
VOLUME 82, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 15 MARCH 1999

iss

-off-
e that
RL
ites
onal
h the

2262
Unity Occupation of Sites in a 3D Optical Lattice
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An average filling factor of one atom per lattice site has been obtained in a submicron scale far
resonance optical lattice (FORL). High site occupation is obtained through a compression sequenc
includes laser cooling in a 3D FORL and adiabatic toggling between the 3D FORL and a 1D FO
trap. After the highest filling factor is achieved, laser cooling causes collisional loss from lattice s
with more than one atom. Ultimately 44% of the sites have a single atom cooled to near its vibrati
ground state. A theoretical model of site occupation based on Poisson statistics agrees well wit
experimental results. [S0031-9007(99)08673-1]
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Atoms in optical lattices have recently been employ
in experiments investigating wave packet dynamics [1
atom optics [2,3], and laser cooling [4–8]. The near pe
fection of the optical lattice potential and the ease wi
which it can be controlled have also allowed its use
studying traditionally condensed matter phenomena su
as Bragg scattering [9,10], Bloch oscillations [11], an
the Wannier-Stark effect [12]. These experiments
not depend on interactions between atoms, but exp
ments that do would be possible if optical lattices cou
be occupied more fully. For instance, simple condens
matter models based on periodic arrays of weakly
teracting particles could be studied [4,13,14]. Qua
tum statistics should have observable effects in a de
lattice, and it may be possible to achieve Bose-Einste
condensation (BEC) by purely optical means witho
evaporative cooling. Cold collisions in one, two, an
three dimensions can be studied in dense lattices. It m
also be possible to construct quantum logic gates and
timately quantum computers in highly occupied optic
lattices [15].

Optical lattices are typically loaded from a
magneto-optical trap (MOT), where densities abo
1012 atoms cm23 are unattainable due to radiative re
pulsion and light-assisted collisions [16–18]. This ha
limited the filling fraction in a submicron scale optica
lattice to below 10% [6]. In this Letter, we presen
an experiment that attains an average filling fractio
of one atom per lattice site. When the atoms are th
laser cooled, light-assisted collisions leave no sites w
multiple atoms. After cooling, 44% of the sites have
single atom near the vibrational ground state.

Our path to high lattice occupancy requires a way
cool atoms trapped in a far-off-resonance lattice (FOR
and an adiabatic compression sequence to increase
spatial density. After laser cooling atoms in a 3D FOR
made from three orthogonal standing waves (see Fig.
we shut off the horizontal lattice beams adiabaticall
so that a 1D FORL trap remains [6]. The atoms a
left stacked in pancake-shaped distributions, confined
50 nm in the vertical direction and 0.4 mm horizontally
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The trap depth is200 mK, but the atoms have less tha
1 mK initial kinetic energy, so they are all near the to
of their trajectories in the transverse, Gaussian-sha
potential. The atoms collapse toward the center of
trap, all arriving there at about the same time a quar
cycle later. At the moment of peak density we turn th
horizontal lattice beams back on adiabatically, trappi
85% of the atoms at lattice sites. We finally laser co
the atoms again in the 3D FORL.

Our experiment runs at a 2 Hz repetition rate. W
observe atoms by fluorescence detection using a s
s36 msd, high intensitys,1000Isatd resonant laser pulse
so that all atoms contribute photons to the far field at t
maximum possible rate ofGy2 sG ­ 5.2 MHzd [19]. The
fluorescence light is imaged from the horizontal directi
by a numerical aperture­ 0.13 lens onto a charge-
coupled device camera and digitized. The number a
density are determined to an accuracy of 20% by fitti
Gaussians to the atomic spatial distributions, assum
cylindrical symmetry. Temperature measurements
made by imaging after ballistic expansion.

We start the cycle by trapping109 Cs atoms at
1012 atoms cm23 in a MOT, the details of which are
given elsewhere [19]. After turning off the MOT, we
turn on a 1D FORL trap, which consists of a collimate
retroreflected, vertically oriented, linearly polarized las
beam. In 30 ms the trapped atoms equilibrate and

FIG. 1. Directions, polarizations, and frequencies of the 3
FORL beams.
© 1999 The American Physical Society



VOLUME 82, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 15 MARCH 1999

al
-

rce
ing

ice
L.
ve
D

in
e

ase

ty.
0]
e

imit
nt,
.
es-
r-
d
he
at
ur
be-

ri-

t-
o-

g

s a
untrapped atoms fall away. A cylindrically symmetr
sample of atoms is thereby prepared [6].

Next, we divert power from the 1D FORL into tw
orthogonal, horizontal standing waves, both vertica
polarized. This forms a 3D FORL as shown in Fig.
A 180 MHz frequency difference is imposed betwe
the horizontal and vertical beams. The relative ph
between the two horizontal lattice beams is stabilized
a servo loop and locked to0± 6 3±. Each of the three
retroreflected laser beams has ane22 radius of,480 mm
and a power of,270 mW. The lattice light is 165 GHz
to the red of the6S1y2 F ­ 4 to 6P3y2 transitions. The
result is a base-centered tetragonal lattice with200 mK
depth,ly2 spacing in the vertical direction and640 mK
depth, withl spacing in the horizontal plane. The tra
oscillation frequencies are 180 and 160 kHz, respectiv
much larger than the spontaneous scattering rate for la
photons of 500 Hz.

Atoms in a 3D FORL can be polarization gradie
cooled with independent cooling light as long as t
ac Stark shift due to the trapping light is sublev
independent [6]. Alkali atom ac Stark shifts are suble
independent when the light is linearly polarized a
detuned far from the excited state hyperfine structu
Then the cooling light optically pumps to the lowe
energy state, as Sisyphus cooling requires, even if
magnitude of the light shift due to the trap is larg
The imposed frequency difference between beams w
different polarizations makes our 3D lattice effective
linearly polarized. Although the polarization at a give
point in space and time is elliptical, it has the oppos
sense after a half a beat period (3 ns). Averaged over
much longer cooling photon scattering times.1 msd, the
ac Stark shifts are the same as for linearly polarized lig

To laser cool the atoms in the 3D FORL, the MO
molasses light is turned back on, detuned219G from
the F ­ 4 to F0 ­ 5 cycling transition. We first cool
at 14 mW cm22 (single beam) with intense repumpin
so that atoms bind to sites quickly and are less lik
to collide. The molasses intensity is then lowered
7.5 mW cm22 and the repumping light is turned of
yielding the lowest possible temperature. With on
the FORL beams to provide repumping, the fraction
atoms in the upper hyperfine ground statep is 5%.
Shelving atoms in the lower hyperfine state minimiz
heating due to the reabsorption of scattered photons
allows cooling to an average kinetic energy of10 mK.
Without the 3D FORL we could not makep this small
without atoms picking up significant energy due to grav
while they are in the dark state, or sustaining signific
collisional loss during the 20 ms that is required f
complete equilibration.

After cooling in the 3D FORL108 atoms remain, at
a density of6 3 1011 atoms cm23. The horizontal lat-
tice is turned off adiabatically by 1000-fold in200 ms
[6], and then the light is completely extinguished. In t
1D FORL that remains, the atoms are stacked in,1400,
ic
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400 mm radius, 50 nm thick pancakes with a horizont
temperature of,700 nK. The pancakes collapse horizon
tally as their constituent atoms experience a dipole fo
due to the transverse Gaussian profile of the remain
vertical beam.

Figure 2 plots the peak density averaged over a latt
spacing as a function of evolution time in the 1D FOR
The time to peak compression is 4 ms, which we ha
verified depends inversely on the intensity of the 1
FORL. A classical Monte Carlo calculation of the 2D
dynamics without collisions shows that the damping
Fig. 2 is largely explained by the anharmonicity of th
Gaussian potential.

In such oscillations we have seen the density incre
by more than an order of magnitude, to as high as8 3

1012 atoms cm23, higher than the density of 3D lattice
sites,nls ­ 6.5 3 1012 cm23. Note that the local density
within a pancake is then8 3 1013 atoms cm23. Our
calculation predicts a 6 times larger maximum densi
Published values for the cold collision cross section [2
imply that elastic collisions are important here, and w
have seen evidence that suggests they are what l
the peak density. Inelastic collisions are less importa
causing a loss of 10% of the atoms per oscillation cycle

We have also performed the complementary compr
sion by turning off only the vertical lattice beams. Ve
tical filaments of atoms remain in the 2D lattice an
collapse to a maximum density a quarter cycle later. T
oscillations and resulting peak density are similar to wh
is described above. The 1D and 2D collisions that occ
in these experiments should have an unusual threshold
havior, which we plan to study in the future [21,22].

At the peak compression in Fig. 2, the average ho
zontal kinetic energy of the atoms is54 mK. In order
to lock in the transient density gain the horizontal la
tice beams are adiabatically turned back on at the m
ment of peak compression. The light is turned on in1 ms
to 1

3 of its final intensity and then increased accordin
to Istd ­ I0s1 2 Atd22 with A ­ 4 kHz [23]. A Monte

FIG. 2. Peak density, averaged over a lattice spacing, a
function of free evolution in the 1D FORL.
2263
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Carlo calculation of the atoms’ classical trajectories in
dicates that 88% of the atoms should be bound after t
turn-on.

When the 3D lattice reaches its full intensity, we
turn on the same cooling light that earlier yielded th
minimum temperature. Figure 3 shows the peak dens
as a function of the cooling time for two different initial
densities, using identical parameters from the time t
MOT is shut off. Each curve can be fit to the sum o
four decaying exponentials with decay times that differ b
orders of magnitude. The amplitude of each of the fo
decays differs between the two curves, both absolute
and as a fraction of the total. Yet the characteristic dec
times are the same. These and similar curves prov
compelling evidence of high lattice occupancy.

It is easiest to analyze the later parts of these dec
curves first. After 20 ms the decay is purely exponenti
with a time constant of 730 ms. These atoms, who
density we labeln1, do not collide with each other, so
they must all be bound alone at lattice sites. They a
lost only in background gas collisions. The salient featu
of these curves is that a high initial density,n0, makes for
a relatively highn1, but a relatively smalln1yn0. This is
readily explained by a model in which atoms are boun
to lattice sites. High initial density means that a large
fraction of the atoms are at multiply occupied sites, whic

FIG. 3. Decay from the 3D FORL during the final cooling, fo
two different initial densities. The lower panel is an expande
version of the first part of the upper panel. The fits are th
sum of four exponential decays with time constants 0.07, 0
6, and 730 ms. The time constants do not depend on the ini
density, but the relative amplitudes of the four features d
The first two decays are due to multiply occupied lattice site
the third is due to unbound atoms binding at occupied site
and the last is from lone bound atoms colliding with the bac
ground gas.
2264
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leads to more inelastic collisions in the first 20 ms.
contrast, if the atoms were not bound at lattice sites,
lower curve could be translated to later times and mad
overlay the higher curve. Clearly this is not possible w
these curves.

The exponential decay that dominates between 2
20 msec, whose amplitude we labelnub , is due to
unbound atoms. We determine this by making t
horizontal lattice beam turn-on totally nonadiabatic. O
simulations predict that this will lead to many mo
initially unbound atoms, and by far the most significa
change in the decay that we observe is a doubling ofnub .
The decay time, which is comparable to the characteri
cooling time in the lattice, does not depend onn0 or n1.
We conclude that this loss is due primarily to unbou
atoms that cool and bind at sites, and collisionally de
if there is already another atom there.

The dominant loss between 0 and 2 msec is due
collisions between atoms at multiply occupied sites. W
conclude this because the decay rate of atoms at the s
lattice site does not depend on the bulk atom dens
The bulk density differs between the curves by a fac
of 2.5, yet the decay constants are the same to wi
the statistical error of 15%. If these collisions involve
at least one unbound atom, the decays would not
exponential and the rates would depend linearly on
bulk density.

The decay rate from multiply occupied sites is at le
2 orders of magnitude greater when there is cooling lig
and it is proportional top. We thus infer that these ar
cooling light-assisted inelastic collisions [24]. In stea
state each atom scatters only one photon every100 ms,
so it takes very few photons to cause loss. This is
surprising, as the density of two atoms at one lattice
is between1014 and1016 atoms cm23, depending on their
temperature. Determination of exact inelastic collisi
rates is complicated by the fact that bothp and the
separation between atoms at the same lattice site ch
as a function of time. When variations inp are taken
into account, all the curves fit reasonably well to the s
of two exponential decays whose rates are constraine
differ by a factor of 3, the faster one being due to two-bo
losses at sites with three atoms. However, because
fits are insensitive to the relative amount of loss associa
with the two decays, it is difficult to distinguish loss at
two-atom site from loss at a site with higher occupatio
Accordingly, we do not differentiate among them, b
instead combine them in a single decay amplitude,nm.

Atom-atom interaction energies are negligible co
pared to trapping energies, and inelastic collisions
negligible during the final horizontal lattice beam turn-o
We therefore model the initial distribution of bound atom
using Poisson statistics. The measured values forn1, nm,
andnub do not directly correspond to the initial densitie
n10, nm0, andnub0. First, when a site occupied with a
odd number of atoms loses atoms in pairs, it ultimat
leaves a single atom [25]. Second, thenub0 atoms either
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FIG. 4. The remaining fraction of the initial peak density aft
all cold collisions have occurred, as a function ofn0ynls. The
experimental density has been rescaled by 0.90 to obtain
best fit.

cause the loss of a bound atom or themselves get bo
at a site. Using these empirically motivated assumptio
we derive the theoretical predictions,

n1 ­
nls

2
s1 2 e22ld ;

nub ­ nub0 2
nls

2
e22lse2nub0ynls 2 1d ,

wherel ­ n0ynls. The values forn1 do not depend on
nub0 in this model.

Figure 4 shows as a function ofl the fraction of atoms
remaining after cold collision losses. The associa
theoretical curve has no free parameters. Optimum ag
ment with theory occurs when we rescale our density m
surements by a factor of 0.90, which is well within th
density measurement error. Thus our two independ
ways of determining the lattice occupation number are
good agreement. With high initial density,44% 6 1% of
the lattice sites have atoms after multiply occupied si
decay. After adiabatic release, the atom temperatur
350 nK. Their bulk phase space density is 0.037, 6 tim
higher than any previous result obtained without evapo
tive cooling or by all-optical means [8].

The model and our data imply that15% 6 5% of the
atoms are initially unbound, in agreement with our Mon
Carlo calculation. Thus the initial filling fraction in the
lattice is 0.95 6 0.06 for the point in Fig. 4 withl ­
1.12. It is possible that some unbound atoms collide a
are lost before they are bound, or that some initially bou
atoms become unbound after an elastic collision. Ignor
these processes tends to underestimate the initially bo
fraction, but does not have a major effect on the fin
lattice occupancy calculation, and hence on the the
curve in Fig. 4.

If cooling two atoms at a site leads to inelastic col
sions, then the theoretical maximum for lattice occupat
after cooling is 0.50. The 0.44 final occupation report
here approaches that limit. The site percolation thre
old for a cubic lattice is only 0.31 [26], so a pervadin
cluster of atoms at adjacent sites is created in this exp
er
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ment. That seems to be the appropriate limit in whic
lattice-bound atoms can start to model a weakly interac
ing condensed matter system.

Higher occupation with atoms near the vibrationa
ground state requires that either laser cooling be avoide
by loading the lattice with a Bose condensate [8,14,27
or that a way be found to cool atoms at multiply
occupied sites without significant collisional loss. A
possible approach is Raman sideband cooling [5], whic
entails minimal excitation to the excited state. If atoms a
multiply occupied sites can be cooled to their vibrationa
ground state, then the compression techniques presen
here could lead to bulk phase space densities that exc
the BEC threshold without any evaporative cooling. The
when the lattice depth is decreased adiabatically, lon
range coherence should develop spontaneously.

We acknowledge helpful conversations with K. Gibble
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and Sloan Foundation for support.

[1] G. Raithel et al., Phys. Rev. Lett.78, 2928 (1997);
A. Gorlitz et al.,Phys. Rev. Lett.78, 2096 (1997); P. Rudy
et al., Phys. Rev. Lett.78, 4096 (1997); C. F. Bharucha
et al., Phys. Rev. A55, 857 (1997).

[2] C. S. Adamset al., Phys. Rep.240, 143 (1994).
[3] J. H. Thywissenet al., J. Vac. Sci. Technol. B15, 2093

(1997).
[4] P. S. Jessen and I. H. Deutsch, Adv. At. Mol. Opt. Phys

37, 95 (1996).
[5] S. E. Hamannet al., Phys. Rev. Lett.80, 4149 (1998).
[6] S. L. Winoto et al., Phys. Rev. A59, R19 (1999).
[7] H. Perrinet al., Europhys. Lett.42, 395 (1998).
[8] V. Vuletic et al., Phys. Rev. Lett.81, 5768 (1998).
[9] G. Birkl et al., Phys. Rev. Lett.75, 2823 (1995).

[10] M. Weidemulleret al., Phys. Rev. Lett.75, 4583 (1995).
[11] M. B. Dahanet al., Phys. Rev. Lett.76, 4508 (1996).
[12] Q. Niu et al., Phys. Rev. Lett.76, 4504 (1996).
[13] E. V. Goldsteinet al., Phys. Rev. A53, 2604 (1996).
[14] D. Jakschet al., Phys. Rev. Lett.81, 3108 (1998).
[15] G. K. Brennenet al. (to be published).
[16] E. L. Raabet al., Phys. Rev. Lett.59, 2631 (1987).
[17] W. Ketterleet al., Phys. Rev. Lett.70, 2253 (1993).
[18] C. G. Townsendet al., Phys. Rev. A53, 1702 (1996).
[19] S. L. Winotoet al. (to be published).
[20] M. Arndt et al., Phys. Rev. Lett.79, 625 (1997).
[21] I. I. Fabrikantet al.,Bull. Am. Phys. Soc.43, 1307 (1998).
[22] M. Olshanii, Phys. Rev. Lett.81, 938 (1998).
[23] A. Kastberget al., Phys. Rev. Lett.74, 1542 (1995).
[24] T. Walker and P. Feng, Adv. At. Mol. Opt. Phys.34, 125

(1994).
[25] While in principle all the atoms at a three-atom site coul

be lost together, we see no evidence in the decay of
higher loss rate associated with this process. Furthermo
if we incorporate three-body losses into our model th
agreement with experiment is significantly worse.

[26] D. Stauffer and A. Aharony,Introduction to Percolation
Theory(Taylor and Francis, Washington, DC, 1992).

[27] M. H. Andersonet al., Science269, 198 (1995).
2265


