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We present a setup where we trap two different cesium hyperfine ground states in two different near-
resonant optical lattices with identical topographies. We demonstrate that we can change the relative
spatial phase between the lattices and we measure the equilibrium temperature as a function of the
relative spatial phase. This provides a topographical chart of the optical potential. We also determine the
rate at which atoms are transferred between the lattices and show that the setup is a promising candidate
for implementing coherent quantum state manipulation.
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The trapping of ultracold atoms in periodic light-shift
potentials, optical lattices, is by now a fairly established
technique [1,2]. In the past few years, the interest in
optical lattices has increased considerably for two chief
reasons. First, the advent of quantum degenerate gases has
provided a new stage for optical lattices, where collective
effects in periodic potentials can be studied (see, e.g., [3]).
Moreover, optical lattices have been suggested as a prom-
ising candidate for quantum computation and quantum
state manipulation (see [4] and references therein). The
seminal suggestions for the feasibility of optical lattices
in the latter context came in Refs. [S-7]. A key ingredient
in the suggestions is two interpenetrating optical lattices,
trapping two different quantum states, with as little cross
talk between the lattices as possible. It is also required
that the lattices have equal spatial periodicity and that the
relative spatial phase is an adjustable parameter. In other
words, it should be possible to translate one optical lat-
tice, without moving the other, in order to induce con-
trolled interactions between neighboring atoms. To
construct a full scale quantum computer, additional pre-
requisites are that the atoms are trapped in the motional
ground states of the potential wells, that the filling factor
is close to unity, and that it is possible to address single
qubits (i.e., lattices sites) both for setting and readout.
However, in Refs. [5,7] it is shown that even without the
possibility for single bit addressing, and with relaxed
demands on occupation number and excitation of mo-
tional states, the double optical lattice can still be useful
for quantum state manipulation.

Most suggestions to realize a double optical lattice are
based on variations of the “lin L lin configuration” [2].
This standard model for sub-Doppler laser cooling is in
one dimension based on two counterpropagating laser
beams with crossed linear polarization. This provides
alternating lattices sites with pure circular polarization
of opposite handedness (o and o). At these sites atoms
with opposite spins will be trapped, and, by changing the
angle between the polarization vectors, the distance be-
tween the wells can be adjusted. In this Letter, we present
a different approach, where a double optical lattice is

053001-1 0031-9007/03/90(5)/053001(4)$20.00

PACS numbers: 32.80.Pj, 03.67.Lx, 32.80.Qk

produced by two different sets of laser beams with
slightly different wavelengths, trapping atoms in differ-
ent states. Even though the wavelengths are sufficiently
far apart to minimize cross talk, they are so close that the
difference in spatial periodicity is insignificant for an
atomic sample with a diameter of a few hundred micro-
meters. Besides the possible applications in quantum state
manipulation, the double optical lattice presents possi-
bilities for studies of cold collisions and photoassociation,
under slightly different conditions than in previous re-
ports (see, e.g., [8]). By moving the lattices we can induce
binary collisions with better control of interaction dis-
tance and interaction time. Moreover, many-body effects,
such as three-body collisions that constitute a significant
loss-channel in Bose-Einstein condensation (BEC), are
essentially eliminated. Since one of our optical lattices
replaces the laser field which is typically used as a re-
pumper in standard laser cooling configurations, the
double optical lattice is also of interest for studies of
improved laser cooling, important, e.g., for metrology
and high precision spectroscopy.

The idea behind our experiment is explained in Fig. 1.
Two laser fields with frequencies w, and wg interact with
two different ground states |g,) and |gg). These are so far
apart that the optical light-shift potential for state |g,)
(lgg)) is determined by laser A (B). On the other hand,
since the periodicity of an optical lattice is determined by
the wavelength of the laser light, the splitting iA, must
be small enough so that the two sets of lattice constants
are practically equal. In order to perform consistent ex-
periments with this setup, one has to be able to control the
spatial position of the lattices. Position changes of the
lattices will be caused by phase changes in one or several
laser beams. In our experiment phase fluctuations be-
tween the two laser sources are unimportant since we
choose a configuration with four laser beams for each
three-dimensional lattice [2]. In such a configuration a
phase fluctuation in one of the beams will result in a
translation of the lattice. If the same phase fluctuation
occurs in all beams, however, the position of the lattice
will remain unchanged. This means that a random phase
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FIG. 1. A model system for a double optical lattice, operated
on two transitions connecting the ground states |g,) and |gg)
with the excited states |e,) and |eg). The lasers with frequen-
cies w, and wy are detuned from resonance by A, and Ag. The
ground states are separated by iA,.

jump in either laser will not translate the lattices. It is
therefore not necessary to phase-lock the two lasers. To
make our setup insensitive to fluctuations caused by vi-
brations in the optical components defining the beam
paths, we overlap laser beam A with laser beam B before
they are split up into four beams. Phase jitter occurring
before the beams are overlapped will affect all lattice
beams and hence will not have any effect. Mechanical
vibrations in optical components after the overlap will
cause identical translations of both lattices. Because the
optical wavelengths are slightly different, it is possible
to vary the relative spatial phase by a significant change
(~1 cm) of the optical path lengths in either of the four
beam pairs.

We operate our double optical lattice on the D2 line in
Cs (A = 852 nm). Two diode lasers are detuned below the
(Fy=4—F.=5) and (F, =3 — F, = 4) transitions,
respectively. The two laser frequencies are separated by
about 9 GHz, implying that the two interference patterns
will not dephase significantly across the optical lattice
volume (= 0.6 mm in diameter). The two beams are over-
lapped with a polarizing beam splitter cube and the
combined beam is fed through an optical fiber for spatial
filtering. After the fiber the beams are split into four
beam pairs that form angles & = 45° with the quantiza-
tion axis (z axis). This results in two tetragonal optical
lattices, with alternating o /o~ sites, that trap atoms in
mr, = *F, (see further [2]). The lattice constants are
a,=a, = A/+/2 and a, = A/2+/2. For this beam geome-
try it is necessary to change the relative path length by
72 mm (36 mm) to achieve a change in the relative spatial
phase of 277 along the x and y axis (z axis), which we
define as the distance between identical double-lattice
configurations (coinciding o sites of lattices A and B).
The changes in path lengths are accomplished with retro-
reflectors and carefully aligned translation stages. Their
travel range allows us to change the spatial phases in the x
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and y directions by approximately 2.27r and by 4.47
along z.

In a setup described in more detail in [9,10] we collect
atoms in a magneto-optical trap (MOT). The atomic
cloud is further cooled in an optical molasses. We then
turn on the lattice beams while simultaneously switching
off the molasses light. We trap 6 X 10° atoms, resulting in
a dilute lattice with a peak number density of 1.7 X
10" cm™3 and a filling factor of 0.5%. Since the optical
lattices A and B operate on the two hyperfine ground
states in Cs, the need for a special repumper beam is
eliminated. Atoms will occasionally be optically pumped
out from one of the optical lattices only to find themselves
trapped in the other one. After letting the atoms equili-
brate in the optical lattices for about 50 ms, we turn off
the lattice beams and perform a time-of-flight (TOF)
measurement [2] to extract the velocity distribution and
relative number of atoms in the lattices. The uncertainty
in the absolute temperature is about 10%, but the relative
precision is much better ( = 20 nK). The TOF measure-
ment is done with a resonant laser beam that traverses the
vacuum chamber 5 cm below the lattice. The beam is
spatially filtered with an optical fiber and focused into
the interaction region with a cylindrical lens, creating a
beam less than 50 pm thick. The TOF probe also contains
two laser frequencies tuned to the (Fy, =3 — F, = 4)
(probe A) resonance and the (F,=4—F,=35)
(probe B) resonance, respectively. Each probe can be
blocked individually. The temperature of the atoms in
the F, =4 ground state (i.e., we block probe A) was
measured as a function of the relative spatial phases
(¢y, ®x» @) between the two lattices. For this purpose
both lattices are detuned 191" (I'/2mw = 5.2 MHz is the
natural linewidth) below the (F, =4 — F, =35) and
(Fy = 3 — F. = 4) resonances. Figure 2 shows the result
for a single scan where we varied ¢, while keeping ¢,
and ¢, constant. The temperature is plotted versus the
relative position of the optical lattices in terms of lattice
constants. The temperature varies with A, between 2.52
and 2.95 uK. The periodicity is g, = 0.9a,, which within
the experimental uncertainties agrees well with the
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FIG. 2. Temperature as a function of relative displacement A

of the two lattices. Each point is an average of five TOF mea-
surements. Also shown is a fit of the form 7' = Ty + C sin(%” 2).
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expected a,. The temperature dependence on the spatial
phase is expected. In a semiclassical model shown in
Fig. 3, the atom is optically pumped from |gg) to [g,)
and back into |gg). In the extreme case of the lattices
being ““in phase,” i.e., the o sites of both lattices over-
lap, nothing dramatic will happen to the atom. One opti-
cal pumping cycle changes the my by maximum 1 so that
the atom is transferred from one trapped state to another.
The situation changes when the lattices are completely
“out of phase,” i.e., the o~ sites of lattice A overlap with
the o* sites of lattice B. The atom is now transferred
from a trapping potential in lattice B to an antitrapping
potential in lattice A. It slides down the potential (gaining
kinetic energy) until it is optically pumped into a trapped
state. This requires multiple photon scattering leading to
further heating. This process is repeated when the atom is
pumped back into lattice B.

In Fig. 4(a) we present a complete 2D scan where
both ¢, and ¢, are varied. We obtain a temperature sur-
face where the modulation depth along the z axis varies
with ¢,. The periodicity in the y direction is ¢, = 0.9a,,
which compares well with the predicted a,. Our result
can be compared with a theoretical plot shown in
Fig. 4(b), where the irradiance I, of the o+ component
in one lattice is shown in the y-z plane, which corresponds
to the diabatic potential for the m, = +F, ground state.
This illustrates that we are able to map out the topography
of the optical lattice potential by using the relative spatial
phase between the lattices as a control parameter and the
temperature as a probe.

When two optical lattices are spatially overlapped,
each site will effectively contain a two-level system,
formed by the ground states of lattices A and B, with
dissipative couplings between the levels. Their strength is
determined by the optical pumping rates which depend on
irradiances and detunings. These rates are highly asym-
metric, since only one of the optical lattice transitions is
cycling. We have measured the optical pumping rate out of

(a) (b)

FIG. 3. Optical potential curves and atom trajectories for two
different situations in a double optical lattice. Shown are only
the highest/lowest adiabatic potentials for the two ground
states. In (a) atoms are transferred between two trapping
potentials for each depumping cycle. In (b) the atom is first
transferred to an antitrapping potential before it is pumped into
the trapped state.
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FIG. 4 (color online). (a) Measured temperature in the double
optical lattice plotted as a function of the relative displace-
ments A, A, of the two lattices in the z-y plane. (b) Calculated
irradiance (in relative units) of the ¢* component as a function
of position y, z in one of the lattices.

the lattice operating on the cycling (Fy, =4 — F, = 5)
transition (lattice B) by turning off the lattice operat-
ing on the noncycling (F, =3 — F, =4) transition
(lattice A). Here the relative spatial phases were adjusted
in such a way that the situation resembled the one de-
picted in Fig. 3(a). We recorded the relative number of
remaining atoms in lattice B as a function of time by
integrating the TOF signal. For detunings Ay between
—7.71" and —38I" [where Ay = Ays, ie., the detuning
from the (F, = 4 — F. = 5) resonance] and irradiances
between Ig/ly =0.7 and Ig/l, =3.6 (where I, =
1.1 mW/cm? is the saturation irradiance and I is the
irradiance in a single lattice beam), we measured optical
pumping times 7g between 0.6 and 4 ms. The pumping
rate yg = 1/7g increases with increasing irradiance and
also with increasing detuning. This is expected, since in
this closed transition, optical depumping occurs only due
to off-resonant excitations to the F, = 4 level (Ay =
48.1T" + A5). We have also measured the relative popu-
lations in the two lattices in steady state by recording
relative numbers of atoms. First we use only probe B to get
a relative number Ny for the atoms in lattice B. Then we
use both probe beams where probe A now works as an
optical pump. This yields a number proportional to the
total number of atoms N,.. The ratio Ng/N,,, was mea-
sured for the same lattice B parameters as above and
with A, ranging from —7.61" to —55I" and I, /I, ranging
from 0.7 to 6.3. For these parameters, Ng/N,, was be-
tween 0.75 and 0.99. The optical pumping rate out of
lattice A, y4, was estimated by assuming a trivial rate
equation at steady state:

% = —¥eNp t YaNsy = 0. (1)

t

We found that 7, ranges between 6 and 300 ws. Thus, 7,
and 7g are in the order of or exceed the decoherence time
in an optical lattice [11], which thus sets the upper limit to
the duration of coherent quantum operations. In conjunc-
tion with appropriate design of the modulation depth, this
opens a time window for a scheme in which relative
displacements can be done adiabatically with respect to
the oscillation frequency v in the trapping potential, by
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using electro-optic modulators (typical rise times
~1 ws). Such a scheme is currently being implemented
into our setup.

Most schemes proposed in [5-7] rely on the atoms
being in the vibrational ground state of their potential
wells. In a dissipative optical lattice, atoms can be cooled
to an average vibrational state of around 1 [12]. Our
double optical lattice configuration presents a possibility
to improve this by using a variation of Raman sideband
cooling [13-15]. A prerequisite for Raman sideband cool-
ing is that the vibrational levels in a lattice site are well
resolved. It has been shown [2,12] that this criterion is
fulfilled for a standard dissipative optical lattice. In our
lattice A, which operates on an open transition, a major
contribution to the width of the vibrational states stems
from the escape rate out of the lattice due to optical
pumping. This width (6v,) is extracted from our rate
measurements and is between 6w, = 0.5 kHz and
dv, = 25 kHz depending on I, and A,. The oscillation
frequency in a well is given by v = v,..2Uy/E;ec,
where Uy is the modulation depth of the optical potential
and v, and E,.. the recoil frequency and energy, respec-
tively. For our parameter range we create modulation
depths from U, = 40E,.. up to 800E,.., which results in
a ratio between the width and the oscillation frequency
ranging from Sv,/v, = 0.03 to dv, /v, = 0.3. Hence,
the condition for Raman sideband cooling dv/v < 1 is
fulfilled. Furthermore, even for the smallest modulation
depth (U, = 40E,..), the spacing between the vibrational
levels is far greater than the recoil energy. The cooling
scheme could be realized in the following way: the two
optical lattices are overlapped according to Fig. 3(a) and
an additional 7r-polarized (in the z direction) laser beam
is introduced in the xy plane. The frequency of this
Raman beam is adjusted so that it together with lattice
light A creates a resonant stimulated Raman transition
between the nth vibrational state in (F, = 4, mp = +4)
to the (n — D)th state in (F, = 3, mp = *3). Lattice A
also provides light that pumps the atoms back to lattice B
with one vibrational quantum less than initially. Thus,
atoms will accumulate in the n = 0 states in (F . = 4,
mp = *=4) which are dark for the Raman resonance.
Once trapped in a vibrational ground state of lattice B,
atoms could be coherently transferred between the lat-
tices or be prepared in different superpositions by apply-
ing Raman pulses. The time scale of such an operation
would be in the order of 1/T since the Rabi frequency at
the center of a well is Q> = L' L This is well within the
decoherence time of ~50 us. ’

A double optical lattice could also be interesting for
state manipulation. A controlled interaction could be
achieved by switching off the short-lived lattice A to
prevent optical pumping and quickly moving the second
lattice, thus causing an interaction, and then, for instance,
measure the trap loss. A concrete example is to study
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photoassociation and light-assisted collisions. The lat-
tices are brought together and at different relative dis-
tances a short photoassociation pulse can be turned on.
The speed at which the lattice can be displaced depends
on the nature of the experiment. In the case of coherent
quantum manipulations, care must be taken so that the
evolution of the wave function stays coherent [7]. Col-
lision experiments would, however, benefit from a larger
filling factor than that in the present situation. The filling
factor can be increased, e.g., by loading from a com-
pressed MOT [16].

To conclude, we have successfully implemented a setup
where both Cs ground states are trapped in individual
optical lattices. The equilibrium temperature for atoms is
a function of the relative spatial displacement of the
lattices which allows us to map out the topography of
the optical potential in a unique and precise way. By
carefully choosing irradiance and detuning in each lat-
tice, we can achieve average lifetimes in the lattices long
enough to give us a time window for performing a host of
experiments for quantum state manipulations.
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