
Trapping fermionic potassium atoms in a
quasi-electrostatic optical dipole potential

Dissertation

zur

Erlangung des Doktorgrades (Dr. rer. nat.)

der

Mathematisch-Naturwissenschaftlichen Fakultät

der

Rheinischen Friedrich-Wilhelms-Universität Bonn

vorgelegt von

Alexandro Gatto

aus

Filderstadt-Plattenhardt

Bonn, November 2011





Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultät der
Rheinischen Friedrich-Wilhelms-Universität Bonn

1. Gutachter: Prof. Dr. Martin Weitz

2. Gutachter: Prof. Dr. Dieter Meschede

Tag der Promotion: 18. April 2012

Erscheinungsjahr: 2012

Diese Dissertation ist auf dem Hochschulschriftenserver der ULB Bonn
http://hss.ulb.uni-bonn.de/ elektronisch publiziert.





Zusammenfassung

Ultrakalte Quantengase sind innerhalb des letzten Jahrzehnts zu einem häufig eingeset-
zten Werkzeug geworden, um eine Vielzahl von physikalischen Fragestellungen zu un-
tersuchen. Diese reichen von grundlegenden Fragen zur Quantenmechanik bis hin zu
speziellen Themen, wie beispielsweise der Quantensimulation des physikalischen Ursprungs
der Hochtemperatur-Supraleitung aus dem Gebiet der Physik der kondensierten Ma-
terie. In dieser Arbeit werden Experimente zur Erzeugung eines ultrakalten Quanten-
gases bestehend aus fermionischen Kaliumatomen, 40K, mittels rein optischer Methoden
vorgestellt. Hierzu wurde ein neues Experiment aufgebaut, welches langfristig das Ziel hat,
in einem optischen Gitter den quantenmechanischen Zustand der Suprasolidität zu erzeu-
gen. Ein Fokus dieser Arbeit liegt in der Identifizierung von licht-induzierten Verlusten
als wesentliche Einschränkung für das Erreichen hoher 40K Atomzahlen in einer magneto-
optischen Falle. Ein weiterer Fokus liegt in der Identifizierung von lichtinduzierten Verlus-
ten als die Hauptursache einer niedrigen atomaren Transfereffizienz von 40K Atomen aus
einer magneto-optischen Falle in eine optische, quasi-elektrostatische Dipolfalle (weiterhin
als optische Dipolfalle bezeichnet). Ein besonderer Schwerpunkt dieser Arbeit liegt in
der Anwendung verschiedener Techniken, um die genannten Restriktionen aufgrund von
lichtinduzierten Verlusten zu reduzieren.

Eine zweidimensionale magneto-optische Falle, die sich in der Vorkammer eines Vaku-
umsystems befindet, erzeugt einen kontinuierlichen Strahl von 40K Atomen, welche in
der Hauptkammer des Vakuumsystems von einer dort implementierten räumlichen, dun-
klen magneto-optischen Falle eingefangen werden. Eine dunkle magneto-optische Falle
wird anstelle einer herkömmlichen magneto-optischen Falle verwendet, um lichtinduzierte
Verluste möglichst klein zu halten. Dadurch können bis zu 1 × 109 Atome bei Tempera-
turen um die 240 µK in der dunklen magneto-optischen Falle gefangen werden. Dies stellt
im Vergleich zur Atomzahl einer normalen magneto-optischen Falle für 40K Atome eine
Verbesserung um den Faktor zehn dar.

Die lichtinduzierten Verluste in der magneto-optischen Falle für 40K wurden in Abhäng-
igkeit der Gesamtintensität des Fallenlichtes und der Intensität des Rückpumperlichtes un-
tersucht. In beiden Fällen liegt der kleinste beobachtete Verlustkoeffizient bei einem Wert
von β ≈ 2.5× 10−10 cm3/s. Im Vergleich zum kleinsten Verlustkoeffizienten aller anderen
Alkalimetalle (mit der Ausnahme der bosonischen Kaliumisotope) sind die lichtinduzierten
Verluste bei 40K Atomen ungefähr zwei Größenordnungen stärker.

Aus der dunklen magneto-optischen Falle ließen sich bis zu 6 × 105 Atome in die
quasi-elektrostatische Dipolfalle, die durch das induzierte Fallenpotential der emittierten
Strahlung eines CO2-Lasers mit einer Wellenlänge von 10.6 µm realisiert ist, transferieren.

Um die hier genannten Atomzahlen in der optischen Dipolfalle zu erreichen, wurde
das Fallenvolumen im Vergleich zu einer einfachen Fallenanordnung, bei der die optische
Dipolfalle durch das Fokussieren eines einzelnen Fallenstrahls realisiert wird, vergrößert.
Hierbei musste gleichzeitig der starke atomare Einschluss, wie er bei einem einzelnen
stark fokussierten Fallenstrahl vorliegt und für eine nachfolgende Verdampfungskühlung
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erforderlich ist, erhalten bleiben. Zu diesem Zweck wurde der Laserstrahl der optischen
Dipolfalle auf solch eine Weise in sich zurückreflektiert, dass insgesamt eine optische Dipol-
falle mit einem nahezu doppeltem Strahlradius und einem geringfügig tieferen Fallenpo-
tential entstand. Durch diese Fallenanordnung konnte die Anzahl der in der optischen
Dipolfalle gefangenen Atome im Vergleich zu einer Falle, die aus einem einzelnen, stark
fokussierten Strahl besteht, nahezu verdoppelt werden.

Der atomare Transfer von der magneto-optischen Falle in die optische Dipolfalle er-
folgt in zwei Schritten. Zuerst wird die dunkle magneto-optische Falle in eine kom-
primierte magneto-optische Falle transformiert. Dies geschieht im Vergleich zu einer
herkömmlichen magneto-optischen Falle durch das Erhöhen des Magnetfeldgradienten und
einer Reduzierung der Verstimmung des Kühllasers im Hinblick auf die verwendete atom-
are Resonanz. Zusätzlich wird im Gegensatz zu anderen Experimenten die Frequenz des
Rückpumplasers weiter ins Blaue gegenüber des verwendeten atomaren Übergangs ver-
schoben. Als Folge hiervon werden die gefangenen Atome optisch in den oberen Hyperfe-
ingrundzustand

∣∣S1/2, F = 7/2
〉

gepumpt, was eine dunkle komprimierte magneto-optische
Falle in Analogie zu einer zeitlich dunklen magneto-optischen Falle erzeugt. Durch diesen
Ansatz lassen sich die lichtinduzierten Verluste während des gesamten atomaren Trans-
fers reduzieren. Im zweiten Schritt werden die Lichtfelder der komprimierten magneto-
optischen Falle und der optischen Dipolfalle wechselseitig An- und Abgeschalten. Auf diese
Weise wird eine inhomogene AC-Stark-Verschiebung (bedingt durch die inhomogene Inten-
sitätsverteilung des Dipolfallenstrahls), die normalerweise zu einer Aufheizung des atom-
aren Ensembles führt, vermieden. Die Laderate während des Transferprozesses wurde mit
2.8× 108 Atome/s gemessen. Die Höhe der hierbei limitierenden lichtinduzierten Verluste
wurde mit β ≈ 4.8× 10−10 cm3/s bestimmt.

Im letzten Schritt des Experiments wird die Temperatur des in der optischen Dipol-
falle eingeschlossenen atomaren Ensembles durch Verdampfungskühlung weiter reduziert.
Nach einer Evaporationszeit von 30 Sekunden ist eine Temperatur um die 140 nK bei
ungefähr 12000 in der Dipolfalle verbliebenen Atomen erreicht. Dies entspricht einer
Fermi-Temperatur von TF = 110 nK und führt zu einem Verhältnis von T/TF ≈ 1.3,
welches darauf hindeutet, dass die fermionischen Atome bis nahe an den Startpunkt für
das Einsetzen der Quantenentartung abgekühlt wurden. In der Zukunft soll als Zwischen-
schritt ein zusätzliches Fangen und evaporatives Kühlen der Atome in einer magnetischen
Quadrupolfalle für eine erhöhte Transfereffizienz aus der magneto-optischen Falle in die
optische Dipolfalle sorgen, so dass schließlich in einer nachfolgenden Verdampfungskühlung
in der optischen Dipolfalle die Erzeugung eines quantenentarten Fermigases erreicht wird.



Abstract

Ultracold quantum gases have become a frequently used tool for the investigation of a
variety of physical issues within the last decade, ranging from general questions in quan-
tum physics up to special topics, e.g. quantum simulations of the physical origin of high
temperature superconductivity in condensed matter physics. In this thesis, experiments
are presented on the creation of an ultracold quantum gas of the fermionic potassium iso-
tope, 40K, by all-optical means. For this purpose, a new experimental setup was designed,
which was started from the scratch, with the long term goal of creating a supersolid in
an optical lattice. One focus of this work lies in identifying light-assisted losses as a main
restriction for achieving higher 40K atom numbers in a magneto-optical trap and in iden-
tifying light-assisted losses as a main reason for a low atomic transfer efficiency from a
magneto-optical trap into an optical, quasi-electrostatic dipole trap (further called optical
dipole trap) for 40K atoms. Naturally, another focus of this work lies in the application of
different techniques to reduce these from light-assisted losses dependent restrictions.

A two-dimensional magneto-optical trap, located in the prechamber of a vacuum sys-
tem, creates a continuous beam of 40K atoms. The atoms of this beam are recaptured in
the main chamber of the vacuum system by a spatial dark spot magneto-optical trap. Here,
a dark magneto-optical trap is implemented instead of a standard magneto-optical trap in
order to reduce light-assisted losses. Up to 1× 109 atoms at temperatures around 240 µK
are trapped in the dark magneto-optical trap. This is a factor of ten higher compared to
atom numbers of a 40K standard magneto-optical trap.

The light-assisted losses in the 40K magneto-optical trap were measured as a function
of the total trapping intensity and as a function of the repumping intensity. In both cases,
the smallest observed loss coefficient was β ≈ 2.5× 10−10 cm3/s. Compared to the smallest
values of β of all other alkali elements (apart from the bosonic potassium isotopes), the
light-assisted losses with 40K atoms are approximately two orders of magnitude larger.

Up to 6×105 atoms were transferred from the spatial dark magneto-optical trap into the
quasi-electrostatic dipole trap, which was created by using the trapping potential induced
by radiation emitted by a CO2 laser operating at a wavelength near 10.6 µm.

In order to reach the here reported atom numbers in the optical dipole trap, its trapping
volume had to be increased in comparison to a simple dipole trap arrangement as induced
with a single focused dipole trapping beam. Simultaneously, the strong confinement, as
present in a tigthly focused single beam trap and as required for a subsequent evaporative
cooling, had to be maintained. For this purpose, the trapping laser beam of the optical
dipole trap was retroreflected in such a way that an overall optical dipole trap with a
nearly doubled waist and a slightly deeper potential depth was created. By this trapping
arrangement, the number of atoms confined in the optical dipole trap could be nearly
doubled compared to a simple dipole trapping arrangement consisting of a single tightly
focused trapping beam.

The atomic transfer process itself, from the magneto-optical trap into the optical dipole
trap, was organized in two steps. In a first step, the dark magneto-optical trap was trans-
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formed into a compressed magneto-optical trap by increasing the field gradient and bring-
ing the cooling laser closer to resonance as compared to the detuning of the usual magneto-
optical trap. In contrast to other experiments, the repumping laser of the magneto-optical
trap was detuned to the blue of the used repumping transition. As a consequence, atoms
were optically pumped into the upper hyperfine ground state

∣∣S1/2, F = 7/2
〉
, realizing a

temporal dark, compressed magneto-optical trap in analogy to the operation of a temporal
dark magneto-optical trap. By this approach, light-assisted losses were reduced. In the
second step of the transfer process, the light fields of the magneto-optical trap and the
optical dipole trap were alternately switched on and off. In this way, a spatially inhomo-
geneous ac Stark shift of the cooling transitions due to the spatially inhomogeneous inten-
sity distribution of the dipole trapping beam was avoided and again light-assisted losses
were reduced during the loading phase of atoms from the compressed magneto-optical
trap into the optical dipole trap. The loading rate was measured to be approximately
2.8× 108 atoms/s. The light-assisted losses during loading of the optical dipole trap were
determined to be β ≈ 4.8× 10−10 cm3/s.

In the final step of the experiment, the temperature of the atomic ensemble confined in
the optical dipole trap was further reduced by evaporative cooling. After an evaporation
time of about 30 s, temperatures of 140 nK were reached at typical atom numbers of 12000.
The corresponding Fermi temperature is TF = 110 nK yielding a ratio T/TF ≈ 1.3 which
indicates that the fermionic potassium atoms are cooled close to the onset of quantum
degeneracy. In the future, an additional trapping and evaporative cooling step within
a magnetic quadrupole trap should allow for an improved loading efficiency into the far
detuned optical dipole trap and finally allow for a subsequent evaporative cooling to a
quantum degenerate Fermi gas.
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Introduction

In the year 1924, the Indian physicist Satyendra Nath Bose derived Planck’s law by com-
bining the light-quantum hypothesis with statistical mechanics [1]. Inspired by this work,
Albert Einstein developed a quantum theory of an ideal gas [2]. These two papers mark
the beginning for the so-called Bose-Einstein condensation, which was realized indepen-
dently by three working groups [3–5] in the field of ultracold quantum gases for the first
time in 1995. Bose-Einstein condensation is a phase transition of an ensemble of bosonic
particles into a macroscopically populated ground state. This phase transition occurs ap-
proximately at the point when the thermal de Broglie wavelength becomes larger than the
interparticle separation. The atoms in the condensate can be described by a macroscopic
wavefunction.

Apart from the first three Bose-Einstein condensates with 7Li [4], 23Na [5] and 87Rb
[3], Bose-Einstein condensates were also achieved with the bosonic isotopes H [6], 4He [7],
40Ca [8], 41K [9], 52Cr [10], 84Sr [11], 85Rb [12], 133Cs [13], 170Yb [14] and 174Yb [15].
Beyond the field of ultracold atomic quantum gases also of Bose-Einstein condensation
with exciton polaritons [16, 17], magnons [18] and pure photons in an optical microcavity
[19] were reported.

Beside bosons also with fermions, the second elementary constituents in nature, quan-
tum degeneracy in dilute quantum gases were achieved. The first degenerate Fermi gas
was observed in 1999 with the fermionic potassium isotope 40K [20], followed by 6Li [21,
22] and later by 173Yb [23]. In contrast to bosons, identical fermions cannot occupy the
same quantum state due to the Pauli exclusion principle [24]. Instead, identical fermions
occupy each quantum state exactly once. If all fermions of a fermionic ensemble occupy
energy levels one by one, starting with the lowest possible energy level, then the energy
of the final fermionic particle corresponds to the so-called Fermi energy EF. Due to this
fact, the phase space density can never exceed values greater than unity for fermions. The
Fermi energy is related to the Fermi temperature TF. As soon as the temperature of a
fermionic ensemble becomes smaller than the Fermi temperature, quantum degeneracy
occurs.

Usually, the creation of a Bose-Einstein condensate or a degenerate Fermi gas in the
field of ultracold quantum gases starts with a magneto-optical trap [25], which is realized
within a vacuum system. The magneto-optical trap collects either atoms directly from the
background vapor or from an atomic beam, e.g. provided by a Zeeman slower [26] or a two-
dimensional magneto-optical trap [27]. In all cases, the Zeeman slower, the two-dimensional
magneto-optical trap and the magneto-optical trap itself, laser beams, which are tuned
to frequencies smaller than the atomic resonance frequencies, are used for decelerating
atoms [28]. In a second step, the atoms in the magneto-optical trap are transferred into
a pure magnetic trap [29] or alternatively into an optical dipole trap [30]. In both cases,
the temperature of the trapped atoms is further reduced by evaporative cooling [31]. In
magnetic traps, a radio frequency field is applied to remove the atoms with the highest
energy from the trap [32] by spin-flip transitions. For the case of optical dipole traps, the



potential depth is reduced during the course of evaporation [33], which also removes the
atoms with the highest kinetic energy. The remaining atoms thermalize to a Maxwell-
Boltzmann distribution of lower temperature by elastic collisions. Finally, at sufficient
low temperatures and high densities the transitions to a Bose-Einstein condensate or a to
degenerate Fermi gas occur.

Despite the fact that the first degenerate quantum gases were created with pure mag-
netic traps, the use of magnetic traps is associated with some restrictions. In magnetic
traps only the so-called low-field seeking spin states are trappable. Thus, dipolar re-
laxation, inelastic collisions between low-field seeking states into the always strong-field
seeking ground state, leads to heating and trap loss [34]. Furthermore, if different hyper-
fine states are trapped simultaneously, spin relaxation collisions are the dominant atomic
loss mechanism. Another disadvantage is the fact that mF = 0 atoms are not trappable.
However, especially such atoms, insensitive to magnetic stray fields, are of great interest
in atomic clocks and atom interferometers.

In contrast to magnetic traps, in optical dipole traps atoms in all spin states are trap-
pable [35]. Also the simultaneous trapping in different hyperfine states is possible [34].
However, if atoms are trapped in an upper hyperfine ground state, hyperfine changing
collisions reduce the lifetime [36]. Beside trapping different atomic species in the same
optical dipole trap [37], also molecules are trappable [38]. By using circularly polarized
laser beams, a spin dependent trapping potential is created [39]. Since in optical dipole
traps atoms of all spin states are trappable, so-called Feshbach resonances [40] are also
applicable to strong-field seeking states [41]. Feshbach resonances present a simple tool for
adjusting the interaction strength by an external magnetic offset field. Depending on the
magnetic field strength, the atomic interaction can be changed from attractive to repul-
sive and vice versa. This makes it possible to create a stable Bose-Einstein condensate of
85Rb [12], or to control the dynamics of a Bose-Einstein condensate in such a way that it
collapses or explodes [42].

In both kind of traps, magnetic and optical dipole traps, Bose-Einstein condensates
and degenerate Fermi gases were successfully created [3, 20, 43, 44]. These two types
of ultracold quantum gases opened the door to a variety of research topics which are
still ongoing. In 1996 ultracold quantum gases have been proposed as tool for quantum
simulators [45], which are related to the ideas of Feynman published several years before
in 1982 [46]. With cold atoms in optical lattices [47], such simulations, e.g effects known
from solid state theory, became accessible. Due to simple adjustable parameters as the
intensity, the phase, or the polarization of the laser beams that are used for creating
the optical standing waves, nowadays optical lattices are very versatile tools. Several
experimental works were addressed to the Hamiltonian of the Bose-Hubbard model [48],
which resulted in the observation of a quantum phase transition from a superfluid to a
Mott insulator in a gas of ultracold atoms with bosons [49] and later with fermions [50,
51]. Furthermore, ferromagnetism in a Fermi gas of ultracold atoms [52], the emergence
of a self-organized supersolid phase [53] and the fermionic behavior of ultracold bosons
trapped in a one-dimensional lattice [54] were observed.

Beyond these issues of condensed matter physics, more and more few-body related
topics are currently being investigated. The observation of signatures of so-called Efi-
mov trimers [55], a system consisting of three weakly bound fermions [56], marks one
example. Its examination is directed to a better understanding to the quantum mechan-
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ical three-body problem as it exists within every proton and neutron composed of three
distinguishable quarks.

There are many more fields of research which are related to ultracold quantum gases
prepared in magnetic traps or optical dipole traps. As discussed before, Bose-Einstein
condensates as well as degenerate Fermi gases can be created in both types of traps by
evaporative cooling. In some experiments, the ultracold atoms prepared in a magnetic trap
are transferred in a second step into an optical dipole trap. This is especially required,
if the interaction strength is adjusted by Feshbach resonances for atoms being in high-
field seeking states. In such a case, an all-optical approach can in principle provide a
considerable simplification. The magnetic trap and hereto related technical devices are
not required and the whole trapping and cooling cycle is completely accomplished by the
setup of the optical dipole trap. However, the technical simplification in the all-optical
approach creates other challenges. So-called light-assisted losses present a fundamental
restriction in the number of atoms which are transferable from a magneto-optical trap
into an optical dipole trap [57]. Three different phenomenons which are induced by the
trapping light of the magneto-optical trap are covered by light-assisted losses. These
are fine structure changing collisions [58], hyperfine changing collisions [59] and radiative
escape [60].

In the case of the fermionic element of potassium, 40K, at the present time only in ex-
perimental setups with magnetic traps quantum degeneracy was reached [20]. An attempt
to create an ultracold gas of fermionic potassium atoms by all-optical means has not been
reported so far. A possible explanation for this could be the light-assisted losses, which
were given in earlier measurements with higher values compared to other alkali elements
[61].

In this thesis, a routine is presented on how to create an ultracold gas of fermionic
potassium atoms at temperatures around 140 nK by all-optical means. The focus lies on
circumventing the strong light-assisted losses of 40K in order to reach higher atom num-
bers in the magneto-optical trap (MOT) and subsequently in the optical dipole trap. In a
first step a spatial dark spot MOT [62] is loaded with 40K atoms provided by the atomic
beam of a two-dimensional magneto-optical trap [27]. Subsequently, the precooled atoms
in the dark MOT are transferred into a quasi-electrostatic dipole trap (QUEST) [35] via
a compressed MOT phase (CMOT). Due to the strong light-assisted losses a new loading
scheme was applied which could also be of interest for other atomic species to reach higher
atom number in an optical dipole trap. In the final step, the temperature of the confined
atomic ensemble was reduced to the nanokelvin regime by forced evaporative cooling [33].
A more detailed description of the results that are reached by evaporative cooling within
the experiment described here are found in the doctoral thesis of Christian Bolkart [63].

This thesis is organized as follows. In chapter one, a theoretical introduction to the field
of optical dipole traps is given. The chapter starts with a deduction of the optical dipole
potential and the optical dipole force (section 1.1). General expressions for the scattering
rate (section 1.2) and atomic polarizability (section 1.3) are derived. In section 1.4, the
trapping topologies depending on the relative detuning of the used laser with regard to
the next atomic electric dipole transition are described. The characteristics of a QUEST
concerning the dipole potential and scattering rate are introduced in section 1.5. At any
kind of optical dipole trap, an ac Stark shift of the atomic resonances is connected. Its
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influence on trapping atoms in optical dipole potentials is discussed in section 1.6. An
overview about possible trapping geometries with respect to the ones implemented in the
experiment of this thesis follow in section 1.7. The chapter concludes with a description
of the loading dynamics of optical dipole traps and the here underlying restrictions due
to light-assisted losses (section 1.8).

The experimental setup is described in chapter two. First, the vacuum system consisting
of main chamber (section 2.1.1), pumping section (section 2.1.2) and prechamer (section
2.1.3) are introduced. The second part addresses to the optical setup which provides light
for cooling and trapping in the magneto-optical traps and the QUEST. It starts with the
reference laser (section 2.2.1) whose frequency is stabilized by a frequency modulation
spectroscopy [64]. Afterwards (section 2.2.2), all laser devices are introduced which are
used as light sources for the magneto-optical trap and two-dimensional magneto-optical
trap. About the laser source, optical path and further technical aspects concerning the
QUEST is reported in section 2.2.3. The third part (section 2.3) is dedicated to the
different kind of magnetic coils which provide homogeneous and inhomogeneous magnetic
fields as they are used during trapping the atoms. The last part of chapter two explains
the implementation of the experimental control system (section 2.4) which controls and
monitors all experimental steps.

In chapter three, two methods for characterizing the atoms which are confined in the
different atomic traps are given. The first method, fluorescence detection (section 3.2),
is used for the determination of the number of atoms in the magneto-optical trap. The
second method, absorption imaging (section 3.3), is used for the determination of the
number and the temperature of atoms which are trapped in the QUEST.

Chapter four reports about the preliminary work which was done before the 40K atoms
are loaded into the QUEST. In section 4.1, the implementation of a two-dimensional
magneto-optical trap is presented and characterized. The characterization of the MOT
follows in section 4.2. An introduction to light-assisted losses is given in section 4.3. In
section 4.3.6, the procedure for the measurement of light-assisted losses within the 40K
MOT is explained. The results are given in section 4.3.7. The dark MOT (section 4.4) is
presented as a possibility to reduce the strength of light-assisted losses in order to reach
higher number of trapped atoms.

The loading scheme of the QUEST is given in chapter five. First, in section 5.1, a
short description of the implementation of the QUEST within the experimental setup
is presented. Second, a reliable method to align the trapping beam of the QUEST in
such a way that it intersects with the trapping volume of the MOT is shown in section
5.1.2. Afterwards in section 5.2, measured trap characteristics of the QUEST as the
trapping frequency, the waist and the lifetime of trapped atoms are summarized. Section
5.3 describes the loading scheme how atoms from a dark MOT are transferred into the
QUEST via a short compressed MOT phase. In the last part of chapter five (section 5.4),
the results of cooling during natural evaporation and forced evaporation are presented.

An outlook is given in chapter six. There, further possibilities to reach higher atomic
transfer efficiencies from the dark MOT into the QUEST are discussed.
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1. Optical dipole traps

The use of optical dipole traps is a commonly employed method to trap neutral atoms [30]
or molecules [38] in the field of ultracold quantum gases. The basic principle of trapping
is based on the polarization of particles due to an oscillating light field. Here induced
electrical dipoles interact with the light field, which in combination with an inhomogeneous
intensity profile leads to a position dependent force [65, 66]. If the frequency of the light
field is detuned far from the atomic resonances, a largely state independent confinement
can be created. This is a considerable advantage over pure magnetic traps, in which only
low-field-seeking ground-state atoms are trappable in a magnetostatic minimum [29].

This chapter gives a theoretical introduction to optical dipole traps (following [67]).
First, a general deduction of the optical dipole potential and dipole force for atoms exposed
to an oscillating light field (section 1.1) is given. Then, the herewith connected scattering
rate, which leads to heating of trapped atoms in optical dipole potentials (section 1.2),
is discussed. Following an approach of considering an atom as a classical oscillator, an
expression for the complex atomic polarizability is derived (section 1.3). This quantity is
an essential parameter as it determines the strength of the optical dipole force and the
potential depth. Subsequently, it is shown that there are generally two types of trapping
topologies. These topologies are distinguished by the sign of a trapping laser’s detuning
with respect to the next electric dipole transition (section 1.4). Section 1.5 focuses on a
special type of optical dipole trap, the so-called quasi-electrostatic dipole trap (QUEST)
[35, 68]. Such traps present a nearly ideal realization of a conservative trapping potential.
The meaning of the differential ac Stark shift and its influence on trapping neutral atoms
is discussed in section 1.6. An overview in the variety of possible trapping geometries, with
focus on the ones implemented in this thesis, is given in section 1.7. There expressions for
trapping frequencies and optical potentials are deduced. Finally, the chapter concludes
with a detailed description of the loading process and loading dynamics of an optical dipole
trap (section 1.8).

1.1. Optical dipole potential and force

In an optical dipole trap the confinement of neutral atoms relies on an induced electrical
dipole. Basis hereof is a light field the atoms are exposed to. Its electric field component,
here written in the usual complex notation,

E(r, t) = êẼ(r)e−iωt + c.c. (1.1)

leads to a polarization of the atoms, which is connected with an induced dipole field

p(r, t) = êp̃(r)e−iωt + c.c. (1.2)

Here ê is the unit polarization vector and ω the external driving frequency of the light
field. The amplitude p̃ of the induced dipole moment is directly proportional to the field



1.3. Atomic polarizability

amplitude Ẽ
p̃(r) = α(ω)Ẽ(r), (1.3)

where α(w) presents the complex polarizability of a single atom, which depends also on
the driving frequency ω of the external light field. The induced, oscillating dipole p = αE
experiences within the light field an interaction potential, which is given by

Udip = −1

2
〈p(r, t) ·E(r, t)〉 = −1

2
Re(p̃(r)Ẽ(r)) (1.4)

= −1

2
Re(α)

∣∣∣Ẽ(r)
∣∣∣2 = − 1

2ε0c
Re(α)I(r). (1.5)

The factor 1/2 in equation 1.4 results from the fact that the dipole moment is an induced
and not a permanent one. The angular brackets denote the time average over the rapidly
oscillating terms. Here I(r) = 2ε0c|Ẽ(r)|2 is the field intensity of the applied light field.
The optical dipole force is deduced by the gradient of the optical potential

Fdip = −∇Udip(r) =
1

2ε0c
Re(α)∇I(r). (1.6)

It directs along the gradient of the external light field intensity the atoms are exposed
to. The expressions for the optical dipole potential in equation 1.5 and the optical dipole
force in equation 1.6 are valid for all kind of neutral particles. For example this can be an
atom in a far-off resonant laser field or a molecule in a microwave field.

1.2. Scattering rate

A part of the external light field, which leads to the polarization and finally to the optical
dipole potential, as given in equation 1.5, is scattered by the polarized atoms. This
scattering process opens a loss channel out of the optical dipole trap as it leads to a heating
of the confined atoms. The power absorbed by a single induced dipole and subsequently
re-emitted as dipole radiation is given by

Pabs = 〈ṗ(r, t) ·E(r, t)〉 =
ω

ε0c
Im(α)I(r). (1.7)

If the light field is considered as a continuous flux of photons with the energy ~ω, the
scattering rate can be calculated in the following way:

Γsc =
Pabs

~ω
=

1

~ε0c
Im(α)I(r). (1.8)

Here, Pabs denotes the absorbed power. As with the optical dipole potential and the
optical dipole force in equation 1.5 and 1.6, also this expression for the scattering rate is
applicable to any polarizable neutral particle.

1.3. Atomic polarizability

As seen before, the complex atomic polarizability α, which depends on the driving fre-
quency ω of the external light field, plays a crucial role in the calculation of the optical
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1. Optical dipole traps

dipole potential and the scattering rate. A way to deduce an expression for α is to consider
the atom as a classical oscillator. In this approach, also known as Lorentz’s model, it is
assumed that the electron is coupled elastically to the core of an atom. The corresponding
eigenfrequency ω0 of this harmonic oscillator is given by the expression ω0 =

√
D/me.

Here D is the spring constant and me the mass of the electron. When the electron is
exposed to an external light field with driving frequency ω, it follows a forced oscillation.

During the oscillation a damping occurs, as accelerated charges in electrical fields emit
electromagnetic radiation. The power radiated by the accelerated electron is given by
Larmor’s formula

P =
2

3

e2

4πε0c3
|a|2 , (1.9)

where e is the charge of the electron, c the speed of light and a the acceleration of the
electron in the electric field. The damping rate Γω itself is expressed by

Γω =
e2ω2

6πε0mec3
. (1.10)

The electron motion, which follows a forced oscillation, is described in the Lorentz’s model
with the differential equation

ẍ + Γωẋ + ω2
0x =

−eE(t)

me
. (1.11)

Its solution leads to the complex atomic polarizability

α(ω) =
e2

me

1

ω2
0 − ω2 − iωΓω

. (1.12)

By introducing the on-resonance damping rate Γ ≡ Γω0 = (ω0/ω)2Γω and substituting
e2/me = 6πε0c

3Γω/ω
2, the final expression for the polarizability is obtained

α(ω) = 6πε0c
3 Γ/ω2

0

ω2
0 − ω2 − i(ω3/ω2

0)Γ
. (1.13)

Plots of the imaginary and real part of the complex polarizability are shown in figure 1.1
(a) and (b) for 40K. For ω0, the frequency centroid (near 768 nm) of the D1-line and the D2-
line was assumed. The imaginary part, which incorporates linearly in the calculation of the
scattering rate, has a maximum at the resonance frequency ω0. The dashed line in the plot
of the real part of the polarizability corresponds to the angular frequency of a CO2 laser
at a wavelength of 10.6 µm. This kind of laser is used in the experiment described in this
thesis for creating an optical dipole trap (see section 2.2.3 and chapter 5 for further details).
The calculated value for Re(α) at the CO2 laser frequency is about 4.71× 10−39 Cm2/V.
This well matches to the experimental value of (4.8± 0.1)× 10−39 Cm2/V [69].

A more accurate value for the complex polarizability can be calculated with a semiclas-
sical approach. The atom is considered as a two-level quantum system with a ground state
|g〉 and an excited state |e〉, which interacts with a classical radiation field. If saturation
effects are neglected, the same expression for the complex polarizability α(ω) as in the
classical calculation given by equation 1.13 is deduced. However, the on-resonance damp-
ing rate Γω0 is calculated in a different way compared to the classical approach. In the

7



1.4. Trapping topologies
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Figure 1.1. – Real and imaginary part of the complex atomic polarizability α(ω) for 40K.

semi-classical approach it is determined by the dipole matrix element between the ground
and the excited state

Γ =
ω3

0

3πε0~c3
| 〈e|µ|g〉 |2. (1.14)

In case of the D-lines of most alkali atom species, e.g. Na, K, Rb and Cs, the classical
approximation in equation 1.10 for the damping rate results in values, which only differ a
few percentage points from the semiclassical approach.

As already mentioned, the semiclassical results given here are only valid for lower in-
tensities. At higher intensities, saturation effects occur, where the excited state is strongly
populated. In this case, equation 1.13 yields no longer reasonable values. Nevertheless,
for the dipole traps with laser frequencies far-detuned from the D-lines as discussed in the
following, the scattering rates are much smaller than the on-resonance damping rates and
thus the results of the semiclassical approach are still applicable.

1.4. Trapping topologies

Depending on the relative detuning ∆ = ωL − ωA of the laser for creating the optical
dipole trap, two trapping topologies are distinguished. Here ωL and ωA are the angular
frequencies of the trapping laser and the atomic resonance. Optical dipole traps are called
red (blue) detuned optical dipole traps for ∆ < 0 (∆ > 0). The differences in the trapping
behavior of atoms for these two topologies are deduced in the following passages.

With the static polarizability, which was introduced in the last section, it is possible
to derive expressions for the optical dipole force, the optical dipole potential and the
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1. Optical dipole traps

scattering rate as follows

Udip(r) = −3πc2

2ω3
A

(
Γ

ωA − ωL
+

Γ

ωA + ωL

)
I(r), (1.15)

Fdip(r) = −3πc2

2ω3
A

(
Γ

ωA − ωL
+

Γ

ωA + ωL

)
∇I(r), (1.16)

Γsc =
3πc2

2~ω3
A

(
ωA
ωL

)3( Γ

ωA − ωL
+

Γ

ωA + ωL

)
I(r). (1.17)

Each of these expressions has two resonances, one at ωL = ωA and one at ωL = −ωA,
where the second one is the so-called counter-rotating resonance. In most experiments in
the field of ultracold quantum gases, where optical dipole traps are used for trapping and
cooling of atoms, (ωA − ωL)� (ωA + ωL). Due to this fact, all counter-rotating terms in
equation 1.15 to 1.17 can be neglected (rotating wave approximation) and lead together
with ωL/ωA ≈ 1 to the reduced expressions

Udip(r) =
3πc2

2ω3
A

Γ

∆
I(r), (1.18)

Fdip(r) =
3πc2

2ω3
A

Γ

∆
∇I(r), (1.19)

Γsc =
3πc2

2~ω3
A

(
Γ

∆

)2

I(r). (1.20)

A look at equation 1.19 shows that the optical dipole force is orientated along one single
axis, which is given by the gradient of the intensity distribution ∇I(r). However, the final
orientation of the force is determined by the relative detuning ∆ = ωL − ωA of the laser
frequency to the closest dipole transition. If the laser frequency is red detuned (ωL < ωA),
∆ becomes negative and the optical dipole force directs to higher intensities (figure 1.2
(a)). This kind of traps are the prior announced red detuned optical dipole traps. In
contrast, the optical dipole force directs to lower intensities, if the frequency of the laser
is detuned to the blue (ωL > ωA) (figure 1.2 (b)), as it is the case at blue detuned optical
dipole traps.

The principle kind of operation of these two trapping topologies in two dimensions is
illustrated in figure 1.2 (c) and (d). A discussion of a three-dimensional trapping follows
later in section 1.7. Figure 1.2 (c) shows a red detuned trap, which is realized by a simple
free running laser beam with a radial symmetrical Gaussian intensity distribution. Atoms,
indicated by the green circles, are accelerated by the optical dipole force towards the region
of maximum intensity. The situation at a blue detuned trap is illustrated in figure 1.2 (d).
Here, a beam with an intensity profile equal to a Bessel-Gauss beam is assumed, which has
an intensity minimum in its center. Due to the blue detuning, all atoms located between
the yellow dotted lines are pushed to the inner of the intensity distribution. The residual
atoms outside these lines are pushed out of the laser beam and cannot be trapped.

As a conclusion of this section, the influence on trapping by the detuning and the
intensity of the applied trapping laser is discussed. The results are applicable for both
red detuned and blue detuned optical dipole traps. As already mentioned, all photon
scattering processes are connected with a heating of the trapped atoms. When photons
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1.4. Trapping topologies

-Fdip

Fdip

(a) (b)

(c) (d)

D < 0 D > 0

Figure 1.2. – Trapping topologies. The direction of the optical dipole force Fdip on a neutral
atom (green circle) is shown for the same inhomogeneous light field at two different detunings
∆ = ωL−ωA of the laser frequency ωL relative to the closest dipole transition ωA. (a) If ∆ < 0, so
that the laser is detuned to the red side of the resonance, the optical dipole force directs to areas
with higher intensities, here indicated by a darker red color. Such traps are called red detuned
optical dipole traps. (b) If ∆ > 0, at a blue detuned laser frequency, the optical dipole force
directs to areas with lower intensities indicated by a brighter blue color. Traps based on this
arrangement are called blue detuned optical dipole traps. In (c) and (d) an example is given for
a two-dimensional confinement of atoms in a red and a blue detuned trap. (c) In the case of a
red detuned trap, atoms within a red detuned Gaussian laser beam are attracted by the intensity
maximum. (d) In contrast, atoms in the light field of a blue detuned Bessel-Gauss beam are
pushed out of the intensity maximum and instead attracted by the minimum of the corresponding
intensity distribution, which is in the center of the beam.

10



1. Optical dipole traps

are scattered by a trapped atom, its kinetic energy is increased. On average, an atom
gains an energy per scattering process in the order of the recoil energy Erec = ~2k2/2m,
with k being the photon wave-vector and m the atomic mass. The gathered energy is
redistributed due to elastic collisions among the atoms in the trap what finally leads to a
higher temperature of the entire atomic ensemble confined in the optical dipole trap. As
long as the kinetic energy of a single atom is smaller than the trap depth in equation 1.18,
it stays confined within the dipole trap. However, as soon as its kinetic energy is higher
than the trap depth, it escapes. With equation 1.18 and 1.20, it is possible to deduce a
relation between the scattering rate and the optical dipole potential

Γsc =
Γ

~∆
Udip. (1.21)

By increasing the detuning it is possible to reduce the scattering rate relative to the optical
dipole potential. However, the scattering rate and the dipole potential are also a function
of the detuning ∆. The scattering rate scales with I/∆2 and the optical dipole potential
with I/∆. Therefore an increase in detuning also leads to a reduced optical dipole depth.
This can be compensated by a higher intensity I. In conclusion, the detuning ∆ and the
intensity I of the laser are the two experimental parameters, which mostly determine the
trapping behavior of an optical dipole trap. Note that there is also a dependency of the
optical dipole potential on the polarization of the applied trapping laser [39]. However,
for linearly polarized light fields, as used in the experiment of this thesis, all expressions
deduced here are valid.

1.5. Quasi-electrostatic dipole traps (QUEST)

In the previous sections, it was always assumed that the difference ∆ = ωL − ωA between
the frequencies of the laser ωL and the closest, first allowed electric dipole resonance
ωA is much smaller than the resonance itself, ∆ � ωA. This led together with the
second assumption ∆ � Γ, where Γ is the damping rate, by applying the rotating wave
approximation to the expression of the optical dipole potential as given in equation 1.18.
In this work a commercial CO2 laser with a wavelength of λ = 10.6 µm is used for creating
an optical dipole trap. Hence, ∆ � ωA is no longer valid. Instead, it is ∆ ≈ 0.93 × ωA
with ωA ≈ 2π(c/767.8 nm) being the frequency centroid of the D1-line and D2-line of 40K.
Traps with trapping frequencies far below all atomic electric dipole transitions (typically
ωL < ωA/2) are called quasi-electrostatic traps (QUEST) [35]. The name results from the
fact that the induced electric dipole follows the oscillating light field of the laser without
a significant phase shift. In the following section, expressions for the potential depth and
the scattering rate of a QUEST are deduced.

1.5.1. Trapping potential

When atoms are exposed to the light field of a QUEST, they spend most of their time
in the ground state so that the overall excited state population of the trapped atomic
ensemble is very small1 [35]. Therefore the trapping potential is given by the lowest order

1This is of course only valid if laser intensities are assumed as they are practically achievable.
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1.5. Quasi-electrostatic dipole traps (QUEST)

perturbation theory expression for the Stark shift of a ground state |g〉, due to the excited
states |e〉

∆Eg = − 1

4~
∑
e

∣∣∣~deg · ~EωL

∣∣∣2 [ 1

ωeg − ωL
+

1

ωeg + ωL

]
, (1.22)

where ωeg = (Ee−Eg)/~ with Ee as the energy of and excited state and Eg as the energy of

the ground state. The quantity ~deg is the dipole matrix element between the ground state

and the excited state. Here ~EωL presents the amplitude of the electric field component
( ~E = ~EωLe

−iωLt + c.c.) of the laser. According to [70], the expression in equation 1.22 can
be simplified by using the ground state static atomic polarizability αs to

Udip = −1

2

αs
[1− (ωL/ωC)2]

| ~E|2. (1.23)

Here ωC denotes the centroid frequency of the closest electrical dipole transitions (D1-
line and D2-line). In the case of alkali atoms the discrepancy between equation 1.22 and
equation 1.23 is smaller than 0.1 % for ωL < ω1/2.

There is also a light shift due to the magnetic dipole interaction with the ground
hyperfine levels, but it is a factor 2µB/(~αsωL) smaller [71]. At 40K, this shift is about
eight orders of magnitude smaller.

Especially in the case of a CO2 laser the expression for the potential depth can be
simplified further. Due to the fact that (ωL/ωC)2 → 0, equation 1.23 can be rewritten
with | ~E|2 = I/(2ε0c) in a good approximation:

Udip = −αs
1

2

I

ε0c
. (1.24)

A comparison with equation 1.18, which describes the so-called far-off resonance traps
(FORT), shows a characteristical difference for QUESTs. There a trapping potential is
independently from the detuning to a specific resonance line. Hence, different atomic
species or even molecules are trappable in the same trapping volume [38].

1.5.2. Scattering rate

The total photon scattering rate Γsc of a multi-level atom composes of the Rayleigh scat-
tering rate ΓRayleigh and the Raman scattering rate ΓRaman, Γsc = ΓRayleigh + ΓRaman. The
Rayleigh scattering describes an elastic process, which leaves the atom in its original state.
In contrast, the atom resides in a different hyperfine or Zeeman sublevel after Raman scat-
tering, compared to its initial state. The Rayleigh scattering rate is given by the formula
[72]:

ΓRayleigh =
8πr2

eIω
3
L

3~

[∑
e

feg
ω2
eg

]2

, (1.25)

where re is the classical electron radius. The oscillator strength between the excited and
ground state is described by feg. It can be calculated with [73]:

feg =
2mωeg

3~2
|µeg|2 . (1.26)

Here µeg denotes the dipole matrix element between the two states |g〉 and |e〉. In the case
of a CO2 laser and 40K, for which ωL ≈ ωC/14, the expression for the Rayleigh scattering

12



1. Optical dipole traps

in equation 1.25 is almost exact. At ωL ≈ ωC/2 it deviates about 30 % compared to
the exact value, which can be calculated by the more complex expression given in [35].
The ratio between Raman and Rayleigh scattering for alkali atoms at laser frequencies of
ωL ≈ ωC/2 is approximately given by

ΓRaman

ΓRayleigh
≈ 8

9

[
∆FSωL
ω2

C

]2

. (1.27)

Here ∆FS denotes the fine structure frequency splitting. Equation 1.27 shows that in a
QUEST Rayleigh scattering dominates over Raman scattering. In the case of an optical
dipole trap realized with a CO2 laser, Raman scattering is even negligible.

In section 1.7 different trapping geometries are introduced. All of them base on the
use of Gaussian laser beams. With the maximum intensity value Imax = 2P/(πw0)2 in the
focus of the trap it is possible to express the Rayleigh scattering rate as [74]:

ΓRayleigh =
16r2

eP

3~w2
0

(meαs
e2

)2
ω3
L. (1.28)

Here w0 is the waist of the Gaussian trapping beam, me the electron mass, e the elementary
charge, αs the static polarizability and P the total power of the trapping laser. Typical
scattering rates reported are below 10−3 s−1 [67]. For comparison, in the optical dipole
trap realized in the experiment described in this thesis with a total power of 85 W and a
waist of 23.5 µm, a 40K atom situated in the hyperfine ground state scatters one photon
every 100 s according to equation 1.28. This rare scattering shows the second important
characteristic of a QUEST. It presents nearly an ideal realization of a conservative trap.

1.6. Differential ac Stark shift in optical dipole traps

As already mentioned in the last section 1.5, the interaction of an atom with the oscillating
electric field component of the trapping laser leads to an induced energy shift of its internal
states. This phenomenon, known as ac Stark shift, can be described for a two-level system
by the following expression [67]:

∆E = ±|〈e |µ| g〉|
2

∆

∣∣∣ ~E∣∣∣2 = ±3πc2

2ω3
A

Γ

∆
I, (1.29)

which is identically with the trapping potential given in equation 1.18. Here Γ denotes
the on-resonance damping rate as introduced with equation 1.14 and ∆ = ωL − ωA the
detuning between the frequency of the laser ωL and the next electric dipole transition
with the transition frequency ωA. The sign of the ac Stark shift is determined by the
corresponding state, which is plus for an excited state and minus for a ground state. The
amount of the light shift is for both states identical (see figure 1.3 (a)). In general, laser
beams with a Gaussian intensity distribution are used for creating optical dipole traps
(section 1.7). As a consequence, the ac Stark shift as given in equation 1.29 is a position
dependent quantity. In figure 1.3 (b), the light shift along a transversal cut through a
Gaussian beam is illustrated. This leads to a new position dependent resonance frequency
ω′A(r). If ∆ < 0, atoms are only trappable in the ground state. In contrast, if ∆ > 0,
atoms are only trappable in the excited state (figure 1.3 (c)).
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Figure 1.3. – Differential ac Stark shift. (a) The ac Stark shift caused by the oscillating electric
field of an optical dipole laser leads to an energy shift ∆E of the ground and excited state. In the
case of near resonant traps, the amount of shifting is the same but with opposite sign. (b) As in
general Gaussian beams are used for creating an optical dipole trap, the ac Stark shift is a position
dependent quantity. The difference in shifting, called the differential ac Stark shift, corresponds
here to the new transition frequency ω′A(~r). For near resonant red detuned traps with ∆ < 0
(∆ = ωL − ωA) atoms are only trapped in the ground state. In the excited state the atoms are
pushed out of the Gaussian light field. (c) In the case of near resonant blue detuned traps with
∆ > 0, the light shifting is inverted. As a consequence, atoms are only trappable in the excited
state. (d) For QUESTs the light shift is negative for the ground and excited state and therefore
atoms are trappable in both states. In contrast to near resonant traps, the amount of shifting
differs between the states.
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1. Optical dipole traps

In the case of a QUEST, the ac Stark shift is given by the already known formula for
the dipole potential

∆E = −αs
I

2ε0c
, (1.30)

where αs is again the static polarizability. In contrast to equation 1.29 there is no depen-
dency of the atomic state. Hence the energy of the ground and excited state are changed
in the same way. For alkali atoms the static polarizability is a function of the sublevel m
of the angular momentum J [75]:

αs(m) = αscalar + αtensor
3m2 − J(J + 1)

J(2J − 1)
. (1.31)

Here αscalar denotes the scalar polarizability and αtensor the tensor polarizability. These
polarizabilities differ for ground and excited states [76]. The difference between the light
shift of the excited state ∆Ee and the light shift of the ground state ∆Eg is called differ-
ential ac Stark shift. It expresses how much the atomic resonance is totally shifted due to
the oscillating electric light field. For a QUEST it is calculated by

∆ωge =
∆Ee −∆Eg

~
= − I

2ε0c~
(αse(m)− αsg(m)) , (1.32)

with αse, αsg as the static polarizability of the excited, ground state respectively. For 40K
atoms confined in an optical dipole trap, as implemented in the experiment described in
this thesis, with a power of 85 W and a waist of 23.5 µm, the differential ac Stark shift
reaches values up to approximately 2π × 131 MHz.

In section 5.1.2 it is shown how the differential ac Stark shift was used for aligning and
positioning the optical dipole trap relative to the magneto-optical trap in this experiment.
In the same way as it simplifies the beam alignment it complicates the loading of atoms
from the magneto-optical trap in the optical dipole trap (section 1.8).

1.7. Trapping geometries

There are a variety of possible trapping geometries for realizing an optical dipole trap for
neutral atoms [33, 77, 78]. Some of them are shown in figure 1.4. All of these traps have
in common that they rely on the application of laser beams with a Gaussian intensity
distribution. The inhomogeneous intensity profile presents, as shown in sections 1.1 and
1.4, the basic principle of the optical dipole force on neutral atoms. The gradient of the
intensity leads to the dipole force (equation 1.6) standing perpendicular to the propagation
direction of the Gaussian laser beam. In the case of a negative detuning (as it is assumed
for the whole further section) the force directs to the maximum of the laser field in its
center. This leads to a two-dimensional (radial) confinement of the atoms. The lack of an
inhomogeneous intensity profile in the propagation direction of the laser beam is solved
by the second commonality of the traps, focusing the beam with the help of a lens. By
focusing the beam, also in the propagation direction an inhomogeneous intensity profile
is created and finally a three-dimensional optical trapping is achieved in the focus. The
development of the intensity after the lens is described by

I = Imax
1

1 + (z/z0)2
exp

(
−2

r2

w2
0

1

1 + (z/z0)2

)
(1.33)
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1.7. Trapping geometries

(a) (b)

(c) (d)

Figure 1.4. – Geometries of optical dipole traps. (a) The simplest version of an optical dipole
trap is realized by focusing a laser beam with a Gaussian intensity profile. (b) The combination
of two free running single beam traps to a crossed configuration offers a stronger confinement of
atoms than a single beam trap. (c) The third version is the standing wave configuration, which
is reached for example by retroreflecting the trapping beam. In principle this is also applicable to
the crossed configuration. (d) The last geometry is called dimple trap. In the shown example, a
shallow crossed beam trap is overlapped with a tightly focused single beam trap which creates a
dimple in the overall optical dipole trapping potential.
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1. Optical dipole traps

where z denotes the axis along the propagation direction and r the two combined (due
to the radial intensity symmetry) axes x and y perpendicular to it. The maximum of the
intensity in the focus (r = 0 and z = 0) is Imax = 2P/(πw2

0) with P being the total laser
power of the beam. The waist of the Gaussian beam is described by w0 and the Rayleigh
length by z0 = πw2

0/λ with λ being the wavelength of the laser.

The simplest trapping geometry is a focused single beam (figure 1.4 (a)) [77]. The
trapping mechanism coincides exactly as described in the last passage. The second lens is
used for restoring the collimation of the beam in order to be able to guide it in a controlled
way, for example to a beam dump where its power is absorbed.

The second geometry is a crossed optical dipole trap (figure 1.4 (a)). Here two free
running Gaussian laser beams standing perpendicular to each other are focused to a com-
mon point2 [33, 43]. In comparison with a single beam trap an overall stronger spatial
confinement is achieved in the following sense. Assuming the power of a single beam trap
is distributed equally to the two beams of the crossed configuration, then the same max-
imal potential depth in the common focus [70] is achieved, if lenses with the same focus
length are used as in the single beam configuration. For such a case the confinement in
each direction in a crossed dipole trap is higher than on the weak axis of the single beam
trap. Nevertheless, the gain in confinement is attended by a higher technical effort.

The third trapping geometry is an expansion of the single beam trap and can in prin-
ciple be also applied to the crossed beam configuration. Here a standing wave is created
for example by retroreflecting the beam after restoring its collimation by a second lens
(figure 1.4 (c)). In such configurations, a stronger confinement [78] is reached than in the
standard crossed dipole configuration. The atoms are trapped in the antinodes of this
one-dimensional optical lattice. Despite the strong confinement, in regard of evaporative
cooling such systems are less efficient. As each antinode with a distance of λ/2 to the next
one presents a single dipole trap, there is no interaction between the atoms of the different
antinodes. So the important collisions for rethermalization are restricted always to the
atoms in one antinode. In general, the collision rate γ is proportional to the number of
trapped atoms N , the third power of the geometric mean ν̄ of the oscillation frequencies in
each trapping direction and the reciprocal of the temperature T of the confined atoms in
the optical dipole potential (Γ ∝ Nν̄/T [44]). In an optical lattice, the number of trapped
atoms in a single node is much smaller compared to a single beam trap or a crossed beam
trap. Additionally, the atomic temperature is higher due to the deeper potential depth3.
This leads despite the higher oscillation frequencies to an overall smaller collision rate and
thus to a worse starting condition for evaporative cooling in an optical lattice. Applica-
tions of such standing wave configurations are situated in the field of quantum engineering
[74].

The fourth shown trapping geometry relies on the combination of a single beam trap
with a crossed trap (figure 1.4 (d)) and is called dimple trap. It traces back to [79] where a
shallow potential of a magnetic trap was overlapped with a tightly focused laser beam. In
the case of a pure optical trap, the magnetic trap is replaced by a crossed dipole trap which
is realized by minor tightly focused beams. With such an arrangement, it was possible to

2Theoretically, the crossing of two Gaussian laser beams without focusing are sufficient for creating
an optical dipole trap with a three-dimensional confinement. However, in such a configuration the
confinement is very weak. Therefore the single beams are also focused in the crossed beam configuration.

3In this consideration, it is assumed that the optical lattice was created by retroreflecting the trapping
laser beam of the optical dipole trap.
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1.7. Trapping geometries

(a) 3D plot of potential (b) Differential ac Stark shift

Figure 1.5. – Potential and differential ac Stark shift of a single beam trap at 40K. (a) A 3D plot
of the trapping potential is depicted for a power of 85 W and a waist of 23.5µm. Its maximum in
the center (r = 0 and z = 0) is about kB×6.3 mK. (b) For a cutout of r = ±400 µm and z =
±300 µm around the trapping center, along the propagation direction the belonging differential ac
Stark shift (section 1.6) is shown with a maximum of approximately 131 MHz at r = z = 0.

create a Bose-Einstein condensate with Cs for the first time at all [13]. Disadvantage of
this approach is the need for an additional laser.

In order to keep the technical effort as small as possible and due to the good experiences
in our working group with a single beam optical dipole trap [70, 80, 81], our decision
for creating an ultracold gas of 40K felt for benefit of a single beam QUEST. Therefore
all further considerations are reduced to this type of trapping geometry. The trapping
potential can be easily calculated from equation 1.33 by applying equation 1.24

Udip(z, r) = −U0
1

1 + (z/z0)2
exp

(
−2

r2

w2
0

1

1 + (z/z0)2

)
(1.34)

with U0 = αsP/(πε0cw
2
0) as the maximum potential in the focus. Here αs describes the

static atomic polarizability from section 1.6. In the vicinity of the trap center the potential
can be assumed harmonic. By reducing the consideration of the potential to one dimension
it can be written by the known expression

U(x) =
1

2
mω2

xx
2. (1.35)

This means that the atom with mass m oscillates with the frequency ωx within the har-
monic potential. The Taylor expansion of the harmonic potential around the minimum
(xmin = 0) leads with ∂U(x)/∂x|x=xmin = 0 to the following general expression for the
oscillation frequency

ω2
x =

1

m

∂2U(x)

∂x2
|x=xmin . (1.36)

By replacing U(x) with the optical dipole potential given by equation 1.34, relations for
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1. Optical dipole traps

(a) Geometric arrangement (b) 3D plot of the potential

Figure 1.6. – Scheme of the used double dipole trap. (a) The used double dipole trap is an
arrangement of two collinear aligned single dipole trapping laser beams with different waists and
perpendicular to each other standing linear polarizations. In this example the second trapping
beam has a waist twice as big as the first one. In (b) is illustrated a 3D plot of the potential
depth within a layer, which runs through the common focus of both beams. For the first beam a
power of 85 W and a waist of 23.5 µm was assumed and for the second beam a power of 60 W and
a waist of 47 µm. The total potential depth of the double dipole trap is about 7.4 mK according
to equation 1.39 with 40K atoms for the quoted trap parameters.

the longitudinal and transversal oscillation frequencies are obtained

ωz =

√
αsP

πcε0mw2
0

·
2λ2

π2w4
0

, (1.37)

ωr =

√
αsP

πcε0mw2
0

·
4

w2
0

= ωz

√
2π2w2

0

λ2
. (1.38)

During the experiments, it turned out that with the trapping geometry discussed so far
only a not sufficient number of 40K could be collected in the trap. Therefore the trapping
geometry was modified in the following manner. The laser beam, which is used for creating
the single beam trap, is ”recycled” after it leaves the vacuum chamber (technical details
are explained in section 2.2.3). This means that the beam is guided collinearly against its
prior propagation axis through the chamber again (figure 1.6 (a)). During the recycling
process its linear polarization is rotated by 90◦ and its diameter is reduced by a factor
of two. As a result there is created a second single beam trapping region with a doubled
sized waist. Interference effects between the two trapping beams are suppressed due to
their linear, but perpendicular to each other standing, polarizations. The total potential
Utot of this dimple like arrangement, further termed as double dipole trap, is given by the
sum of the single dipole potentials of the original trap Uorg and the counterpropagating
trapping beam Urec

Utot = Uorg + Urec. (1.39)

The deduction of the trapping frequencies for double dipole trap equals to that of the
single beam trap. With help of equation 1.36 for the radial part one obtains

ωrtot =

√
4αs
πcε0m

{√
Porg

w4
org

+

√
Prec

w4
rec

}
. (1.40)
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1.8. Loading dynamics

Parameter single beam trap double dipole trap

U [mK] 6.3 7.4

ωr [kHz] 2π × 15.5 2π × 18.7

ωz [kHz] 2π × 1.6 2π × 1.75

Table 1.1. – Overview of the different trapping parameters as the trap depth U , the radial
oscillation frequency ωr and the longitudinal oscillation frequency ωz with 40K. The calculations
base on a power of P = 85 W and a waist of w0 = 23.5 µm for the single beam trap. A loss in
power of 30 % and a doubled waist was assumed for the counterpropagating trapping beam in the
calculation of the double dipole trap parameters.

Here Porg, worg denote the power and the waist of the original trap beam and Prec, wrec

the power and the waist of the counterpropagating trap beam. Between these parameters
the following relations exist

Prec = npower ·Porg, (1.41)

wrec = nwaist ·wrec. (1.42)

The lost in power during recycling is embraced in npower and the change in the waist by
nwaist. Hence as final expressions for the trapping frequencies follow

ωrtot =

√
4αs
πcε0m

·
Porg

w4
rec

{
1 +

√
npower

n4
waist

}
, (1.43)

ωztot =

√
2αsλ2

π3cε0m
·
Porg

w6
rec

{
1 +

√
npower

n6
waist

}
. (1.44)

As conclusion of this section an overview is given (table 1.1) for the different trapping
parameters of the two introduced geometries, as they are realized in the experiment of this
thesis. For the calculation a power of 85 W and a waist of 23.5 µm for the single beam trap
were assumed. In the case of the double dipole trap a to 30 % reduced power (nPower = 0.7)
and a doubled waist (nwaist = 2) in the counterpropagating trapping beam was assumed.
As the calculations show, in the double dipole trap the expected radial frequency increases
by approximately 21 % and the longitudinal frequency by approximately 10 % compared
to the values of the single beam trap. The total trap depth rises about 17 %. Finally,
it has to be noted that the double dipole trap comprises a larger volume than the single
beam trap. This trapping volume is mainly given by the counterpropagating trap with
the larger waist.

1.8. Loading dynamics

In this section, an insight in the mechanisms of loading an optical dipole trap with neutral
atoms is given, followed by theoretical aspects [57]4. For simplicity a single beam trap

4The description of the loading dynamics of an optical dipole trap in [57] is related to far-off resonance
traps (FORTs) [77]. However, as no special restrictions are made, the dynamic process described there
is also applicable to QUESTs. It has to be noted that in [82] the loading dynamics of a CO2 laser trap
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Figure 1.7. – Schematic illustration of trapping a neutral atom in a QUEST. If an atom with
velocity vstart enters the potential of a QUEST (orange line), its kinetic energy increases (blue
line). After crossing the trap center (r = 0), where the atom has the maximum speed, the kinetic
energy is transformed back into potential energy until the atom has achieved its prior velocity. If
no damping occurs, the atom removes from the QUEST without being trapped. In order to trap
the atom, it has to lose kinetic energy, while it traverses the QUEST, in the height of its starting
energy (mv2

start/2) or higher. Then the atom reaches a point in the QUEST, where its kinetic
energy is zero (red, dashed line). There the atom’s direction of movement is inverted and it cannot
escape any longer from the trap.
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Figure 1.8. – Damping in a QUEST with an additional light field provided by a magneto-optical
trap (MOT). (a) In a QUEST the missing damping is compensated by overlapping it with a MOT
respectively an optical molasses, here illustrated for one velocity component v of a single atom
along one of the three cooling axes of the MOT. (b) Due to the relative movement of the atom in
regard of the two cooling beams, it experiences not only their identical red detuning to the driven
resonance but also an additional Doppler shift. This frequency shift has the same amount but an
opposite amplitude for both beams. (c) Therefore, the two cooling beams act with two different
effective red detunings on the atom. As the counterpropagating beam is less detuned to resonance,
the atom scatters more photons than with the copropagating beam. Hence, as each scattering
process is connected with a reduction in velocity in the order of the recoil velocity vrec = ~k/m,
the atom’s movement is decelerated.

geometry is assumed as introduced in section 1.7. If an atom with velocity vstart enters
the trapping volume (figure 1.7), it is accelerated due to the optical dipole force. During
crossing the trap, potential energy (orange line) is transformed into kinetic energy (blue
line). In the trap center (r = 0) the atom has the highest velocity. Afterwards the atomic
velocity reduces again as kinetic energy is transformed back into potential energy. Finally,
the atom reaches the other side of the optical dipole potential and removes with its original
velocity vstart. In order to trap the atom, it has to lose kinetic energy, when it crosses the
trapping volume (dashed line). The amount of lost energy has to be bigger than or at
least the same as the kinetic energy before the atom entered the trapping region for the
first time. In this case, the atom reaches a point where its kinetic energy is zero within
the trapping volume. Afterwards, the atom is accelerated towards the potential minimum
due to the optical dipole potential and follows an oscillation. Thus, the atom is trapped.

Due to the negligible damping of neutral atoms in optical dipole traps, an additional,
external damping mechanism is required. The standard way to provide additional damp-
ing is to overlap the optical dipole trap with a magneto-optical trap (MOT) [25]. There the
atoms are first trapped in the MOT and cooled down from room temperature to tempera-
tures in the range of several tenth of microkelvins. Afterwards, the atoms are transferred
from the MOT into the optical dipole trap. The here required damping is provided by
the six trapping beams of the MOT, which are arranged in a Cartesian coordinate sys-

is described as realized in the experiment of this thesis. Due to the fact that the assumptions there
are related to 7Li and light-assisted losses are neglected, this description of the loading dynamics is not
applicable to 40K.
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Figure 1.9. – Damping time and damping rate in the intersection volume of MOT and QUEST.
There is only a finite time available for damping an atom’s movement when it traverses the trapping
volume of a QUEST. (a) This time ∆tdamp is determined by the atom’s velocity vstart before it
enters the QUEST. For velocities up to 3.2 m/s, which corresponds ten time the most probable
velocity v̄ =

√
2kBT/m in a MOT with 300 µK, ∆tdamp is in the range of (155− 345) µs for 40K

atoms. At these values, the change in the atom’s velocity due to the optical dipole potential was
taken into account (see for example at vstart = v̄ = 0.32 m/s in the inlet). The trap depth assumed
here is kB×6.3 mK at a waist of 23.5 µm. In order to trap an atom in a QUEST, it has to lose
the kinetic energy (mv2

start/2), which it had before it entered the trapping volume, within ∆tdamp.
(b) Assuming that on average each photon scattering process reduces the atomic velocity in the
height of the recoil velocity vrec = ~k/m, it is possible to calculate a required damping rate to trap
an atom. In case of the MOT and QUEST parameters given prior, the required damping rate for
atoms reaches, depending on vstart, values up to 710 kHz.

tem. The six beams are aligned in a way that in each of the three directions, two beams
counterpropagate. In the following consideration the cooling mechanism along one axis is
discussed. For that it is assumed that an atom propagates along a single axis against one
of the cooling beams and the second cooling beam illuminates the atom from the back
(figure 1.8 (a)). By detuning the frequencies of all trapping beams to the red with respect
to the cooling transition, it is ensured that an atom scatters always more photons with
the counterpropagating beams, which is the essence of the usual Doppler cooling. The
reason for that is the Doppler shift. It shifts the oscillation frequency of the cooling light
fields depending on the relative atomic velocity. For the counterpropagating beam, the
Doppler shift is positive whereas the Doppler shift of the copropagating beam is negative
(figure 1.8 (b)). Hence, the effective detuning is less with the counterpropagating beam
than with the copropagating beam. Finally, this corresponds to a higher scattering rate
(figure 1.8 (c)). As each scattering process is connected with a loss of kinetic energy in
order of the recoil energy Erec = ~2k2/(2m) , the atom experiences a deceleration in its
direction of movement. The time for damping ∆tdamp, when an atom crosses the trapping
volume, depends from its start velocity vstart before it enters the QUEST. In figure 1.9
(a) ∆tdamp is depicted without damping as function of vstart for velocities up to 3.2 m/s.
This corresponds ten times the most probable velocity v̄ =

√
2kBT/m in a MOT at a

temperature of 300 µK filled with 40K atoms. The inlet in figure 1.9 (a) shows the change
in velocity of an atom with vstart = v̄ = 0.32 m/s when it traverses the QUEST. Here, a
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Figure 1.10. – Influence of the differential ac Stark shift on damping in the intersection region
of MOT and QUEST. (a) The position dependent differential ac Stark shift ∆ωStark (section
1.6) is the third component beside the Doppler shift ∆ωD and the red detuning ∆ωL of the MOT
cooling beams, which determines the effective detuning ∆ωA and finally the damping in a QUEST.
Depending on the difference ∆ωStark−∆ωL two situations are distinguished. (b) An atom located
in the QUEST, where |∆ωStark| > |∆ωL|, always scatters more photons with the copropagating
MOT beam. The reason for that is the fact that independent from the atomic velocity, the
overall detuning ∆ωA of the copropagating beam is nearer to resonance. (c) In the second case, if
|∆ωStark| < |∆ωL|, the atom scatters more photons from the counterpropagating beam. Hence, its
movement is damped. In (d) both cases are illustrated along a radial cut through the center of a
QUEST. Due to the position dependent differential ac Stark shift, the atomic transition frequency
ωA becomes an also position dependent quantity ωA(r) (blue dashed line). As long as the frequency
ωL of the MOT cooling beams is smaller than the new transition frequency, indicated by the red
shaped area, all atoms crossing this region are damped in their movement independently from their
velocity. However, as soon as the ac Stark shift corrected transition frequency becomes smaller than
the trapping frequency (pure blue shaped area), then atoms located there are further accelerated.
In the case of a QUEST with a power of 85 W and a waist of 23.5 µm, the transition shift reaches
values up to 131 MHz for 40K atoms.

trap depth of kB×6.3 mK was assumed with a waist of 23.5 µm. As explained above, an
atom has to lose kinetic energy ≥ mv2

start/2 in order to be trapped in the QUEST within
∆tdamp. The minimum photon scattering rate, to achieve trapping in one dimension, is
depicted in figure 1.9 (b). Here, the same MOT and QUEST parameters were assumed as
given before.

If a MOT and a QUEST are simultaneously overlapped, the differential ac Stark shift
(section 1.6) causes some troubles in loading and trapping atoms into an optical dipole
trap. The differential ac Stark shift, due to the light field of the optical dipole trap, changes
position-dependently the effective resonance frequency within the intersection volume of
the two traps. Hence, there are totally three frequency shifting components which con-
tribute to the effective detuning ∆ωA an atom experiences (figure 1.10 (a)): the standard
red detuning of the cooling beams ∆ωL, the Doppler shift ∆ωD and the differential ac
Stark shift ∆ωStark. Depending on the difference of ∆ωStark − ∆ωL two situations are
distinguished. If |∆ωStark| > |∆ωL|, the overall detuning from resonance ∆ωA is larger for
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1. Optical dipole traps

the counterpropagating beam than for the copropagating beam, independently from the
amount of Doppler shift (figure 1.10 (b)), respectively the atomic velocity. This means, in
trapping regions where the differential ac Stark shift is larger than the red detuning of the
MOT trapping beams, no damping occurs. Instead, it is expected that the atoms are accel-
erated. In the second case, if |∆ωStark| < |∆ωL|, the overall detuning from resonance ∆ωA

is always larger for the copropagating beam (figure 1.10 (c)). As a consequence, atoms
scatter more photons with the counterpropagating beam and thus the atomic movement
is damped. In figure 1.10 (d), these two situations are illustrated for the trapping volume
of a QUEST with a waist of 23.5 µm and a trap depth of kB×6.3 mK for 40K atoms along
a radial cut through the trap center. With the given trap parameters, a differential ac
Stark shift up to 131 MHz follows (blue dashed curve). In regions where the differential ac
Stark shift is smaller than the red detuning of the cooling beams (red colored band) with
frequency ωL, atoms experience a damping independent from their velocity. However, as
soon as they enter the region (pure blue shaded), where the differential ac Stark shift is
greater than the red detuning, they are heated up. Hence, no atoms are confined in the
optical dipole trap.

There are two ways to overcome the lack of sufficient damping in the whole trapping
region of an optical dipole trap, when it is overlapped with a MOT. The first one is to
apply a so-called temporal dark MOT phase [62]. There the differential ac Stark shift is
compensated by detuning the trapping laser of the MOT further to the red. In general,
this is executed after the MOT was loaded with a sufficient number of atoms for a time
period of several tenth of milliseconds. A second approach is to chop alternately the light
fields of a MOT and an optical dipole trap [77], which is also applied in this experiment.

Generally, the loading of an optical dipole trap can be expressed by a differential
equation [57]

dN

dt
= R0 exp(−γMOTt)− ΓLN − β′LN2. (1.45)

Here N denotes the number of atoms in the dipole trap and R0 describes the loading rate
of the optical dipole trap. The factor exp(−γMOTt) takes into account that the changed
MOT parameters lead to a loss of atoms in the MOT during loading the dipole trap.
Here γMOT presents the loss rate of atoms in the MOT. With ΓL and β′L are enclosed the
density independent and density dependent losses. The subscript L indicates the fact that
these two kind of losses differ between loading atoms out of the MOT and storing them in
the optical dipole trap without MOT light. For the sake of completeness the differential
equation is given, which describes the evolution of confined atoms in the optical dipole
trap, when the loading process is concluded:

dN

dt
= −ΓN − β′N2. (1.46)

Again Γ and β′ denote the density independent and density dependent losses. As long
as MOT light is present (during loading) the density dependent losses are dominated
by so-called light-assisted losses (see section 4.3 and references therein). Without MOT
light (in the storage phase) photoassociation, hyperfine changing collisions and the natural
evaporation contribute mainly to the density dependent losses. The density independent
losses describe losses due to collisions with atoms of the thermal background gas. There,
collisional losses with atoms from the MOT during the loading phase of the optical dipole
trap come along. It is possible to deduce a steady state number of atoms confined in the
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1.8. Loading dynamics

optical dipole trap from equation 1.45. For this, it is assumed that density dependent
losses dominate over density independent losses. Further, the loss of atoms in the MOT
is ignored so that the loading rate stays constant. The result hereof is

Nst =
√
R0/β′L. (1.47)

The density dependent losses β′L and β′ are volume related coefficients. By introducing
a trapping volume V , they can be converted to real density dependent quantities with
βL = β′L ·V . The trapping volume is approximated by a cylinder with radius and length
determined by the size of the optical dipole trap and the temperature Tdip of the confined
atoms:

V = πw2
0zR ln

(
1

1− η

)√
η

1− η
. (1.48)

Here, w0 denotes the waist and zR the Rayleigh length of the trap. The parameter
η = kBTdip/|U0| describes the ratio between the temperature of the trapped atoms ex-
pressed as energy and the maximal potential depth U0.

There are several contributions, which determine the initial loading rate R0 of the
optical dipole trap in equation 1.45 [57]:

R0 =
1

4
nMOTv̄APtrap. (1.49)

Here nMOT presents the density in the center of the MOT, v̄ =
√
kBTMOT/m the root

mean square velocity of the atoms in the MOT, A the effective surface of the optical
dipole trap and Ptrap the trapping probability. As with the trapping volume in equa-
tion 1.48, the trapping surface is approximated by an encapsulated surface of a cylinder
with a position dependent effective radius reff . The radius is given by the constraint
Udip(reff , z) = Uc ≈ −kBTMOT. It can be expressed as function of the longitudinal coordi-
nate z:

reff(z) =

[
w2

0

2

[
1 + (z/zR)2

]
ln

(
U0

Uc

1

1 + (z/zR)2

)]1/2

. (1.50)

The integration A = 2
∫

2πreff(z)dz leads to the trapping surface. In figure 1.11, reff is
depicted for an optical dipole trap (P = 85 mW, λ = 10.6 µm) with a waist ω0 = 23.5 µm,
a Rayleigh length zR = 164 µm and a trap depth U0 = kB×6.3 mK. The temperature of
the trapped atoms in the MOT was assumed as TMOT = 250 µK. The curve of reff shows
a typical bow tie shape. This explains why the best loading is achieved at optical dipole
traps with larger waists when they are displaced relatively to the MOT (section 5.3).

In this thesis atoms are loaded from a compressed magneto-optical trap (CMOT) into
a QUEST (section 5.3). During the last 10 ms of the CMOT, the light fields of the
QUEST and the CMOT are chopped alternately. By this procedure the atoms experience
no differential ac Stark shift and see a time-averaged optical dipole potential [77], which
is given by the ratio tQUEST/Tcho between the time tQUEST the QUEST is on and the
chopping period Tcho.

As a conclusion of this chapter, an example is given for the quantities (table 1.2) of
the here introduced loading model, which resembles the experimental situation described
in this thesis. For the calculations an optical dipole trap with a potential of kB×6.3 mK
at a waist of 23.5 µm is assumed. Chopping the light fields with 50 kHz at the end of the

26



1. Optical dipole traps

- 6 0 0 - 4 0 0 - 2 0 0 0 2 0 0 4 0 0 6 0 0

5

1 0

1 5

2 0

2 5

3 0

3 5

� ���
���

��

������
(a) Effective trapping radius

1 E - 5 1 E - 4 1 E - 3 0 . 0 1 0 . 1 1 1 0
0

5 0 0 0 0

1 0 0 0 0 0

1 5 0 0 0 0

2 0 0 0 0 0

N [
Ato

ms
]

t  [ s ]
(b) Loading curve of trapped atoms

Figure 1.11. – Simulated effective trapping radius and loading curve of a single beam QUEST.
(a) The effective trapping radius reff marks the position of the potential in an optical dipole
trap where Udip(reff , z) = −kBTMOT. It shows a typical bow tie shape with a minimum in the
center of the focused trapping beam. (b) For the parameters in table 1.2, which present a typical
experimental situation in this thesis, the loading curve of a QUEST is shown. It reaches a maximum
of approximately 2×105 atoms before the finite lifetime of the CMOT and the light-assisted losses
lead to a reduction of it.

CMOT phase leads, together with tQUEST = 12.7 µs, to a time-averaged trapping potential
of kB×4 mK. The temperature of the trapped atoms in the QUEST is determined with
TQUEST = 800 µK and in the CMOT with TCMOT = 350 µK, which results in η = 1/5
and an effective surface of A = 190000 µm2. With an assumed density in the CMOT of
nCMOT = 1× 1011 atoms/cm3 and a trapping probability of Ptrap = 0.3, for the loading
rate a value of R0 = 3.85× 108 atoms/s follows. The steady state number of trapped
atoms Nst = 216000 was ascertained with a light-assisted, density dependent loss coeffi-
cient β = 3× 10−10 cm3/s. The corresponding evolution of trapped atoms in the chopped
QUEST is shown in figure 1.11 for the here given trapping parameters. The complete
loading process is expected to be already finished after 1 ms. Afterwards, the calculated
number of trapped atoms starts to reduce because of the light-assisted losses and the finite
lifetime of the CMOT.
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1.8. Loading dynamics

Parameter Value Equation

Trapping surface A [µm2] 190000 integration of 1.50

Trapping volume V [µm3] 32000 1.48

Trapping rate R0 [atoms/s] 3.85× 108 1.49

Steady state atom number Nst [atoms] 216000 1.47

Table 1.2. – Example for the quantities introduced in this section. The values given here
are based on a typical experimental situation, where the light fields of CMOT and QUEST
are alternately chopped with 50 kHz within the last 10 ms of the CMOT. This leads at a
waist of 23.5 µm and a trapping power of 85 W to a time-averaged optical dipole potential of
kB×4 mK. The temperature in the CMOT is assumed with TCMOT = 350 µK and the density
with nCMOT = 1× 1011 atoms/cm3. The calculation of R0 bases on a trapping probability of
Ptrap = 0.3 and a temperature of TQUEST = 800 µK for the atoms trapped in the QUEST. The
steady state number of trapped atoms Nst was ascertained with a light-assisted, density dependent
loss coefficient β = 3× 10−10 cm3/s.
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2. Experimental setup

This chapter gives a detailed overview of the experimental setup. Two pictures of the
setup are shown in figure 2.1. As typical in the field of ultracold quantum gases, all optical
elements, lasers and the vacuum system are placed on an optical table. Measurement and
control electronics are distributed over several racks and shelves located above and below
the table.

(a) Front view (b) Rear view

Figure 2.1. – Complete experimental setup for creating an ultracold gas of fermionic potassium
atoms.

In the first section 2.1 of this chapter an introduction of the vacuum system is given, where
the trapping and cooling of 40K atoms takes place. The vacuum system is located at the
end of the optical table (red ellipse in figure 2.1). An overview of the laser system, which
is hidden by the black cover of Trovidur, follows in section 2.2. With its lasers, different
types of atom traps are realized within the vacuum system. A further part of the chapter
describes the implemented coils for producing homogeneous and inhomogeneous magnetic
fields (sections 2.3). These fields belong to the atom traps or are used for manipulating
the atoms in different ways. Finally, the chapter concludes with an explanation of the
experimental control system (section 2.4). There it is shown, how all the experimental
parameters can be arranged within an experimental cycle with a temporal accuracy of one
microsecond.



2.1. Experimental apparatus

2.1. Experimental apparatus

Experiments in the field of ultracold quantum gases are predominantly accomplished in
systems which are isolated from the surrounding environment. An evacuated vacuum
chamber represents such a system. The vacuum ensures that the interaction in the quan-
tum gas mainly occurs between its constituting neutral atoms. Disturbing collisions with
atoms of the background vapour reduce linearly with lower pressures of the vacuum.
However, the lower the pressure in a vacuum system the higher the demands to the used
materials, the applied gaskets and the evacuating pumps.

In the following section, the vacuum system is introduced as it was designed within
this thesis for creating an ultracold quantum gas of fermionic atoms (40K). The vacuum
system consists of three parts. The first part is a smaller prechamber (section 2.1.3) which
is used as a source of atoms. For this purpose a so-called two-dimensional magneto-optical
trap (2D-MOT) is realized in it [27]. In the 2D-MOT atoms are cooled in two dimensions
and transferred with the help of a so-called push beam to the second part of the vacuum
system, the bigger main chamber (section 2.1.1). There, the potassium atoms are trapped
and cooled in a three-dimensional magneto-optical trap (MOT) [25, 83]. All further steps
for creating ultracold fermionic atoms take place in the main chamber. This includes the
loading of an optical dipole trap [30] and the following evaporative cooling [33, 84–86]
down to temperatures near degeneracy [20, 21, 44]. The ultra high vacuum in the main
chamber is achieved by the third part of the vacuum system: the pumping section (section
2.1.2). It is, concerning the encapsulated volume, the biggest part of the whole chamber
system. The pumping section composes of a titanium sublimation pump (TSP) and an
ion getter pump (IGP). Together they maintain a pressure of about 4× 10−11 mbar in
the main chamber. Figure 2.2 (a) gives a first impression of the whole vacuum system.
From left to right, the prechamber, the main chamber and the pumping section are visible.
Further details follow in the next sections.

2.1.1. Main chamber

2.1.1.1. Design

The main chamber (VTS Schwarz GmbH) is the heart of the whole vacuum system. There
the crucial steps on the way from a thermal gas of atoms down to an ultracold quantum
gas near degeneracy take place. Its design has to fulfill different demands. First of all,
a good optical access for trapping, cooling and observing the atoms is required. Next,
all coils producing magnetic fields for different purposes should be mounted outside the
chamber. This reduces the sources of dirt inside the chamber, ensures an easier access for
service and modifications can be accomplished without breaking the vacuum. Finally, an
optical dipole trap arranged with a CO2 laser at a wavelength of 10.6 µm needed to be
realized in the main chamber. The last requirement excludes the use of a glass cell as a
main chamber as it is used in many other experiments [87, 88]. The transmission of such
glass cells, most of them consist of quartz glass or borosilicate glass (trademark Pyrex),
at a wavelength of 10.6 µm is below 20 %. An alternative concerning the material is zinc
selenide (ZnSe). Its transmission band lies between 600 nm and 20 µm with values greater
than 45 %. However, there are no glass cells available which are made of ZnSe. Therefore,
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2. Experimental setup

(a) Front view

(b) Rear view

Figure 2.2. – Complete vacuum system. In (a) the front view of the vacuum system is shown.
It can be separated in three sections. The first part is the prechamber (surrounded by the blue
ellipse). A two-dimensional magneto-optical trap, which provides a beam of potassium atoms, is
realized there. The beam propagates in direction to the main chamber (red ellipse), where the
atoms are recaptured by a magneto-optical trap. The pressure of about 4× 10−11 mbar in the
main chamber is maintained by the third part, the pumping section (green ellipse). It consists of
a titanium sublimation pump (visible in the front view (a)) and an ion getter pump (visible in the
rear view (b)).
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2.1. Experimental apparatus

(a) Rendered 3D view (b) Central cut parallel to base

Figure 2.3. – Body of the main chamber. The main chamber has the form of a shallow cylinder
(∅ = 380 mm, h = 100 mm) with a huge central boring (∅ = 256 mm), which is surrounded by
a cutting edge for a DN250CF flange. Radially 15 rotatable flanges are located, four DN50CF
flanges, ten DN40CF flanges and one DN100CF flange.

the decission fell for benefit of a stainless steel chamber with an adequate number of
viewports. The chosen design is similar to that in [89].

The main chamber has the form of a cylindrical body (figure 2.3). Its diameter is
380 mm and its height is 100 mm. A bore with a diameter of 256 mm runs centrally through
the cylinder standing perpendicular to its base. On both sides, the bore is surrounded
by a cutting edge for a DN250CF flange. Several through borings are situated radially
at the cylinder. Ten of them have a diameter of 38.5 mm, four a diameter of 48 mm
and one of them has a rectangular shape whereby the longer axis has a length of 90 mm
and the shorter axis a length of 60 mm. At all these radial through borings rotatable
flanges are welded at the outside of the chamber. At the holes with the smallest diameter
DN40CF flanges are welded, at the one with 48 mm DN50CF flanges and at the last one a
DN100CF flange. Via this flange the main chamber is connected to the pumping section
(section 2.1.2). Two DN50CF flanges are always facing each other with the connecting lines
standing perpendicular to each other. Two neighbouring DN40CF flanges are separated
by an angle of 21.3◦. The opening angle between a DN50CF flange and a DN40CF flange
is 23.7◦. All these viewports allow for an excellent optical access to the inner of the
central encapsulated volume, in which the experiments on ultracold atoms take place.
The different viewports are described in detail in the subsequent subsection 2.1.1.3.

2.1.1.2. Chamber material

Especially in regard of the ultra high vacuum in the range of 10−11 mbar, stainless steel of
the type 1.4429 ESU was chosen as material for the vacuum chamber. This steel stands
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(a) Picture of the CO2 laser viewport (b) Cross section of the CO2 laser viewport

Figure 2.4. – Helicoflex sealed viewport for the CO2 laser beam. A self made DN50CF viewport
for the CO2 laser is assembled by several components. The main part builds a (A) DN50CF
blank flange (type 1.4429), which was prepared in the institute’s fine mechanics workshop. A
ZnSe window (B) is placed between two Helicoflex sealings (C). Screws running through a ring of
titanium (D) push all elements together and provide the required force for sealing.

out due to its particular cleanness and homogeneity and its low magnetic permeability of
µ ≤ 1.005. Also the flanges of the viewports are made of stainless steel AISI 316LN (type
1.4429). This includes the metal to glass seals within the viewport as well. It is planned
to apply Feshbach resonances [40, 90, 91] to the ultracold fermionic atoms in the future.
Around such resonances, it is possible to adjust the atomic scattering length by a homoge-
neous magnetic field. Additional superimposed magnetic fields would disturb this process.
Therefore a low magnetic permeability is important to avoid a permanent magnetization
of the chamber body by the different magnetic coils used during experimentation.

2.1.1.3. Radial viewports

All ten commercial DN40CF viewports have a clear aperture of 35.6 mm and are broadband
anti-reflection coated (LaserComponents) on both sides from 633 to 1064 nm for s- and
p-polarized light with a reflectivity of R ≤ 0.4%. Due to the fact that the viewports were
first assembled and then anti-reflection coated, the real coated aperture is a few millimetre
smaller and a small area with no anti-reflection coating remains directly at the metall to
glass seal.

The four DN50CF viewports are non-commercial (figure 2.4). For this, a (A) blank
flange (type 1.4429) was prepared in the institute’s fine mechanics workshop with a central
boring (∅ = 39 mm) and a blind hole (∅ = 51.8 mm, 10.8 mm depth), which acts later
as contact surface for the seal. At two of the four viewports, a both sided anti-reflection
coated (B) BK7 window (∅ = 50 mm, d = 5 mm) is used and in the other two cases an also
both sided anti-reflection coated ZnSe window (∅ = 50 mm, d = 5 mm). A Helicoflex ring
(HNV200, Garlock) is used as sealing. Its inner diameter is 41 mm and its outer diameter
47.4 mm. The height of the ring is 3.2 mm. The relying principal of this sealing is as
follows. A close-wounded helical spring is surrounded by a silver jacket with a small grove
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at the outer side around the torus. When a Helicoflex ring is pressed against a surface
of a flange, its silver jacket1 starts to deform plastically. It conforms to any irregularities
on the flange’s surface and finally leads to a tight sealing. A complete viewport consists
of a flange (A), a first Helicoflex ring (C), an optical window (B), a second Helicoflex
ring (C) and finally a ring of titanium (D) to press all together by several screws (figure
2.4 (b)). The second Helicoflex ring is necessary to ensure that the contact force stands
perpendicular to the surface of the optical window. If this is not the case, the window can
break2.

2.1.1.4. Axial viewport and coil holder

The most effective way to create homogeneous magnetic fields or linear magnetic gradient
fields is to use a pair of magnetic coils in the so-called Helmholtz configuration. In this
case, the distance between the coils corresponds to their radius. Keeping this in mind,
the only reasonable arrangement at the vacuum system is along the axial core bore with
256 mm in diameter. For this purpose, a special flange was designed (figure 2.5), which
fulfills two tasks. First, it acts as a magnetic coil holder and second, it acts additionally
as a viewport so that there is still a good optical access along the central axis of the main
chamber. This multi-functional system of coil holder and viewport was manufactured in
the institute’s fine mechanics workshop. Starting point were (A) a blank flange (type
1.4429, DN250CF) and (B) a massive cylinder (∅ = 260 mm, type 1.4429). The cylinder
was machined on a turning lathe till it had the profile as depicted in the cross section of
figure 2.5 below the flange. Afterwards, it was welded to the flange, which was prepared
with a hole in its center before. The surface of the most inner blind hole serves as bearing
surface for (C) a large Helicoflex seal (HNV200, Garlock). Its inner diameter is 122 mm
and its outer diameter 131.6 mm with a height of 4.8 mm. The jacket is made out of silver
as with the smaller Helicoflex seals at the DN50CF viewports. After the seal follows (D)
a fused silica window (∅ = 40 mm, d = 10 mm) with an anti-reflection coating from 750
to 1064 nm and then (C) the second Helicoflex seal. A tapered ring (E) with 24 bore holes
and a clear aperture of 122 mm builds the upper end of the viewport. M5 screws3 press
the construction consisting of seals and window together. In the area (F) indicated by the
green hatched box the magnetic coils (see section 2.3.1 for details) are placed.

2.1.1.5. ZnSe lens holder

The optical dipole trap for confining and evaporative cooling of 40K atoms is realized by
a focused CO2 laser. A crucial point is the ability to position the optical dipole trap
relative to the magneto-optical trap. A simple way to do this, is to mount the focusing
lens on a three-dimensional translation stage. In this experiment the axis of the optical
dipole runs horizontally to the surface of the optical table through the two DN50CF ZnSe
viewports. Such a viewport is about 200 mm away from the center of the main chamber

1There are much more jacket materials available. Important is only that the ductility of the jacket is
higher than that of the flange materials.

2A self made viewport with only one Helicoflex ring was assembled in the beginning. During fixing
the holding screws the optical window broke. The breaking edge ran diagonally through the window
starting at the outer, upper edge and ending at the contact line to the Helicoflex seal.

3All screws in the experiment, which are used for assembling the vacuum system, are of stainless steel
type 1.4429 (AISI 316LN) with a magnetic permeability of µ ≤ 1.005.
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Figure 2.5. – Axial viewport at main chamber. The axial viewport fulfills two purposes. First, it
acts as viewport for a good optical access along the rotational axis of the main chamber. Second, it
provides (F) space for different magnetic coils, which for example create the magnetic field gradient
of the magneto-optical trap. The viewport itself was manufactured from (A) a DN250CF flange
and (B) a massive stainless steel cylinder. They were prepared in the institute’s fine mechanics
workshop to the profile depicted here and finally welded together. On the innermost blind hole,
(C) a Helicoflex sealing is positioned, followed by (D) a fused silica window, (C) a second Helicoflex
sealing and (E) a stainless steel ring, which is used for pressing and fixing all together.
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(a) Part of lens holder outside the vacuum chamber (b) Scheme of the complete lens holder

Figure 2.6. – Lens holder for the aspheric ZnSe lens inside the main chamber. The aspheric
ZnSe lens (A) is mounted at the end of a stainless steel tube (B) with several long holes (C) for
reducing the total weight of the lens holder. The other end of the tube is fixed in a 50DNCF ZnSe
viewport (D) assembled with Helicoflex seals. The viewport is mounted to the main chamber via a
bellow (E), which allows for a free movement of the aspheric lens inside the chamber. The bellow
is surrounded by two half shelfs of aluminium (H) where again a ring also of aluminium (I) is fixed.
A precise positioning of the aspheric lens inside the main chamber is achieved by three micrometer
screws (F) located in two half rings of aluminium (G) around the ZnSe viewport. The metal pins
of the micrometer screws push on gate hooks (J) of stainless steel located in the holder of radial
compensation coils (K).

where the MOT is located. If a lens with a focal length of 210 mm is positioned in front
of the viewport and the whole available aperture of 41 mm is fully exploited, the minimal
theoretical beam diameter in the focus is about 73 µm (no lens aberrations are taken into
account). However, in that case any movement of the lens by the translation stage is
combined with diffraction effects caused by the final aperture of the viewport or the lens
itself. Therefore, the lens is placed closer to the MOT inside the chamber. We followed a
scheme which was already used earlier in another experiment in our working group [92].
There an optical dipole trap was also realized by a focused CO2 laser beam. The, to our
demand, adapted lens holder is depicted in figure 2.6 (a) and (b). An aspheric ZnSe lens
(A) is fixed at the end of a stainless steel tube (B) with a length of 246 mm and an inner
diameter of 37 mm. Its weight is reduced by several long holes (C). The other end of the
tube is screwed in the flange of the ZnSe viewports (D) assembled with the Helicoflex
seals. In order to keep the lens holder movable, it is connected with the main chamber by
a bellow (E) especially designed for this purpose. The relative distance between the lens
and the MOT is adjusted by (F) three micrometer screws (IP54, Kryptronic) with digital
displays and a resolution of 1 µm. The micrometer screws are fixed in an aluminum ring
(G) and separated to each other on a circle by 120◦. As a counterpart there are two half
shells of aluminum (H) fixed to the flange of the main chamber. At the end of the half
shells follows another ring of aluminum (I) where the metal pins of the micrometer screws
bear on. Gate hooks (J) of stainless steel at the contact points prevent the micrometer
screws from subsiding in the ring. With all three micrometers screws together, the focused
CO2 laser, respectively the optical dipole trap, can be positioned in the same way as with
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a three-dimensional translation stage. Totally, there are two of these lens holders installed
in the main chamber, one for the ingoing and one for the outgoing CO2 laser beam.

2.1.1.6. Differential pumping

The main chamber and the prechamber are separated by a bakeable straight through UHV
valve (SMV-150-33, Thermionics). This has the advantage that in the case the dispensers
have to be renewed only the vacuum in the prechamber is broken. Additionally, the full
metal valve acts as a part of the differential pumping passage. The pressures in the main
chamber and prechamber differ from each other several orders of magnitude. When no
dispensers are active, then the pressure in the prechamber is about 5× 10−10 mbar and in
the main chamber 4× 10−11 mbar. As soon as the dispensers are switched on, the pressure
in the prechamber increases. Depending on the desired flux of atoms out of the 2D-MOT,
which is realized in the prechamber, the pressure can reach values up to 1× 10−7 mbar.
The differential pumping passage ensures that the pressure difference between the two
chambers is maintained during operation of the 2D-MOT.

In first order, the main chamber and the prechamber can be assumed as two volumes V1

and V2, which are connected with a tube. Between their pressures p1 and p2 the following
relation exists [93]

p2 =
Ctube

Ctube + Cpump
p1. (2.1)

Here Cpump is the pumping speed of the pump which maintains the pressure in volume V1

and Ctube is the conductance of the connecting tube. It is calculated by

Ctube =
π

12
v̄
d3

l
(2.2)

with d as the diameter and l as the length of the tube. v̄ expresses the average thermal
velocity of a gas encapsulated within the two volumes at a temperature T . It is given by

v̄ =

√
8kBT

πm
, (2.3)

where kB denotes the Boltzmann constant and m the mass of a single atom whose species
composes the gas. In the case of 40K, at room temperature follows v̄ = 394 m/s. If several
tubes follow each other, the total conductance Ctot results from the reciprocal of the single
conductances Cn

1

Ctot
=
∑
n

1

Cn
. (2.4)

The differential pumping in this experiment consists of three sections, respectively three
tubes. The first one is the connection bore in the main chamber where the full metal
valve is flanged (l1 = 80 mm, d1 = 38.5 mm). The second one is the full metal valve
itself (l2 = 169 mm, d2 = 32 mm). The last part represents the mirror holder (see section
2.1.3) of the elliptical mirror inside the prechamber for realizing a 2D+-MOT (l3 = 62 mm,
d3 = 5.25 mm and l4 = 10.5 mm, d4 = 1.1 mm). Calculating the single conductances
according to equation 2.2 a total conductance (equation 2.4) of 8.8× 10−3 l/s is ob-
tained. With an effective pumping speed of 710 l/s inside the main chamber follows
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p1/p2 ≈ 1.2× 10−5 (equation 2.1). This means that a pressure difference of about four to
five orders of magnitude between the main chamber and the prechamber can be maintained
during operation of the 2D-MOT at higher pressures.

2.1.1.7. Preparing the vacuum system

The final pressure in a vacuum system is always reached when there is an equilibrium
between the flux of gases into the chamber and the flux of gases out of the chamber,
respectively the pumping speed. Different sources are responsible for the flux of gases
into the chamber. One is the leaking rate of the used seals, which are installed with
flanges and viewports. In the experiment described here predomiantly standard ConFlat
(CF) seals of oxygen free high conductivity copper (OFHC) in different sizes (DN16CF
up to DN250CF) are employed. They are specified for pressures up to 1× 10−11 mbar
and typical leaking rates4 are < 1× 10−12 mbar · l/s. At the remaining system Helicoflex
seals are used. They are also specified for applications in the ultra high vacuum range. A
second source of flux into the chamber is helium, which diffuses through the windows of
the viewports. Finally, the last part comes from impurities in the walls of the chamber,
mainly hydrogen. It outgases gradually, first from volumes straight under the surfaces and
later also from volumes located deeper in the walls of the chamber. Especially this deeper
impurities prevent the achievement of ultra high vacuums in the range of 10−11 mbar in
passable times. A solution to avoid this is the following explained baking of the vacuum
system.

In a first step, the main chamber was cleaned with acetone followed by a flush with
distilled water. This procedure removes residues (oil, lubricant, metal dust etc.), which
are left from the manufacturing. In order to remove the adsorbed water at the surface of
the chamber, isopropanol is used as final step in the rough cleaning.

The impurities in the walls of the chamber are treated with heat. The time the impu-
rities need to leave the walls reduces exponentially with the temperature. For the baking,
the main chamber and the pumping section were assembled without the prechamber. All
flanges at the vacuum chamber were closed with blank flanges. A rotary vane pump fol-
lowed by a turbomolecular pump were connected by a full metal valve at the pumping
section. It evacuated the vacuum system down to a pressure of about 5× 10−5 mbar.
Next, several heat tapes were wrapped around the chamber followed by several layers of
aluminium foil for insulation. Afterwards, the chamber was heated up to about 350 ◦C.
In the beginning, the pressure increased and after reaching a maximum it fell down to
2.4× 10−6 mbar where it stagnated after ten days of baking and pumping. Afterwards,
the heating was reduced gradually down to room temperature. During this process of
cooling the pressure reduced down to about 4.4× 10−7 mbar. This first run of baking
removed most of the impurities in the chamber, especially those deeper in the walls. After
the removal of the aluminium foil and the heating tapes, the prechamber was connected
to the main chamber and all blank flanges were replaced by the designated viewports.
Subsequently, a second bake of the entire vacuum system followed. As the prechamber
and the main chamber are separated by a differential pumping passage, a second rotary
vane pump and a turbomolecular pump were needed to evacuate the prechamber. Since
the viewports are only specified for temperatures up to 220 ◦C, above this temperature

4The leaking rates of UHV components are always given by the manufacturers for the element of helium.
The values are determined by standard helium leak testers.
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Figure 2.7. – Schematic of the self designed titanium sublimation pump. The TSP is connected
with the main chamber via a DN100CF flange (C) and with the IGP via a DN150CF flange (D).
Opposite of the DN100CF flange two DN64CF flanges (B) are located, which are closed by two
anti-reflection coated DN64CF viewports. At the remaining DN40CF flange (A) is connected a
turbo molecular pump during baking the whole chamber system. The titanium filaments are fixed
at the DN40CF flange (G) at the second part of the pump, which is connected over its DN200CF
flange (F) to the first part. Via two tubes (H) it is possible to fill a double-walled cylinder (I) with
liquid nitrogen in order to increase the pumping speed of the TSP.

threshold the anti-reflection coating is damaged and the solder of the metal to glass seal
starts to melt, the vacuum system was only heated up to 200 ◦C. In order to prevent strong
temperature gradients, which could break the windows of the viewports, the temperature
was increased with a rate of 1 ◦C/min. After two weeks of baking, the temperature was
decreased again with 1 ◦C/min. At a temperature of about 40 ◦C the IGP was switched on.
At room temperature the full metal valves connected with the turbo molecular pumps were
closed. The pressure at that time was about 5× 10−10 mbar. By flashing the titanium
sublimation pump, the pressure was further reduced to approximately 4× 10−11 mbar.

2.1.2. Pumping section

The third part of the vacuum system is the pumping section. It is responsible for main-
taining the pressure in the main chamber in the range of 10−11 mbar. The pumping section
consists of a self designed titanium sublimation pump (TSP) and a commercial ion getter
pump (PID150, Mecca).

2.1.2.1. Titanium sublimation pump

The main body of the titanium sublimation pump consists of a stainless steel cylinder
(∅ = 254 mm, h = 378 mm). The cylinder was formed in the institute’s fine mechanics
workshop out of a 3 mm thick metal sheet (type 1.4404). Four holes were drilled into the
jacket of the cylinder (figure 2.7). A DN40CF flange (A) is welded to one of them, two
were equipped with DN64CF flanges (B) and the last one near the end of the cylinder
with a DN100CF flange (C). The titanium sublimation pump is connected to the main
chamber via the latter one. Opposite to the DN100CF flange, the two DN64CF flanges
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are located. They are aligned in such a way that they allow a clear view to the center
of the main chamber. In the final assembling of the pumping section they are closed by
two anti-reflection coated DN64CF viewports (VP-250-F4-A/R700-800, Larson Electronic
Glass). Through this arrangement all 16 radial bores of the main chamber remain usable
for optical access. A DN40CF 90◦ elbow tube followed by a full metal valve (SMV-150-33,
Thermionics) is attached to the DN40CF flange. This access was used for evacuating
the main chamber with a turbo molecular pump during the baking as it is described in
section 2.1.1. At the bottom of the cylinder, near the DN100CF flange, a DN150CF
flange (D) serves as connection to the upright screwed ion getter pump. The top of the
cylinder forms a DN200CF flange (E). At this flange the real titanium sublimation pump
is mounted. It consists of a blank DN200CF flange (F) with a central bore where again
a DN40CF flange (G) is welded. At this flange a TSP cartridge (VZST22, Lesker) with
three titanium sublimation filaments is fixed. Each of them is connected separately with
a commercial titanium sublimation controller (TSP20, AML). Further, a double-walled
cylinder (I) is welded by two tubes (H) to the blank DN200CF flange and surrounds the
titanium filaments. The two tubes (inner diameter 10 mm) run through the DN200CF
blank flange. They connect the volume within the double-walled cylinder with the air
outside the vacuum system. The pumping principle of a titanium sublimation pump is
very simple. When a current is applied to a titanium filament, it starts to heat because of
its ohmic resistance. As soon as a temperature of about (1200− 1300) ◦C [94] is reached,
titanium atoms are released from the filament and sublimate on the next located surfaces.
If an atom or molecule of the background gas of the vacuum hits the pure titanium on the
surface, it is absorbed by it. Because of this, the pumping speed of a titanium sublimation
pump depends mainly on the size of the titanium sublimated surface5. In the pump
described here, this is predomiantly the surface of the double-walled cylinder. Its size
was designed in order that the pumping speed of the titanium sublimation pump at room
temperature is about 4000 l/min. Another parameter, which influences the pumping speed,
is the temperature of the titanium sublimated surface. The pumping speed increases with
lower temperatures. A reduction of the pressure in the main chamber by a factor of two
was observed as long as the double-walled cylinder was filled with liquid nitrogen. The
titanium sublimation pump is switched on manually, if the pressure in the main chamber
rises above a threshold around 1× 10−10 mbar.

2.1.2.2. Ion getter pump

The second part of the pumping section is the commercial ion getter pump. Its pumping
speed is 150 l/min. The ion getter pump is operated with a standard controller (MidiVac,
Varian). In contrast to the titanium sublimation pump it is always running. As the name
ion getter pump already indicates, atoms are ionized in such pumps. After ionization
a static magnetic field targets the atoms to an adsorber surface. The magnetic field is
provided by several permanent magnets located around the vacuum parts of the ion getter
pump. In order to reduce the influence of the static magnetic field to the atoms of the
experiment, which are confined in the main chamber, a pure iron (type 1.1012/1.1013)
shielding encapsulates the whole pump as good as possible.

5The pumping speed differs between the different kind of molecules. At room temperature (300 K) the
maximal pumping speed for H2 is 2.6 l/s, for H2O is 7.3 l/s, for N2 is 3.5 l/s, for O2 is 8.7 l/s and for
CO2 is 4.7 l/s [95].
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2.1.3. Prechamber

The prechamber acts as an atomic source for the MOT [25, 83], which is located in the
center of the main chamber (section 2.1.1). For this purpose, in the prechamber a two-
dimensional magneto-optical trap (2D-MOT) is realized [27] and provides a continuous
flow of precooled 40K atoms (section 4.1.1). In order to maintain a low pressure in the
main chamber, the prechamber is separated by a differential pumping passage (section
2.1.2). The prechamber including the differential pumping passage is fixed to the main
chamber at its first DN40CF flange below the axis of the optical dipole trap opposite the
pumping section. Because of this arrangement, the prechamber encloses an angle of 21.5◦

with the surface of the optical table (figure 2.8).

(a) Complete prechamber (b) Titanium chamber without magnetic coils

Figure 2.8. – Prechamber with its titanium chamber. (a) The prechamber consists of several
vacuum parts, which are all mounted at a standard DN40CF six-way-cross (A). On the first axis,
an all metal valve (B) and an ion getter pump (C), which is surrounded by a pure iron shielding,
are fixed. At the second axis, an ion gauge (D) for measuring the pressure in the prechamber and
an electrical feedthrough (E) are attached. An anti-reflection coated viewport (F) and the titanium
chamber (G) are mounted at the third axis. The prechamber encloses together with the surface
of the optical table an angle of 21.5◦. In (b), the titanium chamber is shown without mounted
magnetic coils.

2.1.3.1. Design

Figure 2.8 shows all constituent parts of the prechamber which are mounted at a six-way-
cross (A). Along the axis, which runs parallel to the surface of the optical table, an all
metal valve (B) (AMV-150-22, Thermionics) and an ion getter pump (C) (PID25, Mecca)
are attached. Its pumping speed is 25 l/min. This is sufficient to reach a pressure in
the prechamber of about 5× 10−10 mbar as long as the dispensers are out of operation.
The ion getter pump is separated by an additional DN40CF UHV gate valve (11120-0154,
Vacom) from the six-way-cross. Similar to the ion getter pump in the pumping section of
the main chamber, the ion getter pump here is also surrounded by a pure iron shielding
(type 1.1012/1.1013, thickness 3 mm). A turbo molecular pump and a rotary vane pump
are attached via the all metal valve during the initial baking (section 2.1.1) of the whole

41



2.1. Experimental apparatus

vacuum system. Along the second axis, an ion gauge (D) (IE514 Ionivac sensor, Leybold
Vacuum) for measuring the pressure in the prechamber and an electrical feedthrough (E)
with 12 electrical contacts are mounted. Through these electrical connections the self made
dispensers (see later in the text) are supplied with electrical power. Along the third axis
of the six-way cross, an anti-reflection coated DN40CF viewport (F), as used in the main
chamber, is attached on one side. There the so-called push beam (section 4.1.3) enters the
prechamber, which transmits a momentum on the atoms of the 2D-MOT in direction to
the main chamber. The 2D-MOT itself is realized in the last part of the prechamber, the
titanium chamber (G), which is situated between the differential pumping section and the
last open port of the six-way cross opposite to the DN40CF viewport. In the next passage
the titanium chamber is introduced more precisely.

2.1.3.2. Titanium chamber

The heart of the prechamber is a small, self designed chamber, which was manufactured
in the institute’s fine mechanics workshop. The chamber has a cuboid form. At the
end surfaces with a quadratic shape a DN40CF flange and a DN63CF flange are welded
separated by two tubes (figure 2.8 (b)). The DN63CF flange is connected to the six-
way cross via a flange reducer6 down to the size of DN40CF and the DN40CF flange
to the differential pumping passage in direction to the main chamber. The cuboid body
was assembled from six single parts, which were cut from a 5 mm strong plate of titanium
(grade 2 / type 3.7035). Two of them have a near quadratic shape ((62× 74) mm2). These
two plates have a stepped central bore where at each of them a tube as mentioned before
is welded. A notch with a rectangular shape ((40× 140) mm2) is located in the center
of each rectangular plate. In the final assembling these notches act as an optical access
for the laser beams which provide the light field of the 2D-MOT. For this purpose, each
notch is covered with a both sided anti-reflection coated BK7 window. The windows are
glued on the notches with a two component epoxy (Epo-Tek 353ND and H77, Polytec)7,
which is useable in UHV applications because of its small outgassing rate. With a window
size of (60× 160) mm2, a 10 mm stripe around the notch remains for gluing. In order
to accelerate the bonding process, the titanium chamber was baked together with the
glued windows in an oven at about 140 ◦C for one hour. All parts of the cuboid chamber
including the two flanges and tubes are of titanium (type 3.7035). The reason for this is
that the thermal extension coefficients of titanium, BK7 and the epoxy are in the same
order of magnitude. Thus, mechanical stress in the windows is reduced to a minimum
during baking the whole vacuum system.

2.1.3.3. 40K dispensers

In the first reported experiment which trapped 40K in a magneto-optical trap [96], com-
mercial dispensers with a natural abundance of the three isotopes 39K, 41K and 40K were
used. As a consequence of the low abundance of 40K with 0.0012 % [97] only up to 8000

6All dispensers including their electrical connections are inserted in the titanium chamber through the
two flanges (figure 2.10). In order to ease the mounting, on one side a DN63CF flange with a larger
central boring (d = 50 mm) instead of a DN40CF flange was welded.

7After mixing the two components of the epoxy at a ratio 10:1 (353ND:H77) together, the emulsion
adhesive was put in an exsiccator to remove all embedded air bubbles.
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atoms were trappable. By developing a self made dispenser with an enriched abundance of
40K, atom numbers up to 108 were later reached in a magneto-optical trap [98]. Following
this approach, several dispensers8 were here prepared.

The basic principle of the self made dispenser is to create a molar mixture between
calcium and a with 40K enriched salt, potassium chloride. If such a mixture is heated at
higher temperatures, the chlorine starts to separate from the potassium and reacts with
calcium, which plays the role of a reducing agent:

Ca+ 2KCl
heat→ CaCl2 + 2K. (2.5)

As a result, a gas of potassium atoms with an enriched fraction of 40K and solid calcium
dichloride remains.

The assembly of a dispenser was as follows. A molar mixture with a ratio 5:1 (Ca:KCl)
was prepared in a self made flow box, which was flooded with dry and oxygen free argon
from a 200 bar gas cylinder. This procedure prevents the calcium from reacting with
oxygen out of the air and protects the potassium chloride salt from condensed water. In a
first step, a calcium crystal was handled with a standard metal file. The remained powder
was filtered with a sieve to remove bigger grains. Next, the enriched salt of potassium
chloride (6 % 40K, Trace Technology) and the powder of calcium were mixed in the desired
ratio with the help of a precision balance. Finally, it was filled in the dispenser form, which
is comparable with a tub (figure 2.9 (c)). The dispenser is made out of a chrome nickel
(80 % Cr, 20 % Ni) sheet (NI050240, Goofellow) with a thickness of 125 µm. In order
to form the tub, a punch (figure 2.9 (a)) was used. The total length of a dispenser is
about 40 mm, this includes its ends for mounting. The volume of the deep-drawn tub is
about 27 mm3. Each dispenser is filled with 7.8 mg of the molar mixture corresponding
to 1.12 mg of the enriched potassium chloride salt.

The mean ohmic resistance of a dispenser is (122± 7) mΩ. By applying a current to
the dispenser it heats up due to the ohmic resistance. As a consequence, the mixture is
heated and as soon as the temperature is high enough, the chemical reaction of equation
2.5 starts. The temperature was determined as (506± 28) ◦C with the help of a contactless
pyrometer (IGA 120, impac). If a dispenser is used for the first time, a working 2D-MOT
is observed at currents between 7.5 to 9.5 A. The lifetime of a single dispenser is about six
months. An almost empty dispenser is indicated by a decreased loading rate of the MOT
in the main chamber. In the beginning of this process, it can be compensated by higher
currents applied to the dispenser. Finally, a point is reached where higher currents only
increase the background pressure in the 2D-MOT and the loading rate of the MOT stays
on a low level. Normally, this happens in the last two till three weeks in a dispenser’s
lifetime. At this point, the dispenser current is about three to four ampere higher than
its starting value.

Prior filling the dispensers with the mixture of calcium and potassium chloride, the
dispensers and the calcium were baked out under vacuum conditions at a temperature of
440 ◦C for seven days. Additionally, a high current of about 12 A was applied to the dis-
pensers and their covers during the baking. This removed most of the impurities, which
would have lead to a higher background pressure when the dispensers were operated9.

8In the mean time there are also commercial dispensers available with a higher abundance of 40K (Alva-
sources, Alvatec).

9We used a standard six-way cross connected via a full metal valve to a turbo molecular pump for baking.
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(a) Punch for forming the dispenser

(b) Cover of the dispenser

(c) Empty dispenser

Figure 2.9. – Punch for creating the dispenser. The dispensers (c) are formed with the help of a
punch (a) by deep-drawing a small stripe of a chrome nickel (80 % Cr, 20 % Ni) sheet. The hereby
resulted small tub is filled with a powder consisting of calcium and enriched potassium chloride
(6 % 40K) at a molar ratio of 5:1 (Ca:KCl). Afterwards, a cover (b) is fixed at the dispenser.
All steps from creating the molar mixture, filling and the final mounting of the dispensers in the
prechamber are executed in a self made flow box filled with dry and oxygen free argon.

Despite of the baking procedure, it is important to start with currents much smaller than
6 A. If too high currents are applied during the first operation, the molar mixture is
catapulted out of the dispenser despite of its cover (figure 2.9 (b)). This is attributed
to impurities, which occur while handling the powder with different tools within the flow
box10. In order to avoid catapulting the powder out of the dispensers, the first operation
is started with a low current and afterwards increased gradually to the desired operation
value. The pressure in the prechamber and the loading rate in the MOT were closely mon-
itored during this procedure. At the beginning, an increase in pressure is observed, which
reaches a maximum after some time and then starts to decrease again. At that time the
current is further increased. This procedure is continued until a small loading rate of the
MOT is observed. Then, the current running through the dispenser is switched off and the
pressure in the prechamber is allowed to recover to its starting value11. When the same

The calcium and the dispensers stayed in the six-way cross till the dispensers were filled. The six-way
cross was opened in an argon atmosphere within a flow box at the day of filling.

10During weighting and filling the powder came in contact with different metal and glass surfaces.
11Normally, it lasts about 24 hours until the pressure in the prechamber is in the range of its starting

value.
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(a) Electrical connection (b) View along push beam axis

Figure 2.10. – Mounting of the dispensers in the prechamber. (a) Totally six self made dispensers
(G) are mounted in the prechamber. Always one end of a dispenser is screwed to a copper bare
(A) and the other end to a power in-line connector (B). From there, a Kapton wire (C) leads to
the electrical feedthrough at the six-way cross as depicted in figure 2.8. Several ceramic cubes (D)
prevent the Kapton wire from blocking the optical access to the titanium chamber. Together with
some ceramic screws (E) they also isolate the copper bares electrically from the inner surface of
the titanium chamber. Also visible is the elliptical mirror (F), which reflects the so-called push
beam out of the prechamber. In (b) the viewport is shown, where the push beam enters the
prechamber at the six-way-cross. A copper tube (H) hinders all the Kapton wires on their way
from the titanium chamber to the electrical feedthrough from blocking the optical path to the
elliptical mirror.

current is switched on again, it is observed a higher loading rate of the MOT compared
to the previous one. This is due to the fact that the total pressure in the prechamber is
now lower at the same current. As a consequence, there are less parasitic atoms in the
background vapour, which could disturb the operation of the 2D-MOT in the precham-
ber. Typically, a loading rate of the MOT differing from zero is observed at pressures in
the prechamber higher than roughly (8− 9)× 10−10 mbar. For comparison, at operation
currents between (7.5− 9.5) A, the pressure lies in the range of (1.3− 2.5)× 10−9 mbar.

2.1.3.4. Electrical connection of the dispensers

The electrical connection of the dispensers (G) within the titanium chamber is depicted in
figure 2.10(a). One end of the dispensers is screwed on an OFHC copper bare (A), which
acts as an electrical ground. The second end is fixed in a power in-line connector (B)
(360-PIC-3.0, Allectra). From there a Kapton wire (C) (311-KAPM-200, Allectra) with
a diameter of 2 mm leads to the electrical feedthrough at the six-way cross. Power push
on connectors (360-PPO-1.3, Allectra) are used for connecting the Kapton wire with the
pins of the feedthrough. In total there are six dispensers installed, three on each of the
two copper bares. In order to prevent the powder of calcium and potassium chloride from
falling out of the dispensers, they are orientated horizontally to the surface of the optical
table. This is achieved by an inclined mounting of the dispensers relative to the copper
bares. A white ceramic block (D) behind the power in-line connector is dimensioned in
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its height such that the angle between the dispenser and the copper bare is 23.5◦. This
compensates exactly the 23.5◦ mounting of the prechamber relative to the optical table.

Neither the copper bares nor the dispensers are electrically isolated. In order to prevent
unwanted shortcuts, which could occur when the dispensers or the copper bares contact
the inner walls of the prechamber, several ceramic parts are used as distance holder. Most
of them were manufactured in the institute’s fine mechanics workshop. Marcor was used
as basic material, which is a machinable glass-ceramic.

At the long copper bares (E) ceramic screws and ceramic blocks (D) after the power
in-line connectors are used to prevent electrical shortcuts with the chamber walls (figure
2.10 (a)). In the two tubes of the titanium chamber ceramic rings are located in which
the end parts of the copper bares are fixed (figure 2.10 (c)). This additionally stabilizes
the total electrical setup of the dispensers and ensures that the copper bares do not move
in the field of view of the optical windows.

Totally, 11 dispensers can be supplied with electrical power by the electrical feedthrough.
This means that including ground 12 Kapton wires run from the electrical feedthrough
across the six-way cross to the dispensers and the copper bars. The push beam (see sec-
tion 4.1.3 for details) propagates along the axis which runs from the DN40CF viewport
at the six-way cross to the (F) elliptical mirror inside (see right in figure 2.10 (a)) the
titanium chamber. In order to prevent the Kapton wires from blocking this axis, they are
guided along the inner surface of the six-way cross. For that reason a copper tube (G)
was inserted in the six-way cross. Figure 2.10(b) shows the view along the push beam axis
through the copper tube and the six-way cross. Several bores are located in the copper
tube to maintain the pumping speed of the ion getter pump.

2.2. Laser system

In this section the setup of the laser system for providing light to the 2D-MOT, MOT and
optical dipole trap is described. The laser system can be separated in two main parts,
a high power laser system and a low power laser system. The high power laser system
consists of a carbon dioxide laser (subsection 2.2.3) with an output power of 136 W. Its
light is used for creating an optical dipole trap. The low power laser system comprises
of several self made grating stabilized diode lasers and self made tapered amplifiers. One
of the diode lasers is used as a frequency reference (subsection 2.2.1) laser, which is sta-
bilized by a frequency modulation spectroscopy. All other diode lasers are stabilized in
their wavelength relative to the reference laser via beat locking [99]. Half of these diode
lasers provide the light for the MOT and the other half for the 2D-MOT. Hereby one laser
has always the function to procure light for a cooling transition (further called cooling
laser) and one to procure light for repumping the atoms (further called repumping laser),
respectively in the MOT and the 2D-MOT. For the MOT the cooling and the repumping
light are separately amplified by a tapered amplifier arranged in a so-called master oscilla-
tor power amplifier system (MOPA)[100]. In case of the 2D-MOT, cooling and repumping
light are superimposed and amplified by one common tapered amplifier. In the following
sections, the laser system is explained more in detail.
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2.2.1. Reference laser

A self made grating stabilized diode laser in Littrow configuration [101] is used as a refer-
ence laser. This means that its wavelength is fixed during a whole day of experimentation
and all other lasers are stabilized relative to it via beat locking. As a consequence an
unwanted change in the reference wavelength is directly conveyed one-to-one as a shift
in the absolute frequency of all other diode lasers referenced to it. Therefore it is very
important that the reference laser is stabilized as good as possible in such a laser system.

There are different perturbations which can cause a frequency displacement at a locked
laser for short times. In most cases these are mechanical vibrations transmitted by the
air or by the optical table on which the laser is mounted. Vibrations transmitted by
the optical table are largely absorbed by the air damped table legs. However, acoustic
perturbations as voices or noise coming from devices cooled by fans in the laboratory are
hardly filterable. These vibrations induce oscillations to the mechanical components of the
diode lasers and lead to a change in the elongation of the laser cavity. This finally results
in an instability of the emitted laser frequency. As such perturbations are not completely
preventable, it is important to compensate them as fast as possible. The time scale of
these perturbation lies in the range of several tenth of microseconds. A compensation
is necessary as otherwise the trapped atoms in the MOT are no longer confined by a
sufficient force and thus can escape from the trap. In the worst case, all atoms are lost.
Another point, where frequency stability is very important, is the detection of the atoms.
In most cases, atoms are flashed by a resonant beam and the fluorescence or the shadow
on a CCD camera is detected, after the beam has steeped the cloud of atoms. In both
cases the signal strength depends on the detuning of the detection laser relative to the
closest resonance. Such destructive analysis takes place in times smaller than 100 µs. A
frequency deviation of Γ/2 from the resonant transition, where Γ is the natural linewidth,
can already cause a reduction of the signal by a factor of two. In the following, a scheme of
the optical path of the reference light is given followed by an introduction in the frequency
modulation spectroscopy, which is used for stabilizing the frequency of the reference laser.

2.2.1.1. Laser source

For the reference laser as well as for all other low power lasers anti-reflection coated
laser diodes (EYP-RWE-0790-04000-0750-SOT01-0000, Eagleyard Photonics) for external
cavity setups are used. Together with a holographic grating (1800 L/mm Au, Zeiss),
the laser diodes are mounted in a self made mechanical setup in the so-called Littrow
configuration [101]. There the first diffraction order is reflected back to the laser diode
and the zeroth order is used for the experiment. Together with the back facet of the laser
diode the holographic grating forms an external cavity. Beside the temperature of the
diode and its operational current, the laser wavelength λ can be adjusted by the relative
angle α, by which the emitted beam hits the diffraction grating (λ = a · sin(α), a is the
groove density). A piezo actuator is mounted behind the grating in order to allow an
automated control. A later explained regulation circuit, which is part of the frequency
modulation spectroscopy, regulates the voltage at the piezo actuator and thus at the same
time the angle between the laser beam and the grating.
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Figure 2.11. – Optical path of the reference laser. A grating stabilized diode laser acts as source
for the reference laser. After an optical isolator (60 dB) a part of the light is separated for a
rough analysis of the wavelength with a wavemeter. The other part of the light is used for the
stabilization of the reference laser with a frequency modulation spectroscopy and to stabilize the
remaining lasers in the experiment via beat locking. A small part of the pump beam is coupled
into a Fabry-Perot interferometer. It is used for monitoring the mode operation of the reference
laser. The probe beam is focused onto a fast photodiode. The signal of the photodiode is used as
input of the FM spectroscopy circuit (figure 2.16).

2.2.1.2. Optical path

After passing a 60 dB optical isolator (DLI1, Linos), a part of the reference light is sep-
arated by a polarizing beam splitter (PBS) (see figure 2.11). It is used for analyzing the
wavelength with a wavemeter (WS-6, HighFinesse). Afterwards, most of the light is di-
verted for the four beat locks of the cooling and repumping lasers in the MOT and the
2D-MOT. The remaining power (2 mW) enters the saturation spectroscopy setup. There
the light is separated into a probe beam and a pump beam at a ratio of 1:12. The probe
beam traverses the spectroscopy cell and the pump beam is bypassed. At the PBS after
the spectroscopy cell, the pump beam is overlapped with the probe beam and traverses
the spectroscopy cell in opposite direction to the probe beam. A part of the pump beam
is coupled into a Fabry-Perot interferometer. There the reference laser is checked for sin-
gle mode operation. The spectroscopy cell is a standard vapor cell (TT-K-75-V-P, Triad
Technology) without any buffer gas. It contains potassium with the natural abundance of
the three isotopes. This means the abundance of 39K is 93.2581%, of 41K it is 6.7302%
and of 40K only 0.0117% [97]. Because of the low natural abundance of 40K, 39K is used
for the spectroscopy. Additionally, the spectroscopy cell is heated up to 75◦C in order
to increase the saturation pressure, which is at room temperature 1.3× 10−8 mbar [102].
At the end of the optical path, the probe beam is focused onto a photodiode. The signal
received there is the starting point of the frequency modulation spectroscopy.
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2.2.1.3. Theoretical model for FM spectroscopy

Usually, if a diode laser’s frequency is stabilized with the help of a saturation spectroscopy
signal, a servo loop keeps the measured photodiode voltage constant by controlling the
voltage at the diode laser’s piezo actuator. The speed of stabilization depends on the
parameters of the PI controller (of the servo loop) and the deviation in voltage from the
lock point (photodiode voltage at desired frequency). As the PI parameters were not
accessible, the strength in the deviation amplitude was improved. An approved method
is the frequency modulation spectroscopy [64].

One part of this approach consists in a fast periodic modulation of the emitting laser
frequency ω0

ω(t) = ω0 +M ′ · cos(Ω · t), (2.6)

where M ′ denotes the amplitude of the modulation. The underlying concept is that the
modulation frequency Ω is large compared to the width of the spectral feature of interest
(e.g. natural linewidth). The second part of the approach lies in the electronic processing
of the photodiode signal of the saturation spectroscopy. The result is an error signal, which
posses a zero crossing that makes it more suitable for frequency stabilization with a servo
loop. As shown later in the text, depending on the strength of the modulation, the shape
of the new signal can look like the first derivative of the saturation spectroscopy signal. In
that case, the Lorentzian shape of a Lamb dip is transformed into a two-phase pulse with
a zero crossover exactly at the dip maximum (figure 2.12). In the following a theoretical
introduction in the FM spectroscopy on the basis of [64, 103] is given. Afterwards, the
technical realization in the experiment is explained in detail.
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Figure 2.12. – Lorentz curve and its first derivative. The first derivative possesses a zero crossing,
in contrast to the Lorentz curve itself. This makes it to a more suitable signal for frequency
stabilization with a servo loop.

A single frequency laser emits light at the optical carrier frequency ω0. The associated
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electrical field ~E1(t) is given by

~E1(t) =
1

2
~E0e

iω0t + c.c.. (2.7)

By passing a phase modulator (figure 2.13) the phase of the laser is varied by

φ(t) = ωt+M · sin(Ωt), (2.8)

where M is the modulation index. This leads to a modulation of the laser frequency

Fast PhotodectorSingle Frequency
Laser

Phase Modulator Sample

E (t)1 E (t)2 E (t)3

Phase Adjuster
Radio Frequency

Oscillator
Radio Frequency

Mixer

DC Signal

S (t)1

S (t, )2 j

Figure 2.13. – General experimental arrangement of a FM spectroscopy [64, 103]. The electric

field component ~E1(t) of a single frequency laser is phase modulated. This creates several sidebands,
which are separated by the modulation frequency Ω (see figure 2.14). The result is a changed electric

field described by ~E2(t), which is composed by the electric fields of the different modes. When
the laser traverses a sample, each mode is individually absorbed and refracted. The remaining
field ~E3(t) is absorbed by a fast photodetector, which measures an electric signal S1(t) ∝ | ~E3(t)|2.
In the case of a weak phase modulation in the beginning, S1(t) contains a single absorption and
dispersion term. With the help of a following phase adjuster, it is possible to reshape S1(t) to a
pure dispersion signal, a pure absorption signal or a mixture of both. A radio frequency mixer
transforms S2(t, φ) into a DC signal, which is further processed for example in a servo loop system.

ω(t) = dφ(t)/dt according to equation 2.6 with M ′ = MΩ. The electrical field ~E1(t)
changes to

~E2(t) =
1

2
~E0e

i(ω0t+M · sin(Ω · t)) + c.c.. (2.9)

Now, the modulated beam has a pure FM spectrum which can be expressed with the help
of Bessel functions Jn(x) of order n:

~E2(t) =
1

2
~E0

∞∑
n=−∞

Jn(M)ei(ω0+nΩ) + c.c.. (2.10)

The laser, running at the frequency ω0, has now several sidebands with higher frequencies
ω+(n) = ω0 + n · Ω and lower frequencies ω−(n) = ω0 − n · Ω (figure 2.14). Two adjacent
sidebands are separated by the modulation frequency Ω. The strength of the nth sideband
depends on the value of the corresponding Bessel function Jn(x) at x = M (see figure B.1
in appendix B).
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Figure 2.14. – Sidebands after phase modulator. The laser beam contains several sidebands after
passing a phase modulator. The number of sidebands and their individual amplitude depend on
the strength of the modulation, which is described by the modulation index M (equation 2.8).
The sidebands are separated by Ω, which corresponds to the modulation frequency applied at the
phase modulator.

In the further consideration M � 1 is assumed so that J0(M) ∼= 1, J±1(M) = ±M/2.
Additionally, all sidebands apart from the two with n = ±1 are neglected. With this
follows:

~E2(t) =
1

2
~E0

{
−M

2
ei(ω0−Ω)t + eiω0t +

M

2
ei(ω0+Ω)t

}
+ c.c.. (2.11)

In the next step, the laser beam, with its two sidebands at frequencies ω ± Ω, passes the
sample containing the spectral feature of interest (e.g. natural linewidth). Within the
sample of length L, a part of the light is absorbed. The strength of absorption depends on
the absorption coefficient α(ω). Due to the refraction index n(ω) of the sample, the beam is
additionally phase shifted. As α(ω) and n(ω) are both functions of the optical frequency
ω, there are three different transmission coefficients Tj = e−(δj+iφj). Here δj = αjL/2
represents the absorption coefficients and φj = njL(ω + jΩ)/c the phase shift of the two

side bands (j = ±1) and the carrier frequency (j = 0). Hence, the electric field ~E3(t) after
crossing the sample is

~E3(t) =
1

2
~E0

{
−T−1

M

2
ei(ω0−Ω)t + T0e

iω0t + T1
M

2
ei(ω0+Ω)t

}
+ c.c.. (2.12)

The intensity envelope I3(t) of the beam absorbed by the photodetector is given by
I3(t) = c| ~E3|2/8π. Assuming that the differences in the absorption coefficients and the
phase shiftings between the side bands and the carrier signal |δ0 − δ1|, |δ0 − δ−1|, |φ0 − φ1|,
|φ0 − φ−1| are all � 1 and neglecting all terms of order M2, for I3(t) follows

I3(t) =
cE2

0

8π
e−2δ0 [1 + ∆δM cos(Ωt) + ∆φM sin(Ωt)], (2.13)

where ∆δ = δ−1 − δ1 is proportional to the absorption and ∆φ = φ1 + φ−1 − 2φ0 is
proportional to the dispersion. The signal S1(t) after the photodetector is proportional
to I3(t). With the help of a following phase adjuster, a phase shift ϕ is applied to S1(t)
resulting in

S2(t, ϕ) ∝ [1 + ∆δM cos(Ωt+ ϕ) + ∆φM sin(Ωt+ ϕ)] (2.14)

With ϕ it is possible to transform absorption into dispersion and vice versa.
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To examine the development of the absorption and the dispersion as a function of
the modulation frequency Ω and the linewidth Γ (the spectral feature of interest) some
dimensionless parameters are introduced:

R(ω) =
ω − ω0

Γ/2
, (2.15)

R0 = R(ωL). (2.16)

R(ω) is the normalized frequency scale and ω0 is the center frequency of the spectral
feature of interest (e.g. optical resonance frequency). R0 denotes the relative position of
the laser frequency ωL with respect to the resonance. Using R(ω) and R0 the attenuation
δ and the phase shift φ can be expressed in a dimensionless form

δ(ω) = δpeak
1

R2(ω) + 1
, (2.17)

φ(ω) = δpeak
R(ω)

R2(ω) + 1
, (2.18)

where δpeak is the peak attenuation at ω = ω0. With equations 2.17 and 2.18 the ampli-
tudes for absorption ∆δ and dispersion ∆φ can be rewritten as

∆δ = δ(ωL − Ω)− δ(ωL − Ω)

=
1

(R0 −∆R)2 + 1
− 1

(R0 + ∆R)2 + 1
(2.19)

∆φ = φ(ωL + Ω) + φ(ωL − Ω)− 2φ(ωL)

=
R0 + ∆R

(R0 + ∆R)2 + 1
+

R0 −∆R

(R0 −∆R)2 + 1
− R0

R2
0 + 1

(2.20)

Here ∆R = 2Ω/Γ denotes the ratio between the modulation frequency Ω and the spectral
width Γ of the spectral feature of interest. For simplicity, the peak attenuation was set to
one (δpeak = 1).

In figure 2.15, the pure absorption and the pure dispersion are depicted for a single
Lamb dip as a function of an increasing ratio ∆R between the modulation frequency and
the width of the Lamb dip. For small values of ∆R(≤ 1), the absorption and the dispersion
look very similar apart from different inverted amplitudes. Within this range the shape of
the two curves are comparable with the first derivative of the Lorentzian Lamb dip (figure
2.15 (c)). With higher values of ∆R, absorption and dispersion differ more and more and
the similarity to the first derivative of the Lorentzian Lamb dip is lost (figure 2.15 (c)).
The absorption starts to separate into two peaks, which move in opposite direction. The
dispersion signal has a more difficult shape. It consists of four peaks (figure 2.15 (d)). The
two outer peaks move to higher values of R0 with larger values of ∆R whereas the two
inner peaks stay at the same R0. The two inner peaks are connected by a straight line,
which crosses zero at the center line of the Lamb dip.
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Figure 2.15. – Absorption and dispersion signal of a single Lamb dip as a function of the
ratio ∆R = 2Ω/Γ between the modulation frequency Ω and the linewidth Γ. On the x-axis the
normalized frequency R(ω) = (ω − ω0)/(Γ/2) is given in units of R0 = R(ωL). Here ωL is the
frequency of the laser.

2.2.1.4. Technical realization of FM spectroscopy

The FM spectroscopy is here realized by modulating the current of the reference laser
diode. For this purpose, an additional current input at the grating stabilized diode laser
is used (figure 2.16). At this AC current input an additional current is applied, which
oscillates sinusoidally. As the AC input and the DC input are connected in parallel to
each other, the former constant current applied to the DC input is modulated. A voltage
controlled oscillator (VCO) is used as source for the modulating current. It is adjusted to
20 MHz. A following low pass filter removes all higher harmonics of the VCO. Afterwards
at a splitter, the oscillating voltage signal is split into two parts.

The first part is applied to the AC input of the laser after it has passed an attenuator
and a filter. The filter fulfills two purposes. First, it works as a high-pass filter with a
cutoff frequency of 159 Hz. It filters the 50 Hz noise of the electricity network and its
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Figure 2.16. – Electronic circuit of the FM spectroscopy. A voltage controlled oscillator (VCO)
provides a 20 MHz radio frequency signal, which is separated at a splitter into two parts. The
first part is applied to the current AC input at the reference laser. This creates several sidebands
in the emitted laser beam, which are all separated by 20 MHz. The second part crosses a phase
shifter. At a subsequent mixer it is combined with the saturation spectroscopy signal coming from
a fast photodiode. The remaining demodulated DC signal is used as input of the lock box, which
controls the piezo voltage at the reference laser. By a phase shifter, the DC signal is adjustable to
a pure absorption signal, to a pure dispersion signal or a mixture of both.
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Figure 2.17. – Optical path of the light sources for the MOT. Two grating stabilized diode lasers
provide the cooling and repumping light for the magneto-optical trap. Before the two laser beams
are coupled into a tapered amplifier, a part of the light is separated for beat locking with the
reference laser and for a rough measurement of the wavelength with a wavemeter. Acousto-optical
modulators (AOM) are used for a fast switching of the laser powers. The minus first diffraction
orders of the repumping and cooling light are overlapped at a polarizing beam splitter (PBS)
and subsequently coupled into an optical fiber. In case of the repumping light, also the zeroth
diffraction order is coupled into an optical fiber. It is used for realizing a spatial dark spot MOT
(section 4.4). Several mechanical shutters are placed in the optical path for a complete blocking
of the different light beams. Optical isolators are placed after the diode lasers and the tapered
amplifiers for protecting them against back reflected light.

second harmonic at 100 Hz. The second purpose is to prevent a shortcut with the current
at the DC input. This is achieved by a 100 nF capacity in the return line. The 50 Ω
resistance is used for impedance matching of the laser diode to the VCO.

The second part of the oscillating voltage is adapted in its amplitude by a combination
of attenuators and amplifiers to the photodiode (PD) signal before it reaches the mixer
(ZP-1, MiniCircuits). The PD itself is connected to the second input of the mixer. The
detected signal is amplified by a low noise amplifier and filtered by a low-pass filter. At
the mixer the oscillating signal from the VCO and the photodiode signal are electrically
multiplied with each other. As a result, the mixer provides two signals at its output. One
with a frequency which is the sum of the two input frequencies and the other one with a
frequency which is the difference of the two input frequencies. The higher frequencies are
filtered by a following low-pass filter. The remaining signal is connected to the input of
the lock box as error signal. The frequency stabilization follows the scheme as explained
in the beginning.

2.2.2. Cooling laser/repump laser

The light for cooling and repumping the atoms in the MOT and 2D-MOT is provided
by two separate laser systems. Each system consists of two diode lasers and one or two
tapered amplifiers. The two laser systems are explained more in detail in the next sections.
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2.2.2.1. Light sources for the MOT

The light for the MOT, which is realized in the main chamber (section 2.1.1), is provided
by two self made grating stabilized diode lasers and two self made tapered amplifiers. The
first diode laser is used to drive the transition

∣∣42S1/2, F = 9/2
〉
→
∣∣42P1/2, F

′ = 11/2
〉

(figure 4.6). It is the strongest available transition for 40K between the hyperfine levels of
42S1/2 and 42P1/2. Due to this, the transition is used for cooling the atoms in the MOT.

Directly after the cooling laser, a part of the light is separated for the beat lock
(figure 2.17). This is done prior to the optical isolator to protect the setup for the beat
lock from the backwards running light of the following tapered amplifier. A tapered am-
plifier always emits light in two directions, amplified light at the output facet and light
at the input facet, where the seed light is coupled in. This is due to the anti-reflection
coating of the two facets. It allows for spontaneous emitted light to leave the tapered
amplifier at the input facet in direction against the seed light. At optimal coupling of the
seed light into the tapered amplifier, the highest output power is achieved. However, this
means that the backwards emitted tapered amplifier light exactly follows the optical path
of the seed light till its source.

After the optical isolator, a small part of the cooling light is separated for analyzing its
wavelength with a wavemeter. The remaining light is coupled into the tapered amplifier.
The cooling laser and its tapered amplifier build together a so-called master oscillator
power amplifier (MOPA) system [100]. Here the light of the master laser, in this case
the cooling laser, is amplified by the power amplifier, thus the tapered amplifier, without
changing the frequency of the master laser. With this setup an amplification of a factor
up to 40 is reached. A retardation plate (λ/2) in front of the tapered amplifier is used to
adjust the polarization of the seed light. This is mandatory, as the tapered amplifier only
amplifies light of one given linear polarization.

The following 60 dB optical isolator (DLI-1, Linos Photonics) protects the tapered
amplifier from light, which is backwards reflected by optical elements. This is absolutely
necessary as a tapered amplifier has also the ability to amplify light, which is injected
at its output facet. Because of its internal trapezoidal structure (figure 2.19), smallest
amounts of light are sufficient to increase the power density in direction to the input facet
to values above the damage threshold.

In order to allow fast on and off switching (< 1 µs) of the cooling light, an AOM12

(3080-125, Crystal Technology) is inserted in the optical path after the optical isolator
of the tapered amplifier. With a diffraction efficiency of about 85 %, the minus first
diffraction order (−80 MHz) is coupled into an optical fiber. The fiber leads the light
to the experimental main chamber, where the MOT is realized. A plano concave lens
(f = 100 mm) is used for mode matching the cooling beam to the collimator (60FC-A6.2,
Schäfter & Kirchhoff) of the optical fiber. For this purpose, the lens is mounted on a three-
dimensional translation stage. A self made mechanical shutter is additionally positioned
after the AOM. It interrupts the cooling beam within 1.3 ms13. At the PBS after the lens,

12Although the AOM is specified only for wavelengths from 442 nm to 633 nm, it works very well in the
used infrared range at a wavelength of about 770 nm.

13The RF power of the AOMs is interrupted by RF switches and voltage controlled attenuators. Together
they attenuate the RF power by a factor of 70 dB. Despite of this enormous attenuation some photons
are always diffracted in the minus first order. These few photons reduce dramatically the lifetime of
40K atoms confined in the optical dipole trap making the mechanical shutters indispensible. A possible
explanation for the remaining photons is as follows. Even without any RF power some photons are
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cooling light and repumping light are spatially overlapped. A second mechanical shutter
in front of the optical fiber works as global light switch. It blocks simultaneously cooling
and repumping light within 1.3 ms14.

If 40K atoms are exposed to the cooling light
∣∣42S1/2, F = 9/2

〉
→
∣∣42P3/2, F

′ = 11/2
〉
,

there are always non-resonant excitations to other hyperfine levels. This means that
the atoms are also lifted to the levels

∣∣42P3/2, F
′ = 9/2

〉
and

∣∣42P1/2, F
′ = 7/2

〉
(figure

4.6). From these two hyperfine states there is a finite probability that the atoms fall
back into the

∣∣42S1/2, F = 7/2
〉

state. Here the atoms are in a dark state for the cool-
ing light. Thus, they no longer take part in the cooling cycle and also are no longer
trappable in the MOT. Due to this the atoms are illuminated with light driving the
transition

∣∣42S1/2, F = 7/2
〉
→

∣∣42P3/2, F
′ = 9/2

〉
. The probability that atoms from∣∣42P3/2, F

′ = 9/2
〉

fall back to
∣∣42S1/2, F = 9/2

〉
by spontaneous emission is 59.25 %. In

this way a closed cycle transition is achieved. The here used intensity ratio between cooling
and repumping light is near 3 : 1. Compared to other alkali atoms (apart form lithium),
more repumping light is required. This is due to the fact of the small hyperfine splitting
in the 42P3/2 state, which raises the possibility of non-resonant excitations.

The repumping light is provided by a second grating stabilized diode laser (figure 2.17).
The optical path is quite similar to the one of the cooling laser. A part of the light is
separated before the optical isolator for beat locking and after the optical isolator for
checking the wavelength with a wavemeter. The remaining power of the repumping light
is used as seed light for a tapered amplifier. An AOM (3080-125, Crystal Technology) is
placed after the optical isolator of the tapered amplifier. The minus first diffraction order
(−80 MHz) is overlapped with the cooling laser at a PBS. A mechanical shutter in front
of the PBS is used to completely interrupt the repumping beam. Both beams are coupled
into the same optical fiber and so provide the light for the MOT. The zeroth diffraction
order is separately coupled into another optical fiber after a mechanical shutter. It is used
as a repumping beam in the later introduced spatial dark spot MOT (section 4.4).

2.2.2.2. Light sources for the 2D-MOT

As in the described setup to provide light for the operation of the MOT, also for the 2D-
MOT two grating stabilized diode lasers in Littrow configuration provide the light for driv-
ing the cooling

∣∣42S1/2, F = 9/2
〉
→
∣∣42P3/2, F

′ = 11/2
〉

and repumping
∣∣42S1/2, F = 7/2

〉
→
∣∣42P3/2, F

′ = 9/2
〉

transition. At both lasers, light is separated prior traversing the
optical isolators for beat locking with the reference laser (figure 2.18). After the optical
isolators, light is separated again for checking the wavelength with a wavemeter and the
mode operation with a Fabry-Perot interferometer. Afterwards, the optical paths of cool-
ing and repumping beam start to differ from each other. The repumping light is directly
guided to a PBS near the tapered amplifier. At this PBS the repumping light is overlapped
with the cooling light to a single beam. However, before the cooling beam reaches the
PBS, light is separated at two prior positions in the optical path and used for purposes as
explained in the following.

The first part is for performing the absorption imaging (section 3.3). About 2 mW

coupled into the mode of the first diffraction order due to conventional scattering at the crystal. Thus,
there exists an upper limit in the optical attenuation, which cannot be exceeded.

14About 1.1 ms of the 1.3 ms are latency. The pure shutter speed is about 200 µs at a beam with about
1.5 mm in diameter.
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Figure 2.18. – Optical path of the light sources for the 2D-MOT. Two grating stabilized diode
lasers are used for providing the cooling and repumping light in the 2D-MOT. After separating a
part of each laser beam for beat locking with the reference laser and for measuring the wavelength
with a wavemeter, they are overlapped at a polarizing beam splitter (PBS) and coupled together
into a tapered amplifier. In the case of the cooling laser light is separated additionally for the push
beam and for absorption imaging before overlapping. Most of the amplified cooling and repumping
light is coupled into an optical fiber and guided to the 2D-MOT. The remaining light is used for
a detection beam, a second absorption imaging and a Fabry-Perot interferometer (FPI). With
the FPI it is possible to determine the fraction of cooling and repumping light in the amplified
laser beam. Three acousto-optical modulators (AOM) are implemented for a fast switching of the
different laser beams (absorption imaging and detection). With the help of several mechanical
shutters, a complete blocking of the laser beams is achieved.
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are passed through a 80 MHz AOM (3080-120, Crystal Technology). The minus first
diffraction order is coupled into an optical fiber and is used for absorption imaging. The
zeroth diffraction order is absorbed by a beam dump. A mechanical shutter is implemented
in front of the collimation lens of the optical fiber to completely interrupt the absorption
beam. Up to 1 mW is available after the optical fiber for the illumination of the atomic
cloud. Depending on the magnification of the absorption imaging, the RF power of the
AOM is adapted so that the atoms are exposed to the whole absorption light or only a
part of it15.

The second separated part of the cooling light is used for the push beam in the 2D-
MOT. In contrast to the absorption beam, fast switching is here not required. Therefore,
the beam is only interrupted by a mechanical shutter. The light is guided with an optical
fiber to the entrance viewport at the 2D-MOT, where about 1.6 mW reach the atoms
along the third uncooled axis. A lens is positioned prior to the mechanical shutter for
mode matching the beam profile to the collimator of the optical fiber.

After the PBS at which the cooling and repumping light are superimposed, the polar-
izations of the two laser beams are perpendicular to each other. As already mentioned,
the TA amplifies only light of one single linear polarization. If the polarization of the seed
light is rotated by an angle φ relative to the required polarization of the TA, only a part of
the seed light is amplified. The amplification depends on the projection to the polarization
plane of the TA. Hence, a retardation plate is placed in front of the TA system. With its
help the ratio of cooling light to repumping light of the composed, amplified laser beam is
controlled. In order to verify the composition of the amplified light, a part of it is coupled
into a Fabry-Perot interferometer. The height of the peaks belonging to the two injection
lasers gives information about the ratio between the power of cooling and repumping light.

As in the setup for the MOT light, the TA is protected against backwards reflected light
with a 60 dB optical isolator (DLI-1, Linos Photonics). At a following PBS, the beam is
separated into two parts. The first one is guided via an optical fiber to the 2D-MOT. A
lens on a three-dimensional translation stage is used for mode matching the beam profile to
the collimator of the optical fiber. A mechanical shutter is placed in front of the collimator
for switching the light for the 2D-MOT on or off. The second beam, with lower power
than the first one, is used for several purposes. One of it is the already mentioned analysis
of the ratio between cooling and repumping light with a Fabry-Perot interferometer after
amplification.

The second purpose is for fluorescence detection of the trapped atoms (section 3.2).
Atoms, which are hold in the optical dipole trap, are exposed to a short, resonant light
pulse for a few milliseconds. The hereby emitted fluorescence light is detected by a photo-
multiplier or a photodiode. The number of trapped atoms is deduced from the amplitude
of the measured signal. To generate the detection beam, the minus first diffraction of an

15If the magnification of absorption imaging is increased without changing the diameter of the incident
beam, the following behavior has to be taken into account. The higher the magnification is chosen
the more light for illuminating is needed otherwise the imaging contrast breaks down. This is due to
the fact that the intensity of the absorption beam arriving at the CCD camera shrinks with increasing
magnification. Alternatively the illumination time can be increased. However, in this case also repump-
ing light is necessary. Otherwise all atoms are pumped in the

∣∣42S1/2, F = 7/2
〉

state where they are
no longer interacting with the cooling light. It emerged that without using repumping light but with
higher cooling power and shorter illumination times the contrast of the absorption images is higher.
A possible explanation for that is given later in section 3.3 at the discussion of general limitations in
absorption imaging.
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AOM is used. The short light pulses are created by switching the radio frequency power
of the AOM.

The remaining part of the separated light is used for absorption imaging on a second
axis. This axis is perpendicular to the one at the first absorption imaging. An AOM is
used for fast switching and regulating the power of light. As in the first case, the minus
first diffraction order is coupled into an optical fiber and guided to the vacuum chamber.

2.2.2.3. Tapered amplifier

With the ridge waveguide laser diodes (EYP-RWE-0790-04000-0750-SOT01-0000, Eagle-
yard Photonics), which are used for an external cavity setup in Littrow configuration,
output powers in the range of 30 mW are achieved after the optical isolators. In this
case the diodes are operated about 25 % below the recommended values. This leads to
an increase in the lifetime of the diodes16. Taking into account all the optical elements
the beams have passed till they reach the vacuum chamber, a total power of 30 to 40 mW
remains for repumping, trapping and cooling atoms. This amount of light is not enough
to trap a sufficient high number of potassium atoms in a MOT and subsequent experi-
mental steps, e.g. loading an optical dipole trap. For this reason a MOPA system was
implemented. A frequency stabilized diode laser acts as a seed laser (master laser). Its
light is coupled into the tapered amplifier and amplified by a factor of η. In first order, η
depends on the power and the polarization of the seed light and on the injection current
at which the TA is operated. The amplified light has the same frequency and linewidth
as the seed light17. Figure 2.19 (a) shows a tapered amplifier on a c-mount holder (EYP-
TPA-0765-01500-3006-CMT03-0000, Eagleyard Photonics) as it is used in the experiment.
The operation current is applied to (A) the c-mount holder (plus) and (B) the mounting
wire (minus). The holder acts also as a heat spreader. The tapered amplifier (C) itself is
situated in the middle of the upper side of the c-mount holder. Bonding wires (D) connect
the tapered amplifier with the mounting wire. Figure 2.19 (b) illustrates schematically
the geometric layout of the tapered amplifier manufactured by semiconductor processes.
The seed light is injected in the single-mode channel behind the anti-reflection coated
front facet. The channel fulfills the function of a spatial mode filter. Subsequently, the
tapered region follows in which the seed light is amplified. The tapered geometry prevents
the energy density within the amplifier to raise above a critical threshold from which on
damages could occur. According to [104], the energy density is reduced by a factor h

h ∝ 1

a+ b
. (2.21)

16Often very short lifetimes of the laser diodes were observed. Sometimes the diodes break down only after
a few weeks of operation. This is much less than the specified operation time given by the manufacturer,
which lies in the range of several thousands of hours. The reason for that is attributed to electrostatic
discharges (ESD). These are very short voltage peaks (ns) up to several kilovolt in the electric network.
In a lab they are produced by nearly all electronic devices, when they are switched on or off. Although
following a self-imposed protocol (the diode lasers where switched on after and switched off before all
other devices), ESDs could not be completely avoided. For example, the air conditioning in the lab
creates ESDs every time it has to readjust its output of cool air. This problem was solved by using a
device called LASORB (L44-47-121-228-X, Pangolin Laser Systems), which was especially developed
to protect semiconducter laser diodes against ESDs. Since attaching this electronic component directly
to the laser diodes, only one diode broke down after an operation time of about 2500 to 3000 hours.

17A tapered amplifier has a natural background serveral nanometers wide coming from its spontaneous
emission. During amplification of the seed light, this background is suppressed by a factor of 35 dB.
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Figure 2.19. – Tapered amplifier chip. (a) The tapered amplifier (C) is connected via bonding
wires (D) with the mounting wire (B). The c-mount holder (A) acts as a heat spreader and as
a second electrical connection. In (b) a schematic of the tapered amplifier itself is shown. The
seed light enters the amplifier at the input facet. From there it is guided along the single-mode
channel to the tapered gain region where it is amplified. The tapered shape ensures that during
amplification the critical energy density in the active area, at which otherwise damages could occur,
is not exceeded.

Here a is the width of the input facet, which is 3 µm, and b is the width of the output
facet, which is 190 µm. The height of the active volume, enclosed by these two apertures,
is only 1 µm. Because of the extreme asymmetric shape of the output facet, the amplified
beam has two strong differing divergence angles. Perpendicular to a the divergence angle
is 33◦ and parallel to a it is 14◦. As shown later, this is compensated by a set of lenses.

The tapered amplifier chip is mounted in a self designed mechanical setup (figure 2.20).
Almost all mechanical parts of the setup were manufactured in the institute’s fine mechan-
ics workshop. The chip is fixed at the top of a pyramid-like holder made out of copper
(A). It is coupled to a heat reservoir (B) made out of aluminium via two Peltier elements.
A temperature sensor (AD-590KF, Analog Devices) is situated in the vicinity of the TA
chip. The temperature sensor as well as the Peltier elements are connected with a commer-
cial temperature controller (DTC110/30W, Toptica). It stabilizes the temperature at the
tapered amplifier chip at 17 ◦C. Two three-dimensional translation stages (C) are placed
left and right beside the chip holder. A collimation lens (D) is fixed on each translation
stage. The distances between the lenses and the TA input and output facets correspond to
their working distances. A commercial current controller (DCC110/3A, Toptica) is used
as a power supply for the tapered amplifier. The controller is connected via two inductors
(22 µH, Imax = 3 A)(E), one in the outgoing wire and the other one in the return wire,
to the TA chip. They act as a low pass filter. In order to protect the TA chip from
mechanical stress from the connection wires, the wires are not directly fixed at the chip.
Instead, the wires are fixed at the pyramid-like holder and a mechanical adapter to which
the thin mounting wire is contacted18 (F). A cylindrical lens (f = 40 mm) is placed several
centimeters away from the collimator lens on the side of the output facet. It reduces the
astigmatism of the emitted laser beam to a minimum. The cylindrical lens is glued onto a

18Especially the very thin mounting wire reacts very sensitive to mechanical stress. Already small forces
are sufficient to break away the mounting wire from the c-mount holder.
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2.2. Laser system

Figure 2.20. – Mechanical setup of the tapered amplifier. The tapered amplifier chip is mounted
on the top of pyramid-like holder (A) of copper, which is coupled to a heat reservoir (B) via two
Peltier elements. Two collimator lenses (D) are positioned to the left and right of the tapered
amplifier. Their exact position is adjusted with the help of three-dimensional translation stages
(C). In order to reduce mechanical stress to the mounting wire of the tapered amplifier chip, the
mounting wire is fixed at a plastic holder (F). Two inductors (E) are inserted in the outgoing
wire and return wire to the chip for filtering high frequency noise. To compensate the asymmetric
divergence of the amplified light beam, a cylindrical lens (not visible here) located on a one-
dimensional translation stage (G) is placed after the collimation lens on the side of the outgoing
laser beam.
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Figure 2.21. – Characteristics of a tapered amplifier (TA). (a) With seed powers up to 5 mW the
output power of the tapered amplifier increases linearly. Beyond 5 mW the output power gradually
starts to saturate with further increasing seed powers. (b) At a constant seed power, here 30 mW,
the output power increases linearly with lower temperatures, at which the tapered amplifier is
stabilized to. Also visible, the amplification increases with higher operation currents. All data was
taken with a seed light stabilized to 766.7020 nm by beat locking.

one-dimensional translation stage (G). The exact distance to the TA is determined during
operation by observing the beam profile.

All tapered amplifiers in the experiment are operated at a current of 2 A19. Figure
2.21 shows the output power of a tapered amplifier as a function of the seed power, the
stabilized temperature and its operation current. At a constant operation temperature of
25.1 ◦C the output power increases linearly with the seed power till it reaches 5 mW (figure
2.21 (a)). Within this range, the higher the operation current of the tapered amplifier is,
the higher is its amplification. At a current of 2.75 A and a seed power of 5 mW, an
amplification of factor 60 is attained. Above a seed power of 5 mW, the amplification
is no longer linear and slowly starts to saturate. At a seed power of 35 mW and an
operation current of 2.75 A, the amplification reduces to a factor less than 30. In general,
at higher seed powers and higher operation currents, a further increase of the current is
not as effective as at lower operation currents and higher seed powers. If the seed power
is constant (30 mW) and the operation temperature decreases, the output power of the
tapered amplifier increases linearly (figure 2.21 (b)). This effect is independent of the
underlying operation current. In all cases discussed so far, the wavelength of the seed
laser was stabilized to 766.20 nm.

2.2.2.4. AOM control

In many applications it is required that the available power of light is adjustable or fast
switchable between on and off. Some examples are the power of light for absorption

19By operating the TA with a current lower than the recommended value the lifetime is increased. The
oldest TA chip is more than five years old. Its current time of operation is about 15000 hours.
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Figure 2.22. – Electric circuit for controlling the radio frequency power of an acousto-optic
modulator (AOM). A voltage controlled oscillator (VCO) adjusted to 80 MHz is used as radio
frequency source. The optimum power of the radio frequency for a maximum in the minus first
diffraction order is achieved by a combination of an experimentally determined attenuator and an
amplifier. The final output power in the minus first diffraction order is controlled by a voltage
controlled attenuator (VCA), which receives its control voltage from the experimental control
system ADwin (section 2.4). Together with a switch SW1, it is possible to switch the light in the
minus first diffraction order on and off within 1 µs. With a second switch SW2, it is determined
whether the switching of SW1 is controlled manually (via ADwin) or by a pulse generator. The
pulse generator is used in the loading phase of the optical dipole trap. There the light fields of the
MOT and the dipole trap are chopped alternately.

imaging or cooling and repumping in the MOT during loading the optical dipole trap.
Several acousto-optic modulators (AOM) are used for this purpose in the experiment.
When a radio frequency is applied to an AOM, the traversing laser beam is diffracted
in multiple orders. In the experiment the laser beams are aligned in such a way that
only the minus first diffraction order and the zeroth order occur. The zeroth order is
always absorbed by a beam dump and the minus first diffraction order is used further
in the experiment. The intensity in the first diffraction order is controlled by the power
of the applied radio frequency. Figure 2.22 shows a typical electrical control circuit. A
voltage controlled oscillator (ZOS-100, MiniCircuits) is used as a source for the radio
frequency. The combination of a radio frequency switch (ZYSWA-2-50DR, MiniCircuits)
and a voltage controlled attenuator (ZX73-2500-S+, MiniCircuits) regulates the power of
the radio frequency. When both devices are in the disable mode, the power of the radio
frequency is attenuated by 70 dB. Before the radio frequency signal reaches the AOM, it
is amplified by a radio frequency amplifier (ZHL-1-2W, MiniCircuits). The strength of the
attenuator prior the amplifier is assigned during operation of the AOM. After alignment of
the diffracted beam the attenuator is varied until the power in the minus first diffraction
order reaches its maximum.

2.2.2.5. Beat locking

All diode lasers providing light for the MOT and the 2D-MOT are frequency stabilized by
beat locking circuits [99]. This means that their frequency is adjusted to a desired value by
creating a beat signal between their frequency and the constant frequency of the reference
laser (section 2.2.1). For this purpose, light of the reference laser and light of the laser to

64



2. Experimental setup

Lock Box

x
250 MHz

Tapered Amplifier

AC Input

DC Input

500 MHz

VCO

Reference Laser

75 Hz

Frequency Generator

Mixer
(ZFM-5X-S) Low Pass Filter

Dielectric Mirror PBS l/2 Rotatable PBS Optical Isolator

Diode Laser

PD

Saw Tooth

Variable Voltage
Divider

Frequency->Voltage
Converter

ADwin

Uoffset

Upiezo

U fDC beat( )

Upiezo

Figure 2.23. – Optical and electrical setup of the beat lock. Light of the reference laser and
the laser to be stabilized are overlapped using a standard polarizing beam splitter (PBS). At a
following rotatable PBS a projection takes place (see figure 2.24 for details). Only light of the
same polarization of both beams leaves the PBS in direction to a photodiode (PD). There the beat
signal of the two optical frequencies is transformed into an electrical signal. With a mixer the beat
frequency is reduced by 500 MHz coming from a voltage controlled oscillator (VCO). A low pass
filter (250 MHz) removes the higher frequency components, which are a result of the mixing. In a
final step the beat signal is transformed into a DC signal with a frequency to voltage converter.
The DC signal acts as input of a so-called lock box, which controls the voltage at the piezo element
behind the grating of the laser to be stabilized. A frequency generator provides the necessary saw
tooth voltage. As too high input signals at the lock box create unwanted oscillations on the piezo
voltage, a variable voltage divider is inserted between the frequency voltage converter and the lock
box to adjust the proper gain value for the locking operation.
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be stabilized is overlapped at a PBS (figure 2.23). As the two laser beams have different
polarizations after the PBS, they traverse a second one which is rotatable. The rotation
axis is chosen in such a way that only light of the same linear polarization leaves the
PBS on the optical axes (figure 2.24). The amount of light from each beam is determined
by the rotation angle ϕ. In a range from 0◦ to 90◦ all ratios are adjustable between the
powers of the two laser beams. The power ratios in the experiment between the lasers to
be stabilized and the reference laser after the projection differ from setup to setup. Ratios
from 10:1 to 1:10 with total powers from 0.6 mW up to 2 mW are typical. At a following
lens the overlapped beams are focused onto a fast photodiode (S2381, Hamamatsu).

j = 0° j = 90°

j

Figure 2.24. – Projection of the reference laser and the laser to be stabilized at a rotatable
PBS for beat locking. The rotation axis is chosen along the common propagation direction of the
reference laser (green) and the laser to be stabilized (red). The beams are linearly polarized with
polarizations perpendicular to each other. At a rotation angle of ϕ = 0◦ all light of the reference
laser is transmitted and all light of the laser to be stabilized is deflected. In contrast, at a rotation
angle of ϕ = 90◦ the complete light of the laser to be stabilized is transmitted in the original
propagation direction and the complete light of the reference laser is deflected. For rotation angles
between 0◦ and 90◦ the power ratio of the transmitted laser beams is adjustable to arbitrary values.

The sustained beat signal is subsequently electrical multiplied at a mixer with 500 MHz
coming from a voltage controlled oscillator. A frequency to voltage converter converts the
beat frequency fbeat into a DC voltage signal UDC(fbeat). This signal is fed into the
lock box, which stabilizes the laser in its frequency via the voltage Upiezo at the piezo
actuator behind the holographic grating. Since too strong input signals lead to unwanted
oscillations during frequency stabilization, a variable voltage divider is inserted between
the converter and the lock box. It reduces the DC voltage to a third of its original value.
By adding an offset voltage Uoffset to the voltage UDC(fbeat) at the frequency to voltage
converter, the lock point is changed and the laser is stabilized to another frequency. In
figure 2.25, a typical beat signal is depicted schematically. The reference laser is locked and
the lock box is operated in the normal mode, which means that a periodic saw tooth signal
is applied to the laser to be stabilized. This leads to a periodically changing wavelength
of the laser. The reason for this is the permanently altering angle α under which the laser
beam hits the holographic grating used for an external cavity in Littrow configuration.
The wavelength λ is determined by α via λ = 2a · sin(α) with a being the groove density.
For small alterations of α, as it is here the case, the wavelength is in first order proportional
to the voltage Upiezo at the piezo element (λ ∝ Upiezo). Thus, the linear slopes of the saw
tooth signal lead to a linear change in the emitting frequency of the laser. This again
leads to a linear change in the beat frequency fbeat what finally explains the linear slopes
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Figure 2.25. – Schematic of the beat lock signal. (a) In the normal mode of the lock box no
frequency stabilization is active. Instead, a saw tooth signal (green line) is applied to the piezo
stack at the laser to be stabilized. As a consequence, the beat signal between the reference laser
and the laser to be stabilized changes permanently (black line). Here each point along the beat
signal corresponds to another frequency of the laser to be stabilized. In the lock mode, a DC
voltage instead of the full saw tooth signal is applied to the piezo. The DC voltage is determined
by the amplitude of the prior saw tooth at the point where the beat signal crossed zero. Any
disturbance of the beat signal, which causes a deviation from the zero amplitude, is compensated
by the lock box by changing the applied voltage at the piezo stack. (b) In order to be able to
vary the frequency of the stabilized laser relative to the reference laser during the course of the
experiment, an offset voltage UOffset can be added to the beat signal. It causes a global signal
shift. As a consequence, the zero crossing (green square) of the beat signal is shifted to a new
stabilization frequency of the laser. The offset voltage UOffset is controlled by the experimental
control system (section 2.4).
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in the beat signal. The red dot in figure 2.25 (a) marks the lock point, where the beat
signal crosses zero with a negative gradient. When the lock box is switched to the lock
mode, the voltage at the piezo element is regulated in such a way that UDC(fbeat) at the
zero crossing stays constant. By applying a constant voltage at the offset voltage input
of the frequency to voltage converter, the whole beat signal is lifted or lowered. As a
consequence, the beat signal crosses zero at a different point (green solid square in figure
2.25 (b)). The new intersection corresponds to a new beat frequency and thus also to
a new frequency of the stabilized laser. The voltage at the offset input of the frequency
voltage converter is controlled by the experimental control system, which is explained in
section 2.4.

2.2.3. Carbon dioxide laser

The optical dipole trap is realized using light of a carbon dioxide (CO2) laser. Within
the main chamber (section 2.1.1) two aspherical lenses are mounted, which focus the
CO2 laser beam directly into the potassium MOT. Because of the huge difference in
frequency between the oscillation frequency of the CO2 laser and the frequency of the
next optical dipole transition, the optical dipole trap is called as quasi-electrostatic dipole
trap (section 1.5). In the following section, the thereto necessary optical and technical
setup is introduced.

2.2.3.1. Laser source

A commercial CO2 laser system is used. It consists of a water cooled laser head (GEM-
100L, Coherent) with a nominal continuous wave (CW) output power of 100 W and an
also water cooled radio frequency (RF) power supply (D-1000, Coherent). The RF power
supply is connected to the laser head with a special coaxial cable (figure 2.26). Via this
cable the CO2 gas mixture in the laser head is excited by a 1000 W RF electrical field. The
RF power supply itself receives its electrical power from a DC power supply (PowerOne).
The emitting wavelength of the laser is 10.6 µm. The beam size at the exit aperture of
the laser head is specified with (3.8± 0.4) mm at a beam divergence smaller than five
milliradians. The polarization of the CO2 light is linear (>100:1). If the laser head is
mounted with its standard holder on the optical table, the electrical field of the CO2 laser
oscillates horizontally to the table surface.

2.2.3.2. Water cooling system and temperature stability

A flow meter (DVZ-1716G5S300, Kobold) measures the water flow, which cycles in the
cooling circuit (figure 2.27). If the flow rate is above the recommended value of 7.5 l/min, a
switch is closed, which otherwise interrupts the connection of the DC power supply to the
electricity network. When the DC power supply is initially activated, the RF power supply
starts in the standby mode where no RF power is produced. Via a D-type connector it is
switched to its operation mode and the laser head is supplied with RF power so that the
laser process is started.

The DC power supply provides up to 65 A in the constant voltage mode at 48 V. When
the CO2 laser is switched on, the current consumption of the RF power supply is 39.3 A.
This results in a total power consumption of 1.9 kW. Thereof 1 kW is transferred as a RF

68



2. Experimental setup

CO Laser

(GEM100L)
2Flow Meter

DC Power Supply

Cooling
Water

DC AC

RF Power (1000 W)

48V

RF Power Supply
(D1000)

Relay

AOM Controller

230V/50Hz

PID Temperature Controller

Figure 2.26. – Electrical connection of the CO2 laser. When a flow meter measures a sufficient
amount of water (> 7.5 l/min) running through the CO2 laser, a relay closes and connects a DC
power supply with the electric network. This power supply again provides a DC voltage of 48 V to
the RF power supply of the CO2 laser. As soon as the RF power supply is switched on manually,
1000 W of RF power reach the CO2 laser via a coaxial cable. This starts the laser process and a
beam with an output power of 136 W is emitted.
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Figure 2.27. – Water cooling circuit of the CO2 laser. A chiller provides cooling water stabilized
to a temperature of 17.9 ◦C for the CO2 laser and the RF power supply. A magnetic valve in
combination with a back pressure valve ensures that no water circulates as long as the chiller is
switched off. Before the cooling water enters the CO2 laser, its flow rate is measured. If the flow
rate is < 7.5 l/min, the CO2 laser is switched off automatically (see figure 2.26 for details).
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signal to the laser head. Hence, a heat load of 0.9 kW remains at the RF power supply
which needs to be cooled away. Additionally, the heat load is increased by the partly
backwards reflected RF signal. The exact amount of the reflected power depends on the
achieved impedance matching between RF power supply and laser head.

The output power of the laser head is about 136 W. This means that the efficiency from
electrical to optical power is approximately 13.6 %. The rest of the RF power, if the part
is neglected which is backwards reflected from the laser head to the RF power supply, is in
the order of 860 W and heats up the laser cavity in the laser head. To avoid temperatures
above the operation temperature (15 to 30 ◦C), which could damage the laser head, it is
permanently cooled by deionized water mixed with a heat transfer fluid (Dowcal *N, Dow
Chemical Company). The mixture ratio between the deionized water and heat transfer
fluid is 4:1. By adding the fluid to the water, the heat capacity increases and more heat
can be absorbed by the cooling water20. The cooling water circulates in a closed system
(see figure 2.27). A chiller (WWK 2.5 KW, Deltatherm) with a cooling power of 2.5 kW
is connected with the laser head via a flexible tube. From there the water flows through
the RF power supply and then back to the inlet of the chiller. A back pressure valve
is mounted directly in front of the inlet. It protects the pump from water flowing back
when the chiller is switched off. A magnetic valve is located at the outlet of the chiller.
It opens as soon as the main switch is turnd on and closes as soon as the main switch is
turned off. The combination of two valves prevents water from flowing in any direction
when the chiller is out of operation. The operation temperature of the cooling water is
17.9 ◦C. The temperature is stabilized with a PID controller integrated in the chiller. A
90 l reservoir of cooling water is located inside the chiller. Its temperature is kept constant
at the operation temparture by a heat exchanger. The generated waste heat is transported
away by cooling water coming from an external cooling circuit. The recommended coolant
flow rate through the laser head is ≥ 7.5 l/min21. All flexible tubes, which are used for
connecting the different water cooled devices to each other, are insulated with a standard
insulating material (Armaflex, Armacell Enterprise GmbH).

It is important to keep fluctuations in the temperature of the cooling water as small
as possible. Any changing in temperature is transferred to the laser cavity when the
cooling water flows through the laser head. As a consequence, the length of the resonator
increases or decreases depending on heating or cooling relative to the adjusted operation
temperature. It is known that such an elongation or contraction of a laser resonator is
accompanied by a change in the optical output power. If these fluctuations in the laser
intensity are in the range of the trapping frequencies of the optical dipole trap, the herein
trapped atoms can be heated out [105]. A huge effort was done in the group of J. E.
Thomas to reduce intensity fluctuations and pointing instabilities of optical dipole traps
at the end of the 90s [106]. This resulted in the development of an improved CO2 laser
design. With this Thomas and coworkers were able to trap 6Li atoms in their optical
dipole trap with a 1/e lifetime of 300 s at a background pressure of about 10−11 mbar. For
comparison the best 1/e trap lifetime in the 40K experiment described here was (136± 8) s
at a background pressure of 4.5× 10−11 mbar. Taking into account the difference in the
background pressure, it is concluded that the here used commercial CO2 laser system has

20The transfer fluid Dowcal *N contains mainly propylen glycol and some corrosion inhibitors.
21The coolant rate of the chiller can be adjusted by a valve at the water pump inside the chiller. It was

fixed at the maximum possible flow rate of about 13 l/min.
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a comparable intensity fluctuation as in [105].

A temperature sensor (25 kΩ NTC resistor, Farnell) was implemented in the cooling
tube directly at the water inlet of the laser head. With this sensor the temperature
fluctuations of the cooling water was examined. With the default PID parameters of
the chiller, an oscillation in temperature of ±0.5 ◦C with a time period of 70 to 90 s
was observed. By optimizing the PID parameters, the temperature fluctuations (red line
in figure 2.28) could be reduced by a factor of ten down to ±0.05 ◦C at the same time
period. For further improvement, the current cooling circuit was extended with a second
active temperature stabilization system [89]. For this purpose, a copper tube was inserted
in front of the water inlet of the CO2 laser. The tube is wrapped with four flexible
heating pads (HR5424R104L12A, Telemeter Electronic) with a total heating power of
110 W at 110 V (DC). This is enough to heat the water in the tube by approximately
2 ◦C at a flow rate of 13 l/min. The active temperature stabilization works as follows.
The temperature of the cooling water, measured with the NTC resistor, is recorded by a
microprocessor temperature controller (2500E/S/4LOOP/MODBUS, Eurotherm). If the
temperature falls below a given threshold, the controller closes a solid state relay so that
the heating pads are supplied with electrical power. When the temperature is again above
the threshold, the solid state relay opens and the cooling water is no longer heated by
the heating pads22. With this additional regulation the measured temperature stability is
increased by another factor of four to ±0.012 ◦C (green line in figure 2.28).

Another source, which can cause instabilities in the output power of CO2 lasers, is the
DC power supply of the RF power supply. Its current and voltage noise is transmitted
directly to the generated RF power. As the optical output power of the CO2 laser depends
on the available RF power, the CO2 laser intensity noise follows the current and voltage
noise of the DC power supply. The noise amplitude of the DC power supply is specified
with 3 %. To reduce the noise to a minimum, a self made low pass filter was inserted
between the RF power supply and its DC power supply. It consists of a capacitor and an
inductor. The cut-off frequency of the low pass filter is about 10 Hz.

2.2.3.3. Single mode operation of the CO2 laser

The GEM100L is an industrial laser, which is predominantly used for cutting, graving and
welding of different materials. Within this applications a single mode operation of the
laser is not required. In the experiment the mode operation of the CO2 laser is monitored
with a self made confocal Fabry-Perot interferometer. It was observed that depending on
the temperature of the cooling water the laser can be operated single or multi mode. At an
operation temperature of 17.9 ◦C, the CO2 laser runs single mode stable for a whole day
of experimentation. After switching on the laser, a time of at least 30 minutes is required,
till the laser runs in single mode. During this time, the temperature of the cavity changes
and alters the emitted wavelength. As a consequence, several mode hops and a permanent
move of the resonator peaks at the Fabry-Perot interferometer are observable. This stops
as soon as an equilibrium between cooling and heating of the laser head appears.

22In reality, the temperature stabilization is not as easy as described here. The PID controller integrated
in the microprocessor opens and closes the solid state relay already before the threshold is crossed. How
much earlier depends on the adjusted parameters of the PID controller. Access to these parameters
is obtained by a software running on a PC, which is connected with the microprocessor temperature
controller by a RS232 port.
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Figure 2.28. – Measured temperature stability of the CO2 laser cooling circuit. The red curve
shows the temperature change of the cooling water flowing through the CO2 laser as it is pro-
vided by the chiller. The green curve shows the result after using an additional microprocessor
temperature controller (MTC). In this case several, flexible heating pads were wrapped at a tube
situated at the water inlet of the CO2 laser. The temperature was measured with a sensor fixed
in the water tube directly after the heating pads. Depending on the determined temperature, the
microprocessor switched the heating pads by a solid state relay on and off and stabilizes the tem-
perature actively. With this approach, a temperature stability of ±0.012 ◦C was achieved. This is
a factor of four better than with the pure chiller system.
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2.2.3.4. Optical path of the CO2 laser radiation

Directly after the laser head, a part of the CO2 laser light is coupled out with a ZnSe
window (figure 2.29 (a)). The window is anti-reflection coated on both sides and takes an
angle of 45◦ relative to the CO2 laser beam. The hereby 2 W of out coupled laser power are
used for monitoring the mode operation of the laser with a Fabry-Perot interferometer. A
lens is positioned in front of the interferometer for mode matching. A second lens behind
the interferometer focuses the transmitted laser light onto an AC infrared detector (P4-30,
Molectron).

The residual laser radiation traverses an acousto-optical deflector (AGD-406B1M, In-
traAction Corp.). A mirror in front of the deflector is used for better alignment of the
beam. All used mirrors of the optical CO2 laser setup are dielectric coated silicon sub-
strates (MMR-coating, II-VI Infrared) with a specified reflection greater than 99.7 % for
s- and p-polarization at incident angles from 0◦ to 45◦. The distance between the laser
head and the deflector was chosen in the following way. In steps of several centimeters the
distance was increased and the power in the minus first diffraction order was measured.
At the position (72 cm) with the highest power in the minus first order the deflector was
fixed and afterwards the amount of RF power was varied. With this approach, a diffrac-
tion efficiency of 89 % (101 W) related to the transmitted power was achieved. The pure
transmission without any RF power is about 85 %. Hence, the overall diffraction efficiency
in the first order is approximately 76 %. The energy absorbed by the germanium crystal
is conducted by a water flowed cooling jacket which surrounds the crystal. It is impor-
tant to start the alignment process with a larger distance between the laser head and the
deflector. Due to the bigger beam diameter, this ensures that the intensity of the CO2

laser does not exceed the critical laser power density (approximately 50 W/mm2) of the
germanium crystal inside the deflector. Otherwise, it could damage the crystal or the
anti-reflection coating at the input or output facet. Although in the experiment the laser
power density in the germanium crystal is below the critical value, a self focusing effect
is observed. This non-linear effect increases with shorter distances between deflector and
laser head. Additionally, the CO2 laser beam exhibits a small astigmatism after passing
the deflector. A telescope consisting of two convex ZnSe lenses follows after the deflector.
The first lens (f = 125 mm, ∅ = 25.4 mm) is mounted on a translation stage. This allows
to adjust the distance to the second lens (f = 254 mm, ∅ = 50 mm) and finally to control
the beam diameter at the aspheric lens inside the vacuum chamber (figure 2.29 (b)). At
the beam combiner after the telescope, the slightly diverging CO2 laser beam is overlapped
with a HeNe laser. The HeNe laser is used as a pilot laser for a rough alignment of the
optical path of the CO2 laser till it enters the ZnSe viewport at the vacuum chamber (see
section 5.1.2). By two mirrors the CO2 laser beam is guided to a higher platform, which
lies 39 cm above the level of the optical table (figure 2.29(b)).

On the second platform the p-polarized CO2 laser light traverses a thin film polarizer in
an angle of 67.4◦. It acts as a polarizing beam splitter, which has the function to extract
the back reflected s-polarized CO2 laser beam (see further below in the text). A mirror
guides the CO2 laser beam into the vacuum chamber. There, it first passes a ZnSe viewport
and afterwards a ZnSe aspheric lens (f = 65.5 mm, ∅ = 38.1 mm, II-VI Infrared). This
focuses the radiation to a focal spot with a waist size of (24± 1) µm forming the location
at which ultracold atoms can be confined by optical dipole forces. A second aspheric lens
of the same type collects the CO2 laser light and leads it out of the chamber through a
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Figure 2.29. – Optical path of the CO2 laser radiation. The optics of the CO2 laser is distributed
over two layers. (a) The CO2 laser itself, a Fabry-Perot interferometer (FPI) for mode checking,
a deflector for controlling the power of the CO2 laser beam and a telescope consisting of two zinc
selenide (ZnSe) lenses, which expands the beam to a desired diameter, are located on the first layer.
The beam of a helium neon laser is overlapped at a beam combiner with the CO2 laser beam. It
was used to support the further alignment of the optical path at the next layer during setup of
the optical dipole trap. (b) At the second layer, approximately 39 cm above the optical table, the
CO2 laser beam enters the main chamber through a ZnSe viewport. Afterwards, it is focused with
an aspheric ZnSe lens into the 40K MOT. The optical dipole trap is realized in the focus. The CO2

laser beam is collimated at a second aspheric lens and subsequently halved in its diameter with
a further telescope consisting of two plano convex lenses. (c) Within a polarization rotator the
linear polarization of the CO2 laser beam is rotated 90◦ by passing a height difference twice. At
the prior thin film polarizer the reduced beam is aligned collinear with its bigger one and enters
the vacuum chamber again. There, it is focused the second time into the MOT and overlapped
with the first ingoing CO2 laser beam such that the two foci coincide. Due to the smaller beam
diameter the second focus has a larger waist than the first one. Finally, the CO2 laser beam leaves
the vacuum chamber through the same viewport at which it entered the chamber for the first time.
At the following thin film polarizer, the CO2 laser beam is reflected into a beam dump, where it
finally is absorbed.
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further ZnSe viewport. The second aspheric lens is positioned relatively to the beam focus
such that the CO2 laser beam is collimated.

A third platform with further optics is located on the side of the outgoing CO2 laser
beam. With these optics the beam diameter is reduced and the polarization is changed
from p to s. A telescope consisting of two concave ZnSe lenses is used for reducing the
beam diameter. The first lens (f = 127 mm, ∅ = 50 mm, Ulo Optics) is mounted in a
mirror holder, which is fixed on a two-dimensional translation stage. The second lens
(f = 63.5 mm, ∅ = 38.1 mm, II-VI Infrared), which is mounted in a standard lens holder,
is located at a fixed position. The polarization of the beam is rotated by an arrangement
of several mirrors in which the CO2 laser beam has to cover a spatial height difference two
times in opposite directions (figure 2.29(c)). Four mirrors in one plane form the corners
of a rectangle. The first three mirrors (A - C) reflect the light within the plane and the
fourth mirror (D) reflects it out of the plane. This setup changes the linear polarization
from p to s. At a thin film polarizer, with the same dimensions as the one on the other side
of the vacuum chamber, the now s-polarized CO2 laser beam is overlapped collinear with
the p-polarized CO2 laser beam, coming out of the chamber. Within in the chamber the
s-polarized beam is focused again. This creates a second optical dipole trapping focus with
a shallower and bigger waist (approximately 50 µm) compared to the first one. Finally,
the s-polarized CO2 laser beam is reflected by the thin film polarizer on platform two and
subsequently absorbed by a beam dump.

2.2.3.5. Deflector control

There are several reasons, why the power of the CO2 laser beam needs to be adjustable.
One of it is for example the forced evaporation, where the power gradually is reduced to
remove the atoms with the highest kinetic energy from the optical dipole trap. This is
achieved with the help of an acousto-optical deflector (AGD-406B1M, IntraAction Corp.).
The power in the minus first diffraction order, which is used for the optical dipole trap,
is controllable by the applied amount of RF power. In the following a for this purpose
constructed electrical circuit is explained. In order to reduce its complexity the different
parts of it are surrounded by colored boxes in figure 2.30.

The first part (green box) provides the radio frequency at 40 MHz to operate the deflec-
tor. The source of the radio frequency is a standard voltage controlled oscillator (ZOS-50,
MiniCircuits). Two voltage controlled attenuators are used for controlling the power of the
radio frequency. A combination of attenuator and amplifier (ZFL-500, MiniCircuits) en-
sures that, if the two voltage controlled attenuators are completely connected through, the
final amplified (LZY-1, MiniCircuits) 40 MHz radio frequency power leads to a maximum
in the minus first diffraction order.

When the 40 MHz RF power is reduced, then the deposited heat in the germanium
crystal of the acousto-optical deflector is lowered. As a consequence, the diffraction angle
of the first order changes. Thus, the whole optical path including the position of the
optical dipole trap within the main chamber starts to drift. A possibility to eliminate
this is to apply a second radio frequency signal to the acousto-optical deflector such that
the sum of the total RF power remains constant [107]. For this purpose, a differential
amplifier (red box) is used at which the control voltage of the 40 MHz RF power and a
second control voltage is applied. Dependent on the second control voltage, the power of
the second radio frequency source, here at 24 MHz, is adjusted. This is done in such a
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Figure 2.30. – Electrical circuit for controlling the RF power of the CO2 laser deflector. In
order to allow for a better overview of the whole circuit, some parts are encapsulated by colored
boxes. A voltage controlled oscillator (VCO) provides a 40 MHz RF signal, which is applied to the
deflector (green box). A second VCO provides a 24 MHz RF signal (red box), which is combined at
a splitter with the first one. It is used to keep the total RF power at the deflector constant, when
the power of the 40 MHz signal is changed. For measuring the trap frequency of the QUEST, it is
necessary to wobble spatially at the minus first diffraction order. This is achieved by modulating
the DC control voltage of the 40 MHz VCO with a sinusoidal voltage (blue box). During loading
the atoms from the MOT into the QUEST, the corresponding light fields have to be switched
on and off alternately. For this purpose, a pulse generator is used in combination with two RF
switches (yellow box).
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way that the total RF power at the deflector stays constant in first order, when the power
of the 40 MHz signal is altered. For further details see [63]. The two radio frequencies are
combined at a splitter (ZSC-2-1, MiniCircuits). As the splitter is a passive element, it
can also be operated in backwards direction. If a 24 MHz radio frequency signal is applied
together with the 40 MHz signal, only a zeroth order and a minus first diffraction order of
the 40 MHz signal are observed after the acousto-optical deflector. An additional minus
first diffraction, which belongs to the 24 MHz signal, does not occur. This is due to the
fact that the 24 MHz signal is situated outside the deflection bandwidth.

An optical dipole trap is characterized by different quantities, e.g. potential depth
or trapping frequencies. A way to determine the radial trapping frequency is to do a
periodic, spatial oscillation of the optical dipole trap (section 5.1). By measuring the
atom number in the trap as a function of the oscillation frequency, the trapping frequency
can be deduced from the frequency value at which the minimum number of atoms is
observed after such an oscillation. The spatial oscillation is achieved by varying the radio
frequency applied at the acousto-optical deflector. This is possible since the diffraction
angle is a function of the radio frequency. Because of this, the spatial oscillation of the
optical dipole trap is realized by a modulation of the applied voltage (11 V) at the 40 MHz
voltage controlled oscillator (blue box). The control voltage comes from the experimental
control system ADwin (section 2.4). A sinusoidal voltage is added to the DC voltage
with the help of a differential amplifier with unity amplification. The sinusoidal voltage is
provided by a function generator (AFG3101, Tectronix) and is adjusted manually during
the measurement of the trap frequency. A voltage shifter is inserted between the ADwin
system and the differential amplifier, as the ADwin system provides only voltages in the
range from −10 V to +10 V.

The temperature of the atoms confined in the optical dipole trap is extracted from
time-of-flight absorption images (section 3.3). For this purpose, it is necessary to switch
off the CO2 laser light. This releases the atoms from the trap and the cloud is allowed
to expand till the absorption image is taken. Switching on and off the CO2 laser power
is realized by inserting a radio frequency switch (ZYSWA-2-50DR, MiniCircuits) in front
of the last amplifier (LZY-1, MiniCircuits) in the control circuit of the acousto-optical
deflector. By applying 5 V to the TTL input of the switch the radio frequency signal
at the RF2 connector is transmitted to the RFIN connector and reaches the amplifier.
However, when 0 V are applied to the TTL input of the switch, RF1 is connected with
RFIN. As there is no radio frequency at RF1, no radio frequency power is transfered to
the amplifier and no CO2 laser light is diffracted into the minus first order. As a result,
the optical trap is switched off.

It was observed that the loading efficiency of atoms from the magneto-optical trap
into the optical dipole trap is increased, if the two traps are alternately switched on
and off (section 5.3) during loading. This chopping of the light fields is achieved by an
additional switch SW2, which controls the TTL input of the prior introduced switch SW1
(yellow box). By the voltage applied to the TTL input at the second switch SW2, it
is chosen between two operation modes in controlling the CO2 laser power in the minus
first diffraction order. If 5 V are applied to the TTL input of SW2, a pulse sequence
controls the behavior of the first switch SW1. This is the case when the optical dipole
trap is loaded. In the second mode, 0 V are applied to the TTL input of SW2. Then,
the experimental control system ADwin controls the first switch SW1, as it is normally
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Figure 2.31. – Compensation coils around the main chamber. Four out of six compensation
coils are arranged radially around the main chamber at the Helicoflex sealed DN50CF flanges (A).
The distance between two coils on a common axis is 52 cm. Together with the two coils at the
large axial viewports, here indicated by the dotted circle (B), they form a rectangular coordinate
system. With each pair of compensation coils an offset field can be created in the center of the
main chamber. The offset field changes with 1 G/A.

the case in the experimental cycle. The pulse sequence is created by a pulse generator
(DG535, Stanford Research Systems). During loading atoms from the magneto-optical
trap into the optical dipole trap, the pulse sequence simultaneously controls in both traps
the power of light (see section 5.3 for further details).

2.3. Magnetic coils

Several pairs of magnetic coils are implemented in the experiment for providing homo-
geneous and inhomogeneous magnetic fields, as required during an experimental cycle.
Totally, four pairs of magnetic coils are placed around the main chamber. Three of them
are used for creating offset or compensation fields. These coils further called as com-
pensation coils are arranged in such a way that their axis build a rectangular coordinate
system. Four of them are mounted at the Helicoflex sealed DN50CF flanges (figure 2.31).
The distance between two of these coils, which are located on a common axis, is 52 cm.
The third pair is situated around the larger, also Helicoflex sealed, axial windows along
the rotation axis of the main vacuum chamber. Here, also the coils are placed which
provide the magnetic field gradient for the magneto-optical trap. Details concerning these
coils are given in section 2.3.1. The compensation coils are supplied by a constant current
source, which was developed in the institute’s electronic workshop. It is controlled by the
experimental control system ADwin. If the maximum current of ±2.5 A is applied to the
compensation coils (sitting on a common axis), an offset field of 2.5 G in the center of
the main chamber is produced. This is enough to move the atomic cloud during MOT
operation one to two millimeters around its original position.

The last four coils in the experiment are arranged along the rectangular viewports of
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(a) Encapsulated MOT coil (b) Fixed MOT coil

Figure 2.32. – MOT coils at the main chamber. (a) Each MOT coil, which consists of nine
windings, is encapsulated by a two component epoxy (black ring) for mechanical stabilization. At
the ends of the coils two copper blocks (A) are brazed, which act as electrical connection (B) and
as adapter for the cooling water (C). The cooling water runs directly through the windings of
the coils, which are composed by a copper square tube with an edge length of 4 mm and a wall
thickness of 1 mm. (b) The MOT coils (D) are arranged around the large axial viewports at the
main chamber, where they are fixed by several aluminium clamps (E).

the titanium chamber (section 2.1.3). They provide the magnetic field gradient for the
here realized two-dimensional magneto-optical trap. More details concerning these coils
are given in section 2.3.2.

2.3.1. MOT coils

In this chapter, the characterization of the magnetic coils is described, which provide the
magnetic quadrupole field for the magneto-optical trap realized in the main chamber. The
coils are arranged around the large, central Helicoflex sealed windows in an orientation
perpendicular to the rotation axis of the main chamber. The two coils are placed to
each other in the so-called Helmholtz configuration. This means that their distance is
equal to their radius. Each coil consists of nine windings, which are distributed over three
layers. For this purpose, a tube out of a copper (type 2.0090) with a squared cross section
of 4 mm and a wall thickness of 1 mm (CW024A, Bikar Metalle) was used. The inner
diameter of a coil is 163 mm and the outer diameter is 190 mm. The height of a coil is
approximately 12 mm. Altogether a copper tube with a length of 4.85 m, including the
electrical connection, is necessary to form a single coil. Since a copper tube was only
available with a maximum length of 4 m, two tubes were brazed together. In order to
prevent shortcuts between the different windings, the copper tubes were wrapped with a
single layer of Kapton tape (CMT Type, 14 mm width, Klebetechnik GmbH) prior forming
the coils. At each end of a coil (figure 2.32) a copper block (A) was brazed, which acts
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as electrical connection (B) and as adapter (C) for the cooling water. To ensure form
stability, the coils were encapsulated by a fluid two component epoxy23 (Stycast 2850FT3
with Catalyst9, AAT Aston GmbH) with the help of a casting mold, which assesses the
final dimension of the coils. In figure 2.32 (a), one coil (D) is depicted after the epoxy was
baked out in an oven. Here the inner diameter is 161 mm, the outer diameter 192 mm and
the height is 19 mm. Figure 2.32 (b) shows the coil after fixing it at the main chamber by
several clamps of aluminium (E).

The ohmic resistance of each coil is 9 mΩ and its inductance (20.0± 4.3) µH. The two
coils are connected in series. If the maximal available current of 440 A runs through the two
coils, a field gradient of 51 G/cm is reached (0.116 G/Acm). The heat consumption in that
case is about 1.75 kW per coil, what requires an active water cooling. The cooling water
comes from the house cooling circuit, which forces the water with an effective pressure
of about 2.5 bar through the 4 mm2 quadratic cross section of the copper tubes24. The
total ohmic resistance of a single coil including the copper block for electrical connection
is about 13 mΩ. The additional 4 mΩ follows from the contact resistance when the tube
was brazed to the copper block and from the contact resistance due to the connection of
the power line. As explained later it is also possible to operate the coils in such a way
that a homogeneous field instead of a field gradient is created. In this case at a current of
440 A a maximal field of 396 G (0.9 G/A) is reachable.

In figure 2.33, a complete overview of the electric circuit belonging to the MOT coils
is given. It can be separated in four sections. The first one acts as current source and as
regulator of the current running through the MOT coils. The second section is used for
fast switching-on from 0 A to arbitrary current values up to 440 A. The third part is for
dissipating the stored energy in the coils when the current is switched off and the last one
is a switch for changing the operation mode from creating a homogeneous magnetic field
to a magnetic quadrupole field and vice versa. The single sections are explained in detail
in the following passages.

2.3.1.1. Current source and current controller

A DC power supply (6690A, Agilent) is used as current source, which provides at 15 V up
to 440 A corresponding to a maximum power consumption of 6.6 kW. It is operated in the
voltage control mode adjusted to a maximum current and voltage output. The outgoing
wire and the return wire to the coils consist each of two parallel lying cables (H07 V-K,
Helukabel) with a total cross section of about 150 mm2. The used large cross section
reduces the parasitic ohmic resistance beside the coils one to a minimum. On the way to
the current control unit, a high current diode (SKKD380, Semikron) is implemented, which
protects the power supply from back running currents as they occur during switching off
the coil current.

23Stycast stands out by its small coefficient of thermal expansion of 39 × 10−6 /K, a high thermal conduc-
tivity of 1.119 W/m · K and a good electrical insulation.

24In the current situation, only about 0.33 l/min cooling water flows through the coils. This allows an
operation at a current of 440 A without any damage for maximal two seconds. This is more than
enough for the purposes at the moment, as the maximal available field gradient is only needed less
than 50 ms during loading the optical dipole trap. However, in regard of the planned application of
Feshbach resonances in the future, the water flow through the coils has to be increased by additional
water pumps.
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Figure 2.33. – Electronic circuit of the MOT coils. The MOT coils L1 and L2 are supplied
with current by the power supply DC1, which is operated in the constant voltage mode. The
desired current is adjusted with the current control unit. A PID controller compares the given
current value (D/A) with the current measured by the current transducer S0. Depending on the
difference, the gate voltage at a row of three parallel MOSFETs M0 is adapted. This changes the
global resistance, which is supplied with electric power by DC1, and leads to a regulation of the
current. The switching-on branch provides the additional voltage (respectively energy), which is
necessary for a fast switching of the current from 0 A to values up to 440 A. For this purpose, a
second power supply DC2 loads via a resistor R1 a capacity C1 with a variable voltage. In the
moment of switching, a relay (not depicted here) connects the switching-on branch with the current
circuit. The dissipation branch ensures that the current is switched off within times smaller than
500 µs. When the current supply DC1 is separated from the coils by increasing the resistance of
M0 in the range of several megohm, due to Lenz’s law a voltage is induced at the coils L1 and L2.
The polarity of the voltage is inverted in comparison to before. As a consequence, a current flows
from the coils to the capacitor C2. Because of the diode D3, the current cannot oscillate back to
the coils, instead it dissipates at the resistance R2. It is planned to apply Feshbach resonances
to the trapped atoms in the future of the experiment with help of the MOT coils. For this, it
is necessary to transform the magnetic quadrupole field into a homogeneous magnetic field and
vice versa. This is achieved by four MOSFET switches, which invert the direction the current
flows through the second coil L2. For a magnetic quadrupole field the switches M1 and M4 are
connected through and the switches M2 and M3 are closed. In the case of a homogeneous magnetic
field, M1 and M4 are closed and M2 and M3 are connected through.
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Figure 2.34. – Schematic of the current control unit. The current control unit consists of three
subunits. The current transducer S0 measures the current IMOT running through the coils. At
its output channel a current Iact is provided with a ratio IMOT/Iact = 1000. The current causes a
voltage across four in parallel lying so-called Burden resistors RB. This voltage again is amplified
by an instrumentation amplifier. The amplification is configured by the resistance RG. In the
next step, the amplified voltage U(Iact) is continuously compared with the given value U(Iset).
Depending on the deviation between given and measured voltage, respectively current, the PID
controller regulates the gate voltage of the MOSFET bank M0 (figure 2.33). This leads to a change
of the global resistance the power supply is exposed to. As the power supply is operated in the
constant voltage mode, the current IMOT is altered.

A current transducer (Ultrastab 867-1000I HF, Danfysik) in the return line measures
the current running through the two MOT coils. Its bandwidth is 0− 500 kHz and it can
measure currents up to 1000 A. The output signal of the transducer is connected with
a control unit. It continuously compares the measured value with the one given by the
experimental control system and creates an output signal, which is applied to the gates of
three in parallel lying MOSFETs (SKM111AR, Semikron). A single MOSFET is capable
of conducting 200 A at a temperature of 25 ◦C. As the conductivity decreases with temper-
ature (at 80 ◦C down to 150 A), the MOSFETs and the diode are mounted on a common
water cooled heat sink of aluminium. The regulation of the current flowing through the
MOT coils is achieved by varying the common resistance of the three MOSFETs. If all
are completely connected through, the resistance is about 2.3 mΩ and if they are closed, it
is in the range of several tenth of megohms, respectively the current is 440 A or 0 A. Any
change in the gate-source voltage of the MOSFETs is associated with a change in their
resistance and finally results in a new global resistance of the whole electric circuit. As
the power supply is operated in the voltage control mode, it has to adapt the providing
current to maintain the given voltage. Thus, the gate-source voltage of the MOSFETs
controls the current flowing through the MOT coils.

A schematic of the current control unit is depicted in figure 2.34. It is divided in three
subunits. The transducer S0 creates a measurement current Iact, which is proportional
to the current IMOT running through the MOT coils (Iact = IMOT/1000). As recom-
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mended by the manufacturer of the transducer, the output is connected to a resistance
RB = 2.5 Ω, which consists of four in parallel lying Burden resistors25 (866/876-BR2.5,
Danfysik) of 10 Ω. The resistors are placed on a common plate of copper surrounded
by a box of aluminium, where they are stabilized to a constant temperature of 19 ◦C
with a standard temperature controller as it is used for the temperature control of the
diode lasers. The temperature controller is supplied by a low noise current supply (CAD
15.1.6 , Kniel). With this effort26 a very stable and exact current to voltage conversion
with (2.4764± 0.0003) mV/A is achieved. The second unit consists of an instrumentation
amplifier (INA114, Analog Devices). Its gain G is determined by an external connected
resistor RG by G = 1 + 50 kΩ/RG. With RG = 3.41 kΩ the gain was measured to be
G = 15.593 ± 0.009. The last subunit is a PID controller, which compares the measured
current U(Iact) with the given current U(Iset). Depending on the difference between these
two signals the PID controls via the gate-source voltage the resistance of the MOSFETs
(M0) so that U(Iact)− U(Iset) = 0.

2.3.1.2. Switch-on branch

A change in the flowing current from a smaller (I1) to a higher (I2) value is associated
with an increase of the deposited energy (∆E = 1/2L(I2

2 − I2
1 )) in the magnetic field of

the MOT coils. This energy has to be provided by the used power supply DC1 in figure
2.33. The switch-on time tON was examined for a jump from 0 A to an arbitrary value
smaller than 440 A using the current control unit. In figure 2.35 (a), tON is depicted as a
function of the switch-on current. The current was measured with the current transducer
S0. A fit (red curve) to the data indicates that the time it needs till the given current
is reached increases exponentially. This is attributed to the finite available power of the
power supply DC1.

In order to reduce the switch-on time tON an approach was followed as shown in [108].
Here the missing energy during switch-on the current is provided by a capacitor C1. The
capacitor is loaded via a resistor R2 by a second DC power supply DC2 and enabled during
switching by a voltage controlled relay. In figure 2.35 (b), tON is shown as a function of
the given current and additionally the corresponding voltage UC1 to which the capacitor
was loaded. The red curve indicates a linear fit of tON, which is an enormous improvement
compared to the situation without switch-on branch. The optimal loading voltage UC1

was determined as follows. At a given current, tON was observed as a function of UC1. By
increasing the voltage at the capacitor, the switch-on time reduces till a threshold of UC1

is reached. Above this threshold tON keeps constant. UC1 in figure 2.35 (b) represents the
threshold from where on tON stops further reducing. UC1 also increases linearly with the
given current.

2.3.1.3. Dissipation branch

When the current flowing through the MOT coils is switched off, the energy stored in the
magnetic field starts to dissipate. Depending on the coils inductance and resistance, this

25A Burden resistor stands out due to its extreme temperature stability < 3ppm /◦C.
26The reason for this is the fact that it is planned to use Feshbach resonances in the future of the exper-

iment. In the vicinity of a Feshbach resonance, a small inexactness in the applied magnetic field can
already lead to a large variation of the scattering length.
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Figure 2.35. – Switch-on time of the MOT coils. (a) shows the time which is needed, when the
current flowing through the MOT coils is changed from 0 A to values up to 440 A without using the
switch-on branch. The switching time increases exponentially with the current (red curve). (b)
By using the switch-on branch this dependency is transformed into a linear one. On the second
axis the minimal necessary voltage (filled triangle) is given, to which the capacitor C1 (see figure
2.33), which provides additional energy during switching, needs to be loaded.

can last up to several tenth of milliseconds. In order to reduce the switching-off time, a
dissipation branch was added to the electric circuit. Here the dissipation is shifted from
the MOT coils L1 and L2 to the resistor R2 and capacitor C2 (figure 2.36). When the
current is interrupted by the MOSFET switch M0, a LRC-oscillator remains as depicted
in figure 2.36. In the moment the coils are separated from the DC power supply DC1,
their present polarity, surrounded by the two black circles, is inverted due to the induced
voltage explained by Lenz’s law.

The resistance RS represents the sum of the resistances of the two MOT coils L1 and
L2 and of the MOSFETs M1 to M4. Without diode D3, the system would undergo a
damped oscillation with ωLRC, which is a function of L, C2, R2 and RS (see equation A.8
in appendix A). For the experimental values L ≈ 45 µH, R2 = 1 kΩ, C2 ≈ 5 mH and RS
≈ 4.7 mΩ follows ωLRC ≈ 2.2 kHz. Due to diode D3 the oscillation is already interrupted
after a fourth oscillation (approximately 715 µs) when the whole energy from the two MOT
coils is transferred to the capacitor C2. As diode D3 stands in reverse direction relative
to the polarity at C2, the current cannot flow back to the coils. Instead, the current
accumulated at one side of C2 flows through R2, where the energy is dissipated. As C1
in the switch-on branch, C2 is composed of several electrolyte capacitors ((50× 100) µF)
connected in parallel. Together with R2 (1 kΩ) and an also in parallel lying varistor
(B60K75, Epcos) they are mounted on a water cooled plate of aluminium. The varistor
protects the capacitors against too high induced voltages as they occur when the current
through the MOT coils is switched off. In figure 2.37 (a), a typical development of the
MOT current is shown, measured with the current transducer, when it is switched off. As
soon as the current is interrupted by the MOSFET switch M0, it decreases linearly from
the adjusted value to 0 A. Here it needs about 425 µs to fall from 440 A to 0 A. In figure
2.37 (b), the dependency of the switch-off time from the current, which flows through the
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Figure 2.36. – LRC-oscillator of the MOT coils for energy dissipation. When the MOT coils L1
and L2 are disconnected from their current source by the MOSFET switch M0, a circuit remains
as depicted to the left. This circuit represents an LRC-oscillator as illustrated on the right side.
The inductances L1 and L2 of the coils are embraced by L and their ohmic resistances are merged
with the resistances of the later explained MOSFET switches M1 to M4 as RS. In the moment
the current is switched off, the polarity (plus and minus surrounded by the black circle) at the
coils is inverted due to Lenz’s law. Afterwards, the current ’oscillates’ from L to C2. Due to the
diode D3, the current cannot flow back to the MOT coils. Instead, it flows over the resistance R2,
where finally the energy is dissipated.

two MOT coils, is depicted. Above currents of about 100 A the switch-off time increases
linearly with approximately 0.28 µs/A.

2.3.1.4. Magnetic field switch

With the here implemented magnetic field switch, the operation of the MOT coils can be
changed from creating a magnetic quadrupole field to a homogeneous magnetic field and
vice versa. This is achieved by inverting the flow of current through the second MOT
coil L2. If the current flows through L2 in the direction marked with the red arrows in
figure 2.34 and 2.36, a magnetic quadrupole field is available. In the case marked with the
yellow arrows, a homogeneous magnetic field is created by L1 and L2. The magnetic field
gradient is used for the MOT and the CMOT. The homogeneous magnetic field is used
for Stern-Gerlach experiments, absorption imaging of the occupation of single mF -states
of a hyperfine ground state and for Feshbach resonances, as it is planned to apply them in
the future of this experiment. The transition between the two operation modes of L2 is
achieved by the four MOSFETs M1 to M4, which act as switches. Each MOSFET switch
consists of three high current MOSFETs (SKM111AR, Semikron) connected in parallel as
used for the current regulation via M0. In order to protect them against the high induced
voltages in the coils, which occur during switching on or off the current, varistors (S20K30,
Epcos) are fixed at each MOSFET block. All MOSFETs are switched by one common
controller with M1 and M4 always getting the opposite signal (±10 V between gate and
source) as M2 and M3. This kind of circuit is known as H-bridge and is used for reversing
the polarity of electric motors.
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Figure 2.37. – Switch-off time of the MOT coils as function of the applied current. A typical
development of the current flowing through the MOT coils is depicted in (a), when the current
is switched off by using the dissipation branch. An overview concerning the switch-off time as
function of the switched current is shown in (b). It increases linearly with currents greater than
100 A.

(a) Top view (b) Angular view

Figure 2.38. – 2D-MOT coils. Four identical coils with the shape of a long hole provide the
quadrupole field in the 2D-MOT. The dimensions of the coil holders are fitted to the windows of
the titanium chamber. Each coil consists of 144 windings, which are arranged like a truncated
pyramid. This allows a nearby mounting of the coils at the chamber. Angle pieces of aluminium
(A) keep the coils together. The relative position of the whole coil system in regard of the vacuum
chamber is determined with the help of screws in several metal plates (B). With this arrangement,
a magnetic field gradient is achieved, which increases with 3 G/Acm.
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2.3.2. 2D-MOT coils

In the titanium chamber, which is part of the prechamber (section 2.1.3), a 2D-MOT is
realized. It acts as atom source for the MOT in the main chamber. The belonging magnetic
quadrupole field of the 2D-MOT is provided by four coils, as depicted in figure 2.38 (a)
and (b). The design of the coils is adapted to the rectangular form of the windows at the
titanium chamber. The basic shape of the coils equals an elongated hole with a total length
of 202 mm and a width of 84 mm. Around the hole, the windings are arranged in such a
way that the coils have a tapered form like a truncated pyramid. In order to guarantee
the form stability of the layers, they were fixed to each other with instant adhesive during
winding. The total height of all layers is about 27 mm. Looking at the coils cross section,
always two neighboring layers are arranged in such a way that their windings fulfill the
conditions of a dense sphere packing. An enameled copper wire with 1.32 mm in diameter
(1.6 mm with insulation) was used for winding the coils. The ohmic resistance of a single
coil with 144 windings is about 0.66 Ω. Each of them is connected with an own current
supply, which provides currents up to 10 A. It was designed and made by the institute’s
electronic workshop. The outgoing current is adjusted via a voltage control input at the
current supply (1 V =̂ 1 A). The required control voltage is provided by the experimental
control system, which is introduced in section 2.4. The total magnetic field gradient of
all four coils increases with 3 G/Acm. Due to the relative large surface (approximately
1588 cm2) of the coil holder, passive cooling is sufficient to keep the temperature in a none
critical range for the insulation of the copper wire. During normal operation of the coils,
with currents from 3.5 to 5.5 A, the holder heats up to about 40 ◦C. The coil holders were
manufactured in the institute’s fine mechanics workshop out of a 1 mm thick copper sheet.
Eight angle pieces of aluminium (A) situated in the corners of the coil holders keep them
together, when they are arranged around the titanium chamber. The distances between
the coils and the chamber are adjusted by several metal plates (B), which are visible at
both inner ends of the coil holders in figure 2.38 (b).

2.4. Experimental control system

A typical experimental cycle consists of different phases, which are executed sequentially.
Within such phases many voltage pulses and voltage signals are generated, which control
the large amount of electronic devices involved in the creation of ultracold quantum gases.
Some phases last several seconds and others only a few milliseconds. A crucial point is
the timing of the single voltage pulses and voltage signals with a temporal accuracy in
the range of microseconds. Normally, pulse and function generators or digital I/O cards
in PCs are used to provide the control pulses in the microsecond scale. If pulse generators
are used, a change of experimental parameters is combined with a series of reprogramming
what makes it very time consuming. This is more pleasant at a PC with digital and analog
output cards where the pulses are controllable via programs with graphical user interfaces.
However, in a PC, the generation of voltage pulses can be disturbed by the electric fields
of other internal components. Due to good experiences in another experiment in the field
of ultracold quantum gases in our working group, a little different implementation of the
experimental control system was realized. There, a PC is still used but the voltage pulses
are generated in a spatially separated system. An overview of the whole control system is
depicted in figure 2.39.
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Figure 2.39. – Overview of the experimental control system. An experimental cycle is organized
via a graphical user interface of a self written control program which runs on a PC. As soon as
the cycle is started, it is encoded and subsequently transmitted via Ethernet to the independent
processing unit ADwin. There, it is decoded and the output voltages at channels of its analog
and digital modules are set with an accuracy of one microsecond. These voltage signals control
different parameters in the experiment such as the frequency or power of lasers, the strength of
magnetic fields, mechanical shutters etc..

The heart of the experimental control system composes of a real-time processing unit
(ADwin-Pro II light, Jäger Messtechnik) and an experimental control program. ADwin
is a modular system with an own CPU, which processes data from and to the different
digital and analog I/O cards, which are all situated in a common rack. With the help of
an own programming language, called ADBasic, a user obtains access to the processing
unit and the available cards. Four analog modules (Pro II AOut-8/16), one digital module
(DIO-32) and the processing unit (Pro-CPU-T11) with 300 MHz and 256 MB DRAM are
implemented in the rack. Each analog module has eight output channels with a bipolar
voltage range of ±10 V at a resolution of 16 bit. The digital module contains 32 channels,
which can be used for input and output of 5 V TTL pulses. The analog modules are
used to control different parameters in the experimental setup where a variable voltage is
necessary as for example at the control of the frequency and power of lasers or the strength
of magnetic fields. The digital output module is used where 5 V TTL pulses are sufficient
to control devices as in the case of switches, mechanical shutters or simple trigger pulses.
The digital module is connected via a broadband cable with a signal distribution box.
There, the single channels are separated over 32 BNC adapters, what makes them easier
to handle. In the present state of the experiment all 32 available analog output channels
and all 32 digital channels are in use. The ADwin system is connected via Ethernet
to the experimental control program. The program runs on a standard PC, where also a
frame grabber card (p3i ASYNC, Eltec Elektronik) is located. Two CCD cameras (XC-56,
Sony), which are used for absorption imaging (see section 3.3 for further information), are
connected to the frame grabber. Additionally, a box is linked with four BNC connectors,
which forwards TTL pulses from the digital module of the ADwin system to the frame
grabber what finally starts the imaging at the CCD cameras.

The experimental control program, which was written in C++, is used for organizing
the experimental cycles, data acquisition and for data evaluation. An experimental cycle,
which consists of a sequence of pulses and signals, is stored in a database. When a sequence
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is executed, it is first binary encoded and then transfered to ADwin via Ethernet. For
this purpose, the control program has to access the ADwin drivers. When the encoded
cycle reaches the ADwin system, a there running program stores it in a data container
and waits for further proceeding. As soon as a start command is transmitted from the
control program to ADwin, the output voltages at the digital and analog channels are
set with a temporal accuracy of one microsecond as arranged in the data container. In
the case of absorption imaging, the control program acquires memory for the images and
proceeds them with the help of Gnuplot. The access to the frame grabber is realized by
a dynamic link library. At the end of an experimental cycle, absorption images are taken
and the 1/e radius of the atomic cloud and the number of confined atoms (section 3.3) are
displayed automatically. An experimental cycle can be executed in an infinity loop, at a
given number or a single run. A change of the experimental parameters is adjusted by a
graphical interface and as mentioned before stored in a database.
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3.1. Introduction

Generally, there are several parameters to characterize neutral atoms confined in magneto-
optical, pure magnetic or pure optical traps. Such parameters are for example the number
of atoms, their temperature or their density within a trap.

One technique for measuring the temperature of confined atoms is the release and
recapture method [109], which was first used in the field of ultracold atoms with optical
molasses. Here the atoms are released from the trap by switching off all light fields. After
a time tOFF, a part of them is recaptured by switching on the trapping fields again. If
a Maxwell-Boltzmann distribution of the atoms in the trap is assumed, it is possible to
deduce their temperature from the fluorescence signal, which was detected as a function
of the recapture time tOFF. In the experiment described in this thesis, this approach is
used to measure the temperature of the trapped 40K atoms in the MOT, spatial dark spot
MOT and CMOT (see sections 4.2 and 4.4 for the results).

Another way to detect the temperature is a so-called time-of-flight (TOF) method,
which was also first used with optical molasses [110, 111] and later expanded to magneto-
optical traps [112]. In this case, a resonant probe beam is positioned below the trap in a
distance corresponding several diameters of the confined cloud of atoms. When the atoms
are released from the trap and traverse the probe beam, a fluorescence signal is detected
as a function of time. Assuming the velocity distribution of atoms in the trap follows a
Maxwell-Boltzmann distribution, the atomic temperature can be deduced from the shape
of the fluorescence signal. Furthermore, fluorescence signals are used to count the number
of atoms confined in a trap or to obtain information about the ratio between the number
of atoms in an excited and a ground state [25]. In the experiment described in this thesis,
the fluorescence signal is used to calculate the number of trapped atoms in the MOT,
spatial dark spot MOT and CMOT. Further details are given later in the text (section
3.2).

Another method for probing ultracold atoms is absorption imaging. A resonant probe
beam here traverses an atomic sample, which absorbs a part of the light and reemits it
isotropically. The hereby created shadow in the probe beam is imaged with a lens onto a
charge-coupled-device (CCD) camera. With a known magnification of the imaging system,
the particle number can be extracted from the image. If this approach is expanded to a
TOF imaging method, the temperature can be deduced from the absorption image as well.
This technique was here applied to measure the number and the temperature of atoms
that are confined in the optical dipole trap. It has to be noted that absorption imaging
can also be used to identify different phases of ultra cold atoms. The most famous one is
the Bose-Einstein condensate [3–5]. There, the phase transition is indicated by a bimodal
velocity distribution, which is directly observable in a TOF absorption image. A further
example is the quantum phase transition from superfluid to a Mott insulator [49] in a
three-dimensional optical lattice potential.



3.2. Fluorescence detection

Doublet
(f=120 mm)

Plano-Convex Lens

PD
+

Amplifi
er

(Fl
uores

ce
nce

Dete
cti

on)

CCD
Camera

(Absorption Imaging 1) Optical Rail

Main Chamber

CCD Camera
(MOT Observation via Fluorescence)

Optical Fiber + Collimator
(Absorption Light)

WV-BD332

Atomic Cloud

Absorption Beam

Aspheric ZnSe Lens

Fluorescence Light

Alignment Bar

Rotation Axis

Figure 3.1. – Scheme of the implemented diagnostic methods for the observation of optically
trapped atoms. In order to determine the number of atoms confined in the MOT, fluorescence
light is imaged with a telescope onto a photodiode. The shape of the atomic cloud confined in
the MOT is observed at a monitor. For this, its fluorescence light is imaged onto a standard
CCD camera. The temperature of the atoms in the optical dipole trap is extracted from a series
of time-of-flight absorption images. For this purpose, the atomic cloud released from the optical
dipole potential is illuminated with a collimated beam and imaged onto a second CCD camera.

In section 3.2, it is explained how the fluorescence detection is implemented in this
experiment to determine the number of trapped atoms in the MOT, spatial dark spot
MOT and CMOT respectively. Subsequently, section 3.3 follows with the realization of
the absorption imaging for measuring the temperature and particle number of the atoms
confined in the optical dipole trap.

3.2. Fluorescence detection

When atoms confined in a trap are exposed to coherent light in the vicinity of an atomic
resonance, they isotropically emit fluorescence light. In this experiment the detection of
atomic fluorescence is used for two purposes. The first one is to deduce the number of
trapped atoms in the MOT. In the second case, fluorescent light is used for a visual control
of the different experimental stages the MOT undergoes in regard of transferring atoms
into an optical dipole trap.

The size and the shape of the MOT is observed with a standard monochrome CCD
camera (WV-BD332 , Panasonic) as it is used in the field of closed circle television (CCTV)
and displayed on a small monitor. A magnification up to 80 is reachable with an additional
mounted objective and a simple plano convex lens1. The lens is positioned in a distance
to the MOT corresponding to its focal length (f = 125 mm, ∅ = 50 mm). Both, the

1The magnification was quantified by a calibration measurement before the camera and the lens were
integrated in the experimental setup.
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CCD camera and the lens, are fixed on a common bar for an easier alignment. With this
construction, the MOT is observed through the large Helicoflex sealed window (section
2.1.1), which is located at the top and the bottom of the cylindrical main chamber. The
angle between the observation axis and the rotation axis of the main chamber is about
35◦ (see figure 3.1).

Behind the opposite second Helicoflex sealed window, a two lens telescope (f1 = 75 mm,
∅1 = 50 mm; f2 = 25 mm, ∅2 = 25 mm) is located, which images the MOT fluorescence
onto a large area silicon photodiode2 (IPL10050, Thales Optoelectronics). As in the
case of the CCD camera, the lenses and the photodiode are fixed on a common bar for
easier alignment. The voltage signal of the photodiode is amplified and displayed on a
multimeter. Totally, there are two amplifier adjustments available, the second one is a
factor ten higher than the first one. Both are calibrated to allow a conversion from the
measured electrical voltage UPD into the detected optical power. Assuming a simple two
level model, the number of trapped atoms N is calculated from the voltage signal UPD at
the photodiode according to [113]

N = UPDCPD
4π

Ω

λ

Γπ~c
1 + Itot/Is + 4(∆f/Γ)2

Itot/Is
. (3.1)

Here, Ω is the solid angle, under which the first lens in the telescope collects the fluorescent
light. It is in this experiment 0.1232 rad. λ is the wavelength of the driven resonance and
∆f the frequency detuning relative to it. The calibration is described by the factor CPD.
Γ is the natural linewidth. For 40K it is 6.04 MHz [114]. The total intensity the atoms
are exposed to is given by Itot. In the case of a three-beam MOT, this also includes
the power of the retroreflected beams. Is is the saturation intensity. For the D2-line of
40K it is 1.75 mW/cm2. The photodiode also detects stray light. This contributes to a
background signal UBG at the photodiode. It is assumed that the stray light comes mainly
from reflections of the trapping light at the Helicoflex sealed windows. The background
signal is measured by operating the MOT without magnetic field so that no atoms are
trapped in the MOT. Finally, N is calculated by subtracting the unwanted background
signal UBG from UPD and using equation 3.1 afterwards.

Concerning the calculation of atom numbers according to equation 3.1, two points
have to be mentioned. As described in section 2.2.2, the MOT light is guided with an
optical fiber from the light sources to the main chamber. Afterwards, it is expanded with
a telescope and finally separated into three laser beams (figure 4.8). For the calculation
of the total intensity Itot, it has to be taken into account that in the experiment about
30 % of the MOT light is lost due to the optics on the way from the fiber outcoppler
to the viewports. Another approximately 5 % are lost in the retroreflected beams. The
second point concerns the ratio between cooling light and repumping light in the MOT
which is about 3:1. In equation 3.1, it is not disinguished at Itot between cooling light
and repumping light. This all leads to a systematic error in calculating the atom number
in the MOT. Alltogether, it is assumed that there is an uncertainty of about 30 % in the
atom number determined by equation 3.1.

In the experiment, fluorescent light is also used to characterize the loading of the
optical dipole trap. For this purpose, a detection beam is aligned through one of the

2The active area of the IPL10050 is 41.3 mm2. At a bias voltage of −20 V, it has a capacitance of about
65 pF.

93



3.3. Absorption imaging

Figure 3.2. – Schematic of absorption imaging. The absorption beam illuminates an atomic cloud
(green circle) within a vacuum chamber through an optical window w1. Depending on the atomic
density, a part of the light is absorbed and reemitted isotropically. This causes a shadow in the
absorption beam along its propagation direction, which is imaged by a lens onto a CCD camera.

radial viewports so that it hits the optical dipole trap in the center of the main chamber
(figure 4.8 on page 114). As the amount of fluorescence is much smaller than with the
MOT, a photomultiplier (PMT) is used for detection. An imaging system consisting of
two lenses, an iris and an edgepass filter (FEL0750, Thorlabs), with a cut-on wavelength
of 750 nm, is used to couple the fluorescent light into an optical fiber, which ends at the
PMT. The imaging system is located above the prior mentioned telescope of the large
area silicon photodiode and gathers the fluorescent light also through the large Helicoflex
sealed window.

3.3. Absorption imaging

An established method for characterizing ultracold atoms confined in magnetic or opti-
cal traps is the absorption imaging technique. Shortly after the trapping potentials are
switched off, a resonant beam here illuminates the released atomic cloud. Depending on
the relative detuning to the atomic resonance and the total intensity, the atoms absorb
the light and afterwards reemit it isotropically3. Because of this absorption, a shadow is
impressed to the optical beam in its propagation direction. The strength of the shadow
in the profile of the beam is proportional to the optical density. In figure 3.2, a schematic
setup is given. An atomic cloud (green solid circle) within a vacuum chamber is optical
accessible by two windows w1 and w2 and is exposed to an absorption beam. The scat-
tered light leads to the mentioned shadow in the absorption beam, which is imaged by
a lens onto a CCD camera for analysis. The magnification (or size reduction) M of the
focused image at the CCD camera is given by the ratio between g and b. In the following
subsections, the usage of absorption imaging as a tool for extracting the number of atoms
and their temperature in an optical dipole trap is described.

3This assumption is only valid for circularly polarized absorption light. In the case of linearly polarized
light, the fluorescence light is emitted mainly perpendicular to the propagation axis [115].
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3.3.1. Optical density

The intensity I(x, y) of the absorption beam after traversing the atomic cloud is described
by the Beer-Lambert law

I(x, y) = I0(x, y) · e−σ
∫
n(x,y,z)dz, (3.2)

with I0(x, y) being the intensity distribution before the absorption beam interacts with
the atomic cloud. n(x, y, z) is the atomic density and σ is the photon cross section. For
linearly polarized light, as it is the case in the experiment, it is given by [116]

σπ = C2 3λ2

2π

1

1 + (2∆/Γ)2
. (3.3)

C2 is an averaging over the different Clebsch-Gordon coefficients of the possible π-transitions.
For 40K it is C2 = 2/5 [117]4. ∆ is the detuning of the absorption beam with respect to
the resonance at the wavelength λ. Γ is the natural linewidth. It has to be noted that
the equations 3.2 and 3.3 are only valid for intensities much smaller than the saturation
intensity. By taking the logarithm of expression 3.2, the definition of the optical column
density OD(x, y) follows

1

σπ
OD(x, y) =

∫
n(x, y, z)dz =

1

σπ
ln

(
I(x, y)

I0(x, y)

)
, (3.4)

which contains information about the projected atomic density distribution onto the imag-
ing plane (x,y). In the experiment, OD(x, y) is extracted from three images, which are
recorded in one single experimental cycle according to

OD(x, y) = ln

(
Iatom(x, y)− Inoise(x, y)

Ilight(x, y)− Inoise(x, y)

)
. (3.5)

After the atoms are released from the trap, they are exposed to the absorption light,
which is resonant to

∣∣4S1/2, F = 9/2
〉
→
∣∣4P3/2, F = 11/2

〉
, for a duration of 80 µs. The

first image taken during this period corresponds to Iatom(x, y). 80 ms later when the atoms
are fallen out of the imaging volume, the absorption beam is switched on again for 80 µs
and the second image is taken. This corresponds to Ilight(x, y), an intensity distribution
without interacting atoms. In the last step, again 80 ms later, an image is taken without
absorption light, Inoise(x, y), so that the background noise of the CCD camera is recorded.

The absorption light is provided by the cooling laser of the 2D-MOT and switched
via an acousto-optical modulator. For more details concerning the light sources and
the optical path see section 2.2.2 and figure 2.18. The total power used for absorp-
tion imaging is 130 µW. With an 1/e beam diameter of 11 mm, this leads to a peak
intensity of 270 µW/cm2. Hence, the intensity is well below the saturation intensity
Is = 1.75 mW/cm2, so that it is expected that the equations 3.2 and 3.3 are still applicable.

4For 6Li the averaged Clebsch-Gordon coefficients for π-transitions are C2 = 1/2 and for 87Rb C2 = 7/15
[118].
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3.3. Absorption imaging

3.3.2. Atom number

The total number of atoms N is deduced from the optical column density OD(x, y). For
this purpose, the total sum over all pixels Nx in the x-direction and all pixels Ny in the
y-direction of the CCD camera is accumulated and divided by the photon cross section
σπ:

N =
1

σπ

Nx∑
nx=1

Ny∑
ny=1

OD(nx, ny) =

∫ ∫ ∫
n(x, y, z)dxdydz. (3.6)

During experimental works, it was found that there is always a significant number of
pixels with optical densities unequal to zero distributed uniformly all over the CCD. These
pixels contribute to a systematic error, if the atom number is determined by equation 3.6.
Because of this, the method for evaluating the absorption images to extract the atom
number was varied as illustrated in figure 3.3. Instead of summing the optical density over
all pixels, first, only the rows in x-direction were accumulated such that there remains a
single column SOD(ny) in y-direction

SOD(ny) =
∑

OD(nx, ny). (3.7)

In the next step, SOD(ny) is fitted with a function f(ny) consisting of a linear slope and
a Gaussian distribution

f(ny) = y0 +
A

ω
√
π/2

exp

(
−2(ny − nc)2

ω2

)
. (3.8)

Here ω is the width of the Gaussian distribution and nc the position of the maximum, both
are given in units of pixels. The linear slope y0 with gradient zero encloses the background,
which leads to the upper mentioned systematic error. By a discrete integration over the
Gaussian distribution in steps of one pixel

SODtot =
4ω∑

ny=4ω

A

ω
√
π/2

exp

(
−2n2

y

ω2

)
(3.9)

the total sum SODtot of the pure optical density is obtained without the disturbing un-
derground. Finally, the atom number is calculated by

N = ∆x∆y
SODtot

σπ
. (3.10)

∆x = lxM and ∆y = lxM are the object dimensions imaged onto a single pixel of the
CCD camera at a magnification M. lx and ly are the physical edge lengths (pixel pitch)
of a single pixel in the x- and y-direction. In order to keep uncertainties small, the same
procedure is applied along the y-direction. The final atom number is the result of the
mean value of the two single values, N = (Nx +Ny)/2.

3.3.3. Magnification

The magnification M of the imaging system incorporates linearly in the calculation of the
amount of trapped atoms (equation 3.10). An uncertainty in M influences directly the
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Figure 3.3. – Procedure to extract the atom number from an absorption image. In a first step,
the three standard images (image with atoms and absorption light Iatom(nx, ny), image only with
absorption light Ilight(nx, ny) and image without light Inoise(nx, ny)) are taken. From these three
images, the optical density OD(nx, ny) is calculated, which is here illustrated by a false color
image. In the next step, OD(nx, ny) is summed separately along the x- and y-direction. The
resulting curves are fitted with a Gaussian distribution (equation 3.8). The fit parameters are used
to calculate the number of trapped atoms with equation 3.9 and 3.10. The final atom number N
follows from the average of the evaluation in the x- and y-direction.
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3.3. Absorption imaging

calculated number of atoms. An easy and intuitive way to determine the magnification
M = b/g in a focused imaging system with a single lens, as it is the case in the setup
described here, is to measure the distance b between lens and CCD camera and the distance
g between lens and object (figure 3.2). As the object, which is respectively the optical
dipole trap or MOT, is located inside the main chamber, b can only be roughly estimated.
This is circumvented by following an approach where the ultracold atoms confined in the
optical dipole trap are involved. The procedure is as follows. At the end of evaporative
cooling the atoms are released from the optical dipole trap and after an expansion time
texp absorption imaging is accomplished (figure 3.4(a)-(j)). By repeating this for different
texp, a typical parabola of a free falling object due to gravity exhibits, if the position s of
the expanding cloud is depicted as a function of texp (figure 3.4(k)). A fit with

s =
1

2
gMt2exp (3.11)

where g = 9.81 m/s2 is the gravitational acceleration yields the former unknown magnifi-
cation M of the imaging system. With the positive achromatic doublet lens (f = 120 mm,
∅ = 50 mm) used here follows M = 3.27± 0.02.

3.3.4. Temperature

By expanding the absorption imaging technique to a time-of-flight method it is also pos-
sible to measure the temperature of an atomic cloud confined in an optical dipole trap.
The approach bases on the assumption that the velocities of the atoms in the trap follow
a Maxwell-Boltzmann distribution. The measurement itself runs as follows. After a free
ballistic expansion of the atomic cloud over a time texp, a standard absorption image is
taken and proceeded as in the case of deducing the atom number. By the fit with equation
3.8, the width σ of the Gaussian density distribution at the time texp is obtained. This is
repeated for different values of texp, so that a curve σ(texp) is obtained, which describes
the variation of the density distribution during ballistic expansion. Scaling σ(texp) with
1/
√

2 leads to the 1/e radius r(texp) of the expanding cloud. A fit with the function [119]

r(t) =

√
r(0)2 +

2kBT

m
t2 (3.12)

finally delivers the temperature T . Here m is the mass of a single atom, kB the Boltzmann
factor and r(0) the 1/e radius of the cloud without ballistic expansion. In figure 3.4, an
example is given. In (a) to (j) the TOF images for expansion times from 0 ms to 8.5 ms
are shown and in (l) r(texp) including the fit with equation 3.12 (green curve) is depicted.
The deduced temperature for this measurement is (144± 3) nK.

3.3.5. Restrictions of absorption imaging

When atoms are exposed to a resonant light pulse with length ∆t during absorption imag-
ing, several photons are scattered. The number of scattered photons for a low saturation
parameter s0 = I/Is � 1 is given by NP = (s0/2)Γ∆t with I being the intensity of the
beam, Is the saturation intensity and Γ the natural linewidth. Each absorption process
leads to an increase in the atomic velocity in the amount of the recoil velocity vrec = ~k/m
(1.302 cm/s at 40K D2-line) in direction of the beam propagation. This again results in
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(l) 1/e radius as function of expansion time.

Figure 3.4. – Determination of the magnification and temperature of an atomic cloud in the
absorption imaging system. The images (a)-(j) show an expanding cloud of evaporatively cooled
40K atoms for expansion times from 0 to 8.5 ms of a focused absorption imaging system with
unknown magnification M . (k) Illustrating the drop height s as function of the expansion time
texp leads to a typical parabolic curve of a free falling object. By fitting this curve with s = 1

2gMt2exp

(red curve) the magnification is deduced. Here it is M = 3.27± 0.02. In (l) the evaluation of the
1/e cloud radius as function of the expansion time texp is depicted. The temperature of the atomic
cloud, here (144± 3) nK, was extracted by fitting with equation 3.12 (green curve).
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a longitudinal Doppler shift ωD, which gradually brings the atom out of resonance. It
is calculated by ωD = vrecNPk with k being the wavevector of the imaging light. For
s0 ≈ 0.1, about 150 photons per atom are scattered during a light pulse with ∆t = 80 µs.
At the same time they experience a Doppler shift of ωD = 2π × 2.55 MHz. Due to the
shift, the scattering rate drops from about 1.7× 106/s to 1.0× 106/s what corresponds to
a reduction of 40 %5. This additional reduction in the scattering rate due to the Doppler
shift leads to a higher detected intensity Iatom(x, y) in equation 3.5 as expected. As a
consequence, the calculated optical density OD(x,y) is smaller than when the atoms are
all the time on resonance. Finally, equation 3.10 calculates a smaller atom number than
existent in reality.

Each absorption is followed by a spontaneous emission in a random direction whereby
the atoms gather an also random velocity vrms. This causes a blurring of the absorption
image after several scattering processes [120]. The total random velocity vrms =

√
NPvrec

leads to a random walk within a sphere of radius Rrms = vrms∆t/
√

3 =
√
NP/3vrec∆t [121].

With the assumption in the upper passage NP = 150 and ∆t = 80 µs follows rrms ≈ 7.4 µm
what is exactly equal to the edge length of a single pixel of the used CCD camera. With a
magnification of M ≈ 3.3, the blurring embraces in the extremest case three to four pixels
in the absorption image. Depending on the expansion time a smaller or bigger error in
the determination of the 1/e radius of the atomic cloud occurs (the colder the atoms are
the smaller the diameter of the cloud is which leads to a larger error).

A technical limitation to the absorption imaging is the dynamic range of the employed
CCD camera. A digital device can only differ a finite number of steps in luminance.
If the dynamic range is n bits, 2n steps in luminance are available during absorption
imaging for recording the optical column density OD(x, y) from equation 3.5. Hence, the
theoretical highest detectable optical density is ODmax = −ln(1/2n). The CCD camera
used in this experiment has a dynamic range of eight bit. Therewith follows ODmax ≈ 5.5.
The typical optical densities which were observed in the optical dipole trap range from
1 to 2.5 depending on the stage of evaporative cooling. Thus, the imaging of the dipole
trap is not limited. A variation of the absorption imaging technique from low saturation
intensities as introduced here to intensities above saturation is given in [122]. This requires
a modification of the Beer-Lambert law given by equation 3.4 and the calculation of the
optical column density in equation 3.5.

As absorption imaging is a destructive analyzing technique, the atoms are no longer
available for any further examinations after taking the absorption images and the whole
experimental cycle has to be repeated before the next picture can be taken. In some exper-
iments a complete cycling lasts up to several tenth of seconds. In some cases, this makes
the search for a set of optimized experimental parameters very time-consuming. There
are also nondestructive imaging techniques, which allow for a quasi real-time investigation
and also overcome the technical limitation due to the finite dynamic range of a CCD cam-
era when observing very dense atomic clouds. Some examples are the dispersive imaging
[123], the spatial heterodyne imaging [124] and the phase contrast imaging [125]. These
procedures have in common that the information about the atomic clouds is encoded in
the phase shift of the scattered light. In this experiment, an expansion to a nondestructive
analyzing method was not necessary so far, however, this should be kept in mind for the
future.

5In the calculation, it was assumed that the starting velocity of the atoms is zero.
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3.3.6. Implementation in the experimental setup

The absorption light is provided by the cooling laser of the 2D-MOT and guided by an
optical fiber to the rear side of the main chamber. An AOM and a mechanical shutter are
used for creating short light pulses ∆t = 80 µs and a complete blocking of the absorption
light. Details about the optical path before the light is coupled into the optical fiber are
given in section 2.2.2 and figure 2.18 on page 58. The absorption light is coupled out
of the fiber by a collimator (60FC-T-M60, Schäfter + Kirchhoff), which creates a beam
with a diameter of 11 mm (figure 3.1). A mirror deflects the absorption beam through the
Helicoflex sealed main window in an angle of about 35◦ into the vacuum chamber. There
the light interacts with the atomic cloud, before it leaves the main chamber through the
second large Helicoflex sealed window. Afterwards, a positive achromatic doublet lens,
with f = 120 mm and ∅ = 50 mm, images the cloud onto a progressive scan CCD camera
(XC-56, Sony) with a resolution of 684 × 494 pixels and a pixel pitch of (7.4× 7.4) µm2.
The camera is mounted on a three-dimensional translation stage for fine adjusting of its
position. A frame grabber (P3i ASYNC, Eltec Elektronik) situated in a data acquisition
PC reads out the camera as soon as it receives a trigger pulse provided by the experimental
control system (section 2.4). The doublet lens is fixed in a standard two inch mirror
holder, which again is located on an optical rail. There are two positions on the optical
rail at which a focused absorption imaging is possible. At the first one, a magnification
of M ≈ 3.27 is reached (see above in the text) and at the second one a decrease in size of
M ≈ 0.3. The absorption imaging technique is used in this work for counting the number
of atoms confined in the optical dipole trap and for measuring their temperature.

In the course of retroreflecting the laser beam of the optical dipole trap for increasing
the transfer efficiency, a second absorption imaging system was installed. It stands per-
pendicular to the first one and enters the main chamber by one of the radial viewports (see
figure 4.8 on page 114). Relative to the axis of gravitation, the second absorption beam
encloses an angle of 21.5◦. As in the first case, the same type of CCD camera is used, also
mounted on a three-dimensional translation stage. For imaging, a conventional spherical
plano-convex lens is used with a threefold magnification. The second absorption imaging
setup is only used during alignment of the retroreflected laser beam of the optical dipole
trap such that the two foci coincide. It is possible to operate each absorption imaging
separately or both at the same time. However, when both images are taken at the same
time, a short tail behind the atomic cloud is observable in each picture originating from
the absorption beams vice versa. As the clouds then are blurred, an accurate detection of
the atom number is no longer possible with the method explained in this chapter.
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4. Magneto-optical trapping of fermionic
potassium atoms

This chapter gives an overview of the results of magneto-optical trapping of 40K atoms
and about the related restrictions due to light-assisted losses. The chapter starts with the
so-called two-dimensional magneto-optical trap (2D-MOT) [27] in section 4.1. The 2D-
MOT provides a beam of 40K atoms, which acts as atom source for the magneto-optical
trap (MOT) [25] in the main chamber. The implementation of the MOT is given in section
4.2. Afterwards in section 4.3, an introduction to light-assisted losses [126] follows, which
limits the number of atoms attainable in the MOT. Finally, the chapter concludes with
section 4.4 where the realization of a spatial dark MOT [62] in the experiment is shown.
By this, the number of atoms that could be confined in the MOT was increased by a factor
of ten.

4.1. 2D-MOT

4.1.1. Introduction

A 2D-MOT creates a beam of precooled atoms with fluxes in the range of 1010 to 1011 atoms
per second [127, 128]. Trapping and cooling of atoms in a 2D-MOT are based on the same
mechanisms as in a standard MOT, unless the fact that trapping and cooling are reduced
to two dimensions. Thermal atoms from background vapor are cooled by Doppler forces in
the volume of four intersecting laser beams (figure 4.1). These counterpropagating beams
are aligned on two axes standing perpendicular to each other. By using circularly polarized
light fields and overlapping it with a magnetic quadrupole field, a position depending force
is created. If the zero cross over of the magnetic field coincides with the center of the
intersecting beams, the resulting force is directed to the zero cross over. The force of a
single laser beam is given by

~F± =
~Γ~k

2
·

I/Is

1 + I/Is +
[

2(δ∓|ωD|±µ′B(x)/~)
Γ

]2 (4.1)

and the total force on one axis is obtained by the sum of the forces of the two counter-
propagating laser beams

~Fsum = ~F+ + ~F−. (4.2)

Here I denotes the intensity of a single beam on one axis, Is the saturation intensity, Γ
the natural linewidth, ~k the wave vector and δ the frequency detuning of the laser beams
relatively to the driven atomic transition. The Doppler shift due to the velocity of an
atom relatively to the interacting beam is expressed by ωD. The term µ′B(x)/~ describes
the shifting of the resonance due to the Zeeman effect. The effective magnetic moment is
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Figure 4.1. – Schematic illustration of a 2D-MOT. In combination with a magnetic quadrupole
field, four circularly polarized laser beams (elliptical arrows) create a position dependent force in
two dimensions. The quadrupole field is provided by four coils (rectangles). Every two coils are
aligned on one laser beam axis and are positioned in the so-called anti Helmholtz configuration. The
current flowing through the coils is indicated by the small arrows. The push beam (circular arrow)
transmits a momentum on the atoms perpendicular to their two-dimensional trapping plane. The
result is a copropagating atom beam (blue line) after an elliptical mirror with a hole as aperture
in its center.

calculated as µ′ = (ggmg − geme)µB. Here gg and ge are the Landé factors of the ground
and excited states, mg and me are the corresponding magnetic quantum numbers and µB

is the Bohr magneton.

If rectangular coils are used instead of round ones for creating the magnetic field gra-
dient, a line with a zero magnetic field is created instead of a single point. In combination
with four laser beams, atoms are accumulated and cooled around this line according to the
force which is given by equation 4.2. Due to a missing force on the third axis, the atoms
can escape from the trapping region as atomic beam in both directions perpendicular to
the two laser beam axes. By applying an additional laser beam, called push beam, along
the atomic beam axis, the propagation of the atomic beam which counterpropagates to
the push beam is inverted. Hence, a single atomic beam remains.

4.1.2. Technical implementation in the experiment

An overview of the complete experimental vacuum system (figure 2.2) consisting of precham-
ber (subsection 2.1.3), main chamber (subsection 2.1.1) and the pumping section (sub-
section 2.1.2) was given in section 2.1. In the titanium chamber, which is a part of
the prechamber, the 2D-MOT for 40K is realized. The light for cooling and repumping
in the 2D-MOT is provided by two diode lasers stabilized by a beat lock. As cooling
transition

∣∣S1/2, F = 9/2
〉
→
∣∣P3/2, F

′ = 11/2
〉

is used and as transition for repumping∣∣S1/2, F = 7/2
〉
→
∣∣P3/2, F

′ = 9/2
〉
. Cooling and repumping light are amplified by the

same tapered amplifier (details see section 2.2.2) before the light is guided by an optical
fiber to the titanium chamber. In total, six self made dispensers (section 2.1.3) with en-
riched 40K are mounted in the titanium chamber, which act as an atom source for the
2D-MOT. During operation of the 2D-MOT only a single dispenser is used. The titanium
chamber is surrounded by four rectangular coils (subsection 2.3.2, figure 2.38), which
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4. Magneto-optical trapping of fermionic potassium atoms

(a) Picture of the 2D-MOT setup

(b) Schematic of the optical path

Figure 4.2. – Implementation of the 2D-MOT in the prechamber. Most parts of the optics for the
realization of the 2D-MOT are distributed over three layers (E), which are stacked onto each other.
The light for the 2D-MOT is guided by an optical fiber from a tapered amplifier to the prechamber.
After the outcoupling fiber collimator (A), the laser light is separated into two beams. Each laser
beam is expanded by a telescope (C) consisting of two cylindric lenses. Afterwards they traverse
the titanium chamber. A cylindric plano convex lens (F) is located behind the chamber on each
axis. A mirror (D) is positioned in the focus of the lens, which retroreflects the laser beams. The
push beam is guided with an optical fiber (B) to the prechamber as well. It propagates through
the titanium chamber perpendicular to both cooling axes. An elliptical mirror (G) at the end of
the titanium chamber reflects the push beam out of the vacuum system. The atomic beam leaves
the 2D-MOT through the hole in the center of the elliptical mirror.
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4.1. 2D-MOT

provide the magnetic quadrupole field.

An overview concerning the optical setup around the chamber is given in figure 4.2.
After a (A) fiber outcoupler (60FC-T-4-M150-37, Schäfter + Kirchhoff) the laser beam
consisting of cooling and repumping light is separated into two beams. Subsequently, each
beam is expanded with a telescope (C) consisting of two cylindrical lenses (f1 = 360 mm,
f2 = −90 mm). After the telescopes, the beams have an elliptical shape with approximately
145 mm on the long and approximately 36 mm on the short axis. From there, they traverse
the titanium chamber perpendicular to each other. The correct circular polarizations
are adjusted with zero order λ/4 retardation wave plates. After traversing the titanium
chamber, it follows again a (F) cylindrical plano convex lens with f1 = 360 mm. A mirror
(D) is situated in its focus, which retroreflects the beam so that it traverses again the
titanium chamber. As depicted in figure 4.2 (a), all the optic elements introduced here
are distributed over three layers (E), which are stacked onto each other.

4.1.3. Push beam

A circularly polarized push beam with about 1.1 mW power and a 1/e2 diameter of about
14 mm runs along the zero line of the magnetic field gradient through the center of the
titanium chamber. This beam is derived by splitting a part of the light of the grating
stabilized cooling laser of the 2D-MOT prior the tapered amplifier (figure 2.38), and also
guided with an optical fiber to the prechamber.

A higher flux (about 50 %) of trappable atoms in the MOT is observed, when the push
beam composes only of cooling light instead of cooling and repumping light. This is traced
back as follows. At the end of the titantium chamber the push beam is reflected out under
45◦ by an elliptical mirror ((G) in figure 4.2) with a hole of 1.3 mm in its center. Through
this hole the atoms leave the 2D-MOT and follow a ballistic trajectory to the MOT in the
main chamber. On a part of their flight to the MOT the atoms are still exposed to the
push beam. If there is also repumping light available, the atoms are permanently pumped
back in the cooling transition

∣∣S1/2, F = 9/2
〉
→
∣∣P3/2, F

′ = 11/2
〉
. This means that they

are further accelerated by the push beam, in some cases even above the capture velocity
of the MOT. Without repumping light the atoms are pumped to

∣∣S1/2, F = 9/2
〉

where
they are no longer resonant with the cooling light in the push beam.

The 2D+-MOT configuration was also tested in this experiment. For this purpose, the
push beam was retroreflected after it traversed the titanium chamber. In contrast to [27]
no significant higher flux of trappable atoms could be observed. In the best case, at very
small powers of the retroreflected beam, an increase of about 5 % in the loading rate of
the MOT was achieved. However, depending on the exact power level of the retroreflected
beam, it was also possible to worsen the loading rate. This retroreflection was omitted in
further measurements.

4.1.4. Characteristics

The 2D-MOT was characterized by observing the loading rate of the MOT. For this
purpose, the change in fluorescence of the trapped atoms was measured with a photodiode
(at constant MOT parameters as detuning and power). Each measurement started with
an empty MOT and a disabled 2D-MOT at a given set of parameters. Afterwards, the
2D-MOT was switched on and the fluorescence of the MOT was monitored for one second.
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Figure 4.3. – Influence of the 2D-MOT laser power and pressure on the loading rate of the MOT.
(a) In the range from 100 mW to 220 mW the loading rate increases linearly. The ratio between
the power of the cooling and repumping laser was 2:1. The detuning of the cooling laser was about
−3 Γ and the repumping laser about −1 Γ with Γ = 6.04 MHz being the natural linewidth. (b) An
increase of the pressure in the prechamber leads also to a linear rise of the MOT loading rate. Here
the total laser power was 200 mW. The detunings were identical to the measurements of changing
the total power before.

In figure 4.3 (a) the dependence of the MOT loading rate on the total available power
in the 2D-MOT is shown. The ratio between cooling and repumping light in the 2D-
MOT was 2:1. The detuning of the cooling laser was about −3 Γ respectively to the∣∣S1/2, F = 9/2

〉
→
∣∣P3/2, F

′ = 11/2
〉

transition and the detuning of the repumping laser
was about −1 Γ relatively to the

∣∣S1/2, F = 7/2
〉
→
∣∣P3/2, F

′ = 9/2
〉

transition. Here Γ de-
notes the natural linewidth. The total pressure in the 2D-MOT was about 4× 10−9 mbar.
For total powers up to 220 mW, the loading rate of the MOT increases linearly.

Following a theoretical model for the 2D-MOT [127], one expects a threshold for the
total power at which the flux of atoms starts to saturate. The threshold depends on the
size of the applied 2D-MOT beams. This effect of saturation should also be visible if,
instead of directly measuring the atomic flux, the loading rate of the MOT is observed,
as it was done in this experiment. Nevertheless, with an elliptical beam elongation of
x ≈ 145 mm and y ≈ 36 mm, no saturation was observed at available power levels. Hence,
it can be assumed that additional laser power in the 2D-MOT would lead to a further
increase in the loading rate of the MOT.

The influence of the pressure in the 2D-MOT (figure 4.3 (b)) on the loading rate in
the MOT was examined. During the measurements, the total power in the 2D-MOT was
200 mW. The detunings of the cooling and repumping were identical to the one given
before. The ratio concerning the power between cooling and repumping light was 2:1.
The pressure was adjusted by the current flowing through the operated dispenser from
3.6× 10−9 mbar to 5.8× 10−9 mbar. Within this range a linear dependence of the MOT
loading rate on the pressure in the 2D-MOT was observed.

As shown in section 2.1.3, there is an UHV gate valve between the six-way-cross and the
ion getter pump. The valve provides another possibility to take influence on the pressure
in the prechamber. Here the pressure was increased by gradually closing the UHV valve.
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(b) Loading rate as function of the push beam po-
larization

Figure 4.4. – Influence of different push beam parameters on the observed MOT loading
rate. (a) The power of the push beam has a direct influence on the atomic flux of the 2D-
MOT and consequently on the loading rate of the MOT. For push beam powers smaller than
0.75 mW the MOT loading rate increases with (2.85± 0.18)× 106 atoms/mWs (red, dashed line).
In the power range (0.75− 1.25) mW the MOT loading rate stays nearly constant at around
1.75× 106 atoms/s. Above a push beam power of 1.25 mW the MOT loading rate starts de-
creasing with (−0.81± 0.04)× 106 atoms/mWs (blue, dashed-dotted line). An explanation for the
observed behavior of the MOT loading rate is given within the text of the illustration in figure
4.5. (b) The push beam enters the trapping region of the 2D-MOT with a circular polarization.
The polarization itself is adjustable with the help of a λ/4 retardation plate before the push beam
enters the prechamber. Here the MOT loading rate is given as function of the rotation angle of
the retardation plate (respectively the polarization of the push beam). At both maximums the
push beam is nearly σ+-polarized and at both minimums the push beam is nearly σ−-polarized.
A possible explanation for the about a factor of five larger MOT loading rate at a σ+-polarized
push beam compared to a σ−-polarized push beam is given further in the text.

In comparison to the method of increasing the current no change in the loading rate of the
MOT was observed. Therefore it is assumed that almost all 40K atoms released from the
dispenser are trapped by the 2D-MOT. If the pressure is increased approximately more
than one order of magnitude, the loading rate starts to decrease slowly. This is referred
to the increase in the collision rate of the trapped atoms in the 2D-MOT with atoms of
the background gas.

The observed dependence of the MOT loading rate on the power in the push beam
is depicted in figure 4.4 (a). During these measurements the pressure in the precham-
ber was about 1.2× 10−9 mbar. The total power of the 2D-MOT trapping beams was
180 mW at a ratio of 2:1 between cooling and repumping light. In the power range from
(0.25− 0.75) mW, the loading rate increases with (2.85± 0.18)× 106 atoms/mWs (red,
dashed line). Afterwards it stays constant around 1.75× 106 atoms/s up to 1.25 mW.
With higher powers the loading rate starts to decrease with (−0.81± 0.04)× 106 atoms/mWs
(blue, dashed-dotted line). The explanation for this is attributed to the shorter interac-
tion time atoms have with the cooling light of the 2D-MOT [127]. According to the model
in [127], whether an atom is trapped or not in the 2D-MOT depends not only from its
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4. Magneto-optical trapping of fermionic potassium atoms

transversal velocity vt but also from its longitudinal velocity vl in regard of the atomic
beam axis (dashed-dotted line in figure 4.5). The transversal component vt is damped by
the force given in equation 4.2 due to the cooling beams. If an atom’s vt is smaller than
the capture velocity and no push beam is present, the atom is trapped around the beam
axis. As the atom still has its unchanged longitudinal component vl, it leaves the trapping
region (dashed ellipse) with one of the two possible atomic beams. This is indicated by
orange and green colored circles along the dashed-dotted line. The available time tdamp

for damping vt is determined by the time an atom needs to cross the longer elliptical beam
axis. The maximum possible value is given by tdamp = d/vt assuming that an atom moves
through the whole beam elongation d. At too high velocities vt, there is not enough time
tdamp to achieve a sufficiently high damping in the transversal direction to trap an atom.
With a push beam along the atomic beam axis, it is possible to influence vt. It transmits
a momentum on the atoms, here in direction to the main chamber. At lower levels of push
beam power, the direction of movement of the slowest particles in the counterpropagating
atomic beam and in the trapping volume is inverted. It has to be noted that in the same
way atoms, which already moved in direction to the main chamber, are accelerated. This
however reduces their interaction time with the cooling beams as they traverse the trap-
ping volume in a shorter time. As a consequence, a part of them is no longer trappable.
With higher push beam powers, the direction of movement of more and more atoms is in-
verted. This leads to the observed increase of the loading rate in the beginning. There, the
reduced number of trapped atoms, which already moved in direction to the main chamber,
is still smaller than the number of atoms which originally moved in the opposite direction.
Finally, a point is reached where an equilibrium exists between lost atoms due to the
shorter interaction time and additional atoms from the counterpropagating atomic beam.
With even higher powers in the push beam, also atoms whose direction of movement was
inverted are no longer trappable because their interaction time is not sufficient as well.
As a consequence, the loading rate in the MOT starts to decrease. The gradient of the
decrease is lower than the gradient of the increase for powers smaller than 0.75 mW. This
is attributed to the generally lower available time for transverse cooling of atoms, which
move in the same direction as the red detuned push beam.

The push beam enters the prechamber with a circular polarization, which is adjustable
with a λ/4 retardation plate in front of the entering viewport. The observed dependency
of the MOT loading rate on the push beam polarization is depicted in figure 4.4 (b). When
the retardation plate is rotated by 360◦, two maximum and minimum occur, which differ
in the MOT loading rate approximately by a factor of five. A possible explanation for this
observation is given in the following section.

Without the λ/4 retardation plate the polarization of the push beam would be linear.
Thus, if the push beam passes the retardation plate and the plate is rotated by 360◦, every
90◦ the push beam has its original linear polarization. In figure 4.4 (b) these cases are
marked with a blue, dashed line. The horizontal red, dotted line marks the corresponding
loading rate of the MOT which is in this measurement about 8.2× 105 atoms/s. Com-
paring this value to the ones at circular polarizations (green and orange dashed lines) it
is determined that the loading rate is about a factor of 2.5 larger in the case of a nearly
σ+-polarized push beam and a factor of two smaller in the case of a nearly σ−-polarized
push beam. This difference cannot be explained solely by the different transition strength
between a circular polarization and a linear polarization of the push beam, as the σ− tran-
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Figure 4.5. – Illustration of the push beam influence on the atomic flux out of the 2D-MOT.
An atom situated in the trapping volume of a 2D-MOT (dashed ellipse) is trapped if it fulfills
two conditions. First, its transversal velocity component vt is smaller than the capture velocity.
Second, its interaction time tdamp with the cooling beams is big enough to damp vt sufficiently.
The available time tdamp is determined by the longitudinal velocity component vl and the distance
an atom moves parallel to the atomic beam axis (dashed-dotted line) through the trapping region.
Generally, there are atoms moving in direction to the main chamber (green indicated) and the
opposite direction (orange indicated). With a push beam it is possible to invert the direction of
movement of atoms. This leads to an increase of atoms in the beam in direction to the main
chamber. However, the interaction time of atoms already moving in this direction is reduced as
they are accelerated. This again leads to a loss of trappable atoms. Therefore an optimum power in
the push beam exists with a maximum flow of atoms in the beam orientated to the main chamber
(see figure 4.4 (a)).

sition strengths as well as the averaged σ+ transition strengths are a factor of two larger
each than the averaged π transition strengths. Thus, especially at a σ− polarization an
increase instead of a lowering in the MOT loading rate is expected, what is not observed
here. Therefore, it is assumed that there is a magnetic field gradient along the push beam
propagation axis which leads to different scattering rates at a σ+- and a σ−-polarized push
beam as explained further.

Normally, in a 2D-MOT no magnetic field gradient along the push beam axis should
exist, as four identical coils operated with the same currents are used. However, in this
experiment the operational currents of the single coils differ for different reasons and thus
the magnetic fields along the push beam axis, which normally compensate each other, add
to a remaining magnetic field gradient. As in a standard MOT, in a 2D-MOT there is an
orientation of the circular polarizations of the trapping beams which in combination with
the magnetic Zeeman splitting leads to an operating trap. In such a case, atoms scatter
more photons with a counterpropagating cooling beam than with a copropagating cooling
beam and the resulting force shows in direction to the zero crossing of the magnetic field
gradient. The total scattering rate is determined beside the local beam intensity by the
term δ ∓ |ωD| ± µ′B(x)/~ of equation 4.1. It contains the detuning of the cooling beam
δ, the Doppler shift ωD and the Zeeman shifting µ′B(x)/~. If atoms and photons move
against each other, the sign in front of ωD = ωL − ωA is positive otherwise negative.
For a working trap, the magnetic field gradient has to be chosen in such a way that
at σ+-polarized photons the sign of µ′B(x)~ is positive for atoms moving against them.
This means in conclusion for the push beam that there is a circular polarization where
photons propagating against the atoms direction of movement are scattered more often
than photons propagating in the atoms direction of movement. This is achieved here, if
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4. Magneto-optical trapping of fermionic potassium atoms

the rotation angle of the retardation plate is adjusted around 70◦ and around 250◦. At
the intermediate minimums at approximately 0◦ and 180◦ atoms moving against the push
beam scatter less photons than before. As a consequence, the direction of movement of
a smaller number of atoms is inverted and thus less atoms contribute to the total flux
for loading the MOT. Additionally, atoms which already moved in direction to the main
chamber are stronger accelerated by the push beam. This leads to a shorter interaction
time with the cooling beams which again reduces the number of trappable atoms, which
contribute to the atomic flux. This also explains why the MOT loading rate increases
more with a σ+-polarized push beam than it is reduced with a σ−-polarized push beam
compared to the loading rate at a pure linearly polarized push beam. The fact that the
position of the maximum and minimum of the MOT loading rate do not exactly coincide
with a pure circularly polarized push beam is attributed to its frequency detuning to the
red respectively to the used

∣∣S1/2, F = 9/2
〉
→
∣∣P3/2, F

′ = 11/2
〉

transition.

4.2. MOT

A MOT [25] for 40K atoms is implemented in the main chamber in a standard three-
beam σ+ − σ−-configuration in conjunction with a magnetic quadrupole field. The three
beams intersect in the center of the vacuum chamber, where the optical dipole trap is
also located (section 5.1). Light for trapping and cooling in the MOT is provided by two
diode lasers, which are frequency stabilized to a reference laser (section 2.2.1) via beat
locking. The cooling and repumping light is separately amplified by a tapered amplifier
and guided to the main chamber by an optical fiber. Further details concerning the laser
sources of the MOT including the frequency stabilization are given in section 2.2.2. After
the optical fiber, the MOT beam is expanded using a telescope by a factor 25 (figure
4.8) to a 1/e2 diameter of 38 mm. At a following PBS, the first MOT laser beam is
separated, which runs along the rotation axis of the main chamber (not depicted figure
4.8). At a second PBS, the remaining light is divided into two beams which enter the
main chamber radially by two DN40CF viewports. All three beams are retroreflected by
dielectric mirrors. On each axis, two λ/4 retardation plates are placed, one before and one
after the vacuum chamber, for adjusting the required circular polarization. A total power
of PMOT ≈ 240 mW after the fiber collimator is available for trapping the 40K in the MOT.
Due to the optical elements, about 1/3 of the total power of light is lost until it reaches
the trapping region. For cooling the

∣∣S1/2, F = 9/2
〉
→
∣∣P3/2, F

′ = 11/2
〉

transition and
for repumping the

∣∣S1/2, F = 7/2
〉
→
∣∣P3/2, F

′ = 9/2
〉

transition is used (figure 4.6). The
ratio between cooling and repumping light power is about 3:1. The magnetic quadrupole
field is provided by a pair of coils in the so-called anti-Helmholtz configuration. Details to
the coils are given in section 2.3.1.

The MOT is loaded by a collimated precooled beam of 40K atoms coming from the
2D-MOT introduced in section 4.1. As soon as the atoms leave the 2D-MOT they follow a
ballistic trajectory in an angle of about 66.5◦ relative to the horizontal. When the atoms
reach the intersecting MOT laser beams in the center of the main chamber, they can be
recaptured, if their velocity is smaller than the capture velocity vcap ≈ 66 m/s of the MOT
[129]. Atoms in the beam with a velocity smaller than about 2.2 m/s are not trappable
in the MOT. Because of their ballistic trajectory, they pass the MOT below the trapping
region.
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Figure 4.6. – Energies of 39K and 40K hyperfine levels in the 42S1/2 and 42P3/2 terms. The
energy levels presented here are illustrated with different scales surrounded by the black circles.
All lasers in the experiment are stabilized via beat locking to the reference laser, which is sta-
bilized on the crossovers of the 42S1/2 and 42P3/2 states of 39K with a natural abundance of
93.2581 % and a nuclear spin of I = 3/2. The transitons of the cooling and repumping light
for the MOT and 2D-MOT are drawn in the level scheme of 40K with the a natural abundance
of 0.0117 % and a nuclear spin of I = 4. The cooling light for the MOT and 2D-MOT is de-
tuned to the red of the

∣∣S1/2, F = 9/2
〉
→
∣∣P3/2, F

′ = 11/2
〉

transition with typical values of
∆CL−MOT = −(15...25) MHz and ∆CL−2D−MOT = −18 MHz. The repumping light in the MOT is
on resonance and for the 2D-MOT it is detuned by ∆RP−2D−MOT = −7 MHz to the red from the∣∣S1/2, F = 7/2

〉
→
∣∣P3/2, F

′ = 9/2
〉

transition. For absorption imaging light tuned resonantly to

the
∣∣S1/2, F = 9/2

〉
→
∣∣P3/2, F

′ = 11/2
〉

transition is used.
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Figure 4.7. – Typical loading and decay curve of a 40K MOT. As soon as the 2D-MOT is switched
on, the MOT is loaded with atoms from the atomic beam of the 2D-MOT. The atom number in
the MOT increases linearly within the first few seconds. Afterwards it starts to deviate from the
linear loading and saturates at a steady state atom number. This atom number depends on the
total power of light in the MOT and 2D-MOT. The reason for the saturation is attributed to losses
due collisions with thermal atoms from the background vapor and so-called light-assisted losses
(section 4.3). At the point of saturation, an equilibrium between loading new atoms and losing
atoms by the different loss mechanisms is reached. When the 2D-MOT is switched off, these loss
mechanisms lead again to a reduction of the atom number in the MOT.

The loading rate of the MOT is monitored with a calibrated photodiode. The number
of trapped atoms is deduced from the detected fluorescence signal (section 3.2). In the
best case, up to 2.2 × 107 atoms are loaded at a magnetic gradient of (5.5− 11) G/cm
and a detuning of ∆CL−MOT = −(15− 25) MHz at the cooling laser. Figure 4.7 shows a
typical loading and decay curve of the 40K MOT.

In the first few seconds, the number of atoms increases linearly. Subsequently, it starts
to deviate from the linear regression and finally saturates at an atom number N0. Respon-
sible for this behavior are mainly two types of losses. The first loss mechanism originates
from collisions with thermal atoms of the background vapor. When atoms trapped in the
MOT (depth approximately kB×1 K) collide with atoms of the background vapor, they
gain enough kinetic energy to escape. The probability of such collisions depends on two
quantities, the number of trapped atoms in the MOT and the density of the background
vapor, and increases linearly in both cases with higher values [126]. The second loss mech-
anism is referred to the presence of the cooling and repumping light of the MOT, which
lead to the so-called light-assisted losses [25, 58]. The underlying mechanisms for these
kind of losses are explained in detail in section 4.3. As in ultra high vacuum systems
the density dependent light-assisted losses can be much stronger than the losses due to
collisions with atoms of the background vapor, it assumed that light-assisted losses here
determine mainly the reachable atom number in the MOT.
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Figure 4.8. – Optical path of the different light fields at the main chamber. The light for the
MOT is guided with an optical fiber to the main chamber. A telescope with a magnification of
25 enlarges the MOT beam to a 1/e2 diameter of 38 mm. The axial MOT beam, which runs
central through the axial viewport (not depicted here), is separated by a following polarizing beam
splitter (PBS). The remaining power of light is divided into two laser beams, which enter radially
the main chamber. After traversing the chamber, all MOT beams are retroreflected. Retardation
plates ensure the correct circular polarization. The MOT is loaded from an atomic beam. It comes
from the prechamber, where a 2D-MOT is realized (section 4.1). One of the radial MOT beams is
overlapped by a dark spot beam (section 4.4). Its size is adapted with a telescope in combination
with a 2f imaging. A second absorption beam and a laser beam for fluorescence detection of the
atoms, which are confined in the optical dipole trap, enters the main chamber radially. A CO2

laser beam crosses the main chamber horizontally for creating a QUEST (section 5.1). It is focused
by an aspheric lens into the MOT. Two commercial dispensers are mounted at a radial port for
a first alignment of the laser beams with a 39K MOT. An ion gauge (IE514, Leybold Vakuum)
measures permanently the pressure in the main chamber.
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4. Magneto-optical trapping of fermionic potassium atoms

4.3. Light-assisted losses

4.3.1. Introduction

As seen in the last section, there is a limit in the maximum number of trappable atoms
in a MOT at a constant loading rate. In this section an insight is given in the three
light-assisted mechanisms standing behind this phenomenon.

Already in one of the first experimental realizations of a MOT [25] the decay curve
exposed a density depending shape. In the case of low atomic densities, the decay process
can be described by a pure exponential curve with a 1/e lifetime τ . The size of τ is
referred to collisions with atoms of the background vapor and increases linearly with the
background pressure. In the case of higher densities the decay curve exhibited a quadratic
dependence on the atomic density. This dependence was examined in detail in [126] where
a first expression for the decay curve was given. It describes the complete density regime:

dn̄

dt
= − n̄

τ
− β0n̄

2. (4.3)

Here n̄ denotes the mean density of the atomic sample and β0 embraces all losses propor-
tional to the square of the density. A general solution of equation 4.3 is given by

n̄(t) =
n̄ie
−t/τ

1 + β0τ n̄i(1− e−t/τ )
, (4.4)

where n̄i denotes the initial mean density at the beginning of the decay curve.

4.3.2. Radiative escape

At the time of the first realizations of magneto-optical traps, a prediction [60] was given
concerning a limited achievable density of radiation trapping. This effect (among the
below noted ones) makes it impossible in such traps to achieve high phase space densities
as they are required for collective quantum effects. As shown below in the text, due to the
long-range resonance dipole-dipole interaction between excited and ground-state atoms,
the on radiation based cooling and trapping of neutral atoms with near-resonant laser
beams is reduced in its efficiency.

The dipole-dipole interaction potential Vdd between atoms in a ground and excited
state, respectively S and P, is given by

Vdd =
~Γ

2

(
λ0

2πr

)3

α. (4.5)

Here Γ is the natural linewidth of the S to P transition with wavelength λ0 and r is
the interatomic separation. The parameter α depends on the underlying molecular state,
α = ±3/2 for π states and α = ±3/2 for Σ states. Because of the dipole-dipole potential
excited atoms are attracted1 by their nearest atomic neighbour in a ground state (figure
4.9). At low velocities, respectively low temperatures, spontaneous emission can occur

1If the excited atom is located in the P1/2 state, it is repelled by an atom in the ground state S1/2. In
contrast, if an excited atom is in the P3/2 state, it is attracted by an atom in the ground state S1/2

[130].
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Figure 4.9. – Schematic illustration of radiative escape [130]. Two colliding atoms, both in the
ground state S1/2, are attracted by the long-range Van der Waals interaction. If one of the atoms
absorbs a photon, it is lifted in the excited state P3/2 and the atoms are attracted by the stronger
dipole-dipole interaction. Due to the finite lifetime of the excited state, spontaneous emission
takes place at a smaller interatomic separation. The emitted photon contains less energy (Eemi)
compared with the photon of the prior absorption (Eabs). The energy difference ∆E = Eemi−Eabs

is transformed into kinetic energy of the atoms.

during a collision. Depending on the interatomic separation r the energy Eemi of the
emitted photon differs from the prior absorbed one Eabs by ∆E = Eemi − Eabs. This
energy difference ∆E is transformed into kinetic energy. Looking at the whole ensemble
of atoms in a MOT, this has to be seen as heating process, which can lead to a loss of
atoms out of the trap. Additionally, this as radiative escape called mechanism reduces the
attainable density in the MOT.

4.3.3. Fine structure changing collisions

The second light-assisted loss mechanism, which is also proportional to the square of
density, is the fine structure changing process discussed by Gallagher in [58]. A photon
with energy ~ω is absorbed by one of two atoms A (both are in the ground state S1/2),
which are on their way to collide:

A+A+ ~ω −→ A∗(P3/2) −→ A∗(P1/2) +A+ ∆EFS. (4.6)

After absorbing the photon the two atoms form a long-range molecule A∗(P3/2). Hereby
one atom is in the state P3/2 and the other one still in the S1/2 state. Afterwards, when
they collide, the excited atom is transfered from P3/2 to P1/2. The gathered energy ∆EFS

coming from fine structure changing is preserved and distributed equally to both atoms. As
∆EFS is in the order of several kelvins, both atoms can escape from the trap. According
to Gallagher, the rate for this fine structure changing loss mechanism exceeds that of
radiative escape, in the case of sodium, by nearly one order of magnitude.
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4. Magneto-optical trapping of fermionic potassium atoms

4.3.4. Hyperfine-changing collisions

The third component, which contributes to the light-assisted losses in a MOT, are hyperfine-
changing collisions. They were first observed by Sesko and coworkers [59] who examined
the dependency of the light-assisted losses, expressed by β in equation 4.3, as a function
of the total intensity Itot of the trapping light. Hereby they measured a linear increase in
β with higher values for Itot. They also observed an increase in β for very small intensities
below a threshold of Ithr = 4 mW/cm2. As explanation for this the hyperfine-changing
collisions were given, at which Van der Waals interactions dominate. At low intensities,
most atoms of the MOT are in the hyperfine ground states. As a consequence, only a
minimal amount of atoms are in the excited P3/2 state. This reduces the probability
for fine structure changing collisions in the same way as for radiative redistribution and
so cannot explain the increase in light-assisted losses at lower intensities. In a typical
MOT configuration there are always atoms in the upper hyperfine ground state. Due to
non-resonant excitations by the applied cooling laser, atoms can fall back with a finite
probability in the upper hyperfine ground state. Normally these atoms are pumped back
in the cooling transition by the repumping laser. Nevertheless, there is still a finite oc-
cupation in the upper hyperfine ground state. As with lower intensities the trap depth
is reduced, the energy ∆HF of the hyperfine ground splitting is sufficient for an atom to
escape from the trap. At this point, it has to be noted that further investigations [131]
questioned the meaning of hyperfine changing collisions at lower intensities. In [132] the
fine structure changing collisions were given as the dominating effect at lower intensities
for 7Li. However, the hyperfine changing collisions were not totally excluded. Finally, a
model was published in [133] presenting an alternative, which can explain the losses at
lower intensities without hyperfine changing collisions. In this approach, the atomic escape
velocity out of the MOT plays the central role. Its dependency on the trap intensities and
its influence on the radiative escape probability is given as explanation for the behavior
of β in equation 4.3.

4.3.5. Values and characteristics of β

An overview of the discussed light-assisted losses, consisting of fine structure changing
collisions, hyperfine-changing collisions and radiative escape, is given for different elements
in dependency of different experimental parameters in table 4.1. The experimental values
for all atomic species listed in table 4.1 show qualitatively a common behavior at their
light-assisted losses in dependence on the intensity I and detuning ∆f of the trapping laser.
As a function of intensity (figure 4.10 (a)), there is a minimum βmin at Imin. The position
and height of this minimum differs from species to species. At intensities above this value
Imin the light-assisted losses increase slowly (often reported linear). At intensities below
this value, the losses also increase, but with a much higher gradient. As a function of the
detuning of the trapping laser, the loss parameter β, see figure 4.10 (b), general increases
with larger red detuning ∆ftrap until it reaches a maximum value βmax at a detuning of
∆fmax. From there on it decreases again and saturates with higher detunings at a lower
β as compared to the one at the atomic resonance. The height and the width of the
maximum differ from species to species [141].
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Element β[cm3/s] I[mW/cm2] ∆f [MHz] Reference
7Li (4.5± 0.8)× 10−13 10 − [134]
7Li 4× 10−13...4× 10−11 5− 120 −24 [132]

23Na ≈ 10−12...9× 10−11 25− 300 − [135]
23Na 4× 10−13...2× 10−11 0.4− 90 − [131]
23Na 2× 10−13...2× 10−11 2− 20 − [136]
39K 2× 10−12...2× 10−10 0.7− 150 −35 [137]
39K 2× 10−12...3× 10−11 70− 90 −40 [138]
39K 1.5× 10−10...6× 10−10 220 −60...− 30 [139]

85Rb 3× 10−13...2× 10−11 1− 20 −4.9 [140]
85Rb 4× 10−12...1.6× 10−11 5− 30 −300 [141]
85Rb 10−11...1.6× 10−11 10 −900...0 [141]
87Rb 5× 10−13...2× 10−11 1− 20 −4.9 [140]
133Cs 2.5× 10−12...9× 10−11 2− 13 −5 [59]
133Cs 3× 10−12...5.5× 10−11 − −1500...0 [141]
133Cs 1.5× 10−10...6.6× 10−10 − −900...− 300 [59]
88Sr 10−10...10−8 2− 6 − [142]
52Cr ≈ 4× 10−10...3× 10−9 25− 400 −16 [143]
52Cr ≈ 2× 10−9...5× 10−9 65 −18...− 3 [143]

Table 4.1. – Overview of measured β values for different elements and different experimental
parameters. The rows are sorted by their element category starting with alkali metals (Li - Cs),
followed by alkaline earth metals (Sr) and ending with transition metals (Cr).

4.3.6. Measurement method for β

The light-assisted losses, represented by the parameter β, were measured for the here used
40K atoms by applying two different approaches. At the first one [144], β was extracted
from the decay curve of the MOT and at the second one [143] from its loading curve.
Both types of evaluations are based on the assumption that the atoms in the MOT follow
a Gaussian spatial density distribution. This is mainly the case for smaller atom numbers
when the reabsorption of scattered photons within the MOT is nearly negligible. In this
regime, the MOT embraces in first order a constant volume V̄ and the atomic density
follows a Gaussian distribution [59]. A change in the atom number here leads to a change
of the peak density n0 in the center of the trap without altering V̄ . The loading process of
the MOT without any restrictions is characterized by the following differential equation
[144]

ṅ = Ln − Γn− βn2. (4.7)

It describes the evolution of the local density n(~r) in the MOT. Here Ln is the local
loading rate in regard of n, Γ is the loss rate due to collisions with atoms of the thermal
background gas and β the loss rate of the three combined light-assisted loss mechanisms.
The integration of equation 4.7 over the trapping volume (

∫
d3~r) yields a differential

equation for the number of trapped atoms

Ṅ = LN − ΓN − β
∫
n2(~r)d3~r. (4.8)

118



4. Magneto-optical trapping of fermionic potassium atoms

0 2 0 4 0 6 0 8 0 1 0 0
1 0 - 1 3

1 0 - 1 2

1 0 - 1 1

1 0 - 1 0

I m i n

β m i n

β��
��

����

I n t e n s i t y  [ m W ]
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(b) β as function of the detuning

Figure 4.10. – Schematic dependencies of β on the intensity and frequency detuning of the
trapping laser. In (a) β is depicted as function of the total intensity. Its shape is similar with all
atomic species listed in table 4.1. The difference from species to species lies in the position of the
minimum Imin and the general scaling of β. (b) shows the dependency of β from the detuning of
the trapping laser. So far, this was only measured with 85Rb [141] and 133Cs [59]. The difference
here again lies in the position of the maximum, its width and the general scaling of β.

This equation is experimentally much more easily accessible (e.g. by fluorescence detec-
tion) than the three-dimensional spatial density distribution of atoms in the MOT. By
assuming that the MOT is operated in the beginning mentioned constant volume regime,
equation 4.8 can be further simplified. The density in this regime is given by n = n0e

−(r/w)2

(assuming a sphere) with w being the 1/e radius of the cloud and n0 the peak density.
The constant volume is assumed with V̄ = (

√
2πw)3. Thus, equation 4.8 can be rewritten

as

Ṅ = LN − ΓN − β′N2 (4.9)

with β′ being the by V̄ normalized loss rate for the light-assisted collisions, β′ = β/V̄ .
The solution of the differential equation 4.9 is

N(t) = N0
1− e−γN t

1 + ξNe−γN t
. (4.10)

Here N0 is the steady state atom number of the MOT. The parameters γN and ξN are
two replacement parameters, which are written as

γN = Γ + 2β′N0, (4.11)

ξN =
β′N0

β′N0 + Γ
. (4.12)

The second approach considers the decay process of the MOT. In this case the loading
rate LN in equation 4.9 is removed and as differential equation remains

Ṅ = −ΓN − β′N2. (4.13)
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4.3. Light-assisted losses

Its analytical solution is known as [143]

N(t) =
N0Γe−Γt

Γ +N0β′(1− e−Γt)
. (4.14)

4.3.7. Loss parameter β for 40K atoms

In order to prove whether the above described procedure is applicable to the used 40K
MOT, its volume was examined as a function of the total trapping intensity Itot. The
procedure for determining the volume was as follows. First, two fluorescence images of
the MOT standing perpendicular to each other were taken. On the first axis, the MOT
was imaged without magnification (1:1) onto a CCD camera (XC-56, Sony) and on the
second axis with a reduction of 2:1 onto a second CCD camera of the same type (figure
4.11 (a) and (b)). In the second step, at each fluorescence image two line cuts were
executed, one along the horizontal and one along the vertical direction. Both line cuts
run through the projected center of density (red striped lines). Finally, the volume of
the MOT, which was assumed as an ellipsoid, was derived from fitting a double Gaussian
function to the line cuts (figure 4.11 (c) and (d)). The measurements showed that the
volume remains nearly constant2 at (19.4± 3.4) mm3 within laser powers ranging from 35
to 145 mW. The number of trapped atoms at these laser powers were measured between
approximately (3− 7)× 106.

For different values of the total available trapping power, the loading and decay curve
of the MOT were measured with the help of a calibrated photodiode (figure 4.11 (e)). In
the first step of the evaluation equation 4.14 was fitted to the decay curve (green curve) at
a fixed steady state atom number N0. The results are Γ and β’, which lead by multiplying
with the known volume V̄ to the searched β = β′V̄ . In the next step, equation 4.10 was
fitted to the loading curve with a fixed Γ from the prior fit at the decay curve. With
a known N0, Γ and V̄ again β is extractable from the fit parameters. Generally, the
values of β resulting from the fit of the loading curve are about (10± 6) % smaller than
the values of the fit at the decay curve. The mean value βmean of these two evaluations
is depicted in figure 4.12 (a). It ranges from (2− 8)× 10−10 cm3/s. In regard of the
uncertainty in determing the atom number and the volume the total error in β is about
45 %. Below intensities of 26 mW/cm2, the typical increase of β was observed as known in
earlier measurements with other species at lower intensities. Above this value, β remains
more or less constant. Due to the lack of higher laser powers it was not possible to go
beyond intenties of 57 mW/cm2. Compared with other alkali atoms, the striking point is
that the lowest attainable value β is at least one order of magnitude larger.

The influence of the repumping light on β was also examined. Here the power of the
cooling laser was kept constant at about 138 mW with a detuning of −1.3 Γ with respect to
the

∣∣S1/2, F = 9/2
〉
→
∣∣P3/2, F

′ = 11/2
〉

transition. The employed magnetic field gradient
was approximately 8.5 G/cm. For different powers of the repumping laser PRP, the MOT
was loaded for 60 s. Subsequently, the 2D-MOT was switched off so that the decay of
the MOT started, which was observed for further 180 s. As in the case of varying the
total trapping power, β was extracted from the decay curve by fitting equation 4.14 and
by fitting equation 4.10 to the loading curve. The final value for β is received by the
mean value of the two fittings and is depicted in figure 4.12 (b). If the uncertainty in

2The measured volume increased only by 15 % within the used laser powers ranging from 35 to 145 mW
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(a) Axis 1 - magnification 1:1 (b) Axis 2 - magnification 2:1
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(c) Line cut on x-axis (2:1)
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(d) Line cut on y-axis (2:1)
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(e) Fit at loading and decay curve

Figure 4.11. – Procedure for determining the light-assisted losses β. In a first step the volume
of the saturated MOT was determined from two perpendicular to each other standing fluorescence
images with a 1:1 (a) and 2:1 (b) magnification. For this purpose a double Gaussian function
was fitted to the line cuts (red crosses) through the center of density on each axis, (c) and (d).
From these two curve fits the volume of the atomic cloud was derived, which was assumed as an
ellipsoid. (e) Finally, a fit to the loading and decay curve of the MOT with equation 4.10 and 4.14
yields β, by using the volume and the number of atoms deduced from the fluorescence signal.
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(a) β as function of the total trapping power
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(b) β as function of the repumping power

Figure 4.12. – Light-assisted losses for 40K within the MOT. In (a) the measured value for β is
depicted as function of the total available trapping intensity Itot. In (b) β is shown at a constant
power of the cooling laser (138 mW) but varying power of the repumper PRP.

determining the atom number and the trapping volume is taken into account, a total error
for β up to ±58 % is obtained. For intensities of the repumper down to 0.75 mW/cm2, β
remains almost constant and is situated in the range of (2− 3)× 10−10 cm3/s. Below an
intensity of 0.75 mW/cm2, β increases with lower intensities as it was the case with lower
total intensities. The attributed explanation for this is as follows. With smaller powers
of repumping light, more and more atoms are located in the upper hyperfine ground
state

∣∣S1/2, F = 7/2
〉
. These atoms experience a shallower MOT (as they interact only

with the weaker repumping light field), so that hyperfine changing collisions can provide
enough energy to escape from the trap. Apart from that, as more atoms occupy the upper
hyperfine ground state, hyperfine changing collisions become more probable.

4.4. Spatial dark MOT

An approved method to overcome the limitation in the number of trappable atoms in a
MOT due to light assisted-losses is the use of a spatial or temporal dark MOT [62]. This
kind of trap equals in its properties a standard MOT with the difference that in a dark
MOT is taken an active influence on the occupation of the hyperfine ground states.

The fine structure ground state S1/2 of alkali atoms splits up into the two hyperfine
ground state levels

∣∣S1/2, Fg1
〉

and
∣∣S1/2, Fg2

〉
. Generally, for a MOT, the overall strongest

transition is used for cooling, e.g.
∣∣S1/2, Fg1

〉
→
∣∣P3/2, Fe1

〉
. For repumping, a transition

starting from the second hyperfine ground state, e.g.
∣∣S1/2, Fg2

〉
→
∣∣P3/2, Fe2

〉
is used.

Normally Fe2 is chosen such that the probability for spontaneous emission
∣∣P3/2, Fe2

〉
→∣∣S1/2, Fg1

〉
is as high as possible. In the case of a normal MOT, most of the atoms

are located in the hyperfine ground state belonging to the strong cooling transition. In
the further discussion, this state is called the bright state with p as the corresponding
occupation probability and the second state is called the dark state. Depending on the
number of atoms there are three density limited regimes in a MOT [62], which are each
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4. Magneto-optical trapping of fermionic potassium atoms

a function of p. For a small number of trapped atoms N , when they behave like an ideal
gas, the density limitation is given by

n < Np3/2/d3
0. (4.15)

Here d0 is the cloud diameter of a standard MOT for small atom numbers. For very large
atom numbers, the shrinking transparency for the trapping beams begin to play a limiting
role what is expressed by

n < (b0/p)
3/2N1/2. (4.16)

The constant b0 is a parameter determined by the experimental setup. The third regime is
located between the two prior ones. It is dominated by the competing trapping and repul-
sive forces. The repulsive force originates from the reabsorption of isotropically scattered
trapping light. The density limitation in this regime is

n < n0/p. (4.17)

Here n0 is a parameter determined by the experiment. The expressions 4.15-4.17 show
that depending on the present regime the density can be optimized by adjusting p. This
means transferring the atoms from the bright state in the dark state and vice versa.

Experimentally, there are two ways to manipulate the occupation of the bright state in
a MOT. The first one is the so-called temporal dark MOT. At the end of a normal MOT
loading process, the intensity of the repumping is reduced. This leads to an accumulation
in the dark state so that p decreases. A disadvantage of this procedure is the fact that the
density is increased only for a short time. Due to the no longer optimal MOT parameters,
such a trap usually decays within a few ms. Apart from that, the atom number in the
trap is not increased. The temporal dark MOT is often used as final stage for loading an
optical dipole trap. Often the transfer from the bright state to the dark state is supported
by an increase in the detuning of the cooling laser further to the red during loading the
optical dipole trap or an optical lattice [74].

The second approach is the spatial dark MOT. Here the atoms are not exposed to the
repumping light in the whole trapping volume, which is given by the intersecting cooling
beams in a MOT. Instead, the repumping beam contains at its center, along its propagation
direction, a photon-free core. This is accomplished, for example, by a glass plate with a
black dot (acting as an absorber), which is traversed by the repumping beam. The cored
repumping beam is either overlapped on one axis with the cooling beam or illuminates
the atoms on a separate axis running through the trap center. Thereby, the trapping and
cooling mechanism remains unchanged in most of the MOT volume. Outside the cored
repumping beam, the MOT still fills with a high loading rate. As soon as the atoms of
this region traverse the repumping free center, they are transferred from the bright to the
dark state. This leads to the desired increase in density and over all to higher numbers
of trapped atoms in the whole MOT region. For the heavier alkali elements (e.g. Cs),
the transfer from the bright state to the dark state in the repumping free trap center is
usually supported by an additional depumping beam [145]. This is necessary due to the
higher hyperfine splitting of the excited states, which makes the off-resonant excitation
rate much smaller.

Like in other experiments with 40K [87, 88, 117, 146], a spatial dark MOT was here
implemented in the experimental setup. As explained in section 2.2.2, there is a separate
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I = 0 mW/cm²

I = max.

Figure 4.13. – Picture of the imaged dark spot. After magnification of the dark spot beam with
a two lens telescope, as used in the experiment, its intensity profile was captured with a CCD
camera. The camera was positioned relative to the telescope with a distance corresponding to the
distance between telescope and MOT. Some diffraction artifacts are visible at the border of the
spot. However, the center seems to be predominantly free from diffracted light.

grating stabilized diode laser and a tapered amplifier for providing the repumping light in
the MOT. In the normal MOT operation the minus first diffraction order of an AOM is
used for repumping (figure 2.17). The repumping light is guided together with the cooling
light to the main chamber where it is distributed to the three trapping axes (figure 4.8).
In the case of the dark MOT, the zeroth order of the AOM is used as dark spot beam.
It is guided via an additional optical fiber to the main chamber. Directly after the fiber
collimator for outcoupling the dark spot beam, an elliptical mirror of aluminium follows
with a hole of 1.6 mm in diameter in its center. In this way, the typical dark spot within
the repumping beam for creating a spatial dark MOT is created. For a better alignment
of the dark spot beam, the elliptical mirror is mounted on a two-dimensional translation
stage. Subsequently, a two lens telescope increases the diameter of the dark spot beam
to a dark spot diameter of approximately 5 mm at the trap center. Before the dark spot
beam enters the vacuum chamber, it is overlapped at a PBS with the cooling beam of
the third MOT axis as depicted in figure 4.8. Apart from some diffraction artifacts at the
border, the dark spot is predominantly free from repumping light. After both laser beams
have traversed the main chamber, they are separated from each other due to their different
polarization with a further PBS. The dark spot beam is absorbed by a beam dump and
the cooling beam is retroreflected. The imaged dark spot beam on a CCD camera is shown
in figure 4.13. During operation of the dark MOT, the cooling laser is further detuned to
the red in the order of Γ to a total detuning of −2.5 Γ. The detuning of the repumping
laser remains unchanged and is further resonant to

∣∣S1/2, F = 7/2
〉
→
∣∣P3/2, F

′ = 9/2
〉
.

The loading rate of the dark MOT, compared with the normal MOT, is shown in figure
4.14 (a). Both type of traps have the same loading rate of (32± 2)× 106 atoms/s in the
beginning (orange line). Due to the strong light-assisted losses, as measured in the prior
section 4.3, the normal MOT already starts to saturate after a few seconds of loading. In
contrast, the atom number of the dark MOT increases linearly within the first 35 seconds
and then gradually achieves its maximum at about 2.4×108 atoms. This is approximately
a factor 10 more than in the normal MOT. Depending on the parameters of the 2D-MOT,
particle numbers in the dark spot MOT of up to 1× 109 are reached.
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(b) Decay curve

Figure 4.14. – Loading and decay curve of the dark MOT in comparison to the normal MOT.
(a) The loading of the MOT stagnates already after a few seconds at about 2.2 × 107 atoms. In
comparison, the dark MOT saturates much later (150 s), at about 2.4 × 108 atoms. Both traps
show the same loading rate of (32± 2)× 106 atoms/s (red line). In total, with the spatial dark
spot MOT, a factor ten higher number of atoms is reached. (b) The decay curves clearly show
that in a dark spot MOT, light-assisted losses are suppressed. The 1/e lifetime is determined to
(87± 1) s for the dark spot MOT and τ = (3.7± 1) s for the MOT.

The decay curve of the atoms trapped in the dark MOT is depicted in figure 4.14 (b).
An exponential fit to the decay curve results in a lifetime of (87± 1) s. Compared with
the typical lifetime of the MOT, which is approximately 3.7 s, this is an increase of factor
23. It has to be noted that the MOT always shows a double exponential behavior in
the decay. The first 1/e decay time τ1 = (3.7± 1) s is predominantly3 referred to light-
assisted losses. Due to a lower atomic density in the MOT, light-assisted losses contribute
less to the second 1/e decay time τ2 = (26.7± 0.7) s. As a consequence, the shape of
the observed decay curve is ruled more strongly by collisions with atoms of the thermal
background vapor. Nevertheless, in comparison of τ2 to the 1/e lifetime of the spatial dark
MOT, there is a difference by a factor of three. This is attributed to the general weaker
light-assisted losses in the spatial dark MOT.

In comparison with other experiments working with 40K [87, 88, 117, 146], the same
order of atoms trapped in a spatial dark MOT were reached. Nevertheless, in comparison
to the original work of [62] with sodium, the atom number is more than two orders of
magnitudes smaller. In [62] about 5.5 × 1010 Na atoms are loaded within 1 to 2 seconds
from an atomic beam (1011 atoms/s) with velocities < 30 m/s coming from a Zeeman-
slower [26]. The decay time of the dark MOT is given with 1 to 2 seconds what is referred
to collisions with atoms of the Zeeman-beam. The highest loading rate observed so far in
the experimental setup of this thesis was approximately 5.5× 107 atoms/s. This number
presents the part of the atomic flux coming from the 2D-MOT, which was trapped di-
rectly by the MOT. As the atomic beam also contains atoms with velocities greater than

3Of course, collisions with thermal atoms of the background vapor contribute to the loss of atoms as
well. However, at the present pressure of approximately 4 × 10−11 mbar, light-assisted losses play the
dominating role within the first few seconds of the measured decay curve.
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the capture velocity of the MOT vc =66 m/s, the real atomic flux must be higher than
5.5× 107 atoms/s. It is assumed that the flux is roughly one to two orders of magnitude
higher than the pure loading rate of the MOT. This is still two orders of magnitude smaller
than the atomic Zeeman-beam of Na in [62] but it has to be taken into account that within
the 2D-MOT 40K is available with an enrichment of about only 6 %.
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5. Trapping of fermionic potassium atoms in
a quasi-electrostatic dipole trap

This chapter reports on the transfer of fermionic 40K atoms from a spatial dark MOT via a
compressed magneto-optical trap (CMOT) into a quasi-electrostatic dipole trap (QUEST).
A short overview of the experimental implementation of the QUEST as implemented in
this thesis is given in section 5.1. The overview encloses the optical path, the trapping
geometry and the procedure for aligning the optical dipole trap beam. Trap characteristics
are presented in section 5.2. The loading process itself is described and characterized in
section 5.3. Finally, the chapter concludes with section 5.4 in which first results concerning
evaporative cooling of 40K in a QUEST are shown.

5.1. Implementation in the experiment

5.1.1. Optical path and trapping geometry

The QUEST is implemented as a simple single beam trap as described in section 1.7.
For this purpose, the trapping laser is focused by an aspheric zinc selenide lens into the
CMOT within the vacuum chamber. A commercial CO2 laser system is used as laser
source for the trap beam. It provides a power of 135 W at a wavelength of λ = 10.6 µm.
The power of the trapping laser is adjusted with an acousto-optic deflector by using its
minus first diffraction order. Due to its maximal diffraction efficiency of about 76 % and
losses at following optical elements, up to 90 W are available for creating the QUEST. The
diameter of the trapping beam at the zinc selenide lens on the vacuum side is adjusted
with a telescope in the optical path. This enables the creation of QUESTs with different
trapping depths and volumes. More details about the laser system and the optical path
until the point at which the CO2 laser enters the vacuum chamber are given in section
2.2.3.

For evaporative cooling [33] in optical dipole traps high collision rates and high atom
numbers are required in order to reach a Bose-Einstein condensate [43] or a degenerate
Fermi gas [44]. The collision rate scales linearly with the trapped atom number [147] and
with the inverse seventh power of the waist w0 [80]. During experimentation it became
clear that loading 40K atoms from a CMOT in a QUEST is not as easy as with other alkali
elements due to the here larger light-assisted losses. As a consequence, less atoms can be
transferred into the QUEST, which again leads to smaller atom numbers after forced
evaporation. This lack of atoms is partly compensated by the reuse of the trapping light
in the following manner. After the dipole trap beam leaves the vacuum chamber, its beam
diameter is halved and its linear polarization rotated by 90◦. Subsequently, the beam is
guided again through the vacuum system against its prior direction of propagation. This
creates a second focus with a larger waist, which coincides with the focus of the prior
ingoing trapping beam. The overlapped foci represent an optical dipole trap with a larger
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trapping volume. With this trapping geometry, further called as double dipole trap (see
also section 1.7), the number of trapped atoms could nearly be doubled.

5.1.2. Procedure for beam alignment

A crucial point in loading atoms from a MOT or CMOT into an optical dipole trap is the
relative position between both traps. The implemented dipole trap has a diameter smaller
than 100 µm and the used laser wavelength is with 10.6 µm far in the invisible infrared
spectrum. This requires a systematic proceeding in the positioning of the trapping beam,
which is described in this section. The result hereof is an aligned dipole trap beam, which
is focused into a CMOT. This again is a fundamental requirement for transferring atoms
into a QUEST.

The vacuum chamber represents with its cylindrical body a radial symmetric system
(section 2.1.1). If all trapping beams of the MOT are centered on their entering and
outgoing viewports, the MOT itself is located exactly in the center of the vacuum chamber
(figure 4.8). An unbalanced radiation pressure is neglected for now. Additionally, it is
also assumed that the magnetic coils, which provide the required quadrupole field for the
MOT, are placed in such a way that the zero crossing of the magnetic field coincides with
the center of the vacuum chamber.

Starting from this point, the first step in aligning the optical dipole trapping beam
consists in focusing it into the center of the vacuum chamber. The trapping beam of the
QUEST implemented here enters the vacuum chamber radially through a zinc selenide
viewport. The viewport is not attached directly at the main chamber, instead there is
a UHV bellow between the chamber and the viewport. Due to the pressure difference
between inside and outside the vacuum system, the bellow is completely pushed together.
Hence, the viewport’s surface normal runs directly through the center of the vacuum
chamber. A tube with an aspheric lens mounted perpendicularly at its end is fixed at the
viewport. The tube itself is located inside the vacuum and passes through the bellow where
it ends several centimeters in front of the chamber’s center. More details concerning this
construction are found in section 2.1.1 and figure 2.6. The aspheric lens is fixed such that
its optical axis is always identical with the surface normal of the zinc selenide viewport.
By this it is ensured that if a laser beam enters the viewport perpendicularly, it runs
straight through the center of the vacuum chamber.

In conclusion, the first step in aligning the QUEST starts with guiding the trapping
beam to the zinc selenide viewport in such a way that its propagation axis stands perpen-
dicular to the viewport’s surface. Due to technical reasons, the last passage in the optical
path is not aligned with the CO2 laser beam directly, instead it is aligned with a prior
overlapped visible HeNe laser beam1. The HeNe laser beam is aligned by two mirrors
to the center of the viewport (figure 5.1 (a)). A screen with a hole is placed between
these two mirrors. The diameter of the hole is just a little bit bigger than the diameter
of the HeNe beam. When the HeNe beam traverses the viewport, a part of the light is
reflected and propagates backwards. In the case that the propagation axis coincides with
the surface normal of the viewport, the HeNe beam propagates all the way back without
deviation from the prior propagation line (figure 5.1 (d)). If this is not the case, the back
propagating laser beam (green indicated) hits the screen 5.1 (a)). In an iteration process

1The CO2 laser is blocked during the procedure for aligning the HeNe laser.
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Figure 5.1. – Alignment procedure of the optical dipole trap beam in front of the vacuum chamber.
The starting point for aligning the QUEST is that its trapping beam stands perpendicular to the
viewport. Due to technical reasons the last part in the optical path is not aligned with the CO2

laser beam directly, instead it is aligned with a prior overlapped HeNe laser beam in the following
manner. The HeNe beam (red line) is centered to the zinc selenide viewport by two mirrors M1
and M2 (a). A part of the laser light is reflected (green line) and propagates backwards until it
hits a screen situated between the two mirrors. A circular aperture is located in the center of the
screen with an extension just a little bit bigger than the diameter of the HeNe laser beam. When
the propagation axis of the HeNe laser stands perpendicular to the viewport, the reflected part
follows exactly the incoming path through the aperture. Otherwise, it hits the screen somewhere
around the aperture. This misalignment is corrected in an iteration process with mirror M1 and
M2. The first step is to align the reflected beam with M2 so that it passes the aperture (b). This
moves the incoming HeNe laser beam marginally out of the viewport’s center. In the second step,
the HeNe laser beam is recentered by mirror M1 (c). The iteration process ends as soon as the
reflected beam is no longer visible on the screen after mirror M1 was realigned (d). Otherwise,
the alignment procedure proceeds by repeating with step number one.
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(a) Image of the MOT fluorescence (b) Absorption image of the CMOT

Figure 5.2. – Differential ac Stark shift in the MOT and the CMOT. (a) Due to the differential ac
Stark shift, atoms, which are trapped in the MOT, are shifted out of resonance in the intersecting
volume with the optical dipole trap laser. This phenomenon is visible in an image of the MOT
fluorescence as a black stripe (surrounded by a dashed ellipse). (b) The same takes place in a
CMOT. As a CMOT has a much shorter lifetime than a MOT, there the differential ac Stark shift
is here observed with an absorption image. In the absorption image the QUEST exposes as a line
with lower optical density (see yellow line within orange area).

this misalignment is corrected as follows. By mirror M2, the reflected part of the HeNe
laser beam is guided through the aperture in the screen. Consequentially, the HeNe beam
passes the viewport no longer in the center. This again is corrected with mirror M1 (figure
5.1 (c)). The iteration process is finished as soon as the reflected laser beam is no longer
visible on the screen after M2 is readjusted.

Now, as the HeNe laser beam is perpendicular to the viewport’s surface normal, this
is also the case with the CO2 laser beam. Therefore, when the blocking of the CO2 laser
beam is abandoned at the end of the aligning procedure, it is focused into the center
of the vacuum chamber where the MOT is located. Due to the differential ac Stark shift
(section 1.6), the trapped atoms in the MOT are shifted out of resonance in the intersecting
volume with the laser beam of the optical dipole trap. This exposes as a black stripe in
the fluorescence image of the MOT (figure 5.2 (a)).

During loading atoms into the QUEST, the MOT undergoes a magnetic compression
phase by increasing the gradient of the magnetic quadrupole field. As the MOT is realized
in a three-beam configuration, there is an unbalanced radiation pressure on each trapping
axis due to the lower intensity in the reflected beams. As a consequence, the MOT moves
when it is compressed magnetically. In regard of an efficient transfer process of atoms from
the CMOT into the QUEST, it is important that there exists a spatial overlap between
these two traps. For this reason, their relative position is monitored with an absorption
image (figure 5.2 (b)) in the second step of aligning the QUEST. The differential ac Stark
shift shifts the atoms in the intersecting volume out of resonance. Atoms, which are in
this region of the CMOT, scatter a lower amount of absorption light. This exposes as a
line with a lower optical density in the absorption image. This line is not visible, in the
case that the two trapping regions do not overlap. In such a case, the trapping potential
of the CMOT is then spatially shifted by homogeneous magnetic offset fields until the line
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(a) ∆f = 0 MHz

500 µm

(b) ∆f = −10 MHz (c) ∆f = −20 MHz

Figure 5.3. – Dipole trapping region within CMOT at red detuned absorption images. Atoms
located in the intersection volume between dipole trapping beam and CMOT experience the differ-
ential ac Stark shift (section 1.6) caused by the dipole trapping beam. As these atoms are shifted
out of resonance, they scatter less photons from the absorption beam. In the absorption image this
leads to the impression that the CMOT is separated into two pieces (a). By detuning the absorp-
tion beam to the red, it is possible to image atoms in the intersection region where the differential
ac Stark shift equals the detuning (b)-(c). This opens the possibility to locate the waist of the
focused dipole trapping beam. Here indicated by the black arrow in the absorption image at a
detuning of −10 MHz in respect to the transition

∣∣S1/2, F = 9/2
〉
→
∣∣P3/2, F

′ = 11/2
〉
. The here

imaged trapping region would correspond to a QUEST with a trap depth of about −kB×2.6 mK
at a waist of (32± 1) µm.

of lower density is visible most clearly. For this purpose, a pair of compensation coils are
installed on each trapping axis (see section 2.3).

In the final step, the aspheric lens is repositioned such that the focus of the optical
dipole trapping beam, respectively the center of the later realized QUEST, is located in
the vicinity of the CMOT. With the help of three micrometer screws at the zinc selenide
viewport, at which the aspheric lens holder (figure 2.6) is fixed, it is possible to change the
relative position between the CMOT and the dipole trapping region. The movement is
controlled again by absorption imaging. In contrast to the prior step, the absorption image
is no longer executed on resonance. Instead of this, the absorption light is detuned several
linewidths to the red. This leads to an increase of photon scattering in the intersecting
region and to a decrease in the exterior region. Hence, atoms which cross the dipole
trapping region are imaged (figure 5.3). This opens the possibility in locating the waist
of the focused trapping beam, respectively the center position of the QUEST. If the focus
is located in the vicinity of the CMOT, the imaged atoms appear cone-shaped (figure 5.3
(b)). This is a perfect starting point for the loading procedure as described in section 5.3.

5.2. Trap characteristics

In this section, characteristics of the QUEST are presented as the trapping frequency,
the waist and the lifetime of trapped atoms. The loading procedure itself is described in
section 5.3.
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5.2. Trap characteristics

5.2.1. Trapping frequency and waist

The trapping frequency is determined by parametric oscillation of the trapping potential
[78]. For this purpose, the power of the trapping laser is modulated up to 30 % in its
amplitude with a sinusoidal burst signal. This leads to a modulation of the potential
depth, which is assumed to be harmonic. Due to the also oscillating dipole force, the
trapped atoms experience a forced oscillation. If the modulation frequency ωmod equals
twice the trapping frequency ωdip, the atoms are parametrically excited. This means that
the kinetic energy of the atoms increases exponentially with time. Finally, when their
kinetic energy is larger than the trap depth, they escape from the QUEST. The trapping
frequency is determined by observing the atom number in the QUEST as a function of
the modulation frequency. The trapping frequency (ωdip = ωmod/2) is located at the
modulation frequency with the smallest atom number.

The beam deflected from an acousto-optic deflector in the minus first diffraction order
is used as trapping beam. The power of the trapping laser is controlled by the applied RF
power to the deflector. Details to the corresponding electronic circuit are found in section
2.2.3 and figure 2.30. The number of trapped atoms is determined by fluorescence detec-
tion. After modulation of the trap depth for 100 ms, the dipole trapping beam is switched
off by reducing the RF power at the deflector to zero. Subsequently, the remaining atoms
are illuminated with a resonant (

∣∣S1/2, F = 9/2
〉
→
∣∣P3/2, F

′ = 11/2
〉
), retroreflected de-

tection beam. The fluorescence light is measured with a photomultiplier. This procedure
is repeated for different modulation frequencies. The variation of the number of trapped
atoms at a trapping power of 85 W is depicted in figure 5.4 (a). Each measurement
point is the mean value of five experimental cycles. The position of the minimum, here
fmod = (31.4± 0.5) kHz, is deduced from a fit with an inverted Lorentzian function. For
the radial trapping frequency follows ωr = 2π × (15.7± 0.5) kHz. By the known relation
(equation 1.38) between the trapping frequency, the power in the trapping beam and the
waist, it is possible to calculate the waist ω0 of the QUEST to ω0 = (23.3± 0.3) µm.

5.2.2. Lifetime of trapped atoms

The lifetime is deduced from the temporal change in the number (respectively the fluo-
rescence signal) of trapped atoms in the QUEST. After loading atoms from the CMOT
into the QUEST, they are stored at a constant potential depth for a variable time pe-
riod. Subsequently, the trapping light is switched off. The number of atoms that are
still confined in the dipole potential by this time is measured by irradiation with a to∣∣S1/2, F = 9/2

〉
→
∣∣P3/2, F

′ = 11/2
〉

resonant detection beam. The fluorescence light
is detected with a photomultiplier. The measured number of atoms versus trapping
time in a QUEST with a radial trapping frequency ωr ≈ 2π × 6 kHz and a trap depth
Udip ≈ −kB×2.1 mK (at P ≈ 66 W and ω0 ≈ 35.6 µm) is shown in figure 5.5 (a). The
double logarithmic scaling shows that there are two time periods with different exponen-
tial 1/e decay coefficients τ . In the first part, up to 20 s, τ1 = (3.2± 0.8) s and above
60 s, τ2 = (76± 28) s. The shorter lifetime is attributed to natural evaporation (section
5.4), where the hottest atoms leave continuously the trap and the remaining rethermal-
ize. This process ends somewhere between 20 s to 60 s for the trap parameters under
consideration. Afterwards, collisions with atoms of the thermal background gas are the
dominating source for losses. These collisions increase linearly with pressure [126]. In the
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Figure 5.4. – Resonance in the number of trapped atoms in the QUEST at parametric oscillation.
The trapping frequency of the QUEST is determined by parametric oscillation of the potential
depth [78]. For this purpose, the power of the trapping laser is modulated with a sinusoidal burst.
When the modulation frequency ωmod equals twice the trapping frequency ωdip, then the trapped
atoms follow a forced oscillation. This means that their kinetic energy increases exponentially with
time. As soon as their kinetic energy is larger than the potential depth, they escape from the trap.
Hence, by observing the atom number in the trap as function of the modulation frequency, it is
possible to measure the trapping frequency. Here a measurement is shown for a QUEST with a total
power of (85± 5) W. The fit of an inverted Lorentzian curve yields ωdip = 2π × (15.7± 0.5) kHz.
With equation 1.38 this leads to a waist of ω0 = (23.3± 0.3) µm and finally with equation 1.24 to
a trap depth of U0 = −kB×(6.4± 0.4) mK.
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measurements shown here, the pressure of the vapour was approximately 4× 10−11 mbar.

In section 5.3, it is explained how the atoms trapped in the QUEST are pumped into the
lower hyperfine ground state

∣∣S1/2, F = 9/2
〉

at the end of the loading process. Without
this preparation there are also atoms in the upper hyperfine ground state

∣∣S1/2, F = 7/2
〉
.

In that case hyperfine changing collisions are possible and the energy splitting (about
kB×6.2 mK at 40K) is directly transformed into kinetic energy. At a QUEST with a
radial trapping frequency ωr ≈ 2π × 15.7 kHz and a trap depth of Udip ≈ −kB×6.3 mK
(at P = 85 W and ω0 ≈ 23.5 µm) already two collision processes lead to an escaping
atom. The loss of atoms in a QUEST with the prior given parameters is depicted for
two cases in figure 5.4 (b). In the first one all atoms are prepared in the lower hyperfine
ground state (black squares) and in the second one all atoms are prepared in the upper
hyperfine ground state (red circles). It is clearly visible that if all atoms are in the upper
hyperfine ground state, the hyperfine changing collisions contribute significantly to the
loss of atoms. There the related 1/e lifetime is τ7/2 = (430± 60) ms. In comparison
with the 1/e lifetime τ9/2 = (870± 230) ms, when all atoms are in lower hyperfine ground
state, this is an increase of factor two. The 1/e lifetime due to collisions with atoms of
the background vapor is determined to τbg = (10.0± 3.6) s, here at a pressure of about
(1− 2)× 10−10 mbar. The approximately factor of seven shorter lifetime in contrast to
figure 5.5 (a) is explained by the approximately factor of seven higher pressure which was
in this measurement within p ≈ (1− 2)× 10−10 mbar.

5.3. Loading procedure

This section describes the used loading procedure for transferring atoms from the CMOT
into the QUEST. The section starts with a scheme of the loading process (subsection
5.3.1) and explains in detail the single steps including the chopping phase at the end
of the CMOT. In the chopping phase, the light fields of the CMOT and the QUEST
are chopped alternately. The influence of the chopping parameters on loading atoms in
the QUEST is discussed. Measurements concerning the loading rate and losses due to
chopping are presented.

5.3.1. Loading scheme

The loading procedure is separated in three phases: a spatial dark MOT, a transfer step
and a CMOT (figure 5.6). Afterwards, a storage and detection phase follows for analyzing
the loading process.

The dark MOT (section 4.4) is loaded with an atomic beam coming from a 2D-MOT
(section 4.1) for durations of 10− 30 s. Depending on the atomic flux, atom numbers
up to approximately 1 × 109 are achieved at temperatures of (238± 15) µK. The spatial
dark MOT is implemented instead of a normal MOT in order to overcome the strong
light-assisted losses with 40K (section 4.3), which limit the number of trapped atoms
in a MOT in the range of several 107 atoms. In the dark MOT, the cooling light is
detuned ∆fCL = −2.2Γ to the red respectively to the

∣∣S1/2, F = 9/2
〉
→
∣∣P3/2, F

′ = 11/2
〉

transition. The repumping light is detuned fRP = −3Γ to the red respectively to the∣∣S1/2, F = 7/2
〉
→
∣∣P3/2, F

′ = 9/2
〉

transition. The total power of the cooling light is
PCL =225 mW (retroreflected) and in the dark spot repumping beam PRP−dark = 16 mW

134



5. Trapping of fermionic potassium atoms in a quasi-electrostatic dipole trap

0 . 1 1 1 0 1 0 0
1 0 0

1 0 0 0

Ato
m 

Nu
mb

er 
[a.

u.]

S t o r a g e  T i m e  [ s ]

(a) General behavior

1 0 0 1 0 0 0 1 0 0 0 0

0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

1 . 2

Ato
m 

Nu
mb

er 
[a.

u.]

S t o r a g e  T i m e  [ m s ]

 P r e p a r e d  i n  F  =  9 / 2
 P r e p a r e d  i n  F  =  7 / 2

(b) Dependency on the populated hyperfine ground
state

Figure 5.5. – Measured lifetimes of trapped 40K atoms in a QUEST. The lifetime is deduced from
the change in the number of trapped atoms over the storage time after the loading process was com-
pleted. In (a) a measurement at a trap depth Udip ≈ −kB×2.1 mK is given at a background vapor
pressure of about 4× 10−11 mbar. The double logarithmic scaling exhibits the typical behavior of
the trapped atoms. There is a high loss of atoms due to natural evaporation with 1/e lifetime τ1 =
(3.2± 0.8) s within the first seconds, here 20 s. Afterwards, the atomic loss is dominated by colli-
sions with atoms from the thermal background vapor, here best visible from approximately 60 s on.
The corresponding 1/e lifetime is τ2 = (76± 28) s. In (b) the influence of hyperfine changing col-
lisions on the lifetime is shown at a background pressure of p ≈ (1− 2)× 10−10 mbar. If all atoms
are prepared in the lower hyperfine ground state

∣∣S1/2, F = 9/2
〉

(here at Udip ≈ −kB×6.3 mK),
the 1/e lifetime during natural evaporation is τ9/2 = (870± 230) ms. If all atoms are prepared in

the upper hyperfine ground state
∣∣S1/2, F = 7/2

〉
, the lifetime is reduced by a factor of two down

to τ7/2 = (430± 60) ms due to hyperfine changing collisions. The lifetime due to collision with
atoms from the background vapor is (10.0± 3.6) s. This is a factor of seven lower compared to
(a), where the pressure approximately is a factor of seven lower.
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(single run). The magnetic field gradient is ∇B = 5.6 G/cm. The CO2 trapping laser of
the QUEST is operated with PQUEST = 85 W.

The transfer step with a duration of 2 ms increases the number of transferred atoms from
the spatial dark MOT into the CMOT from 60 % to approximately 95 %. At the beginning
of the transfer step, the dark spot repumping beam is switched off and the normal repump-
ing beam, which is overlapped with the cooling beam, is switched on with PRP = 85 mW
(retroreflected). The detuning of the repumping light is changed to fRP = +2Γ. Atoms,
which were situated in the dark region of the dark MOT, occupied mainly the upper
hypferfine ground state

∣∣S1/2, F = 7/2
〉
. By illuminating these atoms with repumping

light they are partly transferred into the lower hyperfine ground state
∣∣S1/2, F = 9/2

〉
.

As a consequence, the atoms experience the full influence of light-assisted losses. This is
reduced by increasing the detuning of the cooling laser further to the red (∆fCL = −8.5Γ),
what finally leads to a higher number of transferred atoms from the spatial dark MOT
into the CMOT.

In the CMOT phase, the atoms are magnetically compressed by increasing the magnetic
field gradient within 20 ms from 5.6 G/cm to the maximal possible value of 51 G/cm. The
cooling laser is detuned closer to resonance (∆fCL = −1.5Γ) and the detuning of the
repumping light is ramped from +2Γ to +6.5Γ within 20 ms synchronously with the ramp
of the magnetic field gradient. The power of the cooling and repumping light is kept
constant. Totally, the CMOT lasts 30 ms. During the last ∆T = 10 ms, the light fields
of the CMOT and the QUEST are alternately chopped with a frequency of fcho = 50 kHz
corresponding to a period of Tcho = 20 µs (see lower part in figure 5.6). Within Tcho the
CMOT is on for tCMOT and the QUEST for tQUEST with pauses ∆t between, in which both
traps in common are not running so that Tcho = 2∆t+tQUEST+tCMOT. Chopping the light
alternately fulfills two purposes. First, it prevents that atoms experience the differential
ac Stark shift (section 1.6) in the intersecting volume between CMOT and QUEST. Note
that otherwise, as long as the red detuning in the CMOT is smaller than the differential ac
Stark shift, atoms within the region of the CO2 laser trapping beam focus are expected to
be heated by the near-resonant cooling beams. Second, light-assisted losses, which are a
limiting factor (section 1.8) in loading an optical dipole trap, are suppressed. This is very
important for two reasons. Light-assisted losses in optical dipole traps are stronger than
in standard MOTs due to their lower potential depth [57]. Further, with 40K the light-
assisted losses are one to two orders of magnitude larger than with other alkali elements
(section 4.3). Especially the second reason presents a strong limitation in the achievable
number of trapped 40K atoms in a QUEST.

After the loading process follows a storage phase, which was typically chosen to be
100 ms long. During this period the magnetic field gradient and all light fields are switched
off, apart from the CO2 laser trapping field. In order to pump atoms in the lower hyper-
fine ground state, the repumping beam is switched off with a delay of 2 ms. The detun-
ings of the repumping and cooling laser are detuned further to the red2(∆fCL = −27Γ,
∆fRP = −20Γ). This helps to suppress scattering processes due to stray light from differ-
ent optical elements in the setup of the laser system.

2Although the whole laser setup is covered by a box of Trovidur and all laser beams are blocked by
mechanical shutters, there must be a finite amount of stray light, which reaches the atoms trapped in
the QUEST. This stray light is neither observable with a photomultiplier nor with any other kind of
detector. By detuning cooling and repumping light farer to the red, the lifetime of trapped atoms in
the QUEST increases.
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Figure 5.6. – Loading scheme of the QUEST. The loading procedure consists of three phases a
spatial dark MOT, a transfer step and finally a compressed magneto-optical trap (CMOT). The
values of the different parameters within these phases are given in the diagram. The detunings
of the cooling light ∆fCL are referred to

∣∣S1/2, F = 9/2
〉
→
∣∣P3/2, F

′ = 11/2
〉

and the detunings

of the repumping light ∆fCL to
∣∣S1/2, F = 9/2

〉
→
∣∣P3/2, F

′ = 11/2
〉

with Γ = 6.04 MHz being
the natural linewidth. The magnetic field gradient in the different MOT stages is given by ∇B,
the total power in the retroreflected cooling beams by PCL and in the repumping beams by PRP.
The power in the separate repumping beam of the spatial dark MOT is expressed by PRP−dark

and for the power in the QUEST by PQUEST. Up to about 109 atoms are loaded into the dark
MOT in (10− 30) s coming from an atomic beam of the 2D-MOT (section 4.1). Afterwards, an
intermediate step follows for 2 ms, which ensures that up to 95 % of the atoms are transferred from
the dark MOT into the CMOT. In the last 10 ms of the CMOT, the light fields of the QUEST and
the CMOT are chopped alternately. This circumevents the differntial ac Stark shift and reduces
light-assisted losses during loading atoms into the QUEST. After chopping, a storage phase follows
for 100 ms during which the magnetic field gradient and all light fields of the CMOT are reduced
to zero. In the detection phase, the light field of the optical dipole trap is switched off and the
atoms are exposed to an absorption beam or detection beam for analyzing the number of trapped
atoms or their temperature.
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Directly after the storage phase follows the detection phase. There the number of atoms
is determined with absorption imaging (section 3.3) or by fluorescence detection with a
calibrated photodiode. In the beginning of the detection phase the dipole potential is
instantly reduced to zero. Afterwards, the atoms are exposed to a retroreflected detection
beam (figure 4.8) with PDetection = 16 mW or to an absorption beam. In both cases,
cooling and repumping lights are on resonance.

With the loading scheme described here, 350000 atoms are loaded into the single beam
trap with a potential depth of about kB×6.3 mK and a waist of about 23.5 µm after a
storage phase of 100 ms. The number of atoms increases to 600000 by applying the double
dipole trap as described in section 1.7 and 5.1. The corresponding initial temperature of
the dipole trap after loading, as deduced from absorption images, is (680± 70) µK. The
influence of the chopping parameters on the number of trapped atoms in the QUEST is
discussed in the next section 5.3.2.

5.3.2. Chopping parameters

The relation between the chopping parameters as fcho, tQUEST, tCMOT and the number
of transferred atoms from the CMOT into the QUEST was examined. For a constant
chopping duration ∆T = 10 ms at a given chopping frequency fcho the ratio tCMOT/tQUEST

between the time tCMOT the CMOT is on and the time tQUEST the QUEST is on was varied
(figure 5.7(a)). The intermediate time ∆t, while both light fields are off, was kept constant.

The number of trapped atoms in the QUEST at fcho = 100 kHz as a function of
tCMOT/tQUEST is depicted in figure 5.7 (b). There is a maximum of trapped atoms for
tCMOT/tQUEST = 0.85 ± 0.11. It was determined by a fit with a polynomial function
of second order. The here described measurement was repeated for different chopping
frequencies. At these measurements it was observed that the ratio tCMOT/tQUEST as
well as the number of atoms transferred into the QUEST are a function of the chopping
frequency (figure 5.7 (c) and (d)). The overall highest atom transfer is reached in the
range of fcho ≈ 40 kHz, when the CMOT light fields are present over a time corresponding
to 63 % of the time the QUEST light field is on (tCMOT/tQUEST ≈ 0.63).

5.3.3. Loading rate

The atomic loading rate of the QUEST was measured by varying the duration ∆T , which
describes how long the chopping phase is active at the end of the CMOT (figure 5.8
(a)). ∆T was varied from zero, which means no chopping was applied, up to 10 ms. The
temporal elongation of the CMOT during this measurement ranges depending on ∆T
from 20 ms (at ∆T = 0 ms) up to 30 ms (at ∆T = 10 ms). The chopping frequency was
fcho = 50 kHz with tCMOT/tQUEST = 0.35 at ∆t = 1.7 µs (temporal distance between
switching the light fields). The variation of the number of trapped atoms in the QUEST
as function of ∆T is shown in figure 5.8 (b). Without chopping about 160000 atoms
are transferred from the CMOT into the QUEST. This atom number was confirmed by
increasing the CMOT phase up to 30 ms without any chopping fraction. With chopping,
a maximum of 336000 atoms is achieved. This is an increase by a factor of approximately
2.1. The cutout for ∆T from zero to 3 ms in figure 5.8 shows that the gain in trapped
atoms due to chopping is achieved within ∆T = (0.5− 3) ms. The observed number of
trapped atoms increases linearly within the first 250 µs of this time period. A fit (red
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Figure 5.7. – Variation of the chopping parameters. (a) At a constant chopping frequency fcho

the ratio between the time tCMOT, during which the pure CMOT light field is present, and the
time tQUEST, during which the pure QUEST light field is present, was varied. The variation of the
number of trapped atoms in the QUEST as function of the ratio tCMOT/tQUEST at fcho = 100 kHz
is depicted in (b). In order to obtain the ratio ηmax = tCMOT/tQUEST, at which the maximum
atom number is transferred into the QUEST, the data was fitted with a polynomial function of
second order. By repeating the here described measurement for different chopping frequencies, it
was observed that ηmax (c) and the number of atoms (d), which are transferred into the QUEST,
vary with the chopping frequency. Overall, most atoms are loaded into the QUEST at a chopping
frequency of fcho ≈ 40 kHz at a ratio of tCMOT/tQUEST ≈ 63.
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5.3. Loading procedure

dotted line) yields a loading rate of (2.76± 0.04)× 108 atoms/s. Afterwards, it starts to
deviate from the linear progress and finally saturates at 336000 atoms. This behavior
is mainly attributed to light-assisted losses which are present in the pure CMOT period
during chopping and in second order to the finite lifetime of the CMOT (section 1.8). The
finite lifetime of the CMOT contributes only in second order to the restriction of trapped
atoms as its lifetime is more than one order of magnitude larger than the complete CMOT
phase itself. In the double dipole trap configuration the number of trapped atoms increases
to (5− 6)× 105.

The increased loading due to chopping does not coincide with its beginning as seen
in figure 5.8. In the data presented here the additional loading begins after a latency
of approximately 500 µs. By applying different magnetic offset fields the starting point
of loading could be shifted to arbitrary values within the 10 ms of chopping. A possible
explanation for this is the unbalanced light pressures on the three trapping axes which
leads to a moving CMOT. The total time of 30 ms for the CMOT phase is not sufficient
for achieving a new stable position in space at which the trapping forces are again in
equilibrium. A crucial point for loading atoms from the CMOT in the QUEST is the
spatial overlap between both traps. As the starting point of the loading process moves
with different magnetic offset fields, it has to be assumed that an ideal overlap is not given
during the whole chopping period. By continuously adjusting the offset fields within the
10 ms of chopping to values at which prior the start of loading was observed, it was tried
to adjust an optimal overlap between CMOT and QUEST for the whole chopping period.
However, with this approach neither a higher loading rate nor a higher steady state atom
number was achieved. Therefore, it is assumed that light-assisted losses provide the main
restriction in loading potassium atoms into a QUEST.

It is possible to calculate the light-induced losses βL during loading from the measured
loading rate and the number of trapped atoms. For this purpose, equation 1.47 is written
in terms of βL

βL =
V ×R0

N2
. (5.1)

Here V describes the trapping volume, which is deduced from equation 1.48. With
the prior measured temperature Tdip = (680± 70) µK and waist ω0 = (23.3± 0.3) µK
for the volume follows V = (24300± 4400) µm3. Together with the steady state atom
number of the saturated QUEST, for the light-induced losses follows from equation 5.1
βL = (4.8± 1.0)× 10−11 cm3/s. This value is a factor five smaller compared to the value
from section 4.3 which was measured for a standard MOT. The difference is attributed to
the fact that during chopping the repumping laser is detuned to the blue of

∣∣S1/2, F = 7/2
〉
→∣∣P3/2, F

′ = 9/2
〉

so that it is nearly on resonance with the next transition
∣∣S1/2, F = 7/2

〉
→∣∣P3/2, F

′ = 7/2
〉
. From

∣∣P3/2, F
′ = 7/2

〉
the probability of falling back to

∣∣P3/2, F = 9/2
〉

is 26 % [148]. As a consequence, the atoms are partly pumped in the upper hyperfine
ground state

∣∣S1/2, F = 7/2
〉

where they no longer experience the laser light which drives
the cooling transition (figure 4.6). On this way a temporal dark CMOT is achieved in
which the light-induced losses are suppressed in the same manner as with a temporal or
spatial dark MOT (section 4.4).
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Figure 5.8. – Measurement of the QUEST loading rate. (a) In order to measure the loading
rate of the QUEST, the number of trapped atoms was examined as function of the chopping
duration ∆T at the end of the CMOT phase. (b) Here the total length of the CMOT ranged
from 20 ms (at ∆T = 0 ms) up to 30 ms (at ∆T = 0 ms). The maximum number of trapped atoms
saturates at approximately 336000. For comparison, without chopping about 160000 atoms are
transferred from the CMOT into the QUEST. (c) shows a cutout of the measurement depicted in
(b) for ∆T = (0− 3000) µs. The real gain of trapped atoms due to chopping is achieved within
∆T = (500− 3000) µs. In this range the atom number increases linearly for about 250 µs with a
loading rate of (2.76± 0.04)× 108 atoms/s. The saturation of trapped atoms is mainly attributed
to light-assisted losses in the pure CMOT phase during chopping and to the finite lifetime of
the CMOT. A possible explanation for the here observed latency of approximately 500 µs till the
additional atom transfer starts is given in the further reading.
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Figure 5.9. – Losses due to chopping. During chopping there is a time period ∆t in which neither
the light fields of the CMOT nor the light field of the QUEST are present. Within this time period
atoms can escape from the trapping region. In order to measure this additional loss, only the
chopping of the QUEST trapping laser was resumed 100 ms after the loading process. (a) shows
the number of remaining atoms in the QUEST at a chopping frequency of 10 kHz. The QUEST
trapping laser was switched off for 1 µs in each chopping period. An exponential fit (green line)
yields a 1/e lifetime of (31.8± 12.6) ms. (b) Repeating the chopping with different off-times ∆t
of the QUEST trapping laser, the 1/e lifetime exposes an also 1/e dependency from ∆t.

5.3.4. Losses due to chopping

There is a short time period ∆t during chopping (figure 5.6) where neither the light
fields of the CMOT nor the light field of the QUEST are present. Since no trapping
forces are existent any more, former trapped atoms have the possibility to escape from
the trapping volume of the QUEST. Whether the atoms leave the trap or not depends
on the available time ∆t and their velocity, respectively the temperature in the QUEST.
In order to determine the contribution of ∆t to the atom losses during chopping, the
following procedure was applied. After the loading sequence was finished, the atoms were
stored for 100 ms in the QUEST. Then the chopping of the optical dipole trap laser was
resumed. Within a single chopping pulse the QUEST was switched off for a variable
time ∆t. By observing the number of remaining atoms in the QUEST as function of the
resumed chopping duration, it is possible to deduce a 1/e lifetime. Such a measurement
with a chopping frequency of fchop = 10 kHz in the storage phase is shown in figure 5.9
(a). Here ∆t was 1 µs. An exponential fit yields a 1/e lifetime τ = (31.8± 12.6) ms.
A comparison with the 1/e lifetime of τ9/2 = (870± 230) ms from section 5.2.2 excludes
natural evaporation as reason so that the chopping itself is assumed to be responsible for
the loss. This was proofed by measuring the lifetime for different off-times of the QUEST.
It exposed that an increase of ∆t leads to a further reduction in the lifetime of the QUEST
(figure 5.9 (b)). An exponential fit to the 1/e lifetimes reveals a stagnation at τ = 3.2 ms.

A possible explanation for the upper in the text described observation is as follows.
For short ∆t mainly the fastest atoms, respectively the hottest, leave the former trapping
volume. With longer off-times also slower atoms are able to escape from the QUEST.
Hence, with higher ∆t smaller lifetimes are observed. The way atoms escape from the trap

142



5. Trapping of fermionic potassium atoms in a quasi-electrostatic dipole trap

x1

x

x1

x

x1

x

x2 x2

Dx

(a) (b) (c) E = 0

Figure 5.10. – Assumed model for losses due to the light field chopping. (a) An atom (green
circle) which is trapped in a QUEST oscillates within the trapping potential (black line) as long
as the CO2 laser field is present. The kinetic energy of the atom is illustrated by the orange bar
above. (b) The atom is assumed at position x1 when the light field is switched off. During the
time ∆t till the light field is switched on again the atom crosses a distance ∆x at constant velocity.
(c) Whether the atom at x2 is still trapped in the QUEST or not depends on its kinetic energy
E(x2) (=E(x1)) compared to its potential energy U(x2). If E(x2) < |U(x2)|, it is still trapped
otherwise it will escape from the trap. In the case illustrated here the atom’s kinetic energy is
larger than the potential energy and so it will leave the trap.

during chopping is illustrated in figure 5.10 for a single atom along a radial cut through the
trapping potential. When the trapping laser is switched off, an atom located at a position
x1 moves at constant velocity in its last direction of movement. Within the time ∆t till
the trapping laser is switched on again, the atom crosses a distance ∆x =

√
2Ekin/m×∆t

from x1 to x2. Whether the atom at position x2 is still trapped or not depends on the
dipole potential Udip(x2). If Ekin < |Udip(x2)|, the atom remains confined in the optical
trap. Otherwise, it escapes from the trap as its kinetic energy is sufficient to overcome
the remaining potential barrier.

It is not possible to reduce ∆t to arbitrary small values in the experiment. The power
of the QUEST trapping beam is controlled by an acousto-optical deflector with a germa-
nium crystal (section 2.2.3.5). At room temperature the speed of sound in germanium
is 5400 m/s. If the trapping beam fills the whole aperture of 6 mm at the deflector, it
needs 1.1 µs to switch the power on or off in the first diffraction order. This means that
if ∆t < 1.1 µm there is always a finite CO2 laser power left during chopping when the
CMOT light fields are present again. In such a case, all atomic resonances are shifted due
to the differential ac Stark shift (section 1.6). This effect leads to an atomic heating in
trapping regions where the amount of red detuning of the CMOT light fields is smaller
than the ac Stark shift (section 1.8). The optimum value for ∆t was determined exper-
imentally to be in a region of about (1.5− 1.7) µs. This is higher than the calculated
value. However, it has to be taken into account that the CO2 trapping laser as well as the
radio frequency signal heats the germanium crystal. With higher temperatures the speed
of sound decreases and consequently the minimal applicable ∆t increases.

5.4. Evaporative cooling

In this section, an overview about the results of evaporative cooling of 40K in the QUEST is
given. First, the process of natural evaporation is explained (subsection 5.4.1). Afterwards,
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the results of forced evaporation are presented. A more detailed description of the results
shown here are given in [63].

5.4.1. Natural evaporation

After the loading process, the atoms are kept in the QUEST at a constant potential
depth for a duration up to 500 ms. Within this time, natural evaporation takes place.
This means the temperature of trapped atoms reduces at the cost of the atom number
in the following way. The highest energetic atoms with kinetic energies larger than the
trapping potential escape from the trap and thus reduce the total energy of the atomic
ensemble in the QUEST. The remaining atoms perform binary elastic collisions. After a
few collisions, the atomic ensemble has thermalized to a Maxwellian distribution of lower
temperature (also called rethermalization). Within this velocity distribution, there are
again atoms with kinetic energies larger than the trap depth and the whole procedure
starts again. In figure 5.11, the temperature evolution of trapped atoms in the QUEST is
shown at two different trap depths, (a) kB×(0.61± 0.06) mK and (b) −kB×(2.6± 0.3) mK,
during natural evaporation. At the shallower trap with a waist of w0 = (65± 3) µm,
the temperature drops with a 1/e time constant of τ = (701± 247) ms (blue line). At
the deeper trap with a waist of w0 = (34± 2) µm, the temperature drops with a 1/e
time constant of τ = (351± 43) ms (orange line). These two cases exhibit the general
dependency of natural evaporation from the optical potential depth. With larger potential
depths the rethermalization process takes place faster. This results from the stronger
confinement of the atoms which increases the collision rate. As natural evaporation always
stagnates after some time, the final temperatures are not sufficient low to observe a Bose-
Einstein condensation or a degenerate Fermi gas.

At shallower optical dipole potentials than reported here, lower temperatures would be
achieved but this comes along with lower atomic densities. However, the second crucial
parameter for the achievement of a Bose-Einstein condensation or a degenerate Fermi gas
is the density. In order to increase the density and to reduce the temperature, forced
evaporation was applied at traps with higher potential depths, as it is shown in the next
section.

5.4.2. Forced evaporation

After natural evaporation, forced evaporation [33] is applied to the trapped atomic en-
semble in order to further reduce the temperature and to increase the phase-space density.
During forced evaporation the potential depth is adiabatically lowered such that the evap-
oration process, which was described in section 5.4.1, proceeds. Generally, the change in
the potential is ruled by the constraint to keep the ratio between potential depth UDip

and the thermal energy kBTDip of the trapped atoms, η = UDip/kBTDip, at values smaller
than ten. Otherwise, evaporation slows down dramatically [33]. It is possible to derive an
analytic expression for the time-dependent potential at η = const. [147]:

UDip = Ui

(
1 +

1

τ

)β
. (5.2)
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(b) Nat. evap. at U = −kB×(2.6 ± 0.3) mK

Figure 5.11. – Natural evaporation in the QUEST for different potential depths. (a) At a shallow
trap with a waist of w0 = (65± 3) µm, respectively a potential depth of −kB×(0.61± 0.06) mK
at a power of 63 W, the temperature decreases with a 1/e time constant of τ = (701± 247) ms,
indicated by the blue line. (b) At a deeper trap with a waist of w0 = (34± 2) µm, respectively
a potential depth of −kB×(2.6± 0.3) mK at a power of 63 W, the temperature decreases with a
1/e time constant of τ = (351± 43) ms, indicated by the orange line. In general, the higher the
potential depth, the faster the natural evaporation process stops.

The parameter Ui represents the initial potential depth and β = −2(η′ − 3)/η′. The time
constant τ is given by the equation

τ =
2

3
η′(η − 4) exp(−η)γi (5.3)

with η′ = (η − 5)/(η − 4) and γi as the initial elastic scattering rate of the trapped atoms
in the harmonic dipole potential.

In this experiment, the lowest temperature after forced evaporation was achieved at
τ = 0.157 and β = 1.459. The measured temperature was (140± 13) nK with an atom
number of N = 11900±1300. Assuming that all ten mF sublevels of the hyperfine ground
state

∣∣S1/2, F = 9/2
〉

are equally occupied, the Fermi temperature TF = (6N/10)1/3~ω̄/kB

calculates to (108± 20) nK. Here, ω̄ = 3
√
ω2
rωz denotes the mean trap oscillation frequency

of the radial and axial direction which was assumed to be 2π(116± 2) Hz after forced
evaporation. For the ratio of the temperatures follows T/TF = 1.30 ± 0.26. This is
about a factor of two larger compared to the region T/TF ≈ 0.55 at which one expects
to observe the onset of quantum degeneracy [44]. For the trapping parameters given here,
an atom number of N = 159000 after evaporation would be required to observe quantum
degeneracy.

In order to reach quantum degeneracy, several improvements are possible. By trans-
ferring the atomic distribution into one where only two mF states are occupied, TF would
increase approximately by a factor of 1.7. Assuming that there is a transfer efficiency of
100 %, for the experimental situation described here follows T/TF ≈ 0.76. This is still
above the critical value where quantum degenerate behaviour is observable. A second im-
provement could be achieved by the application of Feshbach resonances. With Feshbach
resonances, the scattering rate can be maintained at a higher level during the whole pro-
cess of forced evaporation. This reduces the time which is necessary for rethermalization
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and leads to a total shorter evaporation time. The benefit of this is that losses due to
collisions with atoms of the background vapor are also restricted to shorter time periods.
Thus, less trapped atoms are lost by these collisions and more atoms remain after forced
evaporation. If a reduction in the time needed for forced evaporation by a factor of ten is
assumed, in the case of this experiment about 57 % more atoms after evaporation are ex-
pected. Taking this into account for the expected temperature ratio follows T/TF ≈ 0.65.
This shows that the best way to reach quantum degeneray is to have higher atom numbers
already in the beginning. However, for fermionic potassium atoms the light-induced losses
are an over all limiting quantity. A possible solution to overcome this is discussed in the
outlook of this thesis.
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6. Outlook

In this thesis, it was observed that light-assisted losses due to near-resonant trapping light
fields present a fundamental drawback in trapping 40K atoms in a magneto-optical trap
(MOT) and an optical, quasi-electrostatic dipole trap (QUEST).

Compared to other alkali elements (e.g. Li, Rb), the measured light-assisted losses of
40K atoms are up to a factor of 200 larger. This restricts the number of trappable atoms
and achievable atomic densities in the MOT, and it limits the atomic transfer efficiency
from the MOT into the QUEST. By using a spatial dark spot MOT instead of a standard
MOT, the light-assisted losses could be reduced. Thus, in the dark MOT atom numbers
typically around 5× 108 were achieved at densities of about 1× 109 atoms/cm3.

After magneto-optical trapping, the 40K atoms were transferred into a QUEST by
a magnetic compression phase of the dark MOT (CMOT). The compression phase was
divided into two parts. In the first part, the magnetic field gradient was increased and the
trapping laser of the MOT was brought closer to resonance, respectively to the employed
cooling transition. In parallel, the frequency detuning of the repumping laser was shifted to
the blue of the used repumping transition. This pumped the atoms in the upper hyperfine
ground state and created a temporal dark CMOT comparable to a temporal dark MOT.
In the second part of the compression phase, the light fields of the QUEST and the CMOT
were alternately chopped. This avoided the differential ac Stark shift the atoms experience
normally due the light field of the QUEST. Without chopping the light fields alternately,
the differential ac Stark shift would lead to heating effects of the whole atomic ensemble
and thus to atomic losses out of the QUEST. By this approach (5 − 6) × 105 atoms
were confined in the QUEST. After forced evaporation, typically about 12000 atoms at
temperatures around 140 nK were obtained, which corresponded to T/TF ≈ 1.3. In order
to achieve quantum degeneracy, it is crucial to have larger atom numbers already before
forced evaporation is applied. This requires either a further suppression of light-assisted
losses at the different steps within the experiment or a way at which light-assisted losses
are circumvented during the atomic transfer into the QUEST. A possible approach, where
magnetic trapping is introduced as intermediate step within the atom transfer from the
MOT into the QUEST, is discussed in the following section.

In [149], the application of a hybrid trap consisting of a magnetic quadrupole trap and a
red-detuned optical dipole trap with 87Rb was demonstrated. In a first step, the rubidium
atoms were confined in a standard six-beam MOT. Afterwards, a polarization gradient
cooling phase followed, which reduced the temperature by a factor of three. In the next
step, the magneto-optically trapped atoms were transferred into the magnetic quadrupole
trap. For this purpose, the magnetic quadrupole field of the MOT was increased to values
around 150 G/cm. At the same time, all near-resonant cooling and repumping light fields
were switched off, which lead to the desired magnetic trapping. By applying rf-forced
evaporation, the temperature of the magnetically trapped 87Rb atoms was reduced and
simultaneously the atomic density was increased. In order to prevent losses due to Ma-
jorana spin flips, a red detuned optical dipole trap, which was positioned relatively to



Figure 6.1. – Prospective MOT coils in the experiment. In order to circumvent light-assisted
losses and thus to reach higher number of trapped 40K atoms in the QUEST, it is planned to
load the atoms first into a magnetic quadruple trap and afterwards into the QUEST. This requires
strong magnetic quadruple fields. As the coils currently used can only provide magnetic gradients
up to 51 G/cm, it is planned to replace them with new coils. With these coils gradients up to
200 G/cm at a current of 440 A are feasible.

the zero crossing of the magnetic quadrupole field by the size of its waist, was turned on
at the beginning of the rf-evaporation. In a subsequent step, the magnetically trapped
atoms were transferred into the optical dipole trap. Finally, by applying forced evapora-
tion in the optical dipole trap, a Bose-Einstein condensate was created containing about
2× 106 atoms.

In principal, the method described above could also be applied to the experiment
described in this thesis. However, some modifications have to be taken into account,
especially in regard of the specific properties of the 40K atoms used here. Instead of
a standard MOT, a dark MOT has to be used, as it is already implemented in this
experiment. This is crucial, as otherwise, due to the strong light-assisted losses of 40K,
insufficient atom numbers are available for all following experimental steps. An important
point in magnetic trapping of atoms is the ability to create strong magnetic field gradients
during transferring the atoms from a MOT into a magnetic quadrupole trap. With the
currently used magnetic coils, only gradients up to 51 G/cm are achievable at a maximum
available current of 440 A. As according to [149], approximately a factor of three higher
gradients are required, new coils are currently designed (figure 6.1). In contrast to the coils
used so far, these coils are no longer wound from Kapton insulated hollow square copper
tubes. Instead, they consist of massive wires, which were milled from a copper plate. A
single coil contains a total of ten layers with five windings each. Each winding has a cross
section of 5× 5 mm2. In the final assembly, each coil is placed in a stainless steel box
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6. Outlook

equipped with electrical connections and water inlets for cooling. In the future, these coils
will provide the magnetic quadrupole fields of the MOT and the magnetic quadrupole
trap, and later the homogeneous fields, as they are required for the creation of Feshbach
resonances.

In contrast to [149], the optical dipole trap is orientated perpendicularly to the gravita-
tional axis. Thus, a strong confinement is also achieved in this direction. As a consequence,
an additional magnetic trapping, as applied in [149], is not required. However, in order to
achieve a high transfer efficiency, the trapping volume of the QUEST needs to be increased.
While the currently used dipole trap has a waist size of 23.5 µm, it is assumed that in the
prospective apparatus a factor three larger waist is necessary. As soon as the modifications
described here are implemented in the experiment and a sufficient number of 40K atom are
transferred from the magnetic quadrupole trap into the QUEST, forced evaporation can
be applied, as described in section 5.4.2, which then should lead to quantum degeneracy.

Quantum degeneracy of fermionic atoms opens the door to the investigation of a va-
riety of quantum phenomenons. By transferring the degenerated cloud of atoms into an
optical lattice, theory predictions in condensed matter physics can be tested. A long term
goal of this experiment is the observation of a supersolid phase in an optical lattice with
fermionic atoms. A supersolid [150, 151] stands out to the coexistence of a solid phase
and a suprafluid phase within the same atomic ensemble. The first observation of this
phenomenon, counter to intuition, was reported in 2004 for 4He [152] by using a torsional
oscillator. In a subsequent experiment, it was shown that the superfluid-like behavior is a
general and intrinsic property of solid helium [153]. In the field of ultracold quantum gases,
the supersolid phase was observed with bosons in an optical cavity due to a self-organizing
effect [53].

From a theoretical point of view, it should be possible to control the phase transition
to a supersolid of an ultracold quantum gas trapped in an optical lattice by a combined
variation of the interaction strength (via Feshbach resonances) and the potential depth
of the optical lattice [154–156]. A technical issue here presents the verification of the
supersolid phase by an appropriate measurement method. One proposal to overcome
this is the application of a noise correlation analysis [157]. Such a technique was already
successfully used with fermionic atoms for showing antibunching in a degenerate atomic
Fermi gas [158] and with bosonic atoms to recover the spatial order in an optical lattice at
a Mott insulator phase [159]. The future will show, if quantum noise correlation analysis
is an appropriate method to verify a supersolid phase transition within this experiment.
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A. LRC-Oscillator

In section 2.3.1 a circuit was introduced for fast switching a current flowing via two coils,
which provide the magnetic field gradient of a magneto-optical trap. An accelerated
switch-off of the current (and so finally the magnetic field) was achieved by connecting
the coils with a capacitor after the connection to the current source was interrupted. This
situation is illustrated in a simpler way in the following figure A.1. Here L denotes the
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Figure A.1. – Real LRC-oscillator. Here, a reduced schematic is shown of the circuit for control-
ling the current over the MOT coils as introduced in section 2.3.1. When the switch S is moved
from position I to II, the coils L are separated from the current source and instead connected
with a capacitor C. The result is a LRC-oscillator as depicted to the right, which fulfills a damped
oscillation. In the practical realization, a diode is placed at the position of the dotted circle. It
interrupts the oscillation already after a half period. This corresponds to the time it needs to
reduce the magnetic field at L down to zero.

inductance of the two coils and R2 their ohmic resistance including any further resistances
due to other electric elements and the current line. The capacitor is indicated by C and
R1 presents an ohmic resistor or a varistor sitting in parallel. As long as the switch S is
in position I, the current I2 flows over R2 to the coils L and then back to its source. If
the switch is moved to position II, the coils are separated from the current source and
connected with the capacitor C (see right in figure A.1). This converts the circuit in a
LRC-oscillator. According to Lenz’s law, the rapid change of the current induces a voltage
UL at the coils (the energy comes from the magnetic field). This means that the coils now
act as a current source from where the current starts to oscillates to the capacitor C and
back again. Due to the resistances R1 and R2, dissipation takes place and a damped
oscillation is observed. The time the current needs to oscillate between the coils and the
capacitor is given by the oscillation frequency ωLRC, which is deduced in the following.



According to the mesh rule, between the voltages UL, UR2 and UR1 exists the relation

UL = UR1 + UR2. (A.1)

Since C is parallel along R2, it follows UC = UR1 and together with UR2 = R2I2 and
UL = −L(dI2/dt) equation A.1 can be rewritten as

L
dI2

dt
− UC −R2I2 = 0. (A.2)

With the help of Kirchhoff’s nodal rule, I2 can be described as function of IC , the current
running to the capacitor C, and I1, the part of I2, which flows along the resistor R2:

I2 = I1 + IC . (A.3)

The currents I1 and IC are given by I1 = UC/R1 and IC = C(dUC/dt). Inserting these
two expressions in equation A.3 leads to

I2 =
UC
R1

+ C
dUC
dt

. (A.4)

The application of the new expression for I2 to equation A.2 yields a differential equation,
which equals to that of a harmonic oscillator:

d2UC
dt2

+

(
1

R1C
+
R2

L

)
dUC
dt

+
1

LC

(
1 +

R2

R1

)
UC = 0. (A.5)

Here the solution is given by

UC(t) = U0e
−αtsin(ωLRCt+ φ). (A.6)

The start conditions determine U0 and φ. The damping constant α is expressed by

α =
1

2

(
1

R1C
+
R2

L

)
. (A.7)

Finally, the searched relation for the oscillation frequency is obtained

ωLRC =

√
ω2

0

(
1 +

R2

R1

)
− 1

4

(
1

R1C
+
R2

L

)2

(A.8)

with ω0 = 1/
√
LC.

As already mentioned in section 2.3.1, there is situated a diode in the branch of the
capacitor C and R1 (dotted circle in figure A.1) in the experimental realization. The
diode prevents the accumulated electric charge at C to oscillate back to L. Instead, the
capacitor is discharged via R1, where finally the energy is dissipated. The total time it
needs until the whole current flows from L to C is calculated by tOFF = π/ωLRC. This
corresponds to the time which is needed until the magnetic field created by L is reduced
to zero.
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B. Bessel function

The Bessel functions are defined as the solutions of the-so called Bessel differential equa-
tion:

x2 d
2y

dx2
+ x

dy

dx
+ (x2 − n2)y = 0. (B.1)

The Bessel differential equation is a differential equation of second order. Thus, there are
two linearly independent solutions. In the case that n is an integer number, the general
real solution Zn is of the form

Zn = C1Jn(x) + C2Yn(x), (B.2)

where C1 and C2 are constants, Jn(x) is a Bessel function of the first kind and Yn is a
Bessel function of the second kind. The Bessel functions are written as

Jn(x) =

∞∑
k=0

(−1)k(x2 )2k+n

Γ(n+ k + 1)k!
, (B.3)

Yn(x) = lim
p→n

Jp(n) cos(pπ)− J−p(x)

sin(pπ)
. (B.4)

Here Γ(x) is the gamma function. For positive real numbers x, Γ(x) can be expressed as
an integral in the form of

Γ(x) =

∫ ∞
0

tx−1e−tdt. (B.5)

In figure B.1, the Bessel functions of the first kind Jn(x) and of the second kind Yn(x) are
plotted for n = 0...5.
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Figure B.1. – First six Bessel functions of the first kind (a) and the second kind (b)
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