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Abstract

A complete laser cooling setup was built, with focus on three-dimensional
near-resonant optical lattices for cesium. These consist of regularly or-
dered micropotentials, created by the interference of four laser beams. One
key feature of optical lattices is an inherent ”Sisyphus cooling” process. It
efficiently extracts kinetic energy from the atoms, leading to equilibrium
temperatures of a few µK. The corresponding kinetic energy is lower than
the depth of the potential wells, so that atoms can be trapped.

We performed detailed studies of the cooling processes in optical lat-
tices by using the time-of-flight and absorption-imaging techniques. We
investigated the dependence of the equilibrium temperature on the optical
lattice parameters, such as detuning, optical potential and lattice geome-
try. The presence of neighbouring transitions in the cesium hyperfine level
structure was used to break symmetries in order to identify, which role
“red” and “blue” transitions play in the cooling. We also examined the
limits for the cooling process in optical lattices, and the possible difference
in steady-state velocity distributions for different directions. Moreover, in
collaboration with École Normale Supérieure in Paris, numerical simula-
tions were performed in order to get more insight in the cooling dynamics
of optical lattices.

Optical lattices can keep atoms almost perfectly isolated from the en-
vironment and have therefore been suggested as a platform for a host of
possible experiments aimed at coherent quantum manipulations, such as
spin-squeezing and the implementation of quantum logic-gates. We de-
veloped a novel way to trap two different cesium ground states in two
distinct, interpenetrating optical lattices, and to change the distance be-
tween sites of one lattice relative to sites of the other lattice. This is a
first step towards the implementation of quantum simulation schemes in
optical lattices.
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Chapter 1

Introduction

Laser cooling has evolved into one of the most actively investigated re-
search areas in modern physics. From its inception in the mid 70’s the
number of experiments world wide has multiplied and laser cooling tech-
niques have made their way into fields such as atomic fountains and fun-
damental metrology, atom optics, condensed matter physics, quantum in-
formation and quantum computing. The impact and significance of this
new field in atomic physics can be seen in the context of the Nobel Prizes
in 1997 and 2001 which were awarded for the development of laser cooling
techniques and the discovery of Bose-Einstein-Condensation. Laser cool-
ing was first suggested in 1975 by Hänsch and Schawlow for neutral atoms
and, in parallel, by Wineland and Dehmelt for trapped ions [1, 2]. In both
proposals, one would utilize the doppler shift to bring an atom (or ion)
into resonance with a counterpropagating laser beam, while the laser beam
is detuned below an atomic resonance in the laboratory frame. The atom
would absorb photons and spontaneously reemit them, but with a slightly
shorter wavelength. Thus, each scattered photon carries away a tiny part
of the atom’s kinetic energy. The entropy is carried away by the redistri-
bution of photons from the laser mode into the vacuum field. In this way
the velocity distribution of an ensamble of particles can be drastically com-
pressed. All laser cooling schemes that were subsequently developed, such
as velocity selective coherent population trapping [3] and Raman sideband
cooling [4], are based on these basic principles. The advent of improved
laser sources in the 80’s made it possible to experimentally implement and
extend the seminal suggestions. Doppler cooling was successfully applied
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to decelerate thermal atomic beams [5, 6] and to create optical molasses
[7]. The research field gained further momentum with the invention of the
magneto-optical trap (MOT) [8] and the discovery of sub-doppler cool-
ing mechanisms [9] with a new method for measuring the temperature of
laser cooled samples of atoms. This so called time-of-flight (TOF) tech-
nique was much more precise than previously used methods. When it
was first applied to measure the velocity spread of optical molasses, the
kinetic temperature in the atomic cloud turned out to be lower than the
theoretically predicted limit for doppler cooling. Shortly afterwards this
was explained [10, 11] and a theoretical framework for polarization gradi-
ent cooling mechanisms was created. One of these mechanisms, Sisyphus
cooling, takes place in laser beam configurations that can lead to regular
patterns of optical potential wells, called optical lattices. Although the
potential wells are very shallow, the Sisyphus cooling mechanism is effi-
cient enough to extract so much energy from the atoms that they can be
trapped in these shallow sites [12, 13, 14, 15, 16]. Optical lattices vaguely
resemble crystal lattices in solid-state physics but, apart from the peri-
odic ordering of matter, there are more differences than similarities. The
interparticle distances in crystals, for instance, are of the order of a few
10−10 m, but are of the order of optical wavelengths (10−6 m) in optical
lattices. To the first order, there is virtually no interaction between atoms
in an optical lattice whereas crystal lattices would not exist without it.
Nevertheless, optical lattices are useful tools to study phenomena known
from solid state physics.

Almost all parameters of an optical lattice, such as potential depth
and lattice topography [17], can be arbitrarily manipulated. A variety of
experiments have been conducted to study collective phenomena in opti-
cal lattices, e.g. Brillouin propagation modes [18], transport phenomena
[19], and theoretical formalisms of solid state physics have been success-
fully applied to optical lattices. Optical lattices are also interesting for
many other reasons. For instance, they are candidates for achieving Bose-
Einstein-Condensates (BEC) with optical cooling. The initially low filling
factors (1-10%) have been overcome [20, 21] and phase space densities are
less than one order of magnitude from the critical point. An all optical
BEC could be produced much faster than by evaporative cooling and could
allow to condensate elements that can not be cooled in a magnetic trap.
Other approaches go the opposite way. By filling optical lattices with a
BEC, a host of experiments of collective phenomena such as tunneling
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Figure 1.1: Level structure of cesium. The two ground states are separated
by 9.2 GHz. The excited state manifold contains four sublevels. The energy
splittings between them are given in MHz. Also shown is the wavelength for the
(Fg = 4 → Fe = 5) resonance

and Mott insulator states [22] can be studied. Finally, optical lattices
have been proposed by several authors [23, 24, 25] as a platform for co-
herent quantum state manipulation. The atoms in optical lattices are
extremely well isolated from ambient noise. Thus, they can remain in a
given quantum state for a long time in terms of atomic time scales. By
changing the interatomic distance, for example, mutual interaction be-
tween the trapped atoms can be turned on and off. This can be used to
study collisional properties, simulate magnetism in ferromagnetic crystals,
and makes it possible to implement quantum logic gates.

The research presented in this thesis was performed on a 3D near-
resonant optical lattice with cesium (see figure 1.1). The term near res-
onant implies that the laser light is rather close to an atomic transition,
with detunings rarely exceeding 100 natural linewidths. The theoretical
background is treated in chapter two, with emphasis on Sisyphus cooling.
A large part of the work performed during the past six years was spent
setting up the experimental apparatus. The most important aspects of
this are described in chapter three. Finally, chapters four and five discuss
the research on which the papers included in this thesis are based.



Chapter 2

Theoretical foundation

2.1 Introduction

Sisyphus cooling is based on a combination of the light shift (or ac-stark
shift) and optical pumping. Light shift arises from the atomic interaction
with a time-dependent electric field: the laser field induces an oscillating
electric dipole moment in the atom which, in turn, couples to the laser
field. The energy of the atom is thus shifted by an amount that depends
on the irradiance, detuning and polarization of the laser light and also on
the atomic dipole moment. This shift is small; for typical laser cooling
experiments it is of the order of a few photon recoil energies, ER, which
typically corresponds to a kinetic energy of ∼ 10 peV. By appropriately
choosing the polarization of the laser, one can create spatially modulated
optical light shift potentials for several ground states. The other ingredient
for Sisyphus cooling, optical pumping [26], is the transfer of atoms from
one ground state to another by an absorption-emission cycle of photons. It
is possible to arrange optical pumping in such a way that atoms tend to be
transferred to the lowest energy state. This interplay of optical potentials
and optical pumping is the key prerequisite that makes Sisyphus cooling
work. This chapter gives an introduction to the most important aspects
of Sisyphus cooling, for a one-dimensional laser configuration and a model
system with a ground state hyperfine quantum number Fg = 1/2 and
an excited state quantum number Fe = 3/2. The basic model is then
extended to cover stimulated Raman transitions in multilevel atoms such
as cesium. Finally, three dimensional optical lattices are introduced.
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Figure 2.1: Laser beam configuration in 1D. Two beams counterpropagate along
the z-axis. One of them is polarized along the x-axis, the other along the y-axis.

2.2 1 D Laser configuration

The model used to illustrate Sisyphus cooling is based upon a laser con-
figuration of two laser beams of equal irradiance and wavelength and with
orthogonal polarizations. The beams are counterpropagating along the
z-axis (see figure 2.1):

E1 = E0 x̂ cos(+kz − ωt)
E2 = E0 ŷ cos(−kz − ωt) (2.1)

By identifying the x- and y- axes with the real and imaginary axes
of the complex plane the electric field can be expressed as time-varying
phasors [27]:

ETOT = E1 + iE2 = E0 [cos(kz − ωt) + i cos(−kz − ωt)] (2.2)

Using exponential notation and regrouping terms gives:

ETOT =
E0

2
{[eikz + ie−ikz]e−iωt + [e−ikz + ieikz]eiωt} (2.3)

The electric field is here expressed in a circularly polarized basis. The
first term corresponds to counter clockwise circular polarization and the
second one to clockwise. With the quantization axis choosen along ẑ,
this will correspond to σ+ and σ− polarization, respectively. Shifting the
origin by λ/8 for a more convenient notation, equation 2.3 can be further
rewritten:

ETOT = E0[cos(kz) e−iωteiπ
4 − sin(kz) eiωteiπ

4 ] (2.4)
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Figure 2.2: Polarization along the z-axis as result of the interference of two
laser beams with orthogonal polarization. The polarization changes from σ+ at
z = 0, to linear (−45◦) at z = λ/8 to σ− at z = λ/4 to linear at (−135◦) z = 3λ/8
etc.

The total electric field can be interpreted as a superposition of two stand-
ing waves with circular polarizations of opposite handedness, offset by λ/4,
so that nodes of the σ− wave coincide with antinodes of the σ+ wave, and
vice versa (see figure 2.2). At the points where kz = (2n + 1) · π

4 , with
n ∈ N0, the phasors are of equal length and, as such, the light is linearly
polarized at 45◦ with respect to the x- and y-axes. The laser configuration
thus exhibits a strong polarization gradient along the propagation axis,
while the electric field amplitude is constant everywhere. Points of pure
σ+ polarization are separated by λ/2. For the following treatment of the
light shift, it is useful to rewrite equation 2.4 :

E(z , t) = E+(z ) e−iωt + E−(z ) eiωt (2.5)

With an appropriate choice of phases, E+(z ) now becomes:

E+(z ) = E0

√
2[cos(kz)σ+ − i sin(kz) σ−] ≡ E0

√
2ε+L (2.6)

where σ+, σ− and σ0 form a spherical basis set:

σ± =
∓x̂ + ŷ√

2
σ0 = ẑ (2.7)
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2.3 Model system

The simplest system for which Sisyphus cooling works is represented by a
two level atom with a ground state angular momentum quantum number
Jg = 1/2 and an excited state Jg = 3/2. A schematic level diagram for
this system is depicted in figure 2.3.

Figure 2.3: Two degenerate ground states |g1/2 >and |g−1/2 > are connected
to four excited states by electric dipole couplings. The numbers are the squares
of the Clebsch-Gordan coefficients that indicate the strengths of the couplings.

2.4 Optical light shift potentials

A rigorous treatment of the light shift is given in [28]. Starting point are
the optical Bloch equations in operator form, which describe the time-
evolution of the atomic density matrix. Then, an important approxima-
tion is made: most laser cooling experiments are performed in the low
saturation limit where the saturation parameter, s0, satisfies:

s0 = (Ω2)/2(∆2 + Γ2/4) � 1 (2.8)

with Ω being the Rabi frequency, Γ the natural linewidth and ∆ = ωL−ωa

the laser detuning.
In this case, the atom spends almost all of its time in the ground state.
It is, therefore, possible to adiabatically eliminate the excited states. The
prerequisite for this treatment is that the (semiclassically treated) velocity
is small. With these assumptions, the effective ground state Hamiltonian
becomes:
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Ĥeff =
∆

~(∆2 + Γ2/4)
(d̂+Ê+)(d̂−Ê−) (2.9)

Here, d± is the raising/lowering part of the atomic dipole operator and
E± the positive/negative frequency components of the laser field. We
can express all operators in a spherical basis eq with q ∈ {0,±1} so that
transitions with ∆m = q can be expressed in a basis that corresponds to
σ±- and π-polarizations:

Ĥeff =
∆

~(∆2 + Γ2/4)
(DE0)2[ε+L (r)d̂+][ε−L (r)d̂−]

= U [εL(r)d̂+][ε∗L(r)(d̂+)
†
] (2.10)

with the Rabi frequency DE0 = Ω, and U defined in the equation. D is
the reduced dipole moment, and the dipole operators are:

d̂+ = D
∑
q,mg

(cmg+q
mg )|e;Je,mg+q〉〈g;Jg,mg|ε∗q = D

∑
q

d+
q (2.11)

The atomic dipole operator projects the ground state of the magnetic
quantum number mg onto an excited state with me = mg+q, which de-
pends on the polarization of the photon. The strength of this coupling is
determined by the Clebsch-Gordan coefficients (CGC) c

mg+q
mg . For the 1D

lin⊥lin configuration in equation 2.6, we get:

Ĥeff = U [(d̂+
+1)

†
d̂+

+1 cos2(kz) + (d̂+
−1)

†
d̂+
−1 sin2(kz)]

+ i cos(kz) sin(kz) [(d̂+
+1)

†
d̂+
−1 − (d̂+

−1)
†
d̂+

+1] (2.12)

The terms can be identified as follows:

(d̂+
−1)

†
d̂+
−1: coupling due to σ−-light

(d̂+
+1)

†
d̂+

+1: coupling due to σ+-light

(d̂+
+1)

†
d̂+
−1 − (d̂+

−1)
†
d̂+

+1: coupling due to stimulated Raman transi-
tions between ground states with ∆m = 2.
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Figure 2.4: Optical potentials for the model system. The dark (light) curve
corresponds to the potential for|g+1/2〉 (|g−1/2〉). The balls indicate the relative
population of the corresponding state.

In the model system of section 2.3, stimulated Raman transition can
not occur because the laser field contains no π-components and, as such,
the ground states are coupled to different excited states. Hence, the third
term in equation 2.12 vanishes. Using the CGC from figure 2.3, we obtain
one scalar light shift potential for each of the two ground states:

U 1
2
(z) = U(cos2 kz +

1
3

sin2 kz) U− 1
2
(z) = U(sin2 kz +

1
3

cos2 kz)

(2.13)

with

U =
2∆
~

s0 =
2∆
~

Ω2/2
(∆2 + Γ2/4)

(2.14)

Throughout this thesis, ∆ � Γ, so that the saturation parameter s0 = Ω2/2∆2

and equation 2.13 can be further simplified:

U± 1
2
(z) = −1

3
~
Ω2

∆
(−1∓ 1

2
cos 2kz) ≡ U0(−1∓ 1

2
cos 2kz) (2.15)

Thus, we have an optical bipotential where the minima of the potential
for the |g1/2〉 state coincide with the maxima of the potential for the |g−1/2〉
state (see figure 2.4). Note that the functional behaviour of the potential
curves depends on the sign of the detuning ∆. If the sign changes, local
potential minima are turned into maxima.
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2.5 Optical pumping

Although there is no direct coupling between the ground states, atoms
can still change their magnetic substate through the absorption of a σ-
photon, followed by the spontaneous emission of a π-photon. The rate
with which atoms are transferred by this incoherent process depends on
the local polarization. The optical pumping rates, Γ±(z), out from |g±1/2〉
are derived in [28]:

Γ+(z) =
2
9
Γ̃ sin2 kz Γ−(z) =

2
9
Γ̃ cos2 kz (2.16)

where Γ̃ = Γs0 is the optical pumping rate. Γ+(z) has its maximum at
those points in space where the light fields exhibits pure σ−-polarization.
The rates in (2.16) are used to derive the rate equations of the populations
Π±1/2:

dΠ1/2/dt(z) = −Γ+(z) Π1/2(z) + Γ−(z) Π−1/2(z)
dΠ−1/2/dt(z) = −Γ−(z) Π−1/2(z) + Γ+(z) Π1/2(z) (2.17)

The steady state populations can be obtained by setting dΠ/dt=0 and
using the normalization criterion Π1/2 + Π−1/2 = 1. In figure 2.4, apart
from the optical potentials for the |g1/2〉 and |g−1/2〉 states, the steady
state populations are plotted as a function of position. For a detuning ∆ =
ωa − ωL < 0, we can see that the probability for an atom to be optically
pumped increases with increasing displacement from its respective (local)
potential minimum.

2.6 Sisyphus cooling mechanism

To explain the Sisyphus cooling mechanism in figure 2.5, we consider an
atom with initial velocity v0 at z = 0. We also assume that mv2 � U0

so that the atomic kinetic energy is sufficient to climb a potential hill. At
this point the light is purely σ+ and thus the atom is most likely in |g1/2〉
and will only couple to |e3/2〉. As the atom moves away from the potential
minimum, part of its kinetic energy is transformed into potential energy.
At the same time the laser field is no longer purely σ+, but contains a large
σ− component. Hence, the atom will begin to couple to |e−1/2〉 and the
probability for optical pumping to |g−1/2〉 increases. But this probabilty
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Figure 2.5: Semiclassical trajectory of an atom in the optical bipotential.
Atoms in the |g+1/2〉 and its associated optical potential are shown in a dark
gray shade, |g−1/2〉 is represented by light gray. As the atom reaches the top of a
potential hill, there is a high probability that it will be optically pumped into the
other ground state by an absorption-spontaneous emission cycle. The reemitted
photon has a shorter wavelength than the absorbed one.

becomes significant only close to the top of a potential hill, since the
CGCs for the two different excited states are asymmetric. This ensures
that optical pumping predominatly occurs towards the energetically lower
ground state, from where the whole process is repeated again. So, kinetic
energy is first transformed into potential energy which is then carried
away by the light field, where the spontaneously reemitted photon is of
slightly higher frequency than the absorbed photon (see figure 2.5). The
(semiclassical) trajectory of an atom in the optical bipotential reminds us
of Sisyphus, in ancient greek mythology who was punished for his crimes
in the afterworld. 1

1”Aye, and I saw Sisyphus in violent torment, seeking to raise a monstrous stone
with both his hands. Verily he would brace himself with hands and feet, and thrust the
stone toward the crest of a hill, but as often as he was about to heave it over the top,
the weight would turn it back, and then down again to the plain would come rolling
the ruthless stone. But he would strain again and thrust it back, and the sweat flowed
down from his limbs, and dust rose up from his head”[29].
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2.7 Equilibrium temperature and the limit of
Sisyphus cooling

The equilibrium temperature is a result of the competition between cooling
and heating in the laser field. In [30], it is shown that the mean force
exerted on a moving atom can be expressed in the following way:

F (v) =
αv

1 + (v/vc)2
(2.18)

By choosing ∆ < 0 (red detuning) the friction coefficient α = 3~k2∆/Γ
is negative and the force decelerates the atom. vc is the critical velocity
defined as:

vc = λ/(4πτint) (2.19)

Here, τint is the optical pumping time (see also the following section).
This can interpreted as the speed necessay to travel about one optical
wavelength during one optical pumping cycle. At this speed, F (v) has its
maximum. F (v) is linear in v if v � vc.

Heating comes from the effect of single photon recoils. During each
absorption and each emission of a photon, the atom receives a momentum
kick. Its random nature leads to heating. There are several factors [30]
that contribute to this momentum diffusion. In the usual limit of low
saturation and high detuning, the total momentum diffusion coefficient
Dtot

p is:

Dtot
p =

3
4

~2k2 ∆2

Γ
s0 (2.20)

and the theoretical limit for the equilibrium temperature is:

kBT =
Dtot

p

α
∼=

~Ω2

8|∆|
=

3
8
U0 (2.21)

The temperature is thus determined by the modulation depth of the
optical lattice potential. To decrease the temperature in an optical lattice,
it is either necessary to decrease the irradiance (proportional to Ω2) or in-
crease the detuning (∆). This suggests that the temperature can be made
arbitrarily low. However, this is not the case. An intuitive argument for
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Figure 2.6: Mean kinetic energy as a function of light shift for the atomic
transitions jg → je = jg + 1, jg = 1, 2, 3, and 4. The atom-laser detuning is
∆ = −5 Γ (from [34]).

the order of magnitude of the minimum temperature is that the kinetic
energy extracted during one cooling cycle must counterbalance the recoil
energy, ER = ~k/2M , added to the atom from the absorption of a single
photon. Here, M is the atomic mass. Thus the minimum modulation
amplitude U0 of the optical potential should be in the order of a few recoil
energies and, hence, the minimum kinetic energy can be expected to be in
the same range. If the modulation depth is too small, cooling becomes in-
efficient in comparison with the heating associated to a fluorescence cycle
and the temperature increases. A more rigorous treatment of the limit of
laser cooling [31] confirms this heuristic picture. Also a number of compu-
tational simulations has been performed [32, 33, 34]. Shown in figure 2.6
is a result from [34], where the kinetic temperature is plotted against the
light shift. The temperature scales linearly with the modulation depth
of the optical potential down to a minumum temperature, followed by
a sharp increase of the temperature at lower modulation depths. This
phenomenon is often referred to as “décrochage”.
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2.8 Localization and optical lattices

The minimum temperature for Sisyphus cooling corresponds to a few recoil
energies and thus is of the order of the modulation depth of the optical
potential. This suggests that the atoms can be trapped in the optical
potentials, which has been confirmed experimentally, e.g by [12, 16]. Thus,
matter is ordered in periodic light shift potentials and an optical lattice
is created. Once an atom is confined around a lattice site, its motion can,
to the first order, be described by an oscillation in a harmonic potential
Ũ .

Ũ±1/2(z) ∼= −3U0

2
∓ U0k

2z2 (2.22)

This gives the oscillation frequency ωosc and the timescale for the external
variables:

1
τext

= ωosc = k

√
2U0

M
= k

√
4~|∆|s0

3M
= k

√
2~Ω2

3M∆
(2.23)

This can be compared to the evolution of the internal variables which is
characterized by the optical pumping time τp [28]:

τp ≡ τint =
9
2Γ̃

(2.24)

Thus the ratio between these two time scales is:

τint

τext
= τpωosc = k

√
27~|∆|
Γ2Ms0

(2.25)

If τint � τext the internal evolution is much faster than the external one,
which means that the atom will undergo several optical pumping cycles
during one oscillation period. In this so-called jumping, regime the atomic
motion is appropriately described by the picture given previously in the
semi-classical description of Sisyphus cooling. For τint � τext the atom
oscillates many times before a quantum jump occurs and the atom is
transferred into the other ground state. The atom is in the oscillating
regime.

The semiclassical picture is, however, no longer appropriate. The
atoms are so cold that their kinetic energy is of the same order of mag-
nitude as the depth of the potential. Thus there is a number of discrete
bound states for the atom and their relative occupation number deter-
mines the energy spread of the ensemble.
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Figure 2.7: Partial atomic level structure for the (Fg = 4 → Fe = 5) transition
in the Cs D2 line. Shown are the sublevels with positive magnetic quantum
number. Odd and even numbered ground states make up two families of states
that are connected by stimulated Raman processes. Also shown are the squares
of the CGCs.

2.9 Diabatic and adiabatic potentials

So far, only the simple case has been studied where the involved ground
states couple only via spontaneous emission, and where no stimulated
Raman transitions are possible. Most systems studied experimentally,
however, involve atoms with a more complicated level structure, where
multiple ground- and excited state sublevels are present. Between these,
Raman couplings can occur. Taking these couplings into account, the
effective Hamiltonian (equation 2.12) will contain non-diagonal elements.
Consider the (Fg = 4 → Fe = 5) hyperfine transition in cesium (figure 2.7).
Stimulated Raman transitions couple all even/odd magnetic substates.
Neglecting spontaneous emission and using the CGC from figure 2.7 to
evaluate equation 2.12, we see that the potentials are no longer scalar
expressions. Instead, the effective Hamiltonian is expressed in matrix

form: Heff = −U0
90

( )
where the matrix elements are:


46− 44 cos 2kz −2i

√
28 sin 2kz 0 0 0

2i
√

28 sin 2kz 34− 22 cos 2kz −2i
√

90 sin 2kz 0 0

0 2i
√

90 sin 2kz 30 −2i
√

90 sin 2kz 0

0 0 2i
√

28 sin 2kz 34− 22 cos 2kz −2i
√

28 sin 2kz

0 0 0 2i
√

28 sin 2kz 46 + 44 cos 2kz
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Here, the matrix for the family of even states is given as an exam-
ple. The potential surfaces and internal states are obtained by finding
the eigenvalues and eigenstates of the matrix above. Depending on the
physical circumstances, two approximations are possible: if the atom is in
the jumping regime, the external degrees of freedom change rapidly, and
the atom will see a quickly changing optical potential. The internal evo-
lution will thus be dominated by optical pumping, and stimulated Raman
transitions are unlikely. It is therefore possible to neglect the non-diagonal
matrix elements. By keeping just the diagonal elements so called diabatic
potentials are obtained for each member of the ground state manifold,
analogous to the potentials for the model system in section 2.3.2 On the
other hand, in the oscillating regime, the atomic motion is slow compared
to the internal timescale. This gives the atom enough time to continously
adjust to the changes in the light field. As the atom departs from a point
with purely cicularly polarized light, the internal state will adjust adiabat-
ically and can no longer be described with a single quantum number. In
this case, the situation is better described by adiabatic potentials which
are obtained by diagonalizing the matrices. Illustrated in figure 2.8 a)
are the potential surfaces for all cesium ground states. The dashed lines
represent the diabatic potentials, with the adiabatic potentials shown as
full lines.

Near to points of purely circular polarization, i.e. the bottom of poten-
tial wells, the potentials are similar because no stimulated Raman transi-
tions can occur. The lowest adiabatic and diabatic potentials are similar
over a rahter wide range and diverge only at points of linear polarizations,
where the adiabatic potentials do not cross each other.

2.10 Gray optical lattices

In bright optical lattices, i.e. optical lattices where atoms are trapped
in states that couple to the laser field, both the equilibrium temperature
and the density are limited due to the scattering of photons. Firstly,
each absorption-spontaneous emission cycle leads to a random walk in
momentum space and thus to heating. Secondly, the re-absorption of

2With a growing number of states, the asymmetry between the CGC for the outer-
most sublevels (mg = ±Fg) increases. Optical pumping is thus even more concentrated
around potential maxima.
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Figure 2.8: a) Diabatic (broken lines) and adiabatic potentials for the
(Fg = 4 → Fe = 5) transition in cesium. b) Adiabatic potentials due to the
(Fg = 4 → Fe = 4) transition. The lowest potential is zero everywhere.
The length scale is given in units of the wavelength.

scattered photons results in a repulsive force between the atoms in the
lattice. Thus, high densities are prohibited in a bright optical lattice.

These effects almost vanish in so-called “dark” (or “gray”) optical
lattices. They are operated on the “blue” side of an atomic transition,
i.e. ∆ = ωL − ωa > 0. From equation 2.13 one can see that there
are two contributions with equal sign but with opposite curvature to the
optical potential: one stemming from the coupling to the σ+-component,
the other from the σ−-component of the light field (see figure 2.9).

Because of the CGC, the contributions have different weight and,
mg = +F couples stronger to me = F + 1 than to me = F − 1. In order
to make optical pumping occur towards a potential minimum (positive
curvature), the sign of the detuning ∆ has to be chosen negative. The
situation changes for a transition with Fe = Fg or Fe = Fg − 1. Here the
magnetic sublevel mg = +F can only couple to me = F−1. Consequently,
only the weaker contribution (with negative curvature) to the light shift
potential is still present and the sign of ∆ now has to be positive in order
to make Sisyphus cooling possible. Once an atom would be sufficiently
cold to be trapped near the bottom of a (diabatic) potential well, it is
almost completely decoupled from the laser field and hence there will be
little photon scattering. In this oscillatory regime, however, the atomic
evolution follows the adiabatic potentials. As an example the adiabatic
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Figure 2.9: Coupling of |mg = +F 〉 to the excited state levels and the resulting
contributions to the optical potentials for ∆ = ωa−ωL < 0. If |me = F +1〉 is not
present (grayed out), only the contribution from |me = F−1〉 remains. Changing
the detuning to ∆ > 0 would change the curvature of remaining potential to
positive.

potentials for a Fg = 4 → Fe = 4 are shown in figure 2.8 b). The lowest
ground state has no spatial modulation, and the atoms in this state are
not trapped and can move freely in the lattice. Even in this situation, a
variant of Sisyphus cooling is possible (see [35] and references therein.)

2.11 Lattice topography in 3D

A true confinement of the atoms is achieved in three-dimensional (3D)
optical lattices, which can be created in various ways (see [17] for a detailed
treatment of the crystallography of optical lattices). A straightforward
attempt would be to extend the 1D setup presented in section 2.2 to
three orthogonal beam pairs. In this case, however, one has to lock the 5
relative phases of the laser beams to certain values, because fluctuations
would entirely change the character of the lattice. We follow the approach
of using only 4 beams [36], where only 3 relative laser phases are present
so that fluctuations in these phases only cause a spatial translation of the
lattice, with the lattice topography being preserved. Since such phase
fluctuations usually take place on a time scale that is large in comparison
to the atomic evolution, the atoms are able to follow the motion of the
lattice. Four-beam lattices have been investigated extensively [35, 37] and
are mainly used for experiments with 3D near resonant optical lattices.
We use a configuration that is an extension of the 1D setup presented in
section 2.2, by splitting up both of the two beams (see figure 2.10). One
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Figure 2.10: Laser beam configuration in 3D. Two pairs of laser beams propa-
gate in orthogonal planes. Each beam is polarized perpendicular to its plane of
propagation and forms an angle θ = 45◦ with the z-axis

beam pair propagates in the z − y-plane with the polarization oriented
along the x-axis, while the other pair is located in the x − z-plane with
the polarization parallel to ŷ. Each laser beam forms an angle θ with the
quantization axis, which is parallel to ẑ. The electric field for this beam
configuration can be written as follows:

E1 = E0 x̂(+k⊥y − k||z − ωt)
E2 = E0 x̂(−k⊥y − k||z − ωt)
E3 = E0 ŷ(+k⊥x + k||z − ωt)
E4 = E0 ŷ(−k⊥x + k||z − ωt) (2.26)

Here we have defined k⊥ = kL sin θ and k|| = kL cos θ. Using the formalism
introduced in equation 2.2, the total electric field can be rewritten in a
circularly polarized basis3:

3A detailed calculation can be found in the appendix of Paper V
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ETOT = 2E0

[
eiπ

4 cos(k‖z)
(

cos(k⊥ y) + cos(k⊥ x)
2

)
+ ei 3

4
π sin(k‖z)

(
cos(k⊥ y)− cos(k⊥ x)

2

)]
eiωt

+2E0

[
e−iπ

4 cos(k‖z)
(

cos(k⊥ y)− cos(k⊥ x)
2

)
+ e−i 3

4
π sin(k‖z)

(
cos(k⊥ y) + cos(k⊥ x)

2

)]
e−iωt

(2.27)

For θ = 45◦ the resulting lattice structure is tetragonal with alternat-
ing sites of σ+ and σ− polarization, as shown in figure 2.11. The lattice
constants, i.e the distance between two sites with opposite circular polar-
ization, are:

ax = ay =
1√
2

λ and az =
1

2
√

2
λ (2.28)
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Figure 2.11: Lowest optical potential in the yz-plane for the beam configuration
used in our experiments. a) Diabatic potential. b) Aduabatic potential
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Chapter 3

Experimental setup

In this chapter a general overview of the experimental setup is presented,
while some experiment-specific details will be given in the discussion of
the results (chapter 4 ).

3.1 Hardware

Overview

Our experiment uses a setup in which the coils for the magneto-optical
trap (MOT) are placed inside a vacuum chamber, and the MOT is loaded
from a chirp-slowed atomic beam produced in a thermal source. Figure
3.1 illustrates this arrangement. Compared to a setup where the MOT
is loaded from a vapour, this requires more lasers and more effort on the
vacuum side, but on the other hand gives the important possibility of
shorter loading times and higher atom densities in the trap.

Atom source

The atom source is a resistively heated oven. A cesium ampoule (1 g) is
heated to about 180◦C yielding a vapour pressure of about 0.03 torr. After
passing through a small nozzle (� = 0.5 mm) the atoms enter the main
oven chamber. Their thermal velocity at this point is around 300 m/s
and is gradually reduced by a pair of chirped stopping beams [38]. An
operating pressure of about 4 · 10−8 torr is maintained by a turbo pump.
The oven chamber is connected to the main experimental chamber via a
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Figure 3.1: Side view of the main experiment chamber, the atom source and
the vacuum system. 1. Atom source, 2. Valve, 3. Turbo pump, 4, Valve, 5.
Stainless steel tube, 6. Experiment chamber, 7. NEG pump, 8. Ion pump.

flexible steel tube and a gate valve. Depending on the load (operating
time, temperature) one has to replace the ampoule approximately once a
year.

Experiment chamber

The main experiment chamber is a cylindrically shaped (� = h = 0.4 m)
stainless steel tank, with numerous flanges used for feedthroughs and view-
ports. We use a combination of a NEG (non-evaporative getter) pump and
an ion pump to achieve a pressure of around 1 ·10−9 torr during operation.
Without load from the oven chamber, the pressure is in the low 10−10 torr
regime. Inside the chamber, the MOT coils and a photo diode for the
time-of-flight measurements are mounted. For the placement and the de-
sign of these devices, one had to take into account the beam geometries
for stopping-, MOT-, and lattice-beams. Figure 3.2 shows the experiment
chamber, together with three beam trajectories.

For the construction of the MOT coils, several interdependent factors
such as beam geometries, desired field gradient and heat transfer had to
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Figure 3.2: The experiment chamber and some laser beam trajectories The
walls are made transparent for illustration purposes. The width of the trajectories
is exaggerated.

be taken into consideration. The final design has 700 windings of thin
copper wire that generate a magnetic field gradient of 10 mT/m (= 10
G/cm) at a current of 200 mA. The wire is covered with an insulating
layer that tolerates temperatures up to 120◦C. To avoid overheating, we
cool the wire with air or cold nitrogen gas.

The fluorescense signal from the time of flight measurements (see sec-
tion 3.3.1) is detected with a large area photodiode. It is attached to the
bottom flange of the experiment chamber on a custom mount, as close to
the interaction region as possible to maximize the detection efficiency, but
without obstructing the lattice beams.

Data acquisition system

The computer system is used for both controlling the experiment param-
eters, such as the duration of the various experimental steps, as well as
for collecting data. This job is done by two Apple Macintosh comput-
ers, equipped with a general purpose data acquisition (DAQ) card and
a frame grabber for image capture and analysis. The software backend
for the DAQ is a custom written C-program for the precise control of the
timing (resolution of 0.1 ms), while the frontend is a LabView graphical
user interface for defining a timing sequence for the different trapping and
cooling phases. Two analog outputs on the DAQ control detuning and



CHAPTER 3. EXPERIMENTAL SETUP 25

Figure 3.3: A panaoramic image of the Laser Cooling Laboratory at SCFAB.
From left to right: Electronics rack- Optical table with diode lasers - Optical
table, magnetic field compensation coils and experimental chamber - Computers.

irradiance of the MOT beams, while TTL outputs are used to control
shutters and to toggle acousto-optic modulators. The program also col-
lects data from the time-of-flight fluorescence signal (see section 3.3.1),
averages over an arbitrary number of cycles and performs an automatic
fit using a user-definable function.

3.2 Laser systems

The choice of cesium as the atom for laser cooling experiments carries the
advantage that laser diodes are commercially available for the resonances
of the D2 line (λ=852.3 nm). As their output power (up to 200 mW)
is sufficient for laser cooling purposes, and because diode lasers can be
constructed relatively easily and cheaply, they were the logical choice for
this experiment. In a so-called master-slave setup, several actively stabi-
lized external cavity diode lasers provide narrow-linewidth light that can
be seeded into more powerful free-run diode lasers. With this injection-
locking technique it is possible to overcome the usual trade-off between
stability and output power of diode lasers, and a flexible and versatile
laser setup can be realized.
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Figure 3.4: Top view of the external cavity diode laser. The components are
1. Diode block, 2. Lens mount, , 3. Mount for optional λ/2 plate, 4. Beam
splitter, 5. Grating mount with integrated piezo crystal, 6. Kinematic mount,
7. Adjusting screw for collimation. Shown are also the following laser beams:
a. Laser light coupled out from the resonator, b. Laser light due to the 0th
reflection order of the grating.

3.2.1 Laser design

The design of the external cavity lasers follows the commonly used Littrow-
configuration where the cavity is defined by the fully reflecting back facet
of the laser diode and a reflection grating. It is based on [39], but a num-
ber of modifications have been applied to the design (see figure 3.4). The
main differences are the inclusion of a beam splitter (4) into the resonator,
and that the grating is optimized for the -1st diffraction order. We do not
use light of the 0th order (b) as an output, but a part of the light of
the resonator (a) which has the advantage that there will be (almost) no
beam walk when the grating is tilted for wavelength tuning and that it is
possible to choose the amount of feedback by simply exchanging the beam
splitter1. The collimating lens is held by a slightly modified commercial
fiber launcher (2) that allows the positioning of the lens perpendicular
with respect to the beam direction. The light is collimated using a preci-
sion screw (7) that regulates the width of the hinge between the lens and

1A disadvantage is that laser power is wasted since there is no output window for
beam b in the laser enclosure. However, this could be implemented rather easily in
future models.
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the diode block. The grating is placed into a custom made holder (5) that
also accepts a piezo crystal which is used for fine tuning the grating angle.
The holder, in turn, is mounted onto a high quality kinematic mount (6)
that makes it possible to coarsly tilt the grating horizontally and verti-
cally. All components are mounted on a common copper base plate, which
is placed inside a metallic box, with two output windows, to protect the
laser from environmental influences such as temperature fluctuations.

The free run lasers are similar in design, but lack the grating as an
external feedback element and the beam splitter.

Both types of lasers are passively stabilized in terms of operating cur-
rent and diode temperature. For the external cavity lasers, even the base-
plate is temperature stabilized to maintain a constant cavity length. This
also gives us an additional means to fine tune the laser frequency.
The active stabilization of the external cavity diode lasers is achieved with
a feedback loop where the fluorescence signal from saturated absorption
spectroscopy is fed into a home-built lock in amplifier/laser controller that
keeps the laser at the desired frequency.

3.2.2 Laser setup

The lasers and opto-mechanical components are placed on two separate
optical tables (see figure 3.3) and these are mechanically decoupled from
the laboratory floor in order to reduce mechanical and acoustic noise.
Furthermore, all shutters are mounted on a separate metallic bar located
between the optical tables. On one table, the lasers are placed for pre-
shaping and acousto-optically fine tuning all beams before they are trans-
ported to the other table. This is either done in free space or with optical
fibers for the lattice and probe beams, for which extremely good point-
ing stability and a clean spatial mode are crucial. On the second table
the beams are shaped, split and directed into the experimental chamber.
The current setup consists of four external cavity lasers and three free-run
lasers, referred to as slaves:

• Two of the external cavity lasers are used as a “stopper” and “stopper-
repumper”. Their frequencies are swept rapidly to adapt to the
changing velocity of the atoms. This is done by a special two-channel
circuit that uses saturated absorption spectroscopy as a frequency
reference and maintains a constant, user definable, sweep range.
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• The third external cavity laser serves as frequency reference for two
of the slave lasers, i.e. for the MOT- and optical lattice beams,
respectively. The probe beams for atoms in |Fg = 4〉 are derived
directly from this laser.

• The final external cavity laser acts as a repumper and also injects
the third slave laser which is used to generate a second optical lattice
that traps atoms in |Fg = 3〉 (see chapter 5). Furthermore it serves
as a probe for these atoms.

Throughout the setup acousto-optic modulators are extensively used.
They allow us to inject multiple lasers at different frequencies, change
the injection frequency ”on the fly” during an experiment cycle and to
switch off laser beams rapidly. Figure 3.5 illustrates how the various laser
frequencies are derived.
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Lattice
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Figure 3.5: Schematic overview over the laser frequencies involved in the exper-
iment. Two sets of lasers are operating on atoms in the |Fg = 4〉and on atoms in
the |Fg = 3〉 ground state, respectively. Shown are the excited state spectroscopic
levels (including some cross-over resonances) and how the various laser frequen-
cies are shifted relative to each other with help of acousto-optic modulators. The
small numbers given in parantheses are the operating frequencies of the AOMs
in MHz. The state Fe = 2 is not shown in the diagram.
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Figure 3.6: Alignment tool for the optical lattice beams. Shown is the silhoutte
of the experiment chamber and the position of the tool relative to it. It consists
of a quadratic aluminium plate (shown in black) with an integrated iris that is
centered around the vertical MOT beam. On each side of the plate a pair of steel
rods is mounted, that form an angle of 45◦. At the end of the lower rod, an iris
is attched that defines one reference point for the beam path (the other one is
the center of the MOT). Also shown is the scaling on the rods that allows the
precise positioning of the irises.

3.2.3 Optical lattice alignment

The lattice beams get a flat-top irradiance profile by imaging a small pin-
hole (� = 150 µm) into the interaction region, where the beam diameter
is about 2mm. To align the beams, they are brought into resonance with
an atomic transition. Using the radiation pressure exerted on the atoms
in the MOT as an indicator, the beams can be precisely directed.

As mentioned in setion 2.11, the lattice beams form an angle of 45◦

with the vertical quantization axis. To make the alignment as precise as
possible, a special alignment tool was designed (see figure 3.6). The tool
is centered around the vertical MOT beam that thus serves as a reference
for the quantization axis. One of the lattice beams is aligned, so that it
hits the atoms in the MOT and enters and leaves the experiment chamber
through the center of a viewport. This laser beam serves as a reference
for the irises of the alignment tool.
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3.3 Diagnostic tools

3.3.1 Time of flight

The temperature measurements are chiefly performed using the time of
flight technique [9]. A thin probe beam, resonant with the cycling transi-
tion of the optical lattice, is placed several centimeters below the trapping
region. To measure the velocity distribution all laser beams are switched
off and the cloud falls under the influence of gravity and expands due to
the initial velocity spread of the atoms (see figure for which we assume
a Maxwell-Boltzmann distribution:

N(v) = N0 e
Mv2

2kBT (3.1)

Here N0 is a normalization factor.
As the atoms reach the probe beam, a time dependent fluorescence

signal is obtained, because the arrival time tarr corresponds to a given
velocity:

v(tarr) =
z0 − 1

2gt2arr

tarr
(3.2)

Thus the velocity distribution is mapped into:

V (tarr) = V0 e
−(M (z0−

1
2 g t2arr)

2
)

2 kBT t2arr (3.3)

where V is the voltage signal of photo detector and z0 the distance between
the trap and the probe beam. The full-width-at-half-maximum (FWHM)
of the pulse is easily derived:

∆tvel =
1
g

√
8kBT ln2

M
(3.4)

Note that the FWHM is independent of z0.
This formalism was derived under the assumption that the probe beam

is perfectly ”thin”, and that the atomic cloud is point-like before release.
In reality, the contribution of the finite sizes of the cloud and the probe
lead to a broadening of the signal. If both the initial spatial distribution
of the atoms and the intensity profile of the laser beam can be approxi-
mated by a gaussian distribution, the widths of the resulting signals are
added according to σtot =

√
σ2

a + σ2
b and the estimation of errors becomes

straightforward. The two contributions are independent and can, there-
fore, be considered separately.
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Contribution of a finite cloud size (infinitely thin probe beam)

The cloud has an initial spatial distribution that is modeled by

N(z) = N0e
− (z−z0)2

σcl
2 (3.5)

where σcl is the 1
e -radius of the cloud. We assume that the velocity dis-

tribution is the same in each point of the cloud. Once it is released, each
point along the vertical z-axis of the cloud makes a contribution to the
TOF signal. The signal shape for each position group is the same, hence
the TOF signal is a convolution of the spatial distribution and the velocity
distribution. The transformation into the time domain is accomplished by
assigning an arrival time to each point along z. This model is valid as long
as the velocity of the cloud does not change significantly during the time
it takes for the cloud to traverse the probe beam, i.e:

∆v � v0 =
√

2gz0 ⇔ σcl � z0 (3.6)

Using the formula for free fall, equation 3.5 becomes:

I(t) = I0e
− ( 1

2 gt2−z0)
2

σcl
2 (3.7)

with a FWHM of (considering σcl � z0):

∆tcl =
√

2
g

σclln2
√

z0
(3.8)

Thus, increasing the distance z0 between the trapping and probing regions
will improve the accuracy of the measurement.

Contribution of a finite probe thickness for a point-like cloud

For a gaussian beam profile, the treatment of the contribution to the
TOF signals is exactly analogous to the preceding section. The FWHM
of a signal generated by a point like cloud falling through a probe of
characteristic width σpr is:

∆tpr =
√

2
g

σprln2
√

z0
(3.9)
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Realization in the setup

In our current setup a probe beam, tuned to the (Fg = 4 → Fe = 5)
resonance, is fed through an optical fiber for spatial filtering and focussed
into the experiment chamber with a cylindical lens (f = 1000 mm). The
beam traverses the chamber approximately 5 cm below the trap region
along a slightly declining trajectory. It is about 1 cm wide and less than
50 µm thick in the interaction region, which contributes to the TOF with
∆tpr = 0.07 ms and is therefore negligible. Its irradiance is about 9I0, with
I0 = 1.1 mW/cm2 the saturation irradiance. From absorption imaging
(see next section) we know that σcl ≈ 0.3 mm. Thus, the contribution of
the cloud size to the TOF signal is ∆tcl = 0.42 ms, which corresponds to
about 100nK. In the table below, the signal width and the correction due
to the initial cloud size are given for some typical temperatures:

T [µK] 1 2 3 4 5
∆tvel[ms] 1.90 2.68 3.29 3.80 4.24

Correction[%] 10 5 3.3 2.5 2

Table 3.1: Pulse width as a function of the kinetic temperature of the atomic
sample, and systematic error due to the contribution of a finite initial cloud size.

Thus, the contribution from the initial cloud size start to become sig-
nificant only at low temperatures and are mostly neglible to the statistical
errors, which contribute with about 10% in many cases.

3.3.2 Absorption imaging

To determine the number of atoms in the MOT/optical lattice and the
size of the atomic cloud, we use absorption imaging [41]. Again a laser
beam that is resonant to the cycling transition of the atoms is used. The
beam is expanded such that it illuminates the whole atomic cloud, and
the interaction region is imaged onto a CCD camera. The images are
transferred with a frame-grabber to a computer for further processing
and analysis. Where the density is relatively high, i.e. many photons
are scattered out from the laser beam, a shadow appears on the CCD
image. From this image, one can extract the cloud size and the number
of atoms. By determining the cloud size at different time delays after
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release, it is also possible to determine the velocity spread along two lattice
axes. In our experiment we use a telescope (f1 = f2 = 400mm), outside
the experiment chamber to image the MOT/lattice onto a progressive
scan camera, which can be triggered synchroneously with the probe beam
(Ipr = 0.4 mW,� = 2 mm) from the DAQ system. The equations for
extracting the number of atoms were taken from [42]. and are valid under
the following assumptions:

• The scattered photons do not contribute to the signal on the CCD
chip. This is true, if the solid angle covered by the detection optics
is small compared to 4π. With a lens diameters of approx. 2.5 cm
at a distance of 40 cm from the interaction region, this condition is
fulfilled.

• The beam is not deflected by dispersive effects in the cloud. This
can be safely assumed, since the lattice is dilute.

• The depth of focus of the detection system is larger than the diam-
eter of the cloud.

The absorption imaging light pulse traverses the atomic sample orthogo-
nally with respect to the quantization axis. We assume, that the magnetic
sublevels are projected equally onto this axis. Because of the CGC (see
figure 2.7), atoms in different ground states contribute differently to the
scattering of photons. For this reason a correction factor is computed
that takes scattering rates and optical pumping into account, with laser
irradiance, detuning and pulse duration as parameters.

If one futher assumes that the irradiance of the laser beam IL is much
smaller than the saturation intensity I0, an absolute calibration of the
imaging system is not necessary and the number of atoms is given by

N = 2
AI0

~ωLΓ

∑
all pixels

{[
1 +

(
2∆
Γ

)2]
· ln

(
IA(0)

IA(NA)

)}
(3.10)

where A is the area of the probe and IA the contribution from one pixel.
The size of the cloud is extracted by fitting a gaussian to the data.

N(x, z) = N0e
− x2

σ2
x e

− z2

σ2
z By measuring the cloud’s horizontal and verti-

cal size, σx,z, at two different times, τ1 and τ2, one can derive the kinetic
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temperature:

Tx,z =
M

kB

σ2
x,z(τ1)− σ2

x,z(τ2)
τ2
1 − τ2

2

(3.11)



Chapter 4

Investigation of the cooling
process in 3D optical lattices

The first experiments were made with the idea in mind that many optical
lattices are not entirely pure in the sense of operating on only one single
transition. Instead they are influenced by neighbouring transitions. For
instance, in cesium the (Fg = 4 → Fe = 5) transition of the D2 line for
the standard ”red” lattice is different from the ”blue” (Fg = 4 → Fe = 4)
transition by only 251 MHz, corresponding to 48 Γ. Studying optical
lattices in a regime, where several transitions are expected to contribute
significantly, gives the possibility of getting more insight into the Sisyphus
cooling process. Although the model presented in chapter 2 is commonly
accepted and yields good quantitative results, there are some experimental
results [40] it cannot explain.

Furthermore, by finding the optimal detuning, the combined advan-
tages of red optical lattices (modulated adiabatic ground state potential)
with the low photon-scattering rates of the gray lattices might improve
Sisyphus cooling, yielding lower temperatures and/or higher filling factors.

This chapter is organized as follows: the experimental details and
results will be presented in sections 4.1 and 4.2. In 4.3 the results will be
brought into a greater context and compared to theoretical models and
related research.
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4.1 Neighbouring transitions and the limit of
Sisyphus cooling

In two experiments we measured the steady state temperature, T , of the
atoms in the optical lattice as a function of irradiance, I, for a large
number of detunings ranging from ∆5 = −2.5 Γ to ∆5 = −48 Γ. In our
notation convention ∆i and Ui denote laser detuning and optical potential
depth due to the (Fg = 4 → Fe = i) resonance.
In a first series of experiments (Paper I), we focused on the part of the
curve where the temperature scales linearly with the modulation depth U
of the optical potential (see equation 2.21 and figure 2.6).
In Paper II we examined the behaviour of the atoms near “décrochage”,
the point where the Sisyphus cooling mechanism breaks down.

4.1.1 Experimental details

In the initial setup, a TOF probe with a flat-top intensity profile was pro-
duced by imaging a slit of adjustable width into the interaction region,
where the probe beam was about 1 cm wide and 0.5 mm thick. Calcula-
tions showed that the contribution of the finite probe thickness will not
significantly distort the signal down to temperatures of about 1 µK. The

Figure 4.1: Time-of-flight signals for two different modulation depths U5 of the
optical potential. a) (averaged over 10 cycles) for a relatively high value of U5.
b) (averaged over 40 cycles) for a low value of U5. The lines indicate the difference
in the background levels.
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Figure 4.2: Kinetic temperature as a function of optical potential for two dif-
ferent time delays δτ . The curves are offset by about 0.5 µK, while the slope of
the linear part is the same.

imaging telescope (f1 = 200 mm, f2 = 300 mm) was placed at a distance
of about 2 m from the MOT, which ensured a sufficient depth of focus.

Depending on the circumstances (loading efficiency), it was necessary
to repeat a measurement between 10 and 40 times to sample an averaged
TOF signal to which a good gaussian fit could be made.

At low irradiances, the signal shape became distorted as shown in
figure 4.1. The main contribution to the errors was run-to-run scatter,
which we mainly attribute to pointing instabilities of the probe beam and
frequency fluctuations in the lattice beams due to acoustic and mechanical
noise caused by shutters on the optical table. We attribute this to atoms
leaking out of the lattice due to a low modulation depth of the optical
potential. In order to extract a temperature from these signals we added
a step function to the fit, with step height and steepness as free parameters.

For the measurements in Paper II, it was crucial to keep the time delay
between the turn-off time of the repumper beam and the lattice beams,
δτ , constant in order to achieve consistent data. This is illustrated in
figure 4.2, where temperature is plotted against irradiance for two different
δτ . Increasing δτ lowers the temperature by a constant offset. This can
be explained by the heating effect of repumping photons. On the other
hand, the TOF signal degrades with increasing δτ because the number
of trapped atoms decreases. A delay time of δτ = 0.6 ms yielded a good
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signal and quite low temperatures. Increasing δτ beyond that did not give
significantly lower temperatures.

4.1.2 Results

Temperature scaling

To find out which role the blue (Fg = 4 → Fe = 3, 4) transitions plays in
the cooling process we plotted the measured temperature T as a function
of several different optical potentials:

• U
(dia)
i : diabatic potential only due to the (Fg = 4 → Fe = i) transi-

tion (i=3,4,5).

• U
(adia)
i : adiabatic potential only due to the (Fg = 4 → Fe = i)

transition.

• U
(dia)
tot : total diabatic potential, Utot(diab) =

∑
i=3,4,5 Ui(diab).

• U
(adia)
tot : total adiabatic potential obtained by adding the contribu-

tions from all (Fg = 4 → Fe = i) and diagonalizing the total effective
Hamiltonian Heff .

One of the main results in [Paper I] is that U
(dia)
5 provides an excellent

global scaling for all detunings, i.e. the linear part of the temperature
curves has the same slope ξ5 = dT/dU

(dia)
5 when T is plotted against

U
(dia)
5 , while U

(dia)
tot does not provide global scaling, as shown in figure 4.3.

On the other hand, the lowest diabatic and adiabatic potentials of U5

are almost identical near the bottom of a potential well (see section 2.9 and
figure 2.8a)), and the lowest potentials for U

(adia)
5 and U

(adia)
tot are similar,

because the contributions to U
(adia)
tot from the ”blue” transitions are zero

for the lowest level (see section 2.10 and and figure 2.8b)). This is also
illustrated in [fig.2, Paper I]. Thus, the lowest potentials of U

(adia)
5 , U

(adia)
tot

and U
(dia)
5 depend almost in an identical way on irradiance and detuning.

A closer look at figure 4.3a) reveals, that cooling stops at different
modulation depths U5 (see also [fig.1, Paper II]. This initiated the research
presented in the next section.

With U
(dia)
5 as a scaling parameter, the global slope ξ5 is 12nK/ER,

which is about half as large as values reported in [43]. After elimination
of all systematic errors, the only explanation for this discrepancy is the
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a) b)

Figure 4.3: Temperature scaled with different optical potnetials for selected
detunings a) T versus U

(dia)
5 b)T versus U

(dia)
tot .

difference in the orientation of the optical lattice in space. This led to
the investigation of anisotropic velocity distributions, which is discussed
in section 4.2.

Minimum temperature

Another questions is, at which point the Sisyphus cooling process breaks
down and heating due to momentum diffusion starts to dominate. As
discussed in section 2.7, this ought to happen if the modulation depth of
the optical potential falls short of a critical value. Using the results from
[Paper I] as a guideline, many data points were taken around the critical
point, where the temperature no longer scales linearly with irradiance.
In order to determine the minimum temperature in a consistent way, we
fit a csch-function1 together with a linear function to the data. We thus
obtain for each detuning a minimum temperature Tmin and an associated
irradiance Iopt. For each detuning2 ∆ this yields an optimum optical
potential depth Uopt.

The essential outcome of Paper II is that the lowest obtainable tem-

1csch=1/sinh
2Here ∆ is equivalent to ∆5 in Paper I



40
CHAPTER 4. INVESTIGATION OF THE COOLING PROCESS IN

3D OPTICAL LATTICES

0

0.5

1.0

1.5

0 10 20 30 40 50

I op
t 

[m
W

/c
m

2
]

 ∆ / Γ
- - -

a) b)
∆ / Γ

- -
0

20

40

60

80

100

120

140

160

0 10 20 30 40 50

U
op

t / 
E R

- - - - -

Figure 4.4: a) Optical potential, for which the lowest temperature was obtained,
as a function of detuning. b) Irradiance, for which the lowest temperature was
obtained, as a function of detuning.

perature decreases for increasing ∆. Because of the universal scaling,
described in [Paper I], this implies that also Uopt decreases. On the other
hand, Iopt seems to be independent of ∆, as shown in figure 4.4.

4.2 Anisotropic velocity distributions

4.2.1 Motivation

The discrepancy between the values for the slopes in [Paper I] and [43] led
us to the conclusion that there is an anisotropy in the velocity distribution
of the atoms along different lattices axes. We justified this hypothesis on
the fact that the main difference between the two setups is the configura-
tion of the optical lattice beams, as illustrated in figure 4.5. As described
in section 2.11, the crystal structure of the optical lattice is tetragonal,
with different lattice constants along z and x, y, respectively. Since the
lattices are differently oriented with respect to gravitation, our TOF mea-
surements yielded the velocity distribution along the quantization (z-)
axis, while the results obtained in [43] were obtained by measuring along
an orthogonal axis. The straightforward way to prove this idea would be
to realign the lattice such that it matches the other setup. However, this
is difficult due to technical and practical constraints. Therefore, we mea-
sured the longitudinal and transversal velocity distribution simultaneously
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Figure 4.5: A comparison between the alignment of the lattice beams in our
setup and in [43]. The lattice structures are identical, but the quantization axis
is vertical in our setup whereas it is horizontal in [43].

with the absorption imaging technique described in section 3.3.2.

4.2.2 Experimental details

For our first absorption images, the cloud was imaged onto the CCD chip
using a single lens (f = 400mm). In this setup, the probe beam was not
spatially filtered. The images were recorded with a frame grabber and pro-
cessed in“NIH image”. 3For each set of lattice parameters (∆, I, expansion
time τ), two sets with typically 10 images were recorded and averaged,
where one set was taken with the lattice loaded and the other one to
record the background signal. The averages of the sets were then divided.
There are two main contributions to the error bars in the measurements.
Firstly, in order to derive the temperature according to equation 3.11, it
was necessary to record the cloud diameters for two different expansion
times τ1,2, where a large ∆τ = τ2 − τ1 will increase the accuracy of the
measurement. For large ∆τ , however, the cloud will fall so much that the
imaging optics has to be readjusted. The image size is very sensitive to
slight misalignments in the imaging components. Because of the large size
of the experiment chamber, an exact positioning of the lens and the CCD-
array is difficult. Thus repeated realignments of the detection system will
lead to errors, that are hard to quantify. Secondly, for long expansion

3http://rsb.info.nih.gov/nih-image
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Figure 4.6: Absorption images taken at two different instances, and density
profiles along the two coordinate axes.

times, the image will exceed the imaging area, i.e the size of the CCD and
the beam. As can be seen in figure 4.6 the wings of the spatial distribution
will be cut, which gives an additional error of about 10% from the fits.

4.2.3 Semiclassical Monte Carlo simulations

To get more understanding of the experimental data, a computer program
was developed in collaboration with a group at Ecole Normale Superieure
in Paris, in order to semiclassically simulate the cooling process in a 3-
dimensional cesium lattice. Here both the full angular momentum of the
ground state and the excited state were taken into account. In the sim-
ulation, the momentum and position of the atom evolve as for a classical
particle under the influence of radiation pressure (due to quantum jumps
cause by inelastic photon scattering) and the dipole force (due to the
optical potential). This is discussed in detail in [Paper III] and in [44, 45].
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4.2.4 Results

Experimentally a clear diffrence between the slopes dTx/dU0 and dTz/dU0

was found. Here, Tx,z denotes the kinetic temperature along the respec-
tive axis, and U0 is the modulation depth associated with the diabatic
potential. The value for dTz/dU is 0.012 µK/ER, which is consistent
with the value obtained in [Paper I]. The slope dTx/dU is 0.022 µK/ER,
in good agreement with the value reported in [43]. Thus, the slopes differ
by a factor of 1.8 (0.3), confirming, that the temperature indeed scales
differently along different axes (see figure 4.7 a).

Figure 4.7: Kinetic temperature as a function of optical potential along two
coordinate axes. a) Experimental data b) Numerical data.

The simulations reproduce the clear difference in the temperature scal-
ing along the longitudinal and transversal coordinate axis (figure 4.7 b).
Here, the slopes also differ significantly, although the ratio between the
slopes is 2.7, higher than the experimentally obtained value.

4.3 Discussion of the results

The results presented above have been discussed in the papers, but seen in
context with each other and with related research, e.g. [47], it is possible
to draw some new conclusion about the nature of the cooling process(es)
in 3D optical lattices.
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The Sisyphus cooling model described in chapter 2 predicts the temper-
ature to scale with the modulation depth of the optical potential U0 ∼ I/∆.
Here, heating is proportional to irradiance, while the cooling rate is in-
dependent of it (equation 2.21). The model is, however, derived for a
simple atomic system, and there is evidence, that it might be incomplete
for atoms with higher angular momentum. In [40], for example, a depen-
dence of the cooling rate on the irradiance was reported, contradicting the
basic model.

If this model was complete and Sisyphus cooling would be the only
cooling mechanism, the temperature should scale with the diabatic po-
tentials. If neighbouring transitions are present, they will contribute to
those potentials, and one would expect that the total diabatic potential,
Utot, would give the correct scaling (see section 4.1.2), but this is not
the case. Instead, U

(dia)
5 provides excellent scaling, even very close to the

(Fg = 4 → Fe = 4) resonance.

A possible explanation is that cooling in bright optical lattices con-
tains at least two different mechanisms which occur on different time-
scales. The initially dominating process is Sisyphus cooling. On a short
time-scale enough energy is extracted from the atoms so that they become
localized in the adiabatic potential wells, where cooling “slowly” continues,
but with a different process. As mentioned in section 4.1.2, the modula-
tion amplitudes of U

(dia)
5 , U

(adia)
5 and U

(adia)
tot are proportional for all ∆.

Further evidence that the adiabatic potentials are the relevant ones for
the equilibrium temperature, is provided by the results of [Paper III]. The
difference of approximately a factor of 2 in the slopes (see section 4.2.4)
corresponds to a difference in the modulation depths of the adiabatic po-
tential (see figure 2.11). A model for an additional cooling process could

Figure 4.8: Local
sisyphus cooling mecha-
nism, involving the two
lowest adiabatic poten-
tial surfaces.

be “local” Sisyphus cooling, as illustrated in figure 4.8. The atom spends
most of its time in the lowest adiabatic potential, but close to the classical
turning point of the oscillation, there is a small probability that it gets
optically pumped into the next higher potential. There, in the potential
minimum, it is very likely to become optically pumped back into the low-
est potential. This would be a slow process, because the the probability
of being optically pumped is small (due to the asymmetry of the CGCs),
and the energy loss per cooling cycle is relatively small. The efficiency of
this cooling mechanism should depend on the difference in curvature of
the two lowest adiabatic potentials. As illustrated in figure 4.9, however,
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the difference is curvature is not proportional to Udia
5 . With increasing

∆5, the curvature of the second lowest level changes sign, and the rela-
tive distance between the curves increases. This means, that such a local
Sisyphus cooling process is not present in our optical lattice. The same
conclusion can be drawn for any cooling process involving two or more
surfaces of the total adiabatic potentials. Thus, cooling happens, as if no
neighbouring transition was present.

According to the arguments given in section 2.7, the cooling process
breaks down for a certain modulation depth of the optical potential, when
the average energy per cooling cycle cannot counterbalance the heating
effects. The results of [Paper II] suggest, that this threshold gets lower
with increasing ∆. Uopt reaches a minimum at −39Γ and increases only
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close to the (Fg = 4 → Fe = 4) resonance. It is somewhat intriguing that
the smallest possible modulation depth happens for the detuning for which
the second lowest adiabatic potential is flat (see figure 4.9). We cannot
explain, why cooling seems to stop at a constant irradiance. It could be
possible that several different effects compensate each other and make the
irradiance look like the relevant scaling paramter for the breakdown of
cooling.



Chapter 5

Double optical lattices

Atoms trapped in optical lattices are very well isolated from the environ-
ment. Also, due to the relatively large spacing between the lattice sites, in-
teractions between atoms in neighbouring sites are practically zero. Thus,
for atoms in an optical lattice there are very few sources for decoherence.
Decoherence stems mainly from the anharmonicity of the optical poten-
tials and spontaneous emission into vacuum modes, and the decoherence
time is surprisingly long [52].

Optical lattices have therefore been suggested as a platform for coher-
ent quantum state manipulations and quantum computation [23, 24, 25].
The main idea is to trap two different quantum states in two interpen-
etrating optical lattices, with the same spatial periodicity and as little
cross-talk as possible. By changing the distance between the potential
wells, interactions between neighbouring atoms can be turned on and off
in a controlled way, thus, introducing phase-shifts into the atomic wave-
functions. This can be used for a large number of applications.

As a first step towards the realization of these suggestions, we have
developed a way to trap two cesium hyperfine ground states |Fg = 3〉 and
|Fg = 4〉 in two distinct three-dimensional optical lattices (lattice A and
B). These lattices are created by detuning the repumping light and over-
lapping it with the “ordinary” lattice light. The difference in wavelength
is large enough to allow changes of the relative position between the lat-
tices by changing the path lengths of the optical lattice beams. On the
other hand, the difference in wavelength is so small, that the two lattices
do not de-phase spatially across the lattice volume.
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5.1 Experimental details

The main technical obstacle is the control of the positions, or spatial
phase, of the lattices. Phase noise in the lasers and vibrations of optical
components must not result in a relative displacement of the lattices.
At the same time, one needs the possibility to manipulate the distance
between potential wells belonging to different lattices.

5.1.1 Elimination of phase fluctuations

In order to keep the relative position of the optical lattices constant, we
use the phase-maintaining properties of four-beam lattices1, by combining
the two lattice frequencies using a polarizing beam splitter. The combined
beams (A and B) are fed through a fiber for spatial filtering, as illustrated
in figure 5.1. Leaving the fiber, they are perfectly overlapped and cross-
polarized, so that they can be split into four branches, with equal irradi-
ances IA and IB. Any phase jump in one of the beams occuring before
the beams are overlapped, will be propagated into all four lattice beams,
thus cancelling out each other. Phase jitter occuring after the beams have
been overlapped, will affect both optical lattices in the same way, so that
their relative position remains unchanged.

5.1.2 Change of the relative position

Lattices A and B are operated on the (Fg = 3 → Fe = 4, λ = 852.335 nm)
and the (Fg = 4 → Fe = 5, λ = 852.355 nm) transitions, respectively.
As shown in the appendix of [Paper 5] this wavelength difference leads
to a complete dephasing of the two lattices over a distance of 2.57 cm in
the x- and y-direction, and over 1.29 cm in the z-direction. This is much
larger than the typical optical lattice diameter of around 0.05 cm, which
means, that the lattices for practical purposes do not de-phase. This also
means, that a significant change (several millimeters) in the length of the
beam path will lead to a change in the relative spatial phase, which can
be used to displace the lattices relative to each other. As described in
detail in [Paper V], this change in optical path length is accomplished
with linear translation stages which are inserted in each of the four lattice

1A detailed algebraic account on the phase properties of four beam lattices is given
in the appendix of [Paper V].
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Figure 5.1: Schematic overview over the alignment of the double optical lattice
(PBS = plorizing beam splitter). Two laser beams are overlapped and then split
into four beams by rotating the polarizations, indicated by circles and arrows.
The insets show the geometrical beam configuration and the principle of beam
prolongation.

beams (see also the inset in figure 5.1). The combined adjustment of
several translation stages allows a relative displacement of the lattices in
arbitrary directions.

The capture efficiency of the optical lattice, i.e. the fraction of atoms
that is transferred from the MOT/molasses into the lattice, is very sen-
sitive to the precise alignment of the lattice beams. Therefore, adjusting
the translation stages must not result in any significant beam-walk. For
this reason the translation stages are mounted on rotation stages, which
enables us to align the translation axis parallel with the k-vector of the
incoming laser beam. This is done as follows: A CCD camera is mounted
close to the exit windows of the lattice beams, in order to monitor beam
walks as the translation stages are moved between their minimum and
maximum positions. A horizontal beam walk is compensated by turning
the rotation stage, a vertical one by tilting the beam vertically with re-
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spect to the surface of the prisms that is mounted on the translation stage.
The beam walks can be made smaller than 20 µm for the full travel range
of the translation stages.

5.1.3 Time-of-flight setup

Compared to [Papers I,II ] the TOF system was improved and is described
in section 3.3.1. Run-to-run scatter between temperature measurements
with the same parameters has been reduced to about 30 nK. An example
is shown in figure 5.2. For our experiments we overlapped two laser beams,
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Figure 5.2: TOF signal, obtained after averaging over 5 cycles. The inset shows
a magnified detail of the signal to illustrate the signal-to-noise ratio.

resonant to the (Fg = 3 → Fe = 4, Probe A)- and (Fg = 4 → Fe = 5,
Probe B)-transitions. Using probe A alone would be inefficient, since
the atoms would quickly be optically pumped into |Fg = 4〉. Probe B,
operating on a cycling transition, does not have this problem. Using
probe A and probe B together gives us the possibility to detect atoms in
|Fg = 3〉, because probe A pumps those atoms into |Fg = 4〉, where they
can be detected with probe B.
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Figure 5.3: a) Measured temperature in the double optical lattice plotted as
function of the relative displacements δy, δz of the two lattices in the z-y-plane.
b) Calculated irradiance (in relative units) of the σ+ component as a function of
position y, z in one of the lattices.

5.2 Results

During our first experiments with the double optical lattice we followed
two paths. Firstly, we demonstrated that it is possible to move the optical
lattices relative to each other, by measuring the temperature of lattice B as
a function of the settings of the translation stages, corresponding to a set
of spatial phases ϕx, ϕy, ϕz. The temperature is clearly modulated with
the relative spatial displacement. In figure 5.3 we show the dependence
of the temperature on the relative position between the lattices in the
yz-plane (see also [Paper IV, fig.2] and [Paper V, fig.3]). The modulation
of the temperature can be explained with a simple semi-classical model.
According to this model, temperature minima correspond to positions,
where the lattices are in phase. Thus, it is possible to draw a polarization
map of the lattice, that corresponds to the diabatic potential.

To obtain the number of atoms (in relative units) we integrated over
the area under the time of flight signal. Applying only probe B yielded
the number of atoms in Fg = 4, NB, and using both probes yielded the
total number of atoms Ntot. For most combinations of optical lattice
parameters (detunings and irradiances), NB is typically of the order of
95%, but numbers as low as 75% were obtained by adjusting the optical
lattice parameters, so that optical pumping out of lattice B was enhanced,
while optical pumping out of lattice A was suppressed.



52 CHAPTER 5. DOUBLE OPTICAL LATTICES

We also found, that also the number of atoms in lattice B, NB, is a
function of the relative displacement between the lattices, as shown in
figure 5.4. Even for small detunings ∆A, the number of atoms increases
strongly as the temperature decreases. When lattice A is operated on the
(Fg = 3 → Fe = 4) resonance, NB is constant.

Figure 5.4: Relative number of atoms in lattice B, NB as a function of relative
displacement for various detunings ∆A. The sinusoidal fits are a guide for the
eye. For comparison, a temperature plot is shown.

Another series of measurements focused on the optical pumping times,
τA,B, between the two optical lattices. This was done by using only probe
B, for different delays between the turning-off of lattice A and lattice
B. The rates and the populations are highly asymmetric, since lattice
A operates on an open transition, while lattice B operates on a closed
transition. To summarize the results from the papers, we measured optical
pumping times, τB, between 0.6 ms and 4 ms. Using the rate equation

dNB

dt
= −γBNB + γANA = 0 (5.1)

we derived τA, which ranged from 6 µs to 300 µs. The important outcome
is that the optical pumping times between the lattices are long enough
to allow controlled interactions between atoms in lattice A and lattice B.
Also, the vibrational levels in the potentials are still well resolved, which
makes it possible to implement a new variant of Raman-sideband cooling.
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5.3 Further steps towards quantum simulations

5.3.1 Raman sideband cooling

Many proposals for using optical lattices for quantum simulation, require,
that the atoms occupy the lowest vibrational level of their potentials wells.
We suggest a new variant of Raman sideband cooling, [50, 51], in a double
optical lattice, which could facilitate this. The relative position of the
two optical lattices should first be adjusted, so that their σ+ sites overlap.
Together with an additional π-polarized beam, the light from lattice B
stimulates Raman transitions from |Fg = 4,mg = +4, n〉 to
|Fg = 3,mg = +3, n− 1〉, where n is the vibrational quantum number.
The light from lattice A, in turn, pumps the atom back into |Fg = 4,mg =
+4, n − 1〉. The vibrational quantum number is preserved, because the
atom is tightly confined, so that photon scattering predominatly occurs
elastically. In this way, one quantum of motion is removed per pumping
cycle and the atoms are subsequently transferred to |Fg = 4,mg = +4, 0〉,
which is dark for the stimulated Raman transitions and, of course, for
the repumping light. Since the light field in the lattices have the ”right”
polarization in all potential wells, this mechanism also works for atoms
in |Fg = 4,mg = −4〉. In [50, 51] the Raman-transitions are inherent,
but a repumper needs to be added. The opposite is the case in our sug-
gestion, where the repumping light is provided automatically, but one
extra Raman-beam has to be applied. Once in the vibrational ground
state, the atoms can be brought into arbitrary superpositions of the states
|Fg = 4,mg = +4, nB〉 and |Fg = 3,mg = +3, nA〉.

5.3.2 Rapid displacements

Quantum manipulations in optical lattices have to be performed on a
time scale shorter than the decoherence time, which is in the order of
some microseconds. In order to change the relative displacement of the
lattices along all coordinate axes, a setup shown in figure 5.5 could be
used. Because the beams are overlapped with orthogonal polarizations,
one can use the fact, that some electro-optical modulators (EOM) shift the
phase of only one polarization component. The rise times of are usually
shorter than 1 µs.
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Figure 5.5: Schematic illustration of a setup that allows rapid displacement of
one lattice in all directions. (P)BS: (Polarizing) beam splitter, EOM: Electro-
optic modulator. The arrows and circles indicate the directions of the polariza-
tions. Shown is only the integration of an EOM into one branch, in order to keep
the illustration readable.

5.4 Outlook

In order to build a full-scale quantum computer one has to be able to
individually address the qubits, i.e. the atoms in the lattice. Because the
interatomic distances are in the order of the wavelength, addressing with
near-resonant lattice light is limited by diffraction. Going towards higher
laser frequencies is cumbersome due to the rather low ionization limit of
alkali atoms. Thus, addressing the atoms in an optical lattice is one of the
main obstacles to circumvent. Possibly, the problem could be reduced to
addressing as few atoms as possible.

Although a quantum computer remains the ultimate goal, many other
interesting experiments might be performed with a double optical lat-
tice. Even without unity occupation and vibrational ground state occu-
pancy in the sties, interesting experiments, such as spin-squeezing [23],
can be performed. Increasing the occupation by loading the lattice from a
compressed MOT [53], for example, makes it possible to study collisional
properties and photoassociation. Experimental investigations towards this
direction are currently under way.
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