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Resolved-Sideband Raman Cooling to the Ground State
of an Optical Lattice
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We trap neutral Cs atoms in a two-dimensional optical lattice and cool them close to the zero point
of motion by resolved-sideband Raman cooling. Sideband cooling occurs via transitions between the
vibrational manifolds associated with a pair of magnetic sublevels, and the required Raman coupling is
provided by the lattice potential itself. We obtain mean vibrational excitatiors 7, < 0.024, corre-
sponding to a populatiorr95% in the vibrational ground state. Atoms in the ground state of an optical
lattice provide a new system in which to explore quantum state control and subrecoil laser cooling.
[S0031-9007(98)06022-0]

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

The preparation and coherent manipulation of purders the considerable advantage of using Raman coupling
quantum states represent the ultimate control which cahetween magnetic sublevels which is intrinsic to the lat-
be exerted over a physical system. A spectacular examptee potential itself. This eliminates the need for separate,
is the preparation of the motional ground state of a trappeghase locked Raman lasers separated by frequencies in the
atomic ion by resolved-sideband cooling [1], which hasGHz regime, and allows for a remarkably simple experi-
been followed by the generation of Fock, coherent andnental setup. Atthe densities used here, atoms in different
squeezed states, and of Schrédinger cat states [2]. Mopotential wells do not interact, and it is straightforward to
recent developments include the demonstration of quantuprepare a macroscopic number of atoms in the vibrational
logic gates [3], which represents a first step toward quanground state. Because of the efficiency inherent in laser
tum computation [4]. Various degrees of quantum stateooling, in excess of 80% of the atoms captured in our
control have been achieved also for the electromagnetimagneto-optic trap end up in the motional ground state of
field [5], for Rydberg [6] and nuclear [7] wave packets, andthe far-off-resonance lattice. This is in contrast to demon-
in chemical reactions [8]. In this Letter we demonstrate forstrations of state selection in optical lattices [15]; in those
the first time the preparation of the vibrational ground stateexperiments the initial ground state fraction was only a few
of optically trapped neutral Cs atoms by resolved-sidebangercent and the selection process, therefore, very ineffi-
Raman cooling [9]. Of ordet0® atoms are individually ~cient. Given the combination of simplicity and cooling ef-
trapped in the Lamb-Dicke regime in independent potenficiency, we expect that resolved-sideband Raman cooling
tial wells of a two-dimensional, far detuned optical latticein optical lattices, followed by adiabatic expansion [16],
[10] formed by the interference of three laser beams, andill prove an attractive means of optical subrecoil cooling.
cooled to a mean vibrational excitation of 0.008(16) [11] The basic design for our optical lattice is a configu-
per degree of freedom. For one degree of freedom thisation of three coplanar laser beams [17] as shown in
corresponds to a ground state populatiof9sf + 1.6)%,  Fig. 1(a), with equal amplitudds, and linear polarizations
far above the maximum value ef30% achieved by po- inthe lattice plane. This lattice consists of nearly isotropic
larization gradient cooling [12], and comparable to thatpotential wells centered at positions where the local po-
achieved in ion traps [1]. Preparation of these essentialllarization is eitheroy or o—. The lattice frequency is
pure quantum states will permit experiments with nonclastypically detuned 20 GHz (3831 natural linewidths) below
sical atomic motion and quantum state manipulation whoséhe 6S2(F = 4) — 6P3,,(F' = 5) transition at 852 nm,
signature would vanish when averaged over a statisticalhich is much further than the separation between hyper-
mixture. In [13] we discuss two examples of such experifine excited states. The optical potential for alkali atoms
ments: rotations of the state vector between pairs of vibrain the limit of large detuning is discussed in detail in
tional states, which can be used as building blocks of morgl3], and we give here a brief summary of the salient
complex unitary transformations [2,3], and the preparatiorieatures. The total electric field in the latticeligx) =
of mesoscopic superposition states by controlled tunnelinRd E;e(x)e ~'“+'], wheree(x) is the local polarization (not
between optical potential wells. necessarily unit norm). The optical potential for atoms in

Our sideband cooling scheme relies on Raman transthe F = I + J hyperfine ground state can then be written
tions between the vibrational manifolds associated within the compact form
a pair of magnetic sublevels of thS »(F = 4) hyper- - 2 24 i
fine ground state. Compared to ion/traps and free spaceU®) = — Uile®IL + S Uife(x) X e(x)] -
Raman cooling [14], which rely on transitions between dif-wherel, F are the identity and angular momentum opera-
ferent hyperfine ground states, our optical lattice system oftors, andl; is the magnitude of the light shift induced by a
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® ® n = n, + n, associated with the diabatic potential for
the magnetic sublevdln). Motion in the direction nor-
mal to the lattice plane is separable and can be ignored.
In the experiment discussed below, the amplitude of the
out-of-plane polarized component B, = 0.3E, the
single-beam light shift i€/, =~ 54Eg [Er = (hk)?/2m is

the photon recoil energy], and the Lamb-Dicke parameter
is 5 = 0.2. A typical matrix element(n — 1,m =
31045(x)In,m = 4) is then =~ 0.7/nEx and
ToFPte  F m 3 4 ~2 /nyEg for An, = —1 and Any, = —1, respectively.
—% For comparison, the maximum light shiftig =~ 243Eg,

FIG. 1. (a) Experimental setup for resolved-sideband Ramaand the oscillation frequency in the: = 4) potential is

cooling. The basic lattice is formed by three coplanar lasef® ~ 20Ek. . .
beams with linear polarizations in the lattice plane. To add Resolved-sideband Raman cooling can now be accom-

a 7 component to the lattice light field and provide Ramanplished as illustrated in Fig. 1(b). We add a weak mag-
coupling we change the polarization of one beam to ellipticalnetic field B, alongz to Zeeman shift statel,, m = 4)
B o, o tcgdln  1m = 3) o degeneracy; n the ermindogy
radiation pfessure. (b) Basicp ccr))olgilng sgc,heme. The far-off-&c S|deban.d cooling t.hls corregponds to_tuning _the Ra-
resonance lattice potential induces « = Raman transitons Man coupling to the first red sideband. The lattice then
and couples the magnetic sublevéis = 3,4) of the F = 4  stimulates transitiong;,m = 4) < |n — 1,m = 3). Re-
hyperfine ground state. Relaxatidm = 3) — |m = 4) is  laxation from|n — 1,m = 3) to |[n — 1,m = 4) is pro-
provided by a pair of pumper and repumper beams. vided by optical pumping, which is accomplished with a
pair of o -polarized pumper and repumper beams reso-
nantwiththeF = 4 — F/ = 4andF = 3 — F' = 4 hy-
perfine transitions. Optical pumping on the= 4 —

F’ = 4 transition serves to decouple atoms in then =
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single lattice beam driving a transition with unit Clebsch-
Gordon coefficient. When the polarizations of all the lat-

?ce befams If'fe ”t1' ther-y platr_le}_trr(;e slecon%term Tr?s the 4) states from the resonant pumper light, so that=
orm of an effective magnetic field alorig U(x) is then 0,m = 4) is a dark state. This comes at the price of oc-

diagonal in the basis of magnetic sublevels, with each di- _. _ : :
agonal element corresponding to the (diabatic) optical pogasmnal decay to the = 3 hyperfine ground state, which

. ) Is problematic, because the minima for the= 4 poten-
tential for that state. Off-diagonal elements correspond t(ﬁalpcoincide with saddle points for the = 3 potrt)antial

Ram_an coupling between magnetiq sut_JIeveI.s and can bIe’r‘le presence of an intense, resonant repumper beam en-
obtained only by adding to the lattice light field a COM- sures that the atoms are returned to&he: 4 state before

gpnent_pol?1|zt$d ?'Ot’;]@ (.77 rl)ol?rlzat;pn). t.Oufr tW(;]'. htheirwave packets can disperse, so that no significant heat-
imensional lattice is the simplest configuration for whic ing occurs. Roughly one pumper and one repumper pho-

this is possible [13]; ar-polarized component with well ton is necessary to effect the transition— 1, m = 3) —
defined amplitud&, and phase’? relative to the in-plane n— 1Lm=4) ’
component is introduced by changing the polarization oJ ’ '
one of the lattice beams. Considering only Raman coun
pling between magnetic sublevdls = 4) and|m = 3),
the operatorl/(x) can be expanded to first order in the
Lamb-Dicke parameteny = \/Er/hAw around a potential
minimum. With a choice of lattice beam phases that put
a o 4-polarized potential well at the origin, and choosing

Our sideband cooling experiment proceeds as follows.
vapor cell magneto-optic trap and 3D optical molasses
are used to prepare a cal8l wK) sample of~10° atoms
in a volume ~400 um in diameter. After the 3D mo-
lasses beams are extinguished, the atoms are cooled and
Yocalized in a near-resonance 2D optical lattice with the
o . . same beam configuration as the far-off-resonance lattice.
¢ = /2 to maximize the Raman coupling, we find The atoms are then adiabatically transferred to the super-
Uaa(x) ~ U E_w(z + KX — 3kY). imposed, far-off-resonance lattice by decreasing the depth
’ 42 E; of the near-resonance lattice to zero and simultaneously
where X and Y are the quantum mechanical positionincreasing the depth of the far-off-resonance lattice from
operators. From this expression we see that the offzero to the final operating depth. This produces a sample
diagonal elements of the potential provide Raman couplingf atoms localized in the far-off-resonance lattice, deep in
between adjacent vibrational levels, and, therefore, allowwhe Lamb-Dicke regime and with minimal vibrational ex-
for sideband cooling along bothandy. citation [18]. When the transfer is completed, we begin
In the tight binding regime the bound states ofresolved-sideband Raman cooling by adding a figld
the lattice are well approximated by product statedo tune the lattice Raman coupling to the red sideband
|n,m) = |n) ® |m), where |n) is a two-dimensional and turning on the pumper-repumper beams. After some
harmonic oscillator state with total vibrational excitation time, cooling is terminated by a shart-40 ws) interval
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of intense optical pumping in order to transfer as manyat detunings of 10, 20, and 35 GHz; the data discussed
atoms as possible fe: = 4). We then quickly extinguish below were all measured for a detuning of 20 GHz
the lattice, pumper and repumper beams, and measure thad in the &' direction. To determine the minimum
atomic momentum distribution along the vertical direc-temperature that can be reached in our experiment we
tion. This is accomplished by a standard time-of-flightperformed a series of 16 measurements similar to Fig. 2(a)
(TOF) analysis, which infers the momentum distributionin the course of roughly 1 h. From this data we obtain
from the atomic arrival times at a50 um thick probe an average kinetic temperatuf® = 966(10) nK. The
beam located 4.7 cm below the lattice [Fig. 1(a)]. Thecorresponding Boltzmann factor igz = 0.008(16), and
observed momentum distributions are generally indistinthe mean vibrational excitation per degree of freedom is
guishable from a Gaussian fit, and we characterize them, =~ 71, =~ 0.008(16). Here the experimental uncertainty
by the corresponding kinetic temperatdie= (p?)/kgM. is dominated by the accuracy to which we can determine
Rotating the lattice with respect to gravity allows us toT,. For atoms in|m = 4), these numbers correspond
obtain momentum distributions in different directions. Into a population7y, = 0.984(31) in the two-dimensional
practice we are constrained to measure the momenturibrational ground state.
distribution along one of the lattice beams, i.e., along Further information can be gained from a measurement
y and the directionk’ forming a 30 angle with thex  of the steady state vibrational excitation versus Raman de-
axis. This is sufficient to determine that the atoms arduning. The inset of Fig. 3 shows the kinetic temperature
two-dimensionally cold. Adding a magnetic field gradientas a function of the tuning fiel®,, and clearly demon-
during the measurement separates the TOF distributiorstrates cooling on both the first and second red sideband.
for different |m) and allows us to determine the distribu- In steady state we can invoke detailed balance to obtain
tion of population over magnetic sublevels [12]. 1/gs = mo/m1 = DI'coo1/T'hear. The heating ratd’,, is
When they have first been loaded into the far-off-roughly independent a8, since it is dominated by extra-
resonance lattice, atoms are distributed fairly evenlyneous processes such as spontaneous scattering of lattice
among all magnetic sublevels. A measurement aftephotons, while the cooling raté.,.; is proportional to the
11 ms of sideband cooling shows, however, that at leagtite of Raman absorption on the red sideband. We, there-
90% of the atoms have been optically pumped intdfore, expect Lorentzian maxima iyqz when B, corre-
the stretched stat¢n = 4) [Fig. 2(b)]. In the figure, sponds to Raman resonance, which is indeed what we see
apparent residual population in statps < 3) is an in Fig. 3. The separation between the center of the two
artifact caused by atoms escaping from the optical latticeooling resonances is equal to the energy difference be-
during sideband cooling, and by adiabatic transitiondween the first and second excited vibrational manifolds of
between magnetic sublevels as the atoms are released
from the lattice. Because we finish the cooling sequence
with a short, intense optical pumping pulse, we expect
that the final population inlm = 4) is, in fact, very
close to 100%. It is then straightforward to obtain a
Boltzmann factor for the vibrational populations from
the measured kinetic temperature. First we calculate
the kinetic temperaturel, of the vibrational ground
state in the|m = 4) potential (including a correction
for anharmonicity), based on a very careful estimate
of the lattice light intensity and detuning. For our
parameters[U; = 54(3)Er] we find T, = 951(30) nK
[11]. The potential wells are sufficiently isotropic so
that there is no significant variation ifyy along different
directions. Using a harmonic model the Boltzmann factor
is then given bygg = (T — Ty)/(T + Ty), where the
effect of anharmonicity is taken into account via the
correction inTy. Figure 2(a) shows a typical momentum
distribution measured after 11 ms of sideband cooling.
For comparison we also show the calculated ground state
distribution, as well as an uncooled distribution. It iSFIG. 2. (a) Momentum distribution along’ after 11 ms of
immediately apparent that the atoms are cooled very closgideband cooling (solid line). Also shown is the calculated

to the zero point of motion. After the sideband COO”ngdistribution for the vibrational ground state (open circles)

h hed steadv state. th . ﬂd an uncooled distribution (dashed line). (b) Stern-Gerlach
process has reached steady stale, theré IS N6 measur %Iysis of the atomic internal state after sideband cooling (top

difference between the momentum spread al®handy,  curve). The bottom curve shows the magnetic populations
nor is there any measurable difference in the temperaturgefore cooling.
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1q, — T T T T route to quantum degeneracy, in a regime very different
from Bose-Einstein condensation [23].
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