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Temperature and localization of atoms in three-dimensional optical lattices
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We report temperature measurements of atoms trapped in a three-dimefi3@naptical lattice, a well-
defined laser-cooling situation that can be treated with currently available theoretical tools. We also obtain
fluorescence spectra from a 3D optical lattice, from which we obtain quantitative information about the
trapping atoms, including the oscillation frequencies, spatial localization, and a temperature, which is in good
agreement with our direct measurements. For comparison we study a 1D lattice using the safcesitomn
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Given the emergence of laser cooling of neutral atoms asptical molasse$a pair of orthogonally polarized, counter-

a standard laboratory technique now used in a host of applipropagating beam&,(—X),&,(+X))], which we also stud-
cations, it is surprising that few direct comparisons of theoryied for comparison. In the 1D case, the interference of the
and experiment have been made concerning the equilibriutneams creates a set of planes of pure circular polarization
atomic momentum distributiofor temperatureachieved by (o* ando ™~ alternately spaced by/4, where\ is the wave-
laser cooling. While a recent experiment in one-dimensioriength of the lattice light. In 3D there are sites of puré

(1D) [1] agreed quantitatively with a theoretical simulation and o~ polarization[with respect to the symmetry axig)(|

[2], comparisons in 3D are lacking, primarily for two rea- aiternately arranged on a centered tetragonal lattice with lat-
sons: the difficulty of extending calculations to 384] and tice constants Ofix,y=7\/\/§ and az=)\/2\/§. We load the

the lack of appropriate expgriments. To date, the only Me3httice with Cs atoms captured in a MOT and then laser
surements of temperature in 3D laser-cooled samples wer

) ; . N $oled for 1 ms in a six-beam* -0~ optical molassefl4].
obtained in magneto-optical raiIOTs) [5] or optical mo- We turn off the molasses, leaving tEe atoms in an optical
lasses, each created with six laser beams where the phaﬁgﬁice tuned 5-15 natural I’ine WidthiE/27m=5.22 MH2) red
between the beams were not controllé]7]. Under these T

circumstances the morphology of the optical potentikle of the D2 resonance at 852_ nnFé4—_>F’=5). The se-
to the ac Stark shiftvaries in time, which is a difficult situ- 9uénce(MOT—molasses-lattice) is typically cycled at a

ation to model. More amenable to theoretical treatment arff€quency of 125 Hz with a 4-ms lattice phase.
time-invariant optical potentials called “optical lattices,”  YSing & time-of-flight(TOF) technique, after a sudden
which are a version of optical molasses having a spatialljéléase of atoms from the latti¢@4], we measure a Gauss-
periodic arrangement of sites of pure circular polarizationian distribution of momentunp, along the vert|2<:al X) di-
With the lasers tuned below atomic resonance the atoms aféction and determine the temperatukg,T=(p;)/m. We
cooled, and optical dipole forces trap the atoms at these site81€asureT (found to be isotropic within the 30% uncertain-
While such systems have already been studied i1,  ties in[14]) as a function of laser intensity for three different
2D [9710], and 3D[10_l[g, we report here the measurementsdetuningSA from atomic resonance. Figure (ﬂu" CiI’C|es)
of temperature in any optical lattice beyond 1D. We alsoshows typical results for a 3D data run &t=—5.2" as a
present fluorescence spectra from a 3D optical lattice, withunction of light shift potentiall, [16]. The two-level ap-
sufficient resolution to observe motional sidebands. TheéProximation for the potential, including saturation and for
spectra reveal both the spatial localization and temperature é§>1I", can be written adJo=7%(|A[/2)IN[1+(44/45)03
the atoms in addition to other dynamical information, includ-2A?]. Here, Q2.,=(I'%/2)(1/1,) is the square of the maxi-
ing oscillation frequencies and motional relaxation. All our mum Rabi frequencyat the center of a potential wglll is
observations are self-consistently interpreted using an anghe maximum light intensity therd € 81 o4y, Wherel yeamiS
lytic, anharmonic oscillator model. the intensity of a single beamandl,=1.1 mWi/cn?t. Since
We create a 3D optical lattice with four laser bediS]:  the atoms are predominantly localized in sites of pure circu-
two orthogonally polarized pairs of beams that propagate iiar polarization and optically pumped to the extreme
planes perpendicular to each another with a 90° angle bestates, this analytic two-level approximation is appropriate.
tween the beams of each pafg,(=X—2),e,(*y+2)),as From the figure it is clear thal scales linearly withU,.
in [14]. This is a simple extensiofil1] of the 1D linLlin From analysis of all data runs we find a mean value for the
slope of Cap=kg(T—T;()/2U,=0.121(14), independent of
the detuning within the uncertainty of our measurements.
*Present address: InstitltrfQuantenoptik, UniversitHannover, ~ The uncertainty(1o) includes both the run-to-run scatter in
Welfengarten 1, D-30167, Hannover, Germany. the measured slopes and calibration of the laser intensity. We
TPresent address: University of Arizona, Tucson, AZ 85721.  attribute the run-to-run scatter to irreproducibility in our
*Present address: Stockholm University, Frescgtiva 24, measurements of intensity and detuning. In Fig. 1 we plot
S-104 05 Stockholm, Sweden. similar results obtained for the 1D latti¢along the vertical
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sure the localization(in any direction through a high-
resolution spectral analysis of the light that is scattered by
the atoms in the lattice. Below we will compare the results of
this direct measurement, described next, with the localization
inferred from our temperature measurements.

In a harmonic approximation, valid near the bottom of the
wells, the 3D potential is separablél(x,y,z)=U0(K§x2
+KZy2+KZz?). The virial theorem (U(x,y,z))=3kgT/2)
implies (K:£)%)=C, (£e{x,y,z}). SinceC<1, the atoms
are spatially localized within the wells, and sinée<~k
=27/ we are in the Lamb-Dicke regime[17]

(&ms<\/27), where perfectly elasti¢recoilless scattering
of the light predominates over inelastic scattering in which
the atoms recoil. In this regime the ratio of inelastic to elastic
scatteringR yields the localizatiork¢,,,s along the observa-
tion direction: 8= (kémo? [18]. In addition, the inelastic
part of the spectrum reveals information about the motion of
sured by time of flight vs the maximum light shifty scaled by the atoms, including the. oscillation frequencies in the wells and
recoil energyE, , for a lattice detuning o\=—5.2", —5.7T, re- the tgmperaturé;], d!scusged below. Some of this same dy-
spectively, along with best fits. Also shown are 1D temperaturedl@mical information is available from probe absorption spec-

(O) obtained from the fluorescence spectrumat—5.7. troscopy [8-11] or from four-wave mixing spectroscopy
[12], but these techniques do not directly yield information
direction) for A=—5.7I". Again we observe a linear scaling about either the temperature or localization of atoms in the
of T with Uy, but the proportionality constant, lattice.
C1p=0.07910), is smaller than in 3D. These measurements To obtain an ultrahigh resolution power spectrum of the
of C are similar to the one reported previously in [, to  scattered light, we use an optical heterodyne technique
the predictions of 1D calculationg2,3], and to measure- [1,19, where we combine the scattered light with a
ments ofC in a phase-uncontrolled 3D opticamlolasse$6,7]  frequency-shiftedby ~50 MHz) local oscillator beam on a
if the average intensity IE 61, is used to determine photodiode. The rf beat signal from the diode is mixed down,
Uo. sampled and fast-Fourier transfoffFT) analyzed with 256
Our temperature measurements confirm that polarizationpoints. After background subtraction and signal averaging
gradient(or Sisyphug laser cooling in the 3D lattice pro- we obtain spectra like those shown in Fig. 2, each of which
duces temperatures so low that an atom is trapped in a singleas obtained in~30 minutes. Our spectrum is similar to the
well, i.e., kgT<U,. From the known shape of the potential Fourier transform of the autocorrelation of fluorescence ob-
and the virial theorem, we use our measurement3 ab  tained in a related experimef0], although in that case only
infer the equilibrium spatial distributiorfor localization positive frequencies are measured and no temperature infor-
alongx (vertica) within each well. In addition, we can mea- mation is available.
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FIG. 2. Fluorescence spectra relative to the optical lattice laser frequgn@ken with the same detuning and intensity along directions
perpendiculafa) and parallelb) to the symmetry axig and along a direction making an angle of 12° with #hexis (c). The points are the
data and the solid lines are five-Lorentzian fitswat w_, o *Q,,, o £2Q,,in (a), (b), respectively. In(c) the sidebands are af
+*Q,andow, =Q,.
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100 : , , : well beyond our estimated 5% measurement uncertainty, is a
consequence of anharmonicity of the potenfi2d], which
40 we can treat perturbatively as a function of the parameter
Q /o =1.09 (U/E)" C=kgT/2U,. We find for a thermal distributiorQ),, ,(C)
=09 (1-2C+---) alongx, y, andz, whereQ(gO{is the
harmonic frequency for thé direction. Given our measured
value of C=0.12, this analysis predicts frequencies in agree-
420" ment with our measurements. In the 1D measurements
of Q, from this experiment and froni], there is a similar
Qx/wa'Sl (UO/Er)"2 20% discrepancy with the harmonic frequency,
110 09/ ,(88/45)/U,/E,. However, only about half of the
' discrepancy can be accounted for by anharmonicity. This
0 . ! I I 0 may reflect the fact that the 1D experiment is not well within
0 10 20 30 40 50 the classical regimg22] where our approximations are valid.
(U/E )"2 In fact, a quantum Monte Carlo calculation of the 1D spec-
o trum [2] is in good agreement with the results frgdi.

FIG. 3. Oscillation frequencies measured along directions par- _:]-hl_e Side_(tj)ahndzgi)nfour spectra arle( well fit by Lorﬁ_ntﬁians
allel (solid) and perpendiculafopen to z, vs the square root of the wit !ne widt S rom 11 to 22_ Hz(FWHM), whic
scaled potential well depth Up/E,)"% at detunings of Vary linearly with yU, (and thus with()) and have a small
—5T(A,A), —100(0), and —150(O). The best fits to the data positive intercept. This intercept width is approximately
(—) yield the slopes shown. equal to the mean observed width of the central peak,

o o o AQo/27=4.4(1.2) kHz(FWHM), which includes about 2

The spectra in Fig. 2 clearly exhibit the characteristics ofyy; of measured instrumental broadening. The linear scal-
fscatterllngt]n the tI{ar.nb—.chtke reg|tm|:a: E na:jrow g:nérgl pealfng, (AQ—AQo)/QIO-Z_GM), independer_n(within uncer-
rom elastic scatteringinstrumentally broadengdand in-  (aint) of both the detuning and observation direction in the
elastic side bands that indicate the oscillation frequency fogp |atiice, is consistent with broadening due to anharmonic-
motion in the wells of the lattice. We have observed theity. From our perturbative treatment of anharmonicity we

central peak with a higher resolution spectrum analyzer andgtimateA Q/Q =1.22C alongz and 1.5€ alongx in 3D.
found a Lorentzian shape with a full width at half maximum gjnce c=0.12. this clearly accounts for much of the ob-
(FWHM) of 2.5 kHz, which we attribute partly to fluctuating ¢aored width. We also expect homogeneous broadening
phase shifts between the lattice beams and the local oscillatgrue to the decay of coherent oscillatory motion from inelas-

as a result of acoustic vibration of the optics. The existencq?1C scattering[21]. In the Lamb-Dicke regime an atom with
of well resolved sidebands is an indication that the COherencﬁbration quantum numben inelastically scatters light at a

time of the oscillatory motion of the atoms is longer than any . '} that is smaller than the total spontaneous scattering

oscillation period, which is much longer than the mean time r_ (ot 2
between spontaneous scattering events. This surprising r(ra"j—‘ter [(Uo/7A), by the localization factor, Ké)

) . . . . = (2n+1)(k&)2. Here, &, is the spatial extent of thath
sult, egtabllshed by previous stgd@s of optical lattik8— oscillator state. One might think that coherence between dif-
13], arises from the increased likelihood that the coherenc

of the motion is preserved following an absorption-?erent oscillator states would decay at a similar rate giving

spontaneous—emission cycle because of the tight binding 5Pe sidebands a width-T"". Our measured sidebands are

atoms to a harmonic potentif21]. The pronounced asym- much narrower, which is strong evidence for the transfer of
) nic p ) P asy coherence that is predicted to reduce this relaxation in the
metry of the intensity between the lower and upper S|debandﬁ

results from the distribution of population among the differ- armonic oscillatof25]. Anharmonicity limits the coherence
Pop 9 transfer process so that relaxation due to inelastic photon
ent bound states of the well§]. ; hould i he level of th h o
In a harmonic approximation there is a single frequencyS(?atterlng should contribute at the leve) of the anharmonicity
. : - () width, but we have not calculated how these effects combine
for oscillatory motion along each principle axs Q¢ o,

[26]. We note that, as ifil], the sideband width is nearly 30
—(oK?2 _ O JE. Z

_(22K UO/m)l’zlw,—(_ZKglk) Uo/E;, where E,=fiw;  kHz in the 1D lattice and is dominated by residual Doppler
=#7k/2m is the recoil energy ¢,/2m=2.07 kHz for C$.  proadening.

o0
o
T

30

3
/6

Q2w (kHz)
3

LW
[=
T

The wells in the 3D lattice are anisotrgp?b’\)(y:klz and. In Figs. 4@ and 2b) the strength of the sidebands is
K= k/\88/45), so Bhere are_two_distinct frequencies:markedly different for the spectra taken along thend z
Q0w = Uy /E,, O w, = \88U(/45E, [22]. This is il-  directions. From the ratic® of the power in both first-order

lustrated by the spectra shown in Figéa)2and 2b), which  sidebands to that in the central peak, we determine localiza-
were measured alorng and z, respectively. In addition, by tions of x,,s=\/7.3(0.7)and z,,,.=\/12(2)along x and
observing the spectrum along a direction making a 12° angle, respectively, in 3D, ang,,c=\/18(2) in 1D, independent
with z in the x-z plane we see both sideband frequenciesof laser intensity and detuningWe note that our 1D result
simultaneously, as shown in Fig(c2 [23]. Figure 3 shows in Cs nearly agrees with the previous results in [RH.

the dependence of the obsen@dand(), on \U,. The data When scaled to the curvature of the potential, our results are
clearly exhibit the~ /2 ratio betweer(), andQ, and the as follows: KxXm92=0.122(16) in 1D and K,Xmd?>
expected scaling, independent of detuning, but fall 20% be=0.183(18)and K,z,92=0.143(25) in 3D, and can be
low the predictions of the harmonic model. This discrepancyused to infer the temperature coeffici€htalong each direc-
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tion of observation.(Recall that((ng)z)ZC in the har- have confirmed this by recording spectra at lower density
monic approximation.A proper determination o€ in this  and extrapolating to zero density, where the temperatures we
way requires anharmonic corrections to the spatial distribuinfer are in good agreement with the TOF results.

tion of atoms, as well as corrections to the vibrational motion We have measured the temperature of laser-cooled atoms
and the resulting phase modulation which produces our sped? the well-defined field of an optical lattice in 3D and 1D by
trum. A correction for the first effect, by evaluating the sec-time of fl|ght.and from analysis of the fluorescenpe spectrum.
ond moment integral §(,2ms=fdr3§2 exd —U(r)/ksT]) nu- The results imply a near]y common Iaser—coqllng tempera-
merically using the full expression for the potent{dlO] trekT/2~0.1U, and are in good agreement with a previous
yields a common valueC~0.1. Although this is in good 1D experiment and with 1D quantum calculations. We hope

. these results will motivate a calculation of laser cooling in
agreement with our TOF results, we expect the second cots S o . ,
; L D, which is necessary for a quantitative comparison with
rection to be of similar order. experiment
Finally, as in[1] the sideband asymmetry evident in Fig. 2 P '
may also be used to infer the temperature, which in 1D This work was supported in part by the U. S. Office of
agrees within uncertainty with the TOF measurements, ablaval Research, and in part by NSF Grant No. PHY-
shown in Fig. 1. In our 3D lattice the sample density is9312572. A. K. thanks the Swedish Natural Science Re-
higher, and a density-dependent distortion of the spectrursearch Counci[NFR) and G. B. thanks the Alexander von
occurs as a result of stimulated rescattering of fluorescencéjumboldt Foundation for support. P. J. is supported by NSF

as observed in probe propagation experim¢hés-12. We
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