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Abstract:
The aim of this diploma thesis is to create high phase space densities in
an ultracold gas of Li, Cs, LiCs or Cs2 by means of a dimple potential.
This is achieved by crossing an optical dipole trap produced by a fiber laser
beam with an existing optical dipole trap produced by a CO2 laser beam.
The setup of the fiber laser and the high intensity control is described
in detail and characterization measurements are presented. The theoretical background of optical dipole traps and its application on the experiment is demonstrated. Furthermore evaporative cooling in order to increase the phase space density up to the point where Bose-Einstein condensates (BECs) arise is discussed. Also discussed are the occurring obstacles,
namely heating and loss rates, and how they can be overcome.
Zusammenfassung:
Ziel dieser Diplomarbeit ist es, hohe Phasenraumdichten in einem ultrakalten Gas von Li, Cs, LiCs oder Cs2 durch den Einsatz eines “Dimple”
Potentials zu erzeugen. Dies wird realisiert durch Kreuzen einer optischen Dipolfalle, die von einem Faserlaser erzeugt wird, mit einer schon existierenden optischen Dipolfalle, die durch einen CO2 Laserstrahl erzeugt
wird. Der Aufbau des Faserlasers und die Steuerung der hohen Intensität
werden im Detail beschrieben und Charakterisierungsmessungen werden
präsentiert. Der theroretische Hintergrund optischer Dipolfallen und seine
Anwendung auf das Experiment werden gezeigt. Desweiteren wird der
Prozess des Evaporativen Külens zur Erhöhung der Phasenraumdichte bis
hin zu dem Punkt, wo Bose-Einstein Kondensate (BECs) entstehen, diskutiert. Ebenfalls diskutiert werden die dabei aufkommenden Hindernisse,
wie Heizprozesse und Verlustraten, und wie sie bewältigt werden können.
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Chapter 1
Introduction
1.1

Cold Molecules

Equipped with curiosity and intelligence human beings started to investigate
their environment and themselves a very long time ago. It took more than two
million years from the first tools used by homo habilis [1] until John Dalton
wrote 1803 (published 1805) in a paper “On the Absorption of Gases by Water and Other Liquids” about scientific hints on “[...] the ultimate particles of
(the) several gases” [2, 3]. At roughly the same time he stated the first atomic
theory, which defines rules of the behavior of these “ultimate” particles. Most
of the rules were proven wrong in the following decades (e.g. the indivisibility
of atoms) though they gave a solid starting basis for the ongoing research in this
field. However the theory of chemical reactions was not without controversy.
J. B. Perrin finally put with his research a “definite end to the long struggle regarding the real existence of molecules” as stated in the Nobel Prize Presentation
Speech in 1926 [4].
Today atomic and molecular physics is mainly based on monochromatic,
high intensity light beams of lasers1 . Sophisticated trapping and cooling tech1 The word LASER comes from its acronym “Light Amplification by Stimulated Emission of

Radiation”. Its predecessor was the MASER (“Microwave Amplification by Stimulated Emission
of Radiation”) that radiates only in the microwave spectrum. There were a couple of people
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niques2 permit atoms to be cooled close to the absolute zero-point of temperature where they reveal the whole nature of their quantum mechanical behavior.
There are usually two techniques deployed to produce cold molecules, one is by
light induced photoassociation of cold atoms and the other one is by shifting
a magnetic field, applied on a sample of cold atoms, over an atomic Feschbach
resonance. The atoms and molecules can subsequently be prepared in specific
energy states for analyses of interatomic, atomic-molecular or intermolecular
reactions, such as elastic and inelastic collisions.
Atom collisions in the ultracold regime were subject to intensive studies in
atomic and molecular physics in the last thirty years [10]. Until today most of
these experiments use samples of pure or mixed alkalis, because of their simple atomic structure with only one electron beyond the filled shell of the noble
gases. A mixture of Li and Cs shows in particular interesting results due to their
big mass difference which can be advantageous for sympathetic cooling. Furthermore, since groundstate LiCs dimers have a large electric dipole moment of
about 5.5 Debye [11, 12], these heteronuclear alkali dimers are expected to cause
fascinating ordering effects. After successful determination of collision rate coefficients of many alkalis, including a mixture of Li and Cs in a MOT [13] and an
optical dipole trap [14], the focus was moving on to the formation of molecules
via photoassociation, e.g. 133 Cs2 [15, 16], 6 Li7 Li [17], 7 Li133 Cs [18] or by using
Feshbach resonances (85 Rb2 )[19]. A very good review of ultracold photoassociation spectroscopy was recently published by Jones, Tiesinga, Lett and Julienne
[20].
Most of the interest in recent times has been in elastic and inelastic atommolecule [21, 22] and molecule-molecule collisions. First hints of inelastic collisions of 87 Rb2 are mentioned in a paper by Thalhammer et al. [23], where 87 Rb2
molecules after tunneling in a lattice into a joint potential well are lost partly
due to inelastic molecule-molecule collisions.
Another focus was put on the creation of a BEC (Bose Einstein Condenindependently involved in the development of the first lasers, the leading actors being Townes,
Schawlow, Basov and Prokhorov [5, 6, 7].
2 The idea of laser cooling was first proposed in independent papers by Hänsch and Schawlow
in 1975 [8] and by Wineland and Dehmelt in the same year [9].
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sate), the ultimate quantum degenerated state of a sample of atoms or molecules.
A very successful cooling method was developed for reaching phase space densities3 high enough to condense the trapped particles into a BEC. It is called
“evaporative cooling” and is performed by lowering the trapping potential of an
optical dipole trap which allows hot fast atoms to escape from the trap. Anderson et al. used this very technique in the creation of the first BEC in 1995 [24]
which is still a first class cooling method that has asserted its position in producing high phase space densities. After the group of Grimm was successful in
the production of the first Cs-BEC [25, 26], Jochim et al. from the same group
produced in 2003 one of the two molecular BECs ever achieved. The second was
accomplished in the same year by Greiner et al. in Boulder, Colorado [27, 28].
In all cases an optical dipole trap was employed.
In January 2006 we published measurements on ultracold collisions between
Cs atoms and Cs2 dimers in the electronic ground state a3 Σ+ [21, 22]. Rate coefficients for inelastic collisions between molecules and atoms were determined.
Providing higher atomic and thus molecular densities would make it possible to
study also molecule-molecule collisions at ultracold temperatures. Therefore it
is intended to enhance the atomic density by the implementation of a crossed
optical dipole trap, which allows an increase in the collision rate of the atoms
and molecules as well as an increase in the production rate of molecules in the
photoassociation process [29, 30].
This diploma thesis is devoted to the density increase in an ultracold atomic
and molecular gas by means of a crossed optical dipole trap. On the one hand high
densities are intended to enable the detection of molecule-molecule collisions in
an ultracold molecular gas of alkali dimers that are produced by photoassociation of 133 Cs or 133 Cs and 7 Li. On the other hand to reach phase-space densities
of the order of one to afford the creation of a BEC by evaporative cooling.
An optical dipole trap is simply a focussed laser beam that is attractive to
atoms and molecules. If the laser frequency is lower than the relevant atomic or
molecular transition frequencies, the particles are attracted most where the intensity is the highest and thus they gather in the focus of the beam. Dipole traps
3 Evaporative

cooling is described in Ch. 3.
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are capable of trapping electronic ground state atoms and molecules in any internal state which is obviously a big advantage. Magnetic traps, on the contrary,
depend on the internal states of the particles. For example it is impossible to trap
133 Cs in the state |F = 3, m = 3〉 in a magnetic trap. This state however is advanf
tageous for cooling, as will be described in Ch. 3. The advantage of dipole traps
over MOTs (Magneto Optical Traps) is the tight confinement and low optical
excitation.
A single dipole trap, however, is limited in the density distribution by the extension along the propagation axis of the beam (roughly the size of one Rayleigh
length). This can be overcome with a crossed optical dipole trap. It consists of two
beams that intersect in their foci ideally at a 90° angle. The resulting potential
comes in the center close to the shape of a sphere and reaches in our case about
twice the depth of a single optical dipole trap, i.e. approximately one millikelvin.
In our experiment an existing optical dipole trap produced by a CO2 laser will
be crossed with the trap produced by a fiber laser, whose setup is part of this
thesis.
The following section gives an overview of the experiment. Chapter 2 introduces the theoretical concepts of an optical dipole trap and applies the results to
the parameters of our setup. In Chapter 3 dipole traps for achieving high phase
space densities in the atomic and molecular physics are presented. The last chapter addresses the setup of the second dipole trap, the one of the fiber laser that is
intended to cross the existing CO2 laser trap. Also presented are the characterization and test measurements of the setup.

1.2

Overview of Experiment

The crossed optical dipole trap is implemented in a whole experiment about cold
molecules. The loading sequence of the trap is illustrated in Figure 1.1. After
loading a MOT, a single dipole trap is formed by shining in a CO2 laser with its
focus in the cloud of atoms formed by the MOT. The cloud has a diameter of
more than one millimeter. The dipole trap is loaded by detuning and attenuating the MOT beams to cool the atoms into the dipole trap by optical molasses
4
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Pump
Laser

Fi
ber
Laser

Figure 1.1: Illustration of the loading sequence of the optical dipole traps. After
the Cs atoms are trapped in a MOT, a CO2 dipole trap is ramped up forming a
cigar-like atom cloud. A second ramp of the intensity of a fiber laser produces
the crossed optical dipole trap with a nearly spherical atom accumulation in its
center.
cooling [31]. It remains a cigar-like accumulation of trapped atoms with about
4 mm length and 0.1 mm width. Then a second dipole trap, the subject of this
thesis, will be formed by turning on the intensity of a fiber laser, the two beams
crossing exactly at their foci. The second beam causes a narrow canyon in the
potential of the first beam along the first beam’s axis. That is why this potential dip is often called “dimple potential” in which the density of atoms in the
trap is the highest. Captured like this, the atoms can be cooled down further
by evaporation (explained later) or manipulated in other ways like using a photoassociation laser (here a titanium sapphire laser) to induce the formation of
molecules, which makes two Cs atoms to a Cs2 molecule [16].
The detection system shown in Figure 1.2 is a time-of-flight mass spectrometer of Wiley-McLaren type [32]. The atoms are first ionized by a dye laser and
then accelerated upwards by the Coulomb interaction in the electric field produced by the field plates. Still in vacuum, the atoms are steered onto a MCP
(Multi Channel Plate) by a deflection electrode. The MCP signal, which scales
with the number of hitting particles, is read out with an oscilloscope. Since the
p
flight time is proportional to m heavier particles need more time to reach the
MCP and therefore the masses m of the particles (e.g. atoms versus molecules)
can be resolved. The whole duty cycle takes a few seconds. It is also possible to
take absorption pictures of the trapped cloud of particles. Therefore a nearly res5
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Figure 1.2: Sketch (not to scale) of the main part of the experiment with a WileyMcLaren type time-of-flight spectrometer. The CO2 laser beam and the fiber
laser beam are focussed into the center of a vacuum chamber, where the atoms
or molecules gather. With an absorption beam from below on a camera it is possible to take absorption pictures of the trapped cloud. For quantitative detection
of the different particle masses in the trap a Wiley-McLaren type time-of-flight
spectrometer is used, consisting of the field plates, the deflection electrode and
the MCP.
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onant absorption beam is shone on the trapped cloud from below and up onto
a CCD chip of a fast camera.
Two ovens, one with Cs and another with Li, are heated according to requirements to 150°C and 350°C respectively, and provide the gas that is investigated
in the experiment. The ovens are attached to a stainless-steel vacuum chamber
which is operated at a pressure of 5 · 10−10 to 10−9 mbar. On their path of about
90 cm to the main vacuum chamber the atoms pass through a Zeeman slower,
where they are decelerated from initially up to 1000 m/s to about 0.1 m/s. The
vacuum chamber is equipped with antireflection coated viewports, for the laser
beams in use. Here the atoms are cooled down and gathered in a MOT.
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Chapter 2
Optical Dipole Trap
The first part of this chapter will give a short overview of the basic concepts of
atom traps using optically induced dipole forces. For a more detailed description,
a good reading on this subject is [29]. The second part will deepen this thoughts
and show some calculations on the aimed crossed optical dipole trap.

2.1

Dipole Potential

There are mainly two models to describe the interaction of an intense light field
with atoms: the model of dressed atoms and the oscillator model. In any case the
result is a potential that is either attractive or repulsive to the particles, depending on whether the light beam is red-detuned or blue-detuned compared to the
transition frequencies of the atom. In our case it is a red-detuned dipole trap.
The light has to be far-detuned from the resonance frequencies of the trapped
particles so the photon scattering is negligible compared to the forces that keep
the atoms in the trap.

2.1.1

Oscillator Model

As described in “Optical dipole traps for neutral atoms” by Grimm, Weidemüller,
Ovchinnikov [29], the concept of the oscillator model is the following. When
8
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an atom is put into a light field an electrical dipole moment is induced on the
atom. This dipole moment ~p oscillates at the same frequency as the driving field
~ The amplitude of the dipole moment p̂ and the field Ê are simply related by
E.
p̂ = α Ê.

(2.1)

Here α is the complex polarizability, which depends on the driving frequency
ω and the type of system (e.g. a two-level atom or a harmonic oscillator) that is
placed into the field.
The interaction potential is given by
1
1
~ =−
Re (α) I ,
Ud i p = − 〈~p E〉
2
2ε0 c

(2.2)

where the angular brackets denote the time average over the rapidly oscillat~ The
ing terms, namely the induced dipole moment ~p and the driving field E.
factor of 12 takes into account that the dipole moment is an induced, not a permanent one. The field intensity is given by I = 2ε0 c|Ê|2 .
The corresponding photon scattering rate is

Γ s c (~r ) =

~
〈~˙p E〉
ħhω

=

1
ħhε0 c

Im (α) I (~r ),

(2.3)

~ is the power absorbed by the oscillator from the driving field
where 〈~˙p E〉
and reemitted as dipole radiation, which is caused by the imaginary part of the
polarizability.
A classical calculation considering the atom in Lorentz’s model of a classical
oscillator and using Larmor’s formula gives an equation for the polarizability
α(ω0 , ω, Γ ). According to this α depends on the frequency of the oscillator ω0 ,
on the driving frequency ω and on a damping rate Γ . The damping rate can be
calculated quantum-mechanically by considering the atom as a two-level quantum system, which is then given by the dipole matrix element between ground
and excited state
9
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Γ=

ω03
3πε0 ħhc3

|〈e|p|g〉|2 .

(2.4)

It is important to note, that this classical derivation of α is only valid for far
detuned field frequencies and very low saturation of the two level system and
thus very low scattering rates, as it is the case in our setup of the optical dipole
trap. With the above results for the polarizability the dipole potential and the
scattering rate can be written as

3πc2



Γ

Γ



+
I (r, z)
2ω03 ω0 − ω ω0 + ω
  
2
3πc2 ω 3
Γ
Γ
I (r, z).
Γ s c (r, z) =
+
2ħhω03 ω0
ω0 − ω ω0 + ω
Ud i p (r, z) = −

(2.5)
(2.6)

For “real” atoms the dipole potential can be calculated as the sum over several
two-level systems, that represent the specific transition frequencies of the atom
and are weighted by their squared Clebsch-Gordan coefficients.

2.1.2

Dressed Atoms

The second of the models mentioned that describe the potential of an optical
dipole trap uses dressed states and perturbation theory to describe light shifts of
the energy states of the atoms. Dressed states, in this case often also called dressed
atoms, are the states that are obtained from diagonalizing a Hamiltonian of a
coupled system which contains an atom plus light field photons. Between the
resulting energy levels and the uncoupled energy levels is an energy difference
called light shift. This energy shift depends on the field intensity. Because of that
fact a laser beam (e.g. with a Gaussian beam profile) will produce a potential well
in the spatial ground state distribution of the atom in which it can be trapped.
Based on the resulting energy levels and eigenstates, a further step takes into
account the coupling of the dressed atoms and the empty light field modes, which
is the effect of spontaneous emission. One of the outcomes is the scattering rate of
the photons. Both steps include semiclassical approximations and it is therefore
10
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not a purely quantum-mechanically method. For more detailed information see
[33, 29].

2.2

Optical Dipole Potential for a Gaussian Beam

All expressions that describe the potential of an optical dipole trap depend on
the intensity distribution I (r, z) of the beam in use. For a gaussian beam with
optical power P propagating along the z-axis, where r denotes the radial distance
the intensity is given by

I (r, z) =
The

1
-radius
e2



2P
πw 2 (z)

exp −2

r2
w 2 (z)


.

(2.7)

w(z) depends on the propagation coordinate z,
s
w(z) = w0

1+



z

2

zR

,

(2.8)

where the minimum radius w0 is called beam waist and
zR = πw02

(2.9)

defines the Rayleigh length.
The intensity in the middle of the trap, where the potential has its maximum
2P
depth, is consequently I = πω
2.
0

In the dipole potential the atoms can oscillate. The oscillation frequencies can
be calculated by approximating the potential by a cylindrical harmonic oscillator. The result is the radial and axial trap frequencies

ω rad = (4U0 /mw02 )1/2

(2.10a)

ωa x = (2U0 /mzR2 )1/2 ,

(2.10b)
11
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where U0 defines the maximum depth of the potential. Using the same approximation, the peak density in a dipole trap, that is given by the integrated
phase space density results in

n0 =



m
2πkB T

3/2

ω 2rad ωa x N ,

(2.11)

where m denotes the mass of the trapped particles, N the particle number
and T the temperature.
With the preceding expressions employed in Eq. (2.10a) it follows Figure 2.1,
which shows the radial trap frequency versus the optical power for different
beam waists in the fiber laser setup. Since the density is proportional to the
squared radial trap frequency as shown in Eq. (2.11), the peak density can be
altered by changing the beam waist and the optical power. The plot is done for
133 Cs and already includes a weighted sum over the potential for an accurate
description of a multilevel system, as will be described below. For the fiber laser
the radial frequency is predicted to be ω rad = 1177 Hz, the axial ωa x = 8.06 Hz.
In comparison, the measured CO2 laser radial trap frequency is about 650 Hz
and its axial frequency about 12 Hz.

12
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Figure 2.1: Plot of the radial trap frequency of Cs in the single optical dipole
trap produced by the fiber laser with variable power at different beam waists.

2.3

Potential of Crossed Dipole Trap

So far all calculations have been done only for a single optical dipole trap. In the
following this model will be expanded to a crossed optical dipole trap and show
the expected density distributions in this trap according to the planned choice of
setup parameters. One part of these parameters is given by the angles of the rays
that produce the trap. In an ideally crossed trap, the angles between both rays
are 90°. There are mechanical restrictions for the beam paths in our setup, so the
CO2 laser lies in the horizontal plane, whereas the fiber laser crosses this plane
at an angle of 22.5°. Between the CO2 laser and the projection of the fiber laser
on the horizontal plane is an angle of 67.5°. The third angle can be calculated
geometrically and gives a value of 69.30° (see Figure 2.2).
In order to find the potential of the crossed optical dipole trap we add the dipole
potentials of the fiber laser and the CO2 laser. We choose the X-axis along the
propagation direction of the CO2 laser and the Y-axis perpendicular to that in
the plane spanned by the CO2 laser beam and the fiber laser beam. Note that
the Y-axis is therefore not exactly along the fiber laser beam. Finally the Z-axis
is perpendicular to the X- and Y-axis. The origin of this coordinate system is
13
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Figure 2.2: Sketch of the trapping beams and their angles. The CO2 laser beam
and the fiber laser beam cross at an angle of 69.3°. This angle is calculated out
of two other known angles of 22.5° and 67.5°. The fiber laser is not lying in the
horizontal plane. On this plane its projection is visible.
placed into the center of the trap. The first step to calculate the dipole potential
of each ray requires the description of the intensity distribution in this coordinate system. For the CO2 laser along the X-axis it is simply Eq. (2.7) with z
substituted by X. For the fiber laser beam we start with the same expression
as for the CO2 laser and apply rotary matrices to reach its final direction (see
Appendix A). Adding the resulting potentials of each beam reveals the potential
curves in Figure 2.3. They are cross sections along the X-, Y- and Z-axis. The
potential of the uncrossed trap consisting only of the CO2 laser looks quite similar except for the deep narrow canyon in the center along the X-axis, which is
missing then. The canyon is caused by the fiber laser.
There is no harmonic approximation in the potentials. They are directly computed from Eq. (2.5) with the corresponding intensity distributions (Eq. 2.7)
and weighted according to the squared Clebsch-Gordan coefficients, as described
shortly. Gravitational effects are neglected in the calculations since they are very
weak. The gravitational potential tilts the trap potential along the vertical axis.
In the case of a trapped cloud of Cs atoms with a diameter of 50 µm the gravitational potential accounts for a difference of the top to the bottom of the cloud
of only about 8 µK, which is negligible compared to the trap depth of approximately 1 mK that our trap will have. For evaporative cooling (see Ch. 3) however, when the trapping potential is lowered down to the order of the gravitational influence, the latter has a heavy effect on the shape of the total potential.
The calculated density distribution along the same axes as above for the po14
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Figure 2.3: Plot of the calculated potentials of the crossed optical dipole trap along
the X-axis, which is the CO2 laser beam axis, and along two axis Y and Z which
are perpendicular to the X-axis an to each other. Figure (c) is an enlarged picture
of the “dimple” potential in (a), produced by the crossing fiber laser beam.
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tentials is illustrated in Figure 2.4. Again a narrow peak along the X-axis is visible, which shows the desired increase in density. The density is normalized to
one, which means the whole phase space density integrated over momentum
and space makes one (see Appendix A). Integration over momentum yields the
well known spacial density distribution
n(~r ) = e−U (~r )/kB T ,

(2.12)

for particles with temperature T in the potential U . The subsequent integration over space could not be performed neither analytically nor numerically in
Mathematica, when using the true potential (which is Eqs (2.5) weighted with
the Clebsch-Gordan coefficients). Therefore the potential was approximated by
two cylindrical harmonic potentials as already used above for the trap frequencies (in Eqs (2.10)). However, only the normalization factor is approximated this
way, the other part of the density function is calculated accurately.
The density is also dependent on the temperature. At the moment we have
a single dipole trap with temperatures of about 60 µK. Figure 2.5 presents the
density curves in the center for the uncrossed traps and the crossed one. The
crossed trap has a calculated density that is a factor of 17 higher than the one
of the uncrossed traps. However, it is necessary to take into account that in this
case in the loading process no atoms are considered to be lost out of the trap by
evaporative cooling (with constant trap depth) which leads to a larger density.
The theoretical density increase without ramping the potential well down can
be as high as a factor of 50 compared to the single dipole trap [34, 35].
The following Figure 2.6 shows pictures of atom clouds in thermodynamic
equilibrium with given density and temperature. It demonstrates how an equipotential surface of a density of N ·4·1011 m−3 shrinks with decreasing temperature
(with the total number N of trapped atoms). This is the way that leads finally to
a BEC, which is depicted in the last picture of this collection at a temperature of
0.5 µK.
The density can be measured using absorption imaging. To some extent absorption pictures can also be used for optimizing the overlap of the dipole traps.
However, since the resolution is limited to ∼ 30 µm it is advantageous to know
16
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Figure 2.4: The density distributions along the same axis as in the previous figure. The dimple potential leads to the designated density peak, see Figure (c).
Figure (a) is a magnified view of this peak. All pictures are calculated assuming
a temperature of 60 µK of the sample. The total atom number is assumed to be
106 .
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Figure 2.5: Plot of the calculated central densities versus the temperature for the
single and crossed traps. It demonstrates the increase of the density in the center
of the trap from the single dipole traps to the crossed one at a given temperature,
which is a factor of approximately 17. The total atom number N is assumed to be
106 . Note that the real increase is up to a factor of 50 due to evaporative cooling
in the loading process.
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Figure 2.6: Plots of equipotential surfaces of the density distribution at different
temperatures and their potentials. The upper left picture shows the CO2 trap
alone, all the other pictures show the crossed trap. The density is kept constant
at N · 4 · 105 cm−3 , where N is the total atom number. For better visibility the
center of the clouds is placed along the U-axis to a value of 0.5 mK, otherwise
they would cross the potential plane.
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(a)

(b)

Figure 2.7: Calculated absorption pictures of the crossed dipole trap for Cs at
a temperature of 100 µK. It is given by the transmission coefficient T t ran s for a
total atom number N of 105 and an average absorption cross section of σav,C s =
2.986 · 10−13 m2 [36]. The right picture is calculated with the fiber laser having a
vertical offset of 15 µm.
what expansion of the trapped atom cloud we can expect. In the following we
simulate absorption pictures with all the real parameters, including the angle of
the fiber laser that is slightly tilted to the image plane of the camera. The temperature is assumed to be 100 µK. Figure 2.7(a) reveals the outcome of a cloud
with a diameter of about 60 µm which might be just big enough for detection
with our imaging system. As a broad grey stripe from the left to the right the
CO2 laser can be discovered, from near the left lower to the right upper corner
the fiber laser beam smears the dimple potential.
In case of incorrect aligned beams the density would decrease and the potential in the center becomes unfavorable. Incorrect alignment in the horizontal
plane can be seen with the camera (within the resolution of ∼ 30 µm). If this
holds also for the vertical displacement shows the next computation. Though
the density in the center of the single beams is decreasing, when one of the beams
has a vertical offset, the camera sees only the integrated absorption shadow. Figure 2.7(b) plots the absorption picture when the foci of the two laser beams
have a vertical offset of 15 µm. The grey background in the right picture, which
indicates there are some few particles present, occurs due to the approximation
20
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used for calculating the normalization factor. When a density offset is subtracted
from the right image, adjusting its background also to white, there is no visible
difference between the left and the right picture. However, if the displacement
of the two beams is more than their waists, which is about 85 µm for the CO2
laser beam and 35 µm for the fiber laser, the trap produced by the fiber laser will
be scarcely loaded which will then be visible in the absorption pictures. So some
alignment in the vertical direction is possible, but not within 15 µm. For fine
tuning it is sufficient to use any other signal that is dependent on density, e.g.
losses due to inelastic collisions or the number of molecules formed by photoassociation. Maximizing this signal is the goal that will in theory equally mean,
that the rays cross exactly at their focal point.

2.4

Dipole Potential of 133Cs

The relevant transitions for 133 Cs go from the ground state 62 S1/2 to the first
two excited states 62 P1/2 and 62 P3/2 (see Figure 2.8). The hyperfine splitting is
neglected because it is small compared to the big detuning of the fiber laser from
the atomic resonance frequencies.
The fiber laser and CO2 laser that is already in use are linearly polarized. Taking the electric field of the CO2 laser as quantization axis, the orthogonal part
of the fiber laser corresponds to the σ-transitions (Figure 2.8(a)) and the vertical
to the π-transitions (Figure2.8(b)). The line strengths of the D1 and D2 line are
in both cases the same, as the sum of the squared Clebsch-Gordan coefficients
shows. As a result, the trap depth is not dependent on the angle between these
two polarization axes. Adding the potential (Equation 2.5) of the D1 line, with
894.59 nm and a weighting factor of 1/3, and the potential of the D2 line, with
852.11 nm and a weighting factor of 2/3, yields the complete potential of 133 Cs
in the light field. The maximum depth in the center of the single fiber laser trap
is therefore U0,F L = 268 µK compared to the measured 740 µK of the CO2 trap.
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Figure 2.8: Level scheme of the ground and first excited states for cesium with
the relevant ∆m = ±1 (top) and ∆m = 0 (bottom) transitions for Cs in a far red
detuned light field. The electric field vector of the CO2 laser, whose intensity
is 30 times stronger than the one of the fiber laser, determines the quantization
axis. Thus there is an orthogonal and a parallel part of the fiber laser’s electric
field vector, the σ- and the π-transitions respectively. The probabilities for a D1 (D2 -) transition are in both cases equal.
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Chapter 3
Achievement of High Phase Space
Densities
High densities in an atom trap are not only desirable for observing ultracold
atom-atom, atom-molecule or molecule-molecule collisions, as already mentioned
in the introduction. They are also indispensable for achievement of BECs. Cooling down to a phase space density of Γ p h = nλ3d B = 1.202, where n is the peak
number density of a classical gas and λd B is the thermal de Broglie wavelength,
lets the atoms condense to a BEC. In our experiment the first aim is an increase
in density for observing molecule-molecule collisions. The second aim is to try
and achieve a BEC. In any case dipole traps have proven their worth in achieving
high phase space densities [30, 37, 25, 38].
A successful road to a BEC using an optical dipole trap includes an already
precooled set of atoms, usually accomplished with a MOT and possibly Raman
sideband cooling, that is loaded into a single dipole trap[39, 40]. A second dipole
trap is crossed, forming the dimple potential where the coldest atoms gather
[41]. For an even better loading efficiency more than two crossed dipole traps
can be applied[26]. Further cooling is carried out by evaporation. The single
steps are described now more in detail, following mainly the procedure as performed by Kraemer et al. in Innsbruck, who achieved the only cesium BEC so
far (besides the ones in this group itself) [26, 25].
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3.1

Dimple Potential

The maximum possible increase in phase space density following a deformation
of the whole trapping potential, as considered by Pinkse et al. [42], is limited
to a factor of 20, whereas a more general deformation does not have this limitation [34]. First the atoms are collected in the big shallow dipole trap produced
in our case by a CO2 laser. Then the intensity of the crossing beam is ramped
up producing a dimple in the center of the shallow trap. The loading of the potential occurs by elastic atom-atom collisions [43]. The ramp can be increased
adibatically, as Kraemer et al. [26] did in an improved Cesium BEC setup. On
the contrary, Comparat et al. [44] suggests diabatic loading of the dimple potential, since it is much faster and produces, as well as the adiabatic process, almost
no increase in temperature. Recently, Dumke et al. [45] made a Sodium BEC
in a crossed dipole trap switching on the intensity diabatically for loading the
trap. With our setup, we can ramp and switch arbitrarily on a fast timescale, and
adjust the ramp to the optimum loading strategy.

3.2

Evaporative Cooling

Reducing the intensity of the laser beam that forms the trap wall causes particles with an energy higher than the potential wall to leave the trap and therefore
energy is lost from the atom cloud. After lowering the intensity and thus the potential the fast atoms have left the trap while the remaining thermalize by elastic
collisions. In the thermalized set of atoms again occur fast atoms that consequently leave the trap. This happens repeatedly until a thermodynamic equilibrium is reached. By lowering the intensity adiabatically further down the thermodynamic equilibrium follows and more and more hot atoms are lost. This
cooling procedure is called evaporative cooling which leads finally to a BEC,
when the trap is previously loaded with enough atoms that are sufficiently precooled. Evaporative cooling needs high starting atom numbers, because in this
process many atoms are lost out of the trap. In the case of the improved CesiumBEC in Innsbruck more than 99 % atoms are lost [26]. Ma et al. demonstrated
2004 [46] that if the whole setup of the trap is roughly optimized the evapora24
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tion efficiency shows only a weak dependence on the duration of the decreasing
ramp.

3.3

Hydrodynamic Regime

While cooling the atoms down the phase space density increases. When it is exceeding a certain value, which is 10−5 to 10−4 for Cesium [35], the mean free
path between collisions gets smaller than the size of the trapped gas. This state is
called hydrodynamic regime. Therefore any hot atom that is supposed to leave the
trap will collide on its way out of the trap which results in heating of the cloud.
Two-body relaxation and three-body recombination collisions, as described below produce fast energetic atoms that are immediately lost and do not contribute
to heating when the cloud is not in the hydrodynamic regime. When it is in this
regime evaporative cooling is lagged and density-dependent inelastic collisions
are difficult to overcome [35]. It is therefore important to operate not too deeply
in the hydrodynamic regime. Furthermore this gives rise to the necessity of homogeneous three-dimensional evaporation, which guarantees rapid loss of hot
atoms in all directions. Hence the gravitation sack should be compensated e.g.
by magnetic levitation [26]. There are mainly two parameters that help to handle this hindered evaporation. One of them is the application of a magnetic field
to shift the scattering length to an appropriate value (250 a0 to 350 a0 for 133 Cs),
balancing between low enough scattering lengths so as to avoid deeply hydrodynamic behavior and high enough scattering lengths to provide sufficient elastic
collisions for the necessary thermalization process. The other is an appropriate
selection of the dimple radius (optimum value for the Cs-BEC in Innsbruck is
about 30 µm [46]). There is a strong dependence of the final phase space density
on the dimple radius [46], because the radius determines the density that can
adversely lead into a deeply hydrodynamic regime.
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3.4

Loss and Heating

The only beneficial and simultaneously indispensable collision for producing a
BEC is the interatomic elastic two-body collision that on the one hand loads the
trap and on the other provides the thermalization during cooling by evaporation. All other collisions are physically interesting, but adversarial towards the
production of a BEC. There are five detrimental effects; only the first three of
them are interatomic collisions. They are single-particle loss, two-body relaxation
and three-body recombination. The fourth effect is the photon scattering on the
atoms due to the laser(s) forming the dipole trap and the fifth occurs only in
magnetic traps and is called Majorana loss. Any of these effects, except for the
last one, which is a pure loss channel, cause in the best case only particle loss for
the trap, in the worst case heating. The latter especially, as already mentioned,
when the trapped atoms are in the hydrodynamic regime.

3.4.1

Single-Particle Loss

Single-particle loss occurs through any impact of atoms from outside the trap
that hits an atom in the trap hard enough. If the kinetic energy of the incoming atom is transformed to internal energy, the impact results in heating of the
trapped atoms. The outer atoms can be atoms from the background gas in the
vacuum chamber which move at room temperature with about 300 m/s, or
atoms that are already located in the rays (e.g. in the atom reservoir in a crossed
dipole trap) which is in our case mainly the uncrossed part of the CO2 laser
beam and with a minor contribution also the uncrossed part of the fiber laser
beam.
For the lifetime limited by background gas collisions we have τ ' 5 s for the
CO2 dipole trap and suspect about the same for the crossed dipole trap, which
is long enough for any used duty cycle of the experiment.
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3.4.2

Two-Body Relaxation

In a two-body relaxation process two atoms collide, while at least one of them
has to be in a higher state than the absolute ground state. In the collision the
whole or part of the internal energy is then released into kinetic energy. If
the atoms involved are in a state that allows spin changes in accordance with
the angular momentum selection rule (and the energy conservation, of course),
hyperfine-changing collisions can occur. This process can be avoided by trapping
Cs in the lowest hyperfine state, F = 3. Then Cs (F = 4) atoms can only be
formed by photon scattering due to the fiber or CO2 laser ( Cs (6s , F = 3)+ħhν →
Cs (6p) → Cs (6s , F = 4) + ħhν 0 ), but the rate for this process is very small (see
Sec. 3.4.4). But even if such spin changes are not allowed, the magnetic dipoledipole interaction can change the initial spin state if the atoms are in a doubly
spin-polarized or maximally stretched state [47, 48, 49]. In addition to this direct
dipole-dipole interaction, there exists a second-order spin-orbit coupling, which
plays for heavy alkali such as Cs a more important role than the magnetic dipoledipole interaction [50, 51]. This coupling also causes spin-changes in collisions.
In magnetic traps, that rely on the correct spin-state, the mentioned spin-flips
give rise to a loss of the involved atoms [52]. In optical dipole traps spin-flipped
atoms are only lost if they relax and gain thereby enough kinetic energy to leave
the potential. In the worst case they cause heating. The spin state itself is not
relevant here for being trapped.
Another two-body loss process is light-assisted collisions. There are two possible scenarios for light-assisted collisions. The first is the hyperfine state changing
collision where the molecular exited state of the incoming two atoms, one in the
ground state and one in an excited state, is coupled to another hyperfine state
with lower asymptotic energy. So the atoms that are initially almost resting are
accelerated in an attractive resonant dipole-dipole potential towards each other
causing them to make a hyperfine state transition and decay into two fast atoms.
The second is the radiative escape collision where a ground-state atom and an excited atom are accelerated towards each other, just like in the above process, but
this time they change the molecular potential by spontaneous emission of a low
energetic photon and leave the trap in the same way as above. [53].
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Cesium shows in the state |F = 3, mF = −3〉 a large two-body relaxation.
This state is used in magnetic traps because the |F = 3, mF = +3〉 state cannot
be trapped magnetically, which is unfavorable, since the latter shows only a low
two-body relaxation loss, as it is the lowest internal ground state. Using a dipole
trap we have the advantage to be able to trap Cs in |F = 3, mF = +3〉 [35].

3.4.3

Three-Body Recombination

When three-body collisions occur two of the atoms can form a molecule, whilst
the third atom is necessary to conserve energy and momentum. The molecule
receives 1/3 and the atom 2/3 of the released binding energy. Three-body recombination is one process of molecule formation which in the context of high
atom densities is undesirable since it leads to atom loss.
The |F = 3, mF = +3〉 state which has a low two-body relaxation rate turns
out to have a high three-body recombination rate. This inelastic collision is the
main loss process for Cs in the |F = 3, mF = 3〉 ground state, as used in the
cesium BEC in Innsbruck [26]. However, it can be overcome by tuning the
magnetic field to a value, as already mentioned in the section about the hydrodynamic regime (Ch. 3.3), that balances the positive effect of the scattering length
for the elastic collision against the adverse effect of three-body recombination
[54, 52]. Note that all the collisions mentioned above occur in homonuclear, e.g
Cs-Cs, and heteronuclear, e.g Li-Cs, samples.

3.4.4

Photon Scattering

Photon scattering can be ranked among single-particle loss. It is calculated according to Eq. (2.6). For far red detuned photons as they are found in red detuned optical dipole traps the scattering is completely elastic (or quasi-elastic if
the hyperfine structure changes as mentioned above). The elastic scattering on
an electron orbiting an atomic nucleus with far detuned photons is also called
Rayleigh scattering. We can calculate its average heating power on a set of atoms
simply by the approximation
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P heat = 2E r e c Γ¯s c = kB T r e c Γ¯s c
Tr e c =

ħh2 k 2
2mkB

,

(3.1)
(3.2)

where E r e c is the recoil energy and T r e c is called the corresponding recoil
temperature [29, 55]. Γ¯s c is the average scattering rate of Eq. (2.6), m the atom’s
mass and k = 2π f /c the circular wave number with the laser frequency f and
the speed of light c. The corresponding heating rate scales linearly with time
[29].
In our case of Cesium in the trap the scattering rate Γ s c is 1.66 s−1 for the
fiber laser beam with an optical power of 2 W and a beam waist of 35 µm at a
wavelength of 1065 nm. That means on average once every 1/Γ s c seconds which
in this case is once every 0.6 s, a photon hits an atom that is placed into the
light field of the fiber laser setup. The average heating power is given by 2 ·
10−30 W. This takes only heating by elastic scattering into consideration, which
can obviously be ignored. The quasi-elastic Raman scattering mentioned earlier
may have a bigger influence on the heating process. The scattering rate for the
CO2 laser with an optical power of 100 W and a beam waist of about 92µm at a
wavelength of 10.6 µm was determined to be ® 2 photons/hour [56].

3.4.5

Majorana Loss

A fifth possible loss is mentioned here for completeness. Optical dipole traps
are immune to internal spin orientations and are not affected by this loss mechanism. It is the Majorana loss or spin-flip transitions in low magnetic field regions.
This is actually a pure single-particle loss and usually the main loss channel in
magnetic (quadrupole) traps. As long as the atom moves slowly in the field of
a magnetic trap the atom’s spin follows adiabatically. Majorana spin flips occur
when the Larmor frequency becomes smaller than the rate of change of the magnetic field.
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Double-Pass AOM Setup
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Figure 4.1: Overview of the whole setup. The fiber laser on the left emits a beam
of 3 W optical power that is attenuated by an AOM setup. A focussing lens generates the optical dipole trap in the center of the vacuum chamber. The photodiode is for monitoring and feedback regulation with the other electrical parts
that can attenuate and switch the beam on and off. All specified electrical devices
included: VCO - ZOS-150, Amplifier - ZHL-1-2W, Switch - ZYSWA-2-50DR,
Attenuator - ZMAS-1, all from Mini-Circuits; Arbitrary Waveform Generator 33120A from Agilent Technologies.
The beam of a fiber laser is used for crossing the existing dipole trap that is
generated by a CO2 laser. Its setup is depicted in Fig. 4.1. The optical power
30

4.1. YTTERBIUM FIBER LASER
of the fiber laser is controlled by an AOM (Acousto Optic Modulator) which
deflects a variable percentage of the beam intensity into a beam dump. This
optical part of the whole setup is described later in this chapter. After being
attenuated this way to the desired level, the beam is focused into the vacuum
chamber where it crosses the CO2 laser and where the main experiment takes
place. Its intensity will be monitored with a photodiode on the other side of the
chamber. Due to the high power the photodiode will be illuminated only by the
reflection from a beam splitter and the transmission will be blocked by a beam
dump. The signal of the photodiode can be used to counter-balance intensity
fluctuations with a servo and therefore compensate fluctuations in the depth
of the dipole potential. This is required when it comes to evaporative cooling
which is very sensitive on the potential depth and its fluctuations. Owing to
that a servo loopback with logarithmic sensitivity is planned to be included in
our setup to control the intensity.
The servo is part of the electrical setup that controls the AOM and therefore
the beam intensity. After passing through a switch and an attenuator, the AC
current of a VCO (Voltage Controlled Oscillator) with measured 10 dBm power
is amplified by 29 dB and drives the AOM at 110 MHz. The intermediary switch
is used to turn the trap on and off on a very fast time scale well below 1 µs.
To ramp the intensity on a slower time scale the attenuator is used. Its control
signal comes from a programmable waveform generator that sends its voltage
signal to an AOM Control Box which converts this into the required control
current for the attenuator. The AOM Control Box allows additionally manual
adjustments and external computer control which will be used in the final setup
that facilitates controlling of the crossed dipole trap with a PC. The connection
to the PC and the servo will be set up at a later stage.

4.1

Ytterbium Fiber Laser

The Ytterbium fiber laser comes from IPG Laser, model YLD-3-1064-LP. It is
linearly polarized, has a wavelength of 1065.2 nm and a variable power output
from 0 to 3.15 W. Due to the collimator attached to the optical fiber the outcome
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is a collimated beam of 4.97 mm waist.
Ytterbium fiber lasers consist of an Ytterbium doped fiber that is usually
pumped by laser diodes. In order to get a TEM00 beam output the active fiber is a
single mode fiber. For high power fiber lasers the active fiber is cladding pumped
(illustrated in Figure 4.2) which means an intense light beam from the diodes is
guided into the inner cladding of an Ytterbium doped fiber. This results in pump
light that is non-parallel to the doped core of the fiber, and as such is reflected
many times in the cladding and absorbed by the Ytterbium in the active core.
Therefore a large area pump laser diode can pump the thin single-mode fiber
core very effectively.

Figure 4.2: Sketch of a cladding pumped single mode fiber laser. This picture is
a modified version of the original from IPG Photonics [57]. It shows a cladding
pumped laser. The thin single-mode fiber is pumped by a multi-mode pump light
from a large area laser diode. Many reflections inside the cladding cause a high
amplification of the single-mode signal.
The internal electronics of the fiber laser used here stabilizes either on the
current of the pumping laser diodes or on the optical output power which can
be selected by pressing the MODE button on the front panel.
In addition to this manual control the laser has a RS232 interface on the back
with the following parameters: 9600 Baud, 8 data bits, 1 stop bit, no parity and
no flow control. Most computers are DTE (Data Terminal Equipment) devices
as is the laser [58]. A three wire (RxD, TxD, GND) crossover cable is necessary to connect this device with another serial interface of a PC. Any terminal
program (i.e. “docklight” for Windows, “miniport” for Linux) can be used for
external control via RS232. The commands sent to the laser consist of an operation code (1 byte) and an optional parameter (ASCII string), terminated by a
32

4.1. YTTERBIUM FIBER LASER
’carriage return’ byte as shown in Table 4.1. The laser returns ASCII strings if
requested.

Table 4.1: Operation commands for the fiber laser. The first and second digit
are the command. The following digits are the values. The digit 3 in front is a
control digit. 0D is the same as “Enter”. The underscores stand for the digits, i.e.
the current in mA and the optical output power in mW.
command
hexadecimal code
set pump current _ _ _ _ mA 80 3_ 3_ 3_ 3_ 0D
set output power _ _ _ _ mW 81 3_ 3_ 3_ 3_ 0D
read pump current
82 0D
read output power
83 0D
read temperature
85 0D
A calibration measurement (Figure 4.3) showed only small differences between displayed values on the front panel of the fiber laser and the values of a
thermal power meter (Spectra Physics, Model 407A). Measurements of the optical power stability on different time scales at 2 W show only very small fluctuations (see Table 4.1). However, below 0.5 W this stability is not achievable any
more. This is a minor issue, since in the experiment the laser will run at 2 to
3 W. Figure 4.4 shows the intensity developing over 1.5 hours. From minute 45
on the activities in the lab decreased as did the power fluctuations. This is most
probably due to reduced random air flow that seems to affect the thermal power
meter. The long term fluctuations are presumably produced by thermal effects
in the electronic control system.
The timescale to reach the requested pump current or output power is shown
in Figure 4.5(a) and 4.5(b). In the first diagram the laser got the command to
jump from 0 to 3241 mA which corresponds to 3,00 W output power. The intensity increases linearly with a mean rise time of (5.1 ± 0.15) s. In the second
diagram the command to the laser to jump from 0 to 3.01 W results in an inverse
exponential growth of the intensity. This is caused by the PID controller of the
device. The mean rise time is τ = (2.77 ± 0.24) s. After two times τ or 5.54 s
86 % of the requested 3.00 W are achieved and after 3τ = 8.31 s 95 % (2.85 W).
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Figure 4.3: Power calibration measurements. There are only minor differences
between the displayed optical power output of the fiber laser and a calibrated
thermal power meter.
Both rise times, the one for current control and the one for optical power
control, are comparable to the current 5 s lifetime of the Cesium molecules in
the CO2 -trap from where the fiber laser trap is loaded. So it is in principle possible to apply the crossed dipole trap using the internal control of the laser, but
there is no room for changing the intensity ramp or using a steeper slope. Most
adversely in case of 5 s storage time would be a loss of 35 % of the initially
trapped atoms during the turn-on time, which is unacceptable. That is why an
AOM is set up to ramp and switch the intensity of the dipole trap. This will be
described in the following.
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Table 4.2: Power fluctuations of the fiber laser at 2 W optical power output on
different timescales. Each run with 2500 samples. Standard Deviation in % of
average power of 2 W. The measurement in the last line over 1.5 h is shown in
Figure 4.4.
Duration Standard Deviation [%]
100 µs
0.16
1 ms
0.20
10 ms
0.22
100 ms
0.20
1s
0.20
10 s
0.42
100 s
0.49
1.5 h
1.10
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Figure 4.4: Record of the power stability of the fiber laser at 2 W over 1.5 h.
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(a) Measurement of the optical output
power: Photodiode signal, when sending the command to jump in the pump
current from 0 mA to 3241 mA, corresponding to 3.00 W optical output
power.
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(b) Measurement of the optical output power: Photodiode signal, when
sending the command to jump in the
optical output power from 0.0 W to
3.00 Watt.

Figure 4.5: Measurement of the optical output power in two different operator
modi. The photodiode signal scales linearly to the intensity. Due to the high
power of the output beam only the reflection of a beam splitter was monitored.
The stabilization on the pump current and on the optical output power have a
different rising curve. The laser is controlled via RS232 interface.
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4.2

Optical Power Control with AOM

As stated above the internal control of the fiber laser is not fast enough for
switching in microseconds or below. Ramping the optical intensity of the dipole
trap with an arbitrary shape is also impossible. An AOM in contrast can switch
on timescales well below one microsecond. Accordingly we use an AOM setup
to control the laser intensity.
An AOM consists of a crystal that is attached on one side to a piezoelectric
transducer and on the other side to an acoustic absorber. The piezoelectric transducer is driven with an ac current and creates acoustic waves in the crystal. They
are absorbed on the other end so no standing wave occurs. The incident light experiences photon-phonon scattering when traversing the acoustic wavefront of
the crystal. This is a composition of a Bragg diffraction with a Doppler shift
and results in minima and maxima of the output beam. The zeroth order maximum is part of the undefracted beam and will not drop below about 10 % of
the incident intensity. Therefore the first or minus first maximum is used for the
dipole trap to make sure the beam can be completely switched off. By convention the diffraction order is positive for beams with diffraction in the direction
of the acoustic wave propagation and negative for the opposite direction. The
undiffracted beam is always the zeroth order [59].
We use an AOM from Crystal Technology, model 3110-125, with a TeO2
crystal driven with a longitudinal acoustic mode. The typical center frequency
is 110 MHz which makes a Bragg angle of 13.9 mrad for light with a vacuum
wavelength of 1064 nm.
For the first runs of the crossed trap we choose a waist of 35 µm which is
created by a lens with focal length f = 600. Crossing this focus with the existing focus of the CO2 laser beam, which has a beam waist of 86 µm, requires a
precision much better than 35 µm. Consequently ultrastable beam rays are a precondition for creating a crossed trap. Inevitable thermal effects in the crystal of
the AOM and minor shifts of the radio frequency cause a different angle of the
output beam, which is unfavorable. To eliminate this effect one can image the
AOM into the center of the dipole trap. Then different angles of the outgoing
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beam generated by the AOM cause only harmless changes of the angles in the
trap, but no beam shifts in the trap occur. However the last lens that focuses the
beam for the trap has then to be exactly in place and cannot be changed to get
another beam waist. Going double-pass through the AOM solves this problem.
Therefor the output light of the first order diffraction is reflected back through
the AOM. On its way back it is deflected into the same ray path of the incident beam. The separation of the two beams is done by a PBS (polarizing beam
splitter) in combination with a quarter wave plate. In Figure 4.7 the whole optical setup is shown. The collimated beam waist of 4.97 mm from the Ytterbium
fiber laser is reduced by a factor of ten with a Galilean telescope of a f = +500
plano-convex and a f = –50 plano-concave lens. The latter lens is mounted on
a translation stage for fine tuning. Linearly polarized perpendicular to the table,
the light is reflected by the PBS and steered by two mirrors through the AOM.
After the AOM the cat’s-eye, consisting of a f = +200 plano-convex lens and a
mirror, reflects the first order output beam back through the AOM. The other
diffraction orders are blocked by an aperture. Because of the high power beam
of up to 3 W the aperture is made of anodized aluminium with a 3.5 mm hole in
it. Below the hole, there is a mirror attached to reflect the zero order beam, that
is at 3 W when the AOM is switched off, into a beam dump. The quarter wave
plate between AOM and cat’s-eye is traversed twice, rotating the polarization
from perpendicular to parallel to the table. After passing the AOM the second
time, again maxima and minima occur and only the first maximum that is superposed with the initial beam travels through another aperture, again made of
anodized aluminium with a 3.0 mm hole. The other maxima are blocked. The
light with polarization perpendicular to the initial beam passes straight through
the PBS. A f = +30 and f = +300 combination of plano-convex lenses stretches
the beam diameter by a factor of ten to the original magnitude. The focus after
the f = +30 lens is an optional point for spatial filtering of the beam with a
high power pinhole. However, as we will see below, the beam is nearly a perfect TEM00 mode at that point, so no filter is necessary. All lenses in use feature
an antireflection coating with high damage threshold (DT). They are from EKSPLA (AR/AR @1064nm, DT> 1300W/cm2 ). The PBS has also a special high
power coating. It is from Lens-Optics (PBC25-950/1150, DT> 1300W/cm2 ).
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Figure 4.6: Picture of the optical setup that controls the intensity of the optical
dipole trap. Compare this with Figure 4.7. The last mirror will lift the beam up
to save room on the main optics table and to be at the appropriate height for
shining it into the vacuum chamber.
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Figure 4.7: Drawing of the optical setup for controlling the intensity of the optical dipole trap. Compare this with Figure 4.6 and Figure 4.8. A: Aperture, λ/4:
quarter-wave plate.
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The double pass setup can be implemented in two different ways. Either by
going with a focussed beam through the AOM or with a collimated beam.
In the first case the telescope after the fiber laser is used to focus into the
AOM. The beam is then diffracted, as described above, into several different
beams. Each of them diverges and the whole bunch of beams diverges, too.
When reaching the f = 200 lens behind the AOM the single beams and the
whole group of beams becomes collimated. To achieve this, the lens has to be
placed a focal length away from the AOM. Only the first order diffraction passes
the aperture, the rest is eliminated. Due to the described geometry this remaining beam is reflected back through the lens and into the AOM along its previous
beam path. The advantage of this first setup is the reduced switching time, which
scales with the beam radius, since the acoustic velocity of the wavefront in the
crystal determines the time needed to traverse the incoming beam.
In the second case the telescope sends a collimated beam into the AOM. Again
a bunch of beams spreads from the AOM. This time every single beam is collimated. When reaching the f = 200 lens a focal length behind the AOM the
bunch is collimated but the single beams are focussed. Again all beams except
for the first order beam are eliminated. This time, for reflecting the beam back
along its initial beam path, also the mirror has to be placed a focal length away
from the f = 200 lens. The advantage of this setup is that the output beams are
more distinctly separated when going through the aperture.
Owing to the limited space we have for additional optics on our main experiment table, the setup of the optical dipole trap has to be as small as possible,
meaning no long beam paths. Therefore the beam separation after the AOM
with a high power aperture is the crucial point. So a setup with a collimated
beam through the AOM which is already nearly focused on the aperture was
intended to be used so that it is easier to separate the beams.
The setup was realized this way and then optimized for maximum optical
power output after double-passing the AOM. The diffraction efficiency of the
AOM is stated to be 91.5 % for single-pass. Going twice through the AOM
makes 83.7 % diffraction efficiency for double-pass. Optimization for single-pass
gave 83.8 % of the laser output after the last lens of the optical setup. The final
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optimization for double-pass as used in the experiment arises 65 % efficiency.
Hence, 3 W optical power of the fiber laser result in 1.95 W output after the last
lens. The loss occurs due to reflections on the optical parts, absorption – mainly
in the AOM crystal, and slightly rotated polarization axes of the beam which is
then lost in the PBS. In this setup about 3 % of the laser power has been measured as lost in the PBS due to polarization shifts and reflections. Additional loss
of about 1 to 2 % efficiency was accepted for adjustments leading to an improved
beam profile, which is especially sensitive to the mirror in the cat’s-eye. When
the AOM (and VCO) is shut off a remaining optical power of about 3 µW is
measured after the double-pass setup, originating from reflexions on the optics.
It is, however, weak enough and should cause no trouble.
There are many efficiency-sensitive parts in this setup. One of them is the
distance between the first two lenses that reduce the beam radius of the incoming
fiber laser beam. Because of this sensitivity the second lens of the two is mounted
on a translation stage. It will shortly become important.
The final distances of the optical parts, as shown in Figure 4.7, are used to
calculate the theoretical beam radii, which are depicted in Figure 4.8(a). The first
two lenses are the Galilean telescope that reduces the beam radius by a factor of
ten. The following combination lens-mirror-lens represent the cat’s-eye and is
therefore symmetrical to the mirror, as is the AOM that is also passed two times
by the beam. The last two lenses increase the beam radius back by a factor of 10.
In contrast to the initial unoptimized alignment the AOM is in the optimized
setup not exactly in the beam waist and the beam after the first telescope is not
collimated. This is mainly caused by adjusting the distance of the first two lenses
to improve the efficiency.
A possible explanation is the following. Due to the high power of 3 W the
beam can diverge when traveling through the crystal of the AOM. This can be
a thermal effect along the beam path in the crystal that may cause a different
refraction index compared to the colder part of the crystal that is not touched
by the beam. As a result the AOM acts as a diverging lens. This effect is called
thermal lensing. The insertion loss of the AOM is about 1 % (see Appendix B).
Maximum Reflectivity per surface is 0.5 %. One outer surface in both transitions of the AOM let remain 30 mW of the incident 3 W that are presumably
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absorbed along the beam path in the crystal. In addition to this mere lensing
effect, a diverging beam and non-parallel wavefronts decrease the efficiency of
the diffraction in the crystal.
Apart from the position of the lenses an indication of thermal lensing is given
by the beam radius of the final collimated beam. Assuming a thermal diverging
lens of f = –400 as calculated in Figure 4.8(b) the collimated beam at the end
should have a radius of about 5 mm instead of 3.3 mm without thermal effects.
Measurements after the last lens yield a beam radius of (6.27 ± 0.15) mm, indicating a thermal lensing effect in the AOM.
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(a) Optical setup: The beam radii calculated using the data from Figure 4.7.
Here without thermal lensing. The symmetrical AOM setup in the middle
part represents the cat’s-eye.

(b) Optical setup: The beam radii calculated using the data from Figure 4.7.
Here with thermal lensing simulated by two f = –400 mm lenses at the position of the AOM.

Figure 4.8: Calculated beam waists using the program GAUSS V 1.1 by Uwe
Morgner.
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4.3

Characterization

Two properties, namely the beam shape and the response time, determine the
quality of the trap necessary for achieving a high phase space density.
If the beam is speckled the potential has hills and valleys and the density
distribution is speckled, too. The oscillation frequency of the particles in the
trap cannot be estimated anymore by adding two crossed harmonic potentials,
the one of the CO2 laser and the fiber laser. This makes predictions containing
the trap frequency or density inaccurate.
If the beam intensity is responding too slowly on the control signal, it is impossible to improve the ramp signal for an adiabatic trap deformation increasing
the phase space density [34].

4.3.1

Beam Waist and Profile

The beam waist of the optical dipole trap at a constant intensity determines the
trap frequency and the trap depth. Hence this is the most important parameter
beside the intensity. A collimated beam with waist w0 1, passing through a lens
with focal length f will be focussed to a waist of

w02 =

λf
πw01

,

(4.1)

where λ is the wavelength.
According to this a focussing lens with f = 600 produces from a collimated
beam of 6 mm, as measured above, and a wavelength of 1.065 µm a beam waist
of 33.9 µm.
The measurements of the focal length and the beam waist were accomplished
with two different methods. The first is the “cutting edge” method where a sharp
metal plate is moved into the beam and the remaining intensity is monitored.
If the beam has a Gaussian intensity distribution, the recorded data resemble
an error function. A fit then gives the waist. The second method uses several
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pictures of the beam taken with a CCD camera. Knowing the pixel size it is
possible to calibrate these images.
All measurements of the beam waist and the beam profile are done using the
focussing lens with f = 600, as it will be in the first runs of the crossed trap (see
Figure 4.1). Since the beam is collimated after the AOM setup the focussing lens
can be changed for other lenses, in our case of f = 800 and f = 1000, in order to
increase the beam waist of the trap. Placing a lens a focal length of 600 mm from
the center of the vacuum chamber is in our setup the same as about 840 mm
after the last lens ( f = 300) of the AOM setup.
The “cutting edge” method was performed in the following way. The metal
plate was mounted on two translation stages for movement along the beam propagation axis and perpendicular to it. On several points along the propagation
axis the plate was moved into the beam. Each point on this axis gives an error
function of the intensity depending on the moved distance of the plate. A fit
to the measured intensity curve yields the beam radius for this point. On these
resulting beam radii along the beam axis another fit was done that describes the
propagation of a Gaussian beam. This fit and its measured data points are displayed in Figure 4.9(a). The corresponing fit parameters are the required beam
waist, its position along the propagation axis, i.e. the focal length and the M 2
– a parameter, that determines the quality of a beam. M 2 has a value of 1 for a
perfect Gaussian beam and is specified with 1.05 for the fiber laser.
The first measurements were done moving the plate horizontally into the
beam. Then the translation stage had to be turned around for the vertical measurements which presumably caused the little shift along the beam axis of the
corresponding curve in Figure 4.9(a). Therefore focal length is (58.8 ± 0.3) cm
near the expected 600 mm of the lens. The standard deviation originates in the
distance measurement of the lens to the translation stage. The beam waists are
(33.7 ± 2.2) µm for the horizontal and (40.3 ± 1.8) µm for the vertical measurement, the first one fitting well to the theoretical value of 33.9 µm. The M2
values are with 1.10 and 1.12 close to the 1.05 of the laser, indicating that the
double-pass setup only introduces minor distortions of the beam.
The same measurements were done with an uncoated viewport in the beam
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path after the focussing lens, the viewport representing the one in the vacuum
chamber. Figure 4.9(b) shows the resulting beam waists and the focal length,
which are even more accurate measurements than the previous ones without
viewport. The viewport, a 1 cm thick glass with refraction index 1.4, is expected
to shift the focus 2.8 mm further away. The focal length was increased by approximately 2.3 mm as expected.
So the M2 values and the small difference in the horizontal and vertical beam
waists, already indicate a good gaussian beam profile. This is confirmed with an
even more precise measurement of the beam profile using a CCD camera. Thus,
as mentioned above, no spatial filtering is necessary.
The CCD chip used for measuring the beam profile is monochrome with
a spacial resolution of 5.6 µm (Sony ICX098BL) which was implanted into a
low cost USB camera (Philips ToUCam Pro PCVC740K). For image acquisition
a demo version of the “MontiVision Development Kit” was used. For further
details see [60].
Five pictures along the propagation axis from 10 mm before to 10 mm after
the focus are collected in Figure 4.10. The beam was shone in all of them perpendicular on the semiconductor surface of the CCD chip. The optical output was
set to 2 W, in order to avoid intensity fluctuations, which results in 1.3 W after
the AOM setup. This was further diminished with an attenuator that reflects
about 99 % of the power out of the original beam path. Absorptive attenuators
cannot be used because of the high power. If they are not destroyed, the beam
profile is altered. Additionally the diffraction efficiency, as explained below, was
adjusted to reduce the power down to about 5 µW, just low enough to be able to
use the highly sensitive CCD chip.
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Figure 4.9: The measured beam radii versus the focal length along the horizontal and vertical axis with and without viewport. The fit function used is

1/2
(x−x0 )·M 2 ·1065·10−6 m
w2 +
, with the waist w, the quality factor for Gaussian
(π·w)2
2
beams M , x0 the point on the propagation axis, where the waist is minimal and
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x the corresponding distance.
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0
-100

5

10

15

20

25

30

35

Pic-to-ASCII.nb

0

10

20

30

Pic-to-ASCII.nb

(a) 10 mm before focus

Pic-to-ASCII.nb

Intensity @a.u.D

Intensity @a.u.D

Intensity @a.u.D

Intensity @a.u.D

Intensity @a.u.D
Intensity @a.u.D

Intensity @a.u.D

Intensity @a.u.D

Intensity @a.u.D

48
Intensity @a.u.D

50µm

CHAPTER 4. SETUP AND CHARACTERIZATION OF CROSSED
OPTICAL DIPOLE TRAP

1

1

4.3. CHARACTERIZATION
Below the 2-D intensity pictures their cross sections are depicted. They run
along a line in the x and y direction as marked by the white bars. The bars
show the location of the peak intensity of each picture. This is determined with
a fit described below. The beam is not centered equally on all pictures because
the beam moved slightly when the camera was readjusted for the next picture
and the images are additionally extracts from larger pictures covering the whole
CCD chip.
On the intensity pictures 2-D Gaussian functions are fitted. The function is
given by


a+b ·exp −2 

(x − c) · cos θ − (y − e) · sin θ
d

2

+



(x − c) · sin θ + (y − e) · cos θ
f

where x and y are the pixel number along the horizontal and vertical direction, a is the offset that stands for a threshold described below, b is an arbitrary
scaling factor, and c and e are the x - and y-offsets that describe the peak intensity
pixel on the pictures. d and f equal the beam radii wÊ and wÉ , with wÊ being
always the smaller one of d and f and wÉ the greater one. This is possible since
the included angle θ allows to turn the fit into the appropriate position.
The fit was done in Mathematica using the Levenberg Marquardt method.
The results are noted in Table 4.3.1. The beam waists here cannot be compared
directly to the waists of the “cutting edge” method, since here the fit is adjusted
with an angle θ to receive a minimum and a maximum waist that is not necessarily along the x- and y-axis. The two edges on each picture where the intensity
points start to differ from zero indicate an activation threshold. Therefore in all
fits pixels with zero intensity are omitted. In case of the picture in the focus saturation is visible above 93 % of the peak intensity. This threshold is adapted to
the point where the fit parameters do not change much more if additional bright
pixels are disregarded. For the fit on this picture these pixels are also omitted.
Figure 4.11 shows as an example the measured 3-D intensity distribution in the
focus with the edge around the basement of the peak and the flattened top. The
resulting fit function is displayed in Figure 4.12 with the parameters for the picture in the focus as listed in Table 4.3.1 and the pixels converted into distances.
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The distance of the measured points to the fit function are depicted with a black
line. The fit parameters are from Mathematica, the plot is done in a demo version of Table Curve 3d.
An ideal Gaussian beam would have a completely round intensity distribution on a plane perpendicular to the axis of propagation. As the pictures and
the corresponding values listed in Table 4.3.1 show, the beam here has a smaller
and a wider waist for the points before and after the focus and is not completely
round. Additionally these axes of greatest and smallest waist are perpendicular
to each other and furthermore rotated by an angle of 90° when passing the focus.
This raises the suspicion that the beam shows a slight astigmatism.
The beam focussed by an astigmatic lens has two foci that are a certain distance apart from each other and lie in two different planes orthogonal to each
other. So the first focus may cause the beam to become more narrow in the vertical plane along the propagation axis and diverges in this plane already when
the beam diameter in the horizontal plane along the propagation axis becomes
focussed. These foci are called the sagittal focus and the transverse focus, respectively. In between these two foci, a round but "blurry" image is formed. This is
called the medial focus or circle of least confusion [61].
Table 4.3: Results of the 2-D Gaussian functions. Only non-zero intensities are
included as data for the fit and in the case of the fit in focus, only intensities
lower than 216 where 238 is the maximum. See also Figure 4.11.
Position relative to Focus
−10 mm
−5 mm
0 mm
+5 mm
+10 mm
wÊ [µm] 94.0 ± 1.6 45.7 ± 0.5 37.0 ± 0.3 44.3 ± 0.2 88.9 ± 1.2
wÉ [µm] 104.1 ± 1.8 61.3 ± 0.7 38.6 ± 0.3 59.2 ± 0.3 96.0 ± 1.3
θ [°]
−63.7 ± 1.8 −60.7 ± 0.7 +19.8 ± 2.3 +21.6 ± 0.3 +37.3 ± 2.0
a [a.u.]
−9.8 ± 0.8 −7.3 ± 0.7 −22.8 ± 1.5 −9.4 ± 0.5 −10.7 ± 0.7
As mentioned above in Chapter 2, if the beam moves too much in the trap,
the effect of a crossed trap is lost and the dimple potential is too shallow to cause
a sufficient increase in density. Figure 4.13 shows the path of the peak intensity
of 40 intensity pictures, each of them taken randomly, with a sample rate of
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beam-profile-in-focus.txt,
, Y3D
, Z chart. Here it is clearly
Figure 4.11: The intensity picture
in the focusXas
Rank 1 Eqn 2501 z=rotatedGau()
2
2
r =0.93990153 DF Adj r =0.93879543 FitStdErr=14.876505 Fstat=1282.4275
visible that the top
intensities area=38.56861
dampened,
resulting from the saturation of
b=36.958535
c=-1.171034
the CCD chip. The red marked pixels are neglected in the fit.
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Figure 4.12: Plot of the resulting fit function of the beam profile in the focus.
The underlying data points are included as black dots with black bars showing
the difference of the measured points to the surface fit.
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Figure 4.13: The beam shift as a path of the peak intensity on a plane perpendicular to the propagation axis. Each of the 40 steps is about 0.5 s apart from its
predecessor. The location of every peak intensity was determined by a fit.
about half a second and fitted with the above formula. Though a flow box above
the experiment table was on and there were no additional air flow protection, the
beam shift does not exceed 3 µm. This is very comfortable for the experiment.
For beam protection the beam path will be shielded anyway, probably leading
to an even better beam stability.

4.3.2

Fast Switching

Switching the beam on and off with an AOM is at most as fast as the acoustic
wavefront can pass through the beam. When entering the beam, it starts to be
deflected and the trap is switched on. When leaving the beam, it ends to be
deflected and goes straight into the beam dump. Then the trap is switched off.
The rise time is in the following defined as the time the signal needs to go
from 10 % to 90 % of its final value, the fall time correspondingly from 90 % to
10 %. The switch time is defined as the time that elapses from the point where
the control signal has reached 50 % of its final value to the point where the
responding signal has reached 90 % of its final value.
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Figure 4.14: Oscilloscope pictures of the switching process. The different axis
are offset due to better visibility. The left axis belongs to TTL signal in voltage,
the right to the responding diode signal in optical power. The beam was attenuated to the displayed values where initial 1.94 W correspond to 0.9 W on the
photodiode. Noted are the 90%-10% switch times (see text).
A programmable function generator (Arbitrary Waveform Generator - 33120A
from Agilent Technologies) was used for generating a TTL control signal. The
TTL signal goes directly to the switch that can then block the VCO ac-signal that
drives the AOM (see Figure 4.1). A 100 MHz oscilloscope from Tektronix (TDS
1012) and a fast photodiode from Hamamatsu (S5971) with a cut-off frequency
of 0.5 Ghz ensure no delay or cutoff on the monitoring side.
The measured rise time is approximately 105 ns, the measured fall time 140 ns
(Figure 4.15). A waist of 250 µm should yield a rise time and fall time of about
60 ns (see Appendix B). This is 45 ns and 80 ns respectively to high. The reason
is probably the TTL signal that itself has already a fall and rise time of 75 ns.
Ignoring the jumps of the TTL signal taking only the straight falling signal into
account, shows that the AOM is as fast as expected. Especially the rise time will
be much lower when the control signal is more accurate.
The rise time is larger than the fall time. This asymmetry arises from the
propagation of the acoustic wave that counterpropagates in this setup the incoming light when switching on and joins the propagation of the deflected beam,
when switching off (see [59]).
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4.3.3

Ramps

For adiabatic trapping and evaporative cooling, it is necessary to have a variable
potential of the trap. For this reason, a variable attenuator is included in the
AOM control (Figure 4.1). The attenuator needs a signal of 0 to 20 mA to put
the AOM efficiency from zero to maximum. Since the attenuator is used in
combination with the switch, it can also control the available maximum laser
power for switching. The attenuator gets its current from the AOM control
rack that converts 0 to 10 V into 0 to 20 mA. Owing to the additional variable
offset of 0 to 10 V the whole range of possible input is –10 V to 10 V. The AOM
reaches its maximum efficiency at 0.4 V input. In order to be able to switch and
ramp the AOM without readjusting the offset each time to 0 V for the ramp and
0.4 V for the switch, it is convenient to put the offset to 0.4 V and the input
signal for the ramp to a range of –0.4 to 0 V.
The following test measurements characterize the performance of the attenuator, i.e. on which timescale does it follow the control signal. The test runs
have been accomplished with 0 V offset, so the analog input ramps go from 0 to
0.5 V. Due to the impedance setting of the function generator, the actual ramps
as shown on the oscillator monitor (Figure 4.15) go from 0 to 0.46 V. The function generator in use is again the 33120A from Agilent Technologies. A commonplace function generator cannot be used, since the sawtooth signal has no
plateau on the maxima and minima giving the response signal not enough time
to adopt its maximum or minimum value. The photodiode and oscilloscope are
the same as in the previous section.
Figures 4.15(a) and 4.15(b) show the control signal and the responding signal of the photodiode for ramping the intensity up and down respectively. Below 13.8 µs for the rise time and 6.6 µs for the fall time of the input ramp the
output ramp cannot follow any more. In the case of the rise time, the value is
that high because a disturbing peak arises in the photodiode signal when going
below 13.8 µs. The limiting factor is the attenuator, since the characterization
measurements of the switch showed rise and fall times well below 200 ns. In Figures 4.15(c) and 4.15(d), applying slow enough control ramps the attenuator can
follow. Figure 4.16 shows the rise and fall times together with their delays. Here,
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the delay is the time between the edges where the signals start. The output rise
and fall times are about 0.57 ± 0.01 times the input rise and fall times.
Now several test measurements should be done to achieve the best possible
ramp for loading the crossed trap out of the MOT and the single dipole trap.
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(c) The control signal rises slow
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Figure 4.15: Oscilloscope pictures of the ramping process. The different axis are
offset due to better visibility. The left axis belongs to TTL signal in voltage, the
right to the responding diode signal in optical power. The beam was attenuated
to the displayed values where initial 1.94 W correspond to 0.9 W on the photodiode. Time delay between both signals as measured.
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Chapter 5
Conclusions and Outlook
In this work an optical dipole trap has been set up consisting of a high power
fiber laser and its intensity control. This trap is intended to be crossed with an
existing optical dipole trap in which, as shown in calculations, a density increase
of a factor of more than 17 and less then 50 is expected. This factor can be varied
simply by applying a different focussing lens in the setup.
Test measurements have been accomplished. The beam profile after the doublepass AOM is near-Gaussian and shows only a slight astigmatism. The beam shift
stays within 3 µm which is very good for keeping both traps crossed. Switching
the trap on and off can be carried out in about 100 ns and 140 ns respectively.
The delay is a bit higher with about 640 ns and 510 ns respectively. For adiabatic
loading of the trap it is necessary to be able to ramp the intensity up, for evaporative cooling ramping down is crucial. The rise time of the input signal can be as
low as 14 µs and the fall time should not fall below 7 µs, else the intensity of the
trapping beam cannot follow anymore. In the ramping process the responding
signal is thereby about a factor of 1.75 faster than the control signal.
The next steps are the implementation of the dipole trap into the existing experiment. Controlling the fiber laser should require little effort, as it can be done
by a standard TTL signal for switching and an analog 0 to 10 V Voltage for the
attenuation. Shining the fiber laser beam into the vacuum chamber and crossing
its focus with the existing dipole trap will be the final stages for completing the
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setup of the crossed optical dipole trap. This can be done in a first approach by
using the absorption imaging. The final optimized overlap is then reached by
improving the photoassociation signal or any other density dependent parameter. This is at the same time a interesting advance in molecular physics since
Cs2 -Cs2 molecule collisions are expected to be observed. In a further step LiCs
formation and collisions may be a successful application for the crossed trap.
The discussion of advantages and obstacles of evaporative cooling has shown
that the crossed optical dipole trap has great chances to push into high phase space
densities, probably high enough for reaching a BEC. Evaporative cooling is the
most promising technique to achieve this goal. In this case, if evaporative cooling is intended, a logarithmic servo for intensity control will become necessary
to counterbalance intensity fluctuations and therefore fluctuations in the trap
depth. A further promising advancement is the combination of the crossed optical dipole trap with Raman sideband cooling, which is currently also prepared
for service in the experiment. Raman sideband cooling applied to the atoms
before loading into the optical dipole trap will greatly enhance the number of
particles that are trapped which is very important for a following evaporative
cooling procedure. Thus there are several interesting experiments made possible
for the near future.
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Appendix A
Normalization of Phase Space
Density
The following calculations show how the normalization factor for the phase
space density is derived. The coordinate system is defined by the axis of the
CO2 laser beam for direction X, the Y-axis lies in the same plane as both the fiber
laser beam and the CO2 laser beam and is perpendicular to the latter (cp. Figure 2.2). The Z-axis finally is perpendicular to the plane spanned by the the fiber
and the CO2 laser beam. The focus of the CO2 laser beam coincides with the
origin of the coordinate system.
The potential of the CO2 laser beam is approximated by the potential of a
harmonic cylindrical oscillator


1 
UC O2 = m ωa2 x , C O2 x 2 + ω 2rad , C O2 y 2 + ω 2rad , C O2 z 2 ,
2

(A.1)

with the mass m of the particle in the potential and the axial and radial trap
frequencies ωa x and ω rad respectively.
The potential of the fiber laser is derived by rotating the CO2 laser beam by
an angle of α = 69.3 using the rotary matrix for the Z-axis (see Ch. 2.3).
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0
0
1

(A.2)

where δ represents an arbitrary offset of the fiber laser in the direction of the
Z-axis.
Hence, the resulting potential is

1 h
UF L = m ωa2 x , F L (x cos α + y sin α)2 + ω 2rad , F L (−x sin α + y cos α)2
2
i
+ ω 2rad , F L (z − δ)2 .

(A.3)

Adding both potentials to the total potential of the crossed trap Uc r o s s yields

1





Uc r os s = m  ωa2 x , C O2 + ωa2 x, F L cos2 α + ω 2rad , F L sin α x 2
2


+ ωa2 x, F L + ω 2rad , F L · 2x y sin α cos α


+ ω 2rad , C O2 + ωa2 x, F L sin2 α + ω 2rad , F L cos2 α



+ ω 2rad , C O2 + ω 2rad , F L z 2 − 2ω 2rad , F L zδ + ω 2rad , F L δ 2 .

(A.4)

Integration over the complete space gives the normalization factor n0 (T ) for
the density distribution which depends on the temperature T,
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Appendix B
AOM Specifications
SPECIFICATIONS
AO Medium

TeO2

Acoustic Velocity

Outline Drawing:

Package AOMO 3110-125

4.2 mm/µs

Active Aperture*

2.5

mm 'L' X

Center Frequency (Fc)
RF Bandwidth

1.25

mm 'H'
110 MHz

15 MHz @

-10 dB Return Loss

Input Impedance

50 Ohms Nominal

VSWR @ Fc

1.3 :1 Max

Wavelength

1047-1060 nm

Insertion Loss

4 % Max

Reflectivity per Surface

0.5 % Max

Anti-Reflection Coating

MIL-C-48497
10 MW/cm2

Optical Power Density
Contrast Ratio

1000 :1 Min

Polarization

90 ° To Mounting Plane
PERFORMANCE VS WAVELENGTH

Wavelength (nm)
Saturation RF Power (W)
Bragg Angle (mr)
Beam Separation (mr)

1060
2.5
13.9
27.8
Notes:
Diffraction Efficiency at 2.0 Watts RF Power.

PERFORMANCE VS BEAM DIAMETER
Beam Diameter (µm)
at Wavelength (nm)

1100
1060
90
200
3
NA

Diffraction Efficiency (%)
Rise Time (nsec)
Modulation Bandwidth
Beam Ellipticity
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Appendix C
Fiber Laser Specifications
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APPENDIX C. FIBER LASER SPECIFICATIONS

Figure C.1: Fiber Laser Specifications I
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Figure C.2: Fiber Laser Specifications II
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