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Abstract:
This thesis reports on the design and setup of an optical dipole trap for 133 Cs as a
key instrument of our experiment. The evaporative cooling towards a Bose-Einstein
condensate of 133 Cs and a quantum degenerate Fermi gas of 6 Li as well as most
further experiments will be performed while the atoms are captured in optical dipole
traps.
The trap light for the cesium atoms is provided by a 3 W fiber laser (model
YLD-3-1064-LP, IPG Laser) at a wavelength of 1064 nm. The design and setup of
the dipole trap are oriented on the requirements of high laser intensity and pointing
stability in order to achieve long atom lifetimes and to minimize atomic losses. An
implemented PID feedback loop reduces the long-term intensity fluctuations by a
factor of 30. The bandwidth of the used control circuit allows to damp noise up
to approximately 70 kHz. The pointing stability is characterized by a maximum
drift of 50 µrad within one hour. The dipole trap creates an expected trap depth
of kB · 7.7 µK, trapping frequencies on the order of 20 Hz and an upper limit of the
heating power of kB · 9.6 nK/s.

Zusammenfassung:
Diese Diplomarbeit beschreibt das Design und den Aufbau einer optischen Dipolfalle
für 133 Cs, die ein Schlüsselinstrument unseres Experiments darstellt. Das evaporative Kühlen zu einem Bose-Einstein-Kondensat aus 133 Cs und einem quantenentarteten Fermigas aus 6 Li sowie die meisten nachfolgenden Experimente werden mit
Atomen durchgeführt, die in optischen Dipolfallen gespeichert sind.
Ein 3 W Faserlaser (Modell YLD-3-1064-LP, IPG Laser) mit einer Wellenlänge
von 1064 nm erzeugt das Fallenlicht für die Cäsiumatome. Das Design und der
Aufbau der Dipolfalle berücksichtigen die Anforderungen einer hohen Intensitätsund Positionsstabilität, um lange Lebensdauern zu ermöglichen und die Verluste
von Atomen zu minimieren. Mittels eines eingebauten PID-Regelkreises können die
Langzeit-Intensitätsschwankungen um einen Faktor 30 reduziert werden. Die Bandbreite des verwendeten Regelkreises ermöglicht es, Rauschen bis in den Bereich von
70 kHz zu dämpfen. Die Stabilität in Bezug auf die Fallenposition zeichnet sich durch
einen maximale Änderung von 50 µrad innerhalb einer Stunde aus. Die erwartete
Fallentiefe beträgt kB ·7.7µK, die Fallenfrequenzen liegen in der Größenordnung von
20 Hz und es wird eine maximale Heizleistung von kB · 9.6 nK/s erwartet.
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Chapter 1
Introduction
In the last decade ultracold molecules have become a research topic of special interest. Especially polar molecules with their electric dipole moments and the resulting
long-range dipole-dipole interactions give rise to several effects that are worth being
further investigated. The polar molecules can be oriented and controlled in static
fields for instance. By applying DC and AC fields two-body and three-body interactions can be designed ([Pupillo et al., 2008b]). Futhermore, three dimensional
crystalline phases of dipolar molecules are predicted which provide periodic lattices
for extra atoms or molecules ([Pupillo et al., 2008a]). In addition, tuning the dipole
interactions offers to find and investigate novel quantum phases and phase transitions like supersolid and checkerboard phases (see e.g. [Góral et al., 2002], [Menotti
et al., 2007]). Lattices of polar molecules are also seen as a suitable tool to realize
quantum simulators, for example engineering hamiltonians for lattice-spin models
([Micheli et al., 2006]). Finally, there are several proposals that regard ultracold polar molecules as excellent candidates for quantum information processing ([DeMille,
2002], [Rabl et al., 2006], [André et al., 2006]).
For these applications, the polar molecules need to be ultracold, i.e. in the
temperature regime < 1 mK. A self-evident method is the formation of ultracold
molecules from trapped ultracold atoms which has already been demonstrated successfully. There are in principal two ways to create such deeply bound molecules.
The first possibility is the formation of ultracold molecules by photoassociation. For
instance, photoassociation was successfully applied by our group in Freiburg to produce LiCs molecules in the rovibrational ground state for the first time ([Deiglmayr
et al., 2008]). The other method is to create weakly bound molecules via magnetoassociation and to transfer these molecules into deeply bound states by a stimulated
Raman adiabatic passage (STIRAP). This scheme was used by the Innsbruck groups
1
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Figure 1.1: Theoretical calculation of the alkali dimer dipole moments of the X 1 Σ+
state. The graph is taken from [Aymar and Dulieu, 2005] and slightly modified.

to create deeply bound cesium and rubidium molecules ([Danzl et al., 2008], [Lang
et al., 2008]) and in Boulder to form polar potassium-rubidium molecules ([Ni et al.,
2008]).
Among the polar molecules the LiCs molecule is the outstanding alkali dimer. Its
electric dipole moment was calculated by [Aymar and Dulieu, 2005] and amounts to
5.5 Debye in the triplet ground state (see fig. 1.1). This is the largest dipole moment
of all alkali dimers and by a factor of ten larger than in case of potassium-rubidium
molecules ([Ni et al., 2008]). This prediction was verified in experiments done in
our group ([Deiglmayr et al., 2010]). Strong DC electric fields were applied which
lead to a shift of the molecular energy levels due to the quadratic Stark effect. The
line shift of the excitation from the ground state to an excited state was measured
by two-photon ionization of the LiCs molecules (see fig. 1.2). As result the dipole
moment of 7 Li133 Cs was determined to be approximately 5.5 Debye.
However, this advantageous property of the deeply bound LiCs molecules is not
the only reason why we will work with a Li-Cs mixture. The choice of bosonic 133 Cs
and fermionic 6 Li and the large mass difference between the two species offer further
studies besides dipolar effects.
For instance, the collisional properties of lithium and cesium can be studied.
Since 6 Li is a fermion, the Li-Li interactions will be suppressed in the ultracold
regime since the s-wave scattering is forbidden. The observable interactions are
Cs-Cs and Li-Cs collisions. By exploiting the characteristics of Feshbach resonances
([Chin et al., 2008]), the Li-Cs interactions can be emphasized so that they can be
explored. As it is known, the interaction between atoms in the low energy regime

3

Figure 1.2: Determination of the LiCs dipole moment. The measured line shift due
to the quadratic Stark effect versus the electric field is shown (taken from [Deiglmayr
et al., 2010]).

is described by one single parameter, namely the s-wave scattering length a. Two
colliding atoms with small kinetic energy E in the entrance channel can couple to
a bound state in the closed channel via hyperfine interactions (see fig. 1.3). If the
energy difference between the scattering state and the bound state becomes zero,
the scattering length diverges. This energy difference can be changed by a magnetic
field. Thereby, the coupling of the open and closed channel can be varied and thus
the scattering length as well. By increasing the scattering length of the lithiumcesium interactions accordingly, these interactions will become the prevailing ones
and the properties of Li-Cs collisions can be observed.
The extreme mass difference characterizes the mixture as an excellent candidate
to study few-body physics like the universal Efimov effect (see e.g. [Braaten and
Hammer, 2007], [Ferlaino and Grimm, 2010]). The universal regime is reached, if the
scattering length is much larger than the range of the interaction potential. In this
regime at ultracold temperatures, the macroscopic properties of a system depend
only on a and are independent of the short-range physics. Efimov states are shallow
bound three-body states which are formed due to resonant two-body interactions.
Figure 1.4 displays the possible states depending on the inverse of the scattering
length: These are the three-atom scattering states (AAA), the atom-dimer scattering states (AD) and the Efimov trimers (T). When 1/a is tuned continuously from
large positive to large negative values, the Efimov trimers appear one after another
at the AD threshold and disappear through the AAA threshold. For 1/a → 0, Efimov predicted infinitely many trimer states. The interesting fact is that there is a
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Figure 1.3: Model for Feshbach resonances (taken from [Chin et al., 2008]).

Figure 1.4: Formation of Efimov trimers (taken from [Braaten and Hammer,
2007]).
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power law for the appearance of the Efimov states. It is expected that the values of
a at which the trimers occur differ by the factor eπ/s0 . This scaling factor depends
on the atom masses and amounts to about 22.7 for homonuclear systems. The large
mass difference of our Li-Cs mixture and the decision for fermionic 6 Li results in
a favorably small scaling factor of 4.88 ([D’Incao and Esry, 2006]). Therefore, we
expect to find a series of Efimov trimer states.
The precondition that allows for the presented different research possibilities is
the creation of a quantum degenerate gas of 6 Li and 133 Cs. For this purpose, higher
phase space densities than in the previous experiment are required. This is why
a new experiment was designed and is currently set up. The key on the way to a
Bose-Einstein condensate (BEC) of 133 Cs and a quantum degenerate Fermi gas of
6
Li is the trapping and cooling of the atoms by all optical means. All further steps
to weakly bound molecules and Efimov physics or deeply bound LiCs molecules can
be taken from this starting point. The setup of the optical dipole trap for 133 Cs is
content of this thesis. Thereby, special considerations are necessary concerning the
stability of the trap, because fluctuations in position as well as in intensity would
lead to atomic heating and losses and hence thwart the effort to reach high phase
space densities.
The new experimental setup and the experimental scheme with which the twospecies quantum degenerate gas shall be realized are explained in chapter 2. In
chapter 3, a theoretical introduction to Gaussian laser beams and optical dipole
traps is given, before the trap design and the requirements for the optical setup
are discussed. In the last part of this chapter, the optical setup, its properties (e.g.
beam sizes and pointing stability) and the resulting expected parameters of the
dipole trap like trap depth, trapping frequencies and heating power are determined.
The intensity stabilization of the dipole trap is addressed in chapter 4. It describes
the stabilization scheme and the components of the control circuit. Furthermore,
the control circuit is characterized and its bandwidth as well as the long-term and
short-term stability of the laser intensity are presented. Finally, the experimental
results are summarized in chapter 5 and an outlook is given on the next steps that
will be undertaken on the way to a quantum degenerate gas of 6 Li and 133 Cs.
The 133 Cs dipole trap presented in this thesis provides a general design that
might be used for other dipole traps. For example, this design will also be applied
for the 6 Li dipole trap.

Chapter 2
The Li-Cs Experiment
The investigation of the phenomena presented in the previous section requires the
new experimental design to offer variability.
This chapter overviews the new setup and the cooling scheme with which the
Bose-Einstein condensation of 133 Cs and a quantum degenerate Fermi gas of 6 Li
shall be achieved.

2.1

The Setup

The central part of the experiment is the optical trapping of atoms in dipole traps.
On the one hand, in these traps cesium as well as lithium will be cooled down to the
BEC and quantum degenerate Fermi gas regime, respectively. On the other hand,
most experiments (like tuning the collisional properties via Feshbach resonances) will
happen while the atoms are captured in the dipole traps. Therefore, we need long
lifetimes of the atoms in the traps. For example, when searching for Efimov trimers,
the atoms have to remain about 1 s in the trap while we will look for three-body
losses.
To enable lifetimes on the order of a few seconds, the dipole traps must be
very stable in intensity as well as in position, because fluctuations in intensity and
position would lead to atomic heating and thus to loss of the atoms. This is why
the cesium dipole trap must be intensity stabilized as described in chapter 4.
Another limitation of the lifetimes is given by the background gas due to onebody collisions. Therefore, a ultra high vacuum is necessary. For the experiments,
a completely new vacuum chamber was designed. Figure 2.1 presents a threedimensional drawing of the apparatus. The required pressure of about 10−11 mbar
in the main chamber will be produced by a combination of a titanium sublimation
7

8

Chapter 2. The Li-Cs Experiment
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Figure 2.1: Vacuum chamber of the experiment.

(TiSub) pump and an ion pump.
In the main chamber, the trapping of the atoms, the cooling and all further
experiments will take place which results in a large number of laser beams. For
instance, four laser beams will form the two dipole traps, five beams are required
for the Raman sideband cooling and several beams are needed for the magnetooptical traps. Figure 2.2 shows the configuration of the laser beams forming the
magneto-optical trap and the required beams of the crossed-beam dipole trap for
133
Cs. The multitude of laser beams is the reason why we need good optical access.
The main chamber has four CF63 and two CF40 viewports in the horizontal plane.
The viewports are made of Suprasil 3001 in order to reduce thermal effects caused
by high power lasers that provide the light for the dipole traps. Suprasil 3001 has a
low concentration of OH-groups so that the absorption of light is low. Furthermore,
there are two reentrant viewports that allow excellent optical access from the top and
from below. The reentrant viewports also provide enough space for the magnetic

2.1. The Setup

Figure 2.2: The main vacuum chamber and the directions of the laser beams. The
big red beams represent the MOT beams and the small beams will form the dipole
trap for 133 Cs.

field coils. A pair of anti-Helmholtz coils will create the required magnetic fields
for the magneto-optical traps. Further coils are needed to generate the required
magnetic fields for the Feshbach resonances. These Feshbach coils are designed to
produce magnetic fields of approximately 1400 G maximum.
Since the dipole traps cannot be loaded directly from the atom sources, cold
atoms are necessary. Therefore, the atoms are pre-cooled and trapped in magnetooptical traps (MOT) before they are transferred into the dipole traps. The cesium
and lithium atoms are obtained from a double species oven (see [Stan and Ketterle,
2005]) where they are heated up to temperatures of around 400 K in case of cesium
and 650 K in case of lithium. Since the atoms must be slowed down to be captured
in the MOTs, a Zeeman slower is needed. The oven is connected to the slower by
a differential pumping section which consists of two ion pumps and a TiSub pump
and the slower ends in the main chamber.
The Zeeman slower is designed in a way that both atomic species can be slowed
down. The slower does not consist of several coils assembled next to each other
as usually. It is a multi layer Zeeman slower where each layer consists of a copper
wire wound up as a helix with increasing distance between the single windings. For
cesium a maximum magnetic field of 100 G is required and 700 G for lithium.
On a second optical table the laser system is currently assembled. A TA pro laser

9
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and one DL pro laser from Toptica at wavelengths of 852 nm provide the necessary
laser light for 133 Cs. The TA pro laser has a power of about 500 mW and generates
the light for the magneto-optical trap, the slower beam, the Raman lattice and the
absorption imaging. The light for the repumper beam and the polarizer beam is
taken from the DL pro laser. For 6 Li, all required laser beams are derived from one
TA pro laser at a wavelength of 670 nm. All lasers are frequency stabilized. The
laser beams are coupled into fibers and then guided to the main chamber.
The large number of laser beams implicates that the setup of the 133 Cs dipole
trap has to be very compact. The optics for the cesium dipole trap should fit onto
a breadboard which is as small as possible. In case of the laser beams for the
magneto-optical traps for instance, three remarkably compact fiber port clusters
from Schäfter & Kirchhoff will mix and distribute the beams.
This new setup and its features will allow for producing a Bose-Einstein condensate of 133 Cs and a quantum degenerate Fermi gas of 6 Li and pursuing further
studies.

2.2

The Experimental Scheme

The cooling steps towards the BEC and the quantum degenerate Fermi gas are
presented in figure 2.3. After heating the atomic species in the effusive oven, the
atoms fly towards the main chamber where lithium and cesium are magneto-optically
trapped. Therefore, the atoms must be slowed down. This is done by a counter
propagating beam that enters the vacuum apparatus through the Zeeman slower
viewport (see fig. 2.1). The momentum transfer due to photon absorption and reemission leads to a decrease of the atomic velocity. The Zeeman slower compensates
for the Doppler shift that changes with velocity so that the laser frequency is always
resonant to the atomic transition. Details about magneto-optical traps and the
molasses cooling can be found in [Metcalf and van der Straten, 2003] for instance.
The atoms will be cooled to temperatures on the order of a few hundred microkelvin.
The number of trapped atoms will be on the order of N = 109 .
The further cooling processes are all optical. For this purpose, cesium and lithium
will be transferred into optical dipole traps. The optical dipole traps are the central
means on the way to ultracold atomic samples.
The advantage of all optical cooling means is fast cooling times due to high elastic
collision rates. The cooling times are by a factor of about 10 lower compared to
magnetic traps. Elastic collisions are the basis of the evaporative cooling mechanism

11
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Figure 2.3: Cooling scheme towards a
generate Fermi gas of 6 Li (right side).
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which will be applied to 133 Cs and 6 Li. Since the thermalization depends on the
elastic collision rate (see e.g. [Ketterle and van Druten, 1996]), high elastic collision
rates lead to a faster thermalization of the atoms and hence to a faster evaporative
cooling.
However, inelastic collisions would lead to substantial atom losses, so that these
rates must be kept low. There are three processes that contribute to the loss: singleparticle losses due to collisions with the background gas, two-body losses and threebody losses (see [Grimm et al., 1999]). In two-body collisions, the internal energy of
one atom can be transferred into kinetic energy. If the resulting energy is higher than
the potential depth, the atom can escape from the trap. So called hyperfine-changing
collisions are an example for such a process. In case of cesium, the atoms will be
pumped into the lowest hyperfine state 62 S1/2 , F = 3, mF = 3 so that these collisions
are forbidden. This is done via the Raman sideband cooling. The advantage of this

12
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cooling method is that the atomic temperature can be decreased by a factor of 10
without losing many atoms ([Kerman et al., 2000]).
It is known that cesium has high three-body collision rates though. In threebody collisions, two atoms can form a molecule. The excess energy is taken by the
third atom and thus all atoms will be lost. This is the important inelastic process
at high densities. Therefore, the atomic density of cesium should be quite low in
the range of 1013 cm−1 . Thus, the size of the cesium dipole trap must not be too
small and this restriction of the beam waists must be considered when the setup of
the dipole trap is planned.
To reach the BEC regime, the temperature must be lowered further to a few tens
of nanokelvin after the transfer into the dipole trap. For this purpose, evaporative
cooling will be used as already mentioned. This method and its scaling laws are
explained in various articles and books like [Luiten et al., 1996], [Ketterle and van
Druten, 1996], [OHara et al., 2001] and [Metcalf and van der Straten, 1999]. The
basic idea is to remove the hottest atoms while the remaining atoms thermalize to
lower temperatures. This is done by reducing the trap depth U. Atoms with thermal
energies kB T larger than U can leave the trap. Due to elastic collisions the other
atoms can thermalize and a lower temperature is reached. The lowering of the trap
depth is described by the truncation parameter η = U/kB T. The decrease of the
atom number is expressed by the parameter ν = N′ /N where N is the atom number
before and N′ after the process. A figure of merit describing the reduction of the
temperature is given by
ln(T′ /T)
ln(T′ /T)
=
(2.1)
γ=
ln(N′ /N)
ν
with the temperature T before the truncation and T′ afterwards. From these parameters, all other thermodynamic quantities like volume, phase space density and
collision rate can be derived.
Usually the trap depth is reduced by decreasing the power of the trapping laser
beams. In our case, we will use the same technique as the Cheng Chin group ([Hung
et al., 2008]). A magnetic field gradient is applied which leads to a tilting of the trap
(see fig. 2.3). Although the trap is tilted only in one direction, it turns out that the
evaporation performance corresponds to a three-dimensional cooling process. This
last cooling step will lead to the Bose-Einstein condensation of 133 Cs.
In case of lithium, the atoms will be directly transferred from the MOT into the
dipole trap. Then, the atoms will be cooled down by evaporative cooling on the
BEC side of the Feshbach resonance. When the thermal energy is reduced below
the binding energy, lithium atoms in the two lowest hyperfine states will recombine

2.2. The Experimental Scheme

to dimers (see [Jochim et al., 2003]). A further decrease in temperature will lead
to the Bose-Einstein condensation of Li2 molecules. The crossover to the quantum
degenerate Fermi gas will then be achieved by sweeping the magnetic field over the
Feshbach resonance and rf hyperfine transitions.
Once the BEC and the quantum degenerate Fermi gas are produced, the two
optical dipole traps will be overlapped. Then, the collisional properties of lithium
and cesium can be tuned via Feshbach resonances and for example few-body physics
can be studied.
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Chapter 3
The Cs Dipole Trap
Trapping atoms by strongly focused laser beams has become a standard technique
for trapping all kinds of atoms and molecules. Optically trapping atoms by focused
laser beams was proposed by [Ashkin, 1978] for the first time. It took about eight
years until Steven Chu et al. realized the first dipole trap for sodium atoms. After
cooling below 1 mK they could trap about 500 sodium atoms ([Chu et al., 1986]).
In this chapter a detailed description of the optical setup for the 133 Cs dipole trap
is given. The first section deals with the theory needed for the design of the dipole
trap. Then the desired trap parameters and requirements concerning the optical
setup are presented. The final optical setup and its properties are discussed in the
last part.

3.1
3.1.1

Theoretical Background
Gaussian beams

Under ideal conditions the propagation of a laser beam can be described as a so called
Gaussian beam. A Gaussian beam is a solution of the paraxial Helmholtz equation
which can be derived from the wave equation. The following section summarizes the
derivation given in [Saleh and Teich, 1991]. For paraxial waves the angles between
the wavefront normals and the z-axis are small. Paraxial waves are planar waves
propagating along the z-direction whose complex amplitude U (~r) varies slowly with
position
U (~r) = A(~r) · e−ikz .
k = 2π/λ is the wavevector of the paraxial wave with the wavelength λ.
15

(3.1)
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The complex envelope A(~r) has to fulfill the paraxial Helmholtz equation
∇2t A − i2k

∂A
= 0,
∂z

with the transversal Laplacian operator ∇2t = ∂ 2 /∂x2 + ∂ 2 /∂y 2 .
The solution for the envelope of a Gaussian beam is


A1
r2
A(~r) =
exp −ik
.
q(z)
2q(z)

(3.2)

(3.3)

The parameter q is defined as q(z) = z + izR where zR is called the Rayleigh length.
p
A1 is a constant and r = x2 + y 2 . Two real parameters R(z) and w(z) are introduced in order to replace the function q(z)
1
λ
1
=
−i 2 .
q(z)
R(z)
πw (z)
Thus the complex amplitude of a Gaussian beam can be written as




r2
r2
w0
exp −ikz − ik
U (~r) = A0
exp − 2
+ iζ(z) .
w(z)
w (z)
2R(z)

(3.4)

(3.5)

The meaning of the parameters will be dicussed below.
The intensity is obtained by the square of the absolute value of the complex
amplitude
2

2
2
2P
w0
− 2r
− 2r
2
2 (z)
2 (z)
w
w
e
=
.
(3.6)
e
I(r, z) = |U (r, z)| = I0
w(z)
πw2 (z)
Here, the power P of the optical beam is introduced and related to the maximum
intensity I0 via P = 1/2 · I0 (πw02 ). The maximum intensity is positioned at z = 0
and r = 0. In radial direction the intensity decreases corresponding to a Gaussian
distribution.
The paramters characterizing a Gaussian beam are summarized and explained in
the following:
• Radius of curvature R(z): R(z) specifies the curvature of the wave fronts.
At z = 0 the radius of curvature is infinite and the wave fronts are planar.
The wave fronts approximate the shape of spherical waves for large z.
"
 2 #
z
(3.7)
R(z) = z · 1 +
zR
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w(z)

√2 w0
θ0

w0
0

zR

z

)

Figure 3.1: Propagation of a Gaussian beam.

• Gouy phase ζ(z): ζ(z) is the Gouy phase and corresponds to the phase
retardation of a wave front compared to a plane wave or spherical wave.
 
z
−1
(3.8)
ζ(z) = tan
zR
• Waist w(z): The waist is the radius at which the beam intensity decreases to
the 1/e2 level. The minimum waist w0 is positioned at z = 0 (see fig. 3.1).
s
 2
z
(3.9)
w(z) = w0 · 1 +
zR
√
• Rayleigh range zR : At z = zR the waist increased to 2 w0 and within zR
the intensity drops to 50 %. The Rayleigh range is related to the minimum
waist by
πw02
zR =
.
(3.10)
λ
• Beam divergence θ0 : The beam waist increases approximately linearly for
z >> zR . The beam diverges like a cone with an angular divergence
θ0 =

λ
.
πw0

(3.11)

The cone contains about 86 % of the beam power.

3.1.2

Propagation of Gaussian beams through optical systems

When a laser beam propagates through an optical system its shape is changed due
to refraction, transmission or reflection. The properties of a beam after transmission
through the system can be determined using matrix optics. Various kinds of optical

18
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structures like resonators, lens systems and even complex systems can be described
by ray-transfer matrices. This technique was originally used for the propagation of
paraxial rays, but is also suitable to trace Gaussian beams (see [Kogelnik and Li,
1966], [Saleh and Teich, 1991] or [Davis, 1996]).
Each optical system can be parameterized by a ray-transfer matrix M . The
distance x from the optical axis and the angle θ at a given position z along the
optical axis completely characterize a paraxial ray. When the beam passes an optical
setup its position and angle are changed. The advantageous property of paraxial
rays is that angles with respect to the optical axis are very small (sin(θ) ≈ θ) and
so the final position x2 and the angle θ2 depend linearly on the input parameters.
The relation can be written in matrix form:
x2
θ2

!

=M·

x1
θ1

!

=

A B
C D

!

·

!
x1
.
θ1

(3.12)

The values A, B, C and D depend on the optical system. The transfer matrices
for elementary optical components are listed in table 3.1. These transfer matrices
are needed in section 3.2.2 to trace the beam waist when the laser beam passes the
dipole trap. If an optical system consists of several substructures, the total tranfer
matrix is the product of the single matrices
M = M n · · · M2 M 1 ,

(3.13)

where M1 is the matrix of the first and Mn of the last optical component.
In case of Gaussian beams the waist w(z) and the radius of curvature R(z) will
be modified by the optical system (see fig. 3.2). Hence the complex parameter q
given by eq. (3.4) is the parameter that needs to be calculated. For Gaussian beams
the relation is called the ABCD law:
q2 =

Aq1 + B
.
Cq1 + D

(3.14)

If the minimum waist w01 and its distance z1 from the optical system are known
the radius of curvature R1 = R(z1 ) and the waist w1 = w(z1 ) (see equations (3.7)
and (3.9)) can be determined. The transformation of q1 into q2 is calculated using
the ABCD law. Then the important beam parameters (radius of curvature, waist,
minimum waist and position of minimum waist) can be derived by the following
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Optical system

Transfer matrix
!
1 d
Free-space propagation
0 1
!
1 nl
Propagation through a dielectric material
0 1
!
1 0
Refraction at a planar boundary
0 nn12
!
1 0
Transmission through a thin lens
− f1 1

Sketch

d

n
l
n1 n2

f

Table 3.1: Ray-transfer matrices for elementary optical components. The parameters are the distance of free propagation d, the thickness l of the dielectric material
with refractive index n, the refractive indices n1 and n2 of two different materials
and the focal length f . The sketches are adapted from [Saleh and Teich, 2003].

W2

W1
R1

R2

( )
q1

A

B

C

D

q2

Figure 3.2: Transmission through an optical system. A Gaussian beam is modified
when it passes an optical system. This modification is described by the system’s
ABCD matrix. (adapted from [Saleh and Teich, 2003])
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relations:

w02

1
,
R2 =
ℜ(1/q2 )
s
λ
,
w2 = −
π ℑ(1/q2 )
w2
=p
,
1 + (πw22 /(λR2 ))2
R2
.
z2 =
1 + (λR2 /(πw22 ))2

(3.15)
(3.16)
(3.17)
(3.18)

ℜ(1/q2 ) is the real part and ℑ(1/q2 ) the imaginary part of q2 . The signs of R2 and
z2 are important. If R2 is negative the wavefront of the transmitted beam converges.
In this case the minimum beam waist is located behind the optical system and z2 is
negative as well. If the wavefront diverges R2 is supposed to be positive.

3.1.3

Dipole traps

As explained in the previous chapter the optical trapping of 6 Li and 133 Cs in a dipole
trap plays a central role in the experiment. The underlying principle of trapping
atoms in a dipole trap is the electric polarizability of the species. Thus, dipole traps
are suitable to trap atoms as well as molecules, independently of their internal spin
state or electric or magnetic moment. The subsequent theoretical desription follows
[Grimm et al., 1999].
The oscillating electric field of laser light that is far-detuned from resonance
induces an oscillating atomic dipole
~ r, t) = ê d(~
˜ r) e−iωt + c.c.
d(~

(3.19)

˜ r) = α(ω) · Ẽ(~r).
d(~

(3.20)

˜ r) is proportional to the electric field amplitude Ẽ(~r) with the
The amplitude d(~
complex polarizability α(ω) as proportionality factor. ê is the unit polarization
vector. The resulting interaction potential of the dipole moment and the electric
field can be determined by the time average of the field oscillations
Udip (~r) = −

1 D~ ~ E
1
ℜ(α) I(~r),
d·E =−
2
2ǫ0 c
t

(3.21)

with the real part of the polarizability ℜ(α) and the laser field intensity I(~r). The
factor 1/2 accounts for the fact that the electric dipole moment is induced and not
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permanent. The dipole force acting on the atoms can be calculated by
1
ℜ(α) ∇I(~r),
F~ (~r) = −∇Udip (~r) =
2ǫ0 c

(3.22)

which shows that the dipole trap potential is conservative.
In addition, the laser light does not only induce electric dipole moments, but can
be absorbed and re-emitted by the atoms. This process can be seen as the scattering
of photons. The so called photon scattering rate Γsc (~r) depends on the imaginary
part of the polarizability ℑ(α):
Γsc (~r) =

1
ℑ(α) I(~r).
~ǫ0 c

(3.23)

An expression for the polarizability can be found using the classical Lorentz
model. In this picture the electron motion is regarded as a driven, but damped
oscillation with an eigenfrequency corresponding to the optical atomic transition.
The damping results from dipole radiation. The result is
α = 6πǫ0 c3

Γ/ω02
,
ω02 − ω 2 − i (ω 3 /ω02 ) Γ

(3.24)

where Γ is the on-resonance damping rate. Inserting (3.24) the dipole potential and
the scatterig rate can be expressed by


Γ
Γ
3πc2
+
I(~r)
(3.25)
Udip (~r) = − 3
2ω0
ω0 − ω ω0 + ω
3πc2
Γsc (~r) =
2~ω03



ω
ω0

3 

Γ
Γ
+
ω0 − ω ω0 + ω

2

I(~r)

(3.26)

in the case of a far detuned laser frequency (with respect to the resonance). Here, ω
is the frequency of the trapping laser, ω0 the resonance frequency and Γ the linewidth
of the atomic resonance.
Two important consequences can be derived from these equations. First of all,
the elastic photon scattering causes heating and accordingly may lead to atom loss
out of the trap. This unwanted effect can be reduced by choosing a large laser detuning since the scattering rate depends quadratically on the detuning ω0 −ω. However,
an increased detuning leads to a lower trap depth because Udip (~r) ∝ 1/(ω0 −ω). This
decrease must be compensated by high laser powers in order to ensure sufficient trap
depths. Secondly, the sign of the detuning determines the trap properties. For laser
frequencies ω smaller than the atomic resonance frequency ω0 (red-detuned dipole
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trap) the dipole potential is attractive and thus the atoms are trapped in the maximum of the laser field intensity. In blue-detuned traps, i.e. ω0 < ω, the atoms are
repelled.
The simplest trap type is a focused-beam trap which consists of a single reddetuned focused laser beam. An approximation of the dipole potential by a harmonic
oscillator is possible if the trap depth U0 = Udip (r = 0, z = 0) is much larger than
the thermal energy of the atomic ensemble. Then the beam waist and Rayleigh
range are considerably larger than the atomic expansion (w0 >> r0 and zR >> z0
where r0 and z0 represent the size of the atom cloud). Thus expression (3.6) can be
expanded into a Taylor series and the potential of the dipole trap can be written as
"
 2  2 #
r
z
Udip (r, z) ≈ −U0 1 − 2
(3.27)
−
w0
zR
with

3c2 P
U0 = 3 2
ω0 w0



Γ
Γ
+
ω0 − ω ω0 + ω



.

2 2
Comparing eq. (3.27) to Uharmonic = −U0 + 21 m (ωr2 r2 + ωax
z ) leads to
s
s
4U0
2U0
ωr =
and ωax =
.
2
mw0
mzR2

(3.28)

(3.29)

These are the trap frequencies in radial and axial direction respectively.
Crossed-beam dipole trap
The focused-beam trap configuration implicates a disadvantage. The properties of
a Gaussian beam (as described in section 3.1.1) clearly show that the laser intensity
decreases much faster in radial than in axial direction. Therefore the axial confinement of the atoms is much weaker compared to the radial confinement. In order to
overcome this inhomogeneous trap geometry two laser beams are intersected at an
angle ϕ. Such a crossed-beam dipole trap provides tight confinement in all three
dimensions. This can be clearly seen in figure 3.3 which shows a three-dimensional
plot and a cut of the single focused-beam trap potential and comparing it to the
potentials of the crossed-beam trap (see fig. 3.4 and fig. 3.6). The simulation is done
for 133 Cs with the beam parameters P1 = 1.6 W and w01 = 310 µm taken from the
Cheng Chin design (see section 3.2.1). One has to note the much larger x-scale for
the single beam trap which exceeds the size of the magneto-optical trap (typically a
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Figure 3.3: Three-dimensional plot of the single beam potential in the xy-plane
(a) and the trapping potential along the beam axis (b). The beam parameters are
taken from the Cheng Chin design (see sec. 3.2.1). The trapping potential of a single
focused beam is much weaker along the beam axis compared to a crossed-beam trap
(see fig. 3.4 and fig. 3.6).

few millimeters) by far. The tight trapping potential of the crossed-beam trap fades
to the weak axial confining potential of the single beam.
The dipole potential and also the photon scattering rate are given by the sum of
the two single beam traps
3πc2
Ucd (~r) = − 3
2ω0
3πc2
Γsc (~r) =
2~ω03



ω
ω0



Γ
Γ
+
ω0 − ω ω0 + ω



3 

Γ
Γ
+
ω0 − ω ω0 + ω

2

(I1 (~r) + I2 (~r)) ,

(I1 (~r) + I2 (~r)) .

(3.30)

(3.31)

In our experiment the two laser beams forming the 133 Cs trap will propagate in the
horizontal plane and intersect at an angle of 90◦ . Defining a coordinate system in
which laser beam 1 (power P1 , minimum waist w01 , Rayleigh range zR1 ) runs in
x-direction and laser beam 2 (P2 , w02 , zR2 ) in y-direction, the dipole potential is
Ucrossed (x, y, z) = Ũ1 · e

2 +z 2
2 (x)
w1

−2 y

+ Ũ2 · e

2 +z 2
2 (y)
w2

−2 x

,

(3.32)

where the potential amplitudes are given by
3c2 Pi
Ũi = −Ui = − 3 2
ω0 w0i



Γ
Γ
+
ω0 − ω ω0 + ω



.

(3.33)
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If the extension of the atomic ensemble is small the harmonic approximation gives

Uharmonic = − (U1 + U2 ) + 12 m ωx2 x2 + ωy2 y 2 + ωz2 z 2 with the trap frequencies
ωx =

s
s

2
m



2U2
U1
+
2
2
w02
zR1





≈



s

4U2
= ωr,2 ,
2
mw02

s

2 2U1
4U1
U2
≈
+ 2
= ωr,1 ,
2
2
m w01 zR2
mw01
s 
 q
4 U1
U2
2
2
+ ωr,2
.
ωz =
+ 2 = ωr,1
2
m w01
w02

ωy =

(3.34)
(3.35)
(3.36)

The contributions of the axial frequencies are negligible since the Rayleigh lengths
are usually much larger than the minimum waists. The trapping frequencies then
correspond to the radial frequencies of the single beam traps and their root mean
square respectively.
Furthermore, attention should be paid to the polarization of the crossed laser
beams. If both beams are coherent, their polarization directions must be perpendicular. Otherwise the trapping potential will be modified by interference effects.

3.2
3.2.1

The Trap Design
The trap parameters for

133

Cs

With the theoretical results derived in the previous section we are now able to
estimate the parameters of the Cs dipole trap in our experiment. Only one further
aspect needs to be taken into account. In the case of 133 Cs one has to consider the
large fine structure splitting of the 6P state into 62 P1/2 and 62 P3/2 . The splitting
amounts to approximately 42 nm. The two possible transitions are 62 S1/2 → 62 P1/2
(also called D1 -line) and 62 S1/2 → 62 P3/2 (D2 -line). Their line strength factors are
1/3 and 2/3 respectively. Hence, the expressions for the dipole potential and the
photon scattering rate change to



1
1
πc2 ΓD1
+
Ucd (~r) = −
3
2
ωD1
ωD1 − ω ωD1 + ω


1
1
2ΓD2
· Isum (~r),
+
+ 3
ωD2 ωD2 − ω ωD2 + ω

(3.37)
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Atomic mass m
Wavelength λD1
Frequency ωD1
Natural line width ΓD1
Wavelength λD2
Frequency ωD2
Natural line width ΓD1

2.207 · 10−25 kg
894.6 nm
2π · 335.1 THz
2π · 4.575 MHz
852.3 nm
2π · 351.7 THz
2π · 5.234 MHz

Table 3.2: Physical and transition optical properties of 133 Cs. These numbers are
needed to calculate the trap parameters for 133 Cs. Values are taken from [Steck,
2002].

"

2
3 
ω
1
1
πc2 Γ2D1
+
Γsc (~r) =
3
2~ ωD1
ωD1
ωD1 − ω ωD1 + ω
2 #
3 

1
ω
1
2Γ2D2
· Isum (~r),
+
+ 3
ωD2 ωD2
ωD2 − ω ωD2 + ω

(3.38)

where Isum (~r) are the summed intensities of the two crossed laser beams.
Some physical and transition optical properties of 133 Cs are listed in Table 3.2.
These are needed in order to determine the trap parameters.
The important parameters characterizing an optical dipole trap are the trap
depth, the trapping frequencies and the photon scattering rate. In order to get a
first estimate of the trap properties we simulate a dipole trap with beam parameters
taken from the Cheng Chin group (see [Hung et al., 2008]). We use fiber lasers with
a wavelength λ = 1064nm. The two laser beams cross at an angle of 90◦ propagating
in the horizontal xy-plane. The laser powers are P1 = 1.6 W and P2 = 1.9 W and
their minimum waists amount to w01 = 310 µm and w02 = 270 µm.
The initial parameters result in a trap depth of Û = |Ucd (r = 0, z = 0)| = kB ·
7 µK. The trapping frequencies along the x-, y- and z-axis are ωx = 2π · 19.3 Hz,
ωy = 2π ·13.5Hz and ωz = 2π ·23.6Hz, respectively, leading to a mean trap frequency
√
ω̄ = 3 ωx ωy ωz = 2π · 18.3 Hz. A photon scattering rate at the center of the trapping
potential, i.e. Γsc (0, 0, 0), of only 0.044 s−1 gives rise to low heating due to elastic
photon scattering.
Figure 3.4 shows the trap potential in the xy- as well as in the xz-plane. One
can clearly see the confining potential in the center of the two crossed laser beams.
Leaving the intersection area of the two beams in x- or y-direction the trap potential
changes to the potential of the single laser beam. Another two-dimensional plot of
Ucd in the xy-plane can be found in fig. 3.5.
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Figure 3.4: Three-dimensional plots of the dipole trap potential. The trapping
potential in the xy-plane at z = 0 (a) and in the xz-plane at y = 0 (b) are shown
for the chosen beam parameters.
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Figure 3.5: Contour plot of the dipole trap potential in the horizontal xy-plane
at z = 0. The used beam parameters are P1 = 1.6 W, w01 = 310 µm, P2 = 1.9 W,
w02 = 270 µm.
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Figure 3.6: Cuts of the dipole trap potential. (a) is a cut along the x-axis (y = 0,
z = 0), (b) is a cut at an angle of 45◦ with respect to the x- and y-axis (z = 0) with
p
d = x2 + y 2 and (c) is a cut along the z-axis (x = 0, y = 0).

It is worthwhile to have a look at the potential characteristics along the three
coordinate axes as well. In figure 3.6, cuts through the potential in different directions are displayed. These graphs show two important properties: First of all, the
potential can be approximated by a harmonic oscillator for energies in the range
of the potential minimum (as stated in sec. 3.1.3). Secondly, the actual maximum
potential depth does not amount to 7 µK. The effective potential depth is only
about 2.7 µK which corresponds to the smaller trap depth of the two single beams.
This can be explained by the fact that atoms with higher energy can escape from
the crossed-beam trap along one of the beam axes (see also fig. 3.4).
In effect, gravity needs to be taken into account. Due to the large mass of 133 Cs
the gravitational potential Ugrav = −m·g ·z with g = 9.81m/s2 disturbs the trapping
potential completely which is shown in figure 3.7. The gravitational potential tilts
the potential created by the laser beams that much that all 133 Cs atoms would spill
out. This must be compensated and we will use the levitation technique where
a magnetic field gradient along the z-axis is applied. The field gradient of about
31 G/cm is chosen such that the impact of the gravitational potential is canceled.

3.2.2

Design requirements

Before the optics for the dipole trap is set up we have to consider which optical components are necessary and how the setup shall look like. There are three conditions
that have to be fulfilled.
First of all, the optical setup must be very compact. The optics for the two
magneto-optical traps, the two dipole traps and the Raman sideband cooling need
to be somehow assembled around the vacuum chamber. Due to these spacial restric-
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Figure 3.7: Trap potential along the z-axis without levitation. The dashed line
indicates the sole gravitational potential.

tions the optics of one dipole trap beam is set up on a 50 cm x 20 cm breadboard
which will be fixed on edge on the table.
Secondly, the setup must be mechanically as stable as possible. It is necessary
that the positions of the beam foci are constant. Otherwise any drifts in the beam
position might destroy the crossed-beam dipole trap and lead to the loss of the
atoms. This is why instabilities of the optomechanical parts need to be minimized.
In order to reduce vibrations we decide to apply high-stable mirror mounts and
pedestals (MNI-H-2-3030, Radiant Dyes). Furthermore, we take care to use rigid
mounts for all other optical components like lenses and beam splitters.
Thirdly, the dipole trap needs to be intensity stabilized to reduce heating and
consequentially atomic losses. For this purpose we want to use an acousto-optic
modulator (model 3110-197, Chrystal Technology) with which the intensity
of the diffracted beam can be controlled via the intensity of the sound wave in the
AOM crystal. A small portion of the laser intensity is split off with a polarizing beam
splitter. The laser intensity is then monitored using a logarithmic photodiode. The
intensity stabilization of the dipole trap is explained in detail in chapter 4.
Figure 3.8 is a schematic of the optical setup. A three-dimensional drawing of
the setup is shown in figure 3.9. The light for the dipole trap will be provided by a
3 W fiber laser (YLD-3-1064-LP, IPG Laser) at a wavelength λ = 1064 nm with a
linewidth ∆λ = 0.5 nm and with a specified diameter of 5 mm after the outcoupler.
The first telescope reduces the beam diameter to about 1 mm in order to pass the
AOM. A factor of five is chosen because at such a beam diameter the diffraction
efficiency of the AOM reaches approximately 90%. For smaller beam diameters and
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Figure 3.8: Schematic of the optical setup for the Cs dipole trap including the 1/e2
beam diameters marked green. The abbreviations used are M = mirror, PBS = polarizing beam splitter, AOM = acousto-optic modulator.

especially when focusing the beam into the AOM the diffraction efficiency drops
dramatically. The non-diffracted beam is blocked by a beam dump. The second
telescope expands the beam in such a way that the last lens (f = 500 mm) focuses
the beam to the desired minimum waist. The necessary focal lengths are determined
by calculating the beam diameter when the laser beam passes the optical setup. For
this purpose the ABCD law as described in section 3.1.2 is applied. The beam splitter and the AOM are regarded as dielectric materials because it is not possible to
simulate the nonlinear effects of the AOM for instance. Accounting for the available focal lengths a result is that lenses with focal lengths of f = −100 mm and
f = 140 mm seem to be suitable for the second telescope to achieve a minimum
waist of approximately 290 µm. The last focusing lens is placed on a translation
stage so that its position along the laser beam can be adjusted and thereby the position of the focus can be fine-tuned. The last two mirrors will send the laser beam
to the vacuum chamber. They have micrometer screws so that the exact position of
the beam can always be readjusted.
A special consideration is made concerning the lens type. Conventional lenses
always have the disadvantage of spherical aberration. It means that the focal point
of rays farther away from the optical axis is closer to the lens than the focus of those
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Figure 3.9: Three-dimensional schematic of the optical setup. It stands out due to
its compact design. The optics for a trap beam can be assembled on a 50 cm x 20 cm
breadboard.
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Figure 3.10: Photo of the final optical setup. The beam path is drawn in red.
The thick line is the 1st order beam sent to the vacuum chamber. A small portion
is split off by the beam splitter and detected by the photodiode. The thin red line
illustrates the 0th order beam which is blocked by a beam dump.
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close to the axis. This leads to a smearing out of the focus. But for our experiment
we need a dipole trap with a precisely defined size. Therefore, we use achromatic
lenses which do not only correct chromatic aberration but also spherical aberration
even in monochromatic light.

3.3

The Optical Setup

The final optical setup of the trapping beam is shown in figure 3.10. Compared to
the planned setup described in the previous section some modifications had to be
made. When determining the beam diameter it turned out that the beam has a
slightly elliptical shape. The fiber outcoupler is orientated in a way that the larger
principal axis of the ellipse is aligned vertically. The measured ratio of the vertical
beam diameter to the horizontal diameter amounts to approximately 1.07. But
this slight ellipticity was not the reason for the modifications. The acousto-optic
modulator and its strong impact on the beam shape due to thermal effects forced
us to change the configuration. There are two effects that destroy the beam shape:
thermal lensing and astigmatism.
For the measurements, a beam profiler (BC106-VIS, Thorlabs) was used. The
data of the Gaussian beam profiles along the horizontal and vertical axes were taken
and evaluated with Gaussian least-squares fits. The impact of the AOM on the
beam shape (especially in the horizontal direction) already arises in the Gaussian
fits (see fig. 3.11). Here, fits to a horizontal measurement about 0.45 m (a) and 1 m
(b) away from the AOM are displayed. In (b) the fit cannot perfectly match the
beam shape anymore and the sides of the Gaussian fit are obviously broader.
Furthermore, the beam diverges significantly after the AOM. This can be clearly
seen in figure 3.12 which shows the measured beam waists for the maximum RF
power of the sound wave and maximum laser power. The maximum RF power of
about 2.5 W is reached for a voltage Vgain = 1.4 at the attenuator (see sec. 4.1.3).
The beam waist increases by a factor of about 1.6 vertically and 1.8 horizontally
over a distance of 80 cm.
In addition, the ellipticity changes. This effect is especially striking for high RF
powers. Figure 3.13 displays the ratio of the horizontal beam waist wx to the vertical
waist wy for two different powers of the sound wave. For high RF powers the beam
diameter in horizontal direction becomes larger than in vertical direction. The ratio
wx /wy increases with the distance from the AOM by 14% per meter. For a factor
of five lower RF intensities this effect is already reduced to approximately 5% per
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Figure 3.11: Gaussian fits using the example of the horizontal waist measurement.
First the beam shape can be still described by a Gaussian function (a). About 55 cm
farther away the beam shape deviates from the Gaussian profile (b). This results in
the broader sides of the Gaussian fit compared to the actual shape.
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Figure 3.12: Beam waists after the acousto-optic modulator for the maximum
RF power of the sound wave. The red dots represent the measured waist wx in
horizontal direction and the blue dots the vertical measurement wy . The insets are
pictures of the beam taken by the beam profiler.
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Figure 3.13: Ratio of the beam waists after the acousto-optic modulator. The
waist ratios for maximum RF power (red dots) and for a factor of 5 smaller RF
power (green dots) are shown. The RF powers correspond to beam powers of 2.6 W
and 0.5 W respectively. The lines are linear fits.
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Figure 3.14: Schematic of the modified setup. The configuration of the second
telescope had to be changed in order to adapt the beam size to the desired trap size.

meter.
Due to the divergence of the beam and its astigmatic characteristic the second
telescope could not be setup as planned. Since our assortment of achromatic lenses
only included focal lengths of f = −100 mm, f = 140 mm and f = 120 mm, we were
highly restricted in the compensation possibilities. The first attempt was to use a
telescope with the lenses f = −100 mm and f = 120 mm. Here, the beam could be
collimated to a beam diameter of about 1.8 mm. But estimations predicted minimum
waists in the range of only 180 − 200 µm after the last focusing lens (f = 500 mm)
which are too small. The only option was to invert the configuration of the telescope
using the lenses f = 140 mm, f = −100 mm in order to decrease the beam size
accordingly. The final setup of the telescope is shown in figure 3.14. The distance
between the two lenses was altered and the beam diameter was determined.
It turns out that the combination of the lenses f = 140 mm, f = −100 mm
at a distance of 54.5 mm provides the desired beam properties. In figure 3.15 the
measured beam waists after the telescope can be seen. The lines are least-squares
fits for a real laser beam. In contrast to a pure Gaussian beam the beams of most
lasers contain higher order modes. Thus, the propagation of the beam deviates
from the propagation of an ideal Gaussian beam described by equation (3.9). A
dimensionless parameter M 2 is introduced which is a measure for the deviation
from a pure Gaussian beam (see [Mel, 2009]). M 2 = 1.0 for an ideal Gaussian
beam. The waist equation for the laser beam changes to
s
 2 2
M λz
w(z) = w0 · 1 +
.
(3.39)
πw02
From these measurements and fits, calculations of the minimum beam waist in
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Figure 3.15: Beam waists depending on the position after the modified telescope.
The red dots represent the measured waist in horizontal direction and the blue dots
the vertical measurement. The lines are fits for a non-ideal Gaussian beam.

the horizontal and vertical direction after the focusing lens were undertaken using the
ABCD law. Since the beam is astigmatic, one cannot simply assume that the waists
can be calculated independently for both directions. In the case of general astigmatic
Gaussian beams the ABCD law must be generalized as shown in [Onciul, 1992].
However, for the transmission through a lens (and an optical system with rotational
symmetry in general) one finds that the transformation of the q-parameters can
be treated separately (see also [Arnaud and Kogelnik, 1969]) and thus the simple
ABCD law (as explained in section 3.1.2) can be applied.
The calculation results for a distance of 19 cm between the telescope and the
focusing lens are shown in figure 3.16.
Due to the astigmatic beam the positions of the foci as well as the focus sizes
in the horizontal and vertical direction differ. The focus in vertical direction is
supposed to lie about 5 cm closer to the lens than the focus in horizontal direction.
The expected minimum waists are 293 µm and 302 µm respectively. A favorable
aspect of this configuration is the dependency of the focus positions on the lens
position. When the lens is moved by about 1 cm along the beam the focus positions
change by 2 - 3 mm whereas the minimum waists vary by 2 µm only.
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Figure 3.16: Calculated horizontal waist wx (red curve) and vertical waist wy
(blue curve) of the focused beam depending on the position behind the focusing
lens (f = 500 mm).

waist @µmD

380
360
340
320
300
0.20

0.25

0.30

0.35

0.40

position z @mD
Figure 3.17: Measured horizontal (red dots) and vertical waist (blue dots) of the
focused beam depending on the position behind the focusing lens (f = 500 mm).
The lines are fits for a non-ideal Gaussian beam. The laser power and the RF power
were again set to maximum.
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3.3.1

Properties of the dipole trap

The trap size
Since the estimations are very promising the focusing lens is set up 19 cm behind the
telescope. The translation stage on which the lens is mounted still allows to move
the lens by 13 mm. The measurement of the foci and their positions behind the lens
are displayed in figure 3.17. The laser power and the RF power were again set to
maximum. The data are fitted using equation (3.39) for a non-ideal Gaussian beam.
Comparing the calculation to the measurement the data confirm the predictions.
Vertically, the focus is located 23.4 cm behind the lens and the minimum waist
amounts to approximately 333 µm. In this direction the beam still behaves like a
Gaussian beam because the parameter M 2 is only 1.04. Horizontally, the focus lies
farther away from the lens and can be found at 29.7 cm. This corresponds to a
distance of the foci of 6.3 cm. The fit yields 322 µm for the horizontal minimum
waist and M 2 = 1.22. Obviously the distortion of the horizontal beam shape is much
stronger which arises from the sound wave propagating horizontally in the AOM.
From these measurements the dipole trap parameters can be derived as it is done
in the last part of this section.
The stability of the trap
An important condition for the success of the experiment is the stability of the
dipole trap. Substantial position drifts of the laser beams during an experimental
cycle would destroy the trap. In the worst case the beam positions would change that
much that the crossed-beam dipole trap would not overlap with the MOT anymore.
Then the efficiency of transferring the atoms into the dipole trap would be reduced
and the atoms would get lost. The trapped atoms would also get lost if the two laser
beams forming the crossed-beam dipole trap moved and their overlap diminished or
even vanished during the cooling cycles.
This is why we need to know how stable the beam position is. Therefore, the
beam position is detected by a position sensing detector (PDP90A, Thorlabs).
The detector was placed about 1 m behind the dipole trap setup and the beam
position was measured each second for one hour. The change of the position is
transformed into the angular deviation θ from the initial position. The result for
the horizontal and vertical beam stability is displayed in figure 3.18. Figure 3.19
shows the relative frequency of the angular deviation.
These graphs reveal that there is a slight drift of the beam position, especially
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Figure 3.18: Pointing stability. The angular deviation θ depending on time is
shown. The beam position was measured over one hour detecting the position each
second.
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Figure 3.19: Histograms of the angular deviation θ. The drifts in horizontal and
vertical direction are visible. But the angular drifts in the range of 19 - 51 µrad
(corresponding to 0.001◦ - 0.003◦ ) are small.

in the horizontal direction. The beam drifts by 51 µrad (=
ˆ 0.003◦ ) to the left
and by 19 µrad (=
ˆ 0.001◦ ) downwards within one hour. For the trap position at
23 cm, this corresponds to position changes of 12 µm and 4 µm respectively which
are less than 2% of the beam diameter und hence small. The same holds for the
standard devitations of the angular deviation which amount to 32 µrad (=
ˆ 0.0018◦ )
horizontally and 29 µrad (=
ˆ 0.0017◦ ) vertically.
Especially when looking at the vertical measurement (fig. 3.18 (b)) one can see
a kind of slow oscillation of the vertical position with a period of about 20 minutes.
This might be due to the air conditioning and the thermal expansions involved.
All in all the pointing stability of the optical setup can be regarded as good.
From time to time, fine-adjustments of the beam position should be made. But on
the time scale of an experimental cycle the position change is negligible.
Expected trap parameters
The characterization measurements of the dipole trap beam are the basis for estimating the parameters of the 133 Cs dipole trap.
Looking again at figure 3.17 there is a point at which the waists become equal.
At a distance of 23 cm both waists amount to approximately 333 µm. Since we
want to get a symmetric dipole trap, the two laser beams forming the crossed-beam
dipole trap should intersect at this position. A maximum laser power of 2.6 W is
available after the optical setup. When two such beams are intersected at an angle
of 90◦ , we can expect the following dipole trap parameters:
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Figure 3.20: Estimated peak phase space densities ρ0 depending on the temperature for different numbers of atoms. It is assumed that the temperature is one tenth
of the trap depth Û /kB .

• Trap depth: Û = kB · 7.7 µK
• Trap frequencies: Along the x-, y- and z-axis the trapping frequencies are
ωx = ωy = 2π · 14.8 Hz and ωz = 2π · 21.0 Hz leading to a mean trap frequency
√
ω̄ = 3 ωx ωy ωz = 2π · 16.6 Hz.
• Photon scattering rate: At the center of the trapping potential, i.e. Γsc (0, 0, 0),
the scattering rate amounts to 0.048 s−1 .
The absorption and re-emission of photons causes atomic heating. As explained
in [Grimm et al., 1999] the thermal energy increases proportionally to the average
photon scattering rate Γ̄sc with time. The heating power can be determined by
Pheat = Ē˙ = kB Trec Γ̄sc ,

(3.40)

where Trec is the recoil temperature which is in the range of 200 nK for 133 Cs (see
[Steck, 2002]). Since the photon scattering rate is maximum in the trap center, the
upper limit for the heating power is Pheat ≤ kB Trec Γsc (0, 0, 0) ≈ kB · 9.6 nK/s.
Other important parameters describing the trapped atoms are the temperature
T, the atom number N, the peak atomic density n0 and the phase space density
√
ρ = nλdB . λdB = h/ 2πkB T is the well known deBroglie - wavelength. The atomic
density can be derived from the Boltzmann distribution and in case of a harmonic
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trapping potential the peak atomic density is
n0 = N ω̄

3



m
2πkB T

 32

.

Thus, the peak phase space density can be calculated by
3

~ω̄
.
ρ0 = N ·
kB T

(3.41)

(3.42)

Assuming an atom number of N0 = 2 · 106 and a temperature of T = Û /10 we
can expect a peak atomic density of n0 = 4.3 · 1011 cm−3 and a peak phase space
density of ρ0 = 2.2 · 10−3 before the evaporative cooling is started.
The transition to a BEC only starts when the phase space density reaches the
order of 1. Figure 3.20 shows the peak phase space density depending on the temperature for different given numbers of atoms. It is assumed that the temperature
is one tenth of the trap depth Û /kB which is a typical number (see [OHara et al.,
2001]). The phase space density approaches its ciritical value only for temperatures
below 100 nK.

Chapter 4
Intensity Stabilization of the
Dipole Trap
A basic condition for the success of the experiment is sufficiently long lifetimes of the
atoms in the dipole trap. This implies low atomic heating. One important source
of atomic heating is fluctuations in the laser beam intensity ([Savard et al., 1997;
Gehm et al., 1998]). These might occur due to temperature drifts on the long-term
scale, but there is also noise on the fiber laser output and electronic noise as well.
The critical frequencies of noise are in the range of twice the trap frequencies. Noise
at frequencies much higher than the trapping frequencies does not contribute to the
heating because the atoms only see the time averaged potential. For frequencies
much lower than the trap frequencies, the atoms can follow the changing potential
adiabatically. Thus the challenge is to suppress the intensity fluctuations in the
range of the trapping frequencies. However, long-term drifts of the laser intensity
must be minimized as well, because the conditions for each measurement need to be
comparable (shot to shot stability). A description how to stabilize the laser intensity
is given in the following sections.

4.1

Stabilization Scheme

The scheme of the intensity stabilization is shown in figure 4.1. The optical setup
includes an acousto-optic modulator which the laser beam has to pass. Thereby,
the beam is diffracted and particularly the intensity of the deflected light can be
controlled (as explained in section 4.1.1). We will use the first order diffracted beam
and send it to the vacuum chamber later on. The non-diffracted beam is simply
blocked. In order to control the beam intensity it must be monitored. Therefore, a
43
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Figure 4.1: Scheme of the intensity stabilization.

small portion of the diffracted laser beam is split off. This is done using a polarizing
beam splitter and the intensity is attenuated by filters in order to adjust the power.
Our first idea was to use a combination of a half-wave plate and a beam splitter, but
it had to be dismissed, since temperature drifts would cause thermal expansions of
the half-wave plate and hence change the relative intensity behaviour. The intensity
is detected by a logarithmic photodiode. We decided on a logarithmic photodiode
because several decades of intensity can be covered. The photodiode signal is then
fed into a feedback loop which compares the actual measured intensity to a set value
and controls the power of the RF wave passing the acousto-optic modulator. The
feedback loop is explained in detail in section 4.1.3.

4.1.1

Working principle of an AOM

The acousto-optic modulator (AOM) is an important part of the intensity stabilization scheme. An AOM consists of a transparent crystal with a piezo element at one
end. This piezo couples a sound wave into the crystal. Let us assume that the acoustic wave travels in x-direction in the medium. It creates a periodic perturbation of
the refractive index n (see [Saleh and Teich, 1991])
n(x, t) = n0 − ∆n cos (ωs t − ks x) ,

(4.1)

where ks = 2π/Λ is the wave vector of the sound wave, Λ its wavelength and ωs
its angular frequency. The amplitude ∆n is proportional to the square root of the
sound wave intensity Is . This perturbation of the refractive index acts like a grating
on the incoming laser light. One can think of light that is reflected from planes
separated by the sound wavelength Λ (see figure 4.2). Constructive interference of
the reflections (and thus the maximum intensity of the reflected light) only occurs if
the optical retardation 2∆ = 2Λ sin (θ) equals a multiple integer of the wavelength
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Figure 4.2: Diffraction in an acousto-optic modulator.

λ of the light. This relation is fulfilled for the so called Bragg angle θB
sin (θB ) =

λ
.
2Λ

(4.2)

The ratio R of the intensity of the diffracted light to the intensity of the incoming
√
beam depends on the intensity of the sound wave in the AOM by R ∼ sin2 M · Is
where M is a factor including material parameters and the wavelength of the light
(for details see e.g. [Saleh and Teich, 1991]). Therefore we can control the intensity
of the first order diffracted laser beam by varying the intensity of the acoustic wave.
Furthermore, the frequency of the incident light is shifted by the frequency of
the acoustic wave, so that the resulting frequency of the first order diffracted light
beam is ωr = ω ± ωs .
In our setup we use the acousto-optical modulator model 3110-197 from Chrystal Technology. The AOM medium is a TeO2 crystal. Its center frequency at
which we will run the AOM amounts to 110 MHz and it has a RF bandwidth of
15 MHz. The power of the sound wave should not exceed 2.5 W in order to avoid
damage of the crystal.

4.1.2

PID-controller

The aim of the intensity stabilization is to keep the laser intensity at a desired value
and to reduce the noise as already explained. For this purpose a controller is needed.
The general working principle of a controller is as follows: The controller has two
inputs and one output. One input is assigned for the desired value (set point s(t)) and
the other one for the measured value (actual value x(t)). Certainly both variables
depend on time since the set value can be changed and the measured variable drifts
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Figure 4.3: Scheme of a PID-controller. The controller compares the set point s
to the actual value x. The actuating variable y is adjusted by the three controller
components so that the difference e = s − x equals zero.

or fluctuates due to noise or other disturbances. The controller compares the actual
to the set value by taking the difference e(t) = s(t) − x(t) which is called control
deviation or simply error variable. The aim is to set this error to zero. This is done
as the controller adjusts its output signal, the actuating variable y(t). This signal is
fed into the controlled system so that the actual variable is changed.
There are different controller types depending on the application. One differentiates analog or digital controllers, continuous or discrete controllers or whether
the signal is produced electronically or mechanically for instance. [Schleicher and
Blasinger, 2003] for example overviews feedback control in a detailed way and in
[Tietze and Schenk, 1991] electronic controllers are discussed. The given description
refers to these sources.
A widely used type is the PID-controller (proportional-integral-differential controller). Such a controller consists of three components as shown in figure 4.3.
The proportional (P-)controller amplifies the control deviation e and the actuating variable is proportional to the difference of set and actual value. It features a
linear behaviour and the characteristic equation for such a controller is
yP (t) = AP · e(t),

(4.3)

where the proportional coefficient AP corresponds to the amplification factor of the
controller. When the set point jumps suddenly the actuating variable changes in
the same way, amplified by AP only. Such a step response is shown in figure 4.4 (b).
A consequence of equation (4.3) is that a single P-controller causes a remaining
control deviation, because it provides an output signal only if e does not equal to
zero. Otherwise the output signal will be set to zero as well and the controlling
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Figure 4.4: Step responses of the different controller types. A sudden change
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and D-controllers (d) and the combined PID-controller (e). (pictures adapted from
[Schleicher and Blasinger, 2003])
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function is missing. The actual value will change and lead again to a deviation e
which the P-controller tries to correct. The magnitude of e can be varied by the
amplification factor of the controller.
The remainig control deviation of the P-controller can be compensated by an
integral (I-)controller. This controller type integrates the control deviation over
time
Z
yI (t) = AI · e(t) dt.
(4.4)

The factor AI = 1/TI is the inverse of the integration time TI . For a constant control deviation e the output signal increases linearly as it can be seen in figure 4.4 (c).
The longer the control deviation exists, the larger is the actuating variable yI (t) of
the I-controller. As soon as the actual value equals the set point, the ouput signal
yI (t) remains constant. The actuating variable rises faster when AI is increased. But
there is a disadvantage: If yI (t) increases too fast, the system gets unstable. The
actual value overshoots the set point and the system starts to oscillate around the
set point.
The differential (D-)controller is never applied individually, but always in combination with the other controller types to enhance the control rate. This type only
reacts on changes of the control deviation. If e is constant, a D-controller is unsuitable. The faster e changes, the larger is the output yD (t) of the D-controller. This
is described by
d
(4.5)
yD (t) = AD · e(t)
dt
with the derivative coefficient AD . In case of a jump of e the slew rate de(t)/dt is
infinite and the theoretical step response would be a spike pulse (see fig. 4.4 (d))
- an infinitely high and short actuating variable yD (t) which is electronically and
mechanically impossible in real systems.
A PID-controller combines all the advantages of these three controller types. The
P-controller ensures a fast reaction to a change of the control deviation whereas the
I-controller adjusts the control deviation exactly to zero. The more the actual value
approaches the set point, the less gets the contribution of the P-controller to the
actuating variable y(t) and the more influence gets the I-controller. In the adjusted
state only the I-part contributes. The D-controller is added in order to increase the
control speed and to stabilize the control. When the set point is changed and set to
a higher value for instance, the actual value increases, i.e. e(t) decreases. Then the
output signal yD (t) will be negative (and vice versa in case of a decreasing actual
value). This means that the D-part always counteracts the change, slows down the
approach of the set point and hence prevents overshoots. But the adjustment of the

49

4.1. Stabilization Scheme

Differential Amplifier

Ext. Set Point

disconnected

Figure 4.5: Block diagram of the PID-controller.

D-part needs to be considered with care, because fast changing or strongly pulsing
parameters might lead to instabilities.
The step response of the PID-controller is displayed in figure 4.4 (e). The contributions of each controller type are clearly identifiable.
The PID-controller we are going to use for stabilizing the intensity is a purely
electronical, analog controller. This controller (model A368N) was developed by
the electronics workshop of the Physics Institute. The block diagram is shown in
figure 4.5. The input and output connectors are marked by a yellow box. Later
on the actual value x(t) will be connected to the input and the output will provide
the actuating variable y(t). The differential amplifier at the input consists of two
operational amplifiers (marked “DC”) that form a differential input and generate
an ungrounded signal. The third operational amplifier takes the difference of the
set point and the actual value. The green box highlights the input for the external
set point s(t) and the blue box the monitor output. This output displays the control deviation e(t). If the control circuit is closed and the PID-controller stabilizes
the intensity at the given set value, the monitor output should be zero. The red
box frames the heart of the PID, namely the three components P-, I- and D-part.
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Figure 4.6: Principal electronical realization of the controller components. (a) represents the diagram of the P-part, (b) of the I-part and (c) of the D-part. (pictures
adapted from [Tietze and Schenk, 1991])

They are connected in parallel so that each controller parameter can be optimized
independently. The controller components are realized electronically by operational
amplifiers. The principal realization is presented in figure 4.6. The PID-controller
parameters can be derived by the following relations:
AP = −

R2
,
R1

(4.6)

1
,
(4.7)
2πCI RI
1
.
(4.8)
fD =
2πCD RD
AP is again the amplification factor of the P-component, fI and fD are the
threshold frequencies of the I- and D-part, respectively. Usually, the components
are dimensioned in a way that fI < fD . At signal frequencies higher than fI the
PID-controller acts like a pure P-controller. If the frequency is even higher than fD ,
the controller will act like a differentiator.
The sum of these three signals is the actuating variable y(t) provided at the
controller output. The proportion of the single components can be regulated by adfI =
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Figure 4.7: Schematic of the feedback loop.

justing the potentiometers. In our case, the D-part is not used since the adjustment
is extremely delicate and an optimization is nearly impossible.
Originally, there was an internal scan generator which we did not need for our
purpose. This generator had to be disconnected, because there was a cross-talk
although the switch of the scan generator was set to “off”. There was always a
triangular signal at the monitor output as well as at the controller output. If the
frequency of the scan was changed the frequency of the signal followed accordingly.
Such a trouble signal would completely destroy the control.

4.1.3

The control circuit and its components

Figure 4.7 displays a schematic of the feedback loop. As already discussed, the intensity of the laser beam is monitored by a logarithmic photodiode. This photodiode
consists of an InGaAs-PIN-photodiode (G8370-81,Hamamatsu) and a logarithmic
amplifier (AD8305, Analog Devices). The specified bandwidth of the InGaAsphotodiode is about 35 MHz. The logarithmic amplifier has a maximum bandwidth
of 15 MHz which decreases to 50 kHz for very low photodiode currents.
Originally we used a Si-photodiode instead. But we found out that photodiodes
made out of Si are not suitable for our 1064 nm laser light. When we tried to
measure the switching time of the acousto-optic modulator, a long rise time of
approximately 15 − 20 µs following a short fast rise was observed (see fig. 4.8).
Compared to the specified rise time of 200 ns of the AOM this was by a factor of
100 larger than expected. It turned out that the Si-photodiode caused this effect,
because it disappeared when we replaced it by an InGaAs-photodiode. We think
the reason for the observed effect are the properties of the semi-conductor siliconi .
Its band gap Eg amounts to 1.12 eV which corresponds to a wavelength of 1.11 µm.
The wavelength of the laser beam lies close to this threshold and the absorption
i

from discussions with Professor Selim Jochim
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Figure 4.8: Rise time of the Si-photodiode. The blue curve represents the photodiode signal. The red curve is the TTL signal (not to scale!) to switch the AOM on
and off.

rate of the photons is low. We guess that photons are not only absorbed in the
depletion layer (fast signal rise), but also in the surrounding areas. The long rise
times probably stem from these charge carriers due to slow diffusion.
For the logarithmic amplifier we use the evaluation board which is already provided by Analog Devices. This board has two outputs called Vlog and Vout where
Vout is connected to Vlog by a buffer amplifier with amplification one. In order to
guarantee a proper impedance matching we added a 50 Ω resistor in series at the
Vout output. This output is used in the control circuit whereas the Vlog output serves
for checking the photodiode signal. The characteristic curve of the photodiode, i.e.
the output voltages versus the detected laser power PPD , is shown in figure 4.9.
Figure 4.10 represents the calibration curve which relates the output voltages of
the logarithmic photodiode to the laser beam power Plaser available for the dipole
trap. The logarithmic fits are least-squares fits and the determined characteristic
functions are
Vlog = 0.1874 V · log10 (PPD /1 mW) + 1.1748 V,
(4.9)
Vout = 92.79 mV · log10 (PPD /1 mW) + 583.89 mV

(4.10)

for characterizing the photodiode and
Vlog = 0.1946 V · log10 (Plaser /1 W) + 1.1436 V,

(4.11)

Vout = 96.32 mV · log10 (Plaser /1 W) + 568.45 mV

(4.12)
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Figure 4.9: Characteristic curve of the logarithmic photodiode. The output voltages of Vlog (blue dots) and Vout (red dots) versus the laser power detected by the
photodiode are plotted. The lines are logarithmic fits to the measured data.
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Figure 4.10: Calibration of the laser beam power. The output voltages Vlog (blue
dots) and Vout (red dots) of the logarithmic photodiode versus the laser power Plaser
are shown. Here, Plaser is the power when the beam has passed the optical setup.
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for calibrating the laser beam power.
These relations will be used to assign the desired laser beam power to the photodiode signal. One can clearly see the logarithmic dependency of the ouput voltages
on the powers. For small powers the measured voltages differ slightly from the linear fit. This might come from the fact that the lower limit of the power meter’s
detection range is reached at these low powers. Due to the 50 Ω resistor in series
and the required 50 Ω termination at the oscilloscope (or PID-controller when the
control circuit is closed) the Vout ouput amounts to half of the Vlog output.
The detected signal Vout is the actual value fed into the PID-controller. The
desired set value is given by the experiment control. The PID-controller compares
the two values and sets the actuating variable accordingly.
A voltage controlled oscillator (ZOS-150, Mini Circuits) provides the acoustic
wave for the AOM. The frequency of the sound wave is set to 110 MHz.
The amplitude of this radio frequency signal is then adjusted by a voltagecontrolled attenuator (ADL5330, Analog Devices). Depending on the voltage
applied to its separate control input Vgain the power of the RF signal can be increased or decreased. The maximum allowed RF power in the AOM of about 2.5 W
is reached at the maximum voltage Vgain = 1.4 V which corresponds to a power of
about 2.6 W in the laser beam. The attenuator has a specified bandwidth of about
2.5 MHz. The special feature of the attenuator is the linear-in-dB gain, i.e. a linear
change of the gain voltage leads to an exponential change of the RF signal power. It
compensates for the logarithmic amplification of the detected laser beam intensity.
This is necessary since the working principle of the PID-controller is based on a
linear behaviour. Otherwise, the controller can be optimized for a specific set point
and regarded to be linear in a small region around it. But in case of larger changes
the system’s response depends on the set point. Linearizing the behaviour of the
controlled circuit solves the arising problems (see e.g. [Tietze and Schenk, 1991]).
Figure 4.11 displays the gain depending on the voltage Vgain where the linear-indB behaviour is visible. As RF input a signal of -7 dBm at a frequency of 110 MHz
is applied.
The voltage Vgain is the actuating variable generated by the PID-controller. If
the set value and the measured photodiode signal Vout deviate from each other, the
controller will adjust the gain voltage. Thereby the intensity of the sound wave in
the AOM is changed and hence the intensity of the diffracted laser beam. The gain
voltage is chosen such that the voltage difference Vset − Vout becomes zero.
A 5 W amplifier (ZHL-03-5WF, Mini Circuits) provides the necessary RF
power before the sound wave is coupled into the acousto-optic modulator. A max-
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Figure 4.11: Gain of the attenuator ADL5330.

imum RF power of 2.5 W must not be exceeded, because the AOM might be destroyed otherwise. We limit the RF power to its maximum allowed value by inserting
attenuators.
Inserting the PID-controller
When the PID-controller is inserted into the feedback loop, its input and output
are connected to the photodiode and the attenuator as explained above. A function generator (model 33220A, Agilent) is connected to the “External Set Point”
input and provides the set value. Some modifications needed to be undertaken (e.g.
exchanging resistors) to optimize the controller performance. For example, the controller output saturated quickly at first. The maximum output voltage amounts to
approximately 15 V which is reduced by a 20 dB attenuator in order not to exceed
Vgain = 1.4 V. This attenuator is directly added at the gain voltage input of the
ADL5330. Two additional Schottky-diodes shall abate voltage peaks and protect
the attenuator ADL5330 and especially the AOM from damage.
As a first check of the control circuit a square wave with an offset of 400 mV
and a peak to peak amplitude of 40 mV is applied as set value (see fig. 4.12).
The “Monitor” ouput signal e(t) = s(t) − x(t) is observed at the oscilloscope and
should be zero in the controlled mode. Each time the set point jumps by 40 mV
(at t = 0), the “Monitor” signal jumps by the same amplitude as expected and
afterwards approaches zero again. The settings of the single controller components
are optimized so that the time until e(t) reaches zero is minimum. The resulting
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Figure 4.12: Time constants of the PID-controller for three different square waves.
The peak to peak amplitude of the square wave amounts to 10% of the offset voltage
in each case. The red lines are least-squares fits to determine the time constant.
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optimized behaviour is displayed in figure 4.12 (b) where a small overshoot is visible.
(a) presents the control deviation signal when the offset is set to 500 mV with an
peak to peak amplitude of 50 mV (laser power increased by roughly one order of
magnitude). If the offset voltage of the square wave is changed to 300 mV and the
amplitude to 30 mV peak to peak (laser power decreased by approximately one order
of magnitude), the resulting deviation signal is displayed in (c). In these graphs,
the controller is still optimized for Vset = 400 mV. In all cases, the amplitude of the
jump of e(t) corresponds to the peak to peak amplitude of the square wave.
The control rate is characterized by the time constant τ of the PID-controller.
It can be determined by fitting the curves using an exponential function multiplied
by a sine (accounting for the small overshoots). In case of Vset = 400 mV the time
constant amounts to 2.75 µs. When the offset is changed to 300 mV, the overshoot
increases, but the control rate gets slightly faster with τ = 2.57 µs. For higher set
values the time constant increases as it can be seen in figure 4.12 (a). The time
constant of 5.55 µs is by a factor of two larger and the overshoot disappeared.
From this, we can conclude that we have to make a compromise. Either the
control system is optimized for lower laser powers and slower control rates must be
accepted for higher set points or the system is adjusted for high laser powers. But
then the overshoots increase at low set values and the stabilization might even get
instable.
Furthermore, the characteristic curve of the control system is presented in figure 4.13. It shows the relation between the set voltage applied to the external set
point input of the PID-controller and the Vlog signal of the logarithmic photodiode.
As explained above, Vlog is twice as large as Vout which is used in the control circuit
and which will be used to define the set point in the experiment later on. The linear
fit yields
Vlog = 2.207 · Vset − 0.004 V.

(4.13)

This relation is needed in order to compare ramps (given as Vset ) like exponential
or linear ramps to the systems response detected by Vlog and to see if the system
can follow the changing set point or if there is a deviation.
Figures 4.14 (a) and (b) present the measurements when the set point voltage
is ramped linearly in different time intervals. The starting set point is 500 mV.
Then, the set voltage is reduced to 470 mV within 0.5 s followed by a ramp to
400 mV within 200 ms. The last ramping step decreases Vset to 300 mV within
50 ms. The linear ramping of Vset results in an exponential change of the laser
power P due to the linear-in-dB gain of the attenuator ADL5330. (a) shows the set

58

Chapter 4. Intensity Stabilization of the Dipole Trap

1.2

Vlog @VD

1.0
0.8
0.6
0.4
0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

Vset @VD
Figure 4.13: Characteristic curve of the control system. The signal of the second
photodiode output Vlog depending on the set voltage Vset applied to the external set
point input of the PID-controller is displayed.

point voltage Vset (converted into Vlog by eq. (4.13)) and the detected photodiode
signal Vlog , whereas in (b) the voltages are converted into the laser beam power P
using equation (4.11). Both graphs also display the difference between the set point
and the measured signal. One has to note the different scales. The plots show the
averaged data (command “MovingAverage” in Mathematica, average over five data
points corresponding to a time interval of 2 ms) in order to smooth the discretization
of the measured signal caused by the digital oscilloscope. The system follows the
given set point very well independently on the ramping speed, and no delays occur.
There is an offset visible at higher set values. This is probably caused by the fact
that the PID-controller does not exactly lock on the error signal e = 0 mV. The
problem is the potentiometer of the input offset that is used to set this value to zero
when the controller is initialized. The adjustment is very sensitive and because of
the exponential amplification of the attenuator ADL5330, a slight deviation leads
to a small offset especially for higher set values.
The excellent behaviour of the control system can be observed when the set
point is lowered exponentially (see fig. 4.14 (c) and (d)). The ramp takes 100 ms
in which the voltage is reduced from 525 mV to 250 mV. Here, the data are also
averaged over five data points (corresponding to 500 µs). The exponential ramping
of the set value leads to a very fast decrease of the laser power. As one can see, the
laser beam intensity follows the applied set point. Again, a small deviation can be
identified. During the evaporative cooling, such sudden jumps of the set point will
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Figure 4.14: Ramping the set value. (a) displays the linear ramp of the set point. In (b) the voltages are converted into the
laser beam power Plaser . In (c) and (d), the exponential ramp is shown. One has to note the different scales.
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not be included in the ramps.
When the evaporative cooling will be applied in the experiment later on, the
exact ramping parameters need to be found out and optimized. But these test
ramps already reveal that the control circuit is able to ramp the laser intensity in
any desired way within a few tens of milliseconds.

4.2
4.2.1

Characterizing the Control Circuit
Bode diagrams and bandwidth

A parameter describing the speed of a feedback loop or electronic components in
general is the bandwidth. It is defined as the frequency at which the signal amplitude
is decreased by 3 dB. A phase shift between the input signal and the system’s
response occurs as well. The following explanations are based on [Weidemüller and
Zimmermann, 2009].
In our case, there are noise on short time scales and variations on longer time
scales that will cause deviations of the feedback loop from the set point. The controller will provide a response signal at its output so that the system is set back to
the set value. The response of a system is a transformation of the input signal. This
transfer function is illustrated in a so called Bode diagram. The gain of the signal
amplitude and the phase are plotted versus the frequency. This diagram gives a full
characterization of a linear system response.
The transfer function is determined in the following way: A set value modulated
by a sine wave with small amplitude is applied to the input and the system’s output
signal is detected by a lock-in amplifier. Either the lock-in amplifier provides the
modulation signal or in case of an external signal generator the modulation frequency
must be given to the lock-in amplifier as reference. The frequency is swept and the
gain of the signal amplitude and the phase shift are measured.
A critical parameter is not only the gain, but also the phase lag. The larger the
phase lag, the worse is the feedback control, because the controller cannot immediately follow the disturbances anymore. In the worst case the phase lag amounts to
180◦ . This means that the controller output signal does not compensate for the disturbing signal, but amplifies it. At a phase shift of 90◦ the servo loop does not have
any impact on the modulation amplitude - it is neither amplified nor suppressed.
Hence, a phase shift of 90◦ indicates the bandwidth of the control circuit.
At first the open-loop Bode diagram was measured. This means only the con-
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trolled circuit without the PID-controller was tested. The Vout signal of the logarithmic photodiode was connected to the lock-in amplifier (model SR850 DSP, Stanford Research Systems). The modulation signal was provided by a function
generator (model TG 215, Thurlby Thandar Instruments) and connected to
the Vgain input of the attenuator ADL5330. The TTL signal of the function generator was the reference for the lock-in amplifier. The lock-in amplifier limited the
frequency sweep to a maximum frequency of 100 kHz. The Bode diagrams were
taken for six different set values covering three decades of the laser power PPD detected by the photodiode (see fig. 4.15). The modulation amounted to about ± 10%
of the laser power in each case.
The Bode diagram shows that the bandwidth of the controlled circuit is much
larger than 100 kHz. As one can see in figure 4.15 (a), the amplitude stays constant
up to 100 kHz. Only for the lowest laser power an increase of the amplitude is
visible. This is probably a feature of the logarithmic amplifier AD8305 for lower
photodiode currents. The specifications given in the data sheetii reveal that for low
photodiode currents the output signal increases first with the modulation frequency
before a steep decrease follows.
The maximum measured phase lag amounts to only approximately 25◦ for low
laser powers and about 18◦ else. This phase shift can be assigned to the acoustooptic modulator. Due to the finite acoustic velocity (4.2 mm/µs) the RF wave needs
a specific time to propagate from the crystal surface to the beam. The measured
delay is about 500 ns. This delay results in an expected phase shift on the order of
18◦ which is confirmed by the measurements. Hence, the bandwidth of the feedback
loop is not limited by the controlled circuit.
In the beginning, we could not observe such a favorable behaviour. In first
attempts, another attenuator (model ZMAS-1, Mini Circuits) was used instead
of the ADL5330. Moreover, an AOM-driver box built at the electronics workshop
in Freiburg providing the power supply for the VCO and the amplitude modulation
for the attenuator was used. Measurements of the transfer function always yielded
a bandwidth of only 10 - 15 kHz. This bandwidth would be sufficient in the case
of 133 Cs where trapping frequencies on the order of a few tens of hertz are expected
(see section 3.3.1). But for 6 Li frequencies in the range of 15 - 20 kHz are expected
(for assumed minimum waists of 80 µm and a laser power of 30 W). In this case the
controlled circuit would not be suitable to suppress noise in the required frequency
range of 30 - 50 kHz.
ii

see http://www.analog.com/static/imported-files/data− sheets/AD8305.pdf

61

62

Chapter 4. Intensity Stabilization of the Dipole Trap

1.5

PPD » 1.28 mW

Amplitude @dBD

PPD » 765 µW

1.0
PPD » 504 µW
PPD » 212 µW

0.5

PPD » 26 µW

0.0

-0.5

PPD » 1.8 µW

0.1

0.5 1.0

5.0 10.0

50.0 100.0

fmod @kHzD
(a)

5
PPD » 1.28 mW

0

PPD » 765 µW

Phase Θ @°D

-5

PPD » 504 µW

-10
PPD » 212 µW

-15
PPD » 26 µW

-20

PPD » 1.8 µW

-25
0.1

0.5 1.0

5.0 10.0

50.0 100.0

fmod @kHzD
(b)

Figure 4.15: Bode diagram of the open-loop circuit. (a) shows the amplitude and
(b) the phase shift of the modulation.
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and (b) the phase shift of the modulation. The PID-controller was optimized for
the set point Vset = 400 mV.
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After checking the impedances of the entire electronic circuit and examining the
single components of the feedback loop it turned out that the bandwidth was limited
by two components: the attenuator ZMAS-1 and the AOM-driver box. First of all,
the attenuator has a specified bandwidth of only 50 kHz so that a high bandwidth
could not be expected anyways. Secondly, tests of the AOM-driver box revealed that
this box led to the strong decrease of the modulation amplitude and the low bandwidth. This is why these two components were replaced by the voltage-controlled
attenuator ADL5330 (see section 4.1.3).
The closed-loop transfer function of the controlled system with the PID-controller
included was also determined (see fig. 4.16). Here, a small portion of the Vout signal
of the photodiode was split off and connected to the lock-in amplifier. The set
point was generated by a function generator (model 33220A, Agilent). The Bode
diagram was determined for three different set points with a peak to peak modulation
amplitude of 10% of the offset voltage. One has to pay attention to the fact that the
PID-controller was optimized for the set point Vset = 400 mV. When the set point
was changed, the PID-settings were kept unchanged. Thus, the dependence of the
bandwidth on the optimization and the set point can be observed.
First of all, it is apparent that the PID-controller is the restricting element of
the feedback loop. Compared to the open-loop Bode diagram the decrease of the
amplitude and the phase shift is larger. The amplitude decreased by 3 dB at approximately 70 kHz for Vset = 400 mV and 80 kHz for Vset = 300 mV. In the frequency
range of 60 - 70 kHz the phase is shifted by about 90◦ . The bandwidth remains
in the same range for the lower set point. If the set point is increased to 500 mV,
the bandwith is reduced. Here, the amplitude decreased by 3 dB at a frequency
of roughly 40 kHz and a phase lag of 90◦ is reached at about 50 kHz. This reduced control rate was already recognized in section 4.1.3 when the time constant
of the PID-controller was discussed. The phase lag of 180◦ is reached at modulation
frequencies on the order of 100 kHz and higher.

4.2.2

Noise

In order to get a measure of the performance of the intensity stabilization system
we check the long-term and short-term stability. We are especially interested in the
noise, its frequencies and amplitude.
One method to get the frequency spectrum of the signal is to directly detect the
signal by a spectrum analyzer. In our case, this method cannot be applied because
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neither the Vlog output of the photodiode nor the “Monitor” output of the PIDcontroller can drive the 50 Ω impedance at the spectrum analyzer. Both outputs
need a high-impedance termination. Instead, the signal is measured using an oscilloscope and a subsequent Fourier tranform of the trace gives the frequency spectrum.
Since the measured data are a set of discrete values, a discrete Fourier transform is
calculated using “Mathematica”. The discrete transform and its inverse are
N −1
nk
1 X
fk · e2πi N ,
Fn =
N k=0

fk =

N
−1
X
n=0

kn

Fn · e−2πi N ,

(4.14)

(4.15)

where N is the length of the data setiii . Attention must be paid to the fact that
differences between the amplitude at the beginning and at the end of the measured
signal might lead to the indication of frequency components that the signal does
not contain originally. This aliasing effect results from the periodic continuation of
the measured trace. The created jumps in the signal correspond to high frequency
components that will appear in the frequency spectrum. In order to avoid these
artifacts the signal is multiplied by an apodization function that smoothes the signal
edges down to zero. The so called Hanning function is used to reduce the aliasing
and is generally defined as
 πx  1 h
 πx i
fHan (x) = cos2
=
1 + cos
(4.16)
2a
2
a

with the full width at half maximum aiv .
Furthermore, there are a minimum and maximum frequency in the frequency
spectrum that can be determined exactly. This depends on the sampling rate of the
oscilloscope. The sampling theorem states that the maximum frequency that can
be determined error-free is half of the sampling rate. This maximum frequency is
called Nyquist frequency fNyquist .
The frequency of the oscillation whose period equals the measured time interval
is the minimum frequency fmin . Hence, only the part of the power spectrum with
fmin ≤ f ≤ fNyquist provides reliable information.
If the bandwidth of the measurement is known in addition, the noise density
spectrum can be derived from the power spectrum. The short-term measurements
are evaluated applying the explained calculation.
iii
iv

see Wolfram Mathematica 7, Tutorial “Discrete Fourier Transforms”
taken from Wolfram MathWorld, http://mathworld.wolfram.com/HanningFunction.html

66

Chapter 4. Intensity Stabilization of the Dipole Trap

Another evaluation possibility is to determine the autocorrelation which is the
correlation of a signal with itself. It describes if there is a relation between observations at different time lags. By the use of autocorrelation, it is possible to identify
patterns like periodic signals that are hidden by noise. Therefore, the autocorrelation coefficients need to be calculated. The plot of these coefficients versus the time
lag is called autocorrelation function. The following relations are taken from [Box
and Jenkins, 1976] and [Chatfield, 2004]. Considering observations zt1 , zt2 , ..., ztN
with equal time intervals between each pair of observations, the autocorrelation coefficient between zt and the value zt+k at lag k, i.e. k time intervals apart, is defined
as
E[(zt − µ)(zt+k − µ)]
γk
ρk = p
(4.17)
= 2,
2
2
σz
E[(zt − µ) ]E[(zt+k − µ) ]

where µ is the mean and σz the variance which are independent on the time for
stationary processes. E[...] is the expected value operator and γk the so called autocovariance coefficient. We cannot determine the theoretical autocorrelation function,
since only a finite time series of data points z1 , z2 , ..., zN can be measured. Thus, the
autocorrelation coefficients need to be estimated and the usual estimation for ρk is
rk =
with

ck
c0

N −k
1 X
ck =
(zt − z̄)(zt+k − z̄),
N t=1

(4.18)

(4.19)

where z̄ is the mean value of the sample. Obviously, the autocorrelation coefficient
is one for zero lag.
The calculation of the autocorrelation is used to evaluate the long-term measurements.
Long-term Stability
The long-term stability is an important aspect in order to find comparable conditions at each experimental cycle. The long-term behaviour of the stabilized and
non-stabilized system is illustrated in figure 4.17. The photodiode signal Vlog was
measured each second over one hour. Then, the measured signal was converted into
the laser power detected by the logarithmic photodiode PPD by equation (4.9). The
red curve represents the measurement in the stabilized mode compared to the result of the non-stabilized system (blue curve). The stability was checked for three
different set points.
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Figure 4.17: Long-term stability for three different set values in the stabilized (red
curve) and non-stabilized mode (blue curve).

67

68

Chapter 4. Intensity Stabilization of the Dipole Trap

Autocorrelation

1.0
0.5
0.0
-0.5
-1.0
0

500 1000 1500 2000 2500 3000 3500
Lag @sD
(a) Vset = 500 mV

Autocorrelation

1.0
0.5
0.0
-0.5
-1.0
0

500 1000 1500 2000 2500 3000 3500
Lag @sD
(b) Vset = 400 mV

Autocorrelation

1.0
0.5
0.0
-0.5
-1.0
0

500 1000 1500 2000 2500 3000 3500
Lag @sD
(c) Vset = 300 mV

Figure 4.18: Autocorrelation plots. These plots are the autocorrelations of the
long-term measurements in the stabilized mode.
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The difference in the stability is enormous. In the non-stabilized mode the intensity changes dramatically. The maximum deviations amount to approximately 16%
of the mean value. In contrast, the fluctuations in the stabilized mode are small.
The ratio of the standard deviations to the mean values are about 0.3%. Only for
a set point of 500 mV, a drift occurred. This drift is probably due to the fact that
the system (particularly laser and acousto-optic modulator) had not reached the
thermal equilibrium yet, although the measurements started about one and a half
hours after the laser etc. were turned on. This drift also prevails in the autocorrelation plot (see fig. 4.18 (a)) where large autocorrelation coefficients and a strong
oscillation are apparent.
The autocorrelation plots in figure 4.18 (b) and (c) show a much lower autocorrelation. But an oscillation is visible in each of these plots. We think that these
kind of periodic drifts might be caused by the air conditioning and the temperature
fluctuations that are associated with the operating times.
We can conclude that the shot to shot stability of the laser intensity could be
significantly improved by the developed intensity stabilization system. The intensity
fluctuations are in the range of per mille and within one experimental cylce the laser
power can be regarded as constant.
Short-term Stability
In order to get an impression of the noise spectrum the discrete Fourier transforms
of the measured traces were calculated as described above. Traces for different time
intervals (i.e. 1 ms, 10 ms, 100 ms, 1 s and 10 s) and for different set points were
detected so that a frequency range of roughly 1 Hz to 1.2 MHz is covered. The measured signal Vlog was converted again into the detected power PPD by equation (4.9)
before the Fourier transform was calculated. For each time interval, three traces were
taken and the determined noise density spectra were averaged. The oscilloscope used
for our measurements (TDS 2014B, Tektronix) has a sampling rate of 1 GS/s with
a limited bandwidth of 20 MHz.
The noise density spectra are diplayed in figure 4.19. They are calculated from
the power spectra by
SdBm/Hz = 10 · Log10



PPD
P0



− 10 · Log10



BW
Hz



(4.20)

with the reference P0 = 1 mW and the bandwidth BW. The spectra for different
frequency ranges are plotted in one graph so that the entire frequency spectrum is
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Figure 4.19: Noise density spectrum for three different set points. The set points
correspond to laser powers of roughly 600 mW, 40 mW and 3 mW, respectively.
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represented. From left to right, the single parts of the spectrum correspond to the
time intervals 10 s, 1 s, 100 ms, 10 ms and 1 ms.
The average noise level amounts to approximately -113 dBm/Hz for a set value
of 500 mV, -124 dBm/Hz for Vset = 400 mV and -134 dBm/Hz for Vset = 300 mV.
The amplitudes of the constant signal are about -77 dBm/Hz, -89 dBm/Hz and
-101 dBm/Hz, respectively.
There are spikes in the spectra at frequencies of roughly 65 kHz, 12 kHz, 750 Hz
and 15 Hz. There is actually only one spike in the range of 15 Hz, but with a jitter.
Due to the averaging three spikes appear in this frequency range. We could not
identify the specific sources for these spikes, but we guess that this noise is somehow
captured due to ground loops.
In each spectrum, one has to notice the shape in the range of 100 kHz. This is
the so called servo bump (see [Weidemüller and Zimmermann, 2009]) and does not
represent additional noise. This bump is related to the system’s bandwidth which
lies exactly in this frequency range. In that range, the phase lag reaches 180◦ (as
described in section 4.2.1) and the system becomes very sensitive to noise. Thus,
the noise is simply amplified in this frequency range which results in this bump.
In summary, the implementation of the presented control circuit led to a considerable improvement of the intensity stability and allows to adjust the power of the
laser beam in any desired way.
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Chapter 5
Conclusion and Outlook
This thesis reported on the design and setup of a high stable dipole trap for 133 Cs.
The dipole trap is the key instrument of the experiment on the way to a two-species
quantum degenerate gas of 6 Li and 133 Cs. After capturing and precooling the atoms
in a magneto-optical trap, all further cooling and the subsequent experiments will
be performed while the atoms are captured in the dipole trap. Since atomic heating
and the resulting losses would inhibit high phase space densities, the optical dipole
trap must be high stable in position and in intensity. Therefore, our main focus was
to assemble a mechanically very stable optical setup and to stabilize the intensity
of the laser beam.
One of the major features of the optical setup is its compact design. The optics
could be set up on a 50 cm x 20 cm breadboard that will be fixed on edge on the
table in order to account for the restricted space around the vacuum chamber. The
dipole trap is characterized by minimum beam waists on the order of 330 µm. Two
such laser beams intersecting at an angle of 90◦ and with a maximum available laser
power of 2.6 W will create a trap depth of about 7.7 µK. The expected trapping
frequencies are in the range of 20 Hz and the low maximum photon scattering rate of
0.048 s−1 gives an upper limit for the heating power of only 9.6 nK/s. Furthermore,
the pointing stability of the setup was determined to be very good. Within one
hour the maximum observed drifts amount to 51 µrad only which corresponds to
approximately 12 µm at the trap position.
However, there are some possible improvements of the optical setup. An acoustooptical modulator is included in the setup and used for stabilizing the laser beam
intensity. It turned out that this AOM affects the Gaussian beam shape due to
thermal effects like thermal lensing and astigmatism. The ratio of the horizontal
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and vertical beam waists increases with the distance from the AOM. In horizontal
direction, the beam waist becomes larger than in vertical direction. This effect is
especially dramatic for high RF powers and is reduced if the intensity of the sound
wave is decreased. The impact on the beam shape becomes obvious as the M 2 parameter could be calculated to be 1.22 horizontally and 1.04 vertically. Furthermore,
the astigmatism leads to the fact that the positions of the minimum waists differ by
about 6.3 cm when the beam is focused by a lens (f = 500 mm). In order to keep
the thermal effects on the beam shape constant, the AOM could be driven with two
sound waves at different frequencies where the sum of the RF powers remains the
same (see [Fröhlich et al., 2007]). Moreover, it would be advisable to correct the
astigmatism by adding a telescope consisting of cylindrical lenses. If the optic-al
setup has to be mounted farther away from the vacuum chamber due to space restrictions, the distance of the focus from the optics might be increased by using a
focusing lens with larger focal length. Alternatively, the collimation of the beam
could be varied by modifying the telescope.
As a second feature of the dipole trap the intensity stabilization was implemented.
In the beginning, the previous AOM driver system developed in Freiburg was used.
But we found out that these electronic components were not suitable to enable a
sufficient stabilization. Therefore, a new control circuit was assembled with a PIDcontroller, an attenuator with exponential gain and a logarithmic photodiode as the
three central components. Ramping tests showed that the control system is able to
follow the desired set point very well. Furthermore, the bandwidth of the system
was determined to be approximately 70 kHz which is limited by the PID-controller.
This bandwidth is definitely sufficient for the 133 Cs dipole trap where trapping frequencies on the order of 20 Hz are expected. In case of 6 Li, noise in the frequency
range of 30 - 50 kHz (corresponding to twice the expected trap frequencies) must
be suppressed. For this purpose, the control circuit could still be used, but might
already reach its limits. In the long term, one can think of developing a digital PIDcontroller with higher bandwidth and replacing the analog controller. The feedback
loop provides an enormous improvement of the intensity stability. The long-term
measurements revealed that the fluctuations could be reduced by a factor of roughly
30 and hence the shot to shot stability is ensured. Short-term measurements show
that the noise is reduced by more than a factor of 103 compared to the constant signal. Only in the frequency range of the system’s bandwidth the sensitivity to noise
is increased and results in a servo bump. For further improvements and to reach
even higher stabilities the problems with ground loops and resulting noise need to
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be addressed.
Before one can make use of the presented dipole trap, the 133 Cs MOT needs to
be created. Therefore, the 133 Cs laser system is currently set up which includes the
MOT beams and the slower beam. The vacuum apparatus still has to be assembled
and baked out. Then, the Raman sideband cooling needs to be established as well.
As soon as cesium atoms are captured in the MOT and the ultracold temperature
regime is reached, the first cesium atoms can be transferred into the dipole trap and
the trapping frequencies and the trap depth will be verified.
As a first application, the evaporative cooling will be performed while the cesium
atoms are captured in the dipole trap. By lowering the trap depth, the atoms will
be cooled to temperatures of a few tens of nanokelvin at which the Bose-Einstein
condensation occurs. After the production of a quantum degenerate Fermi gas of
6
Li in a second dipole trap, the two traps will be overlapped. By changing the
external magnetic field, the hyperfine coupling of the two species can be varied.
As the three-body recombination rate scales with the fourth power of the s-wave
scattering length, strong losses are a signature of Feshbach resonances. Once the
resoncances are identified, the scattering length can be tuned accordingly and the
collisional properties of lithium and cesium will be investigated.

Appendix A
Adapter for the logarithmic
photodiode

laser line filter

travel range:
12 mm

lens f = 40 mm

Figure A.1: Adapter for the photodiode. The positions of the optical components
are shown.

In order to assemble the optical setup as compact as possible, we tried to combine
the optical components in modules. For example, the laser light for monitoring the
intensity is focused to hit the small detection area of the photodiode. In addition,
there is a laser line filter (FL051064-10, Thorlabs) that blocks the background
light. Therefore, an adapter was designed which is represented in figure A.1. It
consists of two parts: One part is fixed onto the photodiode box and serves as
mount for a 0.5 in filter. The front part allows to mount a 0.5 in lens with a focal
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length of 40 mm and is screwed in the fixed part of the adapter. Thereby, the
position of the lens can still be varied by 12 mm. This feature allows to adjust the
distance between the lens and the photodiode because it is not desirable to position
the focus exactly on the detection area (especially at higher intensities and critical
damage thresholds). Moreover, the 40 mm long tube and the small diameter of bore
reduce the impact of stray light. This adapter can be used in various applications
in which a compact photodiode module is necessary. The technical drawings are
shown in figure A.2.

(a)

(b)

Figure A.2: Technical drawings of the adapter (side view). (a) shows the part
that is fixed onto the photodiode box and (b) the rotatable part. Dimensions are
given in millimeters.

Appendix B
Circuit diagram of the logarithmic
photodiode AD8305
The logarithmic photodiode consists of an InGaAs-PIN-photodiode (model G837081, Hamamatsu) and a logarithmic amplifier (model AD8305, Analog Devices).
The circuit diagram of the evaluation board is shown in figure B.1i . The logarithmic
amplifier is supplied by a voltage of 5 V between the “VPOS” and “AGND” pins.
The location of the photodiode is marked blue and the two outputs are highlighted in green. The red boxes show the parts that were modified. For a proper
impedance matching, the resistor R14 at the output Vout was substituted by a 50 Ω
resistor.
Furthermore, the resistor R19 = 200 kΩ was replaced by a potentiometer and the
resistance was set to 390 kΩ. This was done to generate a reference current so that
the output voltages Vlog and Vout depend linearly on the photodiode current over the
entire range. If the set value of the potentiometer will not be changed anymore, it
can be substituted by a fixed resistor to minimize the risk of thermal drifts.
The additional 4.7 kΩ resistor and the 1 µF capacitor shall limit the photodiode
current and protect the photodiode from damage because of too high laser intensities.

i

taken from http://www.analog.com/static/imported-files/data− sheets/AD8305.pdf
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50

4k7
+

1µF

Figure B.1: Electronic circuit of the logarithmic photodiode AD8305. The evaluation board is provided by Analog Devices. The diagram is taken from the data
sheet of the AD8305 logarithmic converter and slightly modified.

Appendix C
Circuit diagram of the
PID-controller
Figure C.1 shows the detailed circuit diagram of the PID-controller. The controller
was developed by the electronics workshop. This fast version was derived from an
earlier version by replacing the operational amplifiers with faster ones. The used
operational amplifiers are the models OPA227, OPA2227P and OPA2277P. Some
modifications had to be made in order to guarantee proper impedance matching
and to optimize the controller performance. The controller output saturated quickly
in the beginning for instance. Therefore, several resistors and capacitors were substituted or removed. There is also an internal scan generator which is needed for
applications like frequency-modulation spectroscopy. It turned out that there was
cross-talk which was identified because of a triangular signal at the monitor output
and the controller output. Since this scan generator is not needed for the intensity
stabilization, it was disconnected (see also section 4.1.2).
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Figure C.1: Electronic circuit of the PID-controller. The controller was developed by the elecronics workshop. Some modifications had to be carried out during the adaption. The drawing shows the final version of the fast controller.

List of Figures
1.1
1.2
1.3
1.4

Theoretical calculation of the alkali dimer dipole
Determination of the LiCs dipole moment . . .
Model for Feshbach resonances . . . . . . . . . .
Formation of Efimov trimers . . . . . . . . . . .

2.1
2.2
2.3

Vacuum chamber . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Main vacuum chamber . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Cooling scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

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
3.15
3.16
3.17
3.18
3.19
3.20

Propagation of a Gaussian beam . . . . . . . . . . . . . . . .
Transmission of a Gaussian beam through an optical system
Plots of the single beam potential . . . . . . . . . . . . . . .
3D plots of the dipole trap potential . . . . . . . . . . . . .
Contour plot in the horizontal xy-plane . . . . . . . . . . . .
Cuts of the dipole trap potential . . . . . . . . . . . . . . . .
Trap potential without levitation . . . . . . . . . . . . . . .
Schematic of the optical setup . . . . . . . . . . . . . . . . .
3D schematic of the optical setup . . . . . . . . . . . . . . .
Photo of the optical setup . . . . . . . . . . . . . . . . . . .
Gaussian fits to the measured beam shapes . . . . . . . . . .
Beam waists after the AOM . . . . . . . . . . . . . . . . . .
Ratio of beam waists after the AOM . . . . . . . . . . . . .
Schematic of the second telesope . . . . . . . . . . . . . . . .
Beam waists after the telescope . . . . . . . . . . . . . . . .
Calculation of the minimum waists . . . . . . . . . . . . . .
Waist measurement of the focused beam . . . . . . . . . . .
Pointing stability plots . . . . . . . . . . . . . . . . . . . . .
Histograms of the angular deviation . . . . . . . . . . . . . .
Peak phase space densities . . . . . . . . . . . . . . . . . . .
83

moments
. . . . . .
. . . . . .
. . . . . .

.
.
.
.

.
.
.
.

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

.
.
.
.

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

.
.
.
.

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

.
.
.
.

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

.
.
.
.

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

2
3
4
4

17
19
23
26
26
27
28
29
30
30
32
33
33
34
35
36
36
38
39
40

84

LIST OF FIGURES

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16
4.17
4.18
4.19

Intensity stabilization scheme . . . . . . . . . . . . . . . . . .
Acousto-optic modulator . . . . . . . . . . . . . . . . . . . . .
Scheme of a PID-controller . . . . . . . . . . . . . . . . . . . .
Step responses of the different controller components . . . . .
Block diagram of the PID-controller . . . . . . . . . . . . . . .
Principal electronical realization of the controller components
Schematic of the feedback loop . . . . . . . . . . . . . . . . .
Rise time of the Si-photodiode . . . . . . . . . . . . . . . . . .
Characteristic curve of the logarithmic photodiode . . . . . . .
Calibration of the laser beam power . . . . . . . . . . . . . . .
Gain of the attenuator ADL5330 . . . . . . . . . . . . . . . .
Time constant of the PID-controller . . . . . . . . . . . . . . .
Characteristic curve of the control system . . . . . . . . . . .
Test ramps . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Bode diagram of the open-loop circuit . . . . . . . . . . . . .
Bode diagram of the closed-loop circuit . . . . . . . . . . . . .
Long-term stability . . . . . . . . . . . . . . . . . . . . . . . .
Autocorrelation plots of the long-term measurements . . . . .
Noise density spectrum . . . . . . . . . . . . . . . . . . . . . .

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

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

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

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

44
45
46
47
49
50
51
52
53
53
55
56
58
59
62
63
67
68
70

A.1 Adapter for the photodiode . . . . . . . . . . . . . . . . . . . . . . . 77
A.2 Technical drawings of the photodiode adapter . . . . . . . . . . . . . 78
B.1 Electronic circuit of the logarithmic photodiode AD8305 . . . . . . . 80
C.1 Electronic circuit of the PID-controller . . . . . . . . . . . . . . . . . 82

Bibliography
[Mel, 2009] (2009). All Things Photonic - The CVI Melles Griot Technical Guide Vol. 2.
CVI Melles Griot.
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für das Ausleihen so mancher Laborgeräte und die vielen anderen Hilfen. Mein Dank
gilt auch Dominic Litsch für seine Unterstützung!
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