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Bose-Einstein Condensation in a Gas of Sodium Atoms
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We have observed Bose-Einstein condensation of sodium atoms. The atoms were trapped in a novel
trap that employed both magnetic and optical forces. Evaporative cooling increased the phase-space
density by 6 orders of magnitude within seven seconds. Condensates containe®l \plt3 atoms at
densities exceeding0'* cm™3. The striking signature of Bose condensation was the sudden appearance
of a bimodal velocity distribution below the critical temperature~o2 wK. The distribution consisted
of an isotropic thermal distribution and an elliptical core attributed to the expansion of a dense
condensate.

PACS numbers: 03.75.Fi, 05.30.Jp, 32.80.Pj, 64.60.—i

Bose-Einstein condensation (BEC) is a ubiquitous pherubidium [11], lithium [12], and, as reported in this paper,
nomenon which plays significant roles in condensed matin sodium. Our results are distinguished by a production
ter, atomic, nuclear, and elementary particle physics, asate of Bose-condensed atoms which is 3 orders of
well as in astrophysics [1]. Its most striking feature is amagnitude larger than in the two previous experiments.
macroscopic population of the ground state of the systerRurthermore, we report a novel atom trap that offers a
at finite temperature [2]. The study of BEC in weakly superior combination of tight confinement and capture
interacting systems holds the promise of revealing newolume and the attainment of unprecedented densities of
macroscopic quantum phenomena that can be understoodld atomic gases.
from first principles, and may also advance our under- Evaporative cooling requires an atom trap which is
standing of superconductivity and superfluidity in moretightly confining and stable. So far, magnetic traps and
complex systems. optical dipole traps have been used. Optical dipole traps

During the past decade, work towards BEC in weaklyprovide tight confinement, but have only a very small
interacting systems has been carried forward with excitongapping volume (0~8 cm?). The tightest confinement in
in semiconductors and cold trapped atoms. BEC haa magnetic trap is achieved with a spherical quadrupole
been observed in excitonic systems, but a completpotential (linear confinement); however, atoms are lost
theoretical treatment is lacking [1,3]. The pioneeringfrom this trap due to nonadiabatic spin flips as the atoms
work towards BEC in atomic gases was performed withpass near the center, where the field rapidly changes
spin-polarized atomic hydrogen [4,5]. Following the direction. This region constitutes a “hole” in the trap of
development of evaporative cooling [6], the transition wasmicrometer dimension. The recently demonstrated “TOP”
approached within a factor of 3 in temperature [7]. Lasetrap suppresses this trap loss, but at the cost of lower
cooling provides an alternative approach towards very lowconfinement [8].
temperatures, but has so far been limited to phase-spaceWe suppressed the trap loss by adding a repulsive
densities typicallyl0° times lower than required for BEC. potential around the zero of the magnetic field, literally
The combination of laser cooling with evaporative cooling“plugging” the hole. This was accomplished by tightly
[8—10] was the prerequisite for obtaining BEC in alkali focusing an intense blue-detuned laser that generated a
atoms. This year, within a few months, three independentepulsive optical dipole force. The optical plug was
and different approaches succeeded in creating BEC iareated by an Af-laser beam (514 nm) of 3.5 W focused
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to a beam waist of 3@m. This caused 7 MHz (35QK)  were first pumped to thé = 2 state by switching on a
of light shift potential at the origin. Heating due to photon 10 mW/cn? laser beam in resonance with tiie= 1 —
scattering was suppressed by using far-off-resonant ligh#y = 2 transition. 10us later the atoms were concur-
and by the fact that the atoms are repelled from the regiorently exposed to a 10@s, 0.25 mW/cn? probe laser
where the laser intensity is highest. pulse in resonance with the = 2 — F = 3 transition,

The experimental setup was similar to that describegbropagating along the trapjsdirection. This probe laser
in our previous work [9]. Typically, within 2 sl0° beam was imaged onto a charge-coupled device sensor

atoms in theF = 1, mp = —1 state were loaded into a with a lens system having a resolution ofu8n. Up to
magnetic trap with a field gradient of 130/@n; the peak 100 photons per atom were absorbed without blurring the
density was~ 10'! cm~3, the temperature~ 200 uK, image due to heating.

and the phase-space dendify times lower than required At temperatures above 15K the observed trapped
for BEC. The lifetime of the trapped atoms was  clouds were elliptical with an aspect ratio of 2:1 due to the
30 s, probably limited by background gas scattering at aymmetry of the quadrupole field. At the position of the
pressure of~ 1 X 10~!! mbar. optical plug they had a hole, which was used for fine align-
The magnetically trapped atoms were further coolednent. A misalignment of the optical plug by 20 um
by rf-induced evaporation [8,9,13]. rf-induced spin flipsresulted in increased trap loss and prevented us from cool-
were used to selectively remove the higher-energy atomisig below 50« K. This is evidence that the Majorana spin
from the trap resulting in a decrease in temperature foflips are localized in a very small region around the center
the remaining atoms. The total (dressed-atom) potentialf the trap. At temperatures below 1B, the cloud sepa-
is a combination of the magnetic quadrupole trappingated into two pockets at the two minima in the potential of
potential, the repulsive potential of the plug, and theFig. 1. The bottom of the potential can be approximated
effective energy shifts due to the rf. At the point whereas a three-dimensional anisotropic harmonic oscillator po-
atoms are in resonance with the rf, the trapped stateential with frequencies:uf, = uB'/(2mx¢), w? = 3wf,,

undergoes an avoided crossing with the untrapped states? — wf,[(4x§/w§) — 1], wherep is the atom’s magnetic
(corresponding to a spin flip), and the trapping potentiainoment,m the massB’ the axial field gradienty, the
bends over. As a result, the height of the potential barrietsayussian beam waist parametefd? radius) of the opti-
varies linearly with the rf frequency. The total potential is ca plug, andk, the distance of the potential minimum from
depicted in Fig. 1. Over 7 s, the rf frequency was swepthe trap center.x, was directly measured to be 56m by
from 30 MHz to the final value around 1 MHz, while the |mag|ng the trapped CIOUd/\/() (30 Mm) was determined
field gradient was first increased to 55¢¢n (to enhance  from yx,, the laser power (3.5 W), and’ (180 G/cm).
the initial elastic-collision rate) and then lowered to 180with these values the oscillation frequencies are 235, 410,
G/cm (to avoid the losses due to inelastic processes at thgnd 745 Hz in the, z, andx directions, respectively.
final high densities). When the final rf frequency,; was lowered below
Temperature and total number of atoms were deterg,7 MHz, a distinctive change in the symmetry of the
mined using absorption imaging. The atom cloud wasye|ocity distribution was observed [Figs. 2(a) and 2(b)].
imaged either while it was trapped or following a sud- Ahove this frequency the distribution was perfectly spher-
den switch-off of the trap and a delay time of 6 ms.jca| as expected for a thermal uncondensed cloud [14]. Be-
Such time-of-flight images displayed the velocity dis-|ow the critical frequency, the velocity distribution con-
tribution of the trapped cloud. For probing, the atomstained an elliptical core which increased in intensity when
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FIG. 2 (color). Two-dimensional probe absorption images,
after 6 ms time of flight, showing evidence for BEC. (a) is
o the velocity distribution of a cloud cooled to just above the
x () transition point, (b) just after the condensate appeared, and
(c) after further evaporative cooling has left an almost pure
FIG. 1. Adiabatic potential due to the magnetic quadrupolecondensate. (b) shows the difference between the isotropic
field, the optical plug, and the rf. This cut of the three- thermal distribution and an elliptical core attributed to the
dimensional potential is orthogonal to the propagation directiorexpansion of a dense condensate. The width of the images
(v) of the blue-detuned laser. The symmetry axis of theis 870 um. Gravitational acceleration during the probe delay
quadrupole field is the axis. displaces the cloud by only 0.2 mm along thaxis.
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the rf was further swept down, whereas the spherical cloudubic thermal de Broglie wavelength exceeds 2.612 at the
became less intense. We interpret the elliptical cloud abottom of the potential [2]. For a harmonic oscillator po-
due to the Bose condensate, and the spherical cloud as digntial this is equivalent ty, = 1.202(kBT)3/h3wxwywZ

to the normal fraction. [16]. For our trap and 2.uK, N, = 2 X (1.2 X 10°),

In the region just below the transition frequency onewhere the factor of 2 accounts for the two separated clouds.
expects a bimodal velocity distribution: a broad distribu-The predicted value faN. depends on the sixth power of
tion due to the normal gas and a narrow distribution dughe width of a time-of-flight image and is only accurate
to the condensate. The cross sections of the time-of-flightt within a factor of 3. We determined the number of
images (Fig. 3) indeed show such bimodal distributionsatoms by integrating over the absorption image. At the
in this region. Figure 4 shows how suddenly the time-transition point, the measured number7ok 10° agrees
of-flight image changes below,; = 0.7 MHz. The ef-  with the prediction forN.. The critical peak density.
fective area of the observed cloud becomes very smatt 2.0 uK is 1.5 X 10'* cm™3. Such a high density ap-
[Fig. 4(a)], while the velocity distribution is no longer pears to be out of reach for laser cooling, and demonstrates
Gaussian [Fig. 4(b)] and requires different widths for thethat evaporative cooling is a powerful technique to obtain
condensate and the normal fraction [Fig. 4(c)]. not only ultralow temperatures, but also extremely high

At the critical frequency, a temperature & = 0.5)  densities.

K was derived from the time-of-flight image. Aninde- An ideal Bose condensate shows a macroscopic popu-
pendent, though less accurate estimate of the tempef@aturdation of the ground state of the trapping potential. This
is obtained from the dynamics of evaporative cooling. Ef-picture is modified for a weakly interacting Bose gas. The
ficient evaporation leads to a temperature which is about 1Mean-field interaction energy is given by/, wheren is
times smaller than the depth of the trapping potential [15]the density andJ is proportional to the scattering length
Since the speed of evaporation depends exponentially an U = 47 h*a/m [2]. Using our recent experimental
the ratio of potential depth to temperature, we expect thisesult a = 4.9 nm [9], U/kz = 1.3 X 107! Kcm?.
estimate of7 = 2 uK to be accurate to within a factor At the transition point, n.U/kzT, = 0.10. Conse-

of 2. quently, above the transition point, the kinetic energy

The critical number of atom&/, to achieve BEC is de- dominates over the interaction energy, and the velocity
termined by the condition that the number of atoms per
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0.53 MHz

0.51 Rf Frequency (MHz)
0.46 MH FIG. 4. Further evidence for a phase transition is provided
0 -,' - i ) 1 by the sudden change of observed quantities as the final rf
0.0 05 1.0 frequencyr,; is varied. (a) Area of the cloud in the time-of-
Position (mm) flight image versusy;. The area was obtained as the ratio

of the integrated optical density and the peak optical density.
FIG. 3. Optical density as a function of position along the The area changes suddenly at = 0.7 MHz. Below the
axis for progressively lower values of the final rf frequency. same frequency, the velocity distributions (Fig. 3) cannot be
These are vertical cuts through time-of-flight images like thosaepresented by a single Gaussian, as demonstrated by’the
in Fig. 2. Forv < 0.7 MHz, they show the bimodal velocity for a single Gaussian fit (b), and required different widths for
distributions characteristic of the coexistence of a condensethe condensate (full circles) and noncondensate fraction (c). In
and uncondensed fraction. The top four plots have been offsé€g) and (c) the lines reflect the behavior of a classical gas with
vertically for clarity. a temperature proportional to the trap depth.

3971



VOLUME 75, NUMBER 22 PHYSICAL REVIEW LETTERS 27 NVEMBER 1995

distribution after sudden switch-off of the trap is isotropic. titatively for the observed distributions because we have
For the condensate, however, the situation is reversetivo separated condensates which overlap in the time-of-
As we will confirm below, the kinetic energy of the flight images, and also because of some residual horizon-
condensate is negligible compared to its interactiortal acceleration due to the switch-off of the trap, which is
energy [17]. Furthermore, well below the transition negligible for the thermal cloud, but not for the conden-
point, the interaction with the noncondensate fractiorsate [20].

can be neglected. In such a situation, the solution The lifetime of the condensate was about 1 s. This
of the nonlinear Schrddinger equation reveals that théifetime is probably determined either by three-body
condensate density(r) is a mirror image of the trapping recombination [21] or by the heating rate of 300 s
potential V(r): no(r) = no(0) — V(r)/U, as long as this which was observed for a thermal cloud just abdye
expression is positive, otherwisgy(r) vanishes (see, This heating rate is much higher than the estimated
e.g., Refs. [5,18]). For a harmonic potential, one obtain8 nK/s for the off-resonant scattering of green light and
the peak density:y(0) for Ny atoms in the condensate may be due to residual beam jitter of the optical plug.
n9(0) = 0.118(Nom> w, w, w, /F>a>?)*>. In conclusion, we were able to Bose-condefise 10°

Typically, we could cool one-fourth of the atoms at the sodium atoms within a total loading and cooling cycle
transition point into a pure condensate. For an observedf 9 s. During evaporative cooling, the elastic collision
No = 1.5 X 10°, we expect the condensate to be 2 timesate increased from 30 Hz to 2 kHz resulting in a mean
more dense than the thermal cloud at the transition poinfree path comparable to the dimensions of the sample.
and about 6 times larger than the ground-state wav8&uch collisionally dense samples are the prerequisite for
function. The kinetic energy within the condensate isstudying various transport processes in dense ultracold
~ h%/(2mR?*), where R is the size of the condensate matter. Furthermore, we have reached densities in excess
[18], while the internal energy i€noU/7. Thus the of 10'* cm™3, which opens up new possibilities for
kinetic energy of the condensed atoms is around 1 nKstudying decay processes like dipolar relaxation and three-
much less than the zero-point energy of our trap (3%ody recombination, and for studying a weakly interacting
nK) and the calculated internal energy of 120 nK. ThisBose gas over a broad range of densities and therefore
estimate is consistent with our initial assumption that thestrengths of interaction.
kinetic energy can be neglected compared to the interaction We are grateful to E. Huang and C. Sestok for im-
energy. portant experimental contributions, to M. Raizen for the

The internal energy is- 25 times smaller than the loan of a beam pointing stabilizer, and to D. Kleppner for
thermal energy3/2)kgT. atT.. Consequently, the width helpful discussions. We are particularly grateful to D. E.
of the time-of-flight image of the condensate is expectedPritchard, who not only contributed many seminal ideas
to be about 5 times smaller than at the transition pointto the field of cold atoms, but provided major inspira-
This is close to the observed reduction in the widthtion and equipment to W. K. This work was supported by
shown in Fig. 4(c). This agreement might be fortuitousONR, NSF, JSEP, and the Sloan Foundation. M.-O. M.,
because we have so far neglected the anisotropy of the. B.D., and D. M. K. would like to acknowledge support
expansion, but it indicates that we have observed th&om Studienstiftung des Deutschen Volkes, MIT Physics
correct magnitude of changes which are predicted to occubepartment Lester Wolfe fellowship, and NSF Gradu-
at the BEC transition of a weakly interacting gas. Inate Research Fellowship, respectively, and N. J.v. D. from
several cooling cycles, as many &sx 10° condensed “Nederlandse Organisatie voor Wetenschappelijk Onder-
atoms were observed; we estimate the number density oek (NWO)” and NACEE (Fulbright fellowship).
these condensates to #ex 10'* cm™3.
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