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Bose-Einstein condensation of 7Li has been studied in a magnetically trapped gas. Because
of the e�ectively attractive interactions between 7Li atoms, many-body quantum theory
predicts that the occupation number of the condensate is limited to about 1400 atoms. We
observe the condensate number to be limited to a maximum value between 650 and 1300
atoms. The measurements were made using a versatile phase-contrast imaging technique.
We discuss our measurements, the current theoretical understanding of BEC in a gas with
attractive interactions, and future experiments we hope to perform.

I. Introduction

Bose-Einstein condensation (BEC) has been ob-

served in magnetically trapped atomic gases of 87Rb[1],
7Li[2;3], and 23Na[4;5]. Although the condensates are

still very dilute gases, the interactions between atoms

have been seen to play a signi�cant role in determining

their physical properties. For 87Rb and 23Na atoms,

the interactions are e�ectively repulsive, which causes

the volume of the condensates to increase and modi�es

their excitation spectra[5�7] . In contrast, the interac-

tions between 7Li atoms are e�ectively attractive, and

are thought to prevent BEC from occurring at all in a

homogeneous gas[8;9]. As recently as 1994, attractive

interactions were predicted to preclude BEC in a trap

as well[9], but it is now understood that this is not the

case, and that BEC can occur with a limited number

of atoms in the condensate [10�16]. For 7Li in our trap,

the predicted limit is about 1400 atoms.

We originally reported evidence for BEC in 7Li in

Ref. [2]. In that work, we were not able to observe the

condensate directly, so that quantitative analysis was

di�cult. However, the measurements suggested that

the number of condensate atoms, N0, might be as high

as 105, which was considerably greater than expected.

We now understand the original measurements more

completely, and have shown that they were consistent

with lower N0 [17]. We have subsequently measured

N0 more quantitatively, and have obtained values in

agreement with the theoretical limit[3]. In this report,

we will discuss our new measurements and their analy-

sis. We will also brie
y describe the current theoretical

understanding of BEC in a gas with attractive interac-

tions, and some of the experiments we hope to perform

in order to further investigate this phenomenon.

II. Theory

Interactions between ultracold atoms may be char-

acterized by a single parameter, the s-wave scattering

length a [18]. The magnitude of a indicates the strength

of the interaction, while the sign determines whether

the interactions are e�ectively attractive (a < 0) or re-

pulsive (a > 0). For densities n such that na3 � 1,

only two-body interactions are important. The scatter-

ing length for 7Li is known to be -1.45� 0.04 nm [19], so

two-body interactions dominate at the experimentally

achieved densities of n < 1013 cm�3. The e�ects of

interactions on the condensate are studied using mean-

�eld theory[18]. In this approximation, the interaction

Hamiltonian is replaced by its mean value, resulting in

an interaction energy of U = 4�~2an=m; where m is the

atomic mass. Because a < 0, U decreases with increas-

ing n, so the condensate tends to collapse upon itself,

making the gas mechanically unstable. In a system with

�nite volume, however, the zero-point kinetic energy of

the atoms provides a stabilizing in
uence. The net re-

sult of these e�ects can be determined by solving the

non-linear Schroedinger equation for the wave function

of the condensate,  (r) [10]:
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 = 0: (1)

Here � is the chemical potential, and V (r) is the con-

�ning potential provided by the trap. In a spherically-

symmetric harmonic trap, V (r) = m!2r2=2, for oscil-

lation frequency !. The interaction energy U (r) is de-

termined by taking n(r) = N0j (r)j2. A solution to

Eq. (1) is found to exist only when N0 is su�ciently

small. The limiting N0 is approximately equal to l=a,

where l is the length scale of the condensate, equal to

(~=m!)1=2 for a harmonic trap. This limit can be un-

derstood physically as requiring that the interaction en-

ergy U be small compared to the trap level spacing ~!,

so that the interactions act as a small perturbation to

the ideal-gas solution. At temperature T > 0, the mean

�eld theory must be modi�ed to take into account the

presence of thermally excited atoms, and the limiting

N0 is somewhat lower [15;16]. Note that when a solu-

tion to Eq. (1) exists, it represents only a metastable

state of the trapped atoms, as the equilibrium state of

lithium at low temperature is a crystalline metal solid.

For condensate occupation numbers well below the

limit,  is given by the single-particle ground state

of the con�ning potential. If N0 is increased, the in-

teraction energy causes the spatial extent of  to de-

crease [11;13�15]. At some point before the limit is

reached, thermal or quantum-mechanical 
uctuations

overwhelm the metastability of the state, and the con-

densate begins to collapse [12;14]. The collapse is char-

acterized by a rapid increase in the density of the con-

densate, and correspondingly large loss rates due to in-

elastic collisions. In principle, the collapse is very com-

plicated, as many-body interactions become important.

However, it is very likely that su�cient latent heat is

released to eject all the atoms from the trap. The net

result of the collapse is therefore to simply eliminate

the condensate.

At T = 0, only condensate atoms can be present, so

after the collapse occurs, the trap is empty. However,

if T > 0, then the thermally excited atoms will remain,

and the gas will be in a non-equilibrium distribution.

As elastic collisions thermalize the gas, N0 will begin to

grow again. In a closed system the gas will eventually

stabilize at a chemical potential and temperature such

that the equilibrium value of N0 is less than the limit.

However, if the gas is continuously cooled by some ex-

ternal means, the condensate �ll/collapse cycle will re-

peat until either T = 0 is reached or no atoms remain.

We are currently attempting to model the dynamics of

this system, using the quantum Boltzmann equation.

We also wish to experimentally verify as many aspects

of this model as possible.

III. Experiment

The apparatus used to produce BEC has been dis-

cussed in detail in previous publications[2;3;20]. The

magnetic trap is an Io�e design, constructed from six

cylindrical permanent magnets. The atoms are trapped

in the doubly spin polarized ground state, where they

experience a nearly symmetric harmonic potential with

oscillation frequencies �x = 150:6 Hz, �y = 152:6 Hz,

and �z = 131:5 Hz[21]. The magnetic �eld at the center

of the trap is directed along the z-axis, with a magni-

tude of 1003 G. This �eld con�guration prevents losses

due to nonadiabatic spin-
ip transitions which can oc-

cur near a �eld zero[22�24]. The trap is loaded from a

laser-slowed atomic beam, and the dissipation needed

to capture the atoms is provided by six laser beams

tuned near the 2S1=2 (F = 2;mF = 2)$ 2P3=2 (F = 3;

mF = 3) cycling transition. The number of trapped

atoms N reaches a maximum of approximately 2�108,

after a few seconds of loading. These atoms are pre-

cooled to about 200 �K by Doppler laser cooling, and

have a peak density of roughly 1� 1011 cm3.

After switching o� the laser beams, the atoms are

further cooled by forced evaporative cooling[25]. The

hottest atoms are driven to an untrapped ground state

by a microwave �eld tuned just above the (F = 2;mF =

2)$ (F = 1;mF = 1) Zeeman transition frequency of

approximately 3450 MHz. As the atoms cool, the mi-

crowave frequency is reduced. The frequency vs. time

trajectory that maximizes the phase-space density of

the trapped atoms is calculated ahead of time[26], and

depends on the elastic collision rate and the trap loss

rate. Atoms are lost from the trap due to collisions with

hot background gas atoms at a rate of approximately

1:6� 10�3 s�1, and due to inelastic dipolar-relaxation

collisions between trapped atoms with a rate constant

of 10�14 cm3/s[27;28]. Quantum degeneracy is reached

with N � 105 atoms at T � 300 nK, after roughly 200

seconds of cooling.

After cooling, the trapped atom distribution is ob-

served by imaging via an optical probe. Because a con-

densate in a trap is spatially localized, this technique
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can be used to observe BEC directly[29]. It has also

been used to measure the velocity distribution of the

gas, by �rst releasing the atoms from the trap and al-

lowing them to ballistically expand[1;4]. However, be-

cause our trap is formed by permanent magnets, the

atoms cannot be released and only in situ imaging is

possible.

The harmonic oscillator ground state of our trap has

a Gaussian density distribution with a 1/e-radius of 3

�m. The resolution of the imaging system must there-

fore be su�cient to detect such a small object. In our

original experiment[2], the imaging resolution was not

su�cient, but the presence of the condensate was de-

duced from distortions observed in images of quantum

degenerate clouds. We now have a greater understand-

ing of these distortions, and they are explained more

fully in Ref. [17]. In that work, we con�rm that the

presence of a condensate should cause such distortions,

given the imaging system which was used.

We have subsequently improved our imaging, and

now use a system shown schematically in Fig. 1. With

the polarizer E removed, it can be used to measure the

density distribution by absorption imaging, in which

the absorptive shadow of the atoms is imaged onto the

camera. However, the atom cloud causes both an at-

tenuation and a phase shift of the probe beam. Near

resonance, the phase shift can be large, and any imag-

ing system with �nite resolution will be sensitive to

this phase to some extent. This sensitivity can cause

signi�cant image distortions, which are readily detected

through their dependence on the probe detuning �. In

order to eliminate such distortions, it is necessary to

reduce the index of refraction by using large �. How-

ever, since the absorption coe�cient decreases as ��2,

while the index decreases as only ��1, eliminating the

distortions can leave the absorption signal too small to

be detected.

This problem can be solved by using phase-contrast

imaging, a common technique in microscopy[30]. The

net e�ect of the atoms on the incident electric �eld E0

can be described by a complex phase �, such that imme-

diately after the cloud the �eld is E = E0e
i� : The phase

�(r) depends on position, and has real and imaginary

parts given by � = �+ i�=2, where � is the dispersive

phase shift and � is the optical density of the cloud.

In perfect absorption imaging, the detected signal in-

tensity Is, depends only on �: Is = I0jei�j2 = I0e
��,

where I0 = jE0j2. Phase-contrast techniques consist of
controlled ways to produce an image intensity which

depends on �. In the simplest technique, dark-�eld

imaging, a spatially small opaque beam block is in-

serted at a focus of the probe laser beam (position D

in Fig. 1), thus blocking the probe beam itself but

little of the scattered light. The resulting signal is

Is = I0jei� � 1j2 � I0�
2 for � � j�j � 1. Andrews

et al. used this technique to image 23Na Bose-Einstein

condensates in situ[29]. However, in order to minimize

refractive distortions it is desireable that j�j � 1, so the

dark-�eld signal becomes relatively small as it is pro-

portional to �2. We have implemented a more sensitive

technique, in which the signal depends linearly on �.

Figure 1. A schematic of the imaging system used for in
situ phase-contrast polarization imaging. A linearly polar-
ized laser beam is directed through the cloud of trapped
atoms located at A. The probe beam and scattered light
�eld pass out of a vacuum viewport B, and are relayed to
the primary image plane G by an identical pair of 3-cm-
diameter, 16-cm-focal-length doublet lenses C and F. The
light is then re-imaged and magni�ed onto a camera J by a
microscope objective H. The measured magni�cation is 19,
and the camera pixels are 19 �m square. A linear polarizer
E can be used to cause the scattered light and probe �elds
to interfere, producing an image sensitive to the refractive
index of the cloud. The system is focussed by adjusting the
position of lens F, which is mounted on a translator.

The method we use exploits the birefringence of the

atoms in a strong magnetic �eld. Using the trap coor-

dinates, the probe beam propagates in the (1,1,1) di-

rection, and is linearly polarized perpendicular to the

magnetic �eld axis ẑ, with polarization vector �̂0 =

(1;�1; 0)=p2. The electric �eld of the probe decom-

poses into two elliptical polarizations E = Ec + Enc

such that Ec couples to the �+ optical transition and

acquires the phase shift exp(i�), while Enc does not.

The polarization which couples to the �eld is given by

�̂c = (3+ i;�3� i;�2i)=p24, and the uncoupled polar-

ization is �̂nc = (1+ i;�3+ i;�2i)=p8, so after passing

through the atoms, the �eld can be expressed as

E = Ece
i� �̂c + Enc�̂nc : (2)

By passing the light through a polarizer (E in Fig. 1),
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the components Ec and Enc can be coherently recom-

bined. For a polarizer transmitting light with polariza-

tion n̂, the signal detected on the camera, jn̂ � Ej2, is
a phase-contrast image of the cloud. In terms of the

phase shift and optical density of the cloud, the signal

is given by

Is =
I0
16
[cos2�(1 + 9e�� + 6e��=2cos�)

+ sin2�(3 + 3e�� � 6e��=2cos�)

� 8
p
3sin�cos�e��=2sin�] ; (3)

where � is the angle between n̂ and �̂0. Usually, the

probe detuning is large enough that � is small and �

can be neglected, so that the signal can be expanded as

c

Is(r) = I0(cos
2� +

p
3

4
�(r)sin2� � 3

16
�(r)2cos2�) (4)

d
Linear phase-contrast imaging is accomplished for

� = 45� and dark-�eld imaging is recovered for � = 90�.

By varying � between these extremes, the relative size

of the signal and background can be varied in order to

maximize the signal-to-noise ratio of the image. For the

data reported here, � = �75�.
The probe beam is pulsed on for a duration of 10

�s, at an intensity of 250 mW/cm2 and with � in the

range 20� < j�j < 40�, where � = 5:9 MHz is the nat-

ural linewidth of the transition. Only one image can

be obtained because each atom scatters a few photons

while being probed, heating the gas to several �K.

The detected signal intensity, given by Eq. (4), is re-

lated to the density distribution n of the trapped atoms

by[31]

c

�(x0; y0) = �+ i
�

2
= ��0

2

Z
dz0n(x0; y0; z0)

�

2�+ i�
; (5)

d
where �0 = 1:43� 10�9 cm2 is the resonant light scat-

tering cross section. The z0-axis is parallel to the probe

propagation axis, while the x0- and y0-axes are perpen-

dicular to it. Light scattering might by modi�ed by the

quantum degenerate nature of the atoms, but this ef-

fect is expected to be negligible under our conditions[32].

Eq. (5) also assumes that the atom cloud is thin enough

that the laser �eld is not di�racted or refracted appre-

ciably while passing through. This approximation is

accurate for su�ciently small �.

Because the trap is not isotropic, the density distri-

butions are slightly ellipsoidal; the images are observed

to have the expected aspect ratio of 1.10, accounting for

the trap asymmetry and the oblique viewing angle[33].

Fig. 2 shows radial signal pro�les, which are obtained

from the images by angle-averaging the data around

appropriate ellipses. The various curves are the results

of our analysis, which will be described in the following

section.

IV. Image analysis

We assume that the gas is in thermal equilibrium,

and �t T and N0 to the data. Any two of N; T , or N0

completely determine the density of the gas through the

Bose-Einstein distribution function. Given T and N0,

the density is calculated using a semi-classical ideal-gas

approximation for the non-condensed atoms[34;35], and

a Gaussian function for the condensate. The solid lines
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in Fig. 2 show the results of the �ts.

Figure 2. Spatial pro�les of trapped ultracold 7Li gas. The
vertical axis gives the magnitude of the phase-contrast sig-
nal intensity relative to the probe intensity. The data points
are taken from observed images. The solid curves are cal-
culated by �tting Bose-Einstein distributions to the data,
the short-dashed curves are the same distributions with the
condensate atoms removed, and the long-dashed curves are
classical (Gaussian) distributions �t to the tails of the data.
The calculated signals are convolved with a Gaussian func-
tion to account for the limited resolution of the imaging
system, assuming an e�ective resolution of 4 �m. For the
data in (a), the probe detuning was +191 MHz, and the �t-
ted distribution has 9:0�104 atoms at a temperature of 309
nK. The number of condensate atoms is �1, indicating that
the gas is just approaching degeneracy. In (b) a sequence
of pro�les that exhibit condensate peaks are shown. From
the strongest to weakest signals, the total number of atoms
and �tted temperatures are: 1:01 � 105 atoms at 304 nK;
2:6� 104 atoms at 193 nK; and 6:6� 103 atoms at 122 nK.
The corresponding numbers of condensate atoms are 500,
810, and 270, respectively. The probe detuning for these
data was -130 MHz.

For temperatures su�ciently greater than the crit-

ical temperature Tc; the gas can be described by the

Boltzmann distribution, which predicts a Gaussian den-

sity pro�le. The long-dashed lines in Fig. 2 are Gaus-

sian functions �t to the tails of the distributions, which

approximate the data only in Fig. 2(a), where the �t

to the Bose-Einstein distribution indicates that T � Tc.

Fig. 2(b) shows three distributions for which T < Tc.

For these distributions, the density is distinctly non-

Gaussian, due to an enhanced central peak. Compari-

son between Fig. 2(a) and the upper curve in Fig. 2(b)

is striking, as these distributions correspond to nearly

the same temperature, and only di�er by about 10% in

number. From this comparison, it is clear that the gas

has reached the degenerate regime, where Boltzmann

statistics are inadequate.

In order to demonstrate the e�ect of the conden-

sate, the theoretical contribution of the condensate was

subtracted from the solid curves. The remaining signal

is shown by the short-dashed curves in Fig. 2(b). As

comparison of the short-dashed, long-dashed and solid

curves indicates, the observed increase in the peak sig-

nal is caused by both condensed and non-condensed

atoms. The contribution of the non-condensed atoms

is signi�cant for the upper curve, but at lower temper-

atures, the contribution of the condensate makes up

most of the enhanced peak.

The analysis of the data described above is compli-

cated by the fact that the condensate size is on the order

of the imaging resolution. The resolution is included in

the �tting procedure by convolving the theoretical sig-

nal with the point-transfer function of the imaging sys-

tem, G(r). The point-transfer function gives the �eld

produced at image position r by a point source at the

center of the trap. It is proportional to the Fourier

transform, over the aperture of the imaging system, of

the phase error of the lenses as a function of the light

scattering angle[36]. The phase error is determined by

tracing light rays through the system, using the known

lens composition and geometry, and was found to con-

sist mainly of spherical aberration having a magnitude

of 0.5 �/cm4.

In order to test the calculation of G, we used the

imaging system to examine laser light emerging from

an optical �ber. The intensity distribution of the light

in the �ber is Gaussian with a 1/e-radius of 1.2 �m,

so that it approximates a point source. Fig. 3 shows

cross-sections of the images obtained with the system

focussed at two di�erent points. The narrower peak

shown has a 1/e-radius of 3.0 �m, as compared with

2.5 �m expected for a di�raction-limited lens (dotted

line).
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Figure 3. Test images of an optical �ber. The data points
are obtained from cross-sections through images of the light
emitted by an optical �ber. The squares indicate data ob-
tained with the imaging system at its best focus, and the
triangles indicate data obtained with the system defocussed
by 200 �m. The solid curves are the expected intensity pat-
terns, and the dashed curve is the calculated pattern for
a well-focussed system in the absence of lens aberrations.
The calculated curves are obtained by convolving the point
transfer function of the with a Gaussian electric �eld with
1.75 �m 1/e-radius to account for the size of the optical
�ber mode, and squaring the result to obtain the intensity.
The signal is then averaged to re
ect the pixel size of the
camera.

Since the images of the atom cloud are produced by

coherently di�racted light, the point transfer function

must be convolved with the electric �eld E0e
i� . The

results of the coherent �eld convolution indicate that

the primary e�ect of the coherence is to reduce the im-

portance of the tail of G, because the phase of G in the

tail is rapidly varying. In addition,G depends on where

the imaging system is focussed, as Fig. 3 shows. When

imaging the atom cloud, the focal position can only

be determined to �200�m, by observing image distor-

tions which occur when the system is further o� focus.

Given this uncertainty, and the unimportance of the

tail, the imaging convolution is well-approximated by

an incoherent convolution of the signal intensity with a

Gaussian function of appropriate 1/e-radius R. As this

procedure is computationally simpler and conceptually

clearer, we use it here. The value of R can be con-

sidered the e�ective resolution of the imaging system,

and across the experimental range of focal positions it

ranges from 2.5 �m to 5 �m. This uncertainty in the

e�ective resolution is the dominant source of error in

our determination of N0.

We have observed degenerate conditions for T be-

tween 120 and 330 nK, and for N between 6,800 and

135,000 atoms. In all cases, N0 is found to be relatively

small. Fitting with R = 5�m, the maximum N0 ob-

served is about 1300 atoms. This value drops to 1000

for R = 4�m, and to 650 for R = 2:5�m. No systematic

e�ects were observed as either the sign or magnitude of

the detuning or the polarizer angle were varied, indi-

cating the absence of phase-dependent distortions and

con�rming the relations given in Eqs. (4) and (5).

In the analysis so far we have assumed that the gas

is ideal, but interactions are expected to alter the size

and shape of the density distribution. Mean-�eld the-

ory predicts that interactions will reduce the 1/e-radius

of the condensate from 3 �m for low occupation number

to �2 �m as the maximum N0 is approached[11;13�16].

If the smaller condensate radius is used in the �t, the

maximum values for N0 decrease, becoming �1050 for
R = 5 �m. The size of the condensate is not expected

to change appreciably for N0 < 1000, so the values

obtained for R = 2:5 �m and 4 �m are not sensitive

to interactions. Interactions are not expected to sig-

ni�cantly a�ect the distribution of the non-condensed

atoms[15;37], because at the critical density the mean

interaction energy of �1 nK is much smaller than T .

An estimate of our sensitivity to condensate atoms

can be obtained from the �tting procedure. By �xing

N0 and �tting T to the data, �2 can be determined as a

function of N0. Since N0 mostly a�ects the central part

of the distribution, we de�ne a restricted, unnormalized

�2 by summing over the squares of the di�erences be-

tween the calculated distributions and the data for radii

less than 10 �m. Calculating �2(N0) for several images

with large values of N0 indicates that �2 is increased

by a factor of 2 from its minimum value when N0 is

varied by about 150 atoms, roughly independent of R.

The ratio of the measured N0 to this value serves as an

estimate for the robustness of the measurement.

V. Conclusions and future experiments

We believe that our measurements have clearly

demonstrated that BEC can occur in a gas with a < 0.

The results of our analysis indicate a number of con-

densate atoms which is consistent with the limit pre-

dicted by mean-�eld theory, and the range of numbers

and temperatures across which the limit is observed

to hold suggests that the limit is fundamental, rather

than technical. We anticipate several further experi-
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ments which should provide a greater understanding of

this phenomenon.

As previously stated, the dominant uncertainty in

our determination of N0 is the sensitivity to the e�ec-

tive resolution R. This sensitivity could be reduced

by observing a distribution consisting mainly of con-

densate atoms. Because the integrated intensity of an

image is independent of lens aberrations, N0 could be

measured by simply integrating the signal to determine

the number of trapped atoms. It may be possible to

produce such a T = 0 distribution using evaporative

cooling, but doing so is technically di�cult. Fluctu-

ations of the trap bias �eld must be less than about

50 �G so that the thermally excited atoms may be re-

moved while leaving the condensate intact. Fluctua-

tions in the trap �eld arise from variation in the ambi-

ent magnetic �eld and variation of the temperature of

the trap magnets, so both of these variables must be

controlled precisely.

If evaporative cooling can be repeated reliably and

N0 measured precisely, the collapse/�ll model described

in x2 predicts that the values ofN0 observed should 
uc-

tuate randomly between zero and the limiting value.

Observation of these 
uctuations should provide in-

formation on the nature of the collapse and �ll pro-

cesses, as well as con�rming the model. Fluctuations

in N0 have been observed already, but it is not yet clear

whether they are intrinsic or whether they are caused

by variations in trap loading and evaporative cooling.

Finally, it may be possible to modify the scattering

length by applying a laser beam tuned near a molec-

ular resonance of Li2 [38]. While it should be possible

to make a positive using this method, doing so would

require a high laser intensity. In the presence of such

a bright laser, the lifetime of atoms in the trap is re-

duced due to Rayleigh scattering. Because evaporative

cooling is slow, it would not be possible to populate

the condensate with a signi�cant number of atoms in

the available time. However, it should be possible to

make a more negative, and thereby induce a collapse.

By controlling when the collapse occurs, this technique

would allow direct investigation of the dynamics of the

collapse.
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