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Cooling and Localization Dynamics in Optical Lattices
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Using Bragg scattering as a sensitive probe, we study how atoms are cooled and localized after the
sudden turn-on of 1D and 3D optical lattices. We measure the time evolution of the mean-square
position spread of the atoms in the lattice potential wells, a quantity proportional to their effective
temperature. The rate of exponential approach to equilibrium is proportional to the photon scattering
rate and about 6 times faster in 1D than in 3D. This simple proportionality was unexpected, based
on the usual model of Sisyphus cooling, but is in agreement with our 1D Monte Carlo simulations.
[S0031-9007(96)02228-4]

PACS numbers: 32.80.Lg, 32.80.Pj, 42.50.Vk

Optical lattices are periodic light-shift potentials for sites can be deduced from the Bragg reflectivity, except for
atoms, created by the interference of multiple laser beamsin additive constant.
Atoms can be laser cooled and localized at the potential Consider our 1D lattice, ar " -polarized probe beam
minima [1-3]. Recently, Bragg scattering of a weak probeand a detection apparatus sensitivertd-polarized light.
was introduced as a new tool to study atoms in optical latWhen saturation and higher order reflections can be ne-
tices [4,5]. The intensity of the Bragg scattered light is ex-glected, the detected Bragg intensity from a single atom
ponentially dependent on the mean square of the positiowith a wave functior]¢) distributed throughout the lattice
spread of the atoms in the potential wells. This along witH9] is proportional to
the high time resolution provides a new way to investigate iKer 2
the m%tion of atoms in (E)ptical lattices. ReYsuIts base?:i on Iy ~ Kle™ Ve Ve )l (1)
this technique fill a gap in a field where most experimentalvhere the wave function consists of subcomponents ac-
and theoretical studies have dealt with steady-state progording to the magnetic sublevels of cesium. The opera-
erties but only a few with the time dependence of atomidors Vp and Vp describe the electric-dipole coupling
motion [6,7]. In this work we employ Bragg scattering between the internal atomic states by the probe wave
to investigate experimentally for the first time how atomsand the Bragg-reflected wave, respectively. The operator
in an optical lattice approach their steady state. Since wproductVzVp connects two states in thie = 4 manifold
cool cesium on théS,,,, F = 4 — 6P3,, F' = 5 transi-  through theF’ = 5 manifold of excited states. The opera-
tion, we explore polarization gradient (Sisyphus) coolingtor /¥ contains the momentum transf& associated
for large angular momenta, where there are multiple powith Bragg reflection and describes its effect on the atom
tentials capable of trapping the atoms at the same locatiocenter-of-mass coordinate. We chodsesuch that the
We find that the cooling rate is proportional to intensity, average position distribution of the atoms aldighas a
in agreement with our Monte Carlo calculations, but in di-periodicity fulfilling the first-order Bragg condition.
rect contradiction with the simple Sisyphus model of laser A simplification of Eq. (1) is obtained as follows. Our
cooling [8], which nonetheless correctly predicts the linearown and other [10] Monte Carlo simulations show that
dependence of temperature on intensity. when the lattice is turned on most of the atoms are rapidly
We investigate the 1D linlin lattice configuration pumped into the extreme magnetic sublevelg, = *4.
(counterpropagating beams with orthogonal polarizationsJhus, we can neglect states other thap = *4. Be-
[1-3] as well as its 3D generalization consisting of twocause of the strong asymmetry of the Clebsch-Gordan co-
pairs of linearly polarized laser beams configured as irefficients involved, the operatots andVg mostly couple
Ref. [4]. The lattices are operated close to resonancthe statesnr = 4 andmp = 5. Then, Eq. (1) becomes
(A =852 nm, I'/27 = 5.2 MHz). In both 1D and 3D approximately
we choose the quantization axigo be orthogonal to the 2 iKer )
polarization vectors of the lattice beams. In 1D, the light Ip ~ lvsvpP[ule™ Tl (2)
field displays alternating pure * ando ~ polarization in ~ where the wave function is restricted to the dominant
planes perpendicular tg, spaced byr/4. In 3D, there componentny = 4, and the operator produdtzVp is
are points of pures®™ and o~ polarization forming a replaced by a single constafizvp|. If we use the
centered tetragonal lattice with a spacing\g2+/2 along  approximation of Eq. (2) and assume that the atoms have a
z, andA/+/2 alongx andy. As the atoms are cooled and Gaussian position distribution around the lattice sites with
localized around the lattice sites of" polarization, they mean-square spreafié? (¢ being measured alonk),
form equidistant, dilutely occupied planes of atoms. Thethe Bragg reflectivity is proportional to the Debye-Waller
mean-square position spread of the atoms about the latti¢actor 8 = exp(—K?A£?). Our Monte Carlo simulations
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show that calculating the exact Bragg reflectivity with ] U, )
Eqg. (1), and then using the Debye-Waller factor to extract  o.2] e
A£? yields an excellent approximation to the true mean- ] %
square position spread of the atoms, given by the full * 1 —=—830
wave function. We find both experimentally and theoreti- oo

cally that as the atoms cool, the Bragg reflectivigfr) 1 . '

1D

and A&(t)? approach single steady-state valdgée) and ] T

A £2(=0), for a wide range of parameters. °3 o 250 5o 5o o
Experimentally, we determin& £2(z) from Time (us)

AEXr) = ——'”[IB(%IB(w)] + A=),  (3) ] * e

where for \/A£%() we use the previously observed
steady-state values @af/7.3 *+ 5% (3D) andA/18 = 7%
(1D), which were found to be independent of the lattice
parameters [2,11]. The 1D value agrees with our Monte
Carlo simulations. Forlz() we use the steady-state o,
value of the Bragg intensity averaged over several runs Time (us)
with different parameters. The extraction of an evolutiong|g, 1. Mean-square position spread?(r) in 1D and 3D as
rate is not influenced by the choice hf() or A¢é%(=).  a function of atom-lattice interaction timefor § = —5T" and
In the approximation of harmonic potential wells¢? is ~ various potential depth&/,. The probe frequency is 4 MHz
proportional to the potential energy of the trapped atom%ek’w the atomic resonance. The solid lines are exponential
and to their kinetic energy and temperatufe Thus, Its to the data.
A £2(¢) yields information on how the atoms are cooled.

In our 1D experiment the probe beam is parallel to onesteady-state value, which is nearly independeritgfbut
of the lattice beams and almost perfectly retroreflectedlifferentin 1D and 3D. We expect this independence since
by Bragg scattering (i.e£ = z), implying a momentum the shapes of the potentials are self-similar for different
transfer ofK = 2k (k = 277 /A). In 3D the directions of depthsl/, and the equilibrium temperature is proportional
incidence and detection are arranged such that we obserte U, [11].
reflection from lattice planes separated hix/2, giving a Figure 1 shows that for constant atom-lattice detuning
photon momentum transfé&f = /2 k. the approach to steady state is faster for highigr (The

The data are taken in 4 ms cycles [4]. Atoms are colfact that A¢? apparently starts from smaller values at
lected for 2 ms in a magneto-optical trap, and then coolethigher U, reflects initial oscillations inA¢? and is ad-
for 1 msin an optical molasses. At this instant, the atomsiressed below.) After a feyws each data set is well fitted
are presumed to be in a spatially disordered thermal distriby a single exponential of the fordé?(r) = [A£%(0) —
bution with a temperature 6£10 uK. This temperature A&2()]e™"/™ + A¢%(»). Inorder to account for the weak
was not measured but was inferred for etit — o~ mo-  dependence ofA£2() on detuning and intensity, it is
lasses from the known detuning and intensity followingtreated as a free parameter. The fits yield localization rates
[12]. Approximately10 us after switching off the mo- 7! which are plotted versus the potential degth in
lasses beams the lattice beams are suddenly turned on wifig. 2. For fixed detuning, the values of ' are propor-
a rise time<<0.2 us. After a variable atom-lattice inter- tional to Uy, but for equal potential depths the evolution in
action time the lattice light is turned off and with a delay 1D is about 6 times faster than in 3D.
of =0.2 us a weak probe pulse measuring the Bragg re- We studied the localization rates for different atom-
flectivity of the sample is introduced. The width of the lattice detunings. For each detuning, we observe the pro-
probe pulse is only aboud.5 us and its typical inten- portionality between/, and the localization rate for the
sity 0.1 mW/cn?, ensuring that during the probe pulse conditionss < 0.4 andUy = 300E¢. The 1D results are
the Bragg reflectivity does not significantly change due tsshown in Fig. 3 which plots the ratio of the photon scatter-
thermal motion of the atoms or photon recoil. The Bragg-ing ratel”’ = I's/2(s + 1) and the localization rate !
reflected light is detected by a photomultiplier. along with Monte Carlo results (as described below). The

Results forA£%(r) obtained from measured 1D and ratio 71" is essentially constant, independent of the spe-
3D Bragg reflectivities using Eq. (3) are presented incific choice of detuning, intensity, and potential depth. We
Fig. 1 for different diabatic potential deptiig. U, =  also find this constancy in 3D. In 1D the localization time
[78/2[{In(1 + s) — In[1 + (1/45)s]} with the saturation constant is the time it takes to scatter about 30 photons;
parameters = 202/(I'> + 48%). Q is the Rabi fre- 3D requires about 200 photons. If the potential is too shal-
quency for the strongest transition at the lattice sites, antbw or the saturation is too large this number increases.
é is the detuning from resonance. F&p > 300 recoill We investigated the sensitivity of to the initial tem-
energies Kz = h’k*/2m), A£? smoothly approaches a perature, determined by the parameters of the molasses
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verified thatr depends only od”. The theoretical rates
agree with the experimental ones to withi#R0%. We
consider this to be reasonable agreement, since we have a
10% calibration uncertainty for the lattice intensity, and
additional uncertainties due to factors such as nonideal po-
larizations and slight intensity imbalances between lattice
beams. There is also statistical uncertainty of the theo-
retical value as well as the possibility of a weak influence
of the discretization ok space used in the calculations.
We also performed semiclassical Monte Carlo calcula-
0 tions in which the positions and momenta of the atoms are
classical variables. The full quantum and the semiclassical
results agree withir30%, showing that the semiclassical
FIG. 2. Localization rater ' in s™! and in units ofwzy =  method gives a fair approximation to the localization and
Er/h = 2m X 2.07 kHz versus potential depthlo. The  cooling dynamics as well. The moderate deviations mostly
ggf,h:edg é'(”UeOS/SS é',”leafgf'tsl[f)o“;% t:‘[?“ghlghﬁlj’o”/%:’) g',elld'”goccur forU, < 500Ex where the semiclassical evolution
for 3D. tends to be slower.
Based on the virial theorem for the harmonic oscillator,
we expect a close relationship between the evolution of
precooling the sample. We observed thaypically var-  the kinetic temperature antl£é?(r). Our simulations do,
ied by less than 10% when the estimated initial temperatur fact, show a close relationship. However, as a result of
is less than or equal to the steady-state temperature in tllee anharmonicity of the potential, the ratio between the
lattice. Inthis, the usual case, the potential energy acquire@mperature and localization rates depends on what defini-
by the atoms during the sudden onset of the lattice exceedi®n of temperature we use. Our simulations yield a tem-
the kinetic energy in the molasses. For much higher iniperature evolution rate in good agreement with the one of
tial temperatures we observe a nonexponential approach é2(¢), when we take the temperature to be proportional to
equilibrium with slower evolution at the beginning. the square of the FWHM of the momentum distribution. If
We applied a Monte Carlo wave function methodinstead we use the mean-square momentum we find evolu-
[10,13,14] to simulate our experimental results in 1D fortion rates about 1.5 to 2 times slower due to non-Gaussian
the actualF = 4 — F’ = 5 ftransition. Reference [10] wings of the momentum distribution. Nevertheless, what-
studied the localization of atoms withJa= 3 — J’ = 4  ever definition of temperature we use, we do see the clear
transition, finding, as we do, the localization rate to berelationship of the temperature evolution rate being pro-
proportional tol’. We calculate the average Bragg ampli- portional to the photon scattering rate.
tude using Eg. (1), from typically 50 quantum trajectories A seminal result of the theory of Sisyphus cooling is
and extractA£%(r) via Eq. (3). Then, as in the experi- that the temperature is proportional &, originally cal-
ment, exponentials are fitted t4&%(¢). In Fig. 4 the culated semiclassically forA= 1/2 — J = 3/2 system
localization rates, obtained fo = —5I" and —12.5I',  with the atoms dragged at constant velocity [8]. These
are plotted versus the potential depth. As in the calculations show that the cooling rateimglependenbf
experiment, there is a clear linear relationship betweeimtensity. We find both experimentally and theoretically
the localization rate and/, for fixed detuning and it is for our system that the cooling rate oportional to
intensity, even though the temperature dependence is as
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FIG. 3. Ratio of the photon scattering raf® to the local- FIG. 4. Localization rate versus the potential dejpth cal-
ization rater~!, as a function of the atom-lattice detunidg  culated by 1D Monte Carlo simulations. The uncertainty esti-
The squares represent experimental results obtained in 1D; thmeates are based on separate fits to different parts of the curves
diamonds are from Monte Carlo simulations. All experimental A£2(¢) and their uncertainties. The linear fits, forced through
points are averages of several measurements taken at differethie origin, yield 7=! = 118(Uy/Ex) s~! for 6 = —5T", and
lattice intensities. 771 =51(Uy/Eg) s~ ! for § = —12.5T.
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predicted by Sisyphus cooling, implying that the coolinglations, but some important questions remain unanswered.
mechanism must be different. While including a finite cap-For example, we do not know why the 3D localization rate
ture range and a nonlinear friction force may improve theés so much slower than the 1D one. Is this related to the
dragged-atom picture, it remains fundamentally unsuitablexistence of orbits with angular momentum in 3D? Does
for trapped atoms. More sophisticated analytical and nuit depend on the axis along which the measurements are
merical models for/ = 1/2 — J = 3/2 also fail to re- made? Furthermore, we do not know whether the cooling
produce the dependencies we observe [15]. The simplgrocess occurs substantially without the movement of an
behavior of the temperature and the cooling rate suggest&tom from one lattice site to another (local cooling) or if,
that an analytic model of simplicity and power similar to as in the case of = 1/2 — J/ = 3/2 cooling, an atom
that of the dragged-atom Sisyphus model should exist fomust move from one site to another in order to be cooled.
predominantly trapped atoms. This question could be answered by an experiment sensi-
Detalils of the early-time behavior of the Bragg scatteredive to the time constant for spin flips of the atoms. We
intensity in 3D are shown in Fig. 5. For high lattice in- hope to study such questions as well as the driven motion
tensities and small detunings, we observe oscillations if atoms in optical lattices in future research.
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