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Kurzzusammenfassung

Im Rahmen dieser Arbeit wurden zwei wesentliche Fortschritte bei der Er-
forschung ultrakalter Calciumatome erzielt. Nach einer kurzen Beschreibung der
experimentellen Grundlagen wird die erstmalige Realisierung eines Bose-Einstein-
Kondensats von Erdalkaliatomen präsentiert. Aufgrund der Abwesenheit eines
magnetischen Moments von 40Ca-Grundzustandsatomen muss die Evaporation in
einer optischen Dipolfalle durchgeführt werden. Hierbei galt es Schwierigkeiten
wie die großen Dreikörperverluste, welche auch im Zuge dieser Arbeit untersucht
wurden, zu überwinden.
Der zweite wesentliche Teil dieser Arbeit konzentriert sich auf die Untersuchung
schmaler Photoassoziationsresonanzen nahe dem Interkombinationsübergang zwi-
schen Singlett- und Triplettsystem. Vom 2-Atom-Zustand 1S0 + 1S0 kann in die bei-
den bindenden Molekülpotentiale a3Σ+

u sowie c3Πu angeregt werden, welche für
größere Kernabstande in 1u beziehungsweise 0+

u übergehen und asymptotisch den
2-Atom-Zustand 1S0 + 3P1 bilden. In diesen Molekülpotentialen wurde im Zuge
dieser Arbeit der jeweils schwächstgebundene Zustand entdeckt und auf Verbreite-
rungsmechanismen sowie die Kopplung an externe Magnetfelder untersucht. Auf
Basis der gemessenen Bindungsenergien und theoretischer Modelle bezüglich der
Quantisierung der gebundenen Zustände werden Vorhersagen über die Bindungs-
energien tiefer gebundener Zustände getroffen.
Das Wissen über die Photoassoziationsresonanzen mit vormals unerreichter Präzi-
sion ermöglicht die Bestimmung der Van-der-Waals-Koeffizienten sowie den Test
von Quantisierungsformeln für nahasymptotische Molekülzustände. Desweiteren
lässt sich das Streuverhalten der Atome durch Ankopplung an die Molekülzustände
mittels optischer Feshbach-Resonanzen manipulieren. Zusammen mit der experi-
mentellen Expertise zur Erzeugung von Bose-Einstein-Kondensaten lässt sich diese
Manipulation des Streuverhaltens anschaulich nachweisen, da Stöße die relevante
Energieskala innerhalb des Kondensats darstellen.

Schlagworte: ultrakalte Calcium-Atome, optische Dipolfallen, Bose-Einstein-
Kondensation, Photoassoziations-Spektroskopie schmaler Linien, optische Feshbach-
Resonanzen





Abstract

This thesis presents two significant contributions to the understanding of ul-
tracold calcium atoms. After a short introduction on the basics of the experiment the
first realization of a Bose-Einstein condensate of alkaline earth atoms is described.
Due to the absence of a magnetic moment of 40Ca ground state atoms the evapo-
ration has to take place in an optical dipole trap. It was necessary to cope with
difficulties like the large three-body losses, which has also been investigated in the
course of this thesis.
The second integral part of this thesis is focussed on the investigation of narrow
photoassociation resonances close to the intercombination transition between sin-
glet and triplet states. Starting from an unbound atom pair of 1S0 atoms one can
excite into the two binding molecular potentials a3Σ+

u and c3Πu, which change their
character to 1u and 0+

u for larger interatomic separation, respectively, and asymptot-
ically form the two-atom state 1S0 + 3P1. In both molecular potentials the weakest
bound state has been found in the course of this thesis. The resonances have been
investigated in terms of broadening mechanisms and the coupling to an external
magnetic field. On the basis of the measured binding energies and theoretical mod-
els regarding the quantization of bound states, predictions have been made for the
binding energies of deeper bound states.
The knowledge about the photoassociation resonances with formerly unachieved
precision allows for the determination of van der Waals coefficients and the test of
quantization rules of near-asymptotic molecular states. Furthermore an optical cou-
pling to these molecular states can be exploited in an optical Feshbach resonance
to tune the scattering behaviour of the atoms. Together with the experimental pro-
ficiency of the realization of a Bose-Einstein condensate these manipulation of the
scattering behaviour can be visualized due to the fact, that collisions represent the
relevant energy scale inside Bose-Einstein condensates.

Keywords: ultracold calcium atoms, optical dipole traps, Bose-Einstein con-
densation, narrow-line photoassociation spectroscopy, optical Feshbach resonances
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Chapter 1

Introduction

Atomic physics has been a fast-growing field in modern physics during the last
decades both due to significant improvements in the development of lasers as well
as the wide range of opportunities the field holds. The applications of laser cooled
ensembles range from precision spectroscopy [For07, Eyl07] over optical clocks
[Did04, Fal11] and the fundamental understanding of quantum-mechanical beha-
viour in Bose-Einstein condensates [Ang02] to the generation and investigation of
weakly bound molecules [Kno10, Osp10].
The technique of laser cooling of neutral atoms has been first proposed by Hänsch
and Schawlow [Hän75], which resulted in the first realization of an optical molasses
[Chu85], in which the atoms experience a velocity dependent force from the scat-
tered photons. The combination with a spatial dependent scattering force in a mag-
netic quadrupole field resulted in the magneto-optical trap (MOT) [Raa87], which is
a standard tool in most of today´s experiments in atomic physics. Also in the late
1980s the most important conservative traps for neutral atoms, the magnetic trap
[Mig85] and the optical dipole trap (ODT) [Chu86], have been developed.
The laser cooled atom ensembles can have densities in the order of 1010 cm−3 (com-
pared to 3 ·1019 cm−3 at room temperature and atmospheric pressure). The achieved
temperatures range from several 10 µK to a few mK inside a MOT, depending
mainly on the width of the used cooling transition. At these temperatures the
atoms still behave like classical point-like particles. Louis de Broglie predicted a
wave-like nature of particles at a scale of the thermal de Broglie wavelength λDB =
h/
√

2πmkBT [Bro24]. In classical gases this length scale however is much smaller
than the interatomic separation and is thus of no physical importance. To see an
influence of the quantum mechanical wavefunction of the atoms it was a motiva-
tion to further lower the temperature and thus increase the de Broglie wavelength
and at the same time lower the interatomic distance by increasing the density. To
overcome the limits in density and temperature stated by Doppler cooling tech-
niques, the atoms are therefore loaded from the MOT into a conservative potential
as provided by a magnetic trap or an optical dipole trap. The cooling in these traps
is typically done by evaporation, meaning that the trap depth is lowered and the
high energy atoms leave the trap effectively cooling the remaining ensemble. The
phase space density, given by the number of atoms in a phase space volume of h̄3,
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10 Introduction

can be written as ρPSD = ρ · λ3
DB. If the phase space density becomes in the order

of unity, the atoms will interact as waves rather than point-like particles. For the
case of undistinguishable bosons, Albert Einstein predicted the formation of a new
matter state called Bose-Einstein condensate (BEC) for a phase space density larger
than 2.6 in free space [Ein25] based on the statistical works of Satyendranath Bose
[Bos24]. In a qualitative picture the wave packages of the atoms overlap and build
one macroscopic wavefunction of ground state atoms. Quantum mechanical effects
like interferences and entanglement become visible on macroscopic scale. Moreover
BECs are an adequate tool for the investigation of quantum-mechanical manybody
effects like superfluidity [Lim08] and solitons [Bec08].
Most of the early laser cooling and laser cooling based experiments were performed
with alkali atoms due to the availability of suitable lasers. In addition the magnetic
moment of ground state alkali atoms permits the usage of magnetic traps for the
evaporative cooling. It is therefore not a surprise that the first Bose-Einstein conden-
sates were achieved with rubidium [And95], lithium [Bra95] and sodium [Dav95] in
1995.
Alkaline earth atoms however had many difficulties connected to them. The first
difficulty was the absence of suitable easy-to-handle lasers. The strong fluorescence
lines of alkaline earth atoms are in the blue part of the spectrum, for which dye
lasers were less efficient. The development of blue diode laser just brought accept-
able results a few years ago, so for long time one had to use infrared lasers like
Titanium:Sapphire with a consecutive frequency doubling stage and all its com-
plications. The Doppler limit of the main fluorescence line is in the order of one
millikelvin and the absence of a nuclear or electronic spin of the bosonic isotopes
prohibits sub-Doppler cooling mechanisms. To reach ultracold temperatures a sec-
ond MOT stage has to be applied. The ultranarrow intercombination lines between
the singlet and the triplet system, a feature based on the two valence electrons, offers
a low Doppler limit. The intercombination line of calcium is too narrow to permit
strong enough forces so that the linewidth has to be artificially broadened by quench
cooling [Bin01, Meh03]. An alternative scheme is the use of a MOT for metastable
atoms in the triplet system [Grü01, Kul12].
The novel opportunities alkaline earth atoms yield in comparison to alkali atoms
however are worth the trouble. The absence of a magnetic spin of bosonic alka-
line earth isotopes simplifies the electronic structure and therefore the theoretical
description of collisions [Mac01, Der03] and excitations to molecular states [Zin00,
Ciu04]. The narrow intercombination transitions can be used as frequency standards
[Deg05b, Hoy05, Tak06, Fal11] or for precision experiments using atom interferom-
etry [Mor96, Yan02]. For a closer look on atom-atom interactions the realization of
a BEC of alkaline earth atoms was of great interest. Here another difficulty came
up. The absence of a magnetic moment in the ground state also prohibits the con-
finement in a magnetic trap. Magnetic traps have emerged to a powerful tool for
alkali atoms due to the large trap depths achieved and the large volume of the trap.
The storage of excited metastable calcium atoms in a magnetic trap was achieved
[Han03], but the inelastic losses made the evaporation down to a BEC impossible
[Han06]. The generation of quantum degenerate alkali gases with the help of opti-
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cal dipole traps [Bar01, Gra02] paved the way to all-optical BECs of alkaline earth
atoms. The rare earth isotope 174Yb, which has also two valence electrons and thus
shares the electronic structure with most of the connected difficulties and opportu-
nities, was condensed in 2003 [Tak03]. The intercombination line 1S0 − 3P1 though,
which is a valuable tool for the probing of shift and broadening effects in ultra-
cold gases, is relatively broad in ytterbium (180 kHz [Toj06]) compared to calcium
(374 Hz [Deg05b]) and strontium (7.4 kHz [Xu03]). Experiments aiming for a BEC
of 88Sr failed due to a very small scattering length and thus a very low evaporation
and thermalization rate. Loading of calcium into an ODT turned out to be diffi-
cult. The differential light shift between the 1S0 and 3P1 state was much larger than
the linewidth of the transition effectively tuning the cooling laser out of resonance
at the position of the ODT. This demanded for an ODT at the magic wavelength
[Kat99]. In the course of this thesis finally a BEC of an alkaline earth element was
achieved [Kra09], although huge three-body losses connected to the large ground
state scattering length between 340 a0 and 700 a0 [Vog07] marked another difficulty.
The calcium BEC presented in this work was closely followed by a condensate of
84Sr [Ste09, Mar09]. Recently an alternative route for the condensation of calcium
atoms has been developed at the Universität Hamburg [Hal12]. Using a MOT of
metastable triplet atoms with consecutive depumping into the ground state, this
scheme might be well suited for lighter alkaline earth elements like magnesium.
The achieved atom number inside the BEC is 5-fold smaller than in our experiment
though.
While a BEC is a good tool for the investigation of interatomic and multibody inter-
actions, one might also want to have the opportunity to manipulate the interaction.
The interatomic interaction is strongly dependent on the existence of a molecular
state close to the diatomic asymptote [Fed96b]. Magnetic Feshbach resonances are a
common tool to shift a nearby magnetically sensitive molecular state into the reso-
nance of the scattering wave. Magnetic Feshbach resonances were first observed in
1998 [Ino98]. With the help of these resonances it was possible to change the scat-
tering length of chromium to a value appropriate for evaporation down to a BEC
[Gri05]. It was also possible to form weakly bound molecules by slowly ramping the
magnetic field over the Feshbach resonance [Köh06]. In alkaline earth atoms how-
ever magnetic Feshbach resonances can not be applied, again due to the absence of a
magnetic spin in the ground state. Optical Feshbach resonances have been proposed
[Fed96a] as an alternative way to influence the scattering length by coupling the
ground state atoms to a molecular excited state optically. It has first been observed
in sodium [Fat00], but was accompanied by large photoassociative losses. Theory
predicts the ratio of losses due to photoassociation and the achieved modulation of
the scattering length to be proportional to the natural lifetime divided by the de-
tuning from a photoassociative resonance [Ciu05]. A narrow natural linewidth like
the intercombination line in alkaline earth metals is therefore a good precondition
for the application of low loss optical Feshbach resonances. This line has a width of
374 Hz in calcium compared to typically several MHz for singlet-singlet transitions
and 7.4 kHz for the intercombination line in 88Sr, which is the next heavier atom
with a similar electron structure.
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Optical Feshbach resonances in calcium can be used for reducing the naturally large
scattering length, and thereby optimize the production and lifetime of Bose-Einstein
condensates (compare chapter 4). Additionally they can be used to introduce spa-
tially small regions of an altered scattering length inside a BEC for example to excite
solitons.
The exploitation of optical Feshbach resonances demands for the knowledge of
molecular states consisting of one ground state and one excited state atom. The
most established tool for the detection of molecular energy levels close to the di-
atomic asymptote is photoassociation spectroscopy [Tho87]. A pair of unbound
ground state atoms can be excited into an excited molecular state by a photon. This
leads to a loss of trapped atoms if the photon energy coincides with the energy gap
between the ground state and the molecular state. The spacing between the molec-
ular energy levels close to the diatomic asymptote is subject of many theoretical
investigations (e.g. [Le 70, Le 80b, Com04, Raa08]). There are also some theoretical
calculations about the loss coefficient of photoassociation spectroscopy [Ciu04]. The
small linewidth of the transition entails a low coupling strength to the molecular
state, which demands for a dense atomic ensemble of low temperature to achieve
well detectable trap losses. The technique of generating ensembles with high phase
space density as developed for the Bose-Einstein condensation supplies us with the
necessary conditions for photoassociation spectroscopy.
This thesis will present the first achievement of a Bose-Einstein condensate of 40Ca
atoms as the first alkaline earth BEC worldwide. In addition the first steps towards
optical Feshbach resonances were done by finding the weakest bound molecular
levels in the 0+

u and 1u potentials near the 1S0 − 3P1 asymptote via photoassociation
spectroscopy. The broadening and shift mechanisms as well as the coupling to an
external magnetic field have been investigated and a reliable prediction of deeper
bound levels is performed on the basis of established theoretical models.



Chapter 2

Laser Cooling of 40Calcium

The main tool for the generation of cold and ultracold ensembles in atomic physics
experiments is the magneto-optical trap (MOT). It consists of 6 pairwise counter-
propagating beams, which are red-detuned to an electronic transition in the order
of its linewidth, and a magnetic quadrupole field. The magnetic field is zero at the
centre of the MOT with a constant gradient in all directions. The laser beams are
circularly polarised in a way, that an atom displaced in a given direction mainly ab-
sorbs the laser beam, which is pushing it back into the centre by radiation pressure,
effectively representing a harmonic trapping potential. In addition, an atom with a
velocity into one direction preferably absorbs the counterpropagating beam, which
is closer to resonance than the copropagating one due to the Doppler effect. This
way the MOT also creates a velocity-selective force, which cools the atoms down to
a temperature limited by the heating due to statistical scattering of photons, the so-
called Doppler limit. A more detailed and analytic description of Doppler cooling
and magneto optical traps can be found in [Met99, Mey01].
In this chapter I will shortly outline the laser cooling schemes in our experiment and
the setup of the corresponding laser systems.

2.1 Preparation of cold calcium atoms using the main
fluorescence line

The low vapour pressure of calcium at room temperature makes loading of a MOT
from a background gas very inefficient. We therefore heat calcium inside an oven
to a temperature of 610◦ C and decelerate the hot atoms with a Zeeman slower. The
slow atoms are then deflected by a 2D-molasses into our trapping region. This setup
avoids collisions between trapped atoms and the beam of hot atoms by geometric
separation (see fig. 2.3).
The ground state of 40Ca is a 1S0 state with a fully populated 4s orbital. The strongest
fluorescence line is connecting the 1S0 to the 1P1 state (see figure 2.1). This line has
a wavelength of 423 nm and a linewidth of 34 MHz. This transition is used for the
Zeeman slower beam and the molasses as well as a first MOT stage.
The absence of a nuclear as well as electronic spin in the ground state prohibits sub-

13



14 Laser Cooling of 40Calcium

Figure 2.1: Level scheme of 40Ca showing the atomic levels relevant for this work.
Cooling transitions as well as the repump and the quench transition are displayed.

Doppler cooling mechanisms such as polarisation gradient cooling. We reach atom
numbers of about 2 · 108, without the repumper explained later in this section, at
a temperature of 1-2 mK, not much higher than the Doppler limit of 0.8 mK. The
magnetic field is generated by a pair of coils in anti-Helmholtz configuration. Its
gradient is 2.55 mT/cm at a current of 17 A [Naz07].

2.1.1 Generation and stabilization of blue light

To generate laser light at 423 nm we use a frequency-doubled Titanium:Sapphire
(Ti:Sapphire) laser1 pumped by a frequency doubled Nd:YAG2. The Ti:Sapphire has
a bow tie configuration and an optical isolator selecting one direction of circulation
and can therefore be operated in single mode. The Ti:Sapphire has an output power
of 1.45 W at a wavelength of 845 nm when pumped with 9.5 W.
The frequency doubling of the light is done in a Lithium triborate crystal placed in
a ring cavity which is further described in [Deg04a]. It is stabilised to the incoming
infrared light via Hänsch-Couillaud [Hän80] locking technique. We achieve 520 mW
of blue light. Most of the power is used for the Zeeman slower beam. To be on
resonance with the high velocity atoms out of the oven, the Zeeman slower beam is
red-detuned by 512 MHz via an acusto-optic modulator. About 22 mW of the blue
light is used for the 6 MOT beams at a detuning of 42 MHz, which enter the chamber

1Coherent MBR - 110
2Coherent Verdi V10
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Figure 2.2: Schematic overview of the frequency synthesis and the distribution of
blue light into the experiment. There are additional beam paths for example an
additional reflection at the surface of the Lithium triborate crystal, which were not
used in the experiments of this thesis though. The abbreviations are AOM = acousto-
optic modulator, Ti:Sapph = Titanium:Sapphire laser

circularly polarized. Each beam is enlarged with a telescope to a 1/e2-radius of
intensity of 1.2 cm. Further application of the blue light is the deflection molasses
as well as absorption imaging of ground state atoms with a CCD-camera3. A small
fraction of the laser power is used to stabilise the laser frequency to a passive cavity
via lock-in technique, in which the frequency modulation is done by an acousto-
optic modulator (AOM). An overview of the distribution of the blue light is given
in fig. 2.2.

2.1.2 Repump laser for the first stage MOT

The MOT-transition 1S0 - 1P1 is not perfectly closed. Atoms in the 1P1 state can al-
ternatively decay to the 4s3d 1D2 level with a relative strength of 10−5 [Bev89]. From
this level the atoms can decay back to the ground state via the 3P1 state or into the
metastable 3P2 state with a lifetime of 2 hours [Der01]. To avoid this loss channel
we shine in a repump laser beam. This repump laser transfers the atoms from the
1D2 state to the 4s5p 1P1 state, from where the atoms efficiently decay back to the
ground state. The repump laser is a diode laser4 operated at 672 nm and stabilized
to a passive cavity.
Via a fibre we get 150 µW into the vacuum chamber from one direction and retrore-
flect the beam to achieve a higher intensity. This way we can increase the atom

3Roper Scientific CoolSNAP ES
4Toptica DL 100
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number in our first MOT stage by a factor of three. We can store up to 109 (typically
5 · 108) atoms in the MOT with the repumper being applied.

2.2 Approach to µK temperatures - second MOT stage
on the intercombination line

The achieved temperatures in the order of millikelvin are too high for efficient load-
ing into an optical dipole trap. For further cooling we use the intercombination tran-
sition to the triplet state 3P1. The transition between singlet and pure triplet states is
strictly forbidden for dipole radiation, however a small mixing with singlet states,
mainly the 1P1 state, allows the transition, giving it a linewidth of γ = 2π · 374 Hz
[Deg05b]. The Doppler limit TDoppler = h̄γ

2·kB
of this transition is 9 nK, when no broad-

ening techniques are applied and the temperature of the atoms would therefore be
limited by the recoil limit of 0.55 µK [Cas89].

2.2.1 Quench cooling

The force applied by the scattering of photons on the intercombination transition at
the capture radius of the MOT, where the detuning is cancelled by the Zeeman shift,
can be calculated to F = h̄kγ/2 = 1.2 · 10−24 N for intensities much larger than the
saturation intensity, which results in an acceleration of F/mCa = 18 m/s2. This force
is hardly enough to compensate gravity.
To increase this force and prevent the atoms from falling, we increase the rate of
scattered photons artificially. This is done by applying a quench laser5 at a wave-
length of 453 nm. The quenching light is shined in from the bottom of the chamber
circularly polarized and retroreflected after passing a λ/4-plate twice. The quench
laser couples the excited 3P1 state to the faster decaying 4s4d 1D2 state. Due to this
mixing of states, the rate of photon scattering and thus the cooling force increases,
but at the cost of higher temperatures [Bin01].
In this second MOT stage we achieve atom numbers of up to 108 (typically 4 · 107)
atoms at 12 µK with a half-life time of around 300 ms.

2.2.2 Setup of the red laser system for the second MOT stage

The 657 nm light for the second MOT stage is generated by diode lasers in master-
slave-configuration. Since the transition was formerly used as a frequency standard
[Wil01] the master laser is Pound-Drever-Hall [Dre83, Bla01] stabilized with about
1 Hz linewidth to a passive cavity with a noise, vibration and thermally isolated
mounting [Naz06]. The drift of the cavity and therefore of the laser frequency is
35 mHz/s. It is compensated by a double-pass AOM, which is permanently fre-
quency sweeped via a direct digital synthesizer (DDS). The light from the master
is amplified by a series of injection locked slave lasers (see fig. 2.4). The light is

5Toptica TA/DL-SHG 110
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Figure 2.3: Schematic drawing of the vacuum chamber and the arrangement of laser
beams for optical cooling, detection and the dipole trap. The drawing represents a
top view onto the horizontal plane, whereas one of the dipole trap beams is tilted
by 20◦ with respect to that plane.

used in the experiment for Doppler free spectroscopy as well as cooling. The light
for cooling is frequency modulated to have a broader spectrum. The spectrum can
be approximated by a rectangle in frequency space with a full width of 3.4 MHz,
and the nearest resonant edge red-detuned from the atomic resonance by 320 kHz.
The light enters the chamber from 3 directions and is retroreflected after passing
through. The total power of all 3 beams is 18 mW, the 1/e2-radius of intensity is
4.9 mm. An overwiew of the distribution of the red light is given in figure 2.4.

From the second MOT stage we load the atoms into a dipole trap at a wavelength of
1031 nm, in which most of our experiments are performed. The dipole trap is further
described in chapters 3 and 4. A schematic overview of the vacuum chamber and
the arrangement of laser beams is shown in fig. 2.3. The optical cooling transitions
are displayed in fig. 2.1.
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Figure 2.4: Schematic overview of the frequency synthesis and the distribution of
red light to the experiment. The left side shows the stabilization to an ultrastable
cavity [Naz06] as well as a slave laser and a sweepable 300 MHz AOM for the com-
pensation of the cavity drift. The right side shows the slave system in the laboratory
room. The four slave lasers are named after characters from the novel "The Hobbit,
or There and Back Again" [Tol37] for better distinction. AOM 2 and AOM 3 can be
sweeped for spectroscopy scans. AOM 4 is used to modulate a cooling comb onto
the light, broadening the laser spectrum to 3.4 MHz. The abbreviations are FI =
Faraday Isolator, EOM = electro-optic modulator, AOM = acousto-optic modulator,
PDH = Pound-Drever-Hall, ULE = ultra-low expansion glass.



Chapter 3

Characterisation of the Dipole Trap
Setup

Photon scattering represents a severe limitation to laser cooling down to quantum
degeneracy. Only one group has reported on laser cooling down to a BEC by de-
liberately making atoms transparent to the cooling radiation [Ste13]. In the usual
approach the laser cooled ensemble is loaded into a conservative trapping poten-
tial and evaporatively cooled, meaning that the high energetic atoms are selectively
released from the trap effectively cooling the remaining ensemble. While the first
choice for a conservative trapping potential for neutral atoms is the magnetic trap
due to its simple applicability and large trapping volume, this kind of trap is only
practicable for atoms with a magnetic moment, which is not given for the ground
state of 40Ca among all other bosonic alkaline earth metals. Instead the atoms are
loaded into an optical dipole trap at a wavelength of 1031 nm. This chapter will give
an overview of the setup and present some experiments on the characterisation of
the trap parameters, which has been helpful for the achievement of a BEC as well as
the description of atomic ensembles above and below the critical temperature.

3.1 The ac-Stark effect - light shifts and differential light
shifts

3.1.1 Dressed states and light shifts

The principles of the dipole force can be well explained in the dressed state model
(see e.g. [Gri00]). In a two-level system the atomic states Ψg and Ψe are no longer
eigenstates of the Hamiltonian in the presence of a light field. When writing the
Hamilton operator in matrix form with the basis vectors Ψg and Ψe, the light in-
teraction will appear as off-diagonal entries and the new eigenstates are found by
diagonalization of the matrix. It can be shown, that for red-detuned light the lower
state is shifted to lower energies by the presence of the light proportional to its
intensity, while the upper state is shifted to higher energies by the same amount.
For non-excited atoms a Gaussian shaped red-detuned laser beam thus represents
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a conservative Gaussian shaped trapping potential. The trapping potential can be
approximated to [Gri00]

Udip(r) =
3πc

2ω3
0

Γ

∆
I(r) (3.1)

where ω0 is the transition angular frequency, Γ its linewidth and ∆ the detuning
from resonance. I(r) is the intensity profile of the trapping laser.
For a more realistic multi-level atom the total light shift of the ground state is given
by the sum of the light shifts arising from all possible transitions, each calculated
with its corresponding transition strength and detuning. The shift is often referred
to as the ac-Stark effect.
Note that different magnetic sublevels generally experience different shifts, since the
transition strengths to other levels scale with the Clebsch-Gordan coefficients. Also
the polarization of the dipole trap light determines which transitions will contribute
to the light shift. Thus traps of the same wavelength but different polarizations
result in different light shifts for the sublevels.

3.1.2 Differential light shift and magic wavelength

As mentioned above not only the ground state experiences a shift, but also the ex-
cited states. Thus a probe beam will be absorbed at a different frequency compared
to in absence of a dipole trap. I will call this shift of the transition, which is the differ-
ence between the shifts of the ground and excited state, a differential light shift. In
a two-level system this differential shift is twice the shift of the ground state. While
transitions which are very strong compared to all other transitions can be well de-
scribed as a two-level system, this is not the case for the intercombination transitions
between singlet and triplet states in calcium. The light shift of the ground state is
mainly given by the coupling to other singlet states, whereas the light shift of the
triplet state is dominated by transitions in the triplet system. The light shifts of the
1S0 and the 3P1 sublevels in dependence of the dipole trap wavelength are shown in
figure 3.1. For a certain wavelength of the trapping laser one can achieve an iden-
tical shift for the ground and excited state (red circles in fig. 3.1). In this case the
transition frequency is not influenced by the intensity of the light, while the poten-
tial depth is. The wavelength for which this is the case is called "magic wavelength".
In our calcium experiment the transition 1S0−3P1 is of critical importance. The load-
ing of the dipole trap takes place during the second MOT stage. Since the dipole
trap is a conservative trap, atoms are accelerated when entering the trap and can
only stay in the trap, if the gained energy is dissipated inside the dipole trap. This
dissipation can be provided by the MOT beams. Since the light shift is large com-
pared to the detuning of the cooling beam, efficient cooling inside the trap can only
be achieved in a dipole trap close to a magic wavelength. The importance of a magic
wavelength trap for the transfer into the dipole trap has been pointed out by [Gra07]
and characterised by [Vog09]. Two magic wavelengths have been determined by
[Deg04b]. At a wavelength of 800.8(22) nm of a π(σ)-polarized dipole trap beam the
m = ±1 (m = 0) sublevel experiences the same light shift as the ground state. In a
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Figure 3.1: The light shift per intensity for the calcium ground state and for the 3P1

m-sublevels in dependence of the dipole trap laser wavelength. The light shift of
the m-sublevels also depends on the polarization of the trap laser. From [Deg04b],
modified.

σ±-polarized dipole trap the differential light shift to the m = ∓1 sublevels vanishes
at a wavelength of 983(12) nm.

3.1.3 Yb:YAG laser setup

The magic wavelength at 983 nm is preferred over the one at 801 nm due to the
fact, that the non-magic magnetic subcomponents are tuned out of resonance rather
than into resonance. We decided to use a diode pumped Yb:YAG disk laser1 with
a maximum output power of 25 W for our trapping beam for several reasons. The
exact wavelength of the laser was measured2 to be (1030.86 ± 0.15) nm, which is
close to the magic wavelength. The high power and good beam profile enable us to
generate a well-shaped deep trapping potential.
The light is split into two beams and each is sent through a photonic crystal fibre
for the generation of a horizontal and a tilted dipole trap. The tilted dipole trap
is intersecting the horizontal one at an angle of 51◦ in the horizontal plane and 20◦

tilted downwards to the horizontal plane. The total angle between the traps is thus

1prototype from the Institut für Strahlenwerkzeuge, Stuttgart; loan from Prof. Dr. Ertmer and
Prof. Dr. Rasel, Leibniz Universität Hannover

2measured with Yokogawa AQ6317C Optical Spectrum Analyzer. The calibration was done at the
day of measurement
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Figure 3.2: Sketch of the dipole trap and MOT beams arrangement at the position
of the atomic cloud. The dipole trap beams intersect at an angle of 54◦, where one
beam is tilted towards the horizontal plane by 20◦.

54◦ (see fig. 3.2). The power of each beam is stabilized via a feedback loop to a
power that can be set by the experiment control computer. The feedback signal is
fed to an AOM in front of the fibre, which is also used for switching the dipole trap
beams. Further details of the laser setup can be found in [Vog09].

3.1.4 Measurements for the determination of the magic wavelength

The knowledge of the magic wavelength is not just important for the loading of the
dipole trap but also for some experiments of high precision spectroscopy inside the
dipole trap. Thus it is useful to determine the magic wavelength as exactly as pos-
sible. The previous determination of the magic wavelength by [Deg04b] was done
by measuring the shift at different wavelengths and extrapolating according to for-
mula (3.1). The differential light shift at 1030.9 nm was measured in the course of
this thesis to get a more precise knowledge of the magic wavelength.
For this we measured the transition frequency of the 1S0− 3P1 intercombination line
at different light intensities in a single-beam horizontal dipole trap. In the absence
of a magnetic field the direction of the dipole trap beam represents a good quantiza-
tion axis. The circularly polarised light for excitation was applied in the horizontal
plane at an angle of 51◦ and could thus excite all three mJ components. The fre-
quency of this excitation pulse was varied from shot to shot and the ground state
atom number was measured by absorption imaging right after the excitation. For
the evaluation of the light shift one has to account for the thermal distribution in-
side the trap. The atoms thus do not experience the peak intensity I = 2P

πw2
0
, but a
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Dipole trap polarization ∆mJ light shift interpolated from
Hz/(W/cm2) [Deg04b]

σ+ +1 5.46± 0.32 5.68
σ+ 0 2.29± 0.17 2.52
σ+ −1 0.45± 0.09 0.30
σ + π 0 3.08± 0.20 2.99
π 0 3.87± 0.30 3.46

Table 3.1: Differential light shift of the mJ -subcomponents. The first four values are
the fit coefficients of the graphs in figure 3.3, where the fourth value represents a
measurement with an external magnetic field applied. The last value is calculated
from the measured values following geometric consideration about the polarization
(see text). The uncertainty consists of the fit uncertainty as well as uncertainties in
the ensemble temperature, power calibration and beam waist of the dipole trap.

reduced value according to their mean distance from the trap center. The average
energy of the particles is Epot = Ekin = 3

2
kBT . The temperature of the atoms in a

trap with a peak intensity of 1.4 · 104 W/cm2 (trap depth of kB · 5.9 µK) was mea-
sured to be 1.0 µK, which leads to an effectively experienced intensity of 0.75 · Ipeak.
For higher intensity values we ramped down to the same low intensity first and
then increased the power to enforce an accumulation closer to the peak intensity.
Since the ramping was done adiabatically the temperature can be calculated to be
T =

√
U/U0 · T0, where U0 = kB · 5.9 µK and T0 = 1.0 µK. In addition to the mea-

surement without magnetic field there was done a series of scans with an applied
Helmholtz field of around 0.27 mT perpendicular to the dipole trap and the differ-
ential shift of the ∆mJ = 0 transition was measured. The magnetic field gives the
quantization axis in good approximation. In a geometric model one can then think
of the circularly polarized dipole trap beam as half π-polarized and half linearly
polarized perpendicular to the quantization axis, which again can be decomposed
into σ+ +σ−-light. We can thus separate the observed differential light shift ∆observed

into 1
2
∆π(m = 0) + 1

2
∆σ(m = 0) and calculate ∆π(m = 0) from this with ∆σ(m = 0)

measured independently in absence of the Helmholtz field.
The differential light shift in dependence of the dipole trap intensity is displayed
in figure 3.3. The shift coefficients are summarized in table 3.1. The measured dif-
ferential light shifts show a fair agreement with former values, originating from
measurements of [Deg04b] and interpolated to the wavelength of 1031 nm.

3.2 Dimensions of the dipole trap

The dimensions of the dipole trap are of crucial interest. Since the density of the
atoms can not be observed directly due to resolution limits, it has to be calculated
from the temperature and the trap dimensions. A harmonically approximated trap
centre will be occupied by an atomic ensemble of temperature T following a Maxwell-
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Figure 3.3: Differential light shift of the mJ -subcomponents in dependence of the
dipole trap intensity. The solid circles represent a measurement without an external
magnetic field. The empty circles represent the differential light shift of the mJ = 0
component in a magnetic field of around 0.27 mT. The shift is given relative to the
frequency measured in absence of the trap beam. Thus (0|0) is not a distinguished
point. In fact it shows a higher uncertainty due to a possible unresolved splitting by
stray magnetic fields. However the disagreement of some fits with (0|0) contributes
significantly to the uncertainty budget.

Boltzmann distribution with a density profile

ρ = ρ0 · e
(− x2

2σ2x
− y2

2σ2y
− z2

2σ2z
)

(3.2)

with σi = 1
ωi

√
kT
m

, ωi the trap frequencies and

ρ0 = N · ωxωyωz
( m

2πkT

)3/2

. (3.3)

The knowledge of the trap frequencies thus allows for the determination of the den-
sity profile from the easily accessible atom number N and temperature T .

3.2.1 Measurement of radial trap frequencies

The beam profile of our dipole trap laser beam is assumed to be rotationally sym-
metric. Eq. (3.2) can thus be simplified by the substitution r2 ≡ x2 + y2, and
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σx = σy ≡ σr. The potential of a single laser beam is strongly elongated along
its direction of propagation. The trap thus has two strongly different trap frequen-
cies ωr and ωz. The trap frequencies can be measured by inducing oscillations. For
the measurement of the radial trap frequencies I decided to use a release-recapture
method, which has also been used by [Deg04a].
The atoms are stored in a single-beam dipole trap. The dipole trap is then switched
off to release the atoms. After a short time trelease,1 the dipole trap is switched on
again. Most of the atoms are recaptured if trelease,1 is short enough, but they have
expanded and are thus farther away from the trap centre and at a higher potential
energy. This potential energy leads to an acceleration towards the centre of the trap.
The atoms start to oscillate inside the conservative trapping potential. After a vari-
able time of tosc the dipole trap is switched off again. This time the expansion rate
of the atoms depends on the phase of the oscillation. Another recapture after the
time trelease,2 followed by an excitation of the atoms and fluorescence detection of
the atom number via a photomultiplier is used to observe the oscillation phase in
dependence of tosc. For reference the fluorescence signal of the atom cloud is taken
in another experimental cycle without the second switch-off. Also the dark count
rate of the photomultiplier is measured.
Figure 3.4 shows the normalized atom number after the second recapture in depen-
dence of the duration of the oscillation tosc. Due to the symmetry of the oscillation,
the signal is periodic with twice the trap frequency. The release times for this mea-
surement were trelease,1 = 200 µs and trelease,2 = 280 µs.
The fast decay of the oscillation with a time constant of 0.25 ms can have different
causes. One possible explanation is given by collisions between the atoms. The
collisions will give the atoms a random direction of momentum, which makes the
colliding atoms move out of phase of the other atoms. However, a repetition of
the experiment with less atoms and otherwise unchanged conditions results in a
similar damping time, even though collisions should be more than an order of mag-
nitude less frequent. Thus collisions can not explain the fast decay of the oscillation.
Another explanation involves the oscillation of atoms with different frequencies.
The oscillations will wash out due to the dephasing of slower or faster oscillating
atoms. A method of investigating this effect is the variation of the first release time
trelease,1. For longer release times, more atoms will populate the outer anharmonic
regions of the dipole trap when recaptured. Those atoms will perform a slower an-
harmonic oscillation. When increasing the first release time from trelease,1 = 100 µs
to trelease,1 = 280 µs, the damping time of the oscillation decreases from 0.3 ms to
around 0.19 ms, which proves the influence of anharmonic oscillations. The mea-
surement shows, that the contribution of anharmonic oscillations does not influence
the trap frequency determined by the fit significantly though.
In addition a possible ellipticity of the trap will lead to different oscillation frequen-
cies along the two radial dimensions. This will again lead to a dephasing.
The trap frequency was determined several times with different release times trelease,1
and trelease,2 and different atom numbers. The trap frequency was calculated to be
ωr = 2π · 1576(31) Hz in average. The power of the dipole trap beam was 5.75 W
before entering the chamber and around P = 4.95 W at the position of the atoms.
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The uncertainty of the power can be estimated by the calibration uncertainty (2.5 %)
and possible fluctuations of the power during the measurement (1 %) to be 2.7 %.
Using the measured trap frequency ωr and assuming a Gaussian beam profile the
beam waist can be calculated with the formula

ωr =

√
4U0

mCaw2
0

(3.4)

with w0 the beam waist and U0 = α I0
2ε0c

[Deg04a] the trap depth. Here I0 = 2P
mw2

0
is

the peak intensity of the laser beam and α = h · 47.25 · 10−7 Hz/(V2/m2) the polariz-
ability of the calcium ground state atoms at a dipole trap wavelength of 1031 nm as
extrapolated from data of [Deg04b]. Following equation (3.4) we determine a beam
waist of of w0 = 32.7(4) µm. The uncertainty results mainly from the trap frequency
measurement itself, but also the uncertainty of the dipole trap power is accounted
for.
The same measurement has been performed for the tilted dipole trap resulting in a
trap frequency of ωr = 1854(24) at a dipole trap power of 7.38 W. Assuming a Gaus-
sian intensity profile again, this leads to a beam waist radius of w0 = 33.3(3) µm.

3.2.2 Measurement of axial trap frequencies

The atoms do not expand significantly along the axial direction of the dipole trap
during the release times of around trelease,1 = 250 µs. Much longer expansion times
are not possible without losing the atoms. Thus the abovementioned release-recap-
ture method is not suitable for the measurement of the axial trap frequencies.
One opportunity for the measurement of the axial trap frequencies is given by the
experimental realization of a dipole trap wavelength, which is near the magic wave-
length for only one mJ -subcomponent. Since the MOT beams have opposite polar-
izations the beam counterpropagating to the dipole trap beam is still absorbed by
the atoms, while the MOT beam along the dipole trap beam is not absorbed. This
results in an effective force, which dislocates the atoms from the dipole trap centre,
as long as the MOT beams are switched on. After the loading of the dipole trap the
MOT beams are switched off and the atoms start to oscillate along the weak axis of
the dipole trap. Since the spatial amplitude of the oscillation is large enough, it can
be observed directly as a change of the position on the absorption image. The os-
cillation is shown in figure 3.5. In this measurement the damping of the oscillation
can most probably be attributed to collisions, since the atomic ensemble is in the
hydrodynamic regime along the axial direction of the trap. The oscillation leads to
a trap frequency of ωz = 2π · 6.6(1) Hz at a dipole trap power of 6 W in front of the
chamber (around 5.16 W at the position of the atoms).
This value can be compared to the measurement of the radial trap frequency. Con-
sidering a waist radius of w0 = 32.7 µm and a purely Gaussian beam, we can calcu-
late the Rayleigh length to be zR = 3.25 mm. The axial trap frequency would then
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Figure 3.4: Oscillation of the atoms along the radial dimension of the dipole trap
measured with the release-recapture method as described in the text. Plotted is the
normalized fluorescence of the recaptured atoms against the duration of the oscilla-
tion tosc. The fit represents a damped oscillation with a linear drift. The oscillation
frequency represents twice the trap frequency. The trap frequency obtained from
this measurement is ωr = 2π · 1577(22) Hz.

be

ωz =

√
2U0

mCaz2
R

= 2π · 11.4 Hz. (3.5)

The discrepancy might arise from an astigmatism. The beam profile has been ob-
served with a camera at different positions along the dipole trap axis. The positions
of the waists in the x- and y-direction of the beam differ by about 1.6(8) mm. This
astigmatism reduces the curvature of the trap around the minimum by a factor be-
tween 1.07 and 1.8, resulting in a lowering of the trap frequency of a factor between
1.03 and 1.36. Even though this does not explain the discrepancy quantitatively, the
trap frequency measurements represent a good understanding of the trap geometry,
which helps determining the density and phase space density – important quanti-
ties on the way to quantum degeneracy and the description of the BEC presented in
the next chapter.
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Figure 3.5: Oscillation of the atoms along the axial direction of the dipole trap. The
centre of mass position of the atom ensemble is plotted against the time after switch-
ing off the second MOT stage. The fit represents a damped oscillation. The trap
frequency gained from this measurement is ωr = 2π · 6.5(1) Hz.



Chapter 4

Bose-Einstein Condensation of
Calcium

In this chapter the first realization of a Bose-Einstein condensate (BEC) of alkaline-
earth atoms will be presented. As mentioned earlier the applied cooling scheme
is evaporative cooling in an optical dipole trap. This scheme will be described in
this chapter and the peculiarities associated with calcium atoms are pointed out.
Finally the Bose-Einstein condensate and experiments showing its characteristical
behaviour are presented.

4.1 Theoretical description of a BEC

A qualitative picture of the behaviour of bosonic atoms at different temperatures
is sketched in the often cited drawing of W. Ketterle et al. [Ket99] (figure 4.1). A
necessary condition for the formation of a BEC is the overlap of the wave packets of
the atoms. A measure for this overlap is the phase space density ρPSD defined as the
number of atoms in a phase space volume of h̄3. It can be written as ρPSD = n · λ3

DB,
where n is the atomic density and λDB = h√

2πmkBT
is the de Broglie wavelength.

The critical phase space density for the formation of a BEC is 2.6 in free space and
1.2 in a harmonic trapping potential as approximately given by a Gaussian optical
dipole trap. Rearranging the formula ρPSD = 1.2 results in a formula for the critical
temperature Tc. An advanced theory also takes into account the finite atom number
and interaction and leads to [Gio96]

TC = 0.94
h̄ω̄

kB
N1/3(1− 0.73

ω′

ω̄
N−1/3 − 1.33

asc√
h̄/(mCa · ω̄)

N1/6) (4.1)

where ω̄ = (ω1 · ω2 · ω3)
1
3 is the geometric average and ω′ = (ω1 + ω2 + ω3)/3 the

arithmetic average of the angular trap frequencies and asc is the ground state s-wave
scattering length.
While the kinetic and potential energies inside a BEC are comparatively low the
densities can get very high. The interaction between the atoms can thus no longer be
neglected and has to be included in the Schrödinger equation. This is usually done

29
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Figure 4.1: Schematic drawing of the atomic behaviour at different temperatures.
The uppermost frame shows a classical gas at high temperature, in which the atomic
interactions can be described analogously to billiard balls. At lower temperatures
and high enough densities, the de Broglie wavelength becomes a relevant measure
of the system (second frame), until at the critical temperature the matter waves over-
lap and build a Bose-Einstein condensate in the vibrational ground state of the sys-
tem (third frame). A pure condensate as in the fourth frame only exists in the hypo-
thetical case of zero temperature, but very high condensate fractions can already be
achieved at finite temperatures (from [Ket99]).
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by a mean-field approximation. The interaction is thence no longer the sum over all
particle pairs, but is rather approximated by each particle experiencing the density
distribution of the other particles, resulting in the effective single-particle non-linear
Schrödinger equation, also called Gross-Pitaevskii equation [Gro61, Pit61](

− h̄2

2m
∆ + V (r) +

4πh̄2asc
m

|Ψ(r)|2
)

Ψ(r) = EΨ(r), (4.2)

in which the third term of the energy sum represents the mean-field interaction. ∆
is the Laplace operator. While a negative scattering length asc, denoting an attrac-
tive interaction, leads to a fast collapse of the condensate, atoms with a positive
scattering length as in the case of calcium push each other apart due to the mean-
field force. Thus the atoms are pushed into regions with higher potential energy
and at the same time the kinetic energy due to Heisenberg uncertainty principle is
reduced. This gives rise to the Thomas-Fermi approximation, which neglects the
kinetic energy term: (

V (r) +
4πh̄2asc
m

|Ψ(r)|2
)

Ψ(r) = µΨ(r). (4.3)

The energy is then given by the chemical potential µ describing the energy needed to
add one atom to the ensemble. This simplified equation allows for analytic solutions
for the density distribution of the BEC in the form of

n(r) = |Ψ(r)|2 =
µ− V (r)

4πh̄2asc
m

, (4.4)

representing an inverse parabola for the approximately parabolic potential of a Gaus-
sian trapping beam. The density reaches zero at the so-called Thomas-Fermi radius
R0, for which V (R0) = µ.
When the trapped ensemble is released, the atoms will be pushed apart by the mean
field repulsion resulting in an expansion from which the chemical potential can be
determined. Since the mean field repulsion is dependent on the gradient of the den-
sity distribution [Dav95], the atoms will expand faster along the stronger confined
axis. This leads to a characteristic inversion of the aspect ratio during expansion,
while thermal ensembles would approach an isotropic density distribution at large
expansion times.

4.1.1 Peculiarities of calcium

Bose-Einstein condensates have been first achieved in 1995 with rubidium [And95],
Lithium [Bra95] and sodium [Dav95]. Since then many experiments on phenomena
such as interference [And97, Bon99], superfluidity [Mat99] and the Mott insulator
transition [Gre02] have been performed. Also several more atom species have been
condensed over the years: hydrogen [Fri98], metastable helium [Rob01], potassium
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[Mod01], chromium [Gri05], caesium [Web03a] and ytterbium [Tak03]. However,
until the BEC presented in this thesis no one ever achieved a BEC with an alkaline
earth metal. Alkaline earth atoms are interesting candidates for condensation, be-
cause the two valence electrons lead to very narrow transitions between the singlet
and the triplet system. These can be used for precise spectroscopy inside the conden-
sate as well as the application of low loss optical Feshbach resonances [Ciu05] with
the prospect to tune the scattering length. One has to mention ytterbium here, which
has a similar electronic structure and thus shares the features of alkaline earth ele-
ments to some extend. However the width of the 1S0 − 3P1 intercombination transi-
tion in 174Yb is 180 kHz [Toj06] and thus about 500-fold broader than in 40Ca (374 Hz)
[Deg05a], which reduces the suitability of ytterbium for the above-mentioned appli-
cations.
The reasons for not having achieved condensation with alkaline earth elements
are just as numerous as the opportunities. The strongest cooling lines have wave-
lengths, which are not easily accessed with the simplest diode lasers, but rather de-
mand for frequency doubling systems. The absence of sub-Doppler cooling mech-
anisms demand for a second MOT stage. Also magnetic traps, which achieve high
trapping volumes, are not working for the zero-spin alkaline earth elements. 88Sr
features a vanishing scattering length, which prevents evaporation, whereas cal-
cium in the metastable 3P2 state shows high inelastic collisions [Han06], also mak-
ing evaporation down to a BEC impossible. Finally, the trapping of calcium ground
state atoms inside a dipole trap in 2007 has proven to be a promising precondition
for successful evaporation [Gra07, Yan07]. In the next section I will discuss another
difficulty occurring during evaporation: Large three-body losses compete with the
evaporation process.

4.2 Three-body losses of dense calcium ensembles

A good precondition for the realization of a BEC is a repulsive interaction, which
is represented by a positive scattering length asc. At ultracold temperatures most
collisions between bosons are s-wave collisions and the collisional cross section can
be written as σs−wave = 8πa2

sc. The larger the scattering length the more collisions
will take place and thus the faster thermalisation of the ensemble will happen. A
large scattering length will thus make evaporation more efficient due to the fast
evaporation and thermalisation rates. On the other hand a large scattering length
typically leads to large three-body losses described by the differential equation

ρ̇ = −L3 · ρ3 (4.5)

with ρ the local atomic density. The three-body loss parameter L3 scales with the
fourth power of the scattering length for large asc [Fed96b, Nie99]. It fulfils the
equation

L3 = nl · C
h̄

m
a4
sc (4.6)

with h̄ the reduced Planck constant, m the atomic mass and C varying between 0
and 68.4 due to interference effects of different scattering channels [Nie99] and nl
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denotes the number of lost atoms per scattering event.
We first observed three-body losses in a deep crossed dipole trap in an ensemble
with a peak density of ρ0 = 1.4 · 1014 cm−3. We observed a faster than exponential
decay (fig. 4.2a)). The measured points can be explained by a two-body decay as
well as a three-body decay. Due to the absence of spin-changing collisions in the
40Ca ground state, the only two-body loss effect would be evaporation, which can
be ruled out due to the constant temperature of (27 ± 2) µK (see figure 4.2b)). The
differential equation of the atom number is thus

Ṅ = −γN − εN3 (4.7)

with

ε = L3 ·
< ρ2 >

N2
(4.8)

connected to L3 via an atom number independent geometry factor. However the
small amount of data points does not justify a fit with two loss parameters, so the
atom number was just corrected for the amount of background losses that occurred
during the measurement. A simple three-body loss function was then fitted to the
points. The three-body loss coefficient was determined to be L3 = (3.2 ± 1.6) ·
10−27 cm6/s. This measurement has already been presented by [Vog09].
A later measurement with more data points was done. In this measurement how-
ever, atoms remained in the single beam wings of the crossed dipole trap and were
constantly refilling the region of the crossed dipole trap during the first 500 ms.
A fit considering three-body as well as background losses was performed only for
data points of longer storage times (fig. 4.2 c)). The fit results in a three-body loss
coefficient of L3 = (5.5 ± 2.6) · 10−27 cm6/s, which is in agreement with the above-
mentioned measurement within the combined uncertainty. The measurement has
been previously published in [Kra09]. Since evaporation could not be ruled out in
this measurement, the value should be considered as an upper boundary and the
value of the former measurement seems more trustworthy.
To illustrate the importance of three-body losses, a few comparisons can help. At
the abovementioned peak density of ρ0 = 1.4 ·1014 cm−3 the three-body losses are as
high as they would be in a vacuum with about 5 ms lifetime due to background colli-
sions. Also a comparison with the coefficients of other atom species can illustrate the
importance of this loss mechanism. In 87Rb it is L3(Rb) = 4.3 · 10−29 cm6/s [Bur97],
in a condensate1 of 23Na atoms it was measured to be L3(Na BEC) = 1.1·10−30 cm6/s
[Sta98]. Weber et. al. measured the three-body loss coefficient of 133Cs. Using mag-
netic Feshbach resonances they varied the ground state scattering length. At a field
of 7.5 mT they measured L3(Cs) ≈ 1 · 10−24 cm6/s at a scattering length of 1200 a0

[Web03b]. For the generation of the BEC they had to alter the scattering length to
a lower value [Web03a]. The comparison of L3 for the different atom species in de-
pendence of their scattering length is displayed in figure 4.3. A fourth power fit
similar to the fit in [Vog09] is shown along with the data, even though the scaling

1In Bose-Einstein condensed ensembles the three-body loss coefficient L3 is predicted to be 8-fold
smaller. This factor was experimentally confirmed by [Bur97].
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should only be valid for large asc. The loss coefficient of calcium is lower than ex-
pected from the fit. A link between the constant C = C(asc) in equation (4.6) and
Efimov physics has been recently developed [Kno12b], which is able to describe the
three-body losses in metastable helium, 86Sr and 168Yb. However the same model
still predicts larger three-body losses in 40Ca than we observed [Kno12a], if reason-
able values for the ground state scattering length are used.
Despite the loss coefficient being lower than expected, it is still very large, especially
compared to other species with which Bose-Einstein condensates were achieved.
Along with the typically higher densities in optical traps compared to magnetic
traps, three-body losses pose a huge challenge for the successful evaporative cool-
ing. Some methods to cope with these losses will be presented in the next section.

4.3 Forced evaporation scheme in a crossed dipole trap

The principle of evaporation is based on a thermally distributed ensemble in a trap
of finite depth. High energetic atoms not confined by the trapping potential will
leave the trapping volume. The energy distribution can be well-described by a
truncated Maxwell-Boltzmann-distribution. Due to thermalising collisions further
atoms can gain high enough energies to leave the trap. The trap depth is usually
much larger than the average thermal energy, so each atom leaving the trap takes
away more than average energy effectively cooling the remaining ensemble. This
leads to the so-called plain evaporation, where the temperature decreases monoton-
ically in a trap of constant depth and might eventually form a BEC. However, the
rate of evaporation gets slower the lower the temperature gets compared to the trap
depth. Since there are competing loss mechanisms like background gas collisions
and three-body collisions, the cooling due to evaporation has to take place suffi-
ciently fast. This can be assured by continuously lowering the trap depth to keep
the evaporation rate high.
The design of the dipole trap and the ramping scheme for our experiment was mo-
tivated by several considerations. Firstly the tilted dipole trap was displaced by
7 mm along the axis to achieve a larger beam diameter of around 77 µm at the cross-
ing region. This leads to lower densities and thus lower three-body losses, while
the horizontal trap still forms a deep trapping potential. Secondly, to achieve a large
trapping volume and a rather low density to avoid light assisted collisions during
loading [Vog09] we start with an almost pure horizontal single-beam trap with neg-
ligible power in the tilted trapping beam. We then transform the trap into a crossed
one by ramping down the power of the horizontal beam linearly by a factor of 3.6
and thus lowering the ratio of the intensities. The trap frequencies in this crossed
dipole trap are high enough in all directions, enabling us to employ adiabatic ramps
faster than the lifetime due to background gas collisions of about 5 s (at a pressure of
2 · 10−9 mbar). The following ramps were chosen to be linear ramps of both beams
with each ramp lowering the power by a factor of about 3. The duration of each
ramp was optimized experimentally as follows:
For the optimization of the first ramp we chose a setup with two ramps with the
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Figure 4.2: Different decay curves for the determination of the three-body loss co-
efficient L3. In the first measurement (figure section a) and b)) the temperature of
the ensemble was monitored as well to rule out losses due to evaporation. In the
second measurement (figure section c)) many atoms were caught in the single-beam
wings of the trap, constantly reloading the crossed region during the first 500 ms.
To account for this effect the fit starts at 500 ms. The results of both measurement
agree within their uncertainties. Since the upper measurement was done with less
disturbing effects, its value of L3 = (3.2 ± 1.6) · 10−27 cm6/s represents the better
estimate.
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Figure 4.3: Comparison of the three-body loss coefficient L3 for different atomic
species in dependence of their ground state scattering length asc. L3(23Na) and
L3(168Yb) have been multiplied by 8 to compensate for the fact, that they were mea-
sured inside a BEC. The scattering length of 133Cs was tuned by a magnetic Feshbach
resonance in a magnetic field of 7.5 mT. The solid line represents a scaling of L3 with
a power of 4 of the scattering length following equation (4.6), as predicted for large
scattering lengths [Fed96b]. The values for the loss coefficients were taken from
[Sta98] for 23Na, [Bur97] (87Rb), [Sug11] (168Yb), [Fer06] (86Sr), and [Web03b] (133Cs).

second ramp sufficiently slow to assure thermal quasi-equilibrium at all times. The
ramping time of the first ramp is then varied and optimized with respect to the
maximum atom number after both ramps. This assures the first ramp to be as fast
as possible to minimize competing background and three-body losses and as slow
as necessary to ensure thermalisation and adiabaticity. An example of such an opti-
mization is shown in figure 4.4. This procedure was done for each ramp where for
each ramp except the first one both laser powers were reduced.
Figure 4.5 and table 4.1 show the results of the optimization of four consecutive
ramps. The table also lists the corresponding parameters of the atom cloud. From
the experience with BECs of other elements, one would expect the optimum ramp-
ing scheme being not very different from an exponential. Here this has been proven
approximately right for all ramps except the second one. To get a qualitative view
of the processes occurring during the second ramp, one has to take a closer look on
the three-body collisions, which include dynamics that are rather unique in the case
of 40Ca.
In a three-body loss event a collision of three atoms result in the formation of a
weakly bound dimer and the binding energy is released into kinetic energy. One
third of this energy is taken away by the molecule and two thirds by the free atom
to fulfil energy and momentum conservation. In a standard approach the molecule



Bose-Einstein Condensation of Calcium 37

Figure 4.4: Example for the optimization of a ramping step. While the time for
the first ramp was altered, the atom number after a second ramp was monitored.
An optimum was found for about 450 ms. Faster ramps result in a non-adiabatic
behaviour, which leads to a strong spilling of atoms and evaporational losses during
the second ramp. For ramp times longer than 450 ms the atom number starts to
decrease due to background gas collisions.

as well as the free atom are considered to be lost resulting in the loss of three atoms
per scattering event accompanied by a slight heating effect due to the so-called
"anti-evaporation" [Web03b]. However, the assumptions of the molecule as well
as the atom being lost is only true for binding energies much larger than the trap
depth. Connected to the large ground state scattering length, a 40Ca dimer fea-
tures a weakest bound level between h · 0.1 MHz and h · 2 MHz below the diatomic
asymptote [All03]. In a deep trapping potential the atom and the molecule will be
trapped, whereupon the highly excited molecule usually collides inelastically with
another atom resulting in a total loss of three atoms. Before the inelastic collision
the molecule as well as the atom will distribute the binding energy of the weakest
bound level among the remaining ensemble. This will lead to additional evapora-
tive losses, which are highest if the trap is only slightly deeper than the binding
energy. In our experiment the second ramp lowers the trap depth from h · 0.9 MHz
to h · 0.3 MHz, which is in the order of the binding energy. It is thus favourable to
remain as short as possible in this regime, where three-body collisions lead to this
additional losses.
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trap parameters... ...after ...after ...after ...after ...after
loading 1st ramp 2nd ramp 3rd ramp 4th ramp

duration of the 350 400 150 500 400
ramp [ms] (loading of ODT)

power (hor.) [W] 8 2.2 0.67 0.27 0.12
power (tilt.) [W] 2.5 2.5 0.83 0.35 0.13
trap depth [µK] 175 48 14.6 6.0 2.6
atom number 2.6 · 106 6.5 · 105 4.4 · 105 2.3 · 105 1.2 · 105

temperature [µK] 21 6.8 2.4 0.7 0.23
phase space density 1.4 · 10−3 3.6 · 10−2 9.7 · 10−2 5.4 · 10−1 2.2

Table 4.1: Parameters of the dipole trap and the atomic ensemble after loading from
the second stage MOT and after each ramping step. Each ramp was optimized as
described in the text.

4.4 Creation of a BEC

4.4.1 Bose-Einstein condensation in a crossed dipole trap

As noted in table 4.1, the critical phase space density of 1.2 was achieved and sur-
passed after the fourth ramp. The formation and growth of the BEC could be ob-
served during a fifth ramp. On the day of the first realization of a BEC we were
using a different ramping scheme than described in section 4.3, which featured more
power in the tilted trap. The power at the edges of the five ramps was 6 W/2 W/0.67 W/0.27 W/0.12 W/0.07 W
in the horizontal trap and 5 W/5 W/
1.67 W/0.56 W/0.19 W/0.06 W in the tilted trap. The optimization led to signifi-
cantly shorter ramping times than presented in section 4.3 of 500 ms/60 ms/100 ms/
125 ms and 350 ms. The condensate showed up as a small dot in the centre of the
density distribution on the absorption images. Interpreting this slowly expanding
dot as a thermal cloud would require to assume very low temperatures of around
10 nK and hence phase space densities of more than 1000. Additionally a Gaussian
fit does not represent the density distribution well. Figure 4.6 shows the optical col-
umn density in a 3D false colour plot, which clearly reveals the bimodal nature of
the density distribution. The picture was taken after ramping down 65 % of the fifth
ramp.
Figure 4.7 shows absorption images at different final values of the dipole trap pow-
ers. The corresponding optical density distributions along the vertical axis are dis-
played together with a Gaussian fit to the thermal fraction of the atoms, from which
the temperature was determined. In figure 4.7b) the onset of a BEC is visible. The
corresponding atom number is N = 8.1 · 104 and the angular trap frequencies are
240 s−1, 900 s−1 and 1320 s−1, leading to a critical temperature of TC = 170 nK ac-
cording to equation (4.1), which is in excellent agreement with the measured 170 nK.
While the typical atom number is 7 · 104 to 1 · 105, when the critical temperature is
reached, the actual number of atoms, that populate the ground state and represent
the BEC fraction hardly exceeds 1.5 · 104.
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Figure 4.5: Dipole trap beam intensities during the ramp down to quantum degen-
eracy after optimization as described in the text. We attribute the deviation from
an exponential ramp during the second step to additional losses resulting from the
energy gained during a three-body collision being in the order of the trap depth (see
text).

The ramping scheme on the day of the first realization of a BEC led to a large number
of condensed atoms within an evaporation time of 1.1 s. However a large amount
of three-body losses made this fast ramping necessary. These three-body losses pre-
clude condensation if the starting atom number is lower. A more robust ramping
scheme was applied later, which featured a lower power in the tilted trap. The re-
sulting lower densities result in lower three-body losses and thus grants us more
time to run the evaporation at a higher efficiency. The optimization led to the ramps
presented in section 4.3. The condensate was formed during a fifth ramp of 50 ms
down to the power of 75 mW and 45 mW in the horizontal and tilted trap, respec-
tively. The total evaporation time was 1.5 s. The experiment of the mean-field ex-
pansion presented in the next section was done with this optimized ramping scheme
and 40 % of the fifth ramp were applied leading to a final power of 98 mW in the
horizontal beam and 96 mW in the tilted beam.

Mean-field expansion

Two of the identifying features of a BEC like the high phase space density and the bi-
modal Gaussian/parabolic density distribution have already been presented above.
Another strong evidence for a BEC is the inversion of the aspect ratio during expan-
sion. We measured the radii of the BEC fraction (the cutting edge of the parabolic
part of the density distribution) of an expanding atomic ensemble (figure 4.8). The



40 Bose-Einstein Condensation of Calcium

Figure 4.6: False colour 3D plot of the atomic density distribution after 7 ms of
expansion. Plotted is the optical column density in dependence of the position in the
imaging plane. A clear bimodal distribution is visible with a Gaussian distributed
thermal underground and a striking parabolic peak representing the BEC fraction.
The rippled underground structure is a result of speckles and interferences in the
absorption laser beam.

atoms along the formerly tighter confined vertical axis are expanding with a veloc-
ity of 4.8 mm/s and thus faster than the atoms along the horizontal axis (2.1 mm/s).
This leads to the typical inversion of the aspect ratio. The dipole trap powers are
98 mW in the horizontal beam and 96 mW in the tilted beam. In contrast to the hori-
zontal axis of the image, the vertical axis corresponds approximately to a vibrational
axis of the trap and can be used for further quantitative investigation. Considering
the gravitational sag the vertical trap frequency can be calculated to ωv = 870 s−1.
The ordinate intercept of 6.5 µm represents the Thomas-Fermi radius inside the trap,
which can be calculated by

R0 =

√
2µ

mCaω2
v

. (4.9)

From this we can calculate the chemical potential to be µ/kB ≈ 75 nK. A more exact
way to determine the chemical potential is considering the expansion rate, which
can be observed with higher accuracy than the radius inside the trap. The radius of
the parabolic part of the density distribution should expand according to [Ket99]

R(t) = R0 ·
√

1 + ω2
vt

2 ≈
√

2µ

mCa

· t, (4.10)

where the approximation is valid for long expansion times and cigar-shaped BECs,
which is only roughly given in our case of the crossed dipole trap. The expansion
rate of 4.8 mm/s thus leads to a chemical potential of µ/kB = 55 nK. This value will
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Figure 4.7: Absorption images of the atomic ensemble 7 ms after release from a
crossed dipole trap of different trap powers. The plots show the optical density dis-
tribution along the vertical axis after integration along the other two dimensions.
a) The lowest picture shows a thermal cloud of 9 · 104 atoms. For this picture we
ramped down 10 % of the fifth ramp to a final power of 0.12 W/0.17 W in the hor-
izontal/tilted dipole trap beam, resulting in a trap depth of kB · 0.8 µK. b) After
applying 40 % of the fifth ramp down to 0.10 W/0.14 W the ensemble shows the
onset of a BEC at a temperature of 170 nK. The trap depth is kB · 0.6 µK. c) After ap-
plying 70 % of the fifth ramp, a clear bimodal distribution is visible at a temperature
of 140 nK. The final powers and trap depth are 90 mW/99 mW and kB · 350 nK. d)
Further lowering the trap depth to U0/kB = 140 nK (final power 75 mW/62 mW)
results in an almost pure BEC of 1.5 · 104 atoms.

be used for the following calculations.
The chemical potential is connected to the scattering length via the Gross-Pitaevskii
equation (4.3) to

asc =
(2µ)5/2

15Nh̄2ω̄3
√
mCa

= 440a0, (4.11)

which is in good agreement with values from photoassociation [Vog07] and classi-
cal molecular spectroscopy [All03]. Due to the large uncertainties in atom number,
chemical potential and furthermore the trap frequencies, this confirms the previous
results, but should not be seen as an improvement on the value of the scattering
length.
Another length scale, that can be derived from the chemical potential is the healing
length of the BEC. It describes the smallest length scale of patterns and structures
inside the BEC, before these patterns wash out. It can be calculated to [Ket99]

ξ =
h̄√

2mCaµ
= 330 nm. (4.12)
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Figure 4.8: Expansion of the radii of the condensate along the vertical and horizontal
direction after release from a crossed dipole trap. While a thermal ensemble would
approach an isotropic distribution for long expansion times, the inversion of the
aspect ratio caused by the mean-field force is a typical signature of Bose-Einstein
condensates. From the fits we get expansion rates of 4.8 mm/s and 2.1 mm/s along
the vertical and horizontal direction, respectively.

4.4.2 Bose-Einstein condensation in a single-beam dipole trap

The achievement of the calcium BEC in the crossed dipole trap was a great break-
through and has proven the possibility of the condensation of calcium. While the
crossed trap has advantages like the fast ramping due to high trap frequencies, a
BEC in a single beam trap promises some advantages on its own: On the one hand
the larger trapping volume enables higher atom numbers without inducing exces-
sive three-body losses. The other advantage of a single beam trap is the clearly
defined quantization axis in the absence of magnetic fields. The vectorial fraction
of the light shift can be described as a fictitious magnetic field along ~E × ~E∗, where
~E is the complex polarization vector. In a circularly polarized laser beam it points
along the propagation axis. In the crossed dipole trap with slightly different optical
frequencies the direction of the vector is not only dependent on the angle between
the traps but also on the ratio of intensities of the traps, which is spatially varying.
Spectroscopy inside the trap using the narrow intercombination line thus demands
for a condensate in a single beam trap for a simplification of the geometrical effects
involved.
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Figure 4.9: The plots show the optical density distribution along the dipole trap
axis after integration along the two radial dimensions. The (red) solid lines indicate
the Gaussian fraction of a bimodal fit. The corresponding absorption images are
displayed as well. a) shows a thermally distributed ensemble at 170 nK. The final
power of the ramp was 0.3 W, resulting in a trap depth of kB · 2.7 µK. In b) the onset
of a BEC is visible at a temperature of 140 nK in a kB · 1.9 µK deep trap (final power
0.25 W). c) shows a clear bimodal distribution of 77 nK in a kB · 0.9 µK deep trap
(final power 0.18 W). The BEC fraction is about 20 %. In d) the density distribution
is still bimodal in a trap of 0.12 W, resulting in a trap depth of kB · 230 nK. Around
40 000 atoms form the BEC fraction. The measured temperature of 16 nK has a high
uncertainty, because the fit routine had problems to distinguish the thermal and BEC
fraction along the tightly confined axis.

We achieved a condensate in a single-beam trap using the same technique for the
optimization of the evaporation scheme. The ramping scheme was dependent on
the desired final power. We applied two ramps from 9 W to 2 W and further down
to 0.6 W within 1.5 s each and a third ramp to the desired final power within 1.2 s
followed by a thermalization stage of 1.2 s. For final powers lower than 0.2 W we
ramped down to 0.2 W in the third ramp followed by a fourth ramp of 1 s and a
thermalization stage of 0.2 s. The slower ramps compared to the crossed dipole trap
setup are a consequence of the low axial trap frequency. Thermalization along the
axis can only be assured by a sufficiently slow ramping scheme. The beam waist of
the trap was around 38 µm and thus wider than in the previous experiments (33 µm).
Fig. 4.9 shows the optical density distribution along the dipole trap axis above and
below critical temperature along with the Gaussian fraction of a bimodal fit. While
the optical density could also be fitted by a Gaussian distribution alone to reasonable
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accuracy, the resulting temperatures would be extremely low and result in a phase
space density of up to 100. This physically unlikely result justifies the assumption
of a bimodal distribution. The onset of a BEC is visible at a temperature of 140 nK,
whereas the calculated critical temperature according to formula (4.1) is 80 nK. The
difference of about 40 % between the two values can result from uncertainties in
the atom number or the temperature measurement itself. In addition some approx-
imations had to be made calculating the trap frequencies in a potential significantly
distorted by gravity.
As in the crossed trap we measured a high phase space density and a bimodal distri-
bution as clear evidence of a BEC. Figure 4.10 shows the radii during the expansion
of the BEC. The cloud expands a lot faster along the more strongly confined direc-
tion. This would lead to an inversion of the aspect ratio for longer expansion times.
The inversion could not be observed as the Thomas-Fermi radius along the dipole
trap axis is more than 200 µm even before the expansion starts. The stronger con-
fined dimension of the ensemble expands a lot faster, but reaches only 100 µm after
25 ms before it falls out of the region that we can observe with our absorption imag-
ing setup.
If we estimate the chemical potential from the expansion rate of 3.9 mm/s in the ver-
tical direction, we obtain µ/kB = 36 nK according to formula (4.10), which would
lead to a scattering length of asc = 1640 a0 with formula (4.11). The strong devia-
tion from the value in the crossed trap as well as independently determined values
[All03, Vog07] can be attributed to the high density of thermal atoms, which also
contribute to the mean-field, but has been neglected in the calculations. In addi-
tion the trap geometry has changed since the determination of the trap frequencies
(chapter 3.2) and its actual parameters are less well known.
In conclusion we achieved a Bose-Einstein condensate in a crossed as well as in a
single-beam dipole trap. While the advantages of the single-beam setup are a clear
quantization axis as well as a higher condensate atom number due to the larger
trapping volume, it comes at the price of longer evaporation times. Additionally
the critical temperature is lower due to the lower density. This makes a ramping
down to lower trap powers necessary and results in a stronger distortion by the
gravitational force, which complicates the geometric modelling of the trapping re-
gion.
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Figure 4.10: Expansion of the radii of the condensate along the vertical and horizon-
tal axis after release from a single beam trap. The expansion along the vertical axis
can be determined to 3.9 mm/s from the fit. An inversion of the aspect ratio could
not be observed due to the condensate falling out of the imaging area after 25 ms.
The slight contraction along the horizontal axis might result from fit uncertainties of
the bimodal fit or indicate a collapsing condensate due to atom losses in the central
region.
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Chapter 5

Photoassociation at the
Intercombination Line

Some of the most interesting future applications and experiments above and below
quantum degeneracy of calcium employ optical Feshbach resonances. A measure
of the applicability of optical Feshbach resonances is the achieved variation of the
scattering length in comparison to the light induced losses. This ratio is predicted
to be larger for Feshbach resonances close to a narrow atomic transition [Fed96a].
Calcium is a very good candidate for efficient variation of the scattering length due
to the narrow 374 Hz intercombination line 1S0 − 3P1, which is about 20-fold nar-
rower than the correspondent line in 88Sr, but still strong enough for nearby molec-
ular states to be excited. For the application of Feshbach resonances a detailed un-
derstanding of the coupling between pairs of free ground state atoms and excited
molecular states via laser light is mandatory, which can preferentially be investi-
gated by photoassociation spectroscopy. In the course of this work, the weakest
bound molecular states in two attractive molecular potentials near the 1S0 + 3P1

asymptote have been found. In this chapter I will present the measurement of the
frequency difference between those states and the diatomic asymptote and discuss
their coupling to an external magnetic field as well as the line shape of the transition
to these states.

5.1 Basic theory of Ca2 molecules and their light as-
sisted generation

5.1.1 Multipole expansion of molecular potentials

Neutral atoms at a given distance to each other can interact by several mechanisms.
The longest range interaction is the dipole-dipole interaction with a scaling law of
1/R3, with R being the interatomic distance. This interaction is based on the ex-
change of a photon between the atoms and thus only exists between ground and
excited state atoms of the same species. It directly scales with the square of the
dipole matrix element between the wavefunctions of the two interacting atoms and
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is thus proportional to the transition rate between the two states. In the case of two
calcium atoms in the 1S0 and 3P1 state, respectively, this interaction is weak, con-
nected to the narrow linewidth of the transition of 374 Hz.
The next higher orders of interactions can be summarized as van der Waals interac-
tions. They origin from spatial fluctuations of the electron cloud and spontaneous
generation of multipoles, which can induce other multipoles in neighbouring atoms.
The most relevant terms at large interatomic separation are the induced dipole-
dipole interaction, scaling with 1/R6, and the induced quadrupole-dipole interac-
tion with a scaling of 1/R8. The long range molecular potential can be approximated
as a sum of inverse powers

V (R) = −
∑ Cn

Rn
. (5.1)

The leading coefficientsC3,C6 andC8 can be calculated by theoretical models [Mér01,
Ciu04, Mit08], some of them using experimentally determined oscillator strengths.
Higher order coefficients and the short distance potentials can not be derived so eas-
ily due to the overlap of the electronic clouds and the connected complexity of the
interactions. For the short and medium range interactions the potential is usually
modelled by a fit to the results of bound-state bound-state molecular spectroscopy
as done e. g. by [All05] for Ca2.

5.1.2 Hund´s coupling cases in homonuclear molecules

The molecular axis of a diatomic molecule is breaking the rotational symmetry of
the atomic wavefunctions. Especially aspheric components of the wavefunction
such as the p orbital of the excited state can assume certain orientations with respect
to the molecular axis. At long interatomic distances this gives rise to two dipole-
dipole potentials. At shorter distances the coupling of various angular momenta
becomes more complex. Depending on the strength of the Hamiltonian that couples
the angular momenta, a set of approximately conserved quantities can be chosen to
describe the molecular state. The sets of approximately conserved quantities corre-
spond to the various Hund´s coupling cases, which are discussed in [Bro03, p. 224
ff.]. For homonuclear molecules as investigated in this thesis Hund´s coupling cases
(a), (c) and (e) are of relevance. They will be summarized shortly in the following
text and visualized in figure 5.1.

Hund´s coupling case (a)

In Hund´s coupling case (a), the total atomic angular momenta ~L and ~S each precess
around the molecular axis. Due to the strong anisotropic electric field of the two nu-
clei, 〈~L2〉 is no longer a preserved quantity, but its projection Λ to the molecular axis.
The spin quantum number S as well as its projection Σ to the molecular axis are
preserved. The sum of the projections to the molecular axis is Ω = Λ + Σ. Ω and the
angular momentum of the molecule´s nuclear rotation ~R sum up to the total angular
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momentum ~J , which should not be confused with the total atomic angular momen-
tum ~L + ~S, which is here denoted ~Ja and which does not lead to a good quantum
number in Hund´s case (a). The molecular states are denoted 2S+1Λ

+/−
Ωg/u

, where g/u
is the gerade or ungerade parity of the wavefunction when substituting ~r by −~r and
+/− denotes the parity when mirroring the wavefunction on a plane in which the
molecular axis lies. The parity +/− is only relevant for Λ = 0 states and the index Ω
is not always denoted.
While in atomic physics the states of angular momenta L = 0, 1, 2, ... are denoted
S, P,D, ..., in molecular physics the states of different angular momentum projec-
tions Λ = 0, 1, 2, ... are denoted analogously in capital Greek letters Σ,Π,∆, ..., where
Σ should not be confused with the spin projection also denoted Σ.
Hund´s coupling case (a) states are a good representation of molecules, if the bind-
ing energy is large compared to the spin-orbit coupling. It also holds only for small
rotational energies, which is usually well satisfied for molecules at low tempera-
tures.

Hund´s coupling case (c)

In Hund´s coupling case (c) the asymmetric potential along the molecular axis is not
strong enough to break the L-S-coupling. This is the case if the spin-orbit coupling,
represented by the coupling constant A is large compared to the binding energy
of the molecule. In Hund´s case (c) the atomic angular momentum Ja represents
a good quantum number as well as its projection to the molecular axis Ω. Ω and
the molecular rotation ~R then sum up to the total angular momentum ~J . Due to
Λ, S and Σ not defined well in Hund´s case (c) the molecular states are denoted
Ω

+/−
g/u with the symmetry quantum numbers gerade/ungerade and +/− as described

above.
As the molecular states examined in this thesis are comparably weakly bound, they
can be well described by Hund´s case (c). The states of Hund´s coupling case (a)
however build a basis system, so that the near-asymptotic states can be developed
in case (a) states as done by [Mie78].

Hund´s coupling case (e)

Though not identified by Friedrich Hund, another coupling case is named after him,
Hund´s coupling case (e). In this case the molecular binding energy is so weak, that
there is no precession of ~Ja around the molecular axis. Instead ~Ja and the molecular
rotation ~R sum up to the total angular momentum ~J . A symbolic drawing of the
vector coupling in Hund´s cases (a), (c) and (e) is shown in figure 5.1.

5.1.3 Selection rules

The electronic selection rules known from atomic transitions are also valid for mol-
ecules. This leads to singlet-triplet transitions being spin-forbidden and thus very
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Figure 5.1: Schematic overview of the coupling of angular momenta in a molecule
for different Hund´s coupling cases. In Hund´s coupling case (a) the atomic orbital
and spin angular momenta ~L and ~S precess around the molecular axis. The projec-
tions to the axis are called Λ and Σ, respectively, and their sum is Ω. This projected
angular momentum Ω and the rotation of the molecule ~R sum up to the total an-
gular momentum ~J . In Hund´s coupling case (c) ~L and ~S couple to the total atomic
angular momentum ~Ja. Its projection Ω to the molecular axis and the rotation ~R sum
up to ~J . In Hund´s coupling case (e) the total atomic angular momentum ~Ja couples
directly with the rotation ~R to the total angular momentum ~J .
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narrow. Molecules however have some additional selection rules.
The rotational barrier for d-wave scattering is in the order of kB ·2 mK and thus much
larger than the thermal energy at 1 µK. Hence only s-wave scattering between un-
bound ground state atoms is possible. The angular momentum between two ground
state atoms as well as their electronic angular momentum being zero, a photon (with
an angular momentum of 1) can only excite into molecular states, which have a total
angular momentum of J = 1. Additionally, since the ground state is a gerade state,
we can only excite ungerade states by electric dipole transitions [Her50].

5.1.4 Molecular potentials a and c

As said in section 5.1.1, the interaction potential depends on the ability of the atoms
to induce a multipole in the neighbouring atom. This polarizability however de-
pends on the orientation of nonspheric components of the atoms such as p-orbitals
and can thus differ depending on the quantum numbers Λ and Ω.
Two attractive ungerade potentials exist near the diatomic asymptote 1S0+3P1. They
are historically denoted with small letters a and c. These molecular potentials are
a3Σ+

u and c3Πu in Hund´s coupling case (a). The potential curves have been de-
termined by [All05] by molecular spectroscopy and are schematically presented in
figure 5.2. Since in Hund´s coupling case (a) there is no spin-orbit splitting, the
molecular potential a3Σ+

u does not coincide with an atomic energy at long inter-
atomic distance. The near-asymptotic behaviour is better described by Hund´s case
(c). The diatomic state 1S0 + 3P1 splits into the molecular states 0+

u and 1u. The 0+
u

can be expressed as 3Π0u in the basis of Hund´s case (a) eigenvectors [Mie78]. While
the 1u changes its character to 3Σ+

u at small nuclear separations, near the asymptote
it can be expressed as 1/

√
2 · (3Σ+

1u −
3Π1u).

In the energy range investigated in this work, the relevant terms in the potentials
are long range terms proportional to 1/R3, 1/R6 and 1/R8. The two potential curves
will be denoted as

V0u = D − C3,0u/R
3 − C6,0u/R

6 − C8,0u/R
8 (5.2)

and
V1u = D − C3,1u/R

3 − C6,1u/R
6 − C8,1u/R

8. (5.3)

D denotes the molecule dissociation energy and is thus the energy of the diatomic
asymptote. The coefficients C3 are directly related to the dipole matrix element of
the 1S0−3P1 transition and can be expressed in terms of the lifetime τ and the transi-
tion angular frequency ω [Zel06] as C3,0u = −2 ·C3,1u = 3h̄c3

2τω3 = h · 6.42 · 108 Hz nm3.
The coefficients C6 are derived by various authors [Ciu04, Mit08] with theoretical
methods based on experimentally determined line strengths. Though using differ-
ent methods of calculation the results differ by only about 3 %. In this work I will
use the values of [Mit08], who also gave values for the C8 coefficients. An overview
of the coefficients for the different potential curves is given in table 5.1. Several
units are used for the Cn coefficients such as atomic units EH an0 with the Hartree
energy EH = 4.38 · 10−18 J and the Bohr radius a0 = 0.053 nm, or spectroscopic units
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Figure 5.2: Molecular potentials relevant for this work sketched from the potential
parameters given in [All05]. The inlay on the right side schematically shows the
splitting of the 3P manifold into different ungerade molecular potentials near the
atomic asymptote.

C3 / (h·Hz nm3) C6 / (h·Hz nm6) C8 / (h·Hz nm8)
0+
u 6.4 · 108 3.7 · 1011 7.8 · 1010

1u −3.2 · 108 3.9 · 1011 2.0 · 1010

Table 5.1: Potential coefficients for the molecular states 0+
u and 1u. C6 and C8 are

given by [Mit08] for Hund´s case (a) and are calculated for case (c) by Cn,0+u = Cn,3Π

and Cn,1u = 1
2
(Cn,3Π + Cn,3Σ) according to [Mie78]. For a list of Cn coefficients calcu-

lated by other authors see [Mit08].

cm−1 · Ån using the wavenumber as an energy scale. I decided to use the unit h · Hz
nmn, which is closest to the international system of units.
In addition to the potential energy, the molecules have a rotational energy, which
can be included in an effective potential. The energy of the nuclear rotation is

Erot =
h̄2

2µR2
· 〈~R2〉 (5.4)

where µ is the reduced mass and ~R is the angular momentum operator, which can
be written as [Ves74, Lef04]

〈~R2〉 = 〈( ~J − ~Ja)
2〉 = J(J + 1) + Ja(Ja + 1)− 2Ω2. (5.5)

Since Ja = 1 the effective potentials are then

V0u = D − C3,0u/R
3 − C6,0u/R

6 − C8,0u/R
8 +

h̄2

2µR2
· (J(J + 1) + 2) (5.6)
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and

V1u = D − C3,1u/R
3 − C6,1u/R

6 − C8,1u/R
8 +

h̄2

2µR2
· J(J + 1). (5.7)

5.1.5 Photoassociation spectroscopy near the intercombination tran-
sition

The possible energies in the molecular potential are quantized. While the molecular
potentials can reach depths of more than 100 THz, in photoassociation spectroscopy
typically the weakest bound states are excited. The reason is the overlap between the
ground state scattering wavefunction and the molecular state, the so-called Franck-
Condon density. Classically the ground state atoms with relatively low velocity are
strongly accelerated by the attractive molecular potential, effectively reducing the
time, during which the atoms have a low interatomic separation. Quantum me-
chanically this results in a low amplitude of the wave function for small distances.
The wavefunctions of deeply bound molecules however have their maximum am-
plitude at small distances. With the overlap of the wavefunctions the excitation
probability of deeper lying states gets smaller.
In photoassociation spectroscopy a laser red-detuned to the atomic transition is ap-
plied to the atom cloud and sweeped in frequency. If the laser frequency fulfils the
resonance condition, some pairs of atoms will be excited to a bound molecular state.
This molecules might then decay into the continuum of motional states, generally
resulting in a loss of the atoms due to a high kinetic energy. Another decay channel
is given by the formation of ground state molecules, which can not be detected by
absorption imaging and are thus also seen as a loss. This atom loss is dependent
on the intensity I and frequency ν of the laser as well as the density ρ of the atomic
cloud, since a higher density results in more atom pairs being in the correct atomic
distance to form a molecule. The loss can be described by the differential equation

ρ̇ = −K(ν, T, I) · ρ2, (5.8)

where K(ν, T, I) is the photoassociative loss coefficient. The magnitude can be cal-
culated with the Franck-Condon density between the scattering wave function of
the ground state and the molecular wave function of the excited state. This calcula-
tion was done by [Ciu04] for the intercombination transition examined in this thesis.
The challenge of photoassociation spectroscopy near the intercombination line com-
pared to photoassociation near strong singlet-singlet transitions lies in the weak
transition strength. To achieve well detectable losses, high densities and low tem-
peratures are necessary. In addition the natural linewidth is very small and at low
temperatures like 1 µK the expected Doppler and thermally induced full width at
half maximum (FWHM) is about 50 kHz (see section 5.3.3), so we have to scan in
small steps. We decided to vary the frequency of the spectroscopy laser by 10 kHz
from shot to shot. The binding energies of the weakest bound states were previously
unknown. According to quantization formulae as discussed in section 5.4 the weak-
est bound states are supposed to be up to 1.1 GHz away from the asymptote. The
large range of possible binding energies and the small width of the expected signal
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thus demands for more than 100 000 single measurements, each of a few seconds
duration.

5.2 Setup for photoassociation on the intercombination
line

The dipole trap and the evaporative scheme developed in chapter 4 provide us with
high-density ensembles at low temperatures. Similar to the scheme presented in
chapter 4 we start with an almost pure single beam trap with a power of 5.7 W
(1.6 W) in the horizontal (tilted) dipole trap and a beam radius of 36 µm (77 µm) at
the crossing region. By ramping down only the power of the horizontal beam we
force the atoms to accumulate in the crossing region and end the ramp with a power
of 0.6 W and 1.6 W in the horizontal and tilted trap, respectively. The trap depth is
about kB · 8 µK and the atoms have a temperature of 1 µK. The peak density reaches
up to 2.6 · 1013 cm−3 at atom numbers of 200 000. According to the temperature we
expect a linewidth of around 53 kHz (FWHM) due to the convolution of Doppler
and thermal broadening.
To resolve details of the molecular spectrum we require a laser with a linewidth
much smaller than the typical broadening effects. In addition we want to know the
exact laser frequency or rather the exact energy distance of the bound levels from the
diatomic asymptote. Since we already use an ultranarrow cavity-stabilized diode
laser for our second MOT stage as well as for atomic spectroscopy, we chose to use
a second diode laser, whose frequency is stabilized to the first one by a beat lock.
The beat lock setup is displayed schematically in figure 5.3. Note that the frequency
of "Master II" does not correspond to the atomic resonance, but the light is tuned
into resonance by a series of AOMs as shown in figure 2.4. Thence the photoasso-
ciation light after the slave laser is resonant with the atomic transition, if "Master I"
is red detuned of "Master II" by around 621 MHz, and the beat frequency is mixed
down by a synthesizer frequency of around 596 MHz. A phase-frequency compara-
tor stabilizes the mixed down frequency to a stable 25 MHz reference1. The exact
distance to the atomic resonance will be determined by a reference measurement of
the atomic transition at the same day as the photoassociation measurement.
With "Master II" having a linewidth of around 1 Hz [Naz06] and the beat lock losing
the phase very seldom (probably a few times a day), the laser "Master I" should also
be stable to around 1 Hz. Monitoring the mixed-down beat signal with a spectrum
analyser2, I found the laser to be narrower than 100 Hz. In all cases the linewidth
was less than 2 kHz and thus much smaller than the width of the observed molecu-
lar lines.
The spectroscopy laser is applied as a single beam with a waist radius of 44 µm.
Since it can not be assured, that the atomic ensemble is positioned exactly inside the
focus, for the calculation of the intensity I assume the beam radius to be (50±6) µm.

1The reference is given by an H-Maser stabilized to the caesium atomic fountain clock of PTB.
2Anritsu MS2601B
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Figure 5.3: Schematic drawing of the beat lock setup between our two master lasers.
"Master I" is generating the light for photoassociation spectroscopy. It is beat locked
to "Master II", which is the same as in figure 2.4. The 540 MHz of AOM shifts are not
constant, but include the cavity drift compensation. The scan is performed by set-
ting a different value to the synthesizer frequency from shot to shot. The deflecting
AOM 3 can be used to alter the photoassociation laser power. FI = Faraday isolator,
PD = photo diode.

The intensity of the light can be altered by changing the RF-power applied to a de-
flecting acousto-optic modulator (AOM 3 in figure 5.3).

5.3 Results of the photoassociation measurements

The scan was done in the absence of a magnetic field to maximize the losses at the
molecular resonances. After having found the resonances, we investigated them
with a magnetic field of about 0.28 mT applied. The frequencies in the following
text refer to the position of the m = 0 component.
We found photoassociative resonances at synthesizer frequencies of 905.402 MHz
and 1579.716 MHz. At the same day the atomic resonance was measured at a syn-
thesizer frequency of 596.676 MHz. This results in one resonance about 309 MHz
and the other one 983 MHz below the atomic resonance.
However, the frequencies were measured inside the dipole trap and with finite tem-
perature and thus include several shifts, that will be discussed later. The first step
will be the assignment of the measured resonances to the molecular potentials 0+

u

and 1u.
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5.3.1 Magnetic splitting and identification of the molecular state

The magnetic splitting of a particle´s energy is characterized by the g-factor. While
an approximation for gatomJ with the common Landé formula

gatomJ = 1 +
J(J + 1) + S(S + 1)− L(L+ 1)

2J(J + 1)
(5.9)

yields gatomJ (3P1) = 1.5, a measurement for the calcium 3P1 state results in gatomJ (3P1) =
1.5010829(28) [Bev98]. This value is also expected for Hund´s coupling case (e) for
non-rotating molecules.
Similar formulae also exist for other coupling cases. Herzberg [Her50] deduced the
g-factor for Hund´s coupling case (a) to be

g(a) =
|Λ + 2Σ| · |Λ + Σ|

J(J + 1)
, (5.10)

which results in g(a)(3Σ1u) = 1 and g(a)(3Π0+u
) = 0 for J = 1. Using a similar ap-

proach as [Her50] we can calculate the g-factor for Hund´s coupling case (c) to be

g(c) = gatomJ

Ω2√
J(J + 1)

√
Ja(Ja + 1)

(5.11)

which results in g(c)(1u) = 0.75 and g(c)(0+
u ) = 0 for J = Ja = 1.

To measure the magnetic splitting, the molecular resonance was scanned with a
magnetic field applied. The field is generated by a current of 5.7 A sent through a
pair of Helmholtz coils with four windings each [Naz07], wrapped around the MOT
coils. The magnetic field was calibrated by measuring the splitting of the atomic res-
onance. The atomic resonance showed a splitting of 5.849(11) MHz, corresponding
to a magnetic field of 2.784(5) · 10−4 T. The uncertainty results from the uncertainty
of the determination of the line centre and the difference between the m = 1/m = 0
splitting and the m = −1/m = 0 splitting.3

The molecular resonance at 309 MHz shows a splitting of 1.075(4) MHz, correspond-
ing to a g-factor of g = 0.276(1). The resonance can be attributed to the c0+

u potential.
The molecular resonance at 983 MHz shows a splitting of 4.184(12) MHz, corre-
sponding to a g-factor of g = 1.074(4). The resonance can be attributed to the a1u
potential. The splitting is larger than predicted for Hund´s coupling case (c). The
g-factor of the resonance at 983 MHz is close to that of Hund´s case (a). The criterion
for Hund´s case (a) is a binding energy larger than the atomic spin-orbit coupling
constantA ≈ h·1.5 THz, which is clearly not given in our experiment. The measured
g-factors thus indicate the coupling of the angular momenta being in an intermedi-
ate regime between Hund´s cases (c) and (e)4. The clear difference in the splitting of
the atomic and molecular levels is displayed in figure 5.4.

3The difference in the splitting has not been measured on that day, but on a later day with a
slightly larger magnetic field. It has been 20 kHz.

4This assumption has been confirmed later by my colleague Max Kahmann, who measured g-
factors closer to the prediction for Hund´s case (c) for deeper bound molecular levels.
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Several weeks later the measurement was repeated for the 0+
u resonance. The mag-

netic splitting of the atomic resonance was 6.13(1) MHz, corresponding to a mag-
netic field of 2.919(5) · 10−4 T and thus 4.8 % larger than in the previous measure-
ment. This reveals a significant drift in the magnetic field, even if the current is not
manually altered. The resulting g-factor of the 0+

u resonance was determined to be
g = 0.276(1) and thus consistent with the previous measurement within its uncer-
tainties. The consistency of the results proves, that the magnetic field drifts over
weeks, but is stable over a day. The drift thus does not distort the measurement as
long as the calibration is done on the same day.

5.3.2 Exact position of the photoassociation resonances

The atomic and photoassociation resonances were observed at the synthesizer fre-
quencies mentioned in the beginning of this section. While the position of the loss
peak can be determined with an uncertainty of about 2 kHz, it does not represent
the actual binding energy of the molecular state; in fact several effects influence the
measured frequencies. In the following I will present and quantify the shifts of the
atomic as well as the molecular resonance.

Influence of the differential light shift of the dipole trap

While I described the dipole trap wavelength in section 3.1.4 as being approximately
magic, this is only true for the mJ = −1 component in a single beam dipole trap of
σ+-polarized light. The light shift of the atomic ground state and excited state is
generally different in the used crossed beam. In addition the light shift of molecules
is not necessarily the same as for atoms due to the different coupling strengths to
other states. The differential light shift of the photoassociative transition is thus
generally non-zero and will be determined via a measurement.
Due to the necessary long exposure times, it is not possible to observe the molecular
resonance in the absence of the trapping beam, i.e. during free fall of the ensemble.
To determine and account for the dipole trap light shift I measured the atomic as
well as the molecular resonances in a dipole trap with a power of 0.6 W/1.6 W
in the horizontal/tilted beam and repeated the measurement for trap powers of
0.3 W/0.8 W. From the different resonance frequencies, the resonance frequencies in
absence of the dipole trap light shift can be extrapolated linearly.
I determined the resonance of the atomic m = 0 resonance to be shifted by (122 ±
2) kHz towards higher photon energies inside the trap of 0.6 W/1.6 W, whereas
the molecular c0+

u state at 309 MHz and the a1u state at 983 MHz show shifts of
(80 ± 3.6) kHz and (82 ± 2.4) kHz, respectively. This value however is not the light
shift alone, but includes another effect, that will be discussed in the following.

Thermal shift

The motion of a pair of atoms can be divided into a centre of mass motion and a
relative motion. The relative motion represents a kinetic energy, which contributes
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Figure 5.4: Splitting of the atomic and molecular resonances in the presence of a
magnetic field of B = 2.784(5) · 10−4 T. a) The atomic resonance shows a splitting of
5.849(11) MHz, which has been used for the calibration of the magnetic field. The
m = −1 component was extrapolated. A measurement on a later day showed the
absolute value of the shift of the m = 1 and m = −1 to differ by about 20 kHz.
b) The magnetic splitting of the weakest bound molecular state in the a1u potential
983 MHz below the atomic asymptote shows a significantly smaller splitting than
the atomic line. The g-factor is g = 1.074(4). c) The weakest bound state of the
c0+
u potential at 309 MHz below the asymptote features a g-factor of g = 0.276(1).

The splittings are larger than predicted for Hund´s case (c) by equation (5.11) and
indicate an intermediate regime between Hund´s cases (c) and (e).
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to the excitation of the molecule. The resonance condition neglecting all other shifts
is thus

Ee = h̄ω + εr(~vr) (5.12)

with Ee the energy of the excited molecular state relative to the ground state di-
atomic asymptote, h̄ω the photon energy and ~vr and εr = 1

2
µ~v2

r the relative velocity
between the atoms and the corresponding kinetic energy, respectively. Although the
relative motion features velocity components in all three dimensions, all atom pairs
with a notable relative motion perpendicular to the internuclear axis are precluded
from forming a molecule for geometric reasons. The thermal velocity relevant for
the formation of a molecule thus follows the one dimensional Maxwell-Boltzmann
distribution along the internuclear axis

f(vr) ∝ exp(− µv2
r

2kBT
). (5.13)

In quadratic average the atom pairs carry a relative velocity of

σvr =
√

2

√
3kBT

mCa

. (5.14)

Even though the energy distribution of the atom pairs is an exponential, the line
shape will be a bit different. The collision of an atom pair with high relative velocity
will happen much faster than of an atom pair with low relative velocity. Thus more
collisions will happen at faster velocities, resulting in an additional factor propor-
tional to

√
εr. The energy distribution among all collisions thus follows

f(εr) ∝
√
εr exp(−

εr
kBT

). (5.15)

This leads to a shift of the resonance of

εr =

∫∞
0
ε · f(εr)dεr∫∞

0
f(εr)dεr

=
3

2
kBT = h · 31 kHz (5.16)

at a temperature of T = 1 µK.
For the determination of the light shift, as presented above, I measured the reso-
nance frequency at trap powers of 0.6 W/1.6 W and 0.3 W/0.8 W and extrapolated
linearly to the absence of a trapping beam. When lowering the power and thus the
trap depth by a factor of 2, one can assume the temperature to be reduced by a fac-
tor of 2 as well. The method of extrapolating to the absence of a trapping beam
thus represents also an extrapolation to a temperature of T = 0. I assume this to be
true within a temperature uncertainty of around 10 %, which leads to an additional
3.1 kHz uncertainty for the resonance frequency.
The kinetic energy of the atom pair leads to the resonance being shifted towards
lower photon energies. Considering this shift effect, the effect of the light shift alone
can be approximated to 111(5) kHz and 113(4) kHz for the molecular c0+

u state at
309 MHz and the a1u state at 983 MHz, respectively, and thus quite similar to the
light shift of the atomic resonance.
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Influence of the photoassociation laser

The peak intensities of the dipole trap lasers are about 4.3 ·108 W/m2 and lead to the
abovementioned differential light shift in the order of 100 kHz. The intensity of the
photoassociation laser has been 5.8 · 105 W/m2 or less and thus much lower. How-
ever, the photoassociation laser frequency is not far-detuned from the atomic reso-
nance in contrast to the dipole trap laser frequency. The photoassociation laser can
thus induce a significant differential light shift to the resonance. This light shift has
been investigated by scanning over the molecular resonance with different probe
beam intensities. The photoassociation laser power was varied between 230 nW
and 2.3 mW, which corresponds to an intensity of 60 W/m2 and 5.8 · 105 W/m2, re-
spectively. Depending on the fit routine for the determination of the center peak of
the losses I determined the differential light shift to be between 55·10−3 Hz/(W m−2)
and 85 · 10−3 Hz/(W m−2) for the 0+

u resonance, which can result in a shift of about
50 kHz for the high intensities. The determination of the exact position of the res-
onance was done at low laser intensities, so that this light shift could be neglected.
However, from the observed scattering of points I assume an additional statistic
uncertainty of 2.7 kHz and 1.9 kHz for the c0+

u and the a1u resonance, respectively.

Photon recoil shift

The photon used for the excitation carries a momentum of h̄k. During the excitation
the atom or atom pair has to absorb this momentum, resulting in a kinetic energy
of h̄2k2

2M
, where M represents the atomic mass in the case of an absorbing atom, and

twice the atomic mass in the case of an absorbing atom pair and formation of a
molecule. This kinetic energy has to be provided by the photon energy in addition
to the electronic excitation energy. Since the recoil energy is h·11.6 kHz at the atomic
and only h · 5.8 kHz at the molecular resonance, this difference has to be taken into
account.
Considering all of the above effects I calculated the molecular resonance of the 0+

u

and 1u state to be (308 670 ± 5.7) kHz and (982 994 ± 4.6) kHz below the atomic
asymptote, respectively.

5.3.3 Broadening effects of the PA resonances

While the exact binding energies of the weakest bound molecular states have been
determined in the previous section, another interesting topic is the strength, width
and shape of the resonances. The natural linewidth of a molecule close to an atomic
asymptote is twice as large as the linewidth of the corresponding atomic transition
(as described by Dicke [Dic54]). The natural linewidth is the dominant effect at most
photoassociation experiments involving singlet-singlet transitions at temperatures
lower than a few millikelvin. The situation is different for the narrow intercombi-
nation transition of calcium. The natural linewidth of 1S0 + 3P1 molecules is about
750 Hz and thus much smaller than the Doppler width even at temperatures of 1 µK,
which is about 36.5 kHz (FWHM). This and other broadening mechanisms will be
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described in this section.

Broadening due to decreasing density

The photoassociation resonances result in a reduced atom number over a certain
frequency range, shaped as some kind of peak function. The loss depends on the
density of the atomic cloud, since photoassociation is a two body loss process. For
low losses the number of lost atoms scales linearly with the time over which the
photoassociation laser is applied. For larger losses however there will be a satura-
tion effect due to a decreasing density over time. This effect leads to a broadening
of the observed resonance. In fact the depth and width of the drop in atom num-
ber is not the physical parameter of relevance. Instead the loss parameter K(ν, T, I)
defined by the loss equation

ρ̇ = −K(ν, T, I) · ρ2 (5.17)

is used. Since the observable is the atom number, eq. (5.17) can be expressed as

Ṅ = −β(ν, T, I) ·N2. (5.18)

The relation between β(ν, T, I) and K(ν, T, I) is given by averaging the density in
eq. (5.17). The density profile is calculated from the trap parameters as described in
section 3.2. We obtain the relation

K =
β

( mω2
m

2πkBT
)3/2/
√

8
, (5.19)

where ωm = (ω1 · ω2 · ω3)1/3 is the mean trap frequency. Solving the differential
equation (5.18) leads to the fit function

N(t) =
N0

1 + t · β(ν, T, I) ·N0

, (5.20)

with t the time over which the photoassociation laser is applied and N0 the atom
number at t = 0. This equation is only exact in the absence of other losses like back-
ground scattering, evaporation and three-body losses, but can be still used, when
these losses are small compared to the total atom number. This case is given in our
experiment, where three-body and background losses are in the order of 10 % of the
total atom number at a photoassociation time of half a second. We replaced N0 by
the atom number after the photoassociation time in the absence of photoassociative
losses.
All following broadening mechanisms are affecting the width of the loss coefficient
K.

Natural linewidth and coupling to other molecular states

The natural linewidth of a molecular state close to the asymptote of one exited and
one ground state atom is twice the linewidth of the excited atomic state due to the
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formation of a superradiant state [Dic54]. This is valid for the unperturbed molecu-
lar states. However a molecular state can couple to other molecular states and thus
gain a broader linewidth. Allard et al. [All05] observed a coupling between c3Πu

and A1Σ+
u states (cf. figure 5.2). However this broadening mechanism could not

be resolved in the course of this work. The line shape of the natural linewidth is a
Lorentzian profile.

Collisional broadening

Another relevant time scale in the atomic ensemble is the collision rate. In ultracold
bosonic ensembles s-wave scattering is the dominant collision process. The scatter-
ing cross section

σs−wave =
8πa2

sc

1 + a2
sck

2
(5.21)

is not given by the physical size of the particles, but by their scattering length asc
and their relative momentum h̄k. For elastic collisions between two ground state
atoms with a scattering length of asc = 500 a0, a temperature of 1 µK and our peak
density of 2.6 · 1013 cm−3 the collision time scale is about 0.16 ms. In collisions be-
tween ground and excited state atoms, the excited state atom can be deexcited by
the collision. This effects a line width, which can be approximated by the inverse of
the collision time scale. However, the scattering cross section between ground state
atoms and excited molecules and thus the collision time scale is unknown. With ex-
tremely high scattering lengths being unlikely, it is not expected that the collisional
broadening plays a dominant role over other broadening effects in our experiment.

Differential light shift due to the trapping beam

The trapping beam leads to a differential light shift as described in section 5.3.2.
This differential light shift depends on the intensity the atoms experience and thus
their position inside the dipole trap. This broadening effect is in the order of kBT/U0

times the differential shift in the case of atoms, where U0 is the trap depth.
The width of this broadening mechanism can be approximated by the following con-
siderations. As presented in section 5.3.2 the differential light shift is about 100 kHz
although the light shift of the ground state, which represents the trap depth of a pair
of atoms in the absence of gravity, is 720 kHz. From this we know the magnitude of
the differential light shift at a certain potential energy. In a harmonic trapping po-
tential the potential energy of a pair of atoms follows the Boltzmann distribution of
kinetic energy. The full width at half maximum (FWHM) of the energy distribution
can be calculated to 2.44 kBT and thus represents a width of 50.8 kHz in the light
shift experienced by the atom pairs. The differential light shift between the ground
state and the molecular state thus should show a FWHM of wlightshift = 7 kHz.



Photoassociation at the Intercombination Line 63

Thermal and Doppler broadening

Atoms see the light detuned depending on their velocity due to the Doppler effect.
However to form a molecule at a Doppler detuned frequency both atoms have to
move at this velocity. Also the atoms can transform part of their motional energy so
that less energy has to be provided by the photon in order to form the molecule. For
a quantitative view on these two effects we divide the motion of the pair of atoms
into the relative motion and the centre of mass motion.
The centre of mass motion is responsible for the Doppler broadening. The Doppler
width is

|~k| σv,1D(M) = |~k| ·
√
kBT

M
, (5.22)

where σv,1D(M) is the 1/
√
e-width of the Maxwell-Boltzmann velocity distribution

in one dimension and M = 2 · mCa is the mass of the pair of atoms. The Doppler
broadening leads to a Gaussian line shape and does not shift the resonance. At a
temperature of 1 µK the FWHM is wDoppler = 36.5 kHz.
The relative motion effects a kinetic energy, which contributes to the excitation of
the molecule as described in section 5.3.2. The energy distribution follows equation
(5.15), leading to a FWHM of wtherm ≈ 1.8 kBT = h · 37 kHz. The connected shift of
the resonance has been examined in section 5.3.2.
The combined width of the abovementioned broadening mechanisms can be ap-
proximated by the root of the sum of squares analogous to the law of propagation
[Ku66]. It results in a FWHM of 53 kHz at a temperature of 1 µK in a trap of 0.6 W
and 1.6 W in the horizontal and tilted trapping beam, respectively. At half the trap
depth and half the temperature we expect a FWHM of 32 kHz.

Power broadening

In a two level system the excitation probability scales linearly with the light intensity
for low intensities. As the excitation probability gets higher with higher intensities,
the effect of stimulated emission becomes important. The excitation probability in a
continuous wave light field thus gets saturated and approaches 1/2. The excitation
probability ρe can be calculated to be

ρe =
1

2

s0

1 + s0 + (2∆/γ)2
(5.23)

with the detuning ∆ and the natural linewidth γ in units of Hz. s0 = I/Isat is the
saturation parameter representing the light intensity I in relation to the saturation
intensity Isat = h c π γ

3λ3
. Equation (5.23) leads to a power broadened linewidth of

γsat = γ ·
√

1 + s0 and a Lorentzian line shape.
Power broadening in the case of a transition from atoms to a molecule can generally
not be explained by this simple two level system model, since the electronic ground
state of free atoms features a continuum of states with distinct relative kinetic ener-
gies.
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It is reasonable to expect, that light-induced deexitation and dissociation is possi-
ble in the case of molecules. The width of the resonance will be investigated with
respect to the photoassociation laser intensity. The experimentally observed broad-
ening is displayed in figures 5.6 and 5.7. A quantitative description with a simple
two level system model is not possible though.

5.3.4 Measurement of the line shape

The atom loss in dependence on the photoassociation laser frequency has been de-
tected via absorption imaging. The solution of the two-body loss equation as given
by equation (5.20) has been fitted to the observed losses. While a fit with a Gaussian
shaped loss coefficient β(ν) represents the measurement quite well for scans with
low photoassociation laser intensities, at high intensities the observed line features
a sharper peak than predicted by a fit with a Gaussian loss coefficient. A Lorentzian
shaped loss coefficient, as predicted for power broadened lines, leads to a sharper
peak than observed. The observation thus indicated an intermediate line shape be-
tween Gaussian and Lorentzian. The convolution of a Gaussian and a Lorentzian
line shape results in a Voigt profile. Though a Voigt profile can not be analytically
described, there exist approximations. A Voigt profile with the FWHM of wV can be
well approximated by a weighted sum of a Lorentzian and a Gaussian both having
the same width wV [Liu01]. I described the loss coefficient β(ν) by the pseudo-Voigt
formula

β(ν) = β0

µ · 1

1 + 4·(ν−ν0)2

w2
V

+ (1− µ) · e
− 4·ln(2)·(ν−ν0)

2

w2
V

 . (5.24)

Figure 5.5 shows a comparison of the fit with a Gaussian, Lorentzian and pseudo-
Voigt shaped loss coefficient to a loss curve generated for low and high spectroscopy
laser intensities. The weighting factor µ of the Lorentzian and Gaussian fraction of
the Voigt profile can principally be used to deduce the line width of the Gaussian
and the Lorentzian broadening effect. This deduction can be done by methods given
in [Liu01] and [Oli77]. For high laser intensities this would lead to a FWHM of the
Gaussian contribution of 136 kHz and 110 kHz for laser intensities of 37 W/cm2 and
58 W/cm2, respectively, and thus much larger than the predicted Doppler broaden-
ing. However, the fitted weighting factor µ features a large uncertainty and it is thus
not possible to achieve accurate quantitative results from the line shape of the loss
coefficient β(ν).

Investigation of the line width

The scan over the molecular resonances was repeated for different photoassociation
laser intensities. A pseudo-Voigt profile of the loss coefficient as in equation (5.24)
was assumed for the loss coefficient β(ν) and equation (5.20) was fitted to the ob-
served atom losses. Apart from the exact energy difference of the molecular levels
relative to the diatomic asymptote as discussed in section 5.3.2, we can extract the
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Figure 5.5: Atom number after the application of the photoassociation laser in de-
pendence on the laser frequency. Shown is a scan over the m = 0 component of
the weakest bound molecular c0+

u level at different laser intensities. The (red) solid
line shows a fit according to equation (5.20) with a pseudo-Voigt distributed loss
coefficient β(ν), whereas in the (green) dashed fit the loss coefficient is assumed as
a Gaussian and in the (blue) dotted fit as a Lorentzian. a) For low laser intensi-
ties as 6 mW/cm2 the Lorentzian fit is slightly too broad in the wings, but all three
fits achieve a reasonable agreement with the data. b) At high laser intensities of
58 W/cm2 the Gaussian fit underestimates the peak losses, whereas the Lorentzian
fit shows a too sharp peak. The good agreement of the pseudo-Voigt fit indicates a
convolution of Gaussian and Lorentzian broadening effects.
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peak loss coefficient β0(I, T ) or K0(I, T ) and the Voigt width wV . The loss coefficient
K0(I, T ) at the m = 0 component of the 1u resonance and its width are displayed
in figure 5.6 in dependence on the photoassociation laser intensity. The peak loss
coefficient is increasing with the photoassociation laser intensity. A linear fit to the
rising slope gives about 1.1 · 10−12 cm3s−1/(W cm−2). The dipole trap powers were
0.6 W and 1.6 W in the horizontal and tilted beam, respectively. At half the trap
power and thus around half the temperature the peak loss coefficient is about four
times larger. The FWHM of the loss coefficient is about 57 kHz at low photoasso-
ciation laser intensity and increases with the intensity (filled black squares in fig.
5.6). At half the dipole trap power and temperature the width of the loss coefficient
was about a factor of 2 smaller for each photoassociation laser intensity (empty red
circles in fig. 5.6).
The width of the photoassociation resonance in dependence of the photoassociation
laser intensity has been further investigated at the m = 0 component of the molec-
ular 0+

u resonance at 309 MHz below the diatomic asymptote (figure 5.7). The scan
over the resonance was performed with laser intensities of up to 58 W/cm2. A linear
fit to the rising slope of the loss coefficient K0 results in 2.7 ·10−12 cm3s−1/(W cm−2),
which is larger than predicted by [Ciu04], who calculated the loss coefficient for the
sum of all mJ subcomponents. The peak loss coefficient seems to behave linearly
to the intensity also for high intensities. However, a linear fit to all data leads to a
slope of only 3 · 10−13 cm3s−1/(W cm−2).
The width of the resonance also increases with the photoassociation laser intensity,
but shows a saturation behaviour for high intensities. This saturation behaviour can
not be described by the saturation formulas derived from a two-level system model.
In addition the linear behaviour of the peak loss coefficient is not consistent with a
saturation effect according to the two-level system model.
In conclusion a dependence on the photoassociation laser intensity could be ob-
served revealing a power broadening, which however could not be quantitatively
described by a suitable model. The Voigt-width at low intensities was 57 kHz and
thus in good agreement with the expected 53 kHz from the combined width of
Doppler, light shift and thermal broadening.

5.4 Quantization formulae for near-asymptotic bound
states

The prediction of the binding energy of the molecular bound states demands for
the exact knowledge of the molecular potential and the numerical solving of the
Schrödinger equation. In this part of my thesis I will present theoretical approaches
to the quantization of near-asymptotic molecular states. I will then use this quanti-
zation formulae to predict deeper bound states on basis of the binding energy of the
molecular states described above.
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Figure 5.6: Peak loss coefficient K0 and the FWHM of the loss coefficient at the reso-
nance of the weakest bound 1u level at a binding energy of 983 MHz in dependence
on the spectroscopy laser intensity. The filled black squares represent a measure-
ment at a horizontal and tilted trap power of 0.6 W and 1.6 W, respectively, and a
temperature of 1 µK. The empty red circles represent a measurement at a horizontal
and tilted trap power of 0.3 W and 0.8 W, respectively. K0 and the Voigt width of
the loss coefficient K increases for higher spectroscopy laser intensities. At half the
trap power and temperature K0 is around four times larger and the width is a factor
of about 1.8 smaller for every spectroscopy laser intensity.
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Figure 5.7: Peak loss coefficient K0 and the FWHM of the loss coefficient at the
resonance of the weakest bound 0+

u level at a binding energy of 309 MHz in depen-
dence on the spectroscopy laser intensity. The applied spectroscopy laser intensity
was up to 15-fold higher than in figure 5.6. The width shows a dependence on the
spectroscopy laser intensity, which indicates saturation effects. The data can not be
reproduced by the model of saturation in two-level systems though. Also the lin-
ear behaviour of the peak loss coefficient K0 contradicts a classical description of
saturation.
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5.4.1 WKB method

A simple method of solving the Schrödinger equation for arbitrary potentials and
also to deduce a quantization rule for the possible energy levels in a potential was
developed independently by Wentzel [Wen26], Kramers [Kra26] and Brillouin [Bri26].
It is based on the assumption, that the kinetic energy Ekin(r) = Etot − V (r) is con-
nected to a local momentum p(r) =

√
2µEkin(r) and thus a wavelength λ(r) =

h/p(r). The total phase accumulated during half an oscillation in the potential can
be calculated by

Φtot

2π
=

√
2µ

h

R2∫
R1

√
Etot − V (r)dR (5.25)

with R1 and R2 the classical turning points. They approximated the potential lin-
early at the reflection points, leading to a reflection phase of π/4. For a stationary
solution the accumulated phase has to be n · π, which leads to the quantization con-
dition

v + 1/2 =
Φtot

π
, (5.26)

where v is the index of the vibrational level, starting to count from 0.

5.4.2 Le Roy-Bernstein formalism for level spacing near the disso-
ciation limit

While the WKB method requires the full knowledge of the potential and the solution
of equation (5.25), Le Roy and Bernstein developed a near-asymptotic quantization
formula based on WKB wavefunctions [Le 70]. The method is based on handling the
quantum number v as a continuous variable and differentiating the quantization
condition given by equations (5.25) and (5.26). For a potential which is basically
given by one potential coefficient Cn in the form

V ≈ D − Cn/Rn (5.27)

for large interatomic distances R, they found the rather simple quantization condi-
tion

E(v) = D − (Hn · (vD − v))
2n
n−2 (5.28)

for near-asymptotic states for which the largest fraction of the probability density
lies in the Cn-dominated region. In this quantization formula

Hn(Cn) =
n− 2

2n

2πh̄2

µ

Γ(1 + 1/n)

Γ(1/2 + 1/n)

n

C
1/n
n

(5.29)

is a collection of constants and vD is the fractional quantum number, which is as-
signed to the asymptote. v and vD can not be derived from the near asymptotic
potential alone, but depend on the accumulated phase in the inner region. The dif-
ference vD − v however has to be between 0 and 1 for the weakest bound state and



70 Photoassociation at the Intercombination Line

increases by 1 for every deeper bound state. It can thus be considered as a quantiza-
tion number counting from the high energetic levels downwards instead of from the
vibrational ground state upwards. The quantization formula for the last four bound
states is plotted in figure 5.8.
The quantization formula of Le Roy and Bernstein is a good approximation for a
potential according to the assumption of equation (5.27). Its predictions however
become inaccurate for potential tails with more than one relevant Cn coefficient.
It also neglects rotational energies of the molecular states and retardation effects,
which become relevant for very long range molecules. The molecular potentials in-
vestigated in this thesis are mainly dominated by the C6 coefficient, however the C8

term should not be neglected for molecular levels deeper bound than the first one.
In addition the investigated molecules do have a rotational energy.

Rotational effects in Le Roy-Bernstein formalism

The Le Roy-Bernstein formalism has been successively improved and expanded.
The first improvement was an expansion from rotationless to rotating molecules
[Le 72]. The calculation of the rotational energy is simple in principle. It is given by
h̄2 · ~R2 divided by 2µR2 for a classical particle, where ~R is the angular momentum
vector of the nuclear rotation andR is the nuclear separation. For a quantum particle
the 1/R2 term has to be replaced by the expectation value〈

1

R2

〉
=

∫
Ψ∗

1

R2
Ψ dR. (5.30)

The evaluation of equation (5.30) however would require the precise vibrational
wavefunction Ψ. Here again Le Roy uses WKB wavefunctions and the assumption
of a potential tail dominated by one Cn term. The total energy of a molecular state
with rotational component is then quantized by the formula

E(v) = D − (Hn(vD − v))
2n
n−2 +Bv 〈~R2〉 (5.31)

where Bv = Qn · (vD − v)4/(n−2). Here Qn(Cn) is like Hn a collection of constants,
which will not be given here explicitly.
In a later publication [Le 80a] Le Roy developed the rotational quantization formula
further to include higher order effects like centrifugal distortion of the potential to a
quantization formula of

E(v) = D − (Hn · (vD − v))
2n
n−2 +Bv 〈~R2〉 −Dv 〈~R2〉

2
+Hv 〈~R2〉

3
+ Lv 〈~R2〉

4
(5.32)

with Dv, Hv and Lv again being collections of constants and a power of vD− v lower
by 2 for each higher order coefficient. Though the corrections due to the higher order
rotational terms are only a few MHz and thus smaller than many other uncertainties,
they will be included in my calculations for completeness.
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Figure 5.8: Energy of the last four bound states in dependence on the fractional
quantum number vD − v of the weakest bound level according to Le Roy-Bernstein
quantization condition [Le 70] in the molecular potentials a) 1u and c) 0+

u . According
to this formalism the first bound state was expected within 740 MHz and 760 MHz
below the asymptote, respectively. The discrepancy of the experimentally found
first level at 983 MHz will be resolved later. Note that this quantization condition
neglects rotational effects and higher power potential coefficients.
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Influence of higher Cn coefficients on the quantization rule

The formalism as mentioned above is deduced from WKB wavefunctions with a po-
tential tail consisting of only one term. In 1980 Le Roy published a modification in-
cluding the influence of the next than leading term [Le 80b]. However he found the
integral for the calculation of the rotational splitting to be unsolvable for some com-
binations of leading and next-to-leading powers. Comparat reviewed the method
used by Le Roy and introduced solvable integrals for the rotational term as well,
in which however one term is dependent on the selection of integration boundaries
[Com04]. He suggests to use the term as a fit parameter. Thus it cannot be used for
the prediction of the rotational energy of the next molecular states. The method can
be used though to predict the vibrational energy of the deeper bound states under
consideration of next-to-leading potential powers. For the calculation of the vibra-
tional energies of the deeper bound levels I will use the following relation between
vD − v and D − E(v):

vD − v =

√
2µ

2πh̄
(−Cn)β−1/2B(β, 1/2)

n

(D − E)1−β

1− β

+

√
2µ

2πh̄
(−Cn)δ−1/2Cm

Cn

(D − E)1−δ

1− δ
B(δ, 1/2)

n
(δ − 1/2)

(5.33)

with n = 6, m = 8, δ = 1
3
, β = 2

3
and B(a, b) = Γ(a)Γ(b)

Γ(a+b)
the Euler Beta function. This

quantization formula is taken from [Com04, eq. (35)] disregarding a term, which
depends on the potential curvature at the inner turning point.

5.4.3 Raab-Friedrich formalism

Raab and Friedrich [Raa08] further investigated the quantization condition with
respect to the outer reflection phase. The curvature of the potential at the outer
turning point can change significantly over one de Broglie wavelength for weakly
bound levels. Thus the assumption of a linearly approximated potential in the WKB
method is no longer valid. The importance of the outer reflection phase has been
pointed out in the late 1990s [Tro97, Boi98]. Raab and Friedrich developed a quanti-
zation formula including the influence of the outer reflection phase [Raa08]:

nth − n =
2bκ− (dκ)2

2π(1 + (Bκ)4)
+

(Bκ)4

1 + (Bκ)4
·
[
−1

8
+

D

2π(κβ6)2/3
+

Γ(2/3)(κβ6)2/3

4
√
πΓ(7/6)

]
. (5.34)

Here κ =
√
−2µE/h̄ is the momentum connected to the negative binding energy E,

β6 can be calculated from C6, and d, b,B andD are numerical constants or numerical
multiples of β6. nth and n play the role of the quantum numbers vD and v in the Le
Roy-Bernstein formalism.
The prediction of the level spacing of deeper bound states with formula (5.34) leads
to similar results as the Le Roy-Bernstein formalism. A significant difference ap-
pears in the calculation of the least bound state, where the outer reflection phase
plays an important role. The Raab-Friedrich formalism predicts the least bound
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state to be within 1030 MHz (1060 MHz) rather than within 740 MHz (760 MHz)
below the diatomic resonance for the 1u (0+

u ) potential. This is in agreement with the
fact, that the weakest bound state in the 1u potential has been found 983 MHz below
the atomic resonance (see section 5.3.2).
Including rotational effects and the influence of higher power terms of the potential
into the Raab-Friedrich formalism demands for a numerical solution of the reflection
phases [Kai11] which is not done in the course of this thesis, since the predictions of
the analytical rotational energies given by the improved Le Roy-Bernstein formula
are accurate enough to get a good overview of the level spacing.

5.4.4 Prediction of deeper bound states

On the previous pages I presented several quantization rules for the binding ener-
gies of near-asymptotic bound states. I have used these quantization rules to predict
the binding energy of deeper bound states on the basis of the binding energies found
in section 5.3.2. I will compare four different prediction methods:

(1) Rotationless Le Roy-Bernstein formalism in a pure 1/R6 potential following
[Le 70].

(2) Rotationless Raab-Friedrich formalism in a pure 1/R6 potential following
[Raa08].

(3) Le Roy-Bernstein formalism with rotational terms in a pure 1/R6 potential fol-
lowing [Le 80a].

(4) Vibrational energy with an advanced Le Roy-Bernstein formalism under con-
sideration of the 1/R6 and 1/R8 term following [Com04, eq. (35)] neglecting
the short range term, rotational energy following [Le 80a].

Table 5.2 shows the binding energy of deeper bound levels in the 0+
u potential pre-

dicted by the methods (1)-(4) along with the binding energies measured by my col-
league Max Kahmann. The molecular levels were found following the prediction
method (4). The predicted and measured binding energies of molecular states in
the 1u potential are presented in table 5.3. While the vibrational levels are usu-
ally denoted by the quantum number v counting up from the deepest bound level
(v = 0) to the weakest bound level (v = vmax), I will use the alternative denotion
v′ = vmax − v. Thus v′ = 0 denotes the weakest bound state and v′ increases by one
for every deeper bound vibrational level.
The comparison of the quantization formulae shows, that the consideration of ro-
tational terms generally leads to the largest corrections for the binding energies of
the 0+

u states, whereas the binding energy of the 1u states depends strongly on the
influence of the C8 coefficient. Considering both effects, I was able to predict the
binding energies of the deeper bound states with a precision of about 70−190 MHz.
The predictions strongly restricted the interval to search for the bound states exper-
imentally. A more precise prediction would have demanded for a lot more effort,
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method (1) method (2) method (3) method (4) measured
E(v’=0)/h 308.670 MHz

vD − v or nth − n 0.741 0.633 0.860 0.857
E(v’=1)/h 4.01 GHz 4.08 GHz 4.51 GHz 4.58 GHz 4.65 GHz
E(v’=2)/h 15.65 GHz 15.86 GHz 17.19 GHz 17.71 GHz 17.86 GHz
E(v’=3)/h 39.78 GHz 40.22 GHz 42.92 GHz 44.75 GHz

Table 5.2: Binding energies of deeper bound 0+
u states (v′ = 0 to v′ = 3) as predicted

by various quantization formulae. The input to the formulae is the binding energy
of the v′ = 0 state and the van der Waals coefficients given by [Mit08]. The last col-
umn shows actual binding energies experimentally determined by Max Kahmann
[Kah13]. The third row of the table shows the fractional quantum number of the
asymptote, which is a parameter of the quantization formulae.

for example the numerical solution of the Schrödinger equation. The gain in preci-
sion however is limited by the uncertainty of the van der Waals coefficients as well.
Different theoretical calculations [Ciu04, Mit08] result in C6 coefficients differing by
about 3 %. This uncertainty leads to uncertainties in the predictions of about 60 MHz
to 250 MHz for the second and third weakest bound state in the 0+

u potential, respec-
tively.
The fractional quantum number vD−vmax assigned to the asymptote in the 1u poten-
tial is larger than 1 for the quantization methods (1), (3) and (4), which are all based
on Le Roy-Bernstein formulae. A fractional quantum number of larger than 1 indi-
cates another weakly bound molecular state very close to the asymptote (0.7 MHz
to 15.7 MHz, depending on the used quantization method), which has not been
found. The non-existence of this bound state can be explained by the consideration
of the outer reflection phase of the wavefunction [Tro97, Boi98]. The Raab-Friedrich
formalism (method (2)) accounts for the outer reflection phase and is the only quan-
tization formula I used, which does not erroneously predict another bound state.
The existence of a bound state close to the asymptote would involve a large posi-
tive scattering length between 1S0 and 3P1 atoms, whereas an unbound state would
involve a large negative scattering length. In any case a large scattering cross sec-
tion is indicated, which might explain the light-assisted losses observed by [Vog09].
These losses occurred in dense ensembles in the dipole trap, if the 657 nm cooling
light was switched on. A quantitative evaluation is not possible though, because the
exact position of this unbound state can not be predicted with these simple quanti-
zation formulae.

5.5 Summary

In this chapter, plenty of results of the photoassociation spectroscopy has been pre-
sented, which shall be summarized here shortly. The measurement of the g-factors
resulted in g = 0.276(1) and g = 1.074(4). The g-factors were used to assign the
found molecular states to the 0+

u and 1u potentials, respectively. With the calculated
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method (1) method (2) method (3) method (4) measured
E(v’=0)/h 982.994 MHz

vD − v or nth − n 1.099 0.986 1.140 1.129
E(v’=1)/h 6.85 GHz 6.91 GHz 7.04 GHz 7.34 GHz 7.41 GHz
E(v’=2)/h 22.04 GHz 22.21 GHz 22.62 GHz 24.35 GHz 24.54 GHz
E(v’=3)/h 51.01 GHz 51.35 GHz 52.15 GHz 57.91 GHz

Table 5.3: Binding energies of deeper bound 1u states (v′ = 0 to v′ = 3) as pre-
dicted by various quantization formulae. The input to the formulae is the binding
energy of the v′ = 0 state and the van der Waals coefficients given by [Mit08]. The
last column shows actual binding energies experimentally determined by Max Kah-
mann [Kah13]. The third row of the table shows the fractional quantum number of
the asymptote, which is a parameter of the quantization formulae. While method
(4) gives the best agreement with the experimental results, method (2) is the only
formula, that explains the non-existence of another bound state very close to the
asymptote.

g-factors being larger than predicted for Hund´s coupling case (c), the measurement
indicates the states to be in an intermediate regime between Hund´s coupling cases
(c) and (e).
Section 5.3.2 presents the binding energy of the molecular states relative to the
atomic asymptote. After the correction of several shifts, I determined the binding
energies of the weakest bound states to be h · (308 670± 5.7) kHz and h · (982 994±
4.6) kHz for the 0+

u and 1u state, respectively.
In section 5.3.3 I discussed several broadening mechanisms and their influence on
the width and shape of the photoassociation resonance. I calculated the expected
linewidth (FWHM) to be around 53 kHz at a temperature of 1 µK, where the Gauss-
ian shaped Doppler broadening and the thermal broadening are the most dominant
effects. The measurement revealed a linewidth of 57 kHz at low photoassociation
laser intensities in good agreement with the expectation. At higher intensities the
shape of the loss coefficient K(∆) is no longer well described by a Gaussian. A
pseudo-Voigt fit shows good agreement with the measured line shape and revealed
linewidths of up to 180 kHz for intensities of 58 W/cm2. The power-broadening
can not be described by a simple two-level system model. The rising slope of the
peak loss coefficient can be approximated as a linear function of the photoassocia-
tion laser intensity and was measured to be 2.7 · 10−12 cm3s−1/(W cm−2) for the 0+

u

state and 1.1 ·10−12 cm3s−1/(W cm−2) for the 1u state at a temperature of about 1 µK.
Based on the binding energy of the weakest bound states and the long range van
der Waals coefficients of the potentials given by theoretical calculations [Mit08] I
calculated the binding energies of deeper bound states using various quantization
formulae [Le 70, Le 80a, Com04, Raa08]. The most elaborate quantization formula
included rotational effects and the influence of the C8 coefficient to the vibrational
energy. The predictions agreed with the experimental results to about 70−190 MHz,
strongly limiting the frequency interval, in which to search for the deeper bound
states.
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Chapter 6

Conclusion and Outlook

In this thesis two milestones in the physics of ultracold calcium ensembles are pre-
sented. With the experimental setup and parameters described here, the first real-
ization of a Bose-Einstein condensate of alkaline earth metals could be achieved
[Kra09]. The complex cooling scheme and the inapplicability of magnetic traps
made condensation of group II elements very difficult. The trapping of ultracold
calcium atoms in a dipole trap [Gra07, Yan07] was an important step towards evap-
orative cooling to quantum degeneracy. In the course of this thesis, large three-
body losses were detected. The three-body loss coefficient was determined to be
(3.2± 1.6) · 10−27 cm6/s. An optimized ramping scheme has been developed to re-
duce these losses. Finally a BEC in a crossed dipole trap as well as in a single-beam
dipole trap was realized at a critical temperature of 170 nK and 140 nK, respectively.
The atom number of the condensed fraction was about 15 000 in the crossed dipole
trap, whereas the lower densities in the single-beam dipole trap allow for atom num-
bers of up to 40 000 in the condensed fraction.
A high phase space density, a bimodal distribution and an anisotropic expansion
have been observed as clear indicators for a condensate being formed. From the
anisotropic expansion of the atoms after release from the crossed dipole trap, we
were able to determine the chemical potential of the atoms to be µ = kB · 55 nK.
From that we were able to deduce a ground state scattering length of about 440 a0,
confirming earlier values of asc = 200 a0 − 800 a0 [All03] or asc = 340 a0 − 700 a0

[Vog07].
The BEC presented in this thesis paved the way for the condensation of the simi-
lar alkaline earth element strontium [Ste09, Mar09] and the condensation of calcium
with an alternative cooling mechanism, that might also be suited for lighter alkaline
earth elements like magnesium [Hal12].
The second milestone of this work is the photoassociation spectroscopy near the
1S0 − 3P1 intercombination transition, presented in chapter 5. The weak coupling
strength demands for an ultracold dense ensemble, which is provided by the crossed
dipole trap after evaporation down to a temperature of 1 µK. In the two accessible
molecular potentials a1u and c0+

u the weakest bound state was expected within a
binding energy of up to 1.1 GHz and the narrow linewidth demanded for a scan
with steps of around 10 kHz. After a total of 100 000 single measurements the
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weakest bound state in each potential has been found. Considering several shift
mechanisms I calculated the binding energy of the weakest bound c0+

u state to be
h · (308 670±5.7) kHz. The weakest bound a1u state lies h · (982 994±4.6) kHz below
the atomic asymptote.
I measured the g-factor, which describes the Zeeman splitting in an external mag-
netic field to be 0.276(1) for the c0+

u state and 1.074(4) for the a1u state. Being higher
than the g-factor predicted for Hund’s coupling case (c), this indicates an interme-
diate regime between coupling cases (c) and (e).
An investigation of the width of the photoassociation resonance revealed a line
width of 57 kHz at a temperature of 1 µK and thus slightly larger than the expected
width of around 53 kHz. The difference can be well explained by uncertainties in
the fit and the temperature. Thus the introduction of a phenomenological broaden-
ing factor as used in PA studies of rubidium [The04] and strontium [Zel06] is not
demanded for.
An increase of the width with higher intensities of the photoassociation laser has
been observed. The power broadening can not be described quantitatively by a
simple two-level model. The rising slope of the peak loss coefficient can be approx-
imated as a linear function of the photoassociation laser intensity. It is about 2.7 ·
10−12 cm3s−1/(W cm−2) for the 0+

u ,m = 0 resonance and 1.1 ·10−12 cm3s−1/(W cm−2)
for the 1u,m = 0 resonance at a temperature of 1 µK. The coupling strength is thus
larger than predicted by [Ciu04], indicating a good applicability for optical Fesh-
bach resonances.
Based on the binding energy of the weakest bound molecular states and the near
asymptotic potential shape with van der Waals coefficients from theoretical calcula-
tions [Mit08] I predicted the binding energy of deeper bound states using various
quantization formulae [Le 70, Le 80a, Com04, Raa08]. The achieved accuracy of the
most elaborate prediction method was between 70 MHz and 190 MHz for the four
next deeper bound states.
Since only the weakest bound molecular states have been found in the course of my
thesis, the next step was the observation of deeper bound states. This has already
been done by my colleague Max Kahmann on the basis of my predictions. The
binding energies and Zeeman splittings of the states will be used to draw conclu-
sions about the van der Waals coefficients and the coupling behaviour of the angular
momenta in the molecules [Kah13]. The achieved uncertainty of a few kHz for the
binding energies will allow for the test of quantization formulae and molecular po-
tential models to a previously unachieved precision.
Knowing the line shape and loss coefficients of the photoassociation resonances,
these can be used to tune the ground state scattering length by optical Feshbach
resonances. Several detection methods for a variation of the scattering length have
been developed by other groups. Some of these require a Bose-Einstein condensed
gas. From the mean field expansion, the scattering length can be determined as done
in chapter 4.4.1. Depending on the application of an optical Feshbach laser and its
frequency a different mean field expansion can be observed [Yan13]. Alternatively
a standing wave optical Feshbach laser can be used to imply a periodic phase shift
to the wavefunction of the condensate due to the spatial variation of the mean field
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energy. The periodic phase shift transforms into a separation of the cloud into sev-
eral momentum components, when the ensemble is released from the trap [Yam10].
For both of these methods a Bose-Einstein condensate is mandatory. A third detec-
tion method for the variation of the scattering length has been applied in thermal
sodium [Fat00]. It uses an optical Feshbach resonance to tune the scattering length
and thus the ground state scattering wave function. A probe laser then detects the
losses on another photoassociation resonance, which depend on the Franck-Condon
density and thus the scattering wave function.
A detection method, which to my knowledge has not been proposed nor used so
far, is the shift of the weakest bound ground state molecular resonance, which is
connected to the ground state scattering length. This shift could be detected by a
2-photon spectroscopy using two probe lasers.
Photoassociation spectroscopy and optical Feshbach resonances near the singlet-
triplet transition have been of interest since quite a while. Several groups reported
on photoassociation and optical Feshbach resonances in cold gases of ytterbium
[Toj06, Eno08] and strontium [Zel06, Yan13]. The even narrower intercombination
line of calcium will further improve the applicability of optical Feshbach resonances
[Ciu05].
The optical Feshbach resonances can then be used to alter the scattering length in a
small area inside a BEC, for example to excite solitons or soliton trains. If the pho-
toassociative losses are small enough, one can also use optical Feshbach resonances
to optimize the generation and lifetime of a BEC by lowering the scattering length
and thus the three-body losses as done by [Web03a] with magnetic Feshbach reso-
nances. Due to a strong overlap between the wavefunctions of excited and ground
state molecular states [Ciu04], photoassociation can also be used for the generation
of ultracold molecular ensembles in the electronic ground state by spontaneous de-
cay.
The application of two photoassociation lasers will enable to determine the bind-
ing energy of the weakest bound state in the molecular potential of two ground
state atoms. This would result in a more precise value of the ground state scatter-
ing length. Another application of two-photon photoassociation is the generation
of molecules by stimulated Raman adiabatic passage (STIRAP). While this method is
predicted to be unsuited for thermal atomic ensembles [Jav98] it has proven to be
very efficient in Bose-Einstein condensates [Mac00].
The achievements presented in this thesis and the acquired experimental and theo-
retical understanding thus paved the way to novel experiments with alkaline earth
atoms in the classical as well as the quantum degenerate regime. These novel exper-
iments especially include the manipulation of the scattering behaviour by low loss
optical Feshbach resonances.
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