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Abstract. We resolve and address atoms in single sites of an optical lattice with a period of
5.3 um created by a retroreflected, focused CO, laser beam. In this one-dimensional lattice,
the Lamb—Dicke limit can be fulfilled in all three spatial dimensions. Because of the
negligible decoherence rate from spontaneous photon scattering such a lattice offers unique
possibilities for the study of quantum phenomena in a controllable environment.
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1. Introduction

In recent years, the principal limitation of near-resonant
optical lattices, i.e. photon scattering, has been circumvented
by the use of far-detuned dipole traps (see, for example, [1]).
Typically, in these systems it is possible to achieve coherence
times of the order of seconds while maintaining the freedom
to choose an almost arbitrary form of the trapping potential.
A very promising extension of such an optical lattice can be
realized using a CO; laser beam at 10.6 um, focused to create
a trap that can hold virtually any atomic or molecular species.
In such a trap the scattering rates are of the order of photons
per hour, while the vibrational frequencies can be made very
high in standing wave configurations [2]. This allows the
search for permanent electric dipole moments in atoms, the
possible realization of quantum degeneracy via optical means
alone or the study of trapped cold molecules [3]. In the
standing wave configuration created by simply retroreflecting
the CO, laser beam back on itself, the atomic microtraps are
spaced by 5.3 um. Despite this large spacing of roughly seven
times the wavelength of the rubidium D2 line, the Lamb—
Dicke regime, corresponding to a spacing of vibrational
levels above the photon recoil energy, is readily reached
in such a lattice [2]. This suggests that the trapped atoms
could be cooled to the vibrational ground state by sideband
cooling, as demonstrated first in pioneering experiments
with single ions in Paul traps [4]. With neutral atoms,
sideband cooling in optical lattices has been achieved more
recently [5]. Due to their spatial periodicity, optical lattices
can serve as model systems to study quantum effects in
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solid state physics, as for example demonstrated by the
observation of Bloch oscillations [6] and Wannier—Stark
ladders [7]. More generally, atoms in the ground state of
an optical lattice provide an intriguing system to explore
quantum state control (see, for example, [8]). Traditionally,
optical lattices have been investigated by monitoring their
(quantized) vibrational frequencies (see, for example, [9]),
and the solid state properties observed more recently in such
lattices were also observed in the frequency domain.

We will focus here on the possibility offered by the large
lattice spacing of a CO, laser optical lattice to resolve and
control atoms in single lattice sites. The use of a spacing
clearly above the wavelength of resonant light provides a
natural method for lattice investigations in the spatial domain.
In future, this type of lattice should allow novel possibilities
for quantum state control. Upon cooling the atoms to the
lowest vibrational level, it should, for example, be possible by
adiabatic lowering of the potential to create a band structure.
The possibility of manipulating single sites could then allow
one to study the propagation of density variations. Along
related lines, quantum tunnelling between sites of this lattice
could be directly observed. Alternative research prospects
include quantum logic operation [10, 11] and the possible
realization of Bose—Einstein condensation (BEC) by optical
means only [12].

In section 2 of this paper we briefly review the most
important properties of a CO, laser optical lattice while in
section 3 we sketch our experimental setup. Section 4 is
dedicated to the issue of loading the far-off resonance optical
lattice from a magneto-optical trap (MOT) with particular
attention to the attainable temperatures and densities and
to the limitations posed by the differential ac-Stark shift in
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ground and excited states. In section 5 we describe how it is
possible to resolve and manipulate single lattice sites. The
last section outlines some future prospects of this research,
mainly focusing on further cooling inside the lattice.

2. Trapping potential for atoms

In optical lattices, the trapping potential is provided by the
interaction of the induced atomic dipole with the focused laser
field. In our work, the potential is generated by the radiation
of a CO; laser operating near 10.6 um. The laser frequency
is more than one order of magnitude lower than any dipole
transition starting from the ground or first excited states of
rubidium. The induced potential is thus well approximated
by the static Stark shift U = —1/2a,|E|?, where q; is the
static atomic polarizability and |E| is the amplitude of the
light field. If the trap is formed by the interference of two
laser beams of equal power P and polarizations e; and e;
respectively, focused to a waist sp, the resulting potential for
the rubidium 5S ground state is

V(l", Z) = _4Vmax(z)

2
X exp [_52(;)2} |:1 — cos? (?) e - 62] €))]

where Vpux(@) = o, P/[ceons(2)?] and s(z) =
sov/ 1+ (z/zg)%, with zg = ms?/A as the Rayleigh length.
This expression is valid to order (Aps/A) (with Agg as the
fine structure splitting and A as the CO, laser detuning from
the centroid of the 5P states) for every sublevel of the ground
state. During the laser cooling process, atoms are being
excited from the ground state into the 5P, state, from which
they spontaneously decay back into the ground state. The
potential for P states depends both on the laser polarization
and the particular sublevel. One finds that the ac-Stark shift
for all sublevels of the 5Pz, excited state is the same to
within roughly 13%. The excited state potential has the same
sign as the ground state potential, i.e. it attracts atoms in
high-intensity regions. The Stark shift of the 5P centroid is,
however, a factor of 2.89 larger than that of the 5S ground
state.

The trapping potential leads to a confinement of cold
atoms in the antinodes of the standing wave spaced by
AJ2 or 5.3 pum. If Viyux(z) is large compared with the
atomic thermal energy, the potential in each microtrap
can be approximated by a harmonic oscillator potential
Vi(r,2) = (m/2)o3,r* + (m/2)w; 2>, The vibrational

frequencies are ;, = Omaxy/1 —4(z;/z8)?* and w;, =
(7 S0/ M) ®max+/1 — 2(zj/zr), where we have defined wyax =
4/ Vinax (0)/m /7 5. For 3Rb atoms confined in a 14 W CO,
laser standing wave focused to a waist of 35 um, the
maximum potential depth is 2.1 mK and the expected
vibrational frequencies are 5.7 kHz radially and 59 kHz
longitudinally. This kind of lattice can be loaded with atoms
from a MOT, where the temperatures are of the order of a
few K. Furthermore, the vibrational splitting exceeds the
atomic recoil energy hiwge = h>k*/2m for photons near the
D1 transition A = 794 nm, which corresponds to a frequency
Wree = 271 -3.8 kHz, i.e. we can reach the Lamb—Dicke regime
clearly in the axial and just in the radial dimension in this
one-dimensional lattice. With higher laser power or smaller
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optical focus diameters a further increase of the vibrational
frequencies could be achieved. One main advantage of the
use of a CO, laser beam at 10.6 um is the almost complete
suppression of trap light scattering. The Rayleigh scattering
rate is given by the expression

16r§P Mels\2 4
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where ry is the classical electron radius, m. is the electron
mass and wco, is the optical frequency of the CO, laser light.
Spontaneous Raman scattering is suppressed by an additional
factor of (Apswco,/®pi )2, where wp; denotes the frequency
of the atomic D1 line [3]. In the numerical example described
above, the Rayleigh rate is of the order of 5 mHz, allowing
for trapping times comparable to magnetic traps [13]. Let us
point out that, in addition to the suppression of scattering of
photons from the trapping light, the reabsorption of photons
from the cooling light scattered by atoms from neighbouring
lattice sites is also suppressed in our one-dimensional lattice
arrangement, as only a few fluorescence photons are emitted
precisely along the lattice axis. The reabsorption probability
decreases with temperature, as lower temperatures result in a
better transverse localization of the atoms, yielding a smaller
solid angle of an atomic microcloud seen from neighbouring
trap sites.

3. Experiment setup

Our experimental setup is shown in figure 1. A combination
of an ion pump and titanium sublimation pump yields a
background pressure in the vacuum chamber below 1 X
10~° mbar. A resistively heated alkali metal dispenser
provides a compact and controllable source of thermal
rubidium atoms [14]. A single-mode CO, laser generates
an output power up to 50 W near 10.6 um. Its infrared beam
passes an acousto-optic modulator (AOM), which is used
both for optical isolation and to control the beam intensity.
Two adjustable ZnSe lenses inside the vacuum chamber and
aretroreflecting mirror are used to form a standing wave with
a beam waist of typically 35 pum.

Atoms of the isotope 3Rb are collected and pre-cooled
in a MOT. A free-running diode laser injection locked to a
second, grating-stabilized diode provides the cooling light
detuned to the red side of the 5S;/,, F = 3 to 5P3pp, F =
4 cycling transition. The atoms are repumped into the
cooling cycle by a grating-stabilized third laser locked to
the 5Sy,2, F = 2 to 5P3;,, F = 3 transition. We control
the intensity of the cooling and repumping beams with
AOMs. Both cooling and trapping beams are focused through
pinholes to clean the mode and then enlarged to a diameter of
20 mm. We can also mechanically shut off all MOT beams.

A Questar long-distance microscope QM100 placed
10 cm away from the trap centre outside the vacuum system
has been used to image the trapped atoms onto an intensified
CCD (ICCD) camera. This results in a magnification of
the lattice by a factor of eight. In this configuration we
could take pictures of the expansion of the atoms released
from the optical lattice. This time-of-flight method was
used to locally measure the atomic temperatures along the
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Figure 1. Schematic illustration of the experimental apparatus.

radial direction. To image the optical lattice, we inserted
an additional biconcave lens of f = —50 mm focal length
between the microscope and camera. This results in an
enlargement of the image by an additional factor of five.
With this total magnification of 40, the rescaled pixel size
is 0.6 wm and the field of view is 346 x 230 um?. Light
from an additional laser resonant with the 5S;,, FF = 3
to 5P3», F = 4 cycling transition has been sent through
the core of an optical fibre and is imaged via a beamsplitter
through the microscope onto the sample. The optical setup
here represents that of a confocal microscope and allows the
illumination of only a small area of the lattice.

4. Loading the lattice

Our experimental sequence starts by loading the MOT for 3 s.
The cooling laser is operated with a detuning of 2 linewidths
(I' = 27 - 6 MHz) red of the cooling transition. The
total power in this beam is 20 mW. During this phase the
repumping laser is operated with a total power of around
5 mW. At the end of this phase, we collect around 1 x 107
85Rb atoms with a temperature of 30(5) uK and a density
of 2 x 10° atoms cm™3. We then instantaneously switch
on the lattice potential while applying a dark MOT phase.
In this phase, the repumping laser intensity is reduced by
a factor of ten and the detuning of the cooling laser is
increased to —13I". At the end of this phase, all the
resonant light fields and the MOT magnetic quadrupole
field are switched off. The atoms are now trapped in the
lower hyperfine ground state and the atomic cloud is then
observed by pulsing on the MOT beams and imaging the
fluorescence onto both a calibrated photodiode and an ICCD
camera. We determined the temperature of the atoms by
switching off the trapping potential and observing the ballistic
expansion of the cloud. Figure 2(a) shows the measured
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number of atoms and their peak density as a function of
the CO, laser power at a beam waist sy of 50 um. Both
the number of captured atoms and the peak density increase
with the laser power, but tend to saturate. At the maximum
available power of 37 W we measure a loading efficiency
of 15% and a peak density npeax = N/(27)**0,0,0, of
3.2(5) x 103 atoms cm ™3, where 20; is the spatial extension
in the i -direction, corresponding to a density increase of more
than four orders of magnitude with respect to the MOT. On
the other hand, the temperature of the trapped atoms increases
with the trapping laser power, as shown in figure 2(b). While
for small trapping beam intensities we reach a minimum
temperature of 18(5) uK, for larger intensities the atomic
temperature increases up to approximately the Doppler limit.
Figure 2(b) also shows the product n = npeakkgB, where Agg
denotes the thermal deBroglie wavelength, which drops from
1/300 to 10~* when increasing the CO, laser power from
5 to 35 W. Note, that the value for n must still be divided
by the number of populated Zeeman levels to yield the true
phase space density. One could, however, argue that the used
polarization gradient cooling locally pumps the atoms into
one (or few) Zeeman sublevels. We attribute the intensity-
dependent temperature to the differential ac-Stark shift of
the ground and excited states in the trapping laser field. As
mentioned in section 3, the ac-Stark shift of the 5P3/, states
is more than twice that of the ground state. This creates
a position-dependent detuning, which becomes significant
for larger trapping laser intensities. If the effective detuning
is always negative (low-power regime), we have a higher
viscosity in the centre of the dipole trap and the atoms are
loaded and cooled in the trap. On the other hand, if for higher
laser powers the ac-Stark shift is so large that the effective
detuning changes sign and becomes blue in the trap centre
we will have heating in the trap centre and a reduced loading
efficiency. It is not possible to increase the red detuning
of the cooling laser indefinitely because of the presence of
other hyperfine levels. In a simplified picture we can argue
that, for high trapping powers, the excited state hyperfine
structure is no longer resolved across the trap region and this
results in higher temperatures. This reduces the efficiency of
polarization gradient cooling.

We have followed the method outlined in [15] to
derive the force acting on an atom for counter-propagating
laser beams with opposite circular polarizations in the one-
dimensional case. The effect of the trapping potential has
been included as a position-dependent detuning, which is
justified since the trap oscillation frequencies are much
smaller than the optical pumping times. We have accounted
for all the magnetic sublevels within the D2 manifold. The
result of such a simulation confirms the above qualitative
discussion.

The reduced cooling and loading efficiency for higher
laser powers is very clearly visible in figure 3, where it is
shown that at high powers a smaller fraction of atoms is
loaded in the centre of the lattice. The measured atomic
temperature is not uniform along the lattice axis. We
find higher atomic temperatures and densities in the central
region. These are the values reported in figure 2 and discussed
in the text.

We have also measured the dependence of the lattice
temperature on the cooling laser detuning during the dark
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Figure 2. (a) Number of atoms and density as a function of CO,
laser power. (b) Temperature and phase space density as a function
of CO, laser power.

(b)

Figure 3. (a) Low-magnification image of rubidium atoms
trapped in the one-dimensional optical lattice. In the low-power
regime atoms are loaded in the trap centre (Pco, = 3.5 W,

so = 35 um). (b) As (a), but in the high-power regime

(Pco, =20 W, 59 = 35 um). Very few atoms can be loaded in the
trap centre due to the large differential ac-Stark shift.

MOT phase. For low CO, laser powers, the temperature
shows a minimum at a detuning slightly above the 5S,,, F =
3t0 5Pz, F = 3transition. We attribute this to the reduction
of light scattering achieved in a blue optical molasses, which
results in a reduced lattice temperature [16]. For higher laser
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powers no such behaviour is observed.

We have measured vibrational frequencies by parametri-
cally exciting the atoms as described previously [2]. Briefly,
the CO, laser beam intensity is modulated by the AOM,
and significant vibrational excitation occurs if the modu-
lation frequency equals twice a trap vibrational frequency.
The induced trap loss, resulting in a reduced fluorescence,
is recorded with the intensified CCD camera to allow a spa-
tially resolved fluorescence measurement. Since the oscilla-
tion frequencies depend strongly on the position of the mi-
crotraps along the symmetry axis of the lattice, this is of
importance here. With typical parameters of 14 W of CO,
laser power and a 35 um waist we measure oscillation fre-
quencies in the central trap region of v, = 54(5) kHz in the
axial and v, = 4.2(5) kHz in the radial direction, which is in
reasonable agreement with the calculation of section 2. The
Lamb-Dicke limit, corresponding to an oscillation frequency
above v = 3.8 kHz, is therefore fulfilled in all three spatial
dimensions.

For a future sideband cooling of the atoms it seems best
to load the lattice at small CO, laser intensity which results
in the highest phase space densities, and then adiabatically
ramp up to full laser intensity to achieve high vibrational
frequencies.

We have observed a lifetime of 3.4 s limited by collisions
with the thermal rubidium background gas. In the future, by
pulsing our atomic source, it should be possible to obtain
lifetimes as long as 20 s limited only by the residual pressure
in our vacuum system [13].

5. Resolving the lattice

To image the optical lattice, the power of the CO, laser
beam was reduced to 4 W to achieve lower temperatures.
We loaded the lattice as described previously, and, after
trapping the atoms for 100 ms in the lattice, the CO, laser
beam was switched off. The MOT lasers were then pulsed
on for 20 us while accumulating the atomic fluorescence
with the ICCD camera. We have chosen the detuning of the
cooling laser to be resonant with the cycling transition and
also added repumping light. Figure 4(a) shows the image
of 50 accumulated recordings after subtraction of a constant
background due to spurious scattered light and dark counts.
One observes the localization of atoms in periodically spaced
pancake-like microtraps of 5.3 um period, each of these sites
now containing up to 4 x 10* atoms. From this plot, we can
evaluate a contrast defined as C = (Inax — Imin)/ (Imax + Imin)
of 32(5)%, which gives a quantitative measure for resolving
the lattice. From the measured vibrational frequencies and
the atomic temperature (7 = 52 K for this data set), we
can estimate the actual size of the atomic micro-clouds when
assuming kg7 /2 = 272mv?o? for atoms in a harmonic
potential. The calculated radial width G}heo = 5.2 pum is
in reasonable agreement with the measured value of o, =
6.8(7) um HWHM assuming a Gaussian density distribution
in the trap. The calculated axial width of the micro-clouds
is szeo = 0.4 um, which results in an expected perfect
contrast for the lattice cross section as this width is much
smaller than the lattice periodicity. We attribute the measured
contrast to be mainly limited by the finite resolution of our
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Figure 4. (@) Magnified image of rubidium atoms trapped in a
one-dimensional optical lattice with a period of 5.3 yum. The axis
of the infrared CO, laser beam is oriented horizontally. (b) Cross
section of this image obtained by integrating the measured atomic
fluorescence perpendicular to the trapping beam axis.

imaging system and derive a value for the resolution by
modelling the image by convoluting the expected picture
with a Gaussian broadening of variable width. From a fit
of this simple model to the cross section, we can estimate the
spatial resolution of our imaging system to be 1.9 um. This
measurement shows that it is possible to distinguish atoms in
neighbouring lattice sides. This would eventually allow us
to read out the information of individual quantum bits stored
in the antinodes of this one-dimensional optical lattice. At
present, we are using an optical imaging system optimized
for the visible spectral region. The optical resolution could
be further improved by using a system optimized for the
atomic fluorescence wavelength of 780 nm, i.e. the rubidium
D2 line. Alternatively, one could use shorter wavelength
transitions for the fluorescence imaging, e.g. the 5S—6P line
of the rubidium atom near 420 nm.

Figure 5(a) shows the image of the lattice of ®Rb
atoms illuminated by the MOT beams similarily as already
described. Here the CO, trapping laser was left on during
the entire cycle. This allowed illumination times as long as
100 ws. In the absence of the trapping field the contrast of the
images vanishes within 30 us due to the thermal expansion
of the cloud. For this measurement we chose the detuning of
the cooling beams to be resonant with the 55,5, F = 3 to
5P3),, F' = 4 transition at the bottom of the central potential
wells. Figure 5(b) shows an image taken by illuminating a
single trapping site for a period of 100 us with around 10 W
of light resonant with the 55,5, F = 3 to 5P3p», F = 4

An optical lattice with single lattice site optical control

cycling transition at the bottom of the trap. This light was sent
through the fibre and focused onto a single lattice site by the
optical microscope. The MOT repumping beams were also
switched on during this period. The exposure shows atoms
localized in one distinct potential well of the standing wave,
with the neighbouring lattice sites suppressed by a factor of
approximately 2.3. Note that the rest of the lattice is still
filled, but is not visible here. This shows that in principle
it is possible to address single qubits in an optical lattice.
In order to investigate whether the neighbouring wells were
being perturbed by the focused laser beam, the following
procedure was used. After loading the atoms into the trap,
we applied a 10 ps long pulse of light through the fibre
with the same frequency, but with 20 times higher intensity.
Again, the MOT repumping beams were used to provide the
necessary repumping light. Figure 5(c) shows the image of
the lattice after interaction with such a pulse using the two
MOT beams for exposure of the picture. The population
of a single lattice site has been almost completely removed,
while atoms in neighbouring sites are affected much less
by the short pulse. We estimate the 1/e-diameter of the
imaged focus in figure 5(c) to be 9 um, which is above the
lattice spacing. We attribute this fact to nonlinearities in the
removing process. The atoms had to be illuminated by a
relatively intense pulse of resonant light to also remove the
tightly trapped atoms from a specific lattice site. Atoms in
neighbouring sites that are less strongly bound can on the
other hand quite easily be removed by the ‘wings’ of the
imaged focus. In a future application of the addressing laser
to perform single qubit operation, much lower intensities are
necessary and therefore the interaction with atoms sitting in
neighbouring sites can be further suppressed. Nevertheless,
improvement of our imaging system certainly remains an
important experimental issue for future work. By varying
the position of the optical fibre along the axial direction of
the lattice we could address different lattice sites within our
optical field of view, which comprises around 50 lattice sites.

6. Future prospects

We are currently setting up an experiment to study Raman
sideband cooling [5] in our optical lattice. The application of
one-dimensional sideband cooling might already be sufficient
to reach a significant population in the vibrational ground
state of the microtraps. Indeed, due to the high atomic
densities peculiar to our lattice the elastic collision rate should
be sufficiently high to allow sympathetic cooling of the
other dimensions. Alternatively, one could certainly proceed
towards direct Raman cooling of all three spatial dimensions.
As mentioned in section 2, our one-dimensional arrangement
minimizes heating due to reabsorption of scattered photons.
If the cooling process were to work all the way to the ground
state, we could end up producing an array of independent
micro-condensates in a completely new regime given the high
vibrational frequencies obtained in our trapping potential.
Another possibility offered by our system would be to
reduce the lattice potential while keeping the atoms inside the
dipole trap. This would create a band structure similar to that
described in [17]. If the potential were reduced adiabatically
after cooling the atoms to the vibrational ground state, this
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(a)

(b)

(c)

Figure 5. Images of the lattice after the following manipulations.
(a) No manipulation of the atoms in the microtraps. (b) Only
atoms from a single lattice site are illuminated during the exposure
with a focused laser beam. (c) Image of the lattice after removing
atoms in one lattice site before the exposure.

system would provide a unique system for the preparation of
non-classical states of motion [18] and the study of mean-
field effects in a totally controlled fashion. The possibility to
spatially resolve the single lattice sites would be maintained,
giving an important advantage with respect to conventional
near-resonant lattices.

We also plan to explore the possibility of performing
quantum logic operations with this far-detuned optical
lattice [11]. To avoid rapid decoherence, the atoms must
also be cooled to the vibrational ground state of the lattice. A
coupling of different atoms should be possible, for example
via controlled, cold collisions [19, 20].

To conclude, we have optically resolved an optical lattice
based on the infrared radiation of a CO; laser operating near
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10.6 um. This type of optical lattice has exciting prospects in
the broad field of quantum state engineering and the study of
entanglement. In addition, our one-dimensional geometry
minimizes reabsorption of photons emitted spontaneously
when applying near-resonant cooling light. This could allow
for the possibility of reaching BEC by optical cooling alone.
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