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We have developed a technique to control the placement of atoms in an optical lattice by using a superlattice

comprising two separately manipulated, periodic optical potentials with commensurate periods. We demon-
strate selective loading of Bose-conden&&Rb atoms into every third site of a one-dimensional optical lattice.
Our technique provides atoms with wide separation yet tight confinement, useful properties for neutral-atom
implementations of quantum computing. Interference of atoms released from the optical lattice and optical
Bragg reflection from the atoms reveal the tight confinement and wide separation provided by the patterned
filling.
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Neutral atoms confined in an array of magnetic or optical U, Us
traps offer a scalable system for quantum information pro- U(z)=— S cod2mz/d)) ——coq2nz/dst+ ¢). (1)
cessing. Several proposdls—3| for providing the required
poherer]t coqtrol of the states pf |nd|V|d.uaI. atoms and theifpe express U in units of the atomic recoil Eg
interactions involve optical lattices, periodic light-shift po- =#2k?/(2M), whereM is the atomic mass. Given the peri-
tentials produced by optical standing waves. Ideally, the latpdic nature ofU(z), the eigenstates of this system are Bloch
tice should be able to separate the atdipsbits by more  states. It is important that the two lattices be sufficiently
than an optical wavelengttto allow individual optical ad- commensurate that the local relative phase between the two
dressing while confining each atom to a region much |attices does not change significantly along the BEC. We
smaller than an optical wavelength. Tight confinement is im-achieve this with a ratial, /ds of 2.991) [6], as determined
portant in most of these proposals both to increase the inteby measuring the Talbot timg¢7] for each lattice, T
action strength between atoms in a $ite?] and to decrease =h/eRi, where eRi:(i’szZ/ZM)()\/di)2 is the lattice recoll
the oscillation period, which sets the time scale for movingenergy.(Following diffraction from a brief application of lat-
atoms. tice light, the evolution of the wave function is periodic with

Here we experimentally demonstrate a technique to selegeriodT.)
tively load atoms into the motional ground state of every The source of our lattice light is a Ti:sapphire laser de-
third site of a one-dimensionélD) optical lattice. This tech- tuned below theD2 line of Rb (780 nm by ~100 GHz.
nique involves the sequential application of two independenEach beam has up to 3 mW in a waist g4 tadius) of
lattices whose spatial periods differ by a factor of 3. We use

the resulting “superlattice” to transfer atoms in a Bose- (a) (®) & 20F— ong -

Einstein condensat8EC) from the long-period lattice sites €% | -shortt -,

to the coinciding sites of the short-period lattice. The final 8 £ X

state provides the tight confinement of the short-period lat- Bragg probe\} g 053 6
\

tice with a separation three times larger than the lattice pe- BEC .\ time (ms)
riod. Large separation between sites can also be achieved kg a0, reflection
using CQ laserg[4] or arrays of optical dipole trag$], but

these techniques require much more laser power to provide [/!

similar confinement. Patterned loading adds versatility to the \\\Cam‘ir/a/ ]

atom-lattice architecture, and empty sites between atoms ar 102.5° 6 ms \/W\/\/WWW\/
in fact necessary for quantum computing proposals such a.

Ref.[1]. While the present experiment involves many atoms . .
in every third plane of a single 1D lattice site, the technique FIG. 1. (& Superlattice arrangement. Two pairs of laser beams

- . .~ form two independent 1D lattices, with period ratio 3:1. A beam
Can be extended to .other fractlonall f'”!n.gs and. to 3D IattlcesIncident at the Bragg condition for the long-lattice period probes the
which could have single atoms in individual sites.

: . . atomic density distribution. The plane containing the long-lattice

We create each of the Iat_tlces by mters_ectlng _tWO IaseE)eams(intersecting at 30.2°) is at 75° to tffeorizonta) plane of
beams at an anglé; (see Fig. 1. The lattice periodd;  he short-lattice beaméb) Example of time sequences for loading
=M[2sin(@/2)], wherex=2m/k is the laser wavelength. In  eyery third site of the short lattice. The lattices can be loaded se-
this experiment, thé; are chosen such that the periods differ quentially or the long lattice can be removed while the short lattice
by a factor of 3, resulting in parallel lattices with periods of is applied.(c) Schematic of atom localization for sequential load-
d=1.5um (long lattice and ds=0.5 um (short latticg.  ing: in the long latticgat 2 m3, superlatticg4 ms, and finally the
The light-shift potential is given by desired state in the short latti¢@ ms.
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250 um, giving a depthJ;<60Eg and a spontaneous emis- @
sion rate<10 s . Separate acousto-optic modulators allow
independent control of the two lattices. In order to ensure
independent lattices, we detune them from each other by 60
MHz [8]. The relative position of the minima of the two P A A R
lattices, determined by, is not locked. Interferometric mea- () e 5 >

LR B

| long lattice SN e

—

surements showed this phase moved by less than a radian £ [short lattice
during a given loading cycle<10 ms duratiojy although it 3 2 WWWWY
is random between cycles. i 0'

Our BECs are produced in a loffe-Pritchard trap every 30 b e
s. In the first 4 s, 1 8Rb atoms from a Zeeman-slowed © REL. CCE
beam are co!lec.ted in a magneto-optical t&HOT). The ol pitterned atrice \/W\/W
MOT magnetic fields are then turned off, the atoms cooled i

for 6 ms in optical molasses te 40 uK, optically pumped
into either thelF,mg)=1(2,2) or |F,mg)=|1,—1) hyperfine e S
state, and finally captured in a roughly spheripal magnetic miomentum (s of hid
trap whose strength is chosen to match the initial size of the
atom cloud. Compression avé s produces a trap with axial ~ FIG. 2. Single shot absorption images and their line profiles
frequency forlF,mg)=12,2) (]1,—1)) atoms ofv,=12 Hz  showing atom-diffraction patterns frofil,~ 1) atoms loaded into
(9 Hz) and radial frequency of,=380 Hz(270 H2. Forced  (a) the long lattice,(b) the short lattice, angc) every third site of
RF evaporation for 20 s cools the atoms below the BEGhe short lattice. The long- and short-lattice depths are roughly 2
transition producing a condensate with no discernible therand 2E, respectively[The narrowing of the diffraction peaks is
mal component. We then weaken the radial magnetic trap tg]e result of a lensing effect due to the nonuniform intensity distri-
v,=36 Hz (26 H2). A typical condensate has 2x 10P at- bution of t_he_lattlce beams along t_he Iatnf:e, result_lng ina qu_adra_tlc
d a Thomas-Fermi lend®] of 55 xm in the lattice phase variation of the wave function. This effect is most visible in

oms E_m ) i K loading sequencéc), in which the phase is integrated for three
d_|rect|on, occupying~- 110 (37) sites of the shortlong) lat- times longer than irfa) and (b).]
tice.

Atom diffraction provides information about the confine- ~ To load every third site of the short lattice, we apply the
ment and periodicity of atoms in our lattice, and direct spaiattices to the BEC as shown in Fig(k. First, the long
tial imaging of the patterned state is not possible with ourattice is slowly turned on to localize the atoms at its lattice
current imaging resolution. After abruptly turning off the lat- Sites. The short lattice is then slowly added, localizing the
tice light (<1 ws) and magnetic trap<{(200 us) we allow  &toms at those of its lattice sites that are closest to the longer
the atoms to freely expand for 22 ms before absorption imp_erioq Ones. The{se operations are adiabatic with respect to
aging the resulting atomic interferenEo]. This produces a vibrational excitation and atoms go from the ground state of
diffraction pattern that corresponds to the absolute square (% € I'ong lattice to the g'round state of the superlatt|ce..SIovny
the Fourier transform of the BEC’s spatial wave function in urning qﬁ th_e long lattice Ieavgs the atoms_, well Iocahzeql n
the lattice. i.e. the momentum distribution. If the Spatialevery third site of the short lattice. Alternatively, the loading
wave func’tio.n |s periodic with period its morﬁentum com- procedyre can be perf.ormed.more quickly by simultanepusly
ponents are restricted to multiples afh/d. The width at removing the long lattice while turning on the short lattice.

; . . The final state in either procedure is an equal superposi-
each sne,Az,.de'termmes the width of the envelope of thetion of the three Bloch states in the first band of the short
momentum distributionAp~#/Az.

. ; i o .
Figure 2 shows atom-diffraction patterns obtained fromIattlce with quasimomentum=0,= 1/3. This state leads to a

loading atoms into théa) long lattice andb) short lattice. To ﬂggc“?gcggﬁ?; Xl;ee';'gégz d(WtT\Igh Végi t:k:;nusgn?o:htile
load an individual lattice we turn on the lattice beams with a P P » e pe: P 9 :
half-Gaussian ramp, adiabatically with respect to vibrationgP2tter-loaded short lattice are indicative of the long-lattice
excitations within the lattice site¢The time scales for adia- periodicity. The tght confmement_ of the short Iatt|ce_ pro-
baticity are discussed belowComparing Fig. 2a) with 2(b), duc_e§ th_e broad envglope of the dllffracnon pattern, Wh_'Ch we
the separations between the momentum peaks have a ratio\Sf)z::fdcgnnﬁgﬁg;eesmwgﬁ dShsorgrl]?;tr"(;%udsepé%isvvsi%fb::g tvr\]/ﬁh
1:3, corresponding to the 3:1 ratio of the respective lattic P

4__ : 2_ H
periods. The amplitudes of the momentum peaks for a sing(laéﬂ'qgﬂse)r _d(gttnit;\metshalr?sv?/o&?jwt?é r?:ge(i(s/g?) Js?n t"t?lzs lon
lattice are solely determined by the ratikp/eRi of the lattice g y g 9

long)

} ] ] ) lattice alone. In a practical quantum computing application,
depth to the lattice recoil energy. Sineg =1/d7, €r /€r  poth the detuning andd(/ds) would be larger than our cho-
=9. The short lattice in Fig. ®) has nine times higher sen experimental parameters, further increasing the benefit of
intensity than the long lattice in Fig(&, so the diffraction the patterned loading technique.

patterns have peaks with the same relative heights. The Surprisingly, atom diffraction is insensitive to tunneling
tighter confinement in the short lattice gives the three timesrom occupied to empty sites: the evolution of the patterned
wider diffraction pattern. state consists entirely of phase evolution of the three quasi-
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FIG. 3. Square root of the Bragg reflectidRt?, from pattern- i = N 3
loaded|2,2) atoms vs the maximurd; used in the sequential load- 0 2 4 6
ing sequence(The finalU,=12Eg.) The Bragg probe beam was a time (ms)

3-us pulse of 1 mW in a 30@m waist (1£%), detuned seven

linewidths below resonance. FIG. 4. Investigation of adiabaticity for several loading se-

guences(see text The schematic traces on the left indicate the

. . . lattice depths as a function of time, where the peak depthsBge 5
momentum components, which project onto completely in- d 1E for the long and short lattices. The images on the right are

dependent plan tates. To verify that we have indee],
| e%e d entp ahgt-jwave states. 10 \./erllfé a W.(f:’_'f ave Indeggy corresponding absorption images, in which nonadiabaticity ap-
oaded every third site, we use optical Bragg diffractidm] pears as momentum components spacetd dt.

(reflection of a probe beam from a periodic array of atbms

The reflected signal is proportional to the square of thequires that the time-dependent lattice Hamiltonkft) sat-

Fourier-transform component of the atomic density at thqsfy

spatial frequency satisfying the Bragg condition. We apply

the probe beam along one of the long-lattice beams and de- dH

tect along the otheisee Fig. 1, after switching off the lattice (m| =—|0)

beams. This geometry satisfies the first-order Bragg condi- 20, dy; <1 @)
tion for density modulations with periodj , with no reflec- : (Epn—Eo)?

tion for density modulations of period .
o e e s, [ 8l o) with ety coupled 0 e ground sae
S ' ) by H(t) [12,13. For a single lattice the most stringent re-

and loading into the short lattice with our patterned-loading - . i o 5

procedure. We detect no reflection from either the BEC ofduirement, which occurs at; =0, 'Shui<2‘/§6Ri (as de-

the atoms loaded directly into the short lattice. When atomgermined by a band-structure calculatioRigure 4a) shows

are loaded into the long lattice we see substantial reflectivitghe BEC after loading and unloading &&-deep long lattice

(of order 100%, but a quantitative determination is diffiult with a Gaussian pulses(=0.3 mg. We satisfy the adiabatic

We observe essentially the same signal from atoms pattergriterion by a factor of 25, and the final state shows no sign

loaded into the short lattidausing either procedure shown in of excitations. Experiments with a Na BEC reported greater

Fig. 1(b)], consistent with all of the atoms being loaded intothan 99% of the population loaded into the ground vibra-

every third site. While it is difficult to quantify the fraction of tional state with a similar procedufé4].

atoms put into every third site, we see in Fig. 3 that the In case 4b), we adiabatically load the short lattice, apply

square root of the Bragg reflectigproportional to the“every the long lattice, and then reverse the procedure. This process

third” fraction) saturates with increasingd, . This saturation is clearly not adiabatic, as evidenced by the momentum

and the comparable Bragg reflectivity of the long lattice andpeaks associated with the long lattice. When the long lattice

pattern-loaded short lattice support the conclusion of comturns on, the period of the combined lattice changes from

plete loading into every third site. 0.5um to 1.5um. To adiabatically follow this change re-
The issue of adiabaticity is complicated for our superlat-quires tunneling between short lattice sites, which is quite

tice. We want the loading process to avoid any vibrationaslow (~60 ms for our 1Zx deep lattice

excitations. On the other hand, our desired final statey In Fig. 4(c) we reversed the roles of the long and short

every third short-lattice site occupieid not the ground state lattices compared to Fig.(8). While superficially similar to

of the systen{every lattice site occupigdWe must, in fact, Fig. 4(b), Fig. 4(c) is by contrast adiabatic, as evidenced by

be fast(fully nonadiabati¢ with respect to the time to tunnel the lack of diffraction peaks. Here the periodicity of the com-

between sites of the short lattice. To investigate adiabaticitypined lattice remains 1.zm throughout, and the atoms do

we applied different sequences of lattice light to the BEC andhot have to tunnel to follow the ground state. This picture

observed the resulting atom diffraction. The experiments arshows that we can adiabatically load the ground state of the

summarized in Fig. 4. If the atoms follow the ground statesuperlattice. While the resolution in Fig(c} does not allow

throughout a given sequence, they will return to the originalus a precise determination of the degree of adiabaticity,

BEC when all lattice light is removed. Such adiabaticity re-band-structure calculations show that we satisfy the adiaba-
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ticity criterion[Eq. (2)] by more than a factor of 25, imply- loaded. The calculation also confirmed that the measured
ing superlattice ground state population of more than 99.8%emporal variations 0§ do not significantly compromise the
[12]. loading process. Stabilizing the relative phase should be

Figure 4d) is the patterned-loading sequence followed bystraightforward, and would allow the study of the double-
well system, for example.

an adiabatic turn off of the short lattice. As expected the Th mbination of patterned loadina and obtical Br
patterned statéa superposition of Bloch statess not the € co ation ot patterned loading and optical bragg
reflection presents a unique opportunity for future investiga-

ground state. We note that the momgntum distribution due tdon of tunneling from an occupied site to an empty site, a
sudden shut off of the lattice in Fig.(@ represents the rocess that should be inhibited by mean-field interactions
plane-wave decomposition of the patterned wave function if“macroscopic quantum self-trapping’15]). Similar inhibi-
the lattice, while Fig. &) shows those plane-wave states thattion of tunnelling leads to the Mott insulator transition as
adiabatically connect to the populated Bloch states in th@bserved in Ref{16] in a uniformly filled 3D lattice. Com-
lattice. bining the Mott transition with our patterned loading tech-
We have performed band-structure calculations, evaluatique extended to 3D should provide a flexible system for
ing the adiabatic criteria of Eq2), to investigate the effect the implementation of quantum computing with atoms in op-
of the relative phase between the short and long lattices, tical lattices.

which is uncontrolled in the experiment. We find that except This work was funded by ARDA. M.S. acknowledges
for a very narrow range negk=m, where the superlattice is  support from the U.S. Civilian Research and Development
a periodic array of double well potentials, the loading se-Foundation, Grant No. RP1-2261, and the Russian Founda-
guence produces the desired state with every third sitdon for Fundamental Research, Grant No. 01-02-16337.
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