letter we report quantitat
measurements of the condensate number, which are
sistent with the theoretical limit.

The effects of interactions on a trapped condens
are studied using mean-field theory. For densitiesn
such that na3 ø 1, the mean-field interaction energ
is given by U ­ 4p h̄2anym, where m is the atomic
mass. For7Li, a ­ s214.5 6 0.4d Å [12]. Because
a , 0, the interaction energy decreases with increas
n, so the condensate tends to collapse upon itself. W
the confining potential is included in the theory, it
found that if U is sufficiently small compared to th
trap energy-level spacing, the destabilizing influence
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the interactions is balanced by the kinetic pressure
the gas, and a metastable condensate can form. T
requirement forU leads to the prediction that the numbe
of condensate atomsN0 is limited. As the maximumN0 is
approached, the rate for inelastic collisions increases a
the gas becomes progressively less stable with respec
thermal and quantum mechanical fluctuations [7–10].

The apparatus used to produce BEC has been descr
in previous publications [1,13]. The magnetic trap form
a nearly symmetric harmonic oscillator potential, wit
oscillation frequenciesnx ­ 150.6 Hz, ny ­ 152.6 Hz,
and nz ­ 131.5 Hz. The bias field at the center o
the trap is 1003 G [14]. The trap is loaded usin
laser cooling, resulting in a number of trapped atom
N ø 2 3 108, and a temperatureT ø 200 mK. The
atoms are then cooled into the quantum degener
regime using rf-induced forced evaporative cooling [15
Quantum degeneracy is reached withN ø 105 atoms at
T ø 300 nK, after,200 sec of cooling.

After cooling, the trapped atom distribution is observe
by imaging via an optical probe. This technique ha
previously been used to measure the spatial den
distribution directly [16] and to measure the velocit
distribution by first releasing the atoms from the tra
and allowing them to ballistically expand [2]. In ou
experiment, the trap is formed by permanent magne
so only in situ imaging is possible. The harmonic
oscillator ground state of our trap has a Gaussian den
distribution with a 1ye radius of3 mm. The resolution of
the imaging system must therefore be sufficient to det
© 1997 The American Physical Society 985



VOLUME 78, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 10 FEBRUARY 1997

h
c
o
ra

l
t

,
n
it
th
in
s
in
t

n

d
g

ha
ft
ld

,
s
in

s
t

t
g
a
ge

a
r

tiv
e

its
ld.
to
xis

d
ns

in
a

he
e-

and
al-
re,

a

e
tons

is

-

-
e
ct is

u-
to

n in
el-

m-
hat

ion
ical
22],
such a small object. In our previous experiment [1] t
imaging resolution was not sufficient, but the presen
of the spatially localized condensate was deduced fr
distortions observed in images of quantum degene
clouds [17].

Our improved imaging system is shown schematica
in Fig. 1. With the polarizer E removed, it can be used
measure the density distribution by absorption imaging
which the absorptive shadow of the atoms is imaged o
the camera. However, any imaging system with fin
resolution will be sensitive to phase shifts caused by
index of refraction of the atom cloud, which can result
significant image distortions. In order to eliminate the
distortions, it is necessary to reduce the index by us
large probe detuningsD. Since the absorption coefficien
decreases asD22, while the index decreases as onlyD21,
eliminating the distortions can leave the absorption sig
too small to be detected.

Phase-contrast techniques are commonly employe
image weakly absorbing objects [18]. In passing throu
the cloud, the laser acquires a spatially dependent p
b ­ f 1 iay2, where f is the dispersive phase shi
and a is the optical density. The probe electric fie
E can then be written asE ­ Eoeib . In absorption
imaging, the detected signal intensityIs depends only
on a: Is ­ Iojeibj2 ­ Ioe2a , whereIo ­ jEo j2. In the
simplest phase-contrast technique, dark-field imaging
spatially small opaque beam block is inserted at a focu
the probe laser beam (position D in Fig. 1). The result
signal is Is ­ Iojeib 2 1j2 ø Iof2 for a ø jfj ø 1.
Andrewset al. used this technique to image23Na Bose-
Einstein condensatesin situ [16]. However, minimizing
refractive distortions requiresjfj ø 1, so the dark-field
signal is relatively small as it is proportional tof2.
Because the number of condensate atoms in7Li is limited,
a more sensitive technique is required.

FIG. 1. A schematic of the imaging system used forin situ
phase-contrast polarization imaging. A linearly polarized la
beam is directed through the cloud of trapped atoms loca
at A. The probe beam and scattered light field pass ou
a vacuum viewport B, and are relayed to the primary ima
plane G by an identical pair of 3-cm diameter, 16-cm foc
length doublet lenses C and F. The light is then reima
and magnified onto a camera J by a microscope objective
The measured magnification is 19, and the camera pixels
19 mm square. The linear polarizer E causes the scatte
light and probe fields to interfere, producing an image sensi
to the refractive index of the cloud. The system is focus
by adjusting the position of lens F, which is mounted on
translator.
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We use a flexible phase-contrast method which explo
the birefringence of the atoms in a strong magnetic fie
The probe beam is linearly polarized perpendicular
the magnetic field axis and propagates along an a
inclined 55± with respect to the field. The electric fiel
of the probe decomposes into two elliptical polarizatio
E ­ Ec 1 Enc, such thatEc couples to thes1 optical
transition and acquires a phase shift, whileEnc does not.
If the transmitted light is passed through a polarizer (E
Fig. 1), Ec and Enc combine and interfere, producing
phase-contrast image. IfD is large enough thata can be
neglected, the detected intensity distribution is

Issrd ­ Io

∑
cos2 u 1

p
3

4
fsrd sin2u

2
3

16
fsrd2 cos2u

∏
, (1)

whereu is the angle between the polarizer axis and t
initial polarization of the probe beam. Linear phas
contrast imaging is accomplished foru ­ 45± and dark-
field imaging is recovered foru ­ 90±. By varying u

between these extremes, the relative size of the signal
background can be varied in order to maximize the sign
to-noise ratio of the image. For the data reported he
u ­ 675±.

The cloud is probed by a pulsed laser beam with
duration of 10ms, an intensity of 250 mWycm2 and with
D in the range20G , jDj , 40G, whereG ­ 5.9 MHz
is the natural linewidth of the transition. Only one imag
can be obtained because each atom scatters a few pho
while being probed, heating the gas to severalmK.

The detected signal intensity, given by Eq. (1),
related to the density distributionn of the trapped atoms
by [19]

bsx0, y0d ­ f 1 i
a

2

­ 2
s0

2

Z
dz0 nsx0, y0, z0d

G

2D 1 iG
, (2)

wheres0 ­ 1.43 3 1029 cm2 is the resonant light scat
tering cross section. Thez0 axis is parallel to the probe
propagation axis, while thex0 and y0 axes are perpen
dicular to it. Light scattering might by modified by th
quantum degenerate nature of the atoms, but this effe
expected to be negligible under our conditions [20].

Because the trap is not isotropic, the density distrib
tions are slightly ellipsoidal; the images are observed
have the expected asymmetry. The radial profiles show
Fig. 2 are obtained by angle averaging the data around
lipses with aspect ratio 1.10, accounting for the trap asy
metry and the oblique viewing angle [21]. We assume t
the gas is in thermal equilibrium, and fitT andN0 to the
data. Any two ofN , T , or N0 completely determine the
density of the gas through the Bose-Einstein distribut
function. The density is calculated using a semiclass
ideal-gas approximation for the noncondensed atoms [
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FIG. 2. Spatial profiles of trapped ultracold7Li gas. The
vertical axis gives the magnitude of the phase-contrast si
intensity relative to the probe intensity. The data points
taken from observed images. The solid curves are calculate
fitting Bose-Einstein distributions to the data, the short-das
curves are the same distributions with the condensate a
removed, and the long-dashed curves are classical (Gaus
distributions fit to the tails of the data. The calculated sign
are convolved with a Gaussian function to account for
limited resolution of the imaging system, assuming an effec
resolution of 4mm. For the data in (a), the probe detuning w
1191 MHz, and the fitted distribution has9.0 3 104 atoms at
a temperature of 309 nK. The number of condensate at
is ,1, indicating that the gas is just approaching degener
In (b) a sequence of profiles that exhibits condensate p
is shown. From the strongest to weakest signals, the
number of atoms and fitted temperatures are1.01 3 105 atoms
at 304 nK;2.6 3 104 atoms at 193 nK; and6.6 3 103 atoms at
122 nK. The corresponding numbers of condensate atom
500, 810, and 270, respectively. The probe detuning for th
data was2130 MHz.

and a Gaussian function for the condensate. The solid
in Fig. 2 show the results of the fits.

For temperatures sufficiently greater than the crit
temperatureTc, the gas can be described by the Bo
mann distribution, which predicts a Gaussian den
profile. The long-dashed lines in Fig. 2 are Gauss
functions fit to the tails of the distributions, which appro
mate the data only in Fig. 2(a). Figure 2(b) shows th
distributions for whichT , Tc. For these distributions
the density is distinctly non-Gaussian, due to an enhan
central peak. Comparison between Fig. 2(a) and
upper curve in Fig. 2(b) is striking, as these distributio
correspond to nearly the same temperature, but d
by about 10% in number. The short-dashed cur
in Fig. 2(b) show the calculated distributions with t
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condensate contribution subtracted. As comparison
the short-dashed and solid curves indicates, the incre
in peak signal is caused by both condensed and nonc
densed atoms. The contribution of the nonconden
atoms is significant for the upper curve, but at low
temperatures, the contribution of the condensate make
most of the enhanced peak.

Analysis of the data is complicated by the fact that t
condensate size is on the order of the imaging resolut
The resolution can be included in the fit by convolving t
theoretical signal with the point transfer function (PT
of the imaging system [23]. The PTF is calculated
analyzing the propagation of light through the syste
given the known lens geometry. In order to test th
calculation, we used the system to image laser li
emerging from an optical fiber. The intensity distributio
of the light in the fiber is Gaussian with a 1ye radius of
1.2 mm, so that it approximates a point source. Fig
shows cross sections of the images obtained with
system focused at two different points. The narrow
peak shown has a 1ye radius of 3.0mm, as compared with
2.5 mm expected for a diffraction-limited lens (dotte
line). The curves are the results of convolving the fib
source with the calculated PTF.

Since the images of the atom cloud are produc
by coherently diffracted light, the PTF convolution
performed on the electric field. The results of the coher
field convolution indicate that the primary effect of th
coherence is to reduce the importance of the tail
the PTF, because the phase of the field in the
is rapidly varying. In addition, the PTF depends o
where the imaging system is focused, as Fig. 3 sho
When imaging the atom cloud, the focal position can
determined to6200 mm by observing image distortion
which occur when the system is further off focus. Giv
this uncertainty, and the unimportance of the tail, t
PTF convolution is well approximated by an incohere
convolution of the image intensity with a Gaussia
function of appropriate 1ye radiusR. The experimental
range of focal positions corresponds to values ofR
ranging from 2.5 to 5mm. This uncertainty in the
effective resolution is the dominant source of error in o
determination ofN0.

We have observed degenerate conditions forT be-
tween 120 and 330 nK, and forN between 6800 and
135 000 atoms. In all cases,N0 is found to be relatively
small. Fitting with R ­ 5 mm, the maximumN0 ob-
served is about 1300 atoms. This value drops to 1000
R ­ 4 mm, and to 650 forR ­ 2.5 mm. No systematic
effects were observed as either the sign or magnitude
the detuning or the polarizer angle were varied, confir
ing the relations given in Eqs. (1) and (2).

In the analysis, we have assumed that the gas
ideal, but interactions are expected to alter the s
and shape of the density distribution. Mean-field theo
predicts that interactions will reduce the 1ye radius of
the condensate from 3mm for low occupation number
987
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FIG. 3. Test images of an optical fiber. The data po
are obtained from cross sections through images of the
emitted by an optical fiber. The squares indicate data obta
with the imaging system at its best focus, while the triang
indicate data obtained with the system defocused by 200mm.
The solid curves are the expected intensity patterns, while
dashed curve is the expected pattern for a well-focused sy
in the absence of lens aberrations. The curves are obta
by calculating the PTF of the system as the Fourier transf
of the system aperture function and the phase error due to
lenses [23]. The PTF is convolved with a Gaussian elec
field with 1.75mm 1ye radius to account for the size of th
optical fiber mode, and squared to obtain the intensity.
resulting pattern is then averaged to reflect the pixel size o
camera. The phase errors are due to spherical aberratio
0.5 lycm4, as calculated by ray tracing.

to ,2 mm as the maximumN0 is approached [6,8–11
If the smaller condensate radius is used in the fit,
maximum values forN0 decrease, becoming,1050 for
R ­ 5 mm. The size of the condensate is not expecte
change appreciably forN0 , 1000, so the values obtaine
for R ­ 2.5 and 4mm are not sensitive to interaction
Interactions are not expected to significantly affect
distribution of the noncondensed atoms [10,24], beca
at the critical density the mean interaction energy
,1 nK is much smaller thanT .

An estimate of our sensitivity to condensate atoms
be obtained from the fitting procedure. By fixingN0 and
fitting T to the data,x2 can be determined as a functio
of N0. Since N0 mostly affects the central part of th
distribution, we define a restricted, unnormalizedx2 by
summing over the squares of the differences between
calculated distributions and the data for radii less t
10 mm. Calculatingx2sN0d for several images with larg
values ofN0 indicates thatx2 is increased by a factor o
2 from its minimum value whenN0 is varied by abou
150 atoms, roughly independent ofR.

The sensitivity ofN0 to R could be reduced by obser
ing a distribution consisting mainly of condensate ato
Since the integrated intensity of an image is independe
lens aberrations,N0 could be determined simply by me
suring the number of atoms in the trap. It may be poss
to produce such a distribution through a final accelera
stage of evaporative cooling once BEC has occurred,
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we have not yet successfully done so. Systematic stud
of the process are technically difficult because fluctuatio
of the trap bias field must be less than,50 mG to allow
repeated production of pure condensates.

In summary, we have observed BEC in a gas w
attractive interactions, by obtainingin situ images of
degenerate clouds of atoms. The number of conden
atoms is found to be limited to a value consistent w
recent theoretical predictions. The range of numb
and temperatures across which the limit is observed
hold suggests that the limit is fundamental, rather th
technical. Future experiments are anticipated that w
investigate the dynamics of the formation, decay, a
collapse of the condensates [7–11].

We are grateful for helpful discussions wit
T. Bergeman, W. Ketterle, H. Stoof, E. Timmerman
N. Vansteenkiste, M. Welling, and C. Westbrook. Th
work is supported by the National Science Foundati
and the Welch Foundation.
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