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Analysis of in situ images of Bose-Einstein condensates of lithium
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The initial evidence for Bose-Einstein condensat{BEC) of ’Li consisted of image distortions that sud-
denly appeared as the gas was evaporatively cooled to near the transition temperature. We present results of a
model of the imaging system used to produce these images. The model confirms that the distortions are a
sensitive indicator of BEC, but shows that they make quantitative analysis difficult. We find that the distortions
resulted from light scattered by the condensate, in conjunction with aberrations in the imaging lens.
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PACS numbse(s): 03.75.Fi, 05.30.Jp, 32.80.Pj

In a previous Lettefl1], we reported evidence for Bose- 500 nK, these estimates indicated that the clouds were nearly
Einstein condensatiofBEC) of a gas of’Li atoms. In atrap, quantum degenerate. When cooled to lower temperatures the
condensate atoms result in a narrow peak in the spatial deimages manifested the sudden appearance of a halolike re-
sity distribution. In principle, this narrow peak may be ob- gion of “negative absorption.” A cross section of an image
served using an optical probe to produce absorption imagesxhibiting these distortions is shown in Fig. 1. Fitting the
of the cloud, but in our experiment the optical resolution wasdistorted images to Gaussian distributions resulted in phase-
insufficient to directly image the condensate peak. Insteadspace densities implying a number of condensate atoms,
halolike distortions surrounding the central absorption feaN,, as large as 0 These values were higher than expected,
ture appeared abruptly when the gas was cooled to near ttsince in our experiment, interatomic interactions were pre-
transition point, suggesting that a significant change in thelicted to limit the condensate number to less than approxi-
spatial distribution had taken place. The appearance of thesaately 1400 atom§2].
halos was originally attributed to light scattered by the con- In order to understand the unexpected valueNgfand
densate, and subsequently diffracted from the imaging lenthe origin of the halos, a detailed model of the formation of
aperture. In this Brief Report, we describe a model of themages was developed. This model includes the nonclassical
imaging system that shows that the distortions were indeedensity distribution of the atoms, the effect of the atom cloud
an indicator of the presence of a condensate, but that theyn the probe laser beam, and the propagation of the coher-
were produced in conjunction with lens aberrations rather
than diffraction from the aperture. Our original qualitative ——T———T—
analysis of the images suggested a number of condensate
atoms that was substantially greater than theoretical predic-
tions[2] and our subsequently measured valigs The im-
aging model now provides a more quantitative understanding 1.00
of the images, and resolves this discrepancy.

The apparatus was described in detail in previous publi-
cations[1,4]. Lithium atoms are confined in a permanent-
magnet trap that provides a nearly isotropic harmonic trap-
ping potential with an average oscillation frequency 135
Hz [5]. Approximately 2<10° atoms were loaded into the
trap, laser cooled to about 2QK, and then evaporatively
cooled to temperatures near 100 nK. After cooling, the
trapped atom distribution was observedibysitu absorption 0.8
imaging using a near-resonant optical probe. The absorptive
shadow formed by the cloud in the probe laser beam was
imaged onto a charge-coupled devig@CD) camera. The 080T, L L L L ]
probe had an intensity=1 mW/cn?, a duration of 30us, 0 15 04 60 &
and a detuning oA=—2.5+=0.9", whereI'=5.9 MHz is
the natural linewidth of the &, 2P, transition.

Cglculated atom distributions were fit to the image data to FIG. 1. Cross section taken from an absorption image &ia
obtain values for the total numt_)er of atorNse}nd the tem- cloud, showing halolike distortions as previously descrifEd At
peratureT. In the simple analysis employed in ReL], the  smal radii, the probe intensity is reduced due to absorption from
clouds were modeled using Boltzmann statistics, which givene cloud. Near radii of about 30m, there is a region of “negative
a Gaussian density profile. From the fitted valuesNond  apsorption,” where the image intensity is nearly 5% brighter than
T, the phase-space density was estimated usi,, where  the background level. The imaging magnification is 2.4 and the
N.=1.202kgT/hv)3. For temperatures of approximately CCD pixels are 1umx19 um squares.
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taking W(R) to be the difference in optical path length for
the central ray and a ray having radiRson 3..

Convolution ofEp and G is simplified for small objects
located near the optical axis of the imaging system, since all
object points will have approximately the same cylindrically
symmetric point-transfer function. The image fielf] at
pointr is then given by

FIG. 2. lllustration showing the imaging system for the experi- m
ment of Ref.[1], for the purpose of calculating the point-transfer
function. Light from an object poir® is collected by a set of lenses
L and imaged onto the image plane near the geometrical imag@herer’ —r=p in Fig. 2. SinceEp is calculated in the object
pointP. The displacement of the image poft from P is given by plane, it is scaled by the magnificatiom In the experiment,
p. The surfaced is the exit pUpll of the OptiCS, ConSiSting of a the Optica| System consisted of a 3-cm-diam doublet and a
§ection of a sphere_gentered &n A particular ray fromO to P matching meniscus leng8] located approximately 16 cm
intersectsX. at a positionR. from the atom cloud. The phase error was calculated using
. . . . o the known lens specifications, and found to have the form
ently scattered light through the imaging optics. The |nC|denW(R): B,R2+B,R*+ B¢R®, with B,=—0.875. cm * and
field E, is considered to be uniform and to propagate a|0n936=0.006& cm 8. The value ofB, depends on the choice
the z axis. In passing through the cloud, the probe field is image distance. At the paraxial focBs=0, but the op-
attenuated and acquires a phase shift. This results in an ofqum focal position will be different because tRé term,
ject field given byEp=Eoe'”, wherep is a spatially varying  corresponding to negative spherical aberration, causes the
complex phase. For an atom density distributi(X,y,z),  marginal rays to focus further from the lens than the paraxial
B is given by[6] rays. Experimentally, the optics were focused using incoher-
: . ent light obtained by illuminating a 20@K cloud with a set
B(X,y)=p+ e __ EJ n(x,y,z)ool“(ZZA—;F) z of transverse laser beams. The image distance was adjusted
2 2 4A°+2Q°+T to give the highest peak intensity on the camera. This choice
(1) of focus is reproduced in the model at the value
. . . _ _ _ B,=2.5\ cm 2.
whereza is the optical density¢ is the dispersive phase, “pgecayse the atoms scatter photons during the probe pulse,
‘702:)\ I is the resonant light scattering cross section, anghe imaging model incorporates a time-dependent density
Q"=laol'/hw is the square of the Rabi frequency, for tran- gistribution. The density is initially given by an equilibrium
sition angular frequency» and wavelength\. The simple  gose_Finstein distributiofg], but evolves due to the heating
analysis of Ref[1] assumed perfect imaging, in which case c4sed by the probe. The value of the detuning was also
the detected signal iba(x,y) =|Ep(x,y)|?=10e”** and  agjusted to account for the changing Doppler shift of the
depends only on the optical density. However, the imagingyccelerating atoms. The resulting instantaneous profiles are
system actually suffered from both a limited aperture andpep averaged over time to give the final image.
spherical aberration. _ _ o Using the model, absorption images are generated and
To include the effect of imperfect imaging in the model, compared to the data. Calculated image profiles are shown in
the imaged field may be calculated by the convolution of thq:ig_ 3 for distributions with a temperature of 150 nK and
object fieldEp with the point-transfer function of the imag- arious condensate populations. Comparison with Fig. 2
ing systemG. The functionG is the field produced at the ghows that the curve foky,=1500 atoms is in reasonable
image plane by a point source at the object plane, and iggreement with the data, demonstrating that the original data

determined by analyzing the propagation of light through thyere consistent with a limited condensate number when im-
imaging optics given the known lens composition and geoMperfect imaging is taken into account.

E,(r)=f Ep(r )G(r’—r)dx’dy’, 3)

etry. It can be written as a diffraction integifaf]: In order to explain how the phase-space density can be
overestimated by fitting with a simple Gaussian, model im-

G(p)=C J' e 1ka-pgikW((R)4 g 2) age profile; were calculated for parti_cular va!uesl\bbnd

3 T, and subjected to the same analysis used in Ref.For

profiles calculated from degenerate distributions, significant
The relevant quantities are illustrated in Fige2"(® isthe  overestimates occur. As an example, the profile with
field distribution on the exit pupik, p is the displacement Ny=1500 in Fig. 3 corresponds t8/N.=1.1, but results in
from the central image poirR, q is the unit vector fronP to ~ N/N.=7 when fitted by a Gaussian. This effect occurs be-
a surface elemendS on 3, and R gives the location of cause the imaging distortions produce profiles that appear
dS. The normalizationC and the wave numbét=wc are  narrower(coldep and strongerdensey than would be ob-
constants. The phase erff(R) is the phase of the light at served with perfect imaging.
the exit pupil relative to a diffraction-limited spherical wave  The halos observed in the images arise from lens aberra-
front converging orP. It may be estimated by tracing light tions that cause different regions of the object fi&ld to
rays from the object poin© to points on the exit pupil, overlap and interfere in the image plane. This interference
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FIG. 3. Modeled absorption image profiles of Bose-Einstein dis- /G- 4. The peak intensity of halo distortions for calculated
tributions of trapped atoms, for the imaging system of REE. The images of 150-nK clouds as a function of the number of atoms in
profiles are for 150-nK distributions with condensate numidéys the cloud. The BEC phase transition is seen to be correlated with a
and total number&l as shown. The probe detuning i¥ 2Image sharp rise in the halo intensity. The halo intensity is given relative

distortions increase sharply as atoms are added to the condensaf2, (e background probe intensity. At this temperatiNg is

and appear as halos surrounding the central absorption featurk:>< 10" atoms, and the point with the largest number of atoms

These image profiles are obtained by a convolution of the calculatefP"TeSPOnds t&o=1500.
object fieldEyexp(B) with imaging system point-transfer function.
The calculation includes heating of the cloud due to the probe.  tative analysis is impaired by uncertainty@ largely due to

the uncertainty in the experimental object and image dis-
makes the image sensitive to spatial variations in the phas@nces. Therefore, we have recently replaced the imaging
of Ep. Because the spatially small condensate produces &stem with one having much smaller aberrations. Further-
large phase shift, its presence can greatly enhance the distgfrore, we have developed a phase-contrast imaging tech-
tion of the profiles. The aberrations of the imaging systemigue that minimizes the type of distortions described in this
are, in fact, such that there is a strong correlation betweegaper, as it is sensitive to small dispersive phase shifts at-
halo strength and condensate number. To show this connegsine for large probe detunings. Under identical experimen-
tion, the halo intensity is plotted in Fig. 4 as a function of ¢ congitions in which halos were originally observed, the
N/N;, for T=150 nK andA=—2I". The figure demon- .. nigh_resolution images directly revedli condensates
strates that aberrations result in only a weak halo for nond ]. Using these images, quantitative analysis indicates a
generate clouds. As the condensate forms, the object fie aximum number of 105& 300 condensate atoms. in rea-
changes dramatically, and there is a corresponding sharp risé%nable agreement with the theoretical limit. '

in the halo strength.
In principle, the density distribution can be determined We are grateful to Mark Welling for his comments on the

even for imperfect resolution, as long as the coherent pointmanuscript. This work was supported by the National Sci-
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