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We report on the microscopic imaging of individual sites of an optical lattice with a period ofu%.3
created by a retroreflected, focused &L&@ser beam. In this one-dimensional lattice, the Lamb-Dicke limit is
fulfilled in all three spatial dimensions. Single lattice sites have been individually addressed with a focused
near-resonant laser beam. Because of the negligible decoherence rate from spontaneous photon scattering such
a lattice holds intriguing prospects for the realization of fault-tolerant quantum logic gates.

PACS numbg(s): 42.50.Vk, 03.67.Lx, 32.80.Pj

Cold atoms can be trapped by dipole forces in the perioditiear\,,=10.6 um. The use of this midinfrared trapping
potential created by interfering laser beams, thus creating amdiation with a wavelength of more than an order of mag-
optical lattice[1]. Such systems have attracted considerablaitude above that of the lowest absorption line of the ru-
interest due to the possibility of a simple and flexible ma-bidium atom allows the generation of a “mesoscopic lat-
nipulation of their solid-state-like periodic potential. Optical tice” in a standing light wave, where the lattice spacing
lattices have been used as model systems in studies ofap/2 is directly related to the well-controlled frequency of
quantum-dynamical effects like quantum chf®lsand quan-  light. Moreover, extremely long atomic coherence times are
tum transport[3]. Moreover, in optical lattices the Lamb- expected in this lattice, as required for experiments studying
Dicke regime is readily reached, where the spacing of vibraguantum entanglement and quantum logic. The fluorescence
tional levels exceeds the photon recoil energy. This suggesgmitted by rubidium atoms trapped in individual sites has
that the trapped atoms could be cooled to the vibrationabeen imaged by an optical microscope, yielding direct evi-
ground state by sideband cooling, as demonstrated in pigience for the lattice structure. To our knowledge, this repre-
neering experiments with single ions in Paul tré#k With ~ sents the first observation of individual lattice sites with pe-
neutral atoms, sideband cooling to the ground state of &odicity near half the trapping wavelength. Furthermore, we
three-dimensional optical lattice has recently been achievellave been able to manipulate atoms confined in the single
[5]. Atoms in the ground state of an optical lattice couldlattice sites by illuminating them with a pulse of resonant
provide an intriguing system to explore quantum state conlight. Preparation and readout of individual qubits should
trol [6]. Recently, it has been pointed out that optical latticeshence be possible in this kind of optical lattice.
would provide an attractive physical system for performing As in other optical dipole force tragd5], the trapping
quantum logic experiments7—10]. In far-detuned lattices potential in optical lattices is based on the interaction of an
neutral atoms couple only very weakly to the environmentinduced atomic dipole moment with an off-resonant laser
so that the decoherence rate can be kept small. Most impofield. When the laser frequency is tuned to the red side of an
tantly, very efficient schemes for quantum error correctiongtomic transition, the atoms are attracted towards the maxi-
[11] and fault-tolerant computing12] can be straightfor- mum field intensity and the trapping potential is given by
wardly implemented due to the inherent possibility of paral-U= —3«|E|?. Herea is the atomic polarizability an{E| is
lel operation[13]. On the other hand, the possibility of se- the amplitude of the light field. Since the frequency of the
lectively addressing and manipulating single qubits is centralrapping laser in our experiment is much smaller than that of
to the operation of quantum logic systems. This is difficult tothe lowest atomic dipole transition in rubidium, the polariza-
achieve in conventional optical lattices, where the spatial petion « can be approximated by its static value, and sponta-
riod is of the order of half the wavelength of an atomic neous scattering is largely suppres$&€]. For our experi-
absorption line. Traditionally, optical lattices have thereforemental parameters, the expected time to spontaneously
been investigated by monitoring théguantized vibrational ~ scatter a photon is above 600 s. As in our earlier watk
frequencieg1]. A periodic trapping potential for atoms with we use a retroreflected focused Glaser beam near
large trapping site spacing can, for example, be created b¥0.6 um to realize a midinfrared lattice. The atoms are po-
optical imaging of mechanical microstructures, as, e.g., darization gradient cooled into pancake shaped microtraps
grating, which allows for the resolving of individual lattice spaced by 5.3um. This one-dimensiong[LD) arrangement
sites[14]. minimizes the heating rate due to reabsorption of fluores-

In this Rapid Communication, we report on the opticalcence photons from neighboring lattice sites. With proper
imaging of rubidium atoms trapped in an extremely far-focusing of the trapping light, the transverse atomic confine-
detuned optical lattice formed by an infrared standing wavenent can be made sufficiently large that the Lamb-Dicke

limit Vo,ec/wose<1 is not only fulfilled along the lattice
axis, but also in all other spatial dimensions. This is an im-
*On leave from Dipartimento di Fisica, Universiti Firenze, portant prerequisite for future three-dimensional sideband
Largo E. Fermi 2, I-50125 Firenze, Italy. cooling of the trapped atonig].
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m optical imaging the fluorescence onto both a calibrated photodiode
CO5- beam = fiber and the ICCD camera. Typically, we load arounck 10°
5X =if50mm Rb atoms into the lattice, distributed over roughly 100 lat-
| tice sites. We have observed a lifetime of 3.4 s, limited by
BS ==~ . . -
-l collisions with the thermal rubidium background gas.
(Y The vibrational frequencies have been measured by para-

8 x I/l micros-

metrically exciting the atoms as described previousty.
Briefly, the CQ-laser beam intensity is periodically modu-
lated by the AOM, leading to significant vibrational excita-
tion and subsequent trap loss if the modulation frequency
equals twice a trap vibrational frequency. With the typical
parameters of 14 W and 3&m, we measure oscillation fre-
guencies in the central trap region of=54(5) kHz in the
axial andv, =4.2(5) kHz in the radial direction. The Lamb-
Dicke limit, corresponding to an oscillation frequency above
FIG. 1. Schematic of the experimental apparatus. vec= 3.8 kHz, is therefore fulfilled in all three spatial di-
mensions. We have determined the temperature of the atoms
Our experimental setup shown in Fig. 1 is similar to thatby switching off the trapping potential and observing the
described previously7,17]. The vacuum system has been ballistic expansion of the cloud, with the CCD camera using
improved to achieve better optical access to the trap regiof magnification of only a factor of 8. We measure a tempera-
and longer lifetimes. The 1D optical lattice is created by ature of 70 uK for ®Rb at the quoted trap depth, almost a
single-mode CQ laser generating an output power of up to factor 5 above the results of our previous wofksl7] taken
50 W near 10.6um. Its infrared beam passes through anwith lower trapping beam intensities. When decreasing the
acousto-optic modulatqiAOM), which is used both for op- CO,-laser intensity, the measured temperature reduces to 10
tical isolation and to control the beam intensity. Two adjust-#K and the atomic phase-space densityjs reaches its
able ZnSe lenses inside the vacuum chamber and a retroretaximum value, being as high as 1/300. On the other hand,
flecting mirror are used to form a standing wave with a beanwhen increasing the trapping beam laser power the atomic
waist of typically 35um. With an input power of 14 W at temperature rises to values approaching the Doppler tem-
this beam waist the calculated trap defthis Uy,/h=43.5  perature limit of 140uK. We attribute this effect to the fact
MHz, which corresponds to a temperature of 2.1 mK. Thethat upper and lower electronic states are ac Stark shifted by
optical lattice is loaded by means of a magneto-optical traglifferent amounts in the presence of the {Q@éser field. The
(MOT) that collects and precoofSRb atoms. static polarizability of the upper state is about a factor of 2.5
The trapped atoms have been imaged with a Questar longbove that of the ground state. For larger laser power, the
distance microscope QM100 placed 10 cm away from thelifferential ac Stark shift becomes comparable to ffieb
trap center outside the vacuum system onto an intensifiedpper state hyperfine splitting and the efficiency of sub-
charge-coupled-devicedCCD) camera. To image individual Doppler laser cooling is strongly reduced. Therefore the best
lattice sites, we have inserted an additional biconcave lens dftarting point for Raman-sideband cooling would be to first
f=—50 mm focal length between microscope and cameradpad the lattice at low power to achieve high phase-space
which results in an enlargement of the original image by ardensities, and subsequently ramp up the potentials adiabati-
additional factor of 5. With this total magnification of 40 the cally to maximize the vibrational trap frequencies.
rescaled pixel size is 0,6m. For some of the measurements,  After optimization of the trap parameters as described, we
light from an additional laser tuned to theSh,, F=3 to  proceeded to image the optical lattice. For these experiments,
5P4,, F'=4 cycling transition has been sent through thethe power of the C@laser beam was reduced ¢ W to
core of an optical fiber and is imaged via a beam splitterachieve lower temperatures. After loading the lattice and
through the microscope onto the sample. The optical setupolding the atoms for 100 ms, the G@aser beam was shut
here represents that of a confocal microscope, and allows thaf to avoid a position-dependent ac Stark shift, and the
illumination of only a small area of the trap region. MOT lasers were pulsed on for 20s while accumulating
In a typical experimental run, we collect aboux30’  the atomic fluorescence with the ICCD camera. We have
85Rb atoms during a MOT loading period of 3 s. The atomschosen the detuning of the cooling laser to be resonant with
are then compressed for 20 ms in a temporal dark MOThe cycling transition and also added repumping light. Figure
realized by detuning the cooling laser 13 linewidths to the2(A) shows the image of 50 accumulated recordings after
red side of the cooling transition and by simultaneously re-subtracting a constant background due to spurious scattered
ducing the repumping laser intensity by a factor of 10. Dur-light and dark counts. The atoms are localized in periodically
ing this phase the CQlaser beam, with its focus superim- spaced pancakelike microtraps of 8 period, each of
posed on the MOT region, is activated. At the end of thethese sites now containing roughly4.0® atoms. From Fig.
dark MOT phase, all resonant beams are extinguished ark(B) showing a cross section of the lattice image we can
the magnetic field is switched off. The number of atoms thaevaluate a contrast defined a€=(Iax— I min)/ (I max
remain trapped in the optical lattice, as well as their spatiak-1,;,) of 32(5)%, which gives a quantitative measure for
extension, are measured by pulsing on the MOT beams arttie resolving of the lattice. From the measured vibrational
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normalised signal

FIG. 2. (Color) (A) Image of rubidium atoms trapped in a one-
dimensional optical lattice with a period of 5@n. The axis of the
infrared CQ-laser beam is oriented horizontallB) Cross section
of this image obtained by integrating the measured atomic fluores-
cence perpendicular to the trapping beam axis.

FIG. 3. (Color) Images of the lattice after the following manipu-

frequencies and the atomic temperatufe=62 uK for this lations: (A) no manipulation of the atoms in the microtragh)
data set we can estimate the actual Slze of the atomic mi- _only atoms from a single lattice site illuminated during the exposure
croclouds when assumirigT/2= 2 m2mv2a? for atoms in a with a focused laser bearfC) after removing atoms in one lattice

. ) i 71 1! site before the exposure.
harmonic potential. The calculated radial wid"®°=5.2 P

um of the atomic distribution is in reasonable agreemengnd by the MOT repumping beams. The exposure shows
with the measured value of, = 6.8(7) um half-width at half  atoms localized in one distinct potential, with the neighbor-
maximum, which was obtained assuming a Gaussian atomigg lattice sites suppressed by a factor of approximately 2.3.
density distribution in the trap. The calculated axial width of Note that the rest of the lattice is still filled, but is not visible
the microclouds isry"*°=0.4 um, which is far less than the here. This shows that, in principle, it is possible to address
lattice spacing(5.3 ,um) and would result in an expected single qubits in an optical lattice. In order to investigate
contrast of 100% for the lattice cross section. We attributevhether the neighboring wells were being perturbed by the
the measured contrast to being mainly limited by the finitefocused laser beam, the following procedure was used. After
resolution of our imaging system. We have modeled the imjoading the atoms into the trap, we applied ad€4ong
age by convoluting the expected picture with a Gaussiapulse of light through the fiber with the same frequency, but
broadening of variable width. From a fit of this simple modelwith 20 times higher intensity. Again the MOT repumping
to the cross section of Fig.(R), we derive an estimated beams were used to provide the necessary repumping light.
spatial resolution of 1.9um for our imaging system. The Figure 3C) depicts the image of the lattice after interaction
measurements show that it is possible to distinguish atoms iwith such a pulse using the MOT beams for exposure of the
neighboring lattice sites and thus read out the information opicture. The population of a single lattice site has been al-
individual quantum bits stored in the antinodes of this 1Dmost completely removed, while atoms in the neighboring
optical lattice. sites are affected much less by the optical pulse. By varying
Figure 3A) shows the image of the lattice illuminated by the position of the optical fiber along the axial direction of
the MOT beams, similar to that already described. The COthe lattice we could address different lattice sites within our
trapping laser was left on during the entire cycle. This al-optical field of view, which comprises around 50 lattice sites.
lowed illumination times as long as 1. In the absence of While at present we used an imaging system optimized for
the trapping field, the contrast of the images vanishes withinhe visible spectral region, the optical resolution could be
30 us, due to the thermal expansion of the cloud. The MOTfurther improved with a system optimized for the atomic
cooling beams were resonant with thg§,5, F=3 to 5P, fluorescence wavelength of 780 nm for the rubidild2
F =4 cycling transition at the bottom of the central potentialline. Alternatively, one could use shorter wavelength transi-
wells to account for the ac Stark shift. Figur@B3 depicts an  tions for the fluorescence imaging, e.g., th8-&P line of
image taken by illuminating a single trapping site for a pe-the rubidium atom near 420 nm.
riod of 100 us with around 1QuW of light resonant with the In the future, we wish to explore the possibility of per-
cycling transition at the bottom of the trap through the fiberforming quantum logic operations with this far-detuned op-

051801-3



RAPID COMMUNICATIONS

SCHEUNEMANN, CATALIOTTI, HANSCH, AND WEITZ PHYSICAL REVIEW A62 051801R)

tical lattice. To avoid rapid decoherence, the atoms must bang wave of the near-resonant beams is oriented along the
cooled to the vibrational ground state of the lattice, whichsame axis as the midinfrared wave generated by the CO
should be possible with sideband cooling technigugS].  laser, and the CQlaser wavelength is chosen such that it

Note that, while in dense atomic samples the efficiency okquals an integer multiple of the near-resonant light, e.g.,

e e feresXog,= 13 forthe rubidum stom. At preparing e o
1ce p ,forat im log P ; ng llt)its in the CQ-laser lattice, the retroreflected 1Qun beam
a single atom per lattice site into the ground state is sufficien;

(and required for the proposals considered up to )ndihie is extinguished and the closer-resonant light activated, while

detection of single, trapped atoms requires efficient quorest—he atoms still hold against gravity with the travelmg—wave
g)z-laser beam. The atoms are then transferred into the

cence detection and has been achieved in several Iaborator@ | ) )
[18]. near-resonant standing wave, with precisely every 13th trap-

A coupling of atoms in different lattice sites should be PiNg site occupied by an atom. The described scheme should
possible, e.g., by dipole-dipole interactiof], controlled €nable the realization of entangled two- and more particle
cold collisions[9], or high finesse optical caviti¢$0,7]. The ~ quantum states with the possibility of addressing individual
former two are local interactions, and a coupling can beatoms. The realization of highly parallel quantum gates in an
achieved with a state-dependent lattice geometry that resptical lattice would represent an important step towards a
quires additional closer-resonant optical manipulation beamgault-tolerant quantum computer.
with detuning comparable to the atomic fine structure, i.e., To conclude, we have optically resolved an optical lattice
tuned between th®,,, and P5, levels. It has been pointed based on the radiation of a GOaser operating near
out that fault-tolerant quantum logic operation can be real10.6 um. This type of optical lattice has exciting prospects
ized in optical lattices, as a shift operation on a lattice plandgor quantum logic experiments. In addition our 1D geometry
can lead to the simultaneous entanglement of many atomginimizes reabsorption of spontaneously emitted photons.
by, e.g., cold collisions, thus allowing for a considerable re-Thjs could allow for the possibility of reaching Bose-

dundancy in the 0perati0rﬁ$3]. The CQ-lasel’ lattice allows Einstein Condensation by Optica| C00|ing a|0ne.
a very controlled loading of the near-resonant manipulation

lattice, while the possibility of spatially resolving the indi- ~ This work is supported in part by the Deutsche For-
vidual qubits can be maintained. Let us assume that a stangchungsgemeinschaft and within an EC Science contract.
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