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Bose-Einstein condensation of large numbers of atoms
in a magnetic time-averaged orbiting potential trap
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We have observed Bose-Einstein condensation of large numbéfRinfatoms in a magnetic time-averaged
orbiting potential(TOP) trap. Over 1.5 10° atoms are captured in the trap and evaporatively cooled to
produce condensates containing up te 20° atoms. We discuss special considerations relating to the pro-
duction of large Bose-Einstein condensates in a TOP trap, and present measurements of the condensate fraction
for this case[S1050-294{®8)50806-3

PACS numbes): 03.75.Fi, 05.30.Jp, 32.80.P]

Bose-Einstein condensatidBEC) of a dilute atomic gas small  displacements, with trap frequenciesw,
has recently been achieved in rubididtr4], lithium [5], :(,LLB(;Z/Zme)lIZ and w,= 8w, , Wherem is the mass of
and sodium[6—8]. This development provides us with an the atom andu its magnetic moment. If 4 is sufficiently
unprecedented opportunity to study nearly ideal Bosefarge, the Majorana losses are suppressed because the orbit-
condensed gases. One of the most exciting possibilities igg field zero lies well outside the atomic cloud.
that processes related to BEC will allow us to produce a Majorana losses at the orbiting field zero can make it
coherent matter wave source, or “atom las¢g]. In order somewhat difficult to produce a large condensate in a TOP
to realize BEC, atoms are first laser-cooled, then transferreiap. In order to initiate evaporative cooling, the elastic col-
into a magnetic trap, and then further cooled by evaporatiofision rate of the atoms must be large. This is usually
[10]. During evaporative cooling, the hottest atoms are selecachieved in part with an adiabatic compression of the atomic
tively ejected from the trap, and the remaining atoms retherde€nsity by the magnetic trapping potential. In order to com-
malize at successively lower temperatures due to elastic coR'eSs the cloud in a TOP trap, we must increBgeor de-
lisions. This method requires strong magnetic forces in ordef¢a>¢ ?’1b/2 Unfortunately, this also decreases,/ro
to achieve sufficient atomic density and collision rate. A~ Bb 7Bq " wherer, is the rms radius of the trapped atom
spherical quadrupole magnetic field provides the tightes@lOUd- A Iqrge cloud WI||. tend to have a modest |n!tlal value
confinement for a given magnetic coil current and size. How©f fa/ro, since the maximum value af; is constrained by
ever, this configuration cannot produce a BEC because atonj3€ available field strengths and by the need to produce a
are lost from the trap due to Majorana spin-flip transitions afield curvature sufficient to capture the cloud of atoms. In
the field zero in the trap centgt1,12. Three field configu-
rations have been successful: a quadrupole magnetic trap in
which atoms are prevented from reaching the field zero by
the optical dipole force of a focused laser bed#i the loffe-
Pritchard trap, which lacks the field z€f®,3,5,7,8, and the
time-averaged orbiting potenti&rOP) trap[1,4]. The TOP
trap was the first to successfully produce BEG it has the
advantage that it can provide relatively strong confinement
with modest trap asymmetry at the same time. However,
previous experiments with this trap have produced only rela-
tively small condensates containing at most about 5000 at-
oms [13,14. In this Rapid Communication, we report the
production of a BEC of’Rb atoms in a TOP trap containing
up to 2x10° atoms, about 40 times as many atoms as has 108 ! - - —
been reported previousf{t3,14. This result extends the use- 10* 10° 10° 107 10° 10° 10"
fulness of the TOP trap as a source of Bose-condensed atoms Number of atoms N
[15]. We also report measurements of the condensate frac- o ) )
tion for our experimental conditions, and find good agree- FIG- 1. Phase-space density, in units of the phase-space density
ment with ideal-gas theory. at the BEC transition point, vs atom number at different stages after

; i : e TOP trap loading. Solid line, initiaB,=30 G; dashed line,
The TOR t_rap C,onASIStS 9f the superpogltlon_of a_Sphencaltfr:itial B,=20 G. The stages indicated are dark molasses cooling
quadrupole flel_qu(rr—Zzz) "’_md a r°tat'”9 bias f'e_ld of (open circlg, optimized TOP trap loading¢friangleg, compression
constant magnitudBy, [11]. It displaces the field zero into a gpq evaporation by increasinB;, (diamonds, evaporation and
circular orbit of radiusrd=Bb/B[]. For a sufficiently fast compression by decreasir®y, (squarel and rf-induced evapora-
rotation, the atoms respond only to the time-averaged potenion (filled circles. (For the optical molasses point, we neglect the
tial. This potential is axially symmetric and harmonic for lack of atomic spin polarization in calculating phase-space depsity.
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FIG. 2. (colon (a),(c),(e) 360 umx360 um

- ' ! false-color absorption images of evaporatively
> {d} cooled clouds released from the TOP trap after a
‘% 156 H free expansion time of 18 msa) Temperature
g just aboveT . ; (c) temperature just belo, ; (e)
=g o temperature further beloW, . The vertical direc-
5 tion is aligned with the symmetry axis of the TOP
trap. (b), (d), (f) One-dimensional cuts through
8’ 05 = the center of the clouds, showing optical density
vs horizontal displacement, for the imagés,
0 (c), and (e), respectively. BelowT, the clouds
0 120 240 360 show a double-peaked structure corresponding to

a broad, symmetric thermal distribution, and a
narrow, asymmetric condensate peak.
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this case, as the TOP trap is compressed the orbiting fieltb force the atoms into the loweF&1) 8Rb hyperfine
zero may cut into the cloud and produce Majorana lossestate[19]. At this stage, we typically trap:810° atoms at a
before significant compression has occurred. Therefore, idensity of 5< 10 cm3. We then lower the temperature to
order to produce a large BEC in a TOP trap, the density mus0 xK with 5 ms of dark molasses cooling, obtained by
be high enough to evaporatively cool without substantialdetuning the trapping lasers te 50 MHz, lowering their
compression, or the trapping fields must be very large. Wentensity to 3 mwW/crf, turning off the depopulator, leaving
have succeeded with the former approach, evaporativelye repumpers with dark spots on, and turning the gradient
cooling a cloud of>10° atoms in a TOP trap witB;<200  magnetic field off. We find that this large detuning is essen-
G/cm, andB,=<30 G. Substantial magnetic compression oftjg| for good cooling. Following this, we optically pump the
the cloud without Majorana losses would be possible onlyyioms into the upper(=2) hyperfine state. Finally, we turn

with mlIJchdIarf?er fict)alds than thics.” g I off all the laser beams and suddenly switch the TOP trap on
we ga the TOP trap as follows. We produce a slow;, g1 _gg G/cm,B,=30 G, and a bias field rotation fre-
atomic °‘Rb beam with a velocity of 30 m/s using an in- q

H 9
creasing field §~) Zeeman slowef16]. Atoms from the quency of 7.65 kHz. At this stage, we trap 0" atoms

slow beam are captured by a bright magneto-optical traqx\”th a ten_1perature of 7QuK anc_i a peak density of 1.5
(MOT) [17] formed by six 3.5-cm-diam laser beams with an x10™ cm™?. The rms cloud radius,=0.173 cm, whereas
intensity of 6 mW/cr and detuning of- 15 MHz, and an rq=0.46 cm anc_td/r0=2.7. The lifetime of the magnetically
axial magnetic field gradient of 15 G/cm. After loading the trapped atoms is 170 s.

MOT for 15 s, we switch to a forced dark MOT for 300 ms  Following the loading of the TOP trap, we compress the
in order to compress the atoms. This trap has a 1-cm-diardtomic cloud by first adiabatically ramping, up to 200
dark spot in the MOT repumping beaf8], and a 2-mm- G/cm in 8 s, and then rampirig, down b 8 G in 14 s. Due
diam, 2-mW/cri intensity “depopulator” laser beam tuned to the small initial value of 4/r,, we do not obtain a large
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adiabatic compression without Majorana losses. However, in >

our case the initial trap-averaged elastic collision rate is ;u 1

about 8 s1, where the elastic cross section=8a?, with c

a=10%, [20]. Because of this, the Majorana losses simply %

result in evaporative cooling, since they occur at the outer g

edge of the cloud where the energy per atom is large, and 2 o5

since the elastic collision rate is large enough to rethermalize §

the cloud as the compression proceeds. After the compres- S

sion we typically have %10’ atoms at a temperature 15 5

uK, and peak density 810" cm™3, with calculated trap ° s

frequencies @, ,w,) =27 X (64 Hz, 181 H1. We then fur- 0 05 1 1.5

ther cool the atoms with rf-induced evaporatipt0—12, Reduced Temperature T/T_
ramping the frequency from 10.2 MHz to a final frequency
Viinal IN 25 s. The final frequency determines the final tem- FIG. 3. Condensate fractidN. /N as a function of the reduced
perature of the atoms. temperaturel /T, whereT, is the theoretical critical temperature
The phase-space densities obtained in these experimerif§ a noninteracting, trapped Bose gas in the thermodynamic limit.
are shown in the solid line of Fig. 1, as a function of the Each data point is an average of several measurements. The solid
number of atoms in the trap. We determine the number, derl"€ is the C“r"eNc/Nzl_(z/XTpc);- The dashed line shows the
sity, and temperature of the atoms with a combination oibgfg;f't curveNo/N=1—(T/Tg*?)?, where the best-it value is
laser-induced fluorescence and absorption time-of-flight imfc —0.96=0.15T.
aging. We find that once the evaporative cooling has been
initiated, we gain approximately 2.2 orders of magnitude indistribution of the cloud is isotropic, as shown in FigaR
phase-space density for each order-of-magnitude loss idust below the transition point, a narrow peak due to the
atom number. This allows us to reach the BEC transitioncondensate appears in the center of the distribution, as shown
point with 1.5 x 1P trapped atoms. The efficiency is about in Figs. 2c) and 2d). The narrow peak is elliptical because
the same for the Majorana loss-induced evaporation as fahe condensate retains the asymmetry of the trap. A series of
the rf-induced evaporation. This efficiency is slightly lower images of this narrow peak shows that its ellipticity reverses
than that obtained in loffe-Pritchard trapg2]; this may be in time, with the narrow axis along the TOP trap symmetry
due to the fact that the evaporation in the TOP trap is ofxis at early times. This occurs because of the greater repul-
lower dimension than in a loffe-Pritchard trfp0]. We also  sive forces associated with the condensate self-energy along
tried rf-induced evaporation simultaneously with thethe more strongly confinindaxial) direction in the trap
Majorana-induced evaporation, and found that the efficiency7,21]. At lower vs;,, , the narrow condensate peak becomes
was unchanged. In our first experiments, we also tried tanore pronounced relative to the broad thermal background,
obtain efficient evaporation with a maximum value Bf  as shown in Figs. @) and 2f), and at still lowervy;,5 we
=20 G. Our best results for this case are shown in the dashezbserve clouds with no obvious thermal pedestal.
line of Fig. 1. WithB,=20 G, we were not able to avoid a In order to analyze these data, we fit each image to the
substantial loss of atoms during the initial stages of the tragsum of a broad symmetric Gaussian and a narrow asymmet-
loading and compression, although we did obtain efficientic Gaussian. We extract the total atom numbefrom the
evaporative cooling during the latter stages. integrated total optical density to an accuracy of about 20%;
In order to study the atomic cloud near the BEC transitionthis number agrees with the number estimated from a cali-
point, we use time-of-flight absorption imaging. At the endbrated laser-induced fluorescence measurement. We also ob-
of the rf ramp, we adiabatically reduce the quadrupole fieldain the number of atoms in the condensatg from the
gradient by a factor of 5 in 2 s, so that the final trappingintegrated optical density of the fitted narrow Gaussian. We
frequencies ared, ,w,) =27 X (11.7 Hz, 33.1 Hras deter- obtain the temperatur€ of the atoms from the width of the
mined by a direct measurement of trap oscillations. Finallyproad Gaussian to an accuracy of 15%, limited by uncertain-
we suddenly switch the trap off, and the cold-atom cloudties in the magnification of the absorption image, and pos-
expands for a time. We image the expanded cloud by illu- sible errors resulting from a departure of the fitting function
minating it with a pulsed laser beam with a b8-duration, relative to the true cloud shapa3].
+9.5-MHz detuning, and 0.4 mW/cnintensity. The shadow The results of the analysis of the data with,,, between
cast by the cloud onto the laser beam is imaged onto &.8 and 6.25 MHz are shown in Fig. 3. In the figure, we plot
charge-coupled-device camera. We convert these absorptithe condensate fractioN./N, as a function of the reduced
images into a two-dimensional plot of the optical density oftemperaturel/T., whereT, is the theoretical critical tem-
the expanded cloud. Typical false-color plots fo=18 ms  perature for a noninteracting gas in a three-dimensional har-
are shown in Figs. (@), 2(c), and Ze), for v¢;,,=6.55, 6.30, monic trap in the thermodynamic limit, given Hg22]
and 6.25 MHz, respectively. Above the BEC transition point,
the images essentially show the velocity distribution of the .
clouds. The corresponding optical density along a line kT.=%w(N/1.202%%, (€h)
through the cloud center and perpendicular to the trap sym-
metry axis is shown in Figs.(B), 2(d), and Zf). .
The BEC phase transition is observed whep, is low-  wherew is the geometric mean of harmonic trap frequencies.
ered below 6.5 MHz. Above the transition point, the velocity The BEC transition is reached in the compressed trap at a
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temperature near 430 nK, with about X.50° atoms in the In conclusion, we have achieved Bose-Einstein condensa-
trap. When the temperature is beld@, the theoretical con- tion of up to 2x10° 8Rb atoms in a TOP trap. This dem-
densate fraction if22] onstration of relatively large condensates extends the useful-
ness of the TOP trap as a source of Bose-condensed atoms.
Ne/N=1—(T/T¢)?, (2)  Advantages of the TOP trap are that it provides strong con-

finement and modest asymmetry at the same time, and that it
ig; easy to imagine variations of the TOP that reshape the
. . otential or introduce time dependence into it. Therefore the
d_ata thth(Z), but replacingT; by a fit parameteﬂ’ﬁx"t, we ability to produce large condensates in a TOP trap should
find T¢""=(0.96+0.15)T;. Thus, we do not detect any de- prove useful for a variety of future studies of BEC. Possible

parture of the transition temperature from ideal-gas theoryjrections include further studies of multicomponent Bose

within our exper]mental error. Similar results were Previ- condensate$2], precise measurements of condensate ther-
ously obtained with lower atom numbjeird]. Larger conden-  modynamic and optical properties, condensate excitations in-

sate fractions were obtained with still lower rf stopping fre- |,ding possible nonlinear effects, finite-size effects, and co-
quencies, but we could not obtain an accurate fit for théerence properties.

temperature in that case. With an rf stopping frequency of

6.15 MHz, we found that we could produce a Bose-

condensed cloud of as many ax 20° atoms without any We are grateful to Eric Cornell, Carl Wieman, Wolfgang
obvious thermal tail. We also observed Bose-Einstein conKetterle, Mike Matthews, and Dan Kurn for helpful discus-
densation of the=1, mg=—1 state of®’Rb, under very sions. We acknowledge the support of National Science
similar trapping and evaporation conditions, and with similarFoundation, the R.A. Welch Foundation, and the NASA Mi-
numbers of atoms. crogravity Research Division.

which we also show in Fig. 3 as a solid line. We find that the
data are in good agreement with ideal-gas theory. Fitting th
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