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Zusammenfassung
In dieser Arbeit wird der Aufbau eines zweidimensionalen optischen Gitters für
ultrakalte Atome präsentiert. In den damit durchgeführten Experimenten ist es
gelungen, die einzelnen, weniger als einen Mikrometer voneinander entfernten
Plätze des Gitters aufzulösen und erstmalig Atome gezielt daraus zu entfernen.
Davon ausgehend werden erste Versuche zur Beobachtung der atomaren Tunneldynamik vorgestellt.
Ermöglicht wird diese auf dem Gebiet der Quantengase bisher unerreichte Präzission durch eine in der Arbeitsgruppe entwickelte neue Abbildungsmethode auf
der Basis der Elektronenstoß-Ionisation. Ausgangspunkt für die Experimente ist
ein Bose-Einstein-Kondensat, das in einer optischen Dipolfalle präpariert und in
das Stehwellenmuster des optischen Gitters transferiert wird.
Mithilfe des Elektronenstrahls eines Rasterelektronenmikroskops werden lokal
Atome im Kondensat ionisiert und an einem Ionendetektor nachgewiesen. Aus der
Kenntnis der Position des Elektronenstrahls und des zeitaufgelösten Ionensignals,
lassen sich die Positionen der Atome im Kondensat rekonstruieren. Durch die
starke Fokussierbarkeit des Elektronenstrahls wird dabei eine hohe Auflösung
von unter 150 nm erreicht, während der Ionennachweis die Technik sensitiv für
einzelne Atome macht.
Zur Präparation des optischen Gitters wurde ein bestehender Aufbau für ein eindimensionales Gitter um ein weiteres Lasersystem auf Basis eines Trapezverstärkers
erweitert. Dieses System wurde stabilisiert und der Strahlengang für die zweite
Gitterachse geplant und aufgebaut.
Die Ergebnisse demonstrieren eindrucksvoll das Potential der neuen Abbildungsmethode. Davon ausgehend eröffnen sich grundlegende neue Perspektiven zur
Untersuchung ultrakalter Atome in optischen Gittern sowie damit verbundenen
Fragestellungen aus der Festkörperphysik und Quanteninformation.

Abstract
In this work, the realization of a two dimensional optical lattice for ultracold
atoms is presented. In the experiments carried out with this setup, single-site addressability in a sub-micron spaced lattice is demonstrated. This is used to remove
atoms from specific sites of such a system for the first time. From this starting
point, first efforts towards the observation of the atomic tunneling dynamics are
presented.
This high precision is made possible by a new imaging technique based on electronimpact ionization that was developed in our group. The experiments start with
the preparation of a Bose-Einstein condensate in an optical dipole trap, which is
loaded into the standing wave pattern of the optical lattice. The electron beam
of a scanning electron microscope is then used to locally ionize atoms in the
condensate that are subsequently detected using an ion detector. The knowledge
of the electron beam’s position together with the time-resolved signal from the ion
detector allows for the precise reconstruction of the initial atomic positions in the
condensate. The high spatial resolution of better than 150 nm is made possible
by the small diameter of the electron beam, while the ion detection makes the
technique sensitive to single atoms.
For the preparation of the optical lattice, an existing setup for a one dimensional
lattice was extended by a second tapered amplifier laser system. This system
was stabilized and the optical setup for a second lattice axis was designed and
assembled.
The results impressively demonstrate the potential of the imaging method. For
the future this opens up new rich prospects for the study of ultracold quantum
gases as well as related questions in condensed matter physics and quantum information.
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1 Introduction
The microscopic world features an immensely wide range of exotic and intriguing
phenomena. Particles can behave like waves, tunnel through impenetrable barriers or be inseparably connected by entanglement. New strange phases of matter
emerge and motion or current can proceed without resistance.
To our current knowledge, this microcosm can be described completely by the
theory of quantum mechanics. However, the extraordinary complexity of even
small systems makes detailed descriptions very difficult to find. It is therefore
highly desirable to study the quantum regime in well defined, fully controllable
environments.
One possibility for such a quantum laboratory is the Bose-Einstein condensate,
a state formed by atoms trapped at almost zero temperature. While it took 70
years from the theoretical ideas of Bose [1] and Einstein [2] to an experimental
realization [3, 4], rapid progress has been made in the last decade, pushing forward
our understanding of this state of matter and its relation to phenomena such
as superfluidity [5], superconductivity [6] and magnetism [7, 8]. Further active
fields of research include fermionic quantum gases and the creation of ultracold
molecules [9, 10] as well as non-linear effects in matter waves [11].
In particular, the transfer [12] of condensed atoms into arrays of microscopic
traps formed by interfering laser beams has opened up extraordinary possibilities for strongly correlated many-body physics [13] and the preparation of lowdimensional systems [14, 15, 16, 17]. The high experimental control that can be
achieved using these so called optical lattices in combination with long coherence
times, allows to model and explore condensed matter problems with unprecedented perfection [18, 19, 20]. Moreover, they also offer promising possibilities for
scalable quantum information processing [21, 22] and precision metrology [23].
While the physics taking place inside an ensemble of cold atoms can already be
prepared and controlled with highest accuracy by the experimentalist, information
about the system is still mostly extracted by methods that are fundamentally
limited in their spatial resolution or in their sensitivity to single atoms. It is
therefore in general not possible to directly observe the granular structure of
matter that underlies the many-body wave function of a BEC or to interact
directly with atoms trapped at different sites of an optical lattice.
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For the analysis of solid surfaces, the spatial limitation can be naturally overcome
by electron microscopy, exploiting the small de Broglie wavelength of the electrons. This technique can be extended to ultracold gaseous targets [24, 25, 26]
by scanning a focused electron beam through the cloud of cold atoms. Locally
produced ions are subsequently detected with single atom resolution using an ion
detector. The new scheme allows to image individual atoms with a resolution
better than 150 nm, as was demonstrated by observing the single sites of a one
dimensional optical lattice [27, 28].
In this thesis, the new technique is applied to image the single sites of a 2D
optical lattice. The sub-micron periodicity of the lattice is resolved with high
contrast and the measured atomic distributions are found to be in good agreement with the theoretical model. By removing atoms from specific lattice sites,
it is demonstrated how the electron beam can be used for a spatially resolved
dissipative manipulation of the trapped atoms. From this starting point, first
efforts to directly observe the tunneling dynamics of atoms trapped in the lattice
are presented.
Outline:
This work is organized as follows. Chapter two gives a short overview of the theory
of ultracold bosons as well as the principles of optical lattices. The experimental
setup and the realization and characterization of a 2D lattice are presented in
chapter three. Chapter four introduces the new technique of electron microscopy
on ultracold gases, followed by its application to image and manipulate atoms in
optical lattices in chapter five. The work closes with an outlook in chapter six
where further applications of the imaging method are discussed.
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2 Bose-Einstein condensates in
optical lattices
2.1 Theory of ultracold bosons
One of the essential features of the microscopic world is the indistinguishability of identical particles. As an important consequence, in quantum mechanics,
particles have fundamentally different statistical properties than their classical
counterparts. This was first pointed out in 1924, when Satyendranath Bose [1] examined the nature of photons and was able to deduce Planck’s law for black-body
radiation from the statistical properties of these quanta of light alone. His work
was subsequently extended to an ideal gas of atoms by Albert Einstein [2] who
found that under certain conditions all atoms would conglomerate in the system’s
ground state. This phenomenon is today known as Bose-Einstein condensation
and forms the starting point for the experiments presented in this thesis.

2.1.1 Bose-Einstein condensation in a harmonic trap
Quantum mechanical particles can be classified by their spin. Particles that carry
integer spin are called bosons whereas the particles with half-integer spin are
called fermions. The statistical behavior of particles from the two groups is fundamentally different. While in a system of bosons all particles can occupy the
same quantum state, this is not possible for fermions due to the Pauli exclusion
principle [29]. In the experiments, we work with bosonic 87 Rb atoms and thus
the following discussion is focused on their particular properties.
The atoms of mass m are trapped in an axially symmetric potential that can be
approximated in the following harmonic form
1 
2 2
z
V (r) = m ωρ2 (x2 + y 2 ) + ωax
2

,

(2.1)

with ωρ and ωax being the radial and axial trap frequencies, respectively. A single
atom in such a potential has eigenenergies
nx ,ny ,nz = h̄ωρ nx + h̄ωρ ny + h̄ωax nz ,

(2.2)
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where h̄ denotes Planck’s constant and nx , ny and nz are positive integer numbers
that label the quantum states of the atom. In this expression, the zero-point
energies of the single harmonic oscillators have been omitted, as they only shift
the energy scale.
For a system of non-interacting bosons in thermal equilibrium the Bose-Einstein
distribution gives the mean number n̄nx ,ny ,nz of particles in the single particle
state with energy nx ,ny ,nz [30, 31, 32]:
1

n̄nx ,ny ,nz =

ζ −1 eβnx ,ny ,nz

−1

.

(2.3)

Here, ζ = exp(βµ) is the fugacity and β = 1/(kB T ), with Boltzmann’s constant kB
and T the temperature. The chemical potential µ is the energy that is necessary
to add another atom to the system while the entropy is kept constant. As the
occupancy of a state can not be negative, µ < nx ,ny ,nz must hold for any set of
quantum numbers nx , ny and nz , so that in our choice of energy scale the chemical
potential always has to remain negative. Consequently, the fugacity must fulfill
0<ζ<1.

(2.4)

In the limit where ζ → 0, equation (2.3) corresponds to the classical Boltzmann
statistics where n̄ ∝ exp(−β). On the other hand, ζ → 1 characterizes the
quantum degenerate regime, as the mean number of atoms in the ground state
n̄0,0,0 =

1
ζ
=
ζ −1 − 1
1−ζ

(2.5)

diverges for ζ → 1, which indicates a macroscopic occupancy of that state.
This can be further elaborated by considering that the distribution (2.3) is normalized to the total number N of atoms in the ensemble:
X
1
N=
.
(2.6)
βnx ,ny ,nz
−1
ζ e
−1
n ,n ,n
x

y

z

The sum can be approximated by the integral
Z
1
N = N0 + dnx dny dnz −1 βn ,n ,n
,
x
y z − 1
ζ e

(2.7)

where the number of particles N0 in the ground state has been separated, as
this state is not properly counted in the integral. Evaluating equation (2.7) one
obtains
3

kB T
N − N0 = g3 (ζ)
,
(2.8)
h̄ω
where ω = (wρ2 wax )1/3 is the average trapping frequency and gn (ζ) is the Bose
function which has a maximum at ζ = 1. Equation (2.8) allows us to define a
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critical temperature Tc , which can be obtained in the limit of N0 → 0 at T = Tc :

kB Tc = h̄ω

N
g3 (1)

1/3

≈ 0.94 h̄ω N 1/3 .

(2.9)

Below Tc , the system undergoes the transition to a Bose-Einstein condensate
(BEC) and the ground state becomes macroscopically occupied, while the occupation of the higher states is still on the order of unity or less. The critical
temperature is reduced with decreasing particle number N , therefore one not
only has to cool the atomic ensemble to very low temperatures, but this also has
to be accomplished with a sufficiently large ensemble. In particular, to reach the
quantum regime, one finds that the particle density n in the center of the trap
has to fulfill [30]
2.61
1
(2.10)
n(r = 0) = 3 g3 (1) ≈ 3 ,
λdB
λdB
√
where λdB = h/ 2πmkB T is the thermal de Broglie wavelength.
This expression allows us to picture the process of condensation in a qualitative
but very intuitive way. For high temperatures λdB is very small and the atoms
behave like classical objects. However, as the temperature is lowered, the atoms’
wavelength is increased and they have to be described as individual wavepackets.
When the critical temperature is reached, the de Broglie wavelength is in the
order of the particle distance d ∼ n1/3 , their quantum indistinguishability becomes
prominent and a BEC is formed. Finally, at absolute zero all the atoms form one
single giant matter wave.

2.1.2 Condensate wave function
Non-interacting Bose gas
In the ideal case of zero temperature, all the N trapped atoms are part of the
condensate and can be described by identical ground state wave functions ψ0 (r) of
the harmonic potential (2.1). If there are no interactions between the atoms, the
many-body wave function is the product of these single particle wave functions:
Ψ (r1 , r2 , . . . , rN ) =

N
Y

ψ0 (ri ) .

(2.11)

i=1

The density profile of the condensate is given by
n (r) = N |ψ0 (r)|2 .

(2.12)

5
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As the wave function is the product of identical oscillator ground states, the size
of the BEC in this approximation is given by the oscillator length [31]
r
h̄
aho =
,
(2.13)
mω
which is the extension of the ground state wave function.
Weakly-interacting Bose gas
In the preceding sections only ensembles of non-interacting atoms were considered. However, to fully describe the condensate, interactions must be taken into
account. This can be accomplished in second quantization using the bosonic
many-body Hamiltonian [31]


Z
h̄2 2
3
†
∇ + V (r) Ψ̂(r)
Ĥ = d r Ψ̂ (r) −
2m
Z Z
1
+
d3 rd3 r 0 Ψ̂† (r)Ψ̂(r 0 ) Vint (r − r 0 ) Ψ̂(r)Ψ̂† (r 0 ) .
(2.14)
2
Here Vint denotes the interaction potential between two particles and V (r) is the
external trapping potential. The first term represents the usual sum of kinetic
and potential energy, while the second term describes the interaction energy. The
field operators Ψ̂† (r) and Ψ̂(r) create (annihilate) a boson at the position r.
For cold bosonic atoms s-wave scattering is the main interaction mechanism [31].
Due to the diluteness of the cloud this process can be modeled by binary collisions
with a contact potential
Vint (r − r 0 ) = g δ 3 (r − r 0 ) .

(2.15)

The coupling constant g is given by
g=

4πh̄2 as
,
m

(2.16)

where m is the atomic mass and as is the s-wave scattering length, which is the
single parameter that fully determines the interaction. For 87 Rb as is positive,
which makes the interaction repulsive.
Including the interaction modeled by Vint , the condensate can still be characterized
by an effective single particle wave function Ψ as in equation (2.11). However, Ψ
is no longer the product of the harmonic ground state wave functions, but it is
determined by the Gross-Pitaevskii equation (GPE)


∂
h̄2 2
2
ih̄ Ψ(r, t) = −
∇ + V (r) + g |Ψ(r, t)| Ψ(r, t)
(2.17)
∂t
2m

6
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This equation is obtained from (2.14) by calculating the dynamics of the field
operators Ψ̂ and Ψ̂† and replacing them with a classical field Ψ [31].
The GPE is a nonlinear Schrödinger equation where the mean-field potential
g |Ψ|2 describes the interaction between the atoms. A separational ansatz Ψ =
Φ · exp(−iµt/h̄) yields the stationary GPE


h̄2 2
2
∇ + V (r) + g |Φ(r)| Φ(r) = µ Φ(r) .
−
2m

(2.18)

Due to the interactions, the chemical potential µ is no longer limited by the lowest
energy state in the trap. For vanishing interaction strength g → 0 one recovers
again the result for no interactions as in equation (2.11).

Thomas-Fermi approximation
The nonlinearity arising from the mean-field term makes it impossible to solve
the GPE analytically. However, apart from numerical methods, it is possible to
find an approximate analytical solution if the interaction is much stronger than
the kinetic energy. In this case the kinetic energy term can be neglected in the
so called Thomas-Fermi approximation and the GPE becomes


2
V (r) + g |Φ(r)| Φ(r) = µ Φ(r) .
(2.19)
This expression can be directly solved for the atomic density
n(r) = |Φ(r)|2 =

1
max (µ − V (r), 0) .
g

(2.20)

The condensate thus fills the trapping potential uniformly, up to an energy corto the chemical potential µ. The normalization of the atomic density
Rresponding
n(r)d3 r = N makes it possible to calculate the chemical potential as a function
of the particle number N [33]
h̄ω
µ=
2



15N as
aho

2/5
.

(2.21)

For a harmonic trap, the density has the form of an inverted parabola with radii
Ri defined by
1
µ = V (r) = mωi2 Ri2 ,
(2.22)
2
for each axis i. Due to the interactions between the atoms, these radii are larger
than the oscillator length (2.13), which characterized the size of the cloud in the
non-interacting case.

7

2 Bose-Einstein condensates in optical lattices

2.2 Optical potentials
The force that laser light exerts on an atom can be divided into two different
aspects. The scattering force arises from the momentum transfer during absorption and subsequent spontaneous emission of photons and is widely used to cool
atoms [34]. In an uncontrolled way, it can however cause heating of the atomic
ensemble. It is only of relevance, if the frequency of the light lies close to an
atomic resonance.
The second aspect is the dipole force, where the electric field of the light induces
a dipole moment in the atom, which itself interacts with the field. The result is
a conservative potential which is proportional to the intensity of the light.
By detuning the light far away from any atomic resonance it is possible to minimize scattering so that the dipole force dominates the light-matter interaction.
In this way, potentials can be formed for the atoms, which are fully controllable
via the configuration of the lasers used to create the light.
In the following, the theory of the dipole force and in particular its application to
create periodic potentials is reviewed. Subsequently, ways to describe the behavior
of atoms trapped in such optical lattices are presented.

2.2.1 Dipole force
When a classical dipole is placed inside an electric field it tends to align itself along
the field lines. This can be expressed by the potential energy of the dipole [35]
Vdip = −p · E ,

(2.23)

where p is the dipole moment which characterizes the strength of the dipole. In
a classical model this effect can be used to approximate the force that is exerted
on a neutral atom by laser light.

Oscillator model
In a first step the atom is approximated by a two-level system with transition
frequency ω0 . In the following both the electric field and the dipole moment are assumed to be given in complex notation E = ê Ẽ e−iωt +c.c. and p = ê p̃ e−iωt +c.c..
Here ω is the oscillation frequency, ê is a unit polarization vector and c.c. denotes
the respective complex conjugate. For an atom, the dipole moment induced by
an external light field is proportional to the amplitude of this field [36]
p̃ = α(ω)Ẽ .

8
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2.2 Optical potentials
The proportionality constant is the complex polarizability α of the atom. The
effective resulting potential is given by
1
Vdip = − hp · Ei ,
2

(2.25)

where h·i denotes a time average over one oscillation period. This takes into
account that the light field is rapidly oscillating. The factor 1/2 arises from the
fact that the dipole is only induced and not permanent1 . With the intensity
I = 20 c|Ẽ|2 , we obtain
Vdip = −

1
Re(α)I(r) ,
20 c

(2.26)

where c is the speed of light and 0 is the electric permeability. It is proportional
to Re(α) and therefore corresponds to the part of the dipole that oscillates in
phase with the external light field.
The second quantity of interest is the scattering rate Γsc , which is proportional
to the imaginary part of the polarizability
Γsc =

1
Im(α)I(r) .
h̄0 c

(2.27)

It describes the rate with which photons from the laser beams are absorbed and
reemitted, which is the main cause for heating of the atoms.
The polarizability can be calculated using the classical oscillator model [36]
α(ω) = 6π0 c3

Γ/ω03
.
3
ω02 − ω 2 − i ωω2 Γ

(2.28)

0

Here, Γ denotes the linewidth of the atomic transition with frequency ω0 . If we
assume that the absolute value of the detuning ∆ = ω − ω0 is much larger than
Γ, we find


3πc2
Γ
Γ
Vdip = − 3
+
I(r)
(2.29)
2ω0 ω0 − ω ω0 + ω
2
 3 
3πc2 ω
Γ
Γ
Γsc =
+
I(r) .
(2.30)
2ω03 ω0
ω0 − ω ω0 + ω

1

For an induced dipole we have p = 0 when E = 0. If we consider the creation of the
dipole moment in infinitesimal steps, then dp = α dE. This changes the potential energy by
dU = −E · dp = −α−1 p dp. Integration yields the factor 1/2 in equation (2.25), in contrast
to a permanent dipole [37].
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For the common case of ∆  ω, these equations can be further simplified in
the so called rotating wave approximation, where one neglects the fast rotating
term ω0 + ω:
3πc2 Γ
Vdip =
I(r)
2ω03 ∆
 2
3πc2 Γ
Γsc =
I(r) .
2ω03 ∆

(2.31)
(2.32)

These equations describe the main characteristics of the dipole force. For reddetuned light (∆ < 0), the dipole force F = −∇Vdip attracts the atoms towards
regions of high intensity, whereas in the case of blue detuned light (∆ > 0) the
force acts towards regions of low intensity. The dipole potential is proportional to
I/∆, while the scattering rate is proportional to I/∆2 . It is therefore possible to
reduce scattering by detuning the light further from the atomic resonance. The
corresponding reduction of the dipole potential can then be compensated by using
higher laser intensities.

Figure 2.1: Characteristics of the dipole force. For red-detuned light (∆ < 0, left
picture) atoms are attracted towards regions of high intensity, whereas
for blue-detuned light (∆ > 0, right picture) the force points towards
regions of low intensity.

Multi-level atoms
So far only idealized two-level atoms have been considered. Real atoms exhibit a
much more complicated structure and are insufficiently described by a two-level
scheme. In the oscillator model the more complex structure can approximately
be taken into account by calculating dipole potential and scattering rate for each
individual transition. The results are then summed and weighted by their corresponding line strength factors f [36, 38] which for a J → J 0 fine-structure
transition are related to the linewidth Γ by [39]
Γ=

e2 ω02 2J + 1
f.
2π0 me c3 2J 0 + 1

(2.33)

In this model, f describes how the energy of the classical dipole is distributed
between the different transitions [40].

10
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For 87 Rb the fine structure splitting of the 5P state leads to the two well known
transition lines (see appendix A.1)
D1 :
D2 :

5S1/2 → 5P1/2
5S1/2 → 5P3/2

λD1 = 794.98 nm
λD2 = 780.24 nm .

(2.34)
(2.35)

For large detunings the contribution of the level’s hyperfine splitting can be neglected. The corresponding line strength factors are 0.34 (0.7) for the D1 (D2 )
line. These values have been calculated from the corresponding linewidths using
equation (2.33). The dipole potential is then given by
Vdip = 0.34 Udip,D1 + 0.7 Udip,D2 .

(2.36)

The result of a quantized calculation only differs from this classical approximation
by a few percent. It reveals that the dipole potential can be identified with the
ac Stark shift of the atomic ground state [36]. In the case of linear polarized light
one finds


3πc2 2 ΓD2
1 ΓD1
Vdip =
+
I(r) .
(2.37)
2ω03 3 ∆D2 3 ∆D1

2.2.2 Optical lattices
The optical dipole force makes it possible to realize many different potential geometries, just by using different laser configurations. As a first example we consider a laser beam with wavelength λ which is retro-reflected in such a way that
a standing wave pattern is formed. The resulting intensity distribution is of the
form
I(x) = I0 cos2 (klat x) .
(2.38)
Here I0 is the maximum intensity and klat = 2π/λ is the reciprocal lattice vector.
For the one dimensional case considered here, this vector reduces to a scalar. Due
to constructive interference, I0 amounts to four times the intensity of the single
beams.
The intensity distribution corresponds to a dipole potential
V (x) = −V0 cos2 (klat x) .

(2.39)

with V0 ∝ I0 , as given in the result for the dipole force in equation (2.37).
This is a perfect periodic potential, which resembles the lattice structure in a
crystal [41, 42]. In contrast to a real crystal, all parameters of this artificial crystal
can easily be tuned using the laser parameters. Optical lattices are therefore
perfectly well suited to study problems arising in condensed matter physics [18].
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Figure 2.2: A lattice formed by beams interfering under an angle θ. The polarizations are linear and perpendicular to the image plane. The relevant
reciprocal lattice vector is related to the k-vector of the individual
beams by klat = k sin(θ/2). The interference pattern is parallel to the
bisecting line (dotted) of the angle θ. For θ = π one recovers the case
of a retro-reflected beam.
Lattice sites
Depending on the detuning, the intensity pattern (2.38) causes a force that pulls
atoms towards the minima or the maxima of the intensity pattern. These locations where the atoms accumulate are called the sites of the lattice. We will see
later that it is possible for the atoms to move from one lattice site to the next by
tunneling.
In the simple case of the retro-reflected beam presented above, the sites are separated by a lattice spacing d = λ/2. In a more general situation, the lattice can be
formed by two laser beams which interfere under an angle θ. For a full modulation
of the interference pattern both beams have to be linearly polarized perpendicular
to their common plane. The resulting pattern is parallel to the bisecting line of
the angle θ. This situation is illustrated in figure 2.2. The lattice spacing of the
standing wave pattern is increased to
d=

λ
.
2 sin(θ/2)

(2.40)

For θ = π, one recovers the result of a retro-reflected beam. The generalized
lattice vector is given by klat = π/d.
Confinement and lattice depth
The trapping frequencies at the sites are given by
2
=
ωlat
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(2.41)

2.2 Optical potentials
and can be much higher than in a trap formed by a single beam without interference. The atoms are therefore confined very tightly at the single sites. For deep
lattices the trapping frequencies can be harmonically approximated by [43]:
2
2klat
.
m
The depth V0 of the lattice is usually given in units of the recoil energy
2
ωlat,harm
= V0

(2.42)

2
h̄2 klat
(2.43)
Er =
2m
and denoted by the dimensionless parameter s = V0 /Er . Here, m is the atomic
mass. In the following, all other relevant energies will also be given in terms of
the recoil energy.

Dimensionality
So far our description is limited to a one dimensional potential. The configuration can be extended to two and three dimensions, by adding another pair of
laser beams for each axis. Two cases have to be distinguished. If all laser beams
are coherent with one another, multiple beams will interfere and form an interference pattern that depends on the relative phase of the beams [44]. Here a simpler
case is considered, where all axes are detuned from one another2 . In this case,
the problem separates and each axis forms an individual 1D lattice. Examples for
configurations to create 1D, 2D and 3D lattices together with the corresponding
equipotential surfaces are shown in figure 2.3. For a 1D lattice, the cigar shaped
BEC is cut into pancake-like structures, for a 2D lattice long vertical tubes are
obtained. Finally, with a 3D lattice one can realize a simple cubic crystal. It
should be noted that due to the high trapping frequencies at the lattice sites, it is
possible to freeze out the motion of the atoms only along one or two dimensions
by using a lattice with different lattice depths along the different axes. In this
way, it is possible to create low dimensional systems [15, 17, 46].
Lattices in the experiment
To correctly describe the lattices as they are used in the experiments, the shape
of the laser beams has to be taken into account. This can be accomplished in the
context of Gaussian optics [47], which is a very good approximation of real laser
beams.
The electric field of a Gaussian beam propagating in the z-direction is given by
 2

k(x2 + y 2 )
x + y2
ω0
exp
+i
+ ikz + iη(z) .
(2.44)
E(z) = A0
ω(z)
ω(z)2
2R(z)
2

The same result can be obtained with perpendicular polarizations between the axes.
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Figure 2.3: Lattice configurations for 1D (a), 2D (b) and 3D (c) optical lattices
with the shapes of the corresponding lattice sites. For the 1D lattice, the additional harmonic confinement is visible, the 2D and 3D
distributions show only a part in the center of the cloud. The same
configurations with increased lattice spacing can also be accomplished
by using pairs of laser beams interfering under angles differing from π
(see text). Image compiled from [43] and [45].
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p
Here, A0 = 2P/πω02 is the amplitude of the beam, with P being the beam
power. The other typical parameters of a Gaussian beam are given by:
p
• Waist radius ω0 = λz0 /π, denotes the width of the beam at the focal
point z = 0.
p
• Beam radius ω(z) = ω0 1 + (z/z0 )2 , describes the width of the beam at a
distance z from the focus.
• Rayleigh length z0 , corresponds
√ to the distance from the focus, where the
beam radius has increased to 2 ω0 .
• Curvature R(z) = z(1 + (z0 /z)2 ). The wave fronts correspond to that of a
planar wave (R(z) → ∞) for z  z0 and that of a spherical wave (R(z) ∼ z)
in the far field.
• Guoy phase η(z) = tan−1 (z/z0 ), is an additional phase factor, not present
in plane waves.
To form an optical lattice, these beams are now superimposed.
For identical
P
polarizations of the beams, the electric field is given by Eges = i Ei , which yields
an intensity distribution I = |Eges |2 . From this, the dipole potential experienced
by the atoms can be calculated. An example is shown in figure 2.4 for a 1D and
a 2D configuration. In this calculation the individual axes are formed by beams
with 850 nm wavelength, a waist of 120 µm and a power of 30 mW, interfering
under an angle of π/2. The resulting central lattice depth for each of the axes is
30 Er , with a lattice spacing of about 600 nm.
Heating effects
It was mentioned above that the scattering of photons from the lattice beams can
cause heating of the atoms trapped in the lattice. In the following, an overview
of the most important heating mechanisms is given and strategies to avoid them
in the experiment are presented.
The scattering of photons is a fundamental process which is described by the
scattering rate in equation (2.30). For the case considered here, where the laser
beams are far detuned from any atomic resonance, the scattering process is quasielastic. Both absorption of a photon in the direction of the beam and emission of
a photon in a random solid angle deposit energy in the cloud. It can be shown
that these processes lead to a global heating rate P proportional to the scattering
rate [36]
P = Ė ∼ Er Γsc .
(2.45)
In the experiments presented in the context of this thesis, this mechanism is
minimized by detuning the light far from any resonance. As the scattering rate
is anti-proportional to the detuning, scattering is expected to be negligible.
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Figure 2.4: Sketch of the calculated light intensity pattern for an individual lattice
axis (top) as well as the full 2D configuration (bottom). The beams
are interfering under an angle of π/2. The harmonic confinement due
to the Gaussian shape of the laser beams is clearly visible. A power
of 30 mW per lattice beam with a waist of 120 µm results in a central
dipole potential depth of s = 30 for an individual lattice axis. In the
image, the wavelength of 850 nm has been increased by a factor of 50
for illustration purposes.
Another reason for heating are intensity fluctuations of the lattice lasers. It can be
shown [48] that in particular fluctuations with twice the trap frequency can cause a
parametric heating process. For this reason, the intensity has to be kept as stable
as possible. On the other hand, this process can also be exploited to measure the
trap frequencies, by introducing a controlled intensity modulation [44, 49].
Finally, frequency fluctuations of the laser beams can be a source of heating.
They result in a displacement of the trapping potential and in an increase of
the motional amplitude of the atoms. To reduce this in the experiment, all lasers
have to be frequency stabilized. However, fluctuations of the air’s refractive index
induced by temperature or density changes, as well as vibrations of the optical
equipment, can still induce displacements of the trap.
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2.3 Ultracold bosons in optical lattices
2.3.1 Band structure and Bloch waves
One of the fundamentals of solid state physics is that electrons in a periodic potential can only move in so called energy band [41, 42]. Their dispersion relation
is no longer continuous as in the case of a free particle, but exhibits certain forbidden regions which arise from the interaction of the electrons with the periodically
arranged ions in the solid.
The same mechanism also applies to non-interacting ultracold atoms in an optical
lattice. As the single axes of higher dimensional lattices are fully separable, the
discussion can be restricted to the one-dimensional case. A single atom in a
periodic potential V (x) with periodicity d can be described by the Schrödinger
equation [42]
(n) (n)
Hφ(n)
(2.46)
q (x) = Eq φq (x) ,
where H = p2 /2m+V (x) is the Hamiltonian with p and m the atomic momentum
and mass. The wave functions φ are labeled by the quasi-momentum q and the
band index n. The quasi-momentum characterizes the phase difference between
different lattice sites. As the phase is a constant over a BEC stationary relative
to the lattice, loading it into the potential prepares the state with q = 0. The
solutions of this Schrödinger equation are called Bloch functions. They are the
(n)
product of a plane wave exp(iqx/h̄) and a function uq (x) which has the same
periodicity d as the lattice potential [50]
iqx/h̄ (n)
φ(n)
uq (x)
q (x) = e

(2.47)

The quasi-momentum is only unique up to a reciprocal lattice vector klat . Therefore it is convenient to restrict it to the first Brillouin zone [42]
−h̄ klat < q < h̄ klat .

(2.48)

Due to this restriction there is an infinite number of solutions for every q, which
correspond to the band indexes n.
Numerical solution
An approximate solution for the Schrödinger equation (2.46) can be found by
inserting equation (2.47) into the Schrödinger equation (2.46) [43]. As the po(n)
tential V (x) and the functions uq (x) both have a periodicity d, they can be
expanded into Fourier components
X
X (n,q)
cl ei 2l klat x .
(2.49)
V (x) =
Vr ei 2r klat x , uq(n) (x) =
r

l
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Figure 2.5: Dispersion relation for an atom in an optical lattice. For no lattice,
i.e. s = 0 the typical parabola of a free particle is recovered. For
higher lattice depths a band structure emerges, where the different
energy levels are split by an energy gap. For increasing lattice depths,
the bandwidth decreases and for very deep lattices converges to the
discrete levels of a quantum mechanical harmonic oscillator.
In complex notation, the periodic potential of the optical lattice can be written
as

1
(2.50)
V (x) = −V0 cos2 (klat x) = − V0 e2i klat x + e−2i klat x + 2 .
4
Comparing the coefficients with equation (2.49) only the terms r = ±1 and r = 0
contribute in the Fourier expansion of the potential. Inserting this into equation
(2.46) yields
X
(n,l)
(n,l)
Hl,l0 cl
= Eq(n) cl
.
(2.51)
l

Here
Hl,l0


2
0

(2l + q/h̄klat ) Er − V0 /2, for l = l
= −1/4V0
for |l − l0 | = 1


0
else

(2.52)
(n,l)

is a symmetrical square matrix and Er is the recoil energy. The coefficients cl
become negligibly small for large l. Therefore it is sufficient to restrict the matrix
to −5 ≤ l ≤ +5 [51]. The resulting 11 × 11 matrix can easily be diagonalized
by computer algebra systems. This directly yields both the dispersion relation
(depicted in figure 2.5) and the coefficients of the Fourier expansion for the Bloch
functions.
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Mathieu equation
Another possible way to solve equation (2.46) is to transform it into the Mathieu
differential equation [52]. This can be accomplished by the substitutions [27, 53]
a=

s
s
+, q =
2
4

and x̃ = klat x ,

(2.53)

(n)

where  = Eq /Er denotes the energies in units of the recoil energy. This yields
φ00 + (a − 2 q cos(2x̃))φ = 0 .

(2.54)

The wave function φ only exists within bands. This method is particularly well
suited for low lattice depths, as the solution does not rely on approximations.
The parameter a which determines the dispersion relation and the solution φ can
again be obtained from computer algebra systems.
Whether this solution or the foregoing one is used is mainly a question of personal
preference and the speed of the implementations on the algebra systems at hand.
For the work presented here, the numerical approximation was implemented using
the free scripting language Python [54], together with the open-source scientific
packages Numpy and SciPy3 . Practically identical results were obtained by solving Mathieu’s equation using Mathematica4 .

Wannier functions
The Bloch functions represent a complete set of solutions in momentum space.
In position space they are completely delocalized. A basis set in position space
can be obtained using the Fourier transform
1 X −iqxi /h̄ (n)
e
φq (x) .
wn (x − xi ) = √
N q

(2.55)

The functions wn (x−xi ) are called Wannier functions, where N is a normalization
factor and n denotes the band index. They are wave packets of Bloch functions
centered around a lattice site with coordinate xi . Therefore, Wannier functions
are particularly well suited to calculate local properties of a single lattice site.
In figure 2.6 their shape is presented for different lattice depths. In the case of
shallow lattices, they are localized at one lattice site, but have wings that range
to the adjacent sites. This corresponds to a higher rate of tunneling between the
sites. For deep lattices, they resemble a Gaussian. The overlap with adjacent
sites is negligible and tunneling is suppressed.
3
4

http://www.scipy.org
MathematicaTM , http://www.wolfram.com
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Figure 2.6: Wannier functions of the lowest band of a 1D optical lattice for different lattice depths. For a shallow potential the localized wave functions
(solid red line) extend to the next lattice site. This is reflected in a
higher tunneling amplitude. For deeper lattices the atoms are more
tightly confined and the Wannier functions resemble a Gaussian. The
dotted blue line indicates the shape of the lattice sites.

2.3.2 Atomic distribution and dynamics in the lattice
In the following, only the lowest band will be considered. If a Bose-Einstein
condensate is loaded into an optical lattice, the distribution of the atoms can
be described in the Thomas-Fermi approximation. The chemical potential µ is
constant over the whole lattice and the envelope of the condensate shape still
is a Thomas-Fermi parabola [43], as in the case of a harmonically confinement
condensate. Due to the stronger confinement from the lattice beams the radii of
this parabola are reduced in comparison to the case of a BEC trapped only in a
harmonic potential.
For shallow lattices the atoms can be described by a macroscopic wave function
which for non-interacting atoms is given by a Bloch function. In the interacting
case, an effective Gross-Pitaevskii equation can be derived [44, 55].
In contrast, if the band gap becomes larger than the bandwidth, the atoms get
strongly localized and it is favorable to describe each lattice site by a ground-state
Wannier function. The extension of the single wave functions is smaller than the
lattice spacing. The cold cloud is therefore split into independent condensates,
which are coupled via tunneling. This is called the tight-binding regime [42]. The
corresponding wave function of the total system is given by
Ψ(x) =

X
j
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ψj w0 (x − xj ) ,

(2.56)
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1/2

with the amplitude ψj = n̄j exp(iφj ) [43]. Here, n̄j and φj are the mean atom
number and the phase of the jth lattice site. Note that for 2D and 1D lattices the
atoms are only weakly confined along one or two directions, respectively. Due to
interactions of the atoms, the wave function is broadened along these directions.
However, this will be neglected in the following.
The dynamics in this system of independent condensates is comparable to a
Josephson junction [56]. Atoms can tunnel from one lattice site to the other,
which leads to the formation of an oscillating atomic current. The system can be
described by the Hamiltonian [43]
H = −J

X

ψi∗ ψj +

X
j

hi,ji

where

P

hi,ji

j |ψj |2 +

1X
U |ψj |4 ,
2 j

(2.57)

denotes the sum over adjacent sites. The tunneling energy


Z
J=

dx w0 (x − xi )


h̄2 d2
+ V (x) w0 (x − xj )
2m dx2

√
4
≈ √ s3/4 Er e−2 s ,
π

(2.58)

describes the tunneling of atoms from the ith to the jth lattice site. It is related
(0)
(0)
to the width of the lowest Bloch band by max(Eq ) − min(Eq ) = 4J. The
energy offset j of the jth lattice site is related to the external potential by j =
2
1/2m ωext
rj2 . The on-site energy
Z
U =g

8
dx |w0 (x − xj )|4 ≈ √ s3/4 klat as Er ,
π

(2.59)

measures the interaction energy of the atoms within a lattice site. The analytic
expressions for U and J are approximations valid for deep lattices, where V0 
Er [57].
If the mean atom number n̄ per site becomes small, the granular structure of
the wave function has to be considered. In the framework of quantized fields it
is possible to deduce a more general Hamiltonian than (2.57) for such a system
from the bosonic many-body Hamiltonian, given in equation (2.14). If the lattice
potential is added to the description and if the atoms are in the ground state of
this lattice, the creation and annihilation operators can be expanded in terms of
the lowest band Wannier functions. This allows to neglect tunneling to other sites
than the nearest neighbors. The result is the Bose-Hubbard Hamiltonian [58, 59]
H = −J

X
hi,ji

âi â†j +

X
j

1 X
j n̂j + U
n̂j (n̂j − 1) .
2
j

(2.60)
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The energies J, U , and j are given by the same expressions as above. The
operators â†j and âj create and annihilate a particle at the jth lattice site, n̂j =
â†j âj is the operator corresponding to the number of particles at this site.
The Bose-Hubbard Hamiltonian has the notable property that there are two possible ground-states, depending on the ratio U/J. These two ground-states are
connected by a quantum phase transition [58, 45].
For shallow lattices, the atoms are delocalized over the whole lattice and they
can be described by a coherent state [60]. Consequently, the atom number per
lattice site follows Poissonian statistics. The tunneling energy J is dominant and
the atoms form a weakly interacting superfluid.
For deep lattices, tunneling is suppressed and the interaction energy U dominates.
The atoms enter a strongly correlated regime, where they are localized on single
lattice site. They can be described by Fock states [59], the atom number per
lattice site is thus fixed and the coherence of the single sites is lost. The system
can no longer be described by a macroscopic wave function and a gap on the order
of U appears in its excitation spectrum. This state is called a Mott insulator.
In experiments, U and J can be tuned by changing the intensities of the lasers
creating the optical lattices. It is therefore possible to drive the phase transition
in both directions [13].
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optical lattice
In the last chapter, the techniques to trap atoms in optical potentials and the theory to describe their behavior in such systems were introduced. In the following,
the setup for Bose-Einstein condensation [25] and the realization of a 2D optical
lattice that was added to the existing apparatus in the course of this work are
presented.

3.1 Laser systems
Lasers play a central role in all steps of the experiments. Atoms are cooled in a
system of two magneto-optical traps, then they are transferred to an optical dipole
trap and further cooled to quantum degeneracy [25]. The BEC is loaded adiabatically into an optical lattice and finally the atoms are detected by absorption
imaging using a resonant laser beam.
All laser systems used for magneto-optical cooling, the creation of the optical lattices and absorption imaging are of the same type. Before the actual experimental
procedure is presented, their characteristics are reviewed briefly.

3.1.1 Grating stabilized diode lasers
Initially the output of a typical laser diode is rather unstable in the frequency domain and has a linewidth that is to wide for practical applications in laser cooling
and optical trapping. Various concepts have been developed to overcome these
problems, which have made diode lasers a very handy tool for many experiments
in atomic and optical physics [62].
In our case a compact Littrow setup [63, 64] is used, which exploits the feedback
from a diffraction grating to stabilize the laser output. In this setup the light
from the collimated diode is diffracted by the grating in such a way that the first
diffraction order is reflected back into the diode. In this way an external resonator
is formed whose length can be controlled by moving the position of the grating
with precision screws. The setup is shown in figure 3.1.
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Figure 3.1: Setup of a typical diode laser as used for cooling or optical lattices.
The laser diode is located inside a collimation tube (1), which is
mounted in an L-shaped block. A diffraction grating (2) is used to
partly reflect the light back into the diode. In this way an external resonator is formed, which can be adjusted using precision screws
and a piezo actuator (4), to select one mode of the laser diode. The
whole setup is temperature controlled using a peltier element and a
temperature sensor (3). Image taken from [61].
Due to the frequency-selective feedback from the resonator, one single mode of
the gain profile can be chosen. Furthermore the linewidth is reduced to well
below 1 MHz which is sufficient to resolve the hyperfine splittings of alkali metals.
Using a piezo actuator the length of the resonator can be varied over a very narrow
range without mode-hops of the diode, which can be used for spectroscopy and
electronic stabilization [61, 65]. The laser diode in its collimation tube and the
grating are mounted onto an L-shaped block, which is temperature controlled
using a thermistor and a peltier element. The whole setup is placed inside a
plexiglass box to isolate it from the environment.
This setup is used as basis for cooling and for the optical lattices. The various
lasers only differ by the employed laser diodes and their individual configuration.
Note that due to the diffraction from the grating, the output power is reduced
by 35% or more, compared to the power of an unstabilized diode. The respective
output powers are in the range from 20 to 60 mW.

3.1.2 Tapered Amplifiers
The output power of a typical laser diode is not sufficient to cool a large number
of atoms or to create deep optical lattices. To overcome this limitation, tapered
amplifiers are employed which can dramatically increase the power [61, 64].
A typical setup is shown in figure 3.2. It consists of a master oscillator power
amplifier configuration (MOPA) where a grating stabilized diode laser is used to
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seed a tapered amplifier (TA) chip. A small fraction of the diode laser beam is
coupled out for stabilization. The TA chip inherits the spectral characteristics
of the diode laser. The chip itself is a special laser diode which is optimized for
high output powers. While the input facet is small, the output facet opens up
in a trapezoidal shape to produce the increased power while keeping the power
density low to avoid damage. As both facets are anti-reflex coated the chip itself
shows only relatively little fluorescence. To avoid reflections into the front facet
which could damage the TA, it is protected from the rest of the setup by an
optical isolator. Another isolator is placed between diode laser and TA chip to
avoid reflections back into the diode laser, which would reduce its stability. The
beam profile of the TA chip is elliptical due to the shape of the output facet.
Furthermore, the intensity distribution is a superposition of different transversal
modes. The former is corrected by a cylindrical lens, the latter can be compensated by sending the beam through a single mode optical fiber before using it in
the experiment. As in the case of the diode lasers, the only difference between
the setup for cooling and for the optical lattices is the type of the diodes and TA
chips employed.

Figure 3.2: Setup for a typical tapered amplifier used for cooling and optical lattices. A grating stabilized diode laser (1) is used to seed a tapered
amplifier chip (3). A small fraction of the light from the diode laser
is coupled out for stabilization (2). The tapered amplifier chip adopts
the spectral properties of the stabilized diode laser, but is optimized
to produce much higher output powers. This is achieved on the cost
of an elliptical output beam profile which is corrected by a cylinder
lens (4). Depending on the particular chip, the output power (5) can
be as high as 800 mW. Image taken from [61].
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3.2 Experimental setup for an all-optical BEC
In the preceding theoretical considerations we have seen that atoms must be
cooled to extremely low temperatures in order achieve Bose-Einstein condensation. In the experiment these conditions are reached using a combination of laser
cooling and subsequent evaporation in an optical trap. The setup itself consists
of two vacuum chambers and is depicted in figure 3.3. In the first chamber a
large number of atoms is precooled [61] and then transferred to the second chamber, where the atoms are further cooled to a BEC [25]. Here, the experiments
presented in this work are performed subsequently.

Figure 3.3: The experimental setup consists of two vacuum chambers that are
connected by a differential pumping section. In the first one, the
atoms are precooled using a 2D-MOT (1). They are then transfered
into the second chamber by a resonant push beam. Here they are
further lasercooled in a 3D-MOT (cooling lasers 2, magnetic coils 3),
then loaded into an optical dipole trap (4) and evaporatively cooled
to quantum degeneracy. An electron microscope is mounted on top
of the chamber (5), a Faraday cup (6) is used for a controlled stop of
the electron beam.
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3.2.1 All-optical cooling of

87

Rb

Atom source and precooling
The cooling process begins with a 2D magneto-optical trap (2D-MOT) which
uses a combination of the laser light’s scattering force and a two dimensional
quadrupole magnetic field to cool the atoms transversally [61, 66, 67]. It is made
up of a titanium cuboid with elongated through boreholes on which windows are
glued to ensure a compact design. The magnetic field has a gradient of 19 G/cm
and is generated using four coils that are placed on each side of the cuboid. For
cooling, 135 mW of light detuned 16 MHz to the red of the F = 2 → F 0 = 3
transition of the D2 line (see appendix A.1) generated by a tapered amplifier1
is used. There is also a non-vanishing probability to off-resonantly excite atoms
from the 5S1/2 , F = 2 state to the 5P3/2 , F = 2 state, from which they decay into 5S1/2 , F = 1 . Therefore 6 mW of additional repumping light on the
F = 1 → F 0 = 2 transition of the D2 line generated by an external cavity diode
laser2 is used to return these atoms to the cooling cycle. The cooling and repumping light are combined on a polarizing beam splitter cube, enlarged by a telescope
and split into three beams that are guided in parallel through the cuboid. Their
polarization is then shifted, and they are individually retro-reflected. In this way
a large cooling volume is formed, in which the atoms are cooled transversally to
the long axis of the 2D-MOT. An additional laser beam is used to push them into
the main chamber.
Main chamber and magneto-optical trap
The main chamber is a stainless steel sphere with a diameter of 30 cm, enclosing
an ultra high vacuum (UHV) with a pressure of about 2 · 10−10 mbar. The UHV is
necessary to minimize collisions between the condensate and residual background
gas atoms which can lead to a heating of the ensemble. The chamber is connected
to the 2D-MOT by a differential pumping section. In this way the partial pressure of 87 Rb in the 2D-MOT can be higher (4 × 10−7 mbar) than the pressure
in the 3D-MOT, thus resulting in a higher flux of precooled atoms and therefore
in a faster experimental cycle. The chamber features a large number of windows
for optical access as well as flanges that are used to mount the equipment for
high resolution imaging. In particular, an electron gun is mounted on top of
the chamber. The end part of the gun extends into the vacuum and the tip is
located 13 mm above the center of the chamber. A Faraday cup is placed five
centimeters below to dump as well as measure the electron beam and to reduce
secondary or backscattered electrons. Ion optics and an ion detector are placed in
the horizontal symmetry plane of the chamber to detect ions that are produced
1
2

TA: M2K Lasers MTK-TA-785 (1 W), diode: Sharp GH0781JA2C (120 mW)
diode: Sharp GH0781JA2C, (120 mW)
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by electron-atom scattering. A movable arm3 with test targets can be positioned
in the center of the chamber to calibrate the electron microscope. Details on the
imaging technique will be given in the next chapter.
As a second step in the cooling process, the atoms entering the chamber are
trapped in a 3D-MOT formed by six laser beams and three pairs of coils generating a spherical magnetic quadrupole field. Each of the beams is again a
superposition of cooling and repumping light, with a total power of 90 mW and
4 mW, respectively. Here, six beams are used, as the optical density of the cloud
is too high to ensure a uniform illumination with a retro-reflecting setup. Furthermore this scheme allows to easily displace the MOT relative to the chamber.
Additional coils are necessary to correct deviations from an ideal quadrupole field
caused by the tip of the electron gun. During an experimental cycle the 3D-MOT
is usually loaded with precooled atoms from the 2D-MOT for 3 seconds and then
cools the atoms for another 40 ms. After that, a number of 109 trapped atoms
with a temperature of 170 µK is reached.
Evaporative cooling and condensation
The phase space densities inside a MOT are not sufficient to reach quantum
degeneracy. A further step of cooling is therefore imperative. However, the temperature in the 3D-MOT is already close to the Doppler limit for 87 Rb and it
is therefore not possible to cool the atoms further in the MOT. The common
procedure now is to transfer the atoms to another type of trap and cool them by
evaporation [68, 69]. This means that the atoms with the highest kinetic energy
are allowed to leave the trap, while the others rethermalize at a lower temperature. In most experiments this is done using a magnetic trap and radio frequency
fields to remove the atoms. However, this is not possible in the described experiment, as the magnetic field would also deflect the electron beam used for high
resolution imaging. Consequently, the atoms are transferred into a single beam
optical trap formed by a CO2 laser, which has proven to be a fast and efficient
way towards condensation [70, 71].
While the 2D- and 3D-MOT used the scattering force to cool and trap the atoms,
the optical trap is based on the dipole force. As the CO2 laser is operated at
a wavelength of 10600 nm, far off any atomic transition of 87 Rb, scattering is
negligible and the resulting trapping times can be as long as 25 s.
The quadrupole field of the 3D-MOT has two weakly and one strongly confining axis. The dipole trap is thus aligned in such a way that the beam axis is
perpendicular to the strong axis of the 3D-MOT to optimize the transfer of the
atoms from the MOT to the dipole trap. Once in the trap, the atoms are further
cooled by evaporative cooling. In dipole traps, this is typically accomplished by
3
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Figure 3.4: Working principle of an acousto-optical modulator. Light of an incident laser beam with frequency ω is diffracted by density modulations
with periodicity λs in a crystal. The modulations are caused by a radio
frequency (RF) that is applied using an ultrasonic transducer. The
intensity of the diffracted beam can be controlled using the power of
the RF, the beam frequency is shifted by the frequency of the RF.
reducing the intensity of the trapping laser, thus lowering the trap depth. Again,
highly energetic atoms can leave the trap, resulting in a cooling of the remaining
ensemble.
In the experiment, the CO2 laser is switched on during the MOT loading phase [72].
It is focused to a waist of 30 µm by two aspheric zinc-selenite (ZnSe) lenses which
are placed inside the vacuum chamber. The detuning of the cooling light is then
increased, while the intensity of the repumping light is reduced. This increases
the density in the MOT and therefore enhances the transfer to the dipole trap.
After switching off the MOT, the intensity of the CO2 laser is lowered over 6 s in
a double-exponential ramp from initially 10 W to a final value of about 45 mW
with final trapping frequencies of ωax = 2π × 12 Hz and ωρ = 2π × 160 Hz. The intensity control is achieved using an acousto-optical modulator (AOM). It is based
on periodic density modulations caused by radio frequency (RF) sound waves in a
crystal. Incident laser light is diffracted by this pattern as is shown in figure 3.4.
The intensity of the outgoing beam can be precisely controlled by the applied
RF-power [64].
Quantum degeneracy is reached at a temperature of Tc = 160 nK with atomic
samples of 106 atoms [25]. As an optical trap is used for evaporation, atoms in
all magnetic substates of the F = 1 manifold are trapped, making our BEC a
so called spinor condensate [7, 8]. After its formation, the condensate is held in
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the trap for a time of one to two seconds for further experiments. One complete
experimental cycle from room temperature to condensation takes less than 15 s.

3.2.2 Conventional imaging system
Once a BEC is obtained in an experimental cycle and experiments have been
performed with the atoms, the outcome of these experiments has to be detected.
Although the focus of the setup is on high resolution imaging using an electron
microscope, it also features two Charge Coupled Device (CCD) cameras to image
the cloud from two directions using conventional absorption imaging [69].
For this, the atoms are illuminated with a beam of resonant light. If the direction
of propagation is taken to be the z-axis, the attenuation of the light is given by
the Beer-Lambert law
I(x, y) = I0 (x, y) e−αz .
(3.1)
Here I0 (x, y) and I(x, y) areR the intensity distributions of the light before and after
the atomic cloud and α ∝ dz n(x, y, z) is the absorption coefficient. Depending
on the atomic density n(x, y, z), a certain amount of light is absorbed
and the
R
beam carries an imprinted shadow of the atomic column density dz n(x, y, z)
which can be imaged using a CCD camera.
The technique can be readily applied to trapped atomic samples. However, because of the small size and the high density of the cloud it is convenient to first
switch off all trapping potentials and image the expanding cloud after a certain
time of flight (TOF). For long enough expansion times the recorded density distribution then corresponds to the momentum distribution of the initial spatial
density distribution in the trap. In the Thomas-Fermi limit, the BEC expands
anisotropically, while the thermal atoms show an isotropic distribution. On the
CCD image the combined distribution can thus be fitted by a bimodal distribution containing a parabola for the BEC fraction and a Gaussian for the thermal
atoms. From that model function, temperature, atom number and condensate
fraction can be determined. In figure 3.5, typical absorption images for clouds
released from the dipole trap at different temperatures are shown.

3.2.3 Experiment control
For the experiments presented here, a precise control of the setup is necessary.
This is realized using a real-time computer system4 , which controls all relevant
devices. It features 8 analog and 32 digital output channels, each of which can
be individually set with a precision of 1 µs. The definition of the experimental sequence and the configuration of the real-time device is accomplished using
4
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Figure 3.5: Absorption images of a Bose-Einstein condensate after 15 ms time of
flight for different temperatures [25]. The atomic column density is
visualized by the height of the peaks. (a) thermal cloud (T = 260 nK,
Nth = 3.8 × 105 ), (b) bimodal distribution (T = 90 nK, Nth = 2.1 ×
105 ), (c) pure condensate (N = 1.2 × 105 ).
the scripting language Python [54] in an interpreter. This program transfers
the sequence to the real-time device over an Ethernet connection, where it is
autonomously executed.

3.3 Setup for the 2D lattice
After the introduction to the setup of the experiment, the realization of a 2D
optical lattice for the ultracold atoms is now described in detail.
The light for the lattices is created using tapered amplifiers. One such laser
system5 was already realized before and used to create a 1D optical lattice [27].
It can supply up to 250 mW at a wavelength of 852 nm, whereof 60 mW can
finally be used for the creation of the optical lattice. To extend this setup, an
additional tapered amplifier system6 was set up to create the second lattice axis.
This system supplies up to 400 mW at a wavelength of about 846 nm. From this,
about 110 mW can finally be used for the second lattice axis.
The reason for this loss of power is that the light is sent through an AOM and
then coupled into a single mode fiber. The AOM is used to control and stabilize
the intensity of the beam, while the fiber guarantees that the beam shape corresponds to the fundamental Gaussian mode. The setup before the fiber is shown
in figure 3.6.
5
6

TA: Toptica TA-0850-0500 (500 mW), diode: Uniphase SDL-5401-G1 (50 mW)
TA: Eagleyard EYP-TPA-0850 (1 W), diode: Uniphase SDL-5411-G1 (100 mW)
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Figure 3.6: Optical setup before fiber. Part of the TA laser light is coupled out for
stabilization (see text). The waist of the main output is reduced using
a telescope (1) and guided through an acousto-optical modulator (2).
The first diffraction order (3) is coupled into a single mode fiber (4).
Using the AOM the intensity of the beam can be controlled precisely.

3.3.1 Frequency stabilization
Frequency fluctuations can cause displacements of the potential created by the
lasers. Therefore, a small fraction of the diode laser light that is used to seed
the tapered amplifiers is coupled out for frequency stabilization (see figure 3.6).
The basic principle of the stabilization is to generate an error signal from the
discrepancy of the laser frequency and a reference value. This signal is then used
to control the laser frequency by varying the external resonator length using the
piezo actuator. For technical reasons, the two laser systems creating the axes
of the optical lattice are stabilized by two different schemes, which will now be
presented shortly.

Cesium scheme
The wavelength of the system generating the perpendicular axis lies close to
the D-line transitions of 133 Cs. It was therefore stabilized with respect to this
transition using saturation spectroscopy. The setup is shown in figure 3.7.
Saturation spectroscopy makes use of two counter-propagating coherent laser
beams, to resolve narrow spectral features such as the hyperfine splitting. This is
possible by exploiting the saturation of the atomic transitions under investigation.
A pump beam is used to promote atoms to the excited state. Due to the Doppler
shift, atoms with a transition frequency ωA , traveling with a velocity v can only
be excited by light with the frequency ωL = ωA − v · k, where k is the wave
vector of the beam. At room temperature, the velocity distribution of the atoms
is Gaussian. As a result, the spectral line is broadened and the atoms absorb light
over a range of frequencies corresponding to the width of the line. Consequently,
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Figure 3.7: Light from the diode laser seeding the tapered amplifier chip is coupled out and used for the stabilization by absorption spectroscopy.
The beam is split into two using a 50/50 beam splitter (1). The transmitted part is coupled into a fiber (2) and can be used to monitor the
wavelength of the beam. The reflected part is used for absorption
spectroscopy (see text). It is guided twice through a glass cell (3)
containing 133 Cs vapor. The absorption of the light in the vapor is
recorded using a photodiode (4).
narrow splittings in the spectrum can in general not be resolved with this single
beam. For the counter-propagating probe-beam the motion of the atoms appears
to be reversed. If the pump beam is tuned in such a way that it interacts with
atoms traveling with velocity +v, the probe beam with wave vector −k will be
resonant only to atoms with velocity −v. In this case, the beam’s resulting absorption profile recorded on a photodiode has a Gaussian shape corresponding to
the atoms’ velocity distribution. Atoms at rest, will however interact with both
beams. As the pump beam already excites many of these atoms, the absorption
is strongly reduced for the probe beam and the absorption profile shows a narrow
dip at the corresponding frequency. The transitions of these atoms with v = 0
are not Doppler-shifted. Therefore, the dip corresponds to the exact location of
the atomic transition.
Further dips arise, when the laser is operated at a frequency ωL = (ω1 + ω2 )/2,
midway between two transitions ω1 and ω2 . In this case it is resonant to atoms
with transition frequency ω1 traveling with velocity v and atoms with frequency
ω2 traveling with velocity −v. The result is a reduced absorption of the probe
beam for both transitions. Usually these cross-over peaks are stronger than the
dips caused by transitions, as more atoms are resonant to the lasers. Examples
of the spectra obtained for 87 Rb and 133 Cs are presented in the appendix.
For the stabilization itself, the steep slope of one of the spectral lines is used as
an error signal for a proportional-integral (PI) controller.
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Pound-Drewer-Hall scheme
The second tapered amplifier can not be operated at a wavelength near the Cesium
transition lines without significant loss of output power. It is therefore stabilized
to a Fabry-Perot resonator. The stability of the resonator itself is achieved using
the Pound-Drewer-Hall scheme [27, 73]. The light of a reference laser which is stabilized to a transition line of 87 Rb [61] is frequency modulated and sent through
the resonator. From this an error signal for the piezo actuator that controls the
length of the Fabry-Perot resonator is generated by comparing the phases of the
modulation and the light reflected from the resonator.

3.3.2 Optical setup
Due to the setup of the experimental chamber, two axes can not be used for the
creation of optical lattices. The vertical axis is blocked by the electron column,
one horizontal axis is unusable because of the ZnSe optics of the CO2 laser, which
feature a coating that is strongly absorbing for the infrared lattice beams.
The possible solution for the setup of the optical lattice is to shine in the lasers
under an angle of ±π/2 to the vertical axis. This leads to an interference pattern
perpendicular to the horizontal plane of the experimental chamber. The laser
configurations for 1D and 2D lattice are shown in figure 3.8. Both axes can
be used independently as a 1D lattice, dividing the cloud into piles of pancakes
perpendicular and parallel to the dipole axis. For the laser beams of about 850 nm
the resulting lattice spacing is 600 nm. The optical path is comparable for both
lattice axes. In this work, the parameters for the parallel axis which cuts the
atomic distribution into a horizontal pile of pancakes parallel to the dipole axis
are presented. The corresponding values for the perpendicular axis can be found
in [27].
As mentioned above, the light of the TA is diffracted by an AOM and coupled
into a single mode fiber before being used in the experiment. After the fiber,
the light has a Gaussian distribution with a power of up to Pk = 110 mW for
the parallel axis and P⊥ = 70 mW for the perpendicular axis. The formalism
of Gaussian optics can thus be applied to calculate both the propagation of the
beam through various optical elements, as well as the resulting potential for the
atoms (see figure 2.4 in chapter 2).
The beam is first cleaned from parasitic polarizations which result from mechanical stress of the fiber. This is accomplished with a half wave plate and a polarizing
cube.
To avoid heating due to intensity fluctuations the intensity of the laser beams has
to be stabilized. Moreover, the intensity has to be ramped up in a controlled way,
to load the atoms into the ground state of the lattice. For this, a small part of
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Figure 3.8: Beam configuration for the 1D and 2D optical lattice. Each axis of
the lattice is formed by two laser beams interfering under an angle
of π/2. The two axis form independent interference patterns as they
are detuned by about 10 nm. The individual 1D lattice potentials
cut the cigar-shaped atomic distribution into a horizontal pile of pancakes perpendicular and parallel to the dipole axis. For the 2D lattice
vertical tubes are formed.
the light is coupled out and measured using two photodiodes. The signal voltage
of a fast photodiode is fed to a control unit with a bandwidth of 100 kHz, which
compares it to a reference voltage of a waveform generator7 . It then controls the
AOM to regularize the beam intensity. A second photodiode is used to monitor
the intensity during the experiment. The setup is depicted in figure 3.9.
The main beam is enlarged and collimated by a system of three lenses, with
f1 = 160 mm, f2 = 80 mm and f3 = 200 nm. It is then split into the two lattice
beams with equal intensities by a half wave plate and a polarizing beam splitter
cube. The two beams are guided to the respective viewports of the experimental
chamber by various mirrors. A correct collimation is essential as the two beams
propagate over different distances (1250 mm and 1600 mm) before they are both
focused by f = 600 mm lenses. The position and the focuses of the lenses were
calculated, so that the beam has a waist of 120 µm at the position of the atoms.
Two last mirrors are used to precisely superimpose the location of the beams
and the atoms. To calibrate the position of the lenses, the waist of beams was
checked after every optical element using a beam profiler8 and compared to the
calculation. This procedure is not applicable for the final focus of the beam, as
it is located in the center of the experimental chamber. Consequently, the beam
waist was calculated for positions before and after the chamber and checked at
this places. From that it can be concluded that position and waist of the focus
are as desired.
7
8

Agilent 33220A, http://www.agilent.com
WinCam-D, http://www.dataray.com
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Figure 3.9: Optical setup after single mode fiber. The polarization of the beam
is cleaned using a half wave-plate and a polarizing beam splitter (1).
About 4% of the light are coupled out and measured using two photodiodes. One is slow and used to monitor the beam (2), the other
one is fast and used for intensity stabilization (3). The main beam is
enlarged and collimated using a system of three lenses (4). It is then
split into two equal beams (5) that form the lattice axis. After different propagation lengths to the respective viewports their polarization
is adjusted and they are focussed onto the atoms using achromatic
lenses (6). A similar setup is used for the perpendicular lattice axis.
The position of the beam can be calibrated using a hole which is placed on the
test target using the CCD cameras. After the absorption imaging of a BEC inside
the dipole trap, the test target is placed in the chamber in such a way that the
hole is located exactly at the former position of the BEC. This can be checked by
imaging it with the CCD cameras. The beam positions are then fixed by the hole
and the center of the circular window in the µ-metal shielding. This assures that
the beams’ focuses are identical and that they interfere under exactly 90◦ .

3.4 Characterization of the optical potential
Once the properties of the beams are calibrated, the lattice can be examined. At
first, typical absorption images of condensed atoms released from the lattice after
time of flight are presented. For a lattice, these images exhibit a characteristic
structure that can be used to check the presence of the periodic potential at the
initial position of the atoms. To load the atoms into the ground-state of the
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optical potential several constraints have to be fulfilled which will be presented
in the following. Finally, the depth of the potential can be characterized by
scattering atoms from a short pulse of lattice light.
Absorption images
Atoms released from the optical lattice show a characteristic multiple matter
wave interference pattern in absorption images taken after a ballistic expansion.
In the limit of a sufficiently long time of flight, the atomic distribution after a
sudden release from the trap corresponds to the initial momentum distribution
inside the trap.
The situation is similar to the diffraction of light from a grating in classical wave
optics. Several interference peaks emerge, where the width of the peaks decreases
with increasing number of sites contributing to the interference. They are convolved with an envelope the width of which depends on the localization of the
atoms on the lattice sites.
In the context of non-interacting Bloch waves, this can be understood as follows. A given Bloch state can be expressed as a superposition of plane waves
with momenta that are the sum of the quasi-momentum q and even multiples of
the reciprocal lattice vector klat (see equations 2.47 and 2.49). The momentum
distribution is thus discrete with momenta p = h̄q ± 2 l h̄klat [60] that appear as
peaks in the absorption image. From the position of the peaks information about
the relative phase of the different lattice sites can be determined. In our case the
atoms are prepared exclusively with q = 0, so the image shows peaks corresponding to the momenta p = ±2 l h̄klat , with l = 1 being the dominant contribution.
Interactions between the atoms lead to a reduced contrast of this interference
pattern for deep lattices. In this case, s-wave collisions between the atoms from
different separating momentum components lead to scattering spheres [74], which
smear out the distribution in the absorption images. Typical images are presented
in figure 3.10.
For ideal laser performance, lattice depths of up to s ∼ 25 have been achieved.
In these cases the disappearance of the typical matter wave interference pattern
is observed in the absorption images. This is attributed to a loss of coherence
between the lattice sites, due to suppression of tunneling in the very deep lattice.
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(a) camera 1

(b) camera 2

Figure 3.10: Absorption images of atoms released from an optical lattice. (a) 2D
lattice after 18 ms time of flight. The depth of the optical potential
was U0 = 20 Er . Interference peaks are visible for both lattice axes.
Note that the distribution is not symmetric as the cloud is imaged
under an angle of 45◦ . (b) shows the same cloud imaged from a
second direction. Only one pair of peaks is visible as the other pair
propagates in the line of sight of the camera.
Loading of the lattice
The loading procedure for the lattice begins with the preparation of a BEC in
the dipole trap. The lattice beam intensity is then slowly increased and superimposed with the remaining shallow CO2 potential. To load the atoms into the
lattice adiabatically, the two following criteria have to be fulfilled.
• To prevent atoms from being loaded into higher bands of the lattice, the
potential must be ramped up slowly enough to fulfill
hn, q|

∂H
|0, qi  ∆E 2 (q, t)/h̄ ,
∂t

(3.2)

where H is the Hamiltonian of the system in presence of the periodic potential and ∆E the energy difference between the ground-state and first
excitable band n [75, 76]. Due to the even symmetry of the bosonic wave
function the first excitable band here is n = 2. The left hand side is always less than ∂V0 /∂t. In the presented experiment the quasi-momentum
is always zero, therefore this corresponds to a condition
∂ V0
 16Er /h̄ ,
∂t Er

(3.3)

as ∆E ≥ 4Er is always valid for q = 0 (see figure 2.5). To remain adiabatic
with respect to the band structure of the lattice the intensity must thus be
ramped up on the order of 100 microseconds.
• When the intensity of the lattice beams is changed, all parameters of the
lattice change accordingly. The atoms in the lattice then have to redistribute to maintain a constant chemical potential over the whole lattice.
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This redistribution is ultimately limited by the tunneling time t ∼ h̄/J,
which can amount to several ten milliseconds or longer for typical lattice
depths. Consequently, the timescale for this redistribution is much slower,
than the timescale discussed above.
To load the atoms into the lattice, the ramp shown in figure 3.11 was chosen. In
the experiment it is generated using an arbitrary waveform generator. The voltage
of the stabilization photodiode is compared to the output of this generator and
the intensity of the lattice beams is adjusted accordingly.
The duration of the ramp can be varied. Best results are found for ramp-up times
well over 150 ms, indicating that the second condition is fulfilled on this timescale.
This is comparable to results found for a 3D lattice [77]. Consequently, a ramp-up
time of 200 ms was used for the experiments presented in this work.
The process of loading can also be employed to characterize the quality of the
lattice beam calibration. In some cases, a high loss of atoms can be observed
during the loading procedure, while the typical structure in the absorption image
is still visible. The time evolution of these losses is found to be proportional to
the intensity of corresponding lattice axis. They can therefore be attributed to a
misaligned lattice beam that distorted the potential in such a way that atom are
pulled out of the trap by gravity.
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Figure 3.11: Waveform used to ramp up the optical lattice.

Lattice depth
The lattice depth can be adjusted by changing the reference voltage of the waveform generator that is compared to the photodiode voltage. The relevant parameter for the experiment is therefore the depth of the potential as a function of the
programmed voltage of the waveform generator.
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Figure 3.12: Lattice depth as a function of oscillation frequency ν0→2 from the
zeroth to the second band. The blue dashed line shows an harmonic
approximation, the solid red line is the result obtained from a band
structure calculation.
The depth of the optical lattice potential can be measured in several ways [44].
Here, Bragg spectroscopy is used [27, 78]. A BEC is prepared in the dipole trap
and released subsequently. Early during time of flight, it is exposed to the lattice
beams for a short time. The rapid ramp-up of the intensity transfers the atoms
into higher states of the optical lattice. As a result, an absorption image taken
(n,q)
subsequently shows several scattering peaks. The relative occupation |bl |2 of
the first momentum peak is determined by the pulse duration τ and the energies
En of the bands involved [27, 75]
(n,q)
bl

2

=

∞ 
X

(n,q)
cl=0

∗

2
(n,q)
cl e−iEn (q)τ /h̄

,

(3.4)

n=0
(n,q)

where cl
are the expansion coefficients of the original Bloch state in the lattice.
Scanning a range of pulse durations, oscillations of the populations of zero and
first-order peaks can be observed. The oscillation frequency corresponds to the
transition frequency from the lowest to the second band. The relation of this
frequency to the trap depth can be obtained from a band structure calculation
and is shown in figure 3.12.
Examples of experimental results are presented in (3.13). The estimated error in
the determination of the relative population from the absorption images is 5%.
Fitting a sine with exponential decay to the data yields an oscillation frequency
ν0→2 = (21.3 ± 0.4) kHz with a damping constant τ = (87.01 ± 15.62) µs−1 . The
damping is due to exitations to higher bands that remove atoms from the idealized
two-level system of the oscillation.
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Figure 3.13: Measurement of the lattice depth. The atoms are released from the
dipole trap and diffracted by a short pulse of light from the lattice
lasers. Depending on the pulse length and the lattice depth several
diffraction orders can be observed. The relative occupation of the
different peaks oscillates with a frequency that is related to the energy
between zeroth and second band. From that frequency the lattice
depth can be obtained.
The calibration was performed for both lattice axes and for different lattice depths,
i.e. different programming voltages Uprog . The results are shown in figure 3.14.
A linear fit to the data yields
s⊥ = (6.38 ± 0.47) + Uprog · 0.01 mV−1

(3.5)

for the perpendicular axis and
sk = (6.30 ± 1.01) + Uprog · 0.03 mV−1

(3.6)

for the parallel axis.
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Figure 3.14: Results of the lattice characterization. Lattice depth as a function
of programmed voltage.
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4 Electron microscopy of quantum
degenerate gases
The field of ultracold quantum gases has seen tremendous progress in the last
decade. However, most experiments still use absorption imaging in combination
with time of flight techniques to analyze the system. This technique suffers from
two major limitations. First, it is not sensitive to single atoms and second, it is
limited in its resolution by the wavelength of the imaging laser.
Several other methods have been developed to overcome these limitations, each
with its own benefits and drawbacks. Fluorescence imaging allows to see individual trapped atoms [79, 46, 80] but has not been extended to single atoms in a
quantum gas, noise correlations allow to obtain information about the correlations
in the cloud [81, 82], but depend on release from the trap and absorption imaging.
On the other hand, the phase contrast technique allows to image the atomic distribution in situ by exploiting the phase shift experienced by the imaging beam
while passing the atoms [7, 69]. However, any optical imaging technique is subject
to the same fundamental limitation. The minimum distance of two points that
can be resolved by an optical system using light of wavelength λ is given by the
Abbe criterion [64]
λ
(4.1)
d=
2 NA
where NA = n sin(θ) is the numerical aperture of the imaging system with n
the refractive index of the surrounding medium and θ the opening half-angle.
The best experimental resolutions obtained imaging 87 Rb are on the order of a
micrometer [83]. This is still about ten times larger than the interatomic distance in a condensate and larger than the lattice spacing in typical optical lattice
experiments.
Apart from optical techniques, cold atoms have been examined in time of flight
using a multichannel plate [84], in combination with a high-finesse cavity [85, 86]
and by radio-frequency outcoupling of atoms [87].
In the following, a different approach is introduced. The limitations of optical
imaging can be overcome by going from photons to electrons, which have a much
smaller de Broglie wavelength. Instead of imaging the atomic cloud by a beam
of laser light, it is probed by a tightly focused electron beam[24]. A suitable
interaction mechanism for the probing beam is electron-impact ionization. While
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the small diameter of the beam results in a high resolution, the ionization together
with subsequent ion detection makes the technique sensitive to single atoms. A
suitable beam can be provided by modern electron microscopes. These devices
are a well established technology that can deliver beams with a vast variety of
parameters.
The situation in the experiment is as follows [28]. A cloud of cold atoms is
prepared in the dipole trap, 13 mm below the tip of an electron microscope. The
electrons form a tightly focused beam with an energy of 6 keV that interacts locally
with the individual atoms in the cloud. The relevant interaction mechanisms and
the experimental realization of the imaging technique will be introduced in detail
in this chapter.

4.1 Electron-atom interaction
During this interaction, three main processes can occur [88, 89], which will now
be presented.

Ionization
The first and most important process for the imaging technique is the ionization of an atom. It can be described as a three-body scattering process where one
incident electron ionizes one atom. The final state then consists of two electrons
and one ion. For an energy of 500 eV the cross section has been measured to
be σion = 2.5 × 10−16 cm2 [88]. If a scaling inversely proportional to the kinetic
energy of the electrons is assumed [90], the cross section for the beam energy of
6 keV is given by
σion, 6keV = 3.4 × 10−17 cm2 .
(4.2)

Elastic scattering
Ionization is not the only possible scattering process. An electron can also be
elastically scattered from an atom. This changes the electron’s momentum, while
the atom stays in the initial state because of its much higher mass. This problem
can be analyzed using the Born approximation, which yields a cross section of [26]
σel = 0.7 × 10−17 cm2 .
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(4.3)

4.1 Electron-atom interaction
Inelastic scattering
An atom can also be excited to a higher state by scattering an electron. For
the given situation, the dominant excitation is 5S → 5P [26]. The cross section
is given by
σinel = 4.8 × 10−17 cm2 .
(4.4)
In conclusion, ionization accounts for about 40% of the scattering events. The
rest leads to a loss of atoms, with no detectable signal. Therefore, the detection
efficency is limited by this value. However, it might be further enhanced by laser
assisted post-ionization of elastically scattered atoms in the 5P state.
In the context of this thesis, secondary interactions of ions, electrons or atoms
will be neglected. These processes lead to additional losses or heating, which are
difficult to analyze theoretically. In the experiment, their overall effect can be
studied by heating and loss rates.
Scattering probability
The total cross section of all interaction mechanisms discussed above amounts
to σtot = 9 × 10−17 cm2 , which is negligible compared to the optical cross section
σopt = 3 λ2 /(2π) ∼ 10−9 cm2 for light with wavelength λ. This means that the
atomic cloud is almost transparent for the electron beam. On average, only one
out of 500,000 electrons interacts with an atom.
The shape of the electron beam can be approximated by a Gaussian [27, 28]
−

j(ρ) = j0 e

ρ2
2ρ2
0

,

(4.5)

where j0 = I/(2πρ20 ) denotes the central current density. Here, I the beam
current, ρ0 = 2.35 FWHM1 the σ-width of the beam and e the electron charge.
The lifetime of an atom in the beam center is given by [24]
τ=

e
.
j0 σtot

(4.6)

For typical parameters this time lies on the order of microseconds. If the beam
stays at a position for a time ∆t that is much smaller than the lifetime τ , the
probability of a scattering event is given by [28]
∆t

w = 1 − e− τ ≈

∆t
j0
= σtot × ∆t .
τ
e

(4.7)

In the case of a BEC, the atoms have to be described by a wave function ψ(r),
where the beam diameter is much smaller than the extension of the wave function.
1

f ull width at half maximum
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This yields a probability for a scattering event at position {x, y} that is given by
Z
I
w(x, y) = σtot × ∆t × dz |ψ(x, y, z)|2 .
(4.8)
e
The result can be multiplied by the number of atoms N to describe the whole
condensate. Furthermore the probability for ionization which corresponds to the
probability for a detectable event can be obtained by replacing σtot with σion .
It must be stressed, that even though the integration along the imaging axis in
equation (4.8) resembles the result obtained in absorption imaging, the outcome
is fundamentally different. In particular, every count in the image corresponds to
exactly one atom in the condensate.

4.2 Electron column characteristics
To implement the ideas presented above, several technical constraints have to
be taken into account. Because of the low cross sections, a high beam current
is desirable. Furthermore, the source of the beam must be compatible with the
UHV in the chamber.
Consequently, a custom made electron column2 is used that fulfills these criteria.
The schematic setup of the microscope is shown in figure 4.1. A thermal Schottky
emitter is used to create a beam of electrons with 6 keV beam energy. It is followed
by a magnetic condensor lens to collimate the beam and a pair of stigmator and
deflector units to correct aberrations.
Using a variable aperture, the diameter of the beam can be controlled. Note
that high beam current and small beam diameter are mutually exclusive. As
the spatial resolution of the imaging technique is limited by the diameter of the
electron beam, increased resolution results in a reduced beam current and thus in
a reduced signal. A suitable setup has to be found for each application. Typical
combinations of beam current and beam diameter (FWHM) are 9 nA for 70 nm
and 24 nA for 100 nm.
A blanking unit can dump the beam in the column, another pair of magnetic
stigmator and deflector is used to correct the beam shape again. Then the beam
is focused using a magnetic objective lens. The magnetic field created by this
lens amounts to 2000 G in the center of the chamber. It is reduced to 1 G at the
position of the atoms by the self shielding of the pole pieces of the electron gun.
In this way any influence on the atomic motion is avoided.
Two physically independent scanning units allow to move the beam over the
atoms. Using the fastscan unit this is possible with a deflection bandwidth of
2

Delong Instruments, http://www.dicomps.com
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Figure 4.1: Technical drawing of the electron column. The electron beam is generated using a thermal Schottky emitter and shaped using a magnetic
condensor lens and electrostatic deflector and stigmator units. A variable aperture can be used to control current and width of the beam,
a blanking unit can dump the beam inside the column. Another pair
of deflector and stigmator units finally corrects the beam shape again,
before it is focused onto the atoms using a magnetic condensor lens.
The beam can be scanned using two separate post lens deflection units.
Picture taken from [26].
10 MHz and a field of view of 200 µm × 200 µm. The slowscan unit allows for
scans with 20 kHz and a field of view of 1 mm × 1 mm. The scanning units can
be addressed directly by applying a voltage to an external input. This is used
to move the beam in arbitrary patterns using either waveform generators or an
analogue channel of the experiment control system.
The control of the electron column can be accomplished directly using a personal computer. The standard imaging mode of the column is used to calibrate
the beam using the test target that is placed inside the experimental chamber.
Note that this mode does not use the electron-impact ionization with subsequent
ion detection. Rather secondary or backscattered electrons are detected using
a multichannel plate detector placed on the test target as in standard electron
microscopy.
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Imaging a copper mesh with a periodicity of approximately 70 µm placed on this
target the settings for the stigmators and deflectors are optimized to obtain the
best possible field of view and the highest contrast. The resulting diameter of the
beam can be measured using the edge-function (see figure 4.2) on a hole with a
diameter of 200 µm located on the test target.
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Figure 4.2: Configuring the electron beam. A movable test target with a 200 µm
hole is placed inside the chamber. By scanning the electron beam
across the edge the width of the beam can be determined. These
images were taken using a standard imaging mode of the electron
microscope and not by electron-impact ionization.

4.3 Ion detection and data acquisition
In the experiments, a Bose-Einstein condensate is prepared below the tip of the
microscope and exposed to the electron beam. The locally produced ions are extracted from the condensate by a electrostatic field gradient of 5 V/cm. They are
guided to a conversion dynode using ion optics. The dynode converts the ions into
secondary electrons and has a potential of −4.6 kV. These electrons are detected
using a channeltron detector3 . The potential of the detector is −2.2 kV [25, 26].
The conversion from ions to electrons is essentially loss free which is not the case
for the detection efficiency η of the channeltron. The actual value for η is later
approximated from the experimental data. A more precise analysis is difficult as
this requires a calibrated source, which can not placed inside the vacuum chamber [26].
The output signal of the channeltron is converted to a TTL4 pulse by a discriminator. Every pulse corresponds to a single ion. These pulses are recorded using
3
4

DeTech, 402A-H
transistor-transistor logic

48

4.3 Ion detection and data acquisition
a multi-channel scaling card5 , which features 65536 channels with a variable bin
length. Every channel is able to record the events in a certain time window. The
result is the time-resolved ion signal. The configuration of the card is accomplished using a personal computer, which also saves the resulting signal.
To quantify the ionization process a time of flight spectrum can be recorded [26].
For this, a BEC is prepared in the dipole trap and illuminated with the electron
beam 1000 times for 100 ns at a time. The process is repeated with many condensates to improve statistics. The result is shown in figure 4.3. The qualitative
form of the spectrum is comparable to measurements on other alkali metals [91].
About 80% of the ions are singly charged, but we also find higher charged ions
up to Rb7+ . Each ionized state is visible as a distinct peak in the time of flight
spectrum, which is due to the different charges. It should be noted that the height
of the peaks gives only an estimate for the production rates of the different states,
as the detection efficiency for them is most likely to vary due to different kinetic
energies.

Figure 4.3: A condensate is exposed to 100 ns pulses of the electron beam for
1000 times. The process is repeated with many condensates and the
individual ion signals are summed. The result is a time of flight (TOF)
spectrum for the ions. About 80% of them are singly charged, with a
TOF of about 28 µs. We can identify faster, multiply charged ions up
to Rb7+ . Image taken from [92]

5

Ortec MCS-PCI, http://www.ortec.com
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4.4 Imaging cold atoms
To image a BEC the electron beam is scanned over the condensate in a rectangular
pattern. The working principle is shown in figure 4.4. The knowledge of the
pattern together with the time-resolved ion signal allows to reconstruct the two
dimensional distribution of the atoms. For the detection the image is divided into
discrete pixel, where every pixel later corresponds to a channel of the multichannel
scaling card.
Scanning pattern
The pattern is generated by two waveform generators. The principle is comparable to a television picture tube. The first generator provides the deflection
along the x-axis using a saw tooth voltage form, the second one defines the deflection along the y-axis using a repetition of several identical saw tooth patterns,
the number of which corresponds to the number of pixels in this direction. The
length of the individual patterns is related to the number of pixels Nx and Ny
in the image by Tx = Nx Ny ∆t and Ty = Ny ∆t, where ∆t is the electron beam
dwell time of a single pixel. The amplitudes of the voltages are defined prior to
the imaging process from the conversion factors fx and fy
fx = fy =

1 V
,
55.43 µm

(4.9)

and transfered to the wave form generators via Ethernet. These conversion factors
have been first estimated from electron microscopy images of the test target and
later calibrated by imaging an optical lattice and comparing the result to the
theoretical lattice spacing [27].
In contrast to previous experiments [27] the beam is scanned over the pixels in a
continuous manner. By doing so, the imaging time is reduced. However, in this
way not all ions belonging to a pixel can be collected prior to the illumination of
the next pixel. Consequently, ions of higher charge with shorter times of flight
are attributed to a wrong pixel which results in a slight blurring of the image.
This effect has to be considered when small structures are under examination.
Results
An image obtained in a single experimental run (single shot) is shown in figure 4.5a. The image size is 150 × 400 pixel with a pixel size of 300 nm. The
pixel dwell time was 2 µs. Every point corresponds to a detected atom. Using
the Thomas-Fermi approximation, the size of the condensate can be calculated
from equation (2.22) to be 6 × 80 µm which is in good agreement with the size of
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Figure 4.4: Working principle. A BEC is prepared in the cigar shaped potential
of an optical dipole trap. The electron beam is scanned across the
cloud in a defined pattern. It locally produces ions, which are guided
towards an ion detector by ion optics. The time resolved ion signal of
the detector together with the knowledge of the scan pattern allows
to precisely reconstruct the atoms initial positions in the condensate.
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Figure 4.5: Scanning electron microscope images of a BEC. a shows a single
shot. The image contains 350 ions. In b, 300 single shot images
where summed, resulting in a total number of 105 ions. Image taken
from [28].
the cloud in the image. To reduce perturbations of the condensate, the cloud was
only scanned once and then released from the trap. Note that after release, it is
possible to image the cloud a second time using standard absorption imaging to
analyze the momentum distribution.
As the condensate can be described as the product of single particle wave functions, the detection of an atom can be interpreted as as projection of one of these
wave functions. For this reason, the distribution of the atoms in the images is
inherently random. This is in contrast to other microscopy techniques, where
the imaged objects are already localized at a position prior to their detection.
Whether the distribution in the image is really a probabilistic selection can be
checked by summing over many images and comparing the result to a theoretical
density profile. Such a sum image is shown in figure 4.5b for 300 experimental
runs. The total number of ions in the picture is 105 , which is comparable to the
original number of atoms in the condensate.
In absorption imaging only the bimodal distribution predicted by the ThomasFermi model can be observed due to the limited resolution. However, this model is
inadequate to describe the distribution in the image obtained by electron-impact
ionization. Apart from the condensate, a description for the system also has
to take into account the remaining thermal atoms in the cloud. The relative
fraction of these non-condensed atoms can be approximated from subsequently
taken absorption images. A theoretical density distribution that fulfills this re-
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quirement can be derived in the semi-ideal model [93, 94] that takes into account
the repulsion of the thermal atoms by the condensate. The solution Φ(r) of the
time-independent Gross-Pitaevskii equation (2.18) is obtained numerically using
the imaginary time propagation method [28, 95]. The solution describes the condensed atoms in the cloud and can be used to model a repulsive potential
Veff = Vext (r) + 2 g |Φ(r)|2

(4.10)

for the thermal atoms, where g is the coupling constant (2.16). In this model,
the spinor nature of the condensate is neglected. The factor two arises from
exchange collisions between atoms in different quantum states [94]. The density
distribution for the thermal cloud is then given by
nth = λ−3
dB g3/2 (ζ) .

(4.11)

Here, λdB is the thermal de Broglie wavelength and g3/2 (ζ) is the Bose function
introduced in (2.8), with a modified fugacity ζ = exp[−(Veff (r) − µ)β]. The total
distribution is given by the sum of thermal distribution nth and the condensate
distribution |Φ|2 . It agrees well with the experimental data as is shown in figure 4.6. In conclusion the single images are really a probabilistic selection of the
atomic distribution.
Detection efficiency
From a single shot image of the condensate, the detection efficiency η of the
channeltron detector can be approximated. Under the assumption that all ions
reach the detector, the number of ions detected in a single experimental run is
given by
Nion = η N × Pion ,
(4.12)
where N is the number of atoms in the condensate and Pion denotes the total
probability for ionization. This probability can be approximated by
Pion = σion

It
.
eA

(4.13)

Here σion is the cross section for ionization, I is the beam current, t is the total
time to take the image, A is the area imaged and e is the electron charge. The
product It/(eA) corresponds to an average number of electrons per unit area.
For a number of 350 ions detected from a condensate containing 105 atoms as in
the images in figure 4.5, a detector efficiency of
η ≈ 0.3

(4.14)

is obtained. Taking into account that only the 40% of the scattering events which
lead to ionization contribute to the signal, the total efficiency of the technique
can be estimated to be 12%.
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Figure 4.6: Analysis of a BEC. In a and b we show the measured axial and radial
density distribution (blue columns) of the condensate integrated along
the radial and axial direction, respectively. It is compared to a theoretical distribution (red line) based on the semi-ideal model (see text).
c shows the radial density calculated from that model for the thermal
component. The inset in a shows absorption images of the BEC after
15 ms time of flight, with and without exposure to the electron beam.
The number of atoms is reduced by about 7% and the temperature is
increased by only 5 nK due to the exposure. Image taken from [28].

Perturbation of the condensate
The imaging process for this technique takes a finite timespan. Therefore, the
question arises whether the removal of single atoms from the condensate wave
function changes the condensate itself during the imaging process. To be sure
that the original condensate is imaged the imaging process has to proceed faster
than the propagation of information in the condensate. In this way the information about a perturbation can only reach a position after it has been imaged.
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Local perturbations in a Bose-Einstein condensate are described in the framework
of a microscopic theory developed by Bogoliubov [31]. One of the main results
is that the dispersion relation of the perturbations features two characteristic
regimes. For high energies the dispersion relation is free particle-like, whereas for
low energies it is phonon-like.
The higher energetic part of the excitations correspond to atoms that have sufficiently high energies to leave the condensate. This can not be prevented and
constitutes a loss mechanism.
The phonon like excitations propagate in the condensate with the velocity
s
4πh̄2 as n(r)
.
(4.15)
c=
m2
In our experiments the peak density in the condensate amounts to n0 = 6 ×
1013 cm−3 [25], which yields c ∼ 1.4 mm/s. The imaging therefore has to proceed
faster than this to make sure that an unperturbed condensate is imaged.
As mentioned before, imaging speed counteracts signal intensity. Consequently,
the images presented in the context of this work were taken with speeds slower
than the speed of sound. A typical value for the imaging speed can be calculated
for an image with a size of 400 × 150 pixel, 100 nm pixel size and 120 ms imaging
time, yielding a speed of c ∼ 0.3 mm/s. This is considerably slower than the
speed of sound. However, the images do not exhibit any sign of a perturbation of
the cloud.
Using the absorption images taken after illumination of the condensate with the
beam, it is possible to further characterize the effects of the imaging method on
the condensate. Such an image, together with a corresponding image that was
taken without prior illumination to the beam is shown in the inset of figure 4.6. No
significant difference can be observed apart from a reduction of the atom number
by 7%. For a typical BEC containing 105 atoms this number is made up of the 350
detected ions and the following other contributions. From the estimated detection
efficiency of the channeltron it can be inferred that 350 detected ions correspond
to 1200 produced ions. Ionization occurs only in 40% of the scattering events,
therefore a total number of 3000 atoms were scattered from an electron. From the
total loss of 7000 atoms we can thus conclude, that every scattered atom kicks on
average 1 secondary atom out of the BEC.
Finally, the temperature of the atomic cloud was measured for different exposure
times. The heating during one imaging process amount to only 5 nK which is
only 6% of the condensate’s temperature [28].
In conclusion, the effects of the imaging process are very small and do not constitute a limitation to the application of the imaging technique.
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In the last chapter the new imaging technique based on electron-impact ionization
was introduced by imaging a Bose-Einstein condensate confined in a harmonic
trap. The results are in good agreement with the theoretical description, but do
not yet allow for a precise characterization of the achievable resolution. For this,
an object with a finer structure is necessary. A suitable target can be provided
by a sub-micron 1D optical lattice which was set up and imaged in [27]. From
the results the spatial resolution can be estimated to be better than 150 nm.
The purpose of this work is the extension of this 1D setup to a 2D optical lattice.
In the following, the technique is used to image the atomic distribution in this
system. From this starting point, it is demonstrated how the beam can be used
to manipulate the system by removing atoms from single lattice sites.

5.1 Resolving single sites of an optical lattice
The working principle for the imaging of the lattice is the same as described in
paragraph 4.4 for a Bose-Einstein condensate. The BEC is prepared, transfered
to the lattice and held there for the time of the experiment. It is then scanned
with the electron beam as depicted in figure 4.4.
For a 1D lattice the BEC is cut into pancake-like structures, for a 2D lattice the
atomic distribution resembles narrow vertical tubes. In both cases, the distribution has a large extend of approximately 6 µm along the imaging axis. Following
equation (4.8) the imaging signal is proportional to the integration of the atomic
density distribution along the beam axis. To resolve the single sites a high resolution, as well as a high depth of focus is mandatory which is both satisfied for
the electron optical system.
In figure 5.1 a single shot image of atoms in the 2D lattice is presented. The
pixel dwell time was 2 µs and the image has a size of 150 × 400 pixels with a pixel
size of 50 nm. The image is composed of about 800 single ions. This is already
enough data to clearly reveal the two dimensional periodic structure, showing
approximately 140 lattice sites.
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Figure 5.1: Single shot image of a 2D lattice. The image size is 150 × 400 pixel,
with a pixel size of 50 nm and a dwell time of 2 µs per pixel. Each of
the 140 lattice sites in the image contains about six ions. The lattice
depths are sk = 20 and s⊥ = 17, with the dipole axis in the horizontal
direction.

5.1.1 Density distribution
As in the case of the condensate, summing over many experimental runs results
in a picture of the density distribution in the lattice. The number of runs that
is necessary to obtain a certain amount of information about the distribution in
the lattice still needs to be determined. However, already summing over 20 runs
greatly improves the statistics of the image. The result is shown in figure 5.2
for increasing imaging resolution. For each image, thirty experimental runs are
summed. The lattice depth is again sk = 20 and s⊥ = 17. In the first picture,
the lattice spacing of 600 nm corresponds to only 3 pixels so that the periodic
structure is not yet visible. Comparing this image to the BEC in the harmonic
potential of the dipole trap (figure 4.5), the additional external confinement of the
lattice beams is clearly visible. The radial extension is increased by a factor of 5/3
to approximately 10 µm, while the axial extension is reduced by a factor of 3/5
to 50 µm. This directly demonstrates that the atoms have to redistribute when
they are loaded into the lattice. From the extension of the cloud in the image it
can be deduced that approximately 1200 lattice sites are filled with atoms. For a
typical condensate with 105 atoms this means that a lattice site is occupied by 80
atoms on average. The typical number in the center of the cloud is significantly
higher, due to the higher atomic density.
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Figure 5.2: Imaging a 2D optical lattice with increasing imaging resolution. For
each image 30 experimental runs were summed. The duration of an
individual imaging process was 120 ms. The lattice depth is sk = 20
and s⊥ = 17.
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5.2 Data processing and image analysis
To further process and analyze the images of the lattice, several tools have been
employed, which will now be introduced.

5.2.1 Rotating the images
The pictures presented before show that the BEC and the lattice axes are rotated
with respect to the imaging directions. The respective angle can differ, depending
on the particular settings of the electron optical elements in the microscope. For
the analysis of the rectangular lattice structure it is convenient to rotate the
images to align the lattice axes with the imaging axes. For this the data is bilinearly interpolated, which results in a proportionate distribution of a single pixel
from the original data into four pixels in the rotated image. The procedure thus
neglects the aspect, that one count corresponds to a single atom. However, as
many images will be summed in the following to obtain density distributions,
this represents no restriction for the results. This is also the case for all other
parameters that will be extracted from single images.
For measurements like the analysis of correlations [84, 96], which rely on the single
atom character of the data, this approach must not be taken. In this case the
rotation could be accomplished by rotating the scan pattern electronically prior
to the imaging process or by direct analysis of the unrotated images.

5.2.2 Optimization of the column settings
The contrast in the images of atoms trapped in the lattice is directly related
to the resolution of the imaging technique. In a preparative experiment this
can be used to find the optimal configuration of the electron column, reducing
astigmatism and enhancing contrast. To accomplish this the electron column is
first pre-calibrated using the test target. Subsequently, the atoms are prepared
and imaged in the optical lattice. After each experimental run, the contrast of
the image is determined. The parameters of the column are then varied until an
optimal contrast is reached for both lattice axes.
For such an analysis it is important to find a robust measure of contrast that is
applicable despite the low number of data points obtained in a single experimental
run. This can be accomplished using the discrete autocorrelation function (ACF)
Ak =

N
−1
X
i=0
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Di · Di+k ,

(5.1)
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which describes the self-similarity of a data set composed of N data points Di .
The ACF has a maximum at k = 0, as here the data is compared to an undisplaced
copy of itself. For increasing k the ACF decreases. If a periodic signal is present
this decay is superimposed with a smooth modulation of the same periodicity.
Note that the phase information of the original data is lost in the ACF. The
autocorrelation analysis of an image is performed on linescans that are integrated
along the two imaging axes. For a properly aligned image, one linescan then shows
the periodic structure of the parallel lattice axis, while the other corresponds
to the perpendicular axis. In this way, both lattice axes can be characterized
independently from only one image. A typical result is presented in figure 5.3.
Analyzing the data using the ACF allows to identify a periodic signal even if it
suffers from heavy noise and fluctuations. The averaged amplitudes of this signal
can thus be used as a measure of contrast even in single shot images.
Due to the decay which varies slightly from image to image, the automatic determination of the amplitudes requires an approximate value of the periodicity. As
the lattice spacing is known, this value can be calculated. It is however possible
to obtain it without any prior knowledge from the discrete Fourier transform
N −1
1 X −2πi jk
N D ,
e
D̃k =
j
N j

(5.2)

which decomposes the data into its frequency components D̃k . As in the case of
the ACF, this analysis is performed on integrated linescans. A typical result is
presented in figure 5.3. Apart from a noisy background, a primary peak is always
visible at the origin. A second peak emerges at a frequency D̃k that is related to
the periodicity d of the lattice by d = 1/D̃k .

Finding the relative rotation
The contrast can also be used to determine the rotation of the lattice relative
to the imaging axes. This rotation results in a reduced contrast, as the linescans
are integrated along the imaging axes which do not coincide with the lattice axes.
If the image is rotated in small steps, the contrast changes and has a maximum at
the correct angle. From this, an average value of about φ = 7◦ can be determined.
For a measurement made up of a series of experimental runs the angle is obtained
from the sum of the images and assumed to be constant for the individual experimental runs. The angles of different measurements differ from the average value φ
by about ±1◦ . In the context of this work, rotating an image always corresponds
to a rotation by an angle obtained with this method.
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Figure 5.3: Typical autocorrelation and Fourier analysis of the linescan of a single
shot lattice image. The Fourier spectrum (right) features a peak at
the frequency corresponding to the lattice spacing. The normalized
autocorrelation function (left) shows a periodic signal with the same
periodicity as the lattice. The mean amplitude of this signal can be
used as a measure of contrast for the images.

5.2.3 Phase stability of the lattice
Using the tools presented in the preceding section, an analysis of the lattice stability can be performed. This is particularly important for the determination of
the density distribution, as lattice drifts can strongly reduce the contrast when
many images are summed.
First, the lattice spacing is determined and every image is rotated. The constant
spacing is then used to fit sine functions to integrated linescans of the data in
every image. From the fit parameters of the sine functions a phase offset ∆ϕ is
obtained for both lattice axes in every individual single shot image.
Because of the periodicity of the signal and the indistinguishability of individual
sites, the distribution of the phase offsets is most conveniently presented in a
histogram with the same periodicity. This is shown for the data of figure 5.2 f is
shown in figure 5.4. The data are binned over 12◦ . For both axes the 20 phases
are mostly contained in a range of 135◦ , corresponding to displacements of less
than ±d/4 around the mean value. Consequently, the lattice structure is clearly
visible in this image.
The time evolution of the phases over a series of 260 experimental runs, corresponding to a timespan of approximately 60 minutes, is given in figure 5.5. Note
that due to the indistinguishability of the sites, this representation is not without
ambiguity. The fit that is used to determine the phase offset can not identify a
specific lattice site in consecutive measurements.
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Figure 5.4: Distribution of the lattice phase shifts in figure 5.2 f. The height of
the bars corresponds to the number of occurrences of the respective
phases. Most phases lie within a range of less than 135◦ .

Figure 5.5: Evolution of the phase offset over a series of 260 measurements. While
the perpendicular axis (blue) is relatively stable, the parallel axis (red)
exhibits a strong long-term drift. This is reflected in the corresponding
distribution of the phases (bottom left).
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Consequently, lattice drifts by more than one lattice period can not be detected
and the offset is limited to 2π. As a lattice axis can drift in either direction,
there remain two possible new positions for a lattice site after the drift. The
data presented in in figure 5.5 corresponds to an optimistic choice where the new
position was taken to be the nearest site in the consecutive measurement. In this
way even long term drifts can be illustrated.
The perpendicular axis exhibits a general slow drift over half a lattice spacing
in one direction during the first 50 runs (∼ 10 minutes). The drift direction is
then reversed and the phase changes by only 1/5 d over the remaining time (∼ 50
minutes). The slow drift is superimposed by phase fluctuations in the individual
images. This is most likely due to vibrations of the optical equipment. Apart
from rare exceptions, these fluctuations are limited to less than ±d/4 and thus
the lattice structure is resolved with reasonable contrast in the corresponding sum
image.
In general, the parallel axis shows a similar slow drift for the first 120 measurements. However, the phase fluctuations are much more pronounced in this case.
The drift is dramatically increased to more than 7 lattice spacings over the last
130 measurements. Consequently, the lattice structure is identifiable in a sum of
the first 120 images, but not in the sum of all images. The instabilities can be
attributed to a problem with the locking scheme. The laser generating the light
for the parallel axis is stabilized to a cavity (see section 3.3) with a free spectral
range of 1.5 GHz. Temperature differences, noise or vibrations can result in a
change of the stabilized cavity mode and thus minor changes in frequency. Before
interfering, the two lattice beams propagate over different distances (∆ ≈ 35 cm)
and thus a change from one cavity mode to the next results in a displacement of
the interference pattern which is on the order of several lattice spacings.
The effect is not present in all measurements (see for example figure 5.4 as a
counter-example), but in general the stabilization to the cavity is found to be more
unstable than the cesium scheme. To improve the stability of this lattice axis,
it is conceivable to use a more stable cavity design or to employ a spectroscopic
scheme for stabilization.
In the following it is demonstrated that the phase shifts of the lattice beams have
minor impact on the information that can be extracted from an image.

5.2.4 Image correction
The drifts of the lattice axes result in a reduced contrast when many of these
images are summed. In addition, higher charged ions lead to a further blurring
of the images. The procedure to compensate both effects is presented in the
following.
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Phase drifts
As described above, it is possible to obtain the individual phase shifts ∆ϕ of
the periodic signal of both lattice axes in every individual single shot image. This
phase offset given in radians corresponds to a displacement of the data by


∆ϕ
∆pix = rnd
dpix
(5.3)
2π
pixel, where rnd() symbolizes the rounding to the next integer pixel and dpix is
the lattice spacing in units of the pixel size. With the knowledge of this offset,
the data in the individual images can be displaced in such a way that the offset
∆pix becomes zero. The maximum displacement is limited to one lattice period
by reducing the offsets to fractions of the lattice spacing prior to the displacement. The result is a sum image where all single images are in phase, which
yields the highest possible contrast and the best information about the atomic
distribution.
Higher charged ions in the images
Phase drifts of the lattice beams are not the only source of blurring in the images. The interaction of the electron beam with the atoms produces a significant
number of multiply charged ions. Due to the higher charge their time of flight is
shorter than for the singly charged ions. In figure 4.3, a time of flight spectrum of
the ions produced by the electron beam was shown, demonstrating this effect.
The imaging technique is based on the reconstruction of the atoms positions from
the scanning pattern together with the time resolved ion signal. Consequently,
the different times of flight cause highly charged ions to be attributed to wrong
pixels. For the pixel dwell times used in the following the result is a blurring of
the image.
To filter out the higher charged ions a velocity filter could be employed, but such
a device is not installed in the experimental apparatus. However, if the image
contains a large number of data, this blurring can be compensated in the data
using the following algorithm.
The analysis starts with the last pixel of the image. The s(t) signal counts attributed to this pixel are singly charged ions, as they are the slowest to arrive at
the detector. Here, t is the discrete ion arrival time that corresponds to the pixel.
From the time of flight spectrum the relative fraction of higher charged, faster
ions can be determined which are now attributed to wrong pixels. The fraction
corresponding to a difference ∆ti in time of flight is given by ci . These counts are
subtracted from the corresponding pixels and added to s(t), which results in the
real atom number a(t) of this pixel. The same is now done recursively for every
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pixel of the image. The resulting number of counts in a pixel corresponding to
the arrival time t is then given by
a(t) =

X ci
1
s(t) −
a(t + ∆ti ) ,
c0
c
0
i

(5.4)

where the recursion in the sum is stopped when t + ∆ti lies no longer in the range
of the data points. The best results are found when the time of flight spectrum
is discretized in time steps ∆ti corresponding to the pixel dwell time and when
ions up to Rb4+ are considered.
Combination of phase correction and ion correction algorithm
The phase correction relies on parameters that can only be obtained from images that are rotated in such a way that the lattice axes are parallel to the image
axes. However, for an application of the ion correction algorithm as presented
above, the images have to be in their initial unrotated state. The reason for
this is that the rotation destroys the simple relationship between a pixel and the
corresponding ion arrival time. Consequently, special care has to be taken for a
combination of both corrections.
As in the case of phase correction, the rotation angle is determined and the single
shot images are rotated for analysis. From this the phase offsets are determined
as before. To reduce the changes to the data by interpolation during another
rotation back into the unrotated state, the original image data is completely
reloaded. A combination of both phase correction and the ion correction algorithm
is then possible by rotating the phase offsets by φ to make them correspond to
the original unrotated data. To assure again that the data is only shifted as much
as necessary, the offsets are reduced to fractions of the projections of the lattice
spacings along the axes of the unrotated image. The data of every image is then
shifted by corresponding offsets.
The resulting sum image is now corrected for phase shifts, still in the unrotated
state and has a large number of counts. Therefore, the ion correction algorithm
can be applied.
The results of the individual correction steps for a pattern of 6 × 5 sites are shown
in figure 5.6. The data is taken from the measurement introduced in figure 5.5 and
contains single shot images from 260 experimental runs. As described above, only
the perpendicular lattice axis is visible in the original data, due to the strong long
term drift of the parallel axis. Consequently, the corresponding linescan shows no
periodic signal. The gain of contrast in every step is clearly visible. The phase
correction compensates the phase drift, resulting in an image that clearly reveals
the lattice structure. However, the peaks in the linescan show a slight asymmetry
that is caused by multiply charged ions with shorter times of flight. Using the ion
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Figure 5.6: Correcting lattice drifts and higher charged ions in a series of 260
measurements. The linescans are integrated over the 6 sites in the
corresponding image and show the periodic structure of the lattice
axis parallel to the dipole axis. For details, see text.
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correction algorithm they are redistributed to the correct pixel. The final result
are fully symmetric peaks that are resolved with almost perfect contrast.
A high resolution image of the full atomic distribution that was corrected using
these methods is presented in figure 5.7. The image shows approximately 470
lattice sites that are resolved with almost perfect contrast. The lattice depths are
s⊥ = 17 and sk = 20. The resulting slight asymmetry of the individual peaks
is to small to be resolved. The occupation of the sites in the center is found to
be higher than in the wings of the cloud. This is due to the external harmonic
confinement from the shape of the laser beams. A three dimensional illustration
of the central region of this image is shown on the front page of this work.

Figure 5.7: High resolution image of the atomic cloud loaded into a 2D optical
lattice. Approximately 470 lattice sites are resolved with high contrast. The image was obtained by summing over 260 measurements
with compensation of both phase drifts and higher charged ions. A
three dimensional illustration of the density distribution in the center
is shown on the front page.

5.3 Comparison to theory
After the compensation of phase drifts and multiply charged ions, the results
of the imaging process are now compared to a theoretical model of the atomic
distribution.
In a non-interacting model, this distribution is described by Bloch functions. A
model for the outcome of the imaging process further has to take into account
the finite extension of the electron beam. Consequently, the Bloch functions have
to be convolved with the beam profile. A two dimensional comparison for a
pattern of 6 × 6 lattice sites is presented in figure 5.8. The image shows the Bloch
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(a) Theory

(b) Experiment

Figure 5.8: Comparison of theory and experiment for a 2D lattice. The image
shows the 2D Bloch function convolved with a FWHM= 100 nm Gaussian beam profile (a) in comparison to a measurement of the atomic
density distribution (b).
functions with zero quasi-momentum for lattice depths s⊥ = 17 and sk = 20,
convolved with an a FWHM = 100 nm electron beam. The experimental results
show reasonable agreement with the theoretical model. To further quantify this,
integrated linescans of the data are compared to the respective Bloch functions
in figure 5.9.
The contrast of the linescans can be characterized using the visibility
V =

Nmax − Nmin
,
Nmax + Nmin

(5.5)

where Nmax and Nmin are the counts in the observed minima and maxima of the
periodic pattern. This yields
Vk = (96 ± 2)% and V⊥ = (82 ± 7)% .

(5.6)

These values have been obtained by calculating the visibility of the averaged
values for minima and maxima in the respective linescans. The errors of these
averaged values are given by the standard deviation of the individual values. From
this, the final errors for the visibility follow by Gaussian error propagation.
The results demonstrate impressively the high resolution of the imaging technique.
The lattice structure is resolved with almost full contrast in both directions.
The lower visibility of the perpendicular axis can be attributed to a remaining
asymmetry of the electron beam profile.
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Figure 5.9: Comparison of theory and experiment for a 2D lattice. The image
shows integrated linescans along both lattice directions for 6 lattice
sites in the center of the cloud (blue columns). They are compared
to the lowest band Bloch function convolved with the profile of the
electron beam (black line). The original Bloch function without convolution is shown for comparison (red dashed line). The full two
dimensional images are presented in figure 5.8.
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5.4 Conservation of phase coherence
In the preceding section the atomic distribution in the trapping potential was
imaged. The information about this distribution is obtained from the subset of
atoms that is ionized by the electron beam. Now, the effect of the imaging process
on the remaining atoms is examined.
One of the most notable properties of the condensed atomic ensemble is its macroscopic phase coherence over all lattice sites. This becomes manifest in the interference pattern formed by the atoms in time of flight. Two absorption images
for atoms released from a 1D lattice formed by the perpendicular axis, with and
without exposure to the electron beam are compared in figure 5.10. The only
visible difference is a loss of atoms. The same was already observed in the case
of a BEC in the dipole trap. The phase coherence of the remaining atoms is not
disturbed and the interference pattern is still visible. The technique thus has only
little influence on the remaining atoms.
This result enables complementary measurements on the lattice system in both
position and momentum space. First, the atomic distribution is characterized
using the electron beam. Second, the momentum distribution is imaged in time
of flight using absorption imaging. From the position of the characteristic interference peaks, the relative phase of the lattice sites can be determined. This fully
characterizes the Bloch function that is used to describe the atoms in the lattice.

(a) With exposure

(b) Without exposure

Figure 5.10: Two absorption images of the atomic density distribution after 15 ms
time of flight. The interference pattern shows that the coherence of
the lattice sites is not destroyed by imaging them with the electron
beam.

5.5 Deterministic removal of atoms
In the preceding sections it was demonstrated that the imaging technique is able
to resolve the single sites of a 2D optical lattice with high contrast. As a scan-
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ning probe technique is used for the image formation, the scheme can readily be
employed for the addressing of single lattice sites. This is now demonstrated by
removing the atoms from specific sites.
Working principle
To remove atoms the electron beam is pointed to specific sites prior to the imaging process. As the lifetime of an atom against scattering is about 20 µs (see
equation 4.6), a dwell time of several milliseconds per site is sufficient to empty
the sites completely. Subsequently the usual raster pattern is used to image the
cloud.
Here, one technical difficulty arises, as the voltages for the scan pattern are generated using waveform generators. These voltage sources are well suited to generate
the saw tooth pattern for the imaging and could even supply corresponding arbitrary voltage patterns to point the electron beam to specific sites. However,
they fail to switch sufficiently fast between the arbitrary voltage and the saw
tooth mode. Consequently, an analog output of the experiment control is used
to supply the arbitrary voltage patterns to address the sites of the lattice, while
the scan pattern is still generated by the waveform generators. To allow for a
sufficiently fast switching between the two modes, the deflection units for each of
the two axes are connected to both the experiment control as well as a waveform
generator using a summing amplifier circuit1 . This way, the timespan between
addressing and imaging can be made extremely small. To switch, the two inputs
for every axis are controlled in such a way that always only one of the voltages is
applied. The setup is depicted in figure 5.11.

Figure 5.11: Control scheme for the for the deterministic removal of atoms. The
pattern which is used to image the cold cloud is generated by two
function generators as before. The arbitrary addressing pattern voltages are generated directly by the experiment control system. To
allow for fast switching between the two inputs, they are connected
to the electron deflection units by summing amplifier circuits.
1

based on AD712JN operational amplifier
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Figure 5.12: Working principle for arbitrary addressing patterns. The electron
beam follows an arbitrary pre-programmed path (solid black line)
that can include quasi-instantaneous jumps (dashed black lines). After a variable evolution time, the usual scan pattern (light gray lines)
is used to image the resulting cloud. On the right, the definition of
the pattern from a calibration image is shown.
Defining arbitrary patterns
To use this scheme to address the sites, a suitable addressing pattern has to
be defined. This is accomplished by first imaging the cloud in a preparative experiment and using the result as a calibration for the atoms’ positions. Every
pixel in the image is related to a certain voltage defined by the parameters of the
corresponding scan pattern. By choosing the specific pixels, the voltage pattern
for the addressing can be prepared as presented in figure 5.12. The pattern is
transfered to the experiment control computer. In this way the beam can be
pointed exactly to specific sites.
The result is presented in figure 5.13. Using the addressing pattern defined in figure 5.12 the electron beam was moved across the cloud for 50 ms. Subsequently,
the atomic distribution was imaged instantaneously. Summing over 20 experimental runs results in a high contrast image of the addressing pattern.
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Figure 5.13: Result for the arbitrary addressing pattern. The atoms have been
removed from the programmed lattice sites. The image is the sum
of 20 single shots that have been corrected for phase drifts of the
lattice.

Dissipative manipulation of single sites
The removal of an arbitrary pattern of sites demonstrates the high potential of
this technique for the preparation of tailored quantum system. Due to the high
resolution, the scheme can ultimately be used to address one single site of the
lattice. This has so far only been achieved in a 1D lattice with 5 µm spacing and
thermal atoms [97]. The inverse situation, where one single lattice site is isolated
by removing all neighboring sites is also possible to prepare. Both situations are
presented in figure 5.14. For each of the images, the results of 20 experimental
runs were summed. For the removal of one single site the beam was pointed on
the site for 30 ms prior to the imaging process. The corresponding time for the
isolation of one site was 80 ms. In both cases the lattice depths were s⊥ = sk = 15.
The preparation is accomplished without affecting the neighboring sites. This directly demonstrates that single site addressability in an optical lattice with optical
periodicity is possible with this imaging technique.

The technique is only limited by the instabilities of the lattice beams. If the lattice
is shifted, the fixed beam position does not necessarily coincide anymore with the
programmed lattice site. Consequently, atoms from two neighboring lattice sites
are removed from the system. With a sufficiently large number of experimental
runs this problem can be circumvented by performing a phase analysis of the
resulting images. If the phase offset of the lattice in an image is found to be too
large, the image is discarded. In the remaining images, the lattice was not shifted
and the beam pointed to the correct position.
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(a) One lattice site removed

(b) One lattice site isolated

Figure 5.14: Demonstration of single site addressability. In (a) the electron beam
is used to remove the atoms from exactly one specific lattice site. By
removing many sites it is also possible to isolate a single lattice site
(b), creating a mesoscopic ensemble of less than 100 atoms. For each
of the images 20 single shots have been summed and corrected for
phase drifts of the lattice.

5.6 Towards direct observation of tunneling
dynamics in optical lattices
The removal of single lattice sites and the creation of an isolated site is an ideal
starting point to examine the ensuing atomic tunneling dynamics. Usually, these
dynamics can only be observed indirectly by their effects on the distribution in
time of flight. Here, the high resolution should allow to observe the evolution of
the system in situ.
In figure 5.15 first efforts to observe the dynamical evolution are presented. The
system is prepared as described above. The electron beam is then switched off
for a variable evolution time ∆te . Subsequently, the cloud is imaged using the
standard scanning pattern. The lattice depths in the images are s⊥ = sk ≈ 15.
From this, the tunneling time [98] can be calculated to be t = J/2h̄ ≈ 7 ms. This
value characterizes the timescale on which tunneling processes should take place
in the system.
However, the images show no significant tunneling over a time of ∆te = 40 ms.
Note that the system also evolves during the imaging process. Consequently, the
time needed by the electron beam to reach the empty site during the imaging
process has to be added to the evolution time. For the images this results in
an additional evolution time in the center of the image of about 22.5 ms. The
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(a) ∆te = 0 ms

(b) ∆te = 10 ms

(c) ∆te = 40 ms

Figure 5.15: Time evolution. A single lattice site has been emptied with the
electron beam. The remaining distribution is imaged after a variable
evolution time ∆te .
suppression of tunneling is also observable in figure 5.13 where the time to image
the addressing pattern is on the order of 65 ms. Despite this fact, no difference
between the filling of sites in the beginning and in the end of the pattern is visible
in this image.
The reason for this effect have not yet been studied in detail. To further elucidate
this question, a more thorough analysis involving different lattice parameters
is necessary. A technical problem, in particular considering the timing for the
deactivation of the beam during the evolution time is conceivable. However,
subsequently performed measurements [28] seem to confirm the suppression of
tunneling.
A possible physical explanation for this observation can be self-trapping [99].
This effect results from the non-linearity of the Gross-Pitaevskii equation. Qualitatively, self-trapping can be pictured considering only two sites, where one is
empty and the other is filled with atoms. A tunneling process of an atom from
the full to the empty site has an amplitude that is given by the tunneling energy
J. However, because of the on-site interaction U of the atoms the resulting state
has a lower energy than the original state with all atoms in one site. In the images
presented, the energy difference between the two states is much larger than the
tunneling energy. This leads to a strong suppression of tunneling.
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In this work, the imaging of ultracold quantum gases via electron-impact ionization was applied to atoms trapped in a 2D optical lattice. The sub-µm periodicity
of the lattice was successfully resolved and the measured atomic density distributions were found to be in good agreement with the theoretical model. Furthermore, the electron beam was employed to remove atoms from single sites of the
lattice for the first time. This was applied to prepare arbitrary occupation patterns and enabled first direct observations of the ensuing tunneling dynamics.
In the future, these tunneling dynamics will be analyzed in detail. To accomplish
this, a precise characterization of the atom removal process is necessary. This
would allow for the preparation of different site populations, which could lead to
the observation of atomic oscillations [56, 99].
The results presented here focus on the high resolution aspect of the technique.
Moreover, it is also sensitive to single atoms which could make it an important
tool to characterize both temporal and spatial correlations [84, 96] of the atoms
in situ. Adding a third lattice axis to the setup, a large variety of systems may
be prepared, including for example low dimensional systems [14, 15, 16, 17] or
a 3D Mott insulator [13]. From the latter, a 2D system with exactly one atom
per lattice site might be obtained by emptying all but one lattice plane with a
resonant laser beam. The magnetic field of the electron beam may even be used
to drive transitions in these atoms. In this way the local manipulation of atoms,
hitherto dissipative, could be made coherent, which is a prerequisite for many
proposals in the field of quantum computation [22].
The detection efficiency of the scheme is currently limited to approximately 12%.
An enhancement to over 50% seems to be feasable by optical post-ionization of
inelastically scattered atoms as well as optimization of the ion detector. The
higher detection efficiency might enable the direct observation of number squeezing [13, 100] in a deep optical lattice. Furthermore, the dynamical evolution of
a single condensate could be probed by imaging it several times. In the planned
process of post-ionization, Rydberg atoms will be created, which are interesting
to study by themselves [101, 102].
In conclusion, the technique enables many new and promising possibilities to
prepare, manipulate and characterize systems of ultracold quantum gases.
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A.1

87

Rb data
natural isotopic abundance
nuclear spin
I
mass
m
D1 -transition wavelength in vacuum λD1
D2 -transition wavelength in vacuum λD2
D1 -transition linewidth
ΓD1
D2 -transition linewidth
ΓD2
D1 -transition strength
fD1
D2 -transition strength
fD2
doppler limit TD = h̄Γ/2kB
TD
Table A.1: Properties of

87

27.83 %
3/2
86.9902 u
794.979 nm
780.241 nm
2π × 5.58 MHz
2π × 6.01 MHz
0.3421
0.6956
146 µK

Rb [39]

Figure A.1: Spectrum of the F = 2 → F 0 = 1, 2, 3 hyperfine transition of the D2
line in 87 Rb used for cooling and imaging of the atoms. The spectrum
shows also nearby transitions of the isotope 85 Rb which is also present
in the vapor cell.
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Figure A.2: Spectrum of the F = 1 → F 0 = 0, 1, 2 hyperfine transition of the
D2 line in 87 Rb used for repumping of the atoms during the cooling
cycle.

A.2

133

Cs data

Figure A.3: Spectrum of the F = 4 → F 0 = 3, 4, 5 hyperfine transition of the D2
line in 133 Cs used for the frequency stabilization of one lattice axis.
Brackets denote cross-over peaks.

80

List of Figures
2.1
2.2
2.3
2.4
2.5
2.6

Dipole force . . . . . . . . . . . . . . . . . . . . . . . .
A lattice formed by beams interfering under an angle θ
Lattice configurations . . . . . . . . . . . . . . . . . . .
Calculated lattice potentials . . . . . . . . . . . . . . .
Dispersion relation for an atom in an optical lattice . .
Wannier functions . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

10
12
14
16
18
20

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14

Diode laser setup . . . . . . . . . . . . . . . . . . . . . . .
Tapered amplifier setup . . . . . . . . . . . . . . . . . . .
Experimental setup for Bose-Einstein condensation . . . .
Working principle of an acousto-optical modulator . . . . .
Absorption images of a Bose-Einstein condensate . . . . .
Optical setup before fiber . . . . . . . . . . . . . . . . . .
Setup for absorption spectroscopy. . . . . . . . . . . . . . .
Beam configuration for the 1D and 2D optical lattice . . .
Optical setup after fiber . . . . . . . . . . . . . . . . . . .
Absorption images of atoms released from an optical lattice
Waveform used to ramp up the optical lattice . . . . . . .
Lattice depth as a function of oscillation frequency . . . .
Measurement of the lattice depth. . . . . . . . . . . . . . .
Lattice depth as a function of programmed voltage . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.

24
25
26
29
31
32
33
35
36
38
39
40
41
42

4.1
4.2
4.3
4.4
4.5
4.6

Electron column . . . . . . . . . . . . .
Configuring the electron beam . . . . .
Time of flight spectrum. . . . . . . . .
Working principle . . . . . . . . . . . .
Scanning electron microscope images of
Analysis of a BEC . . . . . . . . . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

47
48
49
51
52
54

5.1
5.2
5.3
5.4
5.5
5.6
5.7

Single shot images of a 2D lattice . . . . . . . . . . . . . . . . . .
Imaging a 2D optical lattice . . . . . . . . . . . . . . . . . . . . .
Fourier- and autocorrelation analysis of a single shot lattice image
Distribution of the lattice shifts . . . . . . . . . . . . . . . . . . .
Evolution of the phase offset. . . . . . . . . . . . . . . . . . . . .
Correcting lattice drifts and higher charged ions . . . . . . . . . .
Image of the atomic cloud loaded into a 2D optical lattice . . . .

58
59
62
63
63
67
68

.
.
.
.
a
.

. . .
. . .
. . .
. . .
BEC
. . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

81

List of Figures
5.8

Comparison of theory and experiment for a 2D lattice (2D Bloch
function) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Comparison of theory and experiment for a 2D lattice (Linescans)
Conservation of phase coherence . . . . . . . . . . . . . . . . . . .
Control scheme for the deterministic removal of atoms . . . . . . .
Working principle for arbitrary addressing patterns . . . . . . . .
Arbitrary addressing pattern (result) . . . . . . . . . . . . . . . .
Demonstration of single site addressability . . . . . . . . . . . . .
Time evolution of a single lattice site . . . . . . . . . . . . . . . .

69
70
71
72
73
74
75
76

A.1 Rubidium spectrum (cooling transition) . . . . . . . . . . . . . . .
A.2 Rubidium spectrum (repumping transition) . . . . . . . . . . . . .
A.3 Cesium spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . .

79
80
80

5.9
5.10
5.11
5.12
5.13
5.14
5.15

82

Bibliography
[1] S. N. Bose. Plancks Gesetz und Lichtquantenhypothese. Zeitschrift für
Physik, 26:178, 1924.
[2] A. Einstein. Zur Quantentheorie des idealen Gases. Sitzungsberichte der
Preußischen Akademie der Wissenschaften, 3:18, 1925.
[3] K. B. Davis, M. O. Mewes, M. R. Andrews, N. J. van Druten, D. S. Durfee,
D. M. Kurn, and W. Ketterle. Bose-Einstein Condensation in a Gas of
Sodium Atoms. Physical Review Letters, 75(22):3969, 1995.
[4] M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E. Wieman, and E. A.
Cornell. Observation of Bose-Einstein Condensation in a Dilute Atomic
Vapor. Science, 269(5221):198, 1995.
[5] J. R. Abo-Shaeer, C. Raman, J. M. Vogels, and W. Ketterle. Observation
of Vortex Lattices in Bose-Einstein Condensates. Science, 292(5516):476,
2001.
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