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Spatial observation of Bose-Einstein condensation 6f'Rb in a confining potential
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Bose-Einstein condensation ¥Rb has been observed in a vapor cell time-averaged orbiting potential trap,
and the trapped condensates have been studied imsisigy absorption and dark-ground imaging methods.
Condensates of 810" atoms were observed after 26 s of evaporative cooling. The evaporative cooling
sequence consisted of a combination of cooling with ramping magnetic-field strengths and radio-frequency-
induced cooling. The measured sizes, numbers of atoms, and transition temperatures of the condensates are
consistent with theoretical predictions that include the effects of atomic interadi®350-2947®9)50502-7

PACS numbe(s): 03.75.Fi, 05.30.Jp, 32.80.Pj

The ground-breaking studies of Bose-Einstein condensedtainless-steel chamber with indium metal seals. The
dilute atomic vapors have enabled new tests of theory folO cmx10cmX2.5cm main chamber was mounted between
weakly interacting degenerate Bose gakks3|. Important  a pair of anti-Helmholtz coils oriented with their symmetry
examples of such tests include measurements of condensais parallel to gravity. The coils were capable of producing
fraction and the mean-field interaction enefdy5]. In pre-  a spherical quadrupole magnetic field with linear gradients of
vious experiments, these studies have been based on momé&#®0 G/cm(in the radial, or horizontal, directigrat full cur-
tum distribution measurements that are extracted from imfent. Four additional coils were used to create the rotating
ages of initially condensed samples following an interval ofbias field of the TOP trap. The bias field rotated at a fre-
free-space ballistic expansion. We present complementag§uency of 10.5 kHz in the horizontal plane and could be
measurements of these quantities based on analysis of diredried in strength up to 36 G.
images of%’Rb condensates, made in a regime where the Atoms were initially collected from the background vapor
number of condensed atoms was small enough that the kinto a MOT. Each of the MOT laser beams had e’ Xiam-
netic energy of the trapped atoms could not be ignored irgter of ~1.2cm, an intensity of~10l¢,;, and was tuned 9

comparison with the mean-field interaction energy. MHz to the red of the®?’Rb 5S,,, F=2 to 5Pg,, F'=3
Our experimental approach for condensate productiofiransition (s, iS the saturation intensity for the=2, m;
paralleled that of the first JILA experimefit]. Atoms were =2 to F'=3, m;=3 transition. Another laser beam of in-

initially captured from a dilute Rb vapor into a magneto- tensityl,;, tuned~5 MHz below theF=1 to F' =2 tran-
optic trap(MOT) [6] operating in a modified dark-spot con- sition, was used to repump atoms. A 4-mm-diam dark spot in
figuration [7,8]. Atoms were subsequently compres§8d  the center of this beam, filled with a second beam tuned to
and cooled, optically pumped into the=2, m;=2 ground the F=2 to F'=2 ftransition, was used to mitigate
state, then loaded into a purely magnetic time-averaged or-

biting potential(TOP) trap [10]. Atoms were further com- Rb cold finger
pressed by changing the TOP field parameters, and then Vive&_
evaporatively cooled11] to condensation. The condensate Sublimation Ton
and thermal cloud were imaged using absorptive and dark- purip pump
ground[12] techniques. \ ] /
Our approach deviated from prior work in the following D camera AME”HK quarterwave

respects. First, the bulk of the evaporation was done by re-
ducing the strength of the rotating component of the TOP

plate

calm

3 \:\\l )
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magnetic field, while maintaining a fixed quadrupole field () EOAN —n— polarizer
gradient, rather than by radio-frequenf)-induced evapo- -"
ration. Second, we carefully tailored the evaporation se-

guence through a piecewise optimization of evaporation pa-
rameters. This allowed us to obtain efficient evaporation Wiﬂ}he

relatively small numbers of atoms. Third, we directly Image{jThe straight lines overlapping the octagon represent the TOP coils

the trap with anf/2.5 optical system through high-quality that surround the chamber, and the smaller circles represent the rf

optical viewports. Finally, we achieved a performance en'evaporation coils. The four dark arrows represent the four MOT

hancement during the MOT loading period by capturing atheams that lie in the horizontal plane. The beam paths of the probe
oms in a hybrid trap consisting of a MOT plus a weak rotat-heam(dark lineg and the light diffracted and refracted by the atoms
ing magnetic bias field. (shaded argaare also shown. The lens at positith collects the

An illustration of our apparatus is shown in Fig. 1. A Rb djffracted and refracted light, which is imaged onto the CCD by the
partial pressure was maintained in the main vacuum chambesns at position3). Position(2) indicates the focus of the unscat-
with a Rb-coated cold finger. Antireflection-coated opticaltered probe light, which is the position of the dark-ground imaging
viewports, used to admit laser light, were attached to théeam block.

FIG. 1. Schematic view of the experimental apparatus, showing
vacuum chambefoctagon and imaging opticgnot to scalg
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light-assisted, density-dependent collisional losses. These  TOP field strength number of atoms  elastic collision rate

losses were further reduced by loading the MOT with a weak 40 © (107 1000 &)

(~5 G) rotating field componentcreated using the TOP \\ .

coils described aboyein addition to a quadrupole field gra- 20 N 10 o 100 o

dient of 5 G/cm, lowering the atomic density in the central 0 i W 10u e {°

region of the trap. Operating at a vapor-pressure-limited 1/ ol (3)20 o o (5)20 o o (5)20

loading time constant of-90s, we typically loaded-10° . .

atoms in a~150-s interval. atz’l“(;lﬁ ‘ien’ll,il)ty te‘gg?;‘a;’;e l”glo(‘(’igfl:fface
Following this loading stage, atoms were compressed, 1009 7 100 -1 L

then cooled, before being transferred into a purely magnetic 190 R :§

trap. To compress atoms, the rotating bias field was turned 1!° F 10 -4 .

off, the hole in the center of the repumping beam was filed 1 = ] 1 ° :2.,—F

with repumping light tuned to thE=1 to F’' =2 transition, 0 t},?,e (3)20 0 t}r?le (5)20 0 til,?,e (5)20

the trapping frequency was detuned to 42 MHz below reso- _ o _

nance, and the strength of the spherical quadrupole field was FIG. 2. Evaporation characteristics vs time for the TOP evapo-

ramped to~8 G/cm. After this 100-ms compression stage rative cooling ramp. The horizontal axes indicate the time of a

the quadrupole field was turned off and the atoms Wer’éneasurement, referenced to the beginning of the TOP field evapo-

. . ration ramp.
cooled in optical molasses for 1 ms. The molasses beani& P

were then extinguished, and the atoms were opticallyyy js llustrated in Fig. 1. Atoms were irradiated with up to
pumped into the==2, m;=2 Zeeman sublevel by turning fq,r puises of low-intensity € 10 3., light resonant(or
on a~7 G rotating bias field and subjecting the atoms to fiveneaﬂy resonantwith the optical transition. Each 16s, cir-
resonant, circularly polarized, optical pulses of intensity cylarly polarized, pulse was flashed on synchronously with
=0.1ls,, each pulse having a 1@s duration. The pulses the TOP field when the TOP field direction was parallel with
were synchronized with the rotation rate of the field, andihe probe propagation axis. The shadow cast by absorption
occurred when the bias field direction was collinear with thefrom the atomic C|oud was imaged onto a Coo|ed Charge_
propagation direction of the pumping beam. coupled-devicéd CCD) camera. The magnification of our im-
The optically pumped atoms were then transferred intoging system was 7460.3. The calculated diffraction-
the TOP trap. At the end of the optical pumping cycle, thejimited resolution was~2.6um (1l radiug, while the
spherical quadrupole field was snapped onto a radial gradiepheasured resolution was 2®.3um. This measurement
of Bg=55G/cm, while the TOP field was simultaneously was maden situ by imaging small ensembles of atoms in
established at a strength &,,=10G (500us switching tight trapping potentials, and independently by imaging test
time for each fielgd The field strengths were then linearly targets.
ramped over a 900-ms interval ®;,=275G/cm andB, The intensity in the image plane is proportional to 1
=36 G. The number of atoms in the magnetic trap at this—exd —a(x,y)], where a(x,y)=/n(r)adz is the optical
point was~ 10" and the phase-space density of the clouddepth of the atom cloudy(r) is the cloud density at position
was ~2x 10 © [13]. The parameters used for the transferr, ando is the optical scattering cross section. We analyzed
were optimized to maximize the phase-space density of théhe images by first extracting(x,y) from the images, then
magnetically trapped atoms. fitting a(X,y) to a Gaussian distribution. Cloud temperatures
Atoms were compressed and evaporatively cooled aftefiere extracted from the fitted widths ef(x,y), and densi-
being loaded into the TOP trap by reducing the strength ofies inferred from optical depths and widths. The total atom
the rotating field. For a TOP trap, the trap curvature isnumber was obtained from the density and size measure-
ocB(’f/Bmt, so reduction irB,,, increases the trap curvature, ments. For the highest phase-space densities, the trapping
and hence compresses atoms. The trap depth, on the othmstential was first adiabatically relaxed to ensure that the
hand, scales aB,,;, and thus decreases with decreasingpeak optical depth was on the order of unity. The phase-
B,o:- The combination of these two effects enables efficienspace density in the unrelaxed potential was inferred by scal-
evaporative cooling by reducirig,;, since the compression ing from those obtained in the relaxed potentids].
realized with reduction in trap depth enhances the two- The final stage of evaporative cooling was accomplished
particle collision rate and speeds up the ensemble thermalwith rf magnetic fields, enabling precise control of the en-
zation rate. ergy of this evaporative cut. The rf field was established
The rotating TOP field strength was ramped down in mul-using two coils mounted just outside the chamber against
tiple stages. The duration and changeBig; for each seg- two windows. The rf frequency was linearly ramped down in
ment of the TOP ramp were optimized for maximum phasea 2-s cooling interval. The final temperature depended on the
space density increadfig. 2. We measured phase-spacerf frequency at the end of the ramp.
density using standard absorptive imaging techniques, as de- The threshold rf frequency for condensate formation de-
scribed below. Over the course of the 24-s TOP-inducegbended orB,,; and the number of atoms in the trap, and was
evaporation sequence, the loss in number of atoms was raeasured by changing the final frequency of the sWé&ép
factor of ~100, while the phase-space density increasedn order to obtain reliable images of the condenngewas
nearly six orders of magnitude to 10 * [14]. adiabatically relaxed following this rf sweep. This reduced
The density and temperature of the trapped atoms werthe optical depth of the cloud and increased its size. We
determined through absorption imaging. Our imaging geomtypically reduced the trap-spring constants by a factor éf 10
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FIG. 3. Absorption images and corresponding optical-densitycircles represent data taken with absorption imaging at a trap
cross sections showing the BEC phase transition. Three differerfitrength ofw, =2x8 rad/s, the open circles represent data taken
final rf values of the rf evaporative cooling ramp are representedWith absorption imaging at a trap strength @f =27 x 13 rad/s,

(a) a frequency of 1.80 MHz, which was just above the condensa@nd the triangles represent data taken with dispersive dark-ground
tion threshold;(b) 1.75 MHz, which was just below the threshold; imaging at a trap strength @b, =2mX13rad/s. Each data point
and (c) 1.68 MHz, which was far enough below the threshold to represents a single image. The shot-to-shot variance of the total
produce a nearly pure condensdtermal fraction is not resolv- NnumberN was approximately 30%. The solid curve is the expected
able. In (a), a single Gaussian distribution fits the data well. For behavior of the condensate fraction with the temperature in the

(b), the fit of a Gaussian distribution to the wings of the normal Semi-ideal gas limitsee Ref[19]), and is not a fit to the data. The
fraction is shown. dashed curve illustrates the expected behavior of a noninteracting

gas.

over a 0.4-s interval. The elastic collision rates were high
enough that the condensate was expected to maintain thewhere  is the geometric mean of the trap oscillation fre-
modynamic equilibrium with the normal fraction over the quencieg18]. A more refined theory that includes the effects
duration of this expansion. of weak interactions is given in Rdf19]. These theories are
Figure 3 shows images above and below the condensatiatompared with our data in Fig. 4, which showg/N vs
threshold. The images were analyzed by fitting two two-T/T, for three data sets. The first and second sets were taken
dimensional Gaussian distributions dgx,y). These Gauss- using absorptive imaging, while the third set was taken using
ians fit a wide distribution, corresponding to the normual-  the dark-ground imaging technique. The trap strength
condensepifraction at the wings of the observed atom cloud, characterized by the radial oscillation frequensy) was
and a narrow distribution, corresponding to condensed atoméL —27x 8 rad/s for the first set, and, = 2 X 13 rad/s for
at the center of the atom cloud. We extracted the optica{he second and third sef0]. In this analysisNy/N, To,

d?ﬁ:h alnd dS|fze fotrhboth f.tthe Vr:/orrtT]al and cort1d§rtﬁed fractio ndT were extracted directly from the imagg&l]. In order
ot the cloud from these 1I1s. We then corrected the measureg, ;g potential systematic biases in the absorption data,

widths for the finite resolution of our imaging system. The ; L
) ; we captured these images at several probe detuftiagging
temperature T) was determined from the size of the normal from — 50 MHZ o — 10 MH2).

cloud. The number of atoms in the condensatg)(and in ) o
the normal fraction were inferred from the optical depth and. we charactenz_ed the streng@h of the me an-field interac-
size of each component. The total number of atohi\yas tion [22] through direct observation of the size and shape of

determined by summing the number in each component. the conde_nsgte. In the_Thomas—Fermi Iimit., where the con-

As an independent check on our imaging we also obdensate kinetic energy is small compared with the mean-ﬁeld
served the transition using the dispersive dark-ground imagenergy, the condensate aspect ratio ¥ &nd the density
ing techr“qud:lz] In this case, the image forms as a resu|tpr0ﬁ|e is parabO"C. For smaller numbers of atoms, where
of the lensing of the light as it refracts on its passage througkinetic energy is no longer negligible, a variational solution
the atomic cloud. The image is observed by blocking theof the nonlinear Schitinger equation can be used to predict
nonrefracted beam at its focus in the imaging system, athe size and shape of the condensed cloud. A simple varia-
described in Ref{17]. For this imaging technique, the opti- tional ansatz for the ground state is a Gaussian wave function
cal intensity at the image plane is proportional#é(x,y), [22]. With this assumption, one finds that the aspect ratio
where ¢(x,y) is the dispersive phase shift for a ray thatvaries continuously between that of a harmonic-oscillator
passes through the cloud at transverse positiog)( This  ground state, 8, and the Thomas-Fermi value ot'8as the
expression is strictly valid fogp(x,y)<<1 in the far-detuned number of atoms increases. For the data shown in K. 3
limit. For the conditions of our images, the maximum valuesthe observed condensate aspect ratio ist®.3, signifi-
for ¢ approach 1 rad. We analyzed these images by fittingantly less than the Thomas-Fermi prediction of 2.82. The
Gaussians tap(x,y), then extracted temperature, number,error is dominated by uncertainty in the resolution of the
and condensate fraction as described above. imaging system. With a measured valueNg~ 3+ 1x 10

For a noninteracting Bose gas in the thermodynamic limitatoms and», =27 X 13 rad/s, the aspect ratio predicted by a
(N—ox), the condensate fraction ilg/N=1—(T/Ty)?, variational calculation using a Gaussian trial function is 2.7,
with a transition temperature okgTo=Aw[N/{(3)]Y?, 17% larger than the observed value. The predicted radial size
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of 7.8 um is slightly less than our observed radial size of In conclusion, we have demonstrated Bose-Einstein con-
9.2+ 0.6um. Note that the observed shift in the aspect ratiodensation of’Rb and have shown that direct imaging tech-
between the condensed and normal cloud is an independemiques can be used to obtain quantitative comparisons with
signature of condensation, analogous to the anisotropic maheory for relativity small numbers of atoms. We expect fur-
mentum distributions observed in the initial BOSG-EinSteinther study of finite systems to pro\/ide crucial insights into
condensation(BEC) studies. For comparison, the normal the role of quantum fluctuations in the formation of the con-
fraction aspect ratios of the images shown in Figs) 83nd  gensate.

3(b) are ~2.8. (The expected normal fraction aspect ratio,

determined by the trap equipotential surfaces,4 8 This work was supported by the NSF and the ONR.
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