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Abstract. Bose—Einstein condensation dfi has been stud- ments we hope to perform in order to further investigate this

ied in a magnetically trapped gas. Many-body quantum thephenomenon.

ory predicts that the occupation number of the condensate

is limited to about1400 atoms because of the effectively

attractive interactions betweéhi atoms. Using a versitle 1 Theory

phase-contrastimaging technique, we experimentally observe

the condensate number to be consistent with this limit. Wénteractions between ultracold bosons may be characterized

discuss our measurements, the current theoretical understamg-a single parameter, the s-wave scattering leadil9]. The

ing of BEC in a gas with attractive interactions, and futuremagnitude ofiindicates the strength of the interaction, while

experiments we hope to perform. the sign determines whether the interactions are effectively

attractive & < 0) or repulsive & > 0). The scattering length

for 7Li is known to be— 1.45+0.04 nm[20, 21]. Only two-

body interactions need be considered for densitigsch that

na® « 1, which is the case for the experimentally achieved

densities oh < 103 cm3.

Bose—Einstein condensation (BEC) has been observed in The effects of attractive interactions on the condensate

magnetically trapped atomic gaseS@Rb[1], ’Li [2,3],and  have been studied using mean-field theory, and neglecting

23Na[4, 5]. Although the condensates are still very dilute gasinelastic collisions [8—17]. In this approximation, the inter-

es, the interactions between atoms can still play a significartction part of the Hamiltonian is replaced by its mean value,

role in determining their physical properties. In the case ofesulting in an interaction energy df= 4h%an/m, wherem

’Li, where the interactions are effectively attractive, they arés the atomic mass [19]. Becauae: 0, U decreases with in-

thought to prevent BEC from occurring at all in a homoge-creasing), making the gas mechanically unstable and causing

neous gas [6, 7]. However, in a system with finite volumethe condensate to collapse upon itself. In a system with finite

such as a trapped gas, BEC is possible, but the number @blume, however, the zero-point kinetic energy of the atoms

atoms in the condensate is limited [8—17]. Fbr in our trap,  provides a stabilizing influence. For a gas at zero temperature,

the predicted limit is about400atoms. the net result of these effects can be determined by solving the
We originally reported evidence for BEC Thi in [2]. In  non-linear Schrédinger equation for the wave function of the

that work, we were not able to observe the condensate deondensate)(r) [22]:

rectly, so that quantitative analysis was difficult. Although we X

were unable to directly measure the number of condensaté h- _,

atoms,Np, a simple initial analysis of the phase-space den _%V +VI+UM _“> ¥ =0 @)

sity suggested thatly might be as high ag0°, which was

considerably greater than expected. We have subsequently téere i is the chemical potential, and(r) is the confining

fined the analysis technique, and have shown that the originpbtential provided by the trap. In a spherically-symmetric

measurements were consistent with the predicted limit foharmonic trap with oscillation frequeney V(r) = mw?r?/2.

No [18]. Furthermore, we have now observed BEC directly,The interaction energy(r) is determined by taking(r) =

and have thus measured more precise valueBloagain in ~ No|v(r)|2. A numerical solution to (1) is found to exist only

agreement with theory [3]. In this report, we briefly describewhen Ng is smaller than a limiting valu®&lp max [8]. Physi-

the current theoretical understanding of BEC in a gas with ateally, this limit can be understood as requiring that the inter-

tractive interactions, and then discuss our new measuremergstion energyJ be small compared to the trap level spacing

and their analysis. Finally, we describe some of the experihw, so that the interactions act as a small perturbation to the

PACS: 03.75.Fi; 05.30.Jp; 32.80.Pj
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ideal-gas solution. This condition implies thisly max is of
the ordero/|al, wherelg = (h/mw)Y/2 is the length scale of 3t
the single-particle trap ground state. It is at first surprising
thatNg maxincreases proportional tg, since it is known that
BEC cannot occur in a homogeneous gas. However, the den: 21
sity of the condensateslo/lg’, tends to zero alg — oo. This T
tradeoff betweeNp max @ndn is an important consideration
when designing an experiment. 1+
For condensate occupation numbers belgmax, ¥ is
determined using (1). It is found that fdMg << No max, ¥
is closely approximated by the single-particle ground state, o}
and asNp increases, the interaction energy causes the spatial
extent ofy to decrease. Note that even when a solution to
(1) exists it represents only a metastable state of the trapped -1 L L . L . L .
atoms[10, 13, 15, 16], since the equilibrium state of lithiumat ~ °° 05 10 5 20
low temperatures is a crystalline metal solid. Also, for tem- I,
perature§ > 0, (1) must be'mOdIerd to take '”t‘? acqount the Fig. 1. The condensate energy, plotted in units ofNth/mIg. The up-
presence of thermally excited atoms, aNglmax is slightly per curve corresponds tblg = 0.48|a|/lg, the middle curve toNg =
lower [16, 17]. 0.68|al/lp, and the lower curve tdg = 0.87|al/lg. It is evident that a lo-
Several authorS, inc'uding Kagan etal. [10], Shuryak [13] Fal minimum inH exists neaf = |O.if Np is sufficiently low, indicating that
and Stoof et al. [15, 16], have considered the decay of thiMetastable condensate can exist
condensate resulting from attractive two-body interactions.
One of the proposed techniques is a variational method [12)sing a Gaussian trial wave function
13, 15], which we discuss here following the development of

Stoof. The ground-state solution to (1)e, satisfies an ex- No 172 2 2

# () exp(-2 - Z). 7
tremal condition U 37212 p 22 72 (7)
(YolH[¥o) < (Y[HI[¥) (2) o

(H) is given by
for any other functiony. The energy operatdt is given by
h2 u(r) Ha 1< o2 (2 1 26 12 4 Noa
H— _%V2+V(r)+7, (3) CF T am 12z g g, var 12 )
(8)

where the factor of A2 in the interaction term arises from the

dependence off on v. Because the solution to (1) for the where lg; = (h/mw;)Y/2. The condensate will be stable if
ideal gas is a Gaussian function, it is reasonable to minimizey(| . 1,) has a local minimum. Defining; = li/loi and set-

(H) using the set of Gaussian trial wavefunctions ting VH = 0 yields the equations
. No "% 2 1 B
W(ﬁ')—(m) exp(—ﬁ). (4) —q—g +q9+@=0 9)
EvaluatingH(l) = (H) yields and
h2 (3 32 ja Ng 1 Be?
HO=No— | S+-—7——=—== |- - —— =
() =No— (4'2+4'6‘ EaE ®) §+qz+q§q§ =0, (10)

This function is plotted for three values &f, in Fig. 1. It
is observed that for sufficiently smalp, a local minimum
exists neal =g, indicating that a metastable condensat
is possible. For largeNp, however, the minimum vanishes,

whereg = (2/m)Y?Ng|a|/lo; is proportional to the strength
of the interactions, and = lgz/lg, is the asymmetry of the
etrap. Eliminatingg, yields the single condition

and the system will be unstable. The condition for metasta- 3/2
bility is No < 0.68lo/|al, which is in reasonable agreement f(q,) = g% 4 ge2 %  _4_o (11)
with the exact value obtained by numerical integration of (1), ‘ qz:— B

No max= 0.58lp/|al [8]. At very smalll, the density is suffi- , . i .
ciently high that (1) is no longer valid, so the divergence ofSince f diverges tot-co on either end of its range, solutions
H asl — 0 is of no concern, since it means only that the trud© (11) will exist if and only if the minimum value of is

ground state of the system is not a dilute gas. less than or equal to zero. The critical valuefofs there-
We have extended the variational calculation to the case ¢¢re found by requiring the minimum value dfto be zero,
a cylindrically symmetric trap with potential energy which occurs wherf =0 andf’ =0 at the same value of.
These equations can be solved numerically, or analytical ex-
m : . -
V(0.2) = D(020? + w, 7). 6 pressions can be found in the limits of large and smaHor
@2 2 (@p" +wzZ’) © e > 1, the roots off occur at smally,, so that thegs term
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can be neglected. The stability condition is ther 0.62/¢,
or No max~ 0.78lg,/|al. Fore « 1, (11) can be expanded
aroundqg; = 1 andp = 1. The critical value of8 is found to
be 1—0.75¢%/3, giving No max~ 1.25l0/|al. In both limits,
the stability condition can be expressed as 1000

[min z
|al

No max~

a spherically symmetric trap is optimal for most purposes, as
it provides the highest density for a givéla max

The variational model also allows exploration of the dy- J
namics of the condensate] ifs interpreted as the coordinate 0 :

. . . . . 0
of a quasiparticle moving in the potentibl(l). The energy _
levels of the quasiparticle potential then correspond to excita- Time (s)
tions of the “breathing mode” of the condensate. In particularfig. 2. Evolution of the number of condensate atoms during evaporative
Stoof has calculated decay rates for the metastable state dtfeing: At early times, corresponding to high temperatures, the number of
both to thermal fluctuations and to quantum mechanical tur]conden_sate atoms is negligible, but as the gas is cooled to the critical point,

. - - Np begins to rise. Wheiy approaches the stability limKg max the rates
neling through the barrier [15]. The decay rate is found to bor thermal and quantum mechanical fluctuations increase, until eventually
negligible untilNg is within a few hundred atoms dfp mayx, ~ the condensate collapses. It is expected that the entire condensate collapses
for conditions comparable to our experiments. Because of th{ig Oncea effecttively O:etﬂucin@;:o to ztt_aro. Elastt_ilct SS'LZ'E’Z?JQ?T erri‘;?r?l:éag -
S : H H ’ e conaensate, an e Cycle continues unti
Ilmlte.d class of V\_/ave functions ConSId_ered in (4), StOOf Srey collapse. The remaining atoms are then gradually lost through inelastic
sult is only applicable to decays which take place via th&gjisions
breathing mode, in which the entire condensate collapses at
once. Under our conditions, this decay mode is expected to
dominate, as it is the only mode found whose excitation freground state, where they experience a nearly symmetric har-
quency approaches zero g — No max [12]. However, an-  monic potential with oscillation frequencieg = 150.6 Hz,
other approach has been used to investigate decay channelsjn= 1526 Hz, andv, = 1315Hz. The magnetic field at the
which only a fraction of the condensate participates in the colcenter of the trap is directed along thexis, with a magni-
lapse, by estimating the overlap between the metastable statgle 0f1003 G This field configuration prevents losses due to
and various denser collapsing states [10, 13]. Although bothonadiabatic spin-flip transitions which can occur near a field
of these methods provide useful insight, a comprehensive theero [25-27]. The trap is loaded from a laser-slowed atomic
ory of the collapse has not yet been developed. beam, and the dissipation needed to capture the atoms is pro

The dynamics of the collapse itself are also interestingyided by six laser beams tuned near 182 (F =2, mg =
but a detailed theoretical description is challenging, becausg 2P3/2 (F = 3, mg = 3) cycling transition. The num-
the density can become large enough that many-body interager of trapped atomi reaches a maximum of approximately
tions must be considered. However, while the density remaing x 108, after a few seconds of loading. These atoms are pre-
low, the evolution of the condensate can be described by thgholed to abouP00uK by Doppler laser cooling, and have
motion of the quasiparticle in the potenttdl By calculating  a peak density of roughly x 10t cme.
this trajectory and including losses due to inelastic collisions,  After switching off the laser beams, the atoms are further
Stoof has found that essentially all the collapsing atoms argooled by forced evaporative cooling [28]. The hottest atoms
ejected from the trap before the density rises so high that there driven to an untrapped ground state by a microwave field
dilute-gas approximation becomes invalid [23]. For a trappeguned just above theR(=2, mr =2) < (F =1, mg = 1)
gas atT > 0, only those atoms not initially in the condensatezeeman transition frequency of approximatg#s0 MHz As
will remain after the collapse, so the gas will be in a nonthe atoms cool, the microwave frequency is reduced. The fre-
equilibrium distribution. Elastic collisions rethermalize the quency vs. time trajectory that maximizes the phase-space
gas, and\p will grow again. If the gas is actively cooled, then density of the trapped atoms is calculated ahead of time [29],
the condensate will continue to fill and collapse until eitherand depends on the elastic collision rate and the trap loss rate.
T =0 is reached or no atoms remain. We have modeled thehe elastic collision rateov is roughly 1 s, with cross-
population dynamics of this system using the quantum Boltzsectiono = 87a? ~ 5 x 10~ 13cn?. The elastic collision rate
mann equation, and show a typical result My(t) in Fig. 2. is approximately constant during evaporative cooling. The
These calculations will all be elaborated upon in a future pubtoss rate due to collisions with hot background gas atoms
lication. is 1.6 x 103571, and inelastic dipolar-relaxation collisions

occur with a rate constant 4014 cm?3/s[30]. Quantum de-
generacy is typically reached after rougB0seconds, with
2 Experiment N ~ 10° atoms atT ~ 300 nK, although fluctuations in the
loading conditions produce some variation in the results of
The apparatus used to produce BEC has been discussed in dgaporative cooling. Lower temperatures are reached by ex-
tail in previous publications [2, 3, 24]. The magnetic trap istending the cooling time.
an loffe design, constructed from six cylindrical permanent After evaporative cooling, the rf field is removed, and
magnets. The atoms are trapped in the doubly spin polarizetie atoms are allowed to equilibrate for a few seconds. The

wherelmin is the lesser d, andlo. This result indicates that 500 - / / .

50 100 150 200
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spatial distribution of atoms is then imaged in situ using an BC E F

optical probe. The single-particle harmonic oscillator ground A G
state of our trap has a Gaussian density distribution witrX D ><( oy
a 1/e-radius of3pum. The resolution of the imaging system

must therefore be sufficient to detect such a small object. In
our original experiment [2], the imaging resolution was not | | | |
sufficient, but the presence of the condensate was deduced M6 cm ! 32 cm 16 cm !
from distortions Ob_served in images of quantum_degenera;g .3. A schematic of the imaging system used for in situ phase-contrast
clouds. We have since developed a comprehensive model gdjarization imaging. A linearly polarized laser beam is directed through the
these distortions, which is explained in detail in [18]. In thatcloud of trapped atoms located at A. The probe beam and scattered light

Work, we find that the presence of a condensate should Cau@d pass out of a vacuum viewport B, and are relayed to the primary image

; : ; : : plane G by an identical pair &-cm-diameter,16-cm-focal-length doublet
such distortions, given the Imaging system that was used. lenses C and F. The light is then re-imaged and magnified onto a camera

We have subsequently improved our imaging, and now py a microscope objective H. The measured magnification is 19, and the
use a system shown schematically in Fig. 3. With the poeamera pixels aré9um square. A linear polarizer E can be used to cause
larizer E removed, it can be used to measure the densitje scattered light and probe fields to interfere, producing an image sensitive

iatri ; ; ; ; ; ; \/al0 the refractive index of the cloud. The system is focussed by adjusting the
distribution by absorptlon Imaging, in which the absorptlve osition of lens F, which is mounted on a translator. Reprinted from [3] by

shadow of the atoms is imaged onto the camera. Howeveg

. ermission
the atom cloud causes both an attenuation and a phase shift

of the probe laser beam. Near resonance, the phase shift can

be large, and any imaging system with finite resolution willthrough the atoms, the field can be expressed as

be sensitive to this phase to some extent. This sensitivity can :

cause significant image distortions, which are readily detectE = Ece'’éc+ Encéne. (13)

ed through their dependence on the probe detuaingn

order to eliminate such distortions, it is necessary to reducgy P2ssing the light through a polarizer (E in Fig. 3), the
the index of refraction by using largé. However, since the componentssc and Enc can be coherently recombined. For

absorption coefficient decreasesas, while the phase shift a polarizer transmitting Iightzvyith polarizatiaf the'signal
decreases as onk—1, eliminating the distortions can leave détected on the camerid, E|%, is a phase-contrast image of
the absorption signal too small to be detected. the cloud. A straightforward calculation gives the detected

This problem can be solved by using phase-contrast imagf—'gnaI
ing, a common technique in microscopy [31]. The net effect lo . w2
of the atoms on the incident electric fieEy can be de- Is= 16 [00529 <1+9e +6€e cos¢)
scribed by a complex phagg such that immediately after ) - 2
the cloud the field is€E = Eqe'”. The phases(r) depends on +sirf o (3+3e *—6e COS¢>>
position, and has real and imaginary parts giversby ¢ + _ a2 o
ia/2, whereg is the dispersive phase shift ands the opti- —8+v/3sind cosve S'”¢] . (14)
cal density of the cloud. In absorption imaging, the detected
signal intensityls depends only ow: Is = lg|€#|? = 1067,  whered is the angle betweemandzg. Usually, the probe de-
wherelg = | Eq|%. Phase-contrast techniques consist of contuning is large enough thgtis small andx can be neglected,
trolled ways to produce an image intensity which depends oso that the signal can be expanded as
¢. In the simplest technique, dark-field imaging, a spatially
small opague beam block is inserted at a focus of the proble
laser beam (position D in Fig. 3), thus blocking the probe's

beam and passing all but a negligible amount of the scat-. . L : o
tered light. The resulting signal ik = lol€? — 1|2 ~ 19$? Llnear phase-contrast imaging is accomplishedéfer 45

for o« < || < 1. Andrews et al. used this technique to im-and dark-field imaging is recovered fr= 90°. By varying
age?3Na Bose—Einstein condensates in situ [32]. However! Petween these extremes, the relative size of the signal and
in order to minimize refractive distortions it is desirable that?2ckground can be varied in order to maximize the signal-to-

& : ; oise ratio of the image. For the data reported here+75°.
!ﬁlsﬁrébzaighfaﬂ%;kz_ﬂeld signal becomes relatively small as’ The probe beam is pulsed on for a duration oflf) at

A more sensitive method for phase-contrast imaging, irf" INtensity 02250 mWw/cn? and with A in the range 207 <

which the signal depends linearly g exploits the bire- Al <40, where/”= 5.9 MHz is the natural linewidth of
fringence of the atoms in a strong magnetic field [3]. Theth€ transition. Only one image can be obtained under these
probe beam propagates in thie 1, 1) direction of a coordi- conditions, because each atom scatters a few photons while

nate system in which theaxis is parallel to the bias field, and °€Ng probed, heating the gas to seveul . .
the x- and y-axes are the symmetry axes of the quadrupole 1€ detected signalintensity, given by (15), is proportion-
field. The probe is linearly polarized with polarization vector"’lI to the column density of the trapped atoms, since [33]
¢o= (1, —1,0)/+/2. The electric field therefore decomposes ) o 00 , r
into two elliptical polarizationsE = E¢+ Enc, such thate ~ B(X.Y) = pFis=—= / dZn(x,y.,7) AT
T . ” : +1I
couples to thes™ cycling transition and acquires the phase
shift exp(iB), while Enc does not. The polarization vector whereog = 1.43x 10~°cn? is the resonant light scattering
of E¢ is é¢ = (3+i, —3+1i, —2i)/+/24, and the uncoupled cross section?/x. TheZ-axis is parallel to the probe propa-
polarization isénc = (1+i,1—1i, —2)/+/8, so after passing gation axis, and the&’- and y’-axes lie in the image plane.

(r) = lo(Co£ 6 + ?ar) sin — %qﬁ(r)z cos?), (15)

(16)
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results of our analysis, which will be described in the follow-

0.10 - Ing section.
0.05 4 3 Image analysis
We assume that the gas is in thermal equilibrium, and fit
0.004 T and Np to the data. Any two oiN, T, or Np completely
determine the density of the gas through the Bose—Einstein
0.25 - distribution function. Giveril and No, the density is calcu-
: - lated using a semi-classical ideal-gas approximation for the
ol non-condensed atoms [35], and a Gaussian function for the
€ 5204 condensate:
2
n 1 o ¢S SMr)
nr)=— — exp| ———
0.15 ® A3;§/Z p[ kBT}
n No exp|: <X2+y2+22>i|
0.10.. 7%?loxloyloz 13,13, 12, 17)

Here A = (27h?/mkgT)1/2 is the thermal deBroglie wave-
length,¢ = Noz/(N0+ 1) is the fugacity,V(r) is the trap po-
X +wfy? +w57%) /2, andlo = (h/mwi)¥? is

0.05+

tential m(wsgx
0.004 ; the length scale of the condensate for iFexis. The semi-

' — classical distribution was compared to an exact calculation,
0 10 20 30 40 50 60 and found to be accurate, except for a temperature shift as

. noted in [36]. All the temperatures reported here are calcu-
Radius (um) lated in the semi-classical approximation. The results of the

Fig. 4a,b. Spatial image profiles of trapped ultracofdi gas. The vertical fits are shown by the SOII(_ti !mes in Fig. 4. "
axis gives the magnitude of the phase-contrast signal intensity relative to O temperatures sufficiently greater than the critical tem-
the probe intensity, which is proportional to the column density of the gasperature, the gas can be described by the Boltzmann distribu-

The data points are taken from observed images. The solid curves are caion, which predicts a Gaussian density profile
culated by fitting Bose-Einstein distributions to the data, the short-dashed

curves are the same distributions with the condensate atoms removed, and No V(r)
the long-dashed curves are classical (Gaussian) distributions fit to the tailsg(r) = — exp| ——— |, (]_8)
of the data. The calculated signals are convolved with a Gaussian function A3 keT

to account for the limited resolution of the imaging system, assuming an
effective resolution o#4um. For the data ind), the probe detuning was whereNg = a)xa)ya)z(h/kgT)g in the classical limit. The Iong-

+191 MHz, and the fitted distribution ha&0 x 10* atoms at a temperature . . h . . . .
of 309 nK The number of condensate atoms-id, indicating that the gas dashed lines in Fig. 4 are Gaussian functions fit to the tails

is just approaching degeneracy. In) (@ sequence of profiles that exhibit Of the distributions, which approximate the data only in
condensate peaks are shown. From the strongest to weakest signals, the tétig). 4a, where the fit to the Bose—Einstein distribution in-
numbecr)‘loftatomstl%nsd f}iéted C}anpefgguris arélﬂ x2 ;05KatTohms at304 an dicates a near-degenerate condition, Wi~ 1. Figure 4b
2.6 x 107 atoms a nK anaob.o x atoms al n e correspona- H H H H H
ing numbers of condensate atoms are 500, 810, and 270, respelztively. QS)WS three dIStrIbl_JthnS f.or. whicNo > 1. For. these dis-
probe laser detuning for these data waE30 MHz Reprinted from [3] by ~ tibutions, the density is distinctly non-Gaussian, due to an
permission enhanced central peak. Comparison between Fig. 4a and the
upper curve in Fig. 4b is striking, as these distributions cor-
respond to nearly the same temperature, and only differ by
Light scattering might be modified by the quantum degenabout 10% in number. From this comparison, it is clear that
erate nature of the atoms, but this effect is expected to béhe gas has reached the degenerate regime, where Boltzmann
negligible under our conditions [34]. Equation (16) also asstatistics are inadequate. In order to illustrate the fraction of
sumes that the atom cloud is thin enough that the laser field the signal due to the condensate, the theoretical contribu-
not diffracted or refracted appreciably while passing throughtion of the condensate was subtracted from the solid curves.
This approximation is accurate for sufficiently smgall The remaining signal is shown by the short-dashed curves in
Because the trap is not isotropic, the density distributiongig. 4b. As comparison of the short-dashed, long-dashed and
are slightly ellipsoidal; the images are observed to have thsolid curves indicates, the observed increase in the peak sig-
expected aspect ratio of 1.10, accounting for the trap asymmal is caused by both condensed and non-condensed atoms.
metry and the oblique viewing angle. This aspect ratio willThe contribution of the non-condensed atoms is significant
be reduced for a degenerate gas, and is 1.05 for the conddor the upper curve, but at lower temperatures, the contribu-
sate itself. However, this difference is not discernible withtion of the condensate makes up most of the enhanced peak.
our imaging resolution. Figure 4 shows radial signal profiles, The analysis used to obtain the above results is compli-
which are obtained from the images by angle-averaging theated by the fact that the condensate size is on the order of
data around appropriate ellipses. The various curves are tkige imaging resolution. The finite resolution is included in
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the fitting procedure by convolving the theoretical signal with ~ 10° by~~~
the point-transfer function of the imaging syste@1(r). The B
point-transfer function gives the field produced at image po-
sition r by a point source at the center of the trap, and can
be calculated by standard techniques [18, 37]. It depends on
both the aperture size and the lens aberrations of the imagin
system. =

In order to test the calculation db, we imaged laser
light emerging from an optical fiber. The intensity distribu-
tion of the light in the fiber is Gaussian with getradius of 102
1.2 wm, so that it approximates a point source. Figure 5 shows
cross-sections of the images obtained with the system fo-
cussed at two different points. The narrower peak shown has
a 1/e-radius of3.0 um, as compared witl2.5 um expected

for a diffraction-limited lens (dotted line). In the experiment, 0 4 8 12 16
the focal position of the imaging system could be determined
to £200um, by observing distortions in images of the atom

cloud which occur when the system is further off focus. TheFig. 5. Test images of an optical fiber. The data points are obtained from
two solid curves in the figure show the variation®facross Ccross-sections through images of the light emitted by an optical fiber. The

10°

Radius (um)

this range squares indicate data obtained with the imaging system at its best focus, and
: . . - i the triangles indicate data obtained with the system defocuss2adym.
Although the convolution of the image electric filde'’’  The solid curves are the expected intensity patterns, and the dashed curve
with G(r) is easily described, it is computationally slow to ap-is the calculated pattern for a well-focussed system in the absence of lens
pIy to a two-dimensional image. A simpler method a||0Wingaberrations. '_I'he calcul_ated'curves are c_)btained by' convolving _the ppint
greater physical insight s to approximier) by a Gaussian {31 LE1en o e magn systen i a Sassin ewcre fed Wi
function with 1/e-radiusR. The approximation is accurate for squaring the resuilt to obtain the intensity. The signal is then averaged to
smallr, butG has a relatively large tail for largewhich falls  reflect the pixel size of the camera. Reprinted from [3] by permission
to zero more slowly than a Gaussian. However, the phase of
G varies rapidly for large, and this variation reduces the im-
portance of the tail in the convolution integral. Convolutionsity the mean interaction energy of 1 nK is much smaller
with a Gaussian function rather th&therefore introduces thanT.
only a small error. We determined the effect of this error on  An estimate of our experimental sensitivity to the pres-
the fit by comparing the values dfy obtained with the exact ence of condensate atoms can be obtained from the fitting
and approximate convolutions. The erroNpwas small, and  procedure. By fixing\g and fittingT to the data, best-fit dis-
could be corrected by adjustirigjto give the correct value of tributions are obtained as a function ld§. SinceNg mostly
No. This procedure was carried out for various focal positionsffects the central part of the distribution, the sensitivity to
in the range of the experimental uncertainty. The valueffor Np is best illustrated by considering a restricb@iwhich is
obtained ranged frord.5 um to 5.0 um. This uncertainty is the sum over the squares of the differences between the cal-
the dominant source of error in our determinatioriNgf culated distributions and the data for radii less tA@mum.
Using the fitting procedure described above, we havé:alculatingxg(No) for several images with large values of
found degenerate conditions férbetween 120 an830nK Ny indicates thaj is increased by a factor of 2 from its min-
and for N between6800 and 135000atoms. In all cases, imum value wherNy is varied by about 150 atoms, roughly
No is found to be relatively small. Fitting witfR=5um,  independent oR. An example showing this variation is given
the maximumNp observed is about 1300 atoms. Taking in-in Fig. 6.
steadR =4 um or 2.5 um yields a maximunmNg of 1000 or
650 atoms, respectively. No systematic effects were observed
as either the sign or the magnitude of the detuning or thé Conclusions and future experiments
polarizer angle were varied, indicating the absence of phase-
dependent distortions and confirming the relations given imThe measurements described above have demonstrated that
Egs. (15) and (16). BEC can occur in a gas with < 0. The results of our analy-
Inthe analysis so far we have assumed that the gas is ideals indicate a number of condensate atoms which is consistent
but interactions are expected to alter the size and shape with the limit predicted by mean-field theory. However, there
the density distribution. Mean-field theory predicts that in-remain several important questions which can be addressed
teractions will reduce the/&-radius of the condensate from experimentally.
3wm for low occupation number te- 2um as the maxi- One such experiment is to determifdg max more pre-
mum Ny is approached [11, 14—17]. If the smaller condensateisely, in order to more strictly test the quantitative predic-
radius is assumed in the analysis, the maximum observdibns of mean-field theory. As previously stated, the dominant
value forNp decreases, becoming1050 forR=5um. The uncertainty in our determination dflp is the sensitivity to
size of the condensate is not expected to change apprecialthe effective resolutiorR. This sensitivity could be reduced
for Ng < 1000, so the values obtained f&=2.5um and by observing a distribution consisting mainly of condensate
4um are not sensitive to interactions. Effects of the interacatoms. Because the integrated intensity of an image is inde-
tions on the distribution of the non-condensed atoms are n@tendent of lens aberrationdy could be measured by simply
expected to be significant [16, 38], because at the critical denntegrating the signal to determine the number of trapped
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teraction frequency/h. Unfortunately, the loss rate cannot
be made small compared to the elastic collision rate, so it is
not possible to produce a positive valueaaind then populate
the condensate using evaporative cooling. It is possible, how-

By

wil

0
400 500 600 700 800 900 1000
N 0

Fig. 6. Experimental sensitivity to the presence of condensate atoms. For
a particular image signal profile, various valuesNyf are chosen, and for
eachNy the temperaturd is adjusted to fit a Bose—Einstein distribution to
the entire data set. However, only the central region of the distribution de-
pends strongly oiNg, so Xz is defined by summing over the squares of the
differences between the fit and the datarfer 10 um. The figure shows the
resulting Xg(No) for the data set corresponding iy = 810 atoms shown

in Fig. 4b. The effective resolution used &= 4 um. The minimum value

of x§(Np) is normalized to 1. An estimate for the uncertaintyNp is the

range across whichg doubles,£125 atoms in this case. The minimum in
the above curve is not located at the same valudpés was obtained from 6
the fit in Fig. 4, reflecting the fact that in the actual analysis, Fond Ng

were chosen to minimize the unrestrictg8, using all data points. This dif-

ference serves as an additional, and consistent, estimate of the uncertaint)g' P.A. Ruprecht, M.J. Holland, K. Burnett, M. Edwards: Phys. Re51A

in No

9.
10.

atoms. It may be possible to produce such a bare conden-

sate using evaporative cooling, but doing so is technicallyi2.
challenging. Among other difficulties, the trap bias field must 13.
have a relative stability af0~7 so that variations in the spin- 14
flip transition frequency are less than the trap energy-level o

splitting.

ro and the limiting value during evaporative cooling, but this
model has not yet been confirmed. We have observed fluc-

tuations inNp, but it is not clear whether they are intrinsic 21.

or whether they are caused by variations in trap loading and

evaporative cooling. If these variations can be controlled and®

No measured precisely, then measurement of the fluctuations;
should provide detailed information on the dynamics of theoa
collapse and growth of the condensate.

To further probe the nature of the collapse, it may be pos2°
sible to modify the scattering length by applying a laser beam,
tuned near a molecular resonance_of [39, 40]. However,

changinga with light also introduces losses due to sponta- 27.

neously scattered photons from both the molecular and the
free atomic transitions. By using relatively deep-lying mo- 28
lecular levels, it is feasible to produce significant changes in,
a while maintaining a trap loss rate which is small comparedsg

to both the trap oscillation frequenayand the mean-field in- 31

ever, to make more negative, and thereby induce a collapse.

initiating a collapse at a definite time, this technique could

allow direct investigation of the dynamics of the collapse.

Other experiments of interest include determination of the

excitation spectrum, observation of soliton-like excitations
and production of vortex states. We believe that, through ex-
periments such as these, studies of condensatesawitld

| provide important insights into many-body quantum the-

,"' ory.
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