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Observation of Bose-Einstein Condensation
in a Dilute Atomic Vapor

M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman,*
E. A. Cornell

A Bose-Einstein condensate was produced in a vapor of rubidium-87 atoms that was
confined by magnetic fields and evaporatively cooled. The condensate fraction first
appeared near a temperature of 170 nanokelvin and a number density of 2.5 X 102 per
cubic centimeter and could be preserved for more than 15 seconds. Three primary
signatures of Bose-Einstein condensation were seen. (i) On top of a broad thermal velocity
distribution, a narrow peak appeared that was centered at zero velocity. (i) The fraction
of the atoms that were in this low-velocity peak increased abruptly as the sample tem-
perature was lowered. (iii) The peak exhibited a nonthermal, anisotropic velocity distri-
bution expected of the minimum-energy quantum state of the magnetic trap in contrast
to the isotropic, thermal velocity distribution observed in the broad uncondensed fraction.

On the microscopic quantum level, there
are profound differences between fermions
(particles with half integer spin) and bosons
(particles with integer spin). Every statisti-
cal mechanics text discusses how these dif-
ferences should affect the behavior of atom-
ic gas samples. Thus, it is ironic that the
quantum statistics of atoms has never made
any observable difference to the collective
macroscopic properties of real gas samples.
Certainly the most striking difference is the
prediction, originally by Einstein, that a gas
of noninteracting bosonic atoms will, below
a certain temperature, suddenly develop a
macroscopic population in the lowest ener-
gy quantum mechanical state (I, 2). How-
ever, this phenomenon of Bose-Einstein
condensation (BEC) requires a sample so
cold that the thermal deBroglie wave-
length, N\, becomes larger than the mean
spacing between particles (3). More precise-
ly, the dimensionless phase-space density,
pps = n(A\y,)?, must be greater than 2.612
(2, 4), where n is the number density. Ful-
filling this stringent requirement has eluded
physicists for decades. Certain well-known
physical systems do display characteristics
of quantum degeneracy, in particular super-
fluidity in helium and superconductivity in
metals. These systems exhibit counterintui-
tive behavior associated with macroscopic
quantum states and have been the subject
of extensive study. However, in these sys-
tems the bosons are so closely packed that
they can be understood only as strongly
interacting systems. These strong interac-
tions have made it difficult to understand
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the detailed properties of the macroscopic
quantum state and allow only a small frac-
tion of the particles to occupy the Bose
condensed state. Recently, evidence of Bose
condensation in a gas of excitons in a semi-
conductor host has been reported (5). The
interactions in these systems are weak but
poorly understood, and it is difficult to ex-
tract information about the exciton gas
from the experimental data. Here, we report
evidence of BEC in a dilute, and hence
weakly interacting, atomic vapor. Because
condensation at low densities is achievable
only at very low temperatures, we evapora-
tively cooled a dilute, magnetically trapped
sample to well below 170 nK.

About 15 years ago, several groups be-
gan to pursue BEC in a vapor of spin-
polarized hydrogen (6). The primary mo-
tivation was that in such a dilute atomic
system one might be able to produce a
weakly interacting condensate state that is
much closer to the original concept of
Bose and Einstein and would allow the
properties of the condensate to be well
understood in terms of basic interatomic
interactions. In the course of this work,
1000-fold increases in phase-space density
have been demonstrated with the tech-
nique of evaporative cooling of a magnet-
ically trapped hydrogen sample (7); re-
cently, the phase-space density has ap-
proached BEC levels. Progress has been
slowed, however, by the existence of in-
elastic interatomic collisions, which cause
trap loss and heating, and by the lack of
good diagnostics for the cooled samples.

The search for BEC in a dilute sample of
laser-cooled alkali atoms has a somewhat
shorter history. Developments in laser trap-
ping and cooling over the past decade made
it possible to increase the phase-space den-
sity of a vapor of heavy alkali atoms by more
than 15 orders of magnitude. However, sev-
eral processes involving the scattered pho-
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SR e
tons were found to limit the achievable
temperatures (8) and densities (9), so that
the resulting value for p_ was 10° to 108
times too low for BEC. We began to pursue
BEC in an alkali vapor by using a hybrid
approach to overcome these limitations
(10, 11). This hybrid approach involves
loading a laser-cooled and trapped sample
into a magnetic trap where it is subsequent-
ly cooled by evaporation. This approach is
particularly well suited to heavy alkali at-
oms because they are readily cooled and
trapped with laser light, and the elastic
scattering cross sections are very large (12),
which facilitates evaporative cooling.

There are three other attractive features
of alkali atoms for BEC. (i) By exciting the
easily accessible resonance lines, one can
use light scattering to sensitively character-
ize the density and energy of a cloud of such
atoms as a function of both position and
time. This technique provides significantly
more detailed information about the sample
than is possible from any other macroscopic
quantum system. (ii) As in hydrogen, the
atom-atom interactions are weak [the S-
wave scattering length a, is about 107 cm,
whereas at the required densities the inter-
particle spacing (x) is about 10™* c¢m] and
well understood. (iii) These interactions
can be varied in a controlled manner
through the choice of spin state, density,
atomic and isotopic species, and the appli-
cation of external fields. The primary ex-
perimental challenge to evaporatively cool-
ing an alkali vapor to BEC has been the
achievement of sufficiently high densities
in the magnetic trap. The evaporative cool-
ing can be maintained to very low temper-
atures only if the initial density is high
enough that the atoms undergo many
(~100) elastic collisions during the time
they remain in the trap. Using a combina-
tion of techniques to enhance the density
in the optical trap, and a type of magnetic
trap that provides long trap holding times
and tight confinement, has allowed us to
evaporatively cool to BEC.

A schematic of the apparatus is shown in
Fig. 1. The optical components and mag-
netic coils are all located outside the ultra-
high-vacuum glass cell, which allows for
easy access and modification. Rubidium at-
oms from the background vapor were opti-
cally precooled and trapped, loaded into a
magnetic trap, then further cooled by evap-
oration. The TOP (time orbiting potential)
magnetic trap (13) we used is a superposi-
tion of a large spherical quadrupole field
and a small uniform transverse field that
rotates at 7.5 kHz. This arrangement results
in an effective average potential that is an
axially symmetric, three-dimensional (3D)
harmonic potential providing tight and sta-
ble confinement during evaporation. The
evaporative cooling works by selectively re-



leasing the higher energy atoms from the
trap; the remaining atoms then rethermalize
to a colder temperature.

We accomplished this release with a ra-
dio frequency (rf) magnetic field (14). Be-
cause the higher energy atoms sample the

Fig. 1. Schematic of the apparatus. Six laser
beams intersect in a glass cell, creating a magne-
to-optical trap (MOT). The cellis 2.5 cm square by
12 cm long, and the beams are 1.5 cm in diame-
ter. The coils generating the fixed quadrupole and
rotating transverse components of the TOP trap
magnetic fields are shown in green and blue, re-
spectively. The glass cell hangs down from a steel
chamber (not shown) containing a vacuum pump
and rubidium source. Also not shown are coils for
injecting the rf magnetic field for evaporation and
the additional laser beams for imaging and opti-
cally pumping the trapped atom sample.

- i =1 o
Fig. 2. False-color images display the velocity distribution of the cloud (A) just
before the appearance of the condensate, (B) just after the appearance of the
condensate, and (C) after further evaporation has left a sample of nearly pure
condensate. The circular pattern of the noncondensate fraction (mostly yellow
and green) is an indication that the velocity distribution is isotropic, consistent

trap regions with higher magnetic field,
their spin-flip transition frequencies are
shifted as a result of the Zeeman effect. We
set the frequency of the rf field to selective-
ly drive these atoms into an untrapped spin
state. For optimum cooling, the rf frequency
was ramped slowly downward, causing the
central density and collision rate to increase
and temperature to decrease. The final tem-
perature and phase-space density of the
sample depends on the final value of the rf
frequency (v,,,,)

A typical data cycle during which atoms
are cooled from 300 K to a few hundred
nanokelvin is as follows: (i) For 300 s the
optical forces from a magneto-optical trap
(15) (MOT) collect atoms from a room
temperature, ~107!! torr vapor (10) of
87Rb atoms; we used a so-called dark MOT
(16) to reduce the loss mechanisms of an
ordinary MOT, enabling the collection of a
large number (107) of atoms even under our
unusually low pressure conditions (17). (ii)
The atom cloud is then quickly compressed
and cooled to 20 pwK by adjustment of the
field gradient and laser frequency (18). (iii)
A small magnetic bias field is applied, and a
short pulse of circularly polarized laser light
optically pumps the magnetic moments of
all the atoms so they are parallel with the
magnetic field (the F = 2, m = 2 angular
momentum state.) (19). (iv) All laser light
is removed and a TOP trap is constructed in
place around the atoms, the necessary qua-
drupole and rotating fields being turned on
in 1 ms. (v) The quadrupole field compo-
nent of the TOP trap is then adiabatically
ramped up to its maximum value, thereby
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with thermal equilibrium. The condensate fraction (mostly blue and white) is
elliptical, indicative that it is a highly nonthermal distribution. The elliptical pattern
is in fact an image of a single, macroscopically occupied quantum wave func-
tion. The field of view of each image is 200 pm by 270 um. The observed
horizontal width of the condensate is broadened by the experimental resolution.

increasing the elastic collision rate by a
factor of 5.

At this point, we had about 4 X 10%
atoms with a temperature of about 90 pK in
the trap. The trap has an axial oscillation
frequency of about 120 Hz and a cylindri-
cally symmetric radial frequency smaller by
a factor of V/8. The number density, aver-
aged over the entire cloud, is 2 X 10%°
cm™>. The elastic collision rate (19) is ap-
proximately three per second, which is 200
times greater than the one per 70 s loss rate
from the trap.

The sample was then evaporatively
cooled for 70 s, during which time both the
tf frequency and the magnitude of the ro-
tating field were ramped down, as described
(13, 20). The choice of the value of Ve,
for the cycle determines the depth of the rf
cut and the temperature of the remaining
atoms. If Ve, is 3.6 MHz, the tf “scalpel”
will have cut all the way into the center of
the trap and no atoms will remain. At the
end of the rf ramp, we allowed the sample to
equilibrate for 2 s (21) and then expanded
the cloud to measure the velocity distribu-
tion. For technical reasons, this expansion
was done in two stages. The trap spring
constants were first adiabatically reduced by
a factor of 75 and then suddenly reduced to
nearly zero so that the atoms essentially
expanded ballistically. A field gradient re-
mains that supports the atoms against grav-
ity to allow longer expansion times. Al-
though this approach provides small trans-
verse restoring forces, these are easily taken
into account in the analysis. After a 60-ms
expansion, the spatial distribution of the
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cloud was determined from the absorption
of a 20-ps, circularly polarized laser pulse
resonant with the 58,,, F = 2 to 5P, F =
3 transition. The shadow of the cloud was
imaged onto a charge-coupled device array,
digitized, and stored for analysis.

This shadow image (Fig. 2) contains a
large amount of easily interpreted infor-
mation. Basically, we did a 2D time-of-
flight measurement of the velocity distri-
bution. At each point in the image, the
optical density we observed is proportional
to the column density of atoms at the
corresponding part of the expanded cloud.
Thus, the recorded image is the initial
velocity distribution projected onto the
plane of the image. For all harmonic con-
fining potentials, including the TOP trap,
the spatial distribution is identical to the
velocity distribution, if each axis is linear-
ly scaled by the harmonic oscillator fre-
quency for that dimension (22). Thus,
from the single image we obtained both
the velocity and coordinate-space distri-
butions, and from these we extracted the
temperature and central density, in addi-
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Fig. 3. Peak density at the center of the sample as
a function of the final depth of the evaporative cut,
Vevap- AS eVaporation progresses to smaller values
Of Veuap, the cloud shrinks and cools, causing a
modest increase in peak density until ve,,, reach-
es 4.23 MHz. The discontinuity at 4.23 MHz indi-
cates the first appearance of the high-density
condensate fraction as the cloud undergoes a
phase transition. When a value for ve,, of 4.1 Mhz
is reached, nearly all the remaining atoms are in
the condensate fraction. Below 4.1 MHz, the cen-
tral density decreases, as the evaporative ‘“rf scal-
pel”” begins to cut into the condensate itself. Each
data point is the average of several evaporative
cycles, and the error bars shown reflect only the
scatter in the data. The temperature of the cloud is
a complicated but monotonic function of veyag. At
Vevap = 4.7 MHz, T = 1.6 uK, and for vey,, = 4.25
MHz, T = 180 nK.
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tion to characterizing any deviations from
thermal equilibrium. The measurement
process destroys the sample, but the entire
load-evaporate-probe cycle can be repeat-
ed. Our data represent a sequence of evap-
orative cycles performed under identical
conditions except for decreasing values of
Vevapr Which gives a corresponding de-
crease in the sample temperature and an
increase in phase-space density.

The discontinuous behavior of thermo-
dynamic quantities or their derivatives is
always a strong indication of a phase tran-
sition. In Fig. 3, we see a sharp increase in
the peak density at a value of v,,, of 4.23
MHez. This increase is expected at the BEC
transition. As cooling proceeds below the
transition temperature, atoms rapidly accu-
mulate in the lowest energy state of the 3D
harmonic trapping potential (23). For an
ideal gas, this state would be as near to a
singularity in velocity and coordinate space
as the uncertainty principle permits.

Thus, below the transition we expect a
two-component cloud, with a dense central
condensate surrounded by a diffuse, non-
condensate fraction. This behavior is clear-
ly displayed in sections taken horizontally
through the center of the distributions, as
shown in Fig. 4. For values of v,,,, above
4.23 MHz, the sections show a single,
smooth, Gaussian-like distribution. At 4.23
MHz, a sharp central peak in the distribu-
tion begins to appear. At frequencies below
4.23 MHz, two distinct components to the
cloud are visible, the smooth broad curve
and a narrow central peak, which we iden-
tify as the noncondensate and condensate
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Fig. 4. Horizontal sections taken through the ve-
locity distribution at progressively lower values of
Vevap ShOW the appearance of the condensate
fraction.
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fractions, respectively. (Figs. 2B and 4). As
the cooling progresses (Fig. 4), the noncon-
densate fraction is reduced until, at a value
of v, of 4.1 MHz, little remains but a pure
condensate containing 2000 atoms.

The condensate first appears at an rf
frequency between 4.25 and 4.23 MHz. The
4.25 MHz cloud is a sample of 2 X 10*
atoms at a number density of 2.6 X 102
cm ™ and a temperature of 170 nK. This
represents a phase-space density p of 0.3,
which is well below the expected value of
2.612. The phase-space density scales as the
sixth power of the linear size of the cloud.
Thus, modest errors in our size calibration
could explain much of this difference. Be-
low the transition, one can estimate an
effective phase-space density by simply di-
viding the number of atoms by the observed
volume they occupy in coordinate and ve-
locity space. The result is several hundred,
which is much greater than 2.6 and is con-
sistent with a large occupation number of a
single state. The temperatures and densities
quoted here were calculated for the sample
in the unexpanded trap. However, after the
adiabatic expansion stage, the atoms are
still in good thermal equilibrium, but the
temperatures and densities are greatly re-
duced. The 170 nK temperature is reduced
to 20 nK, and the number density is reduced
from 2.6 X 10” ecm™ to 1 X 10" cm™>.
There is no obstacle to adiabatically cooling
and expanding the cloud further when it is
desirable to reduce the atom-atom interac-
tions, as discussed below (24).

A striking feature evident in the images
shown in Fig. 2 is the differing axial-to-
radial aspect ratios for the two components
of the cloud. In the clouds with no conden-
sate (chap > 4,23 MHz) and in the non-
condensate fraction of the colder clouds,
the velocity distribution is isotropic (as ev-
idenced by the circular shape of the yellow
to green contour lines in Fig. 2, A and B).
But the condensate fraction clearly has a
larger velocity spread in the axial direction
than in the radial direction (Fig. 2, B and
C). This difference in aspect ratios is readily
explained and in fact is strong evidence in
support of the interpretation that the cen-
tral peak is a Bose-Einstein condensate. The
noncondensate atoms represent a thermal
distribution across many quantum wave
functions. In thermal equilibrium, velocity
distributions of a gas are always isotropic
regardless of the shape of the confining
potential. The condensate atoms, however,
are all described by the same wave function,
which will have an anisotropy reflecting
that of the confining potential. The veloc-
ity spread of the ground-state wave function
for a noninteracting Bose gas should be 1.7
(8'4) times larger in the axial direction
than in the radial direction. Our observa-
tions are in qualitative agreement with this
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simple picture. This anisotropy rules out the
possibility that the narrow peak we see is a
result of the enhanced population of all the
very low energy quantum states, rather than
the single lowest state.

A more quantitative treatment of the
observed shape of the condensate shows
that the noninteracting gas picture is not
completely adequate. We find that the
axial width is about a factor of 2 larger
than that calculated for a noninteracting
ground state and the ratio of the axial to
radial velocity spread is at least 50% larger
than calculated. However, the real con-
densate has a self-interaction energy in
the mean-field picture of 4mnayh?/m,
which is comparable to the separation be-
tween energy levels in the trap. Simple
energy arguments indicate that this inter-
action energy will tend to increase both
the size and the aspect ratio to values more
in line with what we observed.

Although an atomic vapor of rubidium
can only exist as a metastable state at these
temperatures, the condensate survives in
the unexpanded trap for about 15 s, which
is long enough to carry out a wide variety of
experiments. The loss rate is probably a
result of three-body recombination (25,
26), which could be greatly reduced by adi-
abatically expanding the condensate after it
has formed.

Much of the appeal of our work is that
it permits quantitative calculations of mi-
croscopic behavior, heuristic understand-
ing of macroscopic behavior, and experi-
mental verification of both. The tech-
nique and apparatus described here are
well suited for a range of experiments. The
basic glass cell design provides flexibility
in manipulating and probing the atoms. In
addition, it is not difficult to substantially
improve it in several ways. First, our posi-
tion and velocity resolution can be im-
proved with minor changes in optics and
in expansion procedures. Second, a double
MOT technique that spatially separates
the capture and storage of atoms will in-
crease our number of atoms by more than
100 (27). Third, with improvement in
measurement sensitivity it should be pos-
sible to probe the cloud without destroy-
ing it, in order to watch the dynamics in
real time.

An abbreviated list of future experi-
ments includes (i) performing optical
spectroscopy, including higher order cor-
relation measurements, on the condensate
in situ to study how light interacts differ-
ently with coherent matter and incoher-
ent matter (28); (ii) comparing the behav-
iors of 8’Rb with &Rb, which is known to
have a negative scattering length (19),
potentially making the condensate unsta-
ble; (iii) studying time-dependent behav-
ior of the phase transition including the

stability of the supersaturated state; (iv) ex-
ploring the specific heat of the sample as it
goes through the transition boundary (2) by
measuring how condensate and nonconden-
sate fractions evolve during cooling; (v)
studying critical opalescence and other fluc-
tuation-driven behavior near the transition
temperature; and (vi) carrying out experi-
ments analogous to many of the classic ex-
periments on superfluid helium (2, 29).
There is a prediction that the scattering
length of heavy alkalis can be modified, and
even be made to change sign, by tuning the
ambient magnetic field through a scattering
resonance (26). Directly modifying the scat-
tering length would provide the ultimate
control, but whether or not this is practical,
one can still study the properties of the
condensate as functions of the strength of
the residual interactions because we now
have the ability to cross the phase-transition
curve over a large range of densities. Thus, it
will be possible to observe, and to compare
with theoretical prediction, the emergence
of nonideal behavior such as singularities in
the specific heat and many other phenom-
ena, including those mentioned above.
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