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Zusammenfassung

Im Zuge dieser Arbeit werden die ersten Photoassoziations-Messungen der gebun-
denen Vibrationsresonanzen zur Modellierung des schmalbandigen Systems 'S, +
3P, in Calcium prisentiert. In einem Energiebereich von bis zu 25 GHz-h unterhalb
der atomaren Asymptote, wurden sechs Photoassoziationsresonanzen in den bei-
den, zur atomaren °P; + 'Sy Asymptote gehdrenden, Molekiilpotentialen © = 0 und
(2 = 1 spektroskopiert. In beiden angeregten Zustanden 2 = 0 und 2 = 1 wurden
jeweils zusétzlich die Zeemanaufspaltungen gemessen.

Es wurde ein theoretisches Modell entwickelt, das fiir beide Molekiilpoten-
tiale, neben den Bindungsenergien, die von der Potentialform fiir grosse Kernab-
stinde abhdngt, auch die Zeemanaufspaltung, die von dem Kopplungsverhalten
der Drehimpulse abhédngt, beschreiben kann. Dieses Modell dient dazu, die ent-
sprechenden Molekiilpotentialparameter zu bestimmen und erlaubt Vorhersagen
fiir die Manipulation der atomaren Streuldnge durch optische Feshbachresonanzen
mit geringen Atomverlusten. Dafiir wird im dritten Kapitel ein Modell vorgestellt
und experimentell durch Multiphotonenspektroskopie getestet, welches auf Basis
der gewonnenen Molekiilparameter Vorhersagen fiir die Streuldnge und die zu er-
wartenden Verluste machen. Da sich die beobachteten Linienbreiten der Resonanz-
spektren bei hohen Lichtintensitaten nicht durch die bestehenden Modelle erkldren
lassen, wird im vierten Kapitel eine ausfiihrliche Linienbreitendiskussion tiber alle
Effekte, die in einer Verbreiterung der zu erwartenden Spektren enden konnen,
gefiihrt. Zusatzlich wurden die Anregungsraten experimentell analysiert, was Riick-
schliisse auf die Ergebnisse des coupled channel Modells, sowie auf die existieren-
den theoretischen Modelle, zur Beschreibung der Photoassoziation erlaubt. Derart
wurden die Vorhersagen, des in dieser Arbeit entwickelten coupled channel Modells,
bestdtigt. Ferner wurde das existierende Photoassoziationsmodell fiir niedrige In-
tensitdten bestdtigt. Fiir hohe Intensitidten jedoch wurden erhebliche Abweichungen

festgestellt und die moglichen Erweiterungen der Modelle diskutiert.






Abstract

In this thesis, the first photoassociation (PA) measurements to model the narrow-
line system 'Sy + P, are presented. Calcium atoms were optically trapped and
cooled. Precisely tunable laser light was produced for a high accurate spectroscopy:.
The light was irradiated for typically one second to the trapped atoms, and the trap
losses were observed from absorption images of the atomic cloud. In an energy
range of up to 25 GHz-h below the asymptote, we have observed six photoassoci-
ation resonances in the two molecular potentials {2 = 0 and Q2 = 1 corresponding
to the 3Py + 'S, asymptote. In both the 2 = 0 and 1 excited states we measured the
Zeeman splittings.

A theoretical model was developed in order to describe both, the Zeeman split-
ting, given by the coupling behavior of the angular momenta, and the energy of the
bound molecular states in both potentials, given by the potential shapes for long
distances of the nuclei. The data allows, to improve our knowledge of the molec-
ular parameters and the dispersion coefficients. This allows predictions for the use
of low-loss optical Feshbach resonances, to manipulate the atomic scattering length.
Therefore, in the third chapter a model for optical Feshbach resonances is presented,
and the theoretical predictions based on the derived molecular potential values are
presented and tested experimentaly by multi-photon spectroscopy. Since the ob-
served line shapes for high intensities cannot be explained by the theoretical model
in the fourth chapter, a detailed line shape discussion follows, including the exper-
imental investigation of the excitation rates, in order to test the coupled channel
model presented in chapter two, as well as the existing PA models. The predictions
of the coupled channel model have been confirmed, also the PA model for low in-
tensities. For high intensities however, the PA model was not capable and a first

discussion for a necessary enhancement is given.
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Chapter 1
Introduction

In my personal opinion, atomic physics is
the most interesting of sciences from the
point of view of understanding the sur-
rounding nature, while light is in my eyes
the most important source of information.
The investigation of these two exciting top-
ics already started thousands of years ago.
Modification of the scattering behavior of
atoms by light, presented in this work, to
me, is the perfect combination of these two
exciting fields of science and the result of
hundreds of years of scientific investiga-
tions. In this chapter, I present as my moti-
vation for this thesis work a personal selec-
tion of historic milestones in these two fields
as well as their synergy, leading to the in-
vestigations presented in this work. The fol-
lowing historical presentation is mostly fol-

lows the works in [3, 4].

Figure 1.1: Leucippus, an ancient Greek

philosopher [1]. Figure taken from [2].

From the very beginning, humanity endeavored to explain and understand the

phenomena of nature, which surrounded them. Examining nature, one recognizes,

that there are a lot of systematic repetitions: beech trees in the Black forest for ex-

ample are indistinguishable from beech trees of the same type in Berlin [3]. This led

forward thinkers consider systematic patterns in matter. Could there be at least a

1



2 Introduction

common denominator, which this system of repetitions is based on? Is it possible,
that from a certain point on it does not make sense to continue dividing material?
In his book "Elementarteilchen, Bausteine der Materie" [3] Harald Fritsch gives a
useful and interesting metaphor, by comparing matter with a library. In essence, all
libraries are composed the same way. Libraries consist mainly of a huge number of
books. Each single book consists of thousands of words. Each word in the English is
language built up by 26 letters. Nowadays, since the beginning of the digital infor-
mation age, it is more common to write a book on a computer. This means that every
single letter can be described in binary code using the elements 0 and 1; therefore
we have reached a fundamental limit of dividing. It is just not possible to reduce
something beyond a binary system. The question is: Is there such a fundamental
barrier in matter as well?

The first known humans, that are known to have debated this problem, were
the ancient philosopher Democritus and his teacher Leucippus' (figure 1.1) in the
5th century B.C. They postulated, based on the idea of an "empty space", developed
by the philosopher Parmenides, that all of nature consists of very small, impartible
units called atoms (Greek atopos , dtomos, which means "impartible” or "the small-
est indivisible particle of matter").

In this so called "golden era" of notable accumulation of philosophical devel-
opments around 500 B.C., in India a pretty similar idea of atomism occurred, de-
veloped in the philosophy of Mundaka-Upanischad, without influence from their
European counterparts [5].

It took western civilization almost two millennia to overcome the dark me-
dieval times, characterized by religious fanatism, to accept these ancient ideas in an
age of enlightenment. In the 17th century, the philosophic idea of atomism appeared
again and was enhanced by Gottfried Wilhelm Leibniz (figure 1.2) for instance, who
replaced an empiric point of view by a logic one, in his alternative "Monadology
for atomism" [6]. In the same century, Sir Isaac Newton, the founder of theoretical
physics [7], came to the conclusion that the interaction between elementary particles
defines the coherence of macroscopic bodies.

Today, we know that atoms are neither indestructible nor indivisible. They are
composed of a shell, consisting of electrons and a nucleus, which consists of protons

and neutrons® [8]. These nuclear particles consist of so called quarks and gluons

! According to some researchers, Leucippus was just a pseudonym for Democritus.
?Besides the isotope ! H, which only consist of a proton and an electron.
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[9]. With the apparent proof of the standard model [10] by discovering the so called
"God particle" [11] (or "Higgs Boson" [12]) at CERN?® [13], from today’s point of view,

the elementary particles of matter, predicted by Democritus and Leukippus, seem

to be leptons,quarks and gluons. Nevertheless modern research is even aiming at

observing an internal structure of electrons®.

Figure 1.2: Gottfried Wilhelm Leib-

niz was a German mathematician and

philosopher. He occupies a prominent
place in the history of mathematics and
the history of philosophy [14]. The Leib-
niz university of Hannover is named after

him. Figure taken from [2].

Atoms in the modern nomenclature,
are the smallest units, which can exist per-
manently. Also the statements of Anaxago-
ras and Democritus seem to be almost
prophetic from today’s point of view. The
interactions of the atomic shells result in the
combination of atoms to molecules or solid
matter and bring with it the systematic rich-
ness of species of matter. Their geometry
decisively matters: what would happen, if
water, the primary substance of life, for ex-
ample, would not have an angle of 104 de-
gree in the axis between the nuclei of the
two hydrogen atoms and the oxygen atom,
leading to a non-polar molecular structure?

Life, as we know, would simply not exist.

For the development of all this system-
atic understanding of nature, information
about it, is indispensable. Humans have five
senses to acquire information about the sur-
rounding world. One of these senses, prob-
ably the most important to explore the sur-

rounding world, is sight, using a medium

we call light. The great minds of the Greek ancient time, such as Pythagoras, Dem-

ocritus, Empedokles and Aristoteles, who thought about nature also developed the-

ories about the nature of light.

3Conseil Européen pour la Recherche Nucléaire

4private communication: Eric Cornell, JILA



4 Introduction

During the dark medieval times, there were no significant further develop-
ments in the field of optics and some knowledge was even lost in Europe. But there
have been some developments in the Arabic world worth noting; especially the no-
tations of Alhanzen who lived in the 11th century.

In the 17th century new technologies in the field of optical instruments occure,
such as g.e. the refracting telescope, credited to three individuals, Hans Lippershey,
Zacharias Janssen and Jacob Metius and further developed by Galileo Galilei.

An enormous step for the theoretical description of light was taken in the 19th
century. The wave theory of light by Huygens and the new interpretation of a phe-
nomenon called interference, discovered by Thomas Young and modeled by Her-
mann von Helmholtz (figure 1.3), was combined by Augustin Jean Fresnel. This led
him to the well-known formulas, named after him, of the amplitudes of reflected
and transmitted light beams.

In parallel to these developments, research into electricity and magnetism made
substantial progress. In particular the Faraday effect, named after the brilliant exper-
imental physicist Michael Faraday, was a first experimental indication of an inter-
action between light and electromagnetism. It was James Clark Maxwell, who was
able to make a theoretical prediction of the speed of light by combining the empiric
knowledge in these fields [15]. At the end of the century the scientific community
believed that an all-embracing theory in physics was almost achieved. In 1874 for
example, Philipp von Jolly told Max Planck that "in this science (physics) almost ev-
erything is researched and that only a few voids have to be filled"! Physicists of that
days, e.g. thought about a so called light ether in which the electro-magnetic waves

are propagating.

However, one experiment at the end of the century, which is known today
as the Michelson-Morley experiment disproved the existence of the so called light
ether, and subsequently this hypothesis disappeared [16]. Right at the beginning of
the 20th century, the consequences of these results became more and more apparent.
It was Jules Henri Poincaré in 1900 and in 1905 Albert Einstein, who enhanced the
theoretical understanding of light, space and time with the relativistic theory [17].
When Max Planck held his talk on the theory of the law of energy distribution in the
normal spectrum, on 14th December 1900 at the Deutsche Physikalische Gesellschaft
(DPG) it was the birth of quantum mechanics, which had a huge impact on atomism

as well.
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Quantum mechanics was the key to
understand the physics occurring on very
small length scales as well as the interaction
of atoms and light®. Finally, this led to the
development of techniques which opened
a wide range of applications, that in turn
enabled physicist to influence the systems
they were researching. Compared to As-
tronomy for example, where there is no pos-
sibility of influencing the researched object,
the experimental atomic physicists now de-
veloped tools which enabled them to con-
duct target-oriented experiments.

A significant device, based on a at
that time extraordinary interaction between
light and matter, is the Microwave Ampli-
fication by Stimulated Emission of Radiation
(MASER) [19], developed in the 1950s. Its
development was mostly based on research
done by the Nobel prize winners of 1964:
Charles Hard Townes, Nikolai Gennadien-
witsch Basow and Alexander Michailow-
itsch Prochorow.

Shortly after the development of the
Maser a discussion started, whether or not

this technique could also be used in the op-

Figure 1.3: Hermann von Helmholtz

was a German physicist and physician,
who made significant contributions to
a wide range of modern sciences [18].
Since 1887 he was the first president
of the Physikalisch-Technische Reich-
sanstalt (PTR), the predecessor of the
Physikalisch-Technische = Bundesanstalt
(PTB). Figure taken from [2].

tical spectral region. In 1958, Townes and Arthur Schawlow predicted the conditions
to Light Amplification by Stimulated Emission of Radiation (LASER) [20]. Such a system

was first developed two years later, in 1960, by Theodore Maimann. This was also

the birth of modern atomic physics.

Based on this source of light with unique properties, a wide range of technical

applications were developed, which gave scientists experimental access to atoms

and their interactions. These unique properties: narrow spectral line width, high

>Already in the end of the 19th century first experiments, g.e. 1888 Johannes Rydberg, indicate

the quantum character of atomism.
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intensity and temporal and spatial phase coherence, make lasers perfect tools for
atomic and molecular spectroscopy. Since then, entirely new investigations have

become possible and have been improved by several orders of magnitude.

In the years 1967-1970, Arthur Ashkin and others developed the theory and
later the experimental realization of optical trapping [21]. Lasers were used to trap
very small particles like atoms or molecules in space.

His student, Steven Chu, enhanced this technique to the so called Laser cool-
ing [22, 23], where the radiation pressure of light is used to decelerate the Brownian
motion of atoms arising from their temperature. This technique was further im-
proved to cool the atoms. For their work, Steven Chu, Claude Cohen-Tannoudji
and William Phillips achieved the Nobel prize in 1997.

The combination of trapping, cooling, and spectroscopy on atoms enabled sci-
entists to confirm fundamental theories, like the creation of a Bose—Einstein conden-
sate [24], probably one of the fields of science with the highest attention in the last
two decades. The same condition leads to technical applications like a new genera-
tion of optical clocks with an uncertainty in the order of < 107" — corresponding
to less than one second in 3 000 000 000 years [25, 26].

Precise determination of long range interactions and scattering processes of the
atoms are a prerequisite for a lot of these applications and research on fundamental
theories in modern atomic physics. Scattering processes of atoms for example lead
to collisional frequency shifts, contributing to the error budget of optical clocks, op-
erating with atom clouds, and also Bose-Einstein condensation strongly depends on
atom-atom collisions. The ability to control the strength of atomic interactions and
the possibility to modify the scattering behavior of an ultra-cold atomic ensemble is
hence a key technique for investigations in the whole field of quantum-degenerate
gases of ultra-cold atoms and for studies of few- and many-body systems.

The most suitable known physical phenomenon with such a capability is a
Feshbach resonances.

A Feshbach resonance is a scattering effect in physics, which is named after
Herman Feshbach (figure 1.4) [27]. It should be mentioned that already in the 1930s
the asymmetric shape of loss-spectra in noble gases due to coupling a continuum
to a bound state, known as the "Fano-effect”, was described theoretically [28]. It is

based on the coupling of the scattering wave function to a bound molecular state.
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In contrast to classical scattering processes of billiard ball-like particles it is not only
possible to increase the interaction of the particles; if the scattering length is tuned
to zero a non interacting regime is reached, and for negative scattering lengths the
mean interaction energy can become negative like attraction.

The possibility to tune the scattering behavior and interaction of an atomic
ensemble by Feshbach resonances gave access to study ultra-cold quantum gases
[29], such as the formation of ultra-cold molecules [30], or the crossover between
Bose-Einstein condensate to a Bardeen—-Cooper—-Schrieffer regime with fermionic
gases [31], simulation of supernovae, and Efimov trimer states [32].

There are several possibilities to cou-
0 ple the incoming wave to a bound molec-
' ular state for a Feshbach resonance. In the
1990s, a lot of predictions were made to
modify the scattering length by magnetic
coupling [33, 34, 35, 36, 37] or by radio fre-
quency coupling [38]. At the end of this
decade, the first magnetically induced Fes-
hbach resonance was observed experimen-
tally [39]. In a magnetic Feshbach reso-
nance, the energy of a bound molecular
state is tuned into resonance to the scatter-
ing state by altering an magnetic field.

In the same year, photoassociation

(PA) spectroscopy was used to observe Fes-
Figure 1.4: Herman Feshbach was an hbach resonances [40], already theoretically
American physicist. He was an Institute discussed ten years before [41]. A light field
Professor Emeritus of physics at MIT. Fig- couples the scattering wavefunction of the
ure taken from [2]. ground state to an excited bound molecu-

lar state. It offers certain advantages over
studying gas properties and provides a direct rapid signature of collisional reso-
nances. It also bypasses a lot of difficulties when studying gas properties, which
becomes important for very narrow resonances. Furthermore, PA precludes prob-
lems due to complicated analysis with contributions of different partial waves in gas
thermalization experiments. Additionally, the laser frequency as an experimentally

accessible parameter, allows studies of the energy dependence of various effects.
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In the early days of the new millennium, experimental access was found [42]
to modify the scattering length of atomic pairs, which are insensitive to magnetic
tields, as was theoretically mentioned before, by an optical coupling [43, 44]. These
so called optical Feshbach resonances hold several advantages compared to their
magnetically induced counterparts. Light fields, can be switched much faster and,
in contrast to magnetic fields they do not need to pass through the resonance in
order to switch to "the other side" of the resonance, which causes losses [39, 45].
Furthermore, intensity and frequency are separately controllable parameters.

The tuning range of the scattering length as a function of the light field fre-
quency in optical Feshbach resonances is limited by atom losses close to the res-
onance due to spontaneous decay [46]. Therefore, it was suggested to use ultra-
narrow transitions, in order to overcome this limitation [47]. This makes alkaline
earth elements as well as Ytterbium, with their two valence electrons, perfect candi-
dates, due to their extremely narrow intercombination lines between the singlet and
triplet systems. Their ultra-narrow transitions are used for a wide range of appli-
cations from metrological frequency standards [48, 49, 50] to fundamental research
[51, 52, 53, 54, 55]. In the following years, photoassociation on the intercombina-
tion line was used for optical Feshbach resonances with '™:172176Y} [56, 57, 29] and
83Gr [58, 59, 60]. The natural line widths of these elements are I'y;, ~ 182 kHz and
I's, =~ 7.5 kHz.

In contrast to these elements, the small line width of *°Ca (T' = 374(9) Hz [61])
makes it a perfect candidate to reach the next order of magnitude in uncertainty
of photoassociation spectroscopy [62] and for optical Feshbach resonances since for
these even smaller natural linewidths less losses are expected.

Due to the small dipole matrix element in *°Ca, we are entering a new regime,
where the long range molecular potentials are dominated by the van der Waals
interaction. Due to the similar van der Waals coefficients in the involved ground
state potentials and excited-state potentials of Ca,, the PA differs considerably from
other elements with stronger dipole interaction. This leads to a strong probability
for spontaneous decay to bound molecular levels in the electronic ground state [63]
and thus prevents applying the reflection approximation [64].

In addition, the small dipole coupling in Ca leads to excited potentials *II,
and *Y}, that can be excited from the ground state and are predominantly attrac-
tive. These potentials therefore differ also from all other homo-nuclear PA studies

investigated so far.
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In this work the link of photoassociation, as spectroscopic tool, and the mod-
ification of the scattering behavior by optical Feshbach resonances in Calcium is
presented. The present thesis is organized as follows:

The second chapter presents the experimental investigation of the relevant
molecular potentials. As a first step, the previously unknown transition energies
to the weakly bound molecular states close to the atomic resonance were measured
by PA spectroscopy with an uncertainty on the order of a few kHz. Molecular states
can effectively be coupled by rotational interaction, which leads to a striking de-
pendence of the molecular g-factor on the vibrational levels. The observations are
described by a theoretical model, which takes the spin—orbit coupling as well as the
rotational interaction into account. This coupled channel model shows that only
the inclusion of both, binding energies and effective g-factors, provide an accurate
description of the long-range interaction potential. For the first time theoretically
predicted long-range molecular coefficients based on ab initio calculations were com-
pared to and confirmed by the experimentally derived coefficients.

In the third chapter, these excited state molecular potentials as well as cor-
responding ground state potential were used to predict the capabilities of optical
Feshbach resonances in Calcium and compare it to other alkaline earth(-like) ele-
ments. Multi-color high intensity photoassociation spectroscopy was performed to
test these theoretical predictions. Since the observed line shapes at high intensities
cannot be explained by the existing models, in the fourth chapter a detailed discus-
sion of the line shape and investigation of the loss rates is presented. This investi-
gation proves the correctness of our molecular models as well of the excisting PA
models for low intensities. However these models do not provide a description for
high intensities. Thus first discussions towards an enhanced model are presented.

As mentioned in the beginning, this work for me is a small step in the exciting
tield of modern atomic science, where light -as one of the most fascinating media
and source of information- is used to enhance our fundamental knowledge about

nature.
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Chapter 2

Photoassociation experiment to

determine molecular potentials

A detailed understanding of the coupling of atoms between the ground state con-
tinuum and excited molecular states by a light field is indispensable for the appli-
cation of optical Feshbach resonances (OFR). Therefore I performed high-accuracy
photoassociation (PA) spectroscopy, which enables modeling of the corresponding

molecular potentials.

This chapter first gives a short summary of the theoretical background of light-
assisted generation of molecules at the atomic asymptote 'S + *P, followed by the

experimental setup for the presented measurements.

For these measurements, in a first step the so far unknown resonance frequen-
cies of the weakly bound vibrational states near the asymptote to the pair *P; +' .S,
were measured. Different theoretical predictions [65, 66, 67] based on the first ob-

served PA resonances [62] were used for a systematic search for the bound states.

For the identification of the vibrational states and for a detailed model of the
corresponding molecular potentials also the gyromagnetic ratios were measured be-
sides the binding energies of the three most weakly bound vibrational states relative
to the transition energy of the 'S, +* P; asymptote. Two accessible molecular poten-

tials denoted as c0; and (a, ¢)1, of the atomic asymptote 'S + ? P were investigated.

Based on these measurements the molecular potentials 0, and (a, c)1, were
modeled by a close coupled channel model and the results were compared to ab

initio calculations.

11



12 High accuracy photoassociation
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Figure 2.1: Plot of the Ca, potentials corresponding to 1Sy +1S;, +3P and +' D atomic
asymptote - historically denoted as X, a, c and A - as a function of the internuclear distance
R without fine structure. The inset shows the molecular potentials for large internuclear
separation denoted in Hund’s case (a)((c)) and the corresponding atomic asymptotes. The
photoassociation laser operates near the 1Sy +* P, asymptote (A = 657 nm). Since this is
a single-photon excitation and the ground state parity is gerade for the excited states, only
states with electronic parity ungerade are accessible and included in the plot.
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2.1 Light assisted generation of molecules at the inter-

combination line

For one *°Ca atom in the 'S, ground state and another one in the *P; excited state
approaching each other, the potential energy as function of the internuclear distance
R separates into different molecular potentials. Two ungerade potentials (Fig. 2.1)
can be excited from the X 'S} ground state by single-photon transitions; they are
denoted by ¢ *II, and a *3; in Hund’s case (a) [68] (see section 2.7). In the following
these potentials will be denoted as a and c.

In the Born—-Oppenheimer approximation [69] in a diatomic molecule, the en-
ergy V(R) of the electronic state at a fixed separation R of the nuclei creates the
potential for the relative movement of the nuclei.

Generally, the molecular potential at large internuclear separation R can be
expressed as an inverse power sum

Chr
V(R) = T (2.1)
originating from a multi-pole expansion of the atom—-atom interaction.

In the potential correlating to the 'S, +* P, atomic states, the C; coefficient is
directly related to the dipole matrix element of the atomic 'Sy —* P; transition. It

can be expressed as a function of the lifetime 7" = 1/7 and the transition’s angular

3hc3
27w3

frequency w yielding C5 = [58]. For excitations on the intercombination line
of calcium between the 'S, ground state and the excited 3P, state, the line width
is I' = 374 Hz [61], and the contribution of the dipole interaction is very weak. In
contrast to other narrow line PA measurements with alkaline earth(-like) elements
like Sr and Yb, we enter a new regime in Ca, which is dominated by the next order
of Coulomb interaction.

The Cy coefficient corresponds to van der Waals induced dipole—dipole inter-
action, whereas the Cs coefficient corresponds to the induced dipole—quadrupole
interaction.

So far, the molecular potentials at the intercombination line for large internu-
clear separations of Ca have not been experimentally investigated yet. The dom-
inant coefficients in this regime - C5, Cs and Cs - were calculated [63, 70] ab initio
based on coupling strengths determined experimentally from atomic spectroscopy.

The molecular potential is usually modeled by a fit to molecular spectroscopy data
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[70, 71]. Due to the unknown phase accumulated in the inner region of the molecu-
lar wavefunction, the exact position of the near-asymptotic vibrational states cannot
be extrapolated from the long range behavior only. Thus it does not provide predic-
tions of the binding energies of the most weakly bound states.

Two atoms, excited to a bound vibrational state, can decay spontaneously back
into the ground state continuum or to a bound state in the X'} molecular ground
state potential. The probability for a decay to a certain kinetic energy in the ground
state continuum of this dimer depends on the Franck-Condon density’. Since this
kinetic energy is typically much higher than the trap depth and cold molecules in the
X 12; potential were not detected by our detection method, the photoassociation of
an excited cold molecule can only be observed as a loss of atoms. For a more detailed

discussion of the atom losses, see chapter 4.

2.2 Experimental realization

For the investigation, Ca atoms are first trapped and cooled optically. Since we are
interested at two-body processes at low kinetic energies, we have to prepare the
atoms at low temperatures and high densities. In this section, our experimental
setup scheme is summarized shortly. For a detailed description of the setup, briefly
I will refer to the corresponding publications; only the latest modifications and im-
provements for PA measurements being part of my contribution will be mentioned
separately.

A schematic drawing of the experimental setup is given in figure 2.2. The ex-
periment takes place in a vacuum chamber [72, 73] at a pressure of p = 2-107'° mbar.
10Ca atoms are trapped and cooled in two subsequent magneto-optical trap (MOT)
stages [74]. The first stage operates on the 'S, —! P; fluorescence transition. After
one second of loading up to 10? atoms are trapped at a temperature of 1 — 2 mK. A
loss channel to the metastable 4s3d ' D, state (see figure 2.3) is closed by a repump
laser system [61, 75]. In a second stage of magneto-optical trapping operating on the
1Sy =3 P transition, for 300 ms up to 4 - 107 atoms are trapped at a temperature of
T ~ 12 pK. In order to increase the photon scattering rate on this transition addition-

ally a quench laser is applied coupling the *P; state to the 4s4d * D, state. In a third

!This is not a coupling between two discrete states but rather a coupling between a continuum of
states to a bound state. Thus the Franck—Condon factors for the density of states as a function of the
kinetic energy in the continuum are denoted as Franck—-Condon density (FCD).
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Figure 2.2: Schematic drawing of the vacuum chamber and the laser beams for trapping
and cooling the atoms. The atoms emitted by an oven are decelerated by a Zeeman-slower
beam and deflected by an optical molasses (not shown in the figure) towards the center
region of the chamber. Thus the trapped atoms are not affected by the Zeeman-slower beam.
In the center of the chamber, the atoms are trapped by the first-stage MOT beams operating
at 423 nm. The repump laser system operating at 672 nm, which is retro-reflected to the
atomic cloud, is aligned to this center region. The second stage MOT beams, operating at
657 nm, are retro-reflected. (For the MOTs only the horizontal beams are shown in the figure)
The quench laser light at 453 nm, irradiated vertically from the bottom and retro-reflected,
is not shown in the figure. The third trapping stage is a crossed dipole trap. The horizontal
angle of the beams is 51°, and one beam is 20° tilted relative to the horizontal plane. The
photoassociation laser light is irradiated from one side almost parallel to the tilted dipole
trap beam. For detection a CCD camera and a resonant laser beam operating at 423 nm are
used.
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Figure 2.3: Simplified energy level diagram for “°Ca showing the main cooling transitions,
decay channels, the quench transition and the repumping transition.

stage of trapping the atoms were loaded into a crossed dipole trap [76, 62] operating
already during both MOT stages. A temperature of 7' ~ 15 ;K is reached for this
trapping. After further evaporation [77, 62] by lowering the dipole trap depth about
N =150 000 atoms are prepared at a temperature of 7' ~ 1 ©K and a peak density of
pa1.1-109 m=3,

2.2.1 Compact laser frequency stabilization

In previous experiments with this setup [61, 76], the 423 nm laser light was stabilized
to an atomic beam, and the 453 nm quench laser light was stabilized to a He-Ne laser
via a transfer cavity. The eigenfrequency of the transfer cavity relative to the atomic
transition had to be measured every time. Further, this technique was circuitous
due to its higher complexity and thus more sensitive for perturbations compared to
stabilization to a reference cavity, as was already being used for the 672 nm repump
laser light [61]. Therefore, the stabilization of the 423 nm and 453nm laser light was
changed to a reference resonator. Figure 2.4 shows the resonator in the open vacuum
chamber.

Since it is almost impossible to predict the exact value of the eigenfrequency

of a cavity relative to a given frequency (in our case atomic transitions), the design
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Figure 2.4: Optical resonator with an Ultra Low Expansion (ULE) glass spacer mounted
in an aluminium heat shield inside the open vacuum chamber. The coin demonstrates the
compactness of the setup.

has been chosen in such a way that a laser at any given frequency can be stabilized
to this cavity?. The length of the resonator spacer was chosen to be [ = 10 cm.
This leads to a free spectral range of 1.5 GHz [78]. The resonator configuration
is plane—concave with a concave radius of » = —200 mm. Therefore, we do not
expect a superposition of the different eigenmodes of the resonator, and the relative
frequency shifts between the T EM,, T E M, and T E M;; modes are about 375 MHz.
This means that there is a maximum of < 200 MHz of frequency difference between
the eigenfrequencies of different mode orders ( T'E My, T E Mjy,...) of the resonator
and each possible atomic transition frequency. Differences in the MHz range can
easily be bridged by an acousto-optic modulator (AOM). The AOM is in double-pass
configuration in order to avoid readjustments when the AOM carrier frequency is
changed. Furthermore, the AOM is used to modulate the laser frequency for a lock-
in stabilization of the laser frequency [78]. The entire setup is shown schematically
in figure 2.5.

The line widths of the corresponding transitions are I'(*S; —' P;) ~ 34 MHz
and '(*P; —! D) =~ 4 kHz. Therefore the coating of the mirrors has been chosen

to provide for the optical wavelength of these transitions a reflection coefficient of

2Cavity configuration was calculated and technically designed by Dr. Sebastian Kraft.
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Figure 2.5: Schematic picture of the 423 nm and 453 nm laser frequency stabilization to
a single reference resonator. The frequencies of the voltage-controlled oscillators (VCO),
driving the AOMs, are frequency modulated by different modulation frequencies in order
to allow a separate lock-in detection for both lasers.

Quench laser

R = 99.7 % — leading to a finesse of F = 1 000 [78]. The spacer length of [ = 10 cm
results in [78] a line width of the resonator of A = 1.5 MHz. A lock-in stabilization
with MHz width was sufficient for a frequency stabilization with kHz stability.

Using two different modulation frequencies for the 423 nm and 453 nm laser
light, it was possible to use a single reference cavity and a single photo diode for
a lock-in frequency stabilization of both lasers (see Figure 2.5). The lock-in stabi-
lizes the frequency of the infrared lasers used to generate the 423 nm and 453 nm
laser light (the generation of the 423 nm and 453 nm laser light is explained in [62]).
Monitoring the transmitted laser light by a camera and additionally measuring the
wavelength of the infra-red laser light by a wave meter, the right mode can be ea-
sily found within seconds, which simplifies the frequency stabilization procedure

for these lasers considerably.

It has been found that temperature-stabilized ULE spacers are changing their
length over time due to an aging process [79]. Therefore, the relative frequency dif-

ference of the eigenresonances of the reference cavity with respect to the relevant
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Figure 2.6: Optimal VCO frequencies for the 453 nm laser light (black diamonds) leading
to optical drift rate (red line) of ~ 0.27 Hz/s.

atomic transitions, which is bridged by the AOM frequency shift, is changing over
time. Thus it requires a continuous readjustment of the AOM driving frequencies
over time. Since the 'S, —! P, transition has a natural line width of I" ~ 34 MHz, a
readjustment was necessary on a typical time scale of about a year and can be easily
done by optimizing the frequency of the resonant laser light used for detection of the
atoms by tuning the AOM frequency. Once a different frequency of the resonance
has been found, the frequency of the detection beam had to be set and the modula-
tion AOM of the corresponding lock-in has to be changed by half of the amount -
since it is in double pass configuration - in order to fix the relative detuning of the
laser lights of the first stage MOT (Zeeman slower, optical molasses, cooling beams

and detection beams).

The 453 nm 3 P, —! D, transition width is much smaller however. Therefore, the
time scale of necessary AOM frequency corrections is on the order of weeks. It can
be easily readjusted by optimizing the AOM frequency to maximize the atom num-
ber of the second MOT stage. Figure 2.6 shows the derived optimal AOM frequen-
cies of the 453 nm laser light over two years. The indicated uncertainty is derived
from the estimated width of the optimum. The average drift of the ULE resonator

eigenfrequency is about 0.27 Hz/s.



20 High accuracy photoassociation

3
81 ANZI
PN :
o ¢ ]AN,
@ Noregy—
g | N
total
2 47 ’
€
S
©
24
 /
0 T v T T T T
0.0 0.5 1.0 15

time (s)

Figure 2.7: Atoms in state ! P;, trapped in the first stage MOT if the 657 nm transition to
3P, is driven simultaneously. At time t=0 the 657 nm laser beam is switched off. AN is the
number of atoms which has been stored in the 3P} state, N;oq; is the total number of atoms
in the MOT and magnetically stored, and ANj is the increase of atom number with 657 nm
loss compared to usual MOT operation.

2.2.2 Dark-state MOT and loading scheme

Since PA is a density dependent process, the weak transitions to the %, and ¢*I1,
potentials - especially for more deeply bound states - for which coupling strength is
predicted to decrease [63] can only be observed at high atom densities. Therefore the
atom density in the dipole trap was increased by implementing a dark-state MOT
loading scheme.

The maximum density and atom number in a MOT is mainly limited by two
processes: First, due to repulsive forces between the atoms caused by re-absorption
of scattered photons [80], and, second, by inelastic collisions between ground- and
excited-state atoms [81], which result in a trap loss. Confining the atoms in a dark
state, which does not interact with the trapping light [82] has be proven to be a very
successful method to overcome these limitations. This method is now regularly
applied in alkaline dark-spot MOTs and has been applied recently in Sr and Yb
[83, 84, 85]. Here we use a variant of this method with a calcium MOT operated on
the 423 nm 'Sy-'P; transition (Fig. 2.3).

To put atoms in a dark state, we drive the 'S, - *P; transition at 657 nm simul-
taneously to the 423 nm MOT. The repump laser at 672 nm was applied to reduce
loss through decay to the 'D, state. For excitation to the *P; state, we simply use
the second stage MOT beams at 657 nm [61] with an intensity of I ~ 490 W/m?,
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Figure 2.8: Number of atoms in the first stage MOT as function of time with (red line) and
without (blue dashed line) driving the 657 nm transition.

broadened in the same way as for the second MOT stage. Atoms excited to the *P;
state are non-resonant for the first stage cooling transition and are not subject to re-
absorption scattering that limits the density. However, collisions between *P; and
1P, atoms can still occur with an unknown cross section.

To evaluate the efficiency of this process we operate the 423 nm MOT together
with the 657 nm laser beams for several seconds to reach an equilibrium between
the loading and the loss rates. Then we switch off the 657 nm light. The fluorescence
of the 423 nm MOT is proportional to atoms in the ! P; state and proportional to the
total number of atoms the the ground state and the ' P, state (Fig. 2.7). Conversion of
the fluorescence signal to atom numbers is independently calibrated via absorption
images.

When the 657 nm light is switched off the fluorescence signal increases, cor-
responding to an increase of the atom number in the 'S, and the 'P; states by
AN; ~ 3.8 - 10%. AN; corresponds to the number of atoms which have been stored
in the 3P; state. This increase is on the order of AN; /Ny &~ 40% of all atoms.

After one second, the number of atoms trapped in the 423 nm MOT alone
(about 10® atoms) is almost in equilibrium. The fact that the equilibrium number
with 657 nm laser is lower than the number for the 423 nm MOT alone can be ex-
plained by to additional collision losses from the atoms in the *P; state. In summary,
we have thus increased the number of atoms by 2 - 108, i.e. ~ 30%.

Figure 2.8 shows the loading curve of the first stage MOT with and without

additional driving of the 657 nm 'S, - ®P; transition, measured by absorption images.
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Figure 2.9: Temporal sequence for PA spectroscopy. ti/ts is the loading time for the
tirst/second MOT stage. t = t3 is the ramp time of the horizontal dipole trap. The atoms
remain in the crossed dipole trap for the PA irradiation time 4. After an expansion time of
typically ¢ ~ 100 us the detection beam resonant to the 1Sy —! P transition is applied.

The fact that, in both cases, the total number of trapped atoms after a few seconds is
above the equilibrium value can be explained by collisions with atoms which have
decayed to the 3P, state and are magnetically trapped in the field of the MOT, even
when the 672 nm repump laser is used (see appendix).

For photoassociation, further cooling to microkelvin temperatures is necessary.
When we use the combination with the second MOT stage, we find an increase of the
atom number in the first stage MOT by a factor of up to 30%, leading to an increase
in the second stage MOT atom number of up to 100% and to an increased of atom
density by up tp 50% in the dipole trap. This significant increase — well above the
increase observed in the first MOT stage alone —is most likely due to a local increase
of the density at the center of the MOT, which has a large influence on the transfer
efficiency due to the small capture radius of the second MOT stage.

Based on these investigations the trap loading process was changed in order to
achieve higher atom densities in the dipole trap. Instead of switching on the second
stage MOT lasers at the instant when the first stage MOT light is switched off, we
already apply the second stage MOT laser beams during the loading time of the first
stage MOT. The loading scheme for the PA measurements presented in this work is
shown in figure 2.9.

Applying this scheme, up to 300 000 atoms after an irradiation time of t;, = 0.5 s
were trapped at a temperature of 7' ~ 1 K. With these dipole trap laser powers the
PA spectroscopy laser is typically applied for t4 = 0.05 — 3 s.
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A loading scheme that has been further improved will be discussed in ap-
pendix A.

The atoms in the dipole trap are irradiated by the PA laser with a maximum
intensity of I = 150 W/cm?. The PA-induced loss of atoms is detected via absorption
imaging. The PA laser with a width below 2 kHz can be precisely tuned by a beat
lock to a laser stabilized on an ULE reference resonator [86, 79]. The beat lock will

be presented in the following section 2.2.3.

2.2.3 Photoassociation frequency measurements and stabilization

To determine the exact binding energy of PA resonances relative to the atomic asymp-
tote, in a first step the PA resonance frequency relative to the eigenfrequency of the
ULE reference resonator was determined. In a second step, for each PA measure-
ment the relative detuning of the eigenfrequency of the ULE resonator to the atomic
1S, =2 P, transition was measured.

The PA measurements for each state as well as the atomic spectroscopy were
both performed within less than one hour for each molecular resonance. From [79] it
was known that the drift of the cavity resonance was up to 55 mHz/s averaged over
months. The deviations over a single day were measured to be less than +2 kHz, as
determined by absolute frequency, measured with a femtosecond frequency comb.
The left graph in figure 2.10 shows the absolute frequency measurements with the
frequency comb. The right graph in figure 2.10 shows the averaged drift over three
months.

This average drift was continuously corrected during the measurements by
changing the frequency of the offset AOM to the reference cavity. Also, by repeated
measurements of the relative frequency during a day, no additional drift was ob-
served within the experimental resolution of 4 kHz; thus an additional uncertainty
due to the cavity drift between the PA and the atomic reference scan due to this drift
was neglected.

So far, only theoretical predictions of the long-range potential exist for Ca.
Thus the binding energies of the weakly bound molecular states, besides the v'= —1
states [62], are unknown. Therefore a variation of the laser frequency between 10
and 20 kHz was chosen from shot to shot for a scan of the expected narrow reso-
nances. Based on measurements of the binding energies of the most weakly bound

states in the a and c potential, theoretical predictions for the energies of the more
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Figure 2.10: Left side: Eigenfrequency of the ULE reference cavity measured with a fre-
quency comb as function of time in the year 2010. The drift measurement amounts to
36 mHz/s. Right side: Long term drift of the reference cavity in the year 2007, measured
from the offset between the calcium intercombination line and an eigenmode of the cavity,
which amounts to 55 mHz/s (figure taken from [79]). The change of the drift over the years
could be an effect of the aging of the ULE spacer [87].

deeply bound states are presented in [62], allowing for systematic search for more
deeply bound states. The uncertainties of these predictions were on the order of
150 MHz?. The determination and characterization of the six most weakly bound
molecular states demands about 500 000 single measurements.

The PA laser frequency is stabilized by a beat lock with the diode laser which
in turn is stabilized to the ULE resonator close to the atomic resonance used for the
second stage MOT. In order to observe binding energies of down to h - 40 GHz with
a spectroscopy laser, the existing experimental setup [62] had to be extended. The
scheme for the whole beat frequency stabilization of the PA master laser is shown in
figure 2.11. The photo diode is an ultra-fast photo diode* with bandwidth 60 GHz.
The photo diode signal was first amplified by a high frequency amplifier and subse-
quently mixed down by synthesizer 1 with a maximum output frequency of 40 GHz
to reach a beat frequency below 2.4 GHz. This frequency in turn was mixed down
to 25 MHz by synthesizer 2. This beat, at 25 MHz, is compared in a phase-frequency
detector, to a 25 MHz reference®, to generate an error signal to stabilize the frequency

of the PA spectroscopy laser. By changing the frequency of synthesizer 2, it was pos-

3Private communication Oliver Appel.
“type: New Focus 0821A
SReference signal given by an H-Maser referenced to the cesium fountain clocks of PTB.
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Figure 2.11: Schematic drawing of the enhanced beat lock setup in two stages.

sible to scan the spectroscopy laser [62]. The photo-diode signal as well as the beat
signal, mixed down and stabilized to 25 MHz, were monitored by spectrum analy-
zers. The laser frequency was additionally monitored by a wave meter for a coarse
adjustment of the laser frequency. From the signal of the gain, other possibilities for
locking would be about 2 GHz detuned, which can be excluded from the wavemeter
data, and from the beat frequency behavior for changing the mirror-piezo voltage

of the diode laser for PA spectroscopy, which is in Littrow configuration.

The beat lock contribution to the uncertainty of the spectroscopy laser due to
an imperfect lock was estimated from the beat spectrum to be less than 2 kHz for
beat lock frequencies of ~ 25 GHz and has therefore no significant contribution to

the total measurement uncertainty.

Since, during the measurements, the frequency f> of synthesizer 2 is contin-
uously changed, the PA loss spectrum is measured as function of the synthesizer
1 frequency f;. Taking all relevant acousto-optic modulators into account, the fre-
quency of the PA spectroscopy laser relative to a laser on resonance to the atomic
3P, state (compare [62]), and thus the binding energy of the PA resonance, can be

calculated as function of the synthesizer frequencies
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Ebzn/h = fl + f2 -2 (DDsteep + AOMCT’WL) + 8 MHz + Acorrections; (22)

where £y, is the binding energy of the PA resonance relative to the atomic
1Sy =3 Py transition, DD S, is the frequency of a DDS responsible for the auto-
matic drift compensation of the ULE cavity spacer. Here, AOM,,, is an AOM fre-
quency, which is adjusted manually in order to tune the second MOT stage laser
light frequency. The sum of both frequencies is given fed to double pass AOM (and
therefore has to be taken into account twice). A o rections is the sum of several phys-
ical corrections, discussed later in this chapter. The 8 MHz term is the result of

several constant frequency shifts due to AOMs and the 25 MHz of the phase lock.

2.3 Theoretical predictions for the binding energies

Appel [62] used the measured binding energies of the most weakly bound states,
denoted as v’= —1°, in the potentials a and ¢ together with four different methods

to predict the binding energies of the more deeply bound vibrational states:

(1) A pure van der Waals potential using the Le Roy-Bernstein formalism ne-

glecting rotational energy of the molecule [65].

(2) A pure van der Waals potential using the Raab-Friedrich formalism ne-

glecting rotational energy of the molecule [66].

(3) A pure van der Waals potential using the Le Roy—-Bernstein formalism in-

cluding rotational terms [67].

(4) An advanced Le Roy-Bernstein formalism considering rotational energy
[67] and in addition to the van der Waals term Cy the Cy coefficient [88].

®In this work the bound vibrational states are denoted as follows: If it is a bound state in a molec-
ular potential corresponding to an atomic asymptote where at least one of the atoms is excited from
the ground state "’ " was used to clarify that state is an excited one. Positive numbers indicate the
vibrational state counted from the potential minimum. If the number is negative the vibrational state
is counted from the atomic asymptote with —1 indicating the most weakly bound state.
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state | binding energy E/h (GHz)
viel @ | @] e | @
0| 401 | 408 | 451 | 4.58
21168 | 691 | 704 | 7.34
0
1

15.65 | 1586 | 17.19 | 17.71
22.04 | 22.21 | 22.62 | 24.35

Table 2.1: Theoretically predicted binding energies of deeper bound states (v'= —2, —3) by
various formula. The quantum number v’ determines the vibrational state counted from the
asymptote.

Table 2.1 shows the predicted binding energies presented in [62] for the molec-
ular potentials a and c calculated for all methods mentioned above, based on the
measured binding energies of the most weakly bound states in both potentials. Ab
initio calculated van der Waals potential coefficients [70] were used for these calcu-
lations.

Expecting method (4) to be the most accurate’ these predicted binding energies
were used as starting points for the spectroscopy. From these starting points, the

spectroscopy was performed in alternating +£10 MHz from the starting point.

2.4 Experimental results for PA binding energy mea-

surements

Molecules excited by photoassociation lead to a loss of atoms in the trap due to
spontaneous decay. PA is a two-body loss process. Thus we describe the time evo-
lution of the atomic density n due to photoassociation by the differential equation
In = K(A,I,T)n? where K is the PA loss coefficient and a function of the fre-
quency detuning A to a PA resonance, the PA spectroscopy laser intensity I and the
temperature 7T'.

Experimentally, the atomic density could not directly be observed. We assume
a constant size of the trapped atom cloud, leading to a linear dependence of the
atomic density on the total atom number N. Thus we use the solution of the differ-
ential equation %N = B(A,I,T)N? (3/K see chapter 4), given by

N(t)_1+t-6(A,I,T)-N1’

(2.3)

"Private communication Oliver Appel.
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Figure 2.12: Trap loss as function of frequency detuning v — vysom (Vatom denotes the true
atomic resonance frequency E(3>P;)/h). The dipole trap is operated at powers of 0.6/1.6 W
in the horizontal and tilted beam (full circles) and 0.3/0.8 W, respectively (open circles) at PA
intensity of I = 6 mW/cm?. The black full line and the red dashed line show a fit described
in the following section for temperatures of 7' = 1.0 uK and 7' = 0.5 1K, respectively. The
dotted lines indicate the corresponding frequencies at 7' = 0, and the dash-dotted line the
resonance frequency extrapolated to zero trap depth.

where N, is the initial atom number which is equal to the atom number far off
resonance, ¢ the exposure time of the PA-inducing laser, and §(A, I, T’) the atomic
loss rate. For the determination of the resonance frequency, low PA spectroscopy
laser intensities were chosen to avoid power broadening by the laser light. There-
fore, for low PA intensities the shape of 5(A) was assumed to be Gaussian because
the largest effect is Doppler broadening. The Lorentzian natural line width of the
molecular transition, which was assumed to be two times the natural atomic line
width of 374(9) Hz [61], is small compared to the Doppler FWHM of 36 kHz at a
temperature of 1 ;K.

To avoid line shifts and broadening by an uncompensated residual magnetic
field®, an external magnetic field of about B = 0.285(7) mT was applied by two coils
in Helmholtz configuration, leading to a Zeeman-splitting in the MHz-range and
the central non-shifted /=0 component was measured.

Figure 2.12 shows such a curve at different dipole trap depths of the dipole

trap. To determine the exact frequency relative to of the PA resonance to the eigen-

8PA measurements in absence of the external field indicates a remaining non-compensated mag-
netic field of B ~ 7 uT.
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frequency of the ULE reference resonator from such curves, several corrections have
to be taken into account: The photon recoil shift, the kinetic collision energy shift
[89], the quadratic Zeeman effect, and the light shifts due to the dipole trap laser
and the PA inducing laser’. These corrections as well as the Doppler broadening

will be discussed in the following.

241 Thermal broadening

Besides their center of mass velocity (see next section), the pair of colliding atoms
possesses kinetic energy from their relative movement, which reduces the necessary
photon energy for the transition. The kinetic energy relevant for the formation of a
molecule follows a Boltzmann distribution. We describe the trap losses as pure two-
body losses with a loss coefficient 3. For low PA-inducing laser intensities the power
broadening is not dominant, and the asymmetric line shape [63] due to the kinetic
energy of the atoms is observable. We therefore describe the atom loss as a super-
position of Gaussians weighted and shifted according to the thermal distribution
[89]

. +1/2

2 o —e
B(A,T) = ﬁ/ov de ﬁD<A,€)€kBT . W,

where [ is the orbital angular momentum of the scattering partial wave, J is the

(2.4)

loss coefficient as a function of the frequency A and temperature 7', & - € the collision
energy, and Sp(A, €) is the Doppler distribution as function of frequency v.

The integral was approximated by a sum of different collision energies with
corresponding frequency shifts in our calculation. PA is induced at a temperature
of ' ~ 1 1K, and therefore only s-wave scattering (I = 0) is relevant [76]. Further-
more, for low PA intensities, the shape of 55 () was assumed to be Gaussian, since
the natural line width compared to the Doppler width (see next section) for the esti-
mated temperatures is more than one order of magnitude smaller and no stimulated
broadening is expected for the corresponding irradiation intensities.

The principle of this summation of Gaussians that are shifted and weighted

due to their thermal distribution is shown in figure 2.13.

The different frequencies of the atom number minima as g.e. are due to the light shift of the
dipole trap. The shifts of the minima to the 7' = 0 resonances (dotted lines) are as g.e. due to the
thermal shift.
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Figure 2.13: Schematic plot of the summation of Gaussians, weighted and shifted due to
the thermal distribution. Taken from [89].

Therefore we describe the line shape as

Be(AT) =) Bp(A e)ets TR 0 (2.5)

where Je is the chosen energy resolution. For the fit presented in fig. 2.12, the

number of summands was chosen to be ¢ = 50 at an increment of kzT'/5.

The two fitted lines represent temperatures of 1.0 uK and 0.5 ¢K and Gaussian
FWHMs of 42(7) kHz and 18(5) kHz, respectively. These temperatures agree fairly
well with the temperatures estimated from the trap depths. Additional time-of-
flight measurements for the deep trap yielded 1.1(1) uK. From the temperatures,
one calculates due to Doppler broadening a Gaussian FWHM of 38 kHz and 27 kHz

respectively in fair agreement with the fit.

From the fit, we extrapolated to the positions of the resonances at 7' = 0, which
are indicated in figure 2.12 by dotted lines. Besides the thermal shift, the measured
frequencies of the PA resonances are also shifted by the ac-Stark shift from the dipole
trap laser beams, operating at a wavelength of 1032 nm. The unperturbed line po-
sition (dash-dotted line) was determined by linear extrapolation to zero dipole-trap
depth. This extrapolation is in good agreement with a linear extrapolation using a
Gaussian (A) to fit the experimental data, where the asymmetry due to collision
energy is not taken into account and the thermal shift as well as the light shift of the
dipole trap were corrected simultaneously (see section 2.4.3). Hence, this advanced

tit was not performed for each vibrational state and justifies a simplified analysis by
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single Gaussian shapes linearly extrapolated to P = 0. This detailed model'® allows
to experimentally determine the absolute value of the thermal shift and compare it
to theoretical models. In this way the thermal shift was determined experimentally
to be 20 kHz for T'= 1.0 puK and 10 kHz for 7" = 0.5 uK.

Theoretically, the center of gravity of the line can be calculated from equation
2.4 by

0o —e
Iy €2ersT de

(By = o €7
fO El/QGkBTde

(2.6)
where ¢ is the thermal energy. Using the gamma-function I'(z) = [~ t* e "dt

and the substitutions ¢t = ¢/(kgT") with x = 5/2 and = = 3/2, the average frequency

shift is given by

['(5/2)

['(3/2)

leading to 20 kHz for 7' = 1 pK and 10 kHz for 7" = 0.5 uK, respectively, which

is in good agreement with the experimental measurements.

(EY = (h-A) = kT = 3/2kpT, 2.7)

2.4.2 Doppler broadening and temperature

Besides the molecule-specific broadening in atomic and molecular physics, spectral
lines are broadened due to the Doppler effect caused by a temperature dependent
distribution of velocities of the atoms or the center of mass of the molecule. There-
fore the broadening depends on the frequency of the spectral line, the mass of the
absorbing particle and temperature.

The Doppler full-width half-maximum (FWHM) is given by

k

. A’}BT /2 (), 2.8)

2Ca

1—WDoppler =

where Mo, = 2 - m is the mass of a Ca, molecule. The Doppler effect leads to
a Gaussian line shape and entails no shift of the resonance.

The photoassociation measurements were performed for two different trap
depths of the dipole trap. The temperature was assumed to scale linearly with

the trap depth. For dipole trap configurations of 1.0/0.6 W (horizontal beam/tilted

19Where the fit allows determination of the T = 0 resonance, shifted only by the light field.
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Figure 2.14: 1/+/e-widths o of the atomic cloud as function of time-of-flight. The empty
diamonds show the measurements for the dipole trap configuration 1.0/0.6 W (horizontal
beam/tilted beam) and the filled diamonds for half the power (0.5/0.3 W), respectively. The
lines show theoretical fits based on equation 2.9. The dashed line represents trap depth at
power 1.0 W in the horizontal beam and 0.6 W in the tilted beam leading to temperature of
T =1.07(4) uK. The solid line represents the fit for half the amount of trap depth leading to
an estimated temperature of 7' = 0.38(2) K.

beam) and 0.5/0.3 W, respectively, this assumption was checked by time-of-flight
(TOF) measurements.

To determine the temperature, the density distribution along two axes was
calculated from absorption images. For an initial thermal distribution after a given
time-of-flight, the distribution is Gaussian. The time evolution of this Gaussian’s
1/+/e width is given by:

>, bl

t) =
O'() 00+ m

82, (2.9)

where ¢ is the time-of-flight, 7" the temperature, kp the Boltzmann constant,
m the atomic mass, and o} the root mean square (rms) radius of the atomic cloud
at time ¢ = 0. The maximum expansion time results from the limited field of view
of the CCD camera. The temperature was determined from the vertical expansion
of the cloud, since in the horizontal axis — especially for short times of flight — a
background of remaining atoms in the horizontal arm of the dipole trap leads to an
overestimation of the expansion along this axis (see fig. 4.8).

The TOF measurements both trap depth configurations are shown in figure

2.14. The lines represent theoretical fits based on equation 2.9. The temperatures
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estimated from the fits are 7' = 1.07(4) pK for 1.0/0.6 W (dashed line) and 7' =
0.38(2) pK for 0.5/0.3 W (solid line), respectively. The corresponding FWHM are
Vpoppler & 37.8 kKHz (T = 1.07(4) 1K) and Ypopprer ~ 22.5 kHz (T' = 0.38(2) 1K),

respectively.

2.4.3 Measurement corrections

Besides the correction for the temperature dependend relative kinetic energy, the
light shifts, the photon recoil and the quadratic Zeeman effect have to be taken into
account.

The photon recoil energy for a Ca, molecule is h2k?/2Msc, = h - 5.8 kHz for
a 657 nm transition, where M, is the molecular mass. Since we have to measure
the eigenfrequency of the ULE resonator relative to the atomic transition in a second
step in order to determine the binding energy of the observed resonances, we have
to correct for the atomic photon recoil later. It is 11.6 kHz leading to a relative energy
shift of AE/h = 5.8 kHz because of the ratio 2 between atomic and molecular mass.

In order to avoid broadening due to an imperfectly compensated magnetic
field the binding energy of the M = 0 level was measured in the presence of a mag-
netic field. This level is not affected by the linear Zeeman effect but by the quadratic
Zeeman effect. This effect will be discussed in a later section describing the mea-
surement of the Zeeman splittings. The model of the molecular potentials which
will be presented at the end of this chapter allows a calculation of the corrections
which have to be applied to the binding energy of the M = 0 level for the corre-
sponding field strengths. These corrections are presented in table 2.2 on page 37.
The uncertainty of this correction was estimated with respect to the accurateness of
the coupled channel model and the uncertainty of the B—field strength (see later
sections).

According to equation 2.7 the average thermal shift"! depends linearly on the
temperature. To determine the molecular light shift'? from the dipole trap laser
beams and the thermal shift, which is not accounted for if S(A) is assumed to be

Gaussian, we additionally measured the resonance position of each PA line at half

11 As thermal shift we denote the shift due to asymmetry of the line shape because of the relative
kinetic energy of the two colliding atoms [47].

12As molecular light shift we denote the dipole trap induced light shift to the molecular PA reso-
nances in order to distinguish it from the light shift of the dipole trap to the atomic resonance, which
we denote as atomic light shift.
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the amount of dipole trap depth and extrapolated to the unperturbed resonance
at zero trap depth. We assume that evaporation to half the trap depth results in
half the temperature. Time-of-flight measurements and temperatures derived using
the fit algorithm, including the thermal broadening presented before, confirm this
assumption, since they are in fair agreement.

For the PA resonances v'= —1 in the potentials a and c the dipole trap power
was 0.6(0.3) W in the horizontal beam and 1.6(0.8) W in the tilted beam for full
(half) trap depth. For more deeply bound PA resonances the dipole trap power
was 0.6(0.3) W in the horizontal beam and 1.0(0.5) W in the tilted for full (half) trap
depth. The measurements at both dipole trap depths were performed with the same
PA laser light intensity to avoid different contributions of the ac-Stark shift due to
the PA inducing laser light.

Assuming a linear dependence of light shift on trap depth, including contri-
bution due to kinetic collision energy, leads to the corrections presented in table 2.2,
line labeled by DT.

The uncertainties of the light shift and temperature corrections in the dipole
trap are given by two effects: The uncertainty of the linear extrapolation given by
the fit and the deviations of the temperature relative to the linear assumption.

Assuming the temperature and the light field-induced ac-Stark shift to scale
linearly with the trap depth, this leads to the unperturbed resonance 1 extrapolated

from two measurements is given by

vy =21y — V1, (2.10)

where v/, is the resonance frequency measured for half trap depth relative to
the full trap depth, where the resonance frequencies v; were measured. The uncer-
tainty of this linear extrapolation oy due to frequency uncertainties oy, 04/, as given

by the atom loss fit uncertainties reads

oy = 1/4-0%/2—1—0%. (2.11)

at full or half trap depth, respectively.

The uncertainty of the dipole trap power and therefore that of the dipole trap
intensity was measured to be less than 1% and thus does not contribute significantly
to the total uncertainty. According to TOF measurements (see fig. 2.14) the assump-

tion of linear temperature scaling with the trap depth is not perfectly true. Since the



Determination of molecular potentials 35

beam waists of the two, dipole trap beams differ by a factor of two a change in light
intensity can lead to a changed trap geometry and hence to a different temperature.

With respect to the deviations of TOF-determined temperatures from the fit
results for the temperatures presented before, we assume an uncertainty in TOF-
derived temperatures for both trap depths of 0.1 ;K. In order to accommodate this
contribution to the frequency determination uncertainty, the average thermal shift
is given by equation 2.7. This leads to an additional frequency uncertainty of the
linear extrapolation of 4.5 kHz.

In addition to the ac-Stark shift due to the dipole trap the PA lines are also
influenced by the ac-Stark shift from the PA spectroscopy laser (see figure 2.15). In
order to determine this ac-Stark shift, the PA resonance loss spectra were measured
for several PA light intensities'>. For more deeply bound states, higher PA intensities
were chosen in order to achieve a good signal-to-noise ratio. The PA light shifts,
their corrections and their uncertainties derived from the linear fit are shown in table
2.2 for the vibrational states v’= —2; —3 in potential a and ¢, line labeled in PA. For
the most weakly bound state v'’= —1 in potential a and ¢, due to a stronger coupling
a good signal-to-noise ratio was achieved for PA intensities, for which no light shifts
was resolvable (< 2 — 3 kHz) since measurements at intensities of / ~ 6 mW/cm?
and additional measurements at intensities of up to I = 0.6 W/cm? did not show
any resolvable light shift. Therefore the measurements for v’= —1 do not require this
correction, and a possible small light shift was taken into account for the estimated
measurement uncertainty.

The uncertainty of the PA light shift correction is given by the fit uncertainty of
the linear extrapolation, including the loss signal fit uncertainty for each measure-
ment (see line shape discussion), and a non-systematic random error in the PA light
intensity determination. The PA light intensity the atoms are experiencing also de-
pends sensitively on the laser beam alignment. Furthermore, there is an uncertainty
in the intensity determination from light power.

The intensity of the PA light experienced by the atoms was determined from
the measured applied light power. The beam waist of the PA-inducing laser was
measured by a beam-view camera to be 42 ym. The adjustment was optimized by
maximizing the induced atom loss. From the adjustment uncertainty an average

beam waist of w ~ 50 um was estimated. The width of the atom distribution in

13Neglecting the third or higher orders the perturbation theory leads to a linear dependence of the
ac-Stark shift on the light intensity.
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Figure 2.15: Frequency shifts of the PA resonances measured as function of PA inducing light intensity and including fit uncertainty of
each loss signal for the v'= —2, —3 states in the potentials a and c relative to the unshifted resonance. The red curves show the linear
approximation to zero light intensity. The brown curves show 1o deviation estimated from the linear fits.
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state v’ -1 -1 -2 -2 -3 -3
Q 0 1 0 1 0 1
molecular recoil shift -6 -6 -6 -6 -6 -6
atomic recoil shift 12 12 12 12 12 12
quadratic Zeeman effect | 30 (1) | -17(1) | 6(0) | -13(1) | 2(0) | -11(1)
PA light shift 03) | 02) | 15(1) | 15(1) | 17(2) | 9(3)
DT molecular light shift | -80(6) | -82(6) | -26(7) | -36(12) | -42(6) | -60(6)
DT atomic light shift 122(2) | 122(2) | 110(21) | 0(5) 0(4) 0(5)

Table 2.2: Corrections with uncertainties in brackets applied to the measured line positions
at high dipole trap power for the ¢ 07 and (a,c) 1, states to obtain the binding energies
hv. The correction of the quadratic Zeeman effect was calculated for B = 0.285 mT. The
molecular light shift including thermal shift of 20 kHz. All frequency values are given in
kHz. The sign is given relative to the absolute light frequency.

the dipole trap is on the order of a few um. From the beam profile camera pictures
an assumed Gaussian intensity for the radial beam profile is justified. Thus the
intensity I of the laser the atoms experience is
I = 3—52, (2.12)
where [ is the peak laser intensity, P the laser power, and w = 50 um the
average beam waist.

The uncertainty of the linear extrapolation to the unperturbed resonance at
zero light intensity of the PA laser is given by the linear fit (see figure 2.15). The
overall uncertainty of the unperturbed resonance is therefore derived from the sta-
tistical contributions of the frequency uncertainty for each intensity, as given by the
tit uncertainties of the atom loss signal, the statistical uncertainty in the PA light
intensity determination and the linearity of the fit. The resulting uncertainties in
frequency of the unperturbed PA resonances contributing to the total uncertainty
are shown in table 2.2. Since both effects remain constant in each measurement run,
they are irrelevant to the linear extrapolation of the unperturbed resonance.

Besides the uncertainties of the PA resonance frequency determination, the un-
certainty of the determination of the atomic resonance frequency, relative to the res-
onator, also contributes to the total uncertainty, as does the relative uncertainty of
the eigenfrequency of the resonator itself for both measurements.

To determine the atomic resonance frequency, the atom loss spectra signal were
titted by Gaussians. Depending on the signal-to-noise ratio for each measurement a

fit uncertainty is given, contributing to the total uncertainty.
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state | binding energy
v | Q (GHz:-h)
-110 -0.308700(8)
-1 (1 -0.982977(7)
20| -4.649209(22)
2|1 -7.411933(13)
30| -17.857276(8)
3| 1| -24.539435(8)

Table 2.3: Molecular energies with respect to the atomic asymptote of the experimentally
observed PA resonances corrected for light, kinetic energy and recoil shifts and their uncer-
tainties.

The atomic resonance frequency relative to the eigenfrequency of the resonator
was measured for every PA resonance by spectroscopy either in ballistically expand-
ing clouds of free atoms or atoms stored in the dipole trap. In both cases the atomic
photon recoil shift was taken into account as well.

For the most weakly bound states (v'’= —1), the atomic reference spectra are
measured in the dipole trap only due to technical reasons. Thus, the light shift of the
atomic resonance due to the dipole trap had to be corrected for these states. Here, we
also extrapolated the light shift of the atomic resonance by a second measurement at
half dipole trap intensity and linearly extrapolated to zero intensity. The uncertainty
of this correction is the root mean square (rms) sum of the fit uncertainties of the
atom loss signal for both dipole trap powers. The non-linearity of the intensity
determination was measured to be less than 1% and therefore not taken into account.

The atomic spectra for the measurements of the v'’= —2 state in potential ¢ 0;
were measured for a trap powers of 0.6 W in the horizontal beam and 1.2 W in the
tilted beam. The unperturbed atomic resonance was estimated by extrapolating the
measured light shift for beam intensities of 0.6 W and 1.6 W to 0.6 W and 1.2 W,
respectively, by applying the ratio of the calculated trap depth for both beam power
configurations on the experimentally determined light shift of 122 kHz for beam
powers of 0.6 W and 1.6 W [62]. The uncertainty is dominated by the uncertainty of
the light shift determination for the states v’= —1 with an additional uncertainty of
estimated 20% in intensity due to trap beam adjustment. For the calculation an un-
certainty of 3 kHz was estimated by comparison of experimental data to theoretical
predictions based on trap frequency measurements.

For more deeply bound molecular states, the eigenfrequency of the ULE res-

onator relative to the atomic asymptote was measured in absence of the dipole trap
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laser light and thus does not require a light shift correction. The uncertainties for
these measurements are therefore given by the fit uncertainty of the spectra. The
resulting corrections are shown in table 2.2 (last line).

Table 2.3 shows the binding energies measured for the six most weakly bound
states in potential a and ¢, including their total uncertainties'.

The total uncertainty of the determined binding energies ;40 = \/Ta?, sum-
ming over each uncertainty contribution o; mentioned before, was calculated under

the assumption that all contributions are independent from each other.

2.5 Comparison of the derived binding energies to the

predictions

The comparison of the observed resonances (table 2.3) to the theoretical predictions
given by Appel [62] (see also table 2.1) clearly shows that the contribution due to
molecular rotation, which can be expressed in this picture by effective potential
terms (compare [58]) V;0:(0,) = 25% ~J(J+1)and V(1) = 25% ~J((J+1)+2), re-
spectively, cannot be neglected, since method (4) was the most accurate prediction.
Furthermore, the Cy coefficient of the molecular potential has a significant contribu-
tion and cannot be neglected either. Since three parameters (Cs, Cs and the phase of
the wavefunction) have to be fitted for the description of both molecular potentials
at large internuclear separations (C5 can be calculated from the measured lifetime
of the ®P; state), the knowledge of three binding energies for each potential is not
sufficient for a detailed description of the corresponding potentials. Therefore, we
also investigate the coupling behavior of the angular momenta as determined by

measurements of the gyromagnetic ratio.

2.6 Angular momentum coupling in the Ca molecule

For an approching pair of atoms at certain internuclear separation, various molec-
ular interactions become comparable or larger than the particular couplings within

the individual atom. Thus, we have to introduce different good quantum numbers

4Note: These binding energies differ from the binding energies published in [90] since there they
have not jet been corrected for the quadratic Zeeman effect.
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e.g. related to the interatomic axis, which is the relevant symmetry axis of a di-
atomic molecule [91]. For an approximate description depending on the relative
size of the various interactions in the Hamiltonian, one chooses a Hund’s coupling
case, which is summarized briefly in the following section. Which interaction is of
relevance, however, and which Hund’s case hence is suited best, depends strongly
on the internuclear separation.

Each of these Hund’s cases has a different set of quantum numbers form basis
of Hilbert space, because they correspond to approximate constants of motion of a
molecular state, describing the coupling behavior of the angular momenta. There-
fore, we generally expect a different coupling behavior and a different gyromagnetic
ratio (commandly called g-factor) in molecules depending on their ro-vibrational
molecular state.

Initially, the gyromagnetic ratios of both relevant molecular potentials were
used in order to intuitively identify the corresponding potential for each of the ob-
served states. States from 2 = 0 (see Hund (c)) will have a small Zeeman effect, but

those from (2 = 1 a significant one, as explained in section 2.7 below.

2.7 Hund’s coupling cases

In a non-rotating molecule, the internuclear axis is the axis of quantization and thus
the projections of the atomic quantum numbers on this axis appear as quantum
numbers for the molecular states. The relative strength of their coupling to this
axis determines the best-suited set of quantum numbers, systematized in Hund’s
coupling cases [92]. For our case only the cases (a), (c) and (e), visualized in figure

2.16, are of interest and will be explained in the following.

2.7.1 Hund’s case (e)

In Hund’s case (e), the electrostatic coupling to the molecular axis at very large in-
ternuclear separations is extremely weak. Thus the atomic angular momentum J,
does not precess around the internuclear axis. Therefore .J, and the rotational an-
gular momentum of the dimer R couple to a total molecular angular momentum

J = J, + R (see figure 2.16) giving exact quantum numbers for the idealized case

(e).
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Hund’s case (e) Hund’s case (c) Hund’s case (a)

Figure 2.16: Schematic drawing of the angular momenta coupling behavior in a dimer for
the Hund’s cases (e), (c) and (a). In Hund'’s case (e), the total atomic angular momentum
L + S = J, couples directly with the rotation of the molecule & to form the total molecular
angular momentum J. In Hund’s case (c), the projection to the internuclear axis € of .J,
allows only total .J with that fixed projection. In Hund’s case (a), the interatomic interaction
couples L strongly to the axis and leads to its projection A. S is coupled weakly to L and its
projection ¥ is an additional quantum number.

2.7.2 Hund’s case (¢)

In Hund’s case (c), the binding energy at intermediate internuclear separation is
increased but still not strong enough to break the L — S—coupling, since the spin-
orbit coupling represented by the coupling constant A is relatively large compared
to the molecular potential energy. Thus the projection to the molecular axis €2 of
the coupled orbital and spin angular momenta is a good quantum number and be-
comes also the projection of the total angular momentum J in the molecular fixed
frame The states are denoted Q;/u_, where g/u is the gerade or ungerade parity of
the electronic wavefunction when inverting the electronic space only. +/— denotes
the symmetry for (2 = 0 states when mirroring the wavefunction on a plane which

contains the internuclear axis.

2.7.3 Hund’s case (a)

At short internuclear separations the Coulomb and exchange interatomic interac-
tions are large compared to the spin-orbit interaction and thus strong enough to

break the L — S—coupling, i.e. L now precess around the internuclear axis. Due to



42 High accuracy photoassociation

the strong anisotropic electric field of the two nuclei, <E2> is thus no longer a con-
served quantity, but its projection to the internuclear axis A is. Because of the weak
spin-orbit coupling, the spin quantum number S as well as the projection of S to
the internuclear axis X are good quantum numbers. The sum of these projections
is A + ¥ = Q and only total angular momenta .J which have a projection onto the
molecular axis equal to 2 are allowed. In Hund’s case (a) the molecular states are
denoted 25“/&35 ., with the same symmetry quantum numbers gerade/ungerade and

(for A = 0) +/— as described previously, but here for A = 0.

In contrast to atomic physics, where the states of angular momenta L = 0, 1,2, ...
are denoted as S, P, D, ... . However, the molecular states with A = 0, 1,2, ... are de-
noted by Greek letters (X, II, A, ...), where X is not to be confused with the projection

of S to the internuclear axis ¥.

2.8 Theoretical predictions for the g-factors and

molecular state identification

For the situation investigated here, only the cases (a), (c) and (e) are of relevance,

and the theoretical predictions for the g-factor in these cases will be calculated.

For an atom in L — S—coupling the Landé g—factor is given by [68]

JJ+1)+S(S+1)-L(L+1)

atom =1
& * 2J(J +1) ’

(2.13)

where J is the total angular momentum of the atom, S the spin quantum num-
ber, and L the orbital quantum number. For the atomic state *P;, the Landé factor
is therefore g4'°™ = 1.5. Measurements of the 3P, state with “°Ca yield ¢%°"(*P;) =
1.5010829(28) [93]. This value is also valid in Hund’s coupling case (e) if the quan-
tization is determined by .J, rather than the the total angular momentum .J and the

rotational Zeeman contribution can be neglected.

The g-factor in Hund’s case (a) is given by [68]

CJA+28] - A+
B JJ+1)

a

(2.14)

which results in g*(*¥1,) = 1 and ¢*(*IIy) = 0 for J = 1.
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Following the treatment presented in [68]'¢, the g-factor in Hund’s case (c) is

given by

2
(o) — g‘(}tom Q ’
VI +1)
where (2 is the projection of the total atomic angular momentum J, on the
internuclear axis. This leads to ¢(°(1,) = 0.75 and ¢(°(0}) = 0 for J = 1.

g (2.15)

These theoretically predicted g-factors differ significantly for both molecular
potentials.

In Hund’s case (c), which is usually used at large internuclear separations,
the potentials are denoted as 0, and 1,, where 0 and 1 are the possible values of
Q for an atomic pair, e.g. 'Sy +3 P, as in our present case. The Zeeman splitting
is characterized by the g-factor, which can be calculated in Hund’s case (c) [68] by
equation 2.15, where J is the total angular momentum of the molecule, J, = L + S
the total molecular electronic angular momentum, and g4'°" the atomic Landé factor.
At the low temperature of our experiment (uK regime), only s-wave scattering is
expected for bosons'” and thus only states with total angular momentum J = 1 can
be excited by a single photon. This results in ¢!°(1,) = 0.75 and ¢©(0}) = 0 for
J=J, =1

To measure the splitting a magnetic field was applied, and the AM = £1,0
spectra for each PA resonance were measured. The magnetic field of B = 0.285(7) mT
was generated by two coils in Helmholtz configuration with a current of I ~ 5.7 A.
The coils have been characterized in [79].

The three M components were observed in a single atom loss spectrum with
constant PA laser intensity, exposure time and trap configurations. The atom losses
were also described by N = —3N?, where the loss rate was givenby: 5 = B4 (A4q)+
Bo(Ao) + B-1(A_;), where () is the individual loss rate for each component at res-
onance frequency A,;. Since such a measurement took several minutes a possible
systematic drift of the background (Ny) was taken into account as a fitted linearly
varying background.

The magnetic splitting of the molecular states was used to distinguish the ex-

perimentally observed a *Y} and ¢ *II,, states.

15Private communication Dr. Uwe Sterr.
16Eq. V.89 and V.90; replace fi, = - gatom - po and Q@ = A + 3.
7Due to d-wave rotational barrier on the order of mK.
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state | Geap|
v | Q

1[0 027601
a1 | 1.074(4)
210 | 0.147(6)
21 ]0901(27)
-3 1 0| 0.081(3)
-3 1 1 | 0.843(26)

Table 2.4: Measured molecular g-factors of the ¢ 0 and (a,c) 1,, states for the atomic asymp-
tote 1.5y +3 Py.

2.9 Experimental results of the Zeeman splitting mea-

surements

To determine the g-factor (tab. 2.4) from the magnetic splitting the field strength at
the position of the atoms was calibrated by measuring the splitting of the * P, atomic
transition using the Landé factor ¢%°"(3P;) = 1.5010829(28) [93]. The observed
splitting of the atomic resonance was 5.99(18) MHz leading to a magnetic field of
B = 0.285(7) mT.

Figures 2.17 and 2.18 show the Zeeman splitting observed experimentally for
bound levels of the a *3} (Q=1,) and ¢ 0, potentials, respectively, as well as that of
the atomic 'S, —3 P, transition. For each measurement, the same magnetic field of
B = 0.285(7) mT was applied.

At such a small magnetic field only a linear Zeeman effect was expected. The
observed small and unsystematic asymmetries of the Zeeman splittings in the par-
ticular triplets were treated as contributions to the uncertainties (see next section).
In our setup the PA laser beam is perpendicular to the magnetic field, thus we can-
not distinguish between AM = =1 transitions and only the absolute values of the

g-factors could be determined experimentally.

The experimentally observed magnetic splitting of the PA resonances and the
fit uncertainties for the atom losses of these scans are shown in table 2.5. For each
PA resonance the observed splitting differs significantly from the predictions and

cannot be explained by a pure Hund’s case.
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Figure 2.17: Atom number trap loss as a function of the spectroscopy laser frequency rela-
tive to the M = 0 component. Shown are the atomic P, resonance and the Zeeman triplet
for the three most weakly bound molecular states in the ¢ I, (2=0) potential for a mag-
netic field of B = 0.285(7) mT. The intensities of the PA laser were I(v'= —1) = 4 W/cm?,
I(v'=—2) = 56 W/cm?, I(v'= —3) = 40 W/cm?. The red curves are simulated profiles, as
described by eq. 2.3.
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Figure 2.18: Atom number trap loss as a function of the spectroscopy laser frequency rela-
tive to the M = 0 component. Shown are the atomic 3P, resonance and the Zeeman triplet
for the three most weakly bound molecular states in the a *3 (Q=1,) potential for a mag-
netic field of B = 0.285(7) mT. The intensities of the PA laser were I(v'= —1) = 8 W/cm?,
I(v'= —2) = 56 W/cm?, I(v'= —3) = 124 W/cm?. The red curves are simulated profiles, as
described by eq. 2.3.
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2.10 Estimated uncertainty of the g-factors

Three effects dominate the uncertainty of the g-factor determination for each PA
resonance: The uncertainty of the field strength, the asymmetry of the splitting and
the fit uncertainty of the atom loss signals.

The Zeeman energy is given by

Ez =pp-g-M-B+xo-B*+ x2(M?) - B?, (2.16)

where 1 is the Bohr magneton, g the molecular g-factor, M the projection of
the angular momentum, B the magnetic field, x, the scalar susceptibility and y the
tensorial susceptibility, as a function of M.

In our coupled channel model (see section 2.11) the Zeeman energies were also
taken into account, i.e. the Zeeman effect is no longer treated to first order only. It
includes the spin—orbit and the rotational coupling between states *% and II.

The difference between the linear Zeeman splitting and the Zeeman splitting
given by the coupled channel model is shown in figure 2.19 for the v'’= —1 state in
the molecular potentials of the coupled states (a)0 and (a,c)1 .'® Since due to the
corresponding energy differences the off-diagonal coupling in J is much weaker
compared to coupling between the three J = 1 states, the coefficient x»(M?) is much
smaller compared to x,. This fact can also be derived from fig. 2.19. Thus, we do not
expect an asymmetry due to the quadratic Zeeman effect, but rather a shift of the
resonance energy AF = x, - B? of all M states. These shifts were taken into account
as corrections for the determination of the binding energy.

Since no asymmetry due to the quadratic Zeemann effect is expected, the mean
value of the splitting was derived for the evaluation and an observed asymmetry
was taken into account in the uncertainty evaluation.

The Zeeman splittings of the PA resonances show an asymmetry between the
M = —1,0 and the M = 0,1 splitting of up to 40 kHz. The exact amount of asym-
metries is shown in table 2.5. The observed asymmetries could be due to tensor and
vector light shifts caused by the dipole trap and the PA spectroscopy light. Possible
M- dependent light shifts from the PA laser will be discussed in more detail in the
following section.

The polarization of the PA spectroscopy laser light was adjusted in such a way

8Calculated by Prof. Eberhard Tiemann.
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Figure 2.19: Zeeman splittings for the v’= —1 states in potentials ¢ and a. The black lines
shows the theoretical predictions for the Zeeman effect as a function of the strength of the
external magnetic field given by the coupled channel model. The red dashed line shows the
prediction for a pure linear Zeeman effect. The dotted line represents the fields strengths of
the typically applied magnetic field.
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state | AM(—1,0) | AM(0,1) J

v | Q h- kHz h-kHz | h- kHz
-1]10 1 078(4) 1 072(3) -6
-1 1 4196(1) 4171(2) -25
210 600(4) 570(3) -30
211 3 602(1) 3 589(2) -13
310 321(2) 325(3) +4
301 3 360(5) 3 330(8) -30

Table 2.5: Splitting § between the M components of the three most weakly bound states
v'= —1,-2, -3 in the ¢ 0; and (a,c) 1, molecular potentials for the atomic asymptote 1S +3 P
and their asymmetry ¢. The uncertainty shown here is the fit uncertainty of the spectra.

state || fit uncer. | fit uncer. | fit uncer. | splitting uncer. of || total uncer.
M=0 | M=-1| M=+1 | asymmetry | B-field cal. g-factor

v | Q kHz kHz kHz kHz (%) (1)
-1]0 1.4 3.2 1.0 6.0 <0.1 0.001
101 1.1 1.3 1.5 25.0 <0.1 0.004
210 2.0 3.0 22 30.0 3.0 0.006
21 1.7 2.5 3.0 13.0 3.0 0.027
310 1.6 2.5 3.0 4.0 3.0 0.003
301 1.2 5.2 3.0 30.0 3.0 0.026

Table 2.6: Contributions to the uncertainty of the Zeeman-splitting of the ¢ 0} and (a,c) 1,,
states for atomic asymptote 1Sy +3 Py.

that 50% of the laser intensity was driving the transition to the M/ = 0 component
and 25% to the M = =+1 states each. Assuming that the "wrong" polarization does
not contribute, we expect twice the amount of light shift of the M/ = 0 state com-
pared to the M = =£1 states due to the ac Stark shift.

The magnetic field from the splitting of the atomic transition was not measured
for each PA resonance due to technical reasons. From several atomic measurements
during the measurement campaign at a constant current of the Helmholtz coils the
atomic Zeeman splitting was measured to be 5.99(18) MHz.

Besides the asymmetry and the field strength calibration as dominant contri-
bution to the total uncertainty, the fit uncertainties of the atom loss signal, discussed
in the previous sections, have been taken into account for the three components for
each PA resonance and are shown in table 2.6.

For the most weakly bound states v’= —1 in both potentials it was possible to
measure the atomic Zeeman splitting within minutes after measuring the molecular

Zeeman splitting. Several measurements during a day indicate that no change in
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the field strength occurred on this time scale. Therefore, the uncertainty in the field
strength was neglected. For more deeply bound molecular states, it was not possi-
ble to observe the atomic Zeeman splitting simultaneously. The field strength was
therefore calibrated several times by measuring of the atomic Zeeman splitting for
a given coil current. The uncertainty was determined statistically by measurements
of the atomic Zeeman splitting on different days for the same coil current with a
from statistics estimated uncertainty of 3 %.

All uncertainties including the resulting total uncertainty of the g-factors are
shown in table 2.6. For the states v'= —2, —3, the uncertainty is dominated by the
contribution of the B—field calibration. Due to technical reasons this limit can only
be overcome if the photo diode is replaced by a different model, allowing detection
of beat frequencies in the range 0.5 — 30 GHz. This would allow the observation
of the Zeeman splitting of the atomic resonance without significant changes of the
experimental setup and thus a B—field calibration for each PA Zeeman splitting
measurements as it was performed for the v’= —1 states using a photodiode for

beat frequencies between 0.6 — 1.5 GHz.

2.11 Close coupled channel model

The comparison (of the deviation) of the experimentally derived g-factors to the
theoretical predictions based on pure Hund’s coupling cases leads to a requirement
of an enhanced theoretical model to describe the experimental data. Based on the
theoretical model described in section 2.11.2 developed by Eberhard Tiemann, the
molecular potential coefficients were determined from the experimental data and
allow theoretical predictions for more deeply bound states as well as the involved

Franck-Condon densities for the free-bound transition in photoassociation.

2.11.1 Experimental deviation from Hund’s cases

In a first step, we calculate the classical outer turning points of the observed bound
states. The far-range molecular shape depends on the C5 and Cjy coefficients. For
the determination of the classical turning points, we use theoretical predicted C,
coefficients [63] and the measured binding energies presented in table 2.3.

The binding energy of these states as well as the potential shapes at long range

are shown in figure 2.20.
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Figure 2.20: Long range potential ¢ 0, and (a,c) 1,, based on theoretical predicted potential
coefficients [63] and the experimentally determined bound vibrational states.

In order to visualize the g-factor as a function of the internuclear distance R,
the measured effective g-factors and their corresponding outer potential turning
points - derived from the measured binding energies and the theoretical predicted
molecular potential coefficients [63] - are shown in fig. 2.21. Hund’s cases (a),(c)
and (e) are also shown in figure 2.21. At extremely large internuclear distances R,
the g-factors are in fair agreement to Hund'’s case (e). The g-factors for decreasing
internuclear distance R are progressive better described by Hund'’s case (c).

Since we observe significant Zeeman splitting in all states (also for @ = 0,
where it is predicted to be 0 in Hund’s case (c)) and the observed splitting cannot
be explained by a pure Hund’s coupling case, a theoretical model which takes the

coupling by spin—orbit and rotational interaction into account is required.

2.11.2 Theoretical model

For a theoretical description of the observed energies, the couplings of the states
of relevance to each other have to be taken into account. Thus, we describe the
eigenfunctions as a superposition of the corresponding states. In equation 2.17, this
superposition is shown in the basis of Hund’s case (e) basis (and thus well defined

by the quantum numbers L, S, j, 1, J)".

Bwhere [ denotes the overall molecular rotation, L the atomic angular momentum, S the atomic
spin angular momentum of the electrons, j the total electronic angular momentum and J as the total
angular momentum.
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Figure 2.21: Experimentally derived g-factors of the c 0 and (a,c) 1, states for atomic
asymptote 15 +3 P and the theoretical predictions for Hund’s cases (a),(c) and (e).

Y =%;|(L,9)5,1,J), - pi(R), (2.17)

where ¢;(R) gives the dependence of the internuclear distance R.
For these states we have to solve the Schrodinger equation H -y = Ey. The
potential functions U(r), which are diagonal in the basis of Hund (a), (*< and *II

states) will be transformed to the basis Hund (e) and then the diagonal term of the

R21(1+1)
2uR? *

The Hilbert space in this close coupled channel model is in contrast to a simi-

overall rotation in Hund (e) can be added

lar model presented in [63] only spanned by molecular states resulting from atomic
pairs in quantum states 'Sy +* P, and 'Sy +3 P». Since in Ca the singlet-triplet cou-
pling is much weaker than in Sr, the coupling to the 'S, +' P; state was included
by setting up weak effective dipole-dipole terms in the long range potentials. With
respect to the selection rules, only molecular levels with a total angular momentum
of J = 1 and parity " - " will be excited by a single photon s-wave photoassociation
from the 'Sy +! Sy ground state. Thus only three molecular states are considered.
We chose Hund'’s case (e) as basis since the spin—orbit and Zeeman interaction are

diagonal and the coupling constant and the g-factors are the atomic quantities.
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Thus the molecular states are given by |(L, S)j, [, J),:

|(1,1)1,0,1) [(1,1)1,2,1) [(1,1)2,2,1),

In Hund’s case (a) the three eigenstates of relevance due to selection rules are
given by |A, S, %, J) :

c1,1,-1,1) ¢|1,1,0,1) al0,1,1,1).

All states will be mixed by rotational and spin-orbit coupling. Because we
assume a C5 term for all components of the the c states the second state ¢|1,1,0,1)
has a contribution due to dipole-dipole interaction contrary to its correlation to the
atomic pair 'Sy +* P,. This artificial contribution to the energy of the eigenstates is
only on the order of magnitude of the experimental uncertainty and was neglected.
All states will be mixed by rotational and spin-orbit coupling. Because we assume
a C3 term for all components of the the ¢ states the second state c|1,1,0,1) has a
contribution due to dipole—-dipole interaction contrary to its correlation to the atomic
pair 1Sy +? P». This artificial contribution to the energy of the eigenstates is only on

the order of magnitude of the experimental uncertainty and was neglected.

The related molecular potentials are described in Hund’s case (a) as ¢*%;" and
c311,,. The outer region for internuclear distances R, = 1.2 nm of these potentials can

be described in Hund’s case (a) as

e < WK R

R RS RS
0 c c
20 o ol

R3 RS RS~

U. =

The resonant C; term (dipole-dipole interaction) was estimated [63, 64] from
the lifetime of the *P; state 7 = 0.426(19) ms [94] and the 'S, —* P, transition
frequency of 455 986 240 494 144(5.3) Hz [61], leading to C{* = 10.72 cm ™3,

The potentials for the full Hamiltonian are derived by transforming them from

Hund’s case (a) to case (e) by using the transformation matrix given in [63].
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state || binding energy (GHz/h) d g-factor 0
v | Q exp. | model | (kHz/h) exp. | model

-1 | 0 | -0.308700 (8) | -0.308684 -16 0.276 (2) | -0.274 | 0.002
-1 11| -0.982977 (7) | -0.982984 7 1.074 (4) | 1.069 | 0.005
-2 | 0 || -4.649209 (22) | -4.649238 29 0.147 (6) | -0.147 | 0.000
-2 | 1 -7.411933 (13) | -7.411921 -12 0.901 (29) | 0.902 | 0.001
-3 | 0 || -17.857276 (8) | -17.857276 0 0.080 (6) | -0.079 | 0.001
-3 | 1 | -24.539435 (8) | -24.539436 1 0.838 (26) | 0.831 | 0.007

Table 2.7: Experimentally derived binding energies and g-factors compared to the binding
energies and g-factors given by the coupled channel model. ¢ is the difference of the mea-
sured and calculated binding energy or g-factors, where here only the absolute value of the
theoretical quantity was taken.

2.11.3 Fit to experimental data

The matrix was now diagonalized for different molecular coefficients C, and the
difference of theoretical quantities to the experimentally observed binding energies
E, as well as their effective g-factor due to their rotational and spin—-orbit coupling
were calculated. The long range parameters were varied to find the minimum of the
sum of weighted squared deviations. This fit was performed by Eberhard Tiemann.
The fit routine was taken from CERN library, called "Minuit".

The comparison of the experimentally derived data, to the theoretical predic-
tions of [62] (see table 2.1), shows clearly the necessity to take the Cs molecule co-
efficient into account. During the fit it turns out, that, based only on the binding
energies, different combinations of molecular potential coefficients can be found.
This explains the binding energies within kHz experimental uncertainty but lead-
ing to totally different g-factors. During the evaluation of the experimental data, fits
were found in which within the series of observed levels a (2 = 1 level belonging
to the asymptote 'Sy +* P, appeared. While the binding energies were still fitted
well the g-factors imminently indicate a wrong solution. Only the inclusion of both,
energies and Zeeman splittings, provides an accurate description of all observations

with a potential model. These results have been published in [90].

Comparison of the fit results to the experimental data: The results of the fit to
the experimental data is shown in table 2.7. The differences for the binding ener-
gies are on the order of the experimental uncertainty. The Zeemann effect is well

described by the coupled channel model including the strong dependence on quan-
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state binding energy (GHz / h) g-factor

v’ | Q | method (4) | coupled channel model | coupled channel model
410 44.75 44.758207 -0.0435

4 |1 57.91 57.852473 0.7946

510 90.173668 -0.0243

5|1 112.930480 0.7757

Table 2.8: Predictions of the binding energies for deeper bound vibrational states based on
method (4) [62] and the presented coupled channel model as well as the theoretical predic-
tion gyromagnetic ratio based on the coupled channel model.

tum number 2. We also derived from the coupled channel model the correct sign of
the g-factor and thus the identification of the M = =41 levels.

Comparison of the experimental data to the theoretical predictions: The fit de-
rived molecular potential coefficients allows predictions of the binding energies and
the g-factors of the deeper bound vibrational states. Table 2.8 presents the predic-
tions for the more deeply bound molecular states for the closed channel model com-

pared the advanced Le Roy-Bernstein formalism, presented as method (4) in [62].

Comparison of the fit results to ab initio calculations: Based on ab initio calcula-
tions, there have been several predictions for the molecular potentials coefficients in
Cas. In table 2.9 they were compared to the experimentally derived coefficients. The
precise knowledge of the corresponding molecular potentials allows now to calcu-
late theoretical predictions for optical Feshbach resonances, discussed in the follow-
ing chapter. Therefore the Schrodinger equation was solved for the corresponding
potentials (the here experimentally investigated excited potentials a and c as well
as the ground state molecular potential X) giving the wavefunctions of the bound

excited vibrational states.

state Ce Cs
(107 AS) (109 AB)
exp. | [63] | [70] || exp. | [70]
A1, || 1.209 | 1.187 | 1.226 || 0.238 | 0.266
a’y, || 1.335 | 1.313 | 1.358 || 0.905 | 1.057

Table 2.9: Derived long range parameters at the asymptote 'Sy + 3P; and comparison with
theoretical results from Mitroy and Zhang [70] and Ciurylo et al. [63]. Note: The for the
quadratic Zeeman shift corrected binding energies result in slightly different molecular po-
tential coefficients compared to [90].



56

High accuracy photoassociation




Chapter 3

Modification of scattering length by
optical Feshbach resonances

theory and experimental test

In this chapter, I summarize the scattering length as a parameter for the description
of scattering behavior and introduce optical Feshbach resonances (OFR) as a tool
for controlled modification of the atomic scattering behavior. I present a theoretical
model which describes the losses and the optically induced scattering length modi-
fications. This model allows a comparison of different alkaline earth(-like) elements.
Based on this theoretical model, the applicability and tuning range of optical Fesh-
bach resonances in Ca is predicted, using the molecular potential model, developed
in the previous chapter. These predictions were tested by a multi-photon PA ex-
periment. These measurements showed for high PA intensities a line shape, which

cannot be explained by the existing models.

3.1 Scattering length

The scattering length a describes low-energy scattering in quantum mechanics. It is
defined by:

. 1
klrlgo kr COtn(kr) - _57 (31)

where 7)(k,) is the s-wave phase shift. The elastic cross section ¢ at low energy

is determined solely by the scattering length klimo o = 4ma’.
r—>

57
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Figure 3.1: Scattering wavefunctions for three different values of scattering length « for

k, — 0. For clearness the wavefunctions have different offsets. The dashed lines indicate the

matching of the wavefunctions for large R and k, — 0 with the unperturbed wavefunctions.
Figure taken from [95] p. 205.

The physical interpretation of the scattering length a can be inferred from fig.
3.1, where the scattering wavefunction is shown for three different values of a. At
very large internuclear separations, the wavefunction is a plane wave. Its wave-
length is inversely proportional to the kinetic energy. At ultra-low temperatures,
where only s-wave scattering occurs, the large wavelength justifies a Taylor expan-
sion of the wavefunction that yields a linear fit to first order. The scattering length a
is obtained by matching the wavefunction for large R and k, — 0 to the unperturbed

wavefunctions, indicated by the dashed lines in fig. 3.1.

For short internuclear separations (R < 20 ay), there is no obvious difference
between these three wavefunctions. At large internuclear separations R, they are
shifted differently. Since the phase shift of the scattering wavefunctions at low tem-
peratures is directly proportional to scattering length «a, the whole potential and the

scattering behavior can be described by only one parameter.

In a classical picture, a large scattering length a corresponds to repulsive hard
shell scattering with particles of radius r, = a. If a = 0, the wavefunction is indis-
tinguishable from an unperturbed plane wave for large internuclear separation R.
Thus a scattering of zero represents a non-interacting regime. There is no classical
correspondence for negative scattering lengths. However, a < 0 corresponds to a

negative mean field energy.
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Figure 3.2: Potential energy U as a function of the internuclear separation R and the cor-
responding bound vibrational states. (a) Magnetic Feshbach resonance: Coupling between
molecular potentials to the electronic ground state. (b) Optical Feshbach resonance: Optical
coupling between electronic ground state and an excited electronic molecular state.

3.2 Optical Feshbach resonances

Modification of the scattering length by magnetically induced Feshbach resonances
[96] is a key technique for investigations of ultra-cold atoms and for quantum-
degenerate gases. A magnetical Feshbach resonance occurs, when a bound molec-
ular state (closed channel) is tuned to couple near-resonantly to the scattering state
(open channel) by a magnetic field. This resonant coupling changes the scattering
length, which describes the scattering behavior completely at low energies.

A similar coupling can also be realized by a light field. Here, the scattering
state is coupled by a resonant light field to a bound excited state. This phenomenon
is called an optical Feshbach resonance [42, 46]. The principles of a magnetic and an
optical Feshbach resonances are visualized in figure 3.2.

Compared to a magnetic Feshbach resonance, an optical Feshbach resonance
provides several advantages: Light fields can be switched off, changed much faster
than magnetic fields and allow switching from one side of the resonance - as func-
tion of the manipulated field - to the other, fast enough, to avoid adiabatic crossing
of the resonance. Furthermore, frequency and amplitude of the light field can easily
be changed separately. Therefore, and in contrast to magnetic Feshbach resonances,
where only one parameter (field strength) can be changed, the field strength and
redundant the frequency detuning of the light field can be chosen independently.
These two independent parameters allow an optimization of the loss rates for a
given manipulation of the scattering length. Optical Feshbach resonances are the
only possibility of modifying the scattering length for atoms with a ground state,

that lacks a magnetic sub-structure, such as *°Ca.
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detuning A

Figure 3.3: A qualitative picture of the theoretically expected (see later sections for a model)
scattering length a = ay, + aop: as a function of the light frequency detuning A from a bound
excited state (green line) and the corresponding losses close to such a resonance (red dashed
line). a4 represents the scattering length in absence of light and a,,; the light-induced mod-
ification of a. The maximum in the scattering length modification a,,; is reached at a detun-
ing A =T

As pointed out in the previous chapter however, such a light field-induced
coupling leads to atom losses. The largest scattering length modification is at a fre-
quency detuning A = I',,,;, where the losses are large (see figure 3.3). In order to
avoid huge losses for relatively small detuning, quantum systems with narrow tran-
sitions are of interest [97]. Therefore, in the last decade alkaline earth(-like) elements
have become more important in the field of research on quantum-degenerate gases
and ultra-cold atoms due to their narrow intercombination transitions between the

singlet and triplet system.

The narrow linewidth of Ca, and alkaline earth metals in general, is expected
to solve the loss problem [47] for the use of optical Feshbach resonances [98, 46]. So
far optical Feshbach resonances in alkaline earth(-like) elements have been realized
with Ytterbium [99] and Strontium [60]. In this chapter, I will present the theoretical
predictions for scattering length modification in “°Ca, compare it to the mentioned

above other elements, and present an experimental test of the predictions.
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3.3 Theoretical model for the influence of light

The theoretical model presented here follows the calculations in [97] and describes
the influence of light on the scattering length a. The light field couples the ground
state to a single isolated bound excited state.

In this coupled channel model, scattering process is described by a scattering
matrix, and S, represents the matrix element which gives the scattering amplitude
between the incoming and the scattered wave, both of which are in the internal
ground state. In order to describe the elastic collision, references [44, 100] introduce
a complex scattering length §, for the matrix element for k, — 0: S, = €<% with
ds = A+ ip and k, the wavevector for the kinetic energy.

Following [100], the imaginary part of S;, can be expressed as

Im(Sg) _sin(2779) A? 4 (T2, —T2%..)/4  cos(2n,) LimA

ri ri ' AZ + (Fmol + Fstim)2/4 2]{77” . AQ + (Pmol + Fstim)2/4

It is related to the scattering length by

lim Im(sgg)

W ok, 0T G T ot (3.2)

And the real part corresponds to the inelastic losses as

1-— |Sgg|2 _ L . Fmol : Fstim
4k, 4k, A2+ (Trnor + Dstim )2 /47

K = (3.3)

where A is the frequency detuning from the resonance, I',,,,; the natural mole-
cular line width of the resonance, 7, is the elastic phase shift and I';;;,,, the stimulated
line width of the resonance.

The density of states, and thus the Franck-Condon density, is assumed to be
constant over the stimulated width range and the electric dipole moment to be inde-
ﬁ‘ 1/1€> — D-(e|1.), where D is the dipole operator.| (¢ |¢/.)|* rep-
resents the coupling of the ground state € to the excited state 1., where the Franck-

pendent of Ri.e. <e

Condon density and the molecular rotational coupling (of fror = 1/3 for this transi-
tion) are included. The stimulated line width is obtained by applying Fermi’s golden

rule’.

'Fermi’s golden rule is a way to calculate transition rates from one energy eigenstate of a quantum
system into a continuum of energy eigenstates due to a perturbation [2].
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Here, it is used to describe to transition rate from a continuum to a bound state
[97, 100, 101]:

3 1IN

N 2
Fstim =2 <6 D‘ we> = FatomETfROTfFCD; (34)

where ) is the wavelength of the light field, c the speed of light, fror the molec-
ular Honl-London factor and fr¢p the Franck-Condon density for the correspond-
ing excitation.

For k. — 0 the scattering length a and loss rate K, given by eq. 3.3 and 3.3

become:
N fror fropl | INASVAN
AT = 3.5
a(A, 1) = avg + 16mck, A% 4 (I'nor)?/4 (5-3)
and
K, = 211 N’ fror frepl ol ’ (3.6)
M 167TC]€7« A? + 1/4(Fm01 + Fstim)2
where 1 is the reduced mass of the dimer.
For reasons of practicability, I define the optical length [, as
N fror frepl
lopt = ——————. 3.7
Pt 16mck, 5.7)

Since the stimulated FWHM [47, 60] is proportional to the wavenumber k,, the
optical length [,,; is independent of the temperature (compare figure 3.4).

Using eq. 3.7, the equations 3.6, 3.4, and 3.5 can be expressed as

o loptrmolA
o T AR AT ] 58
2mh lope 2
Ki _ opt+ mol 3.9
H AQ + 1/4(Fmol + Fstim)2 ( )
Ustim = 2k loptI'mor- (310)
P

This model allows predictions for the inelastic loss rate K, and the optically
induced scattering length a,,; based on the Franck—Condon densities derived from

our model of the molecular potentials determined in the previous chapter.
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3.4 Optical length as indicator for OFR capability

To observe an optically induced modification of the scattering length and not in-
duce a significant amount of atom losses we have to operate in a regime where the
detuning A is much higher than the stimulated FWHM (A >> Ty, + o).

In this limit, equations 3.8 and 3.9 result in the following description of an
optical modification of the scattering length a,,; as a function of optical length ,,,

and detuning A:

Qopt = W, (3.11)
and for the loss rate
2mh | 2 orh aipt
K, = . Lopt - ( A ) = TE (3.12)

Evidentially, the parameters /,,, and A can be controlled. For constant opti-
cally induced scattering length modification a,,, the losses, K;,, decrease inverse
proportional to [,; hence the optical length is an appropriate quantity to describe

the usability of optically induced Feshbach resonances.

3.5 Theoretical prediction for the optical length based

on the molecular potential

Knowledge of the molecular potentials, determined in chapter 2, allows calcula-
tions of the wavefunctions of the bound molecular states. The molecular ground
state potential is also well investigated [102]. Therefore, the scattering ground state
wavefunction can be calculated as a function of the kinetic energy, and hence allows
calculations of the Franck—-Condon density as a function of the ground state energy.
Figure 3.4 shows frc - fror of the PA excitations as function of the kinetic energy in
the ground state?.

The background scattering length a;, of has been determined by PA spec-
troscopy on the 'S, —! P, transition [76] to be 340ay < a, < 700 ao and by BEC

expansion [77] to be a;, ~ 440 ay. In this work, for the calculations we assume

2fro - fror o lopt/I (see eq. 3.7) is used since it is independent of the intensity. Thus, in the
following we will use this value.
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Figure 3.4: Calculated Franck-Condon densities - including the rotational factor - for the
six observed PA resonances, as a function of the kinetic energy in the ground state based on
the coupled channel model. For the calculation ay, = 390 ag was assumed. The dashed gray
line represents the typical kinetic energy at 7' = 1 K at which the PA measurements where
performed.
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Figure 3.5: Theoretical predictions for frcp - fror of the v'= —1 state in the ¢ potential
as function of the collisional energy for several ground state scattering lengths a;,. The
dashed line indicates the typical temperature 7" = 1 pK of the atomic ensemble for which
the measurements were performed.
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state lopt /T
v | Q| (ag/W cm?)
-110 130
-1 1 41
210 11
2101 5
310 4
31 1

Table 3.1: Optical lengths for the three most weakly bound states in potential Q = 0 and
1, normalized to the PA light intensity, given by equation 3.7, calculated for a background
scattering length of a;, = 390 ao.

apy = 390 ag, which is in good agreement to both measurements and consistent to

the calculation presented in [97].

Due to the uncertainty in the background scattering length determinations, the
Franck—Condon densities and therefore the expected optical lengths are uncertain
within a range of a factor of three. Figure 3.5 shows the calculated Franck—-Condon
densities as a function of the kinetic energy for several values of the background
scattering length. Technically, the background scattering length was adjusted by
two different methods: The first one is a variation of the slope of the repulsive short
range branch of the potential. The second one is a variation of the potential energy
in the molecular potential minimum. The linear shape in a bilogarithmic plot shows
that, for temperatures below and around 1 ;K the Wigner threshold law is expected

to be valid up to a scattering length of more than a;, > 700 ay.

Table 3.1 shows the expected optical lengths as a function of the PA light in-
tensity I for the most weakly bound states in the potentials (2 = 0 and 1.

Based on this model, we predict from eq. 3.7 and for a temperature of 7' = 1 K
and a maximum OFR laser intensity of I = 150 W/cm? an optical length of /., ~
5800 ay (for ayy = 390 ap). This corresponds to a stimulated width of I'y;,, = 12 kHz,
which can be neglected compared to the Doppler width I'popper = 36.5 kHz and
a thermal broadening of I';er,, = 15 kHz. At a detuning of A = 30 kHz, where
the predicted loss is N (t)/Ny =~ 60%, the expected scattering length modification is

Aopt = 350 ap.
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Figure 3.6: Schematic diagram showing radiative escape losses in the Gallagher—Pritchard
model. Photon A with energy hwy is red detuned to the atomic asymptote and transfers
population to an excited potential for large internuclear separations. The excited atom gets
accelerated radially until it emits photon B with energy hwpg. The kinetic energy Ey;, =
(hwa — hwp)/2 transferred to each atom and may be sufficient to expel both from the trap.

3.6 Suitability of Ca for optical Feshbach resonances

compared to other elements

Since the experimental access to magnesium and other alkaline earth(-like) elements
is much more complex® and besides Sr and Yb no OFR experiments were performed
so far, we will only discuss Sr, Yb and Ca in the following.

Compared to Sr and Yb, the natural atomic lifetime of calcium (I'¢, ~ 374 Hz
[61]) is more than 20 times smaller (I's, ~ 7.5 kHz; I'y, ~ 183 kHz). Therefore,
40Ca has been supposed to be a good candidate for optical Feshbach resonances [47]

without significant losses.

3.6.1 Gallagher-Pritchard losses

Experiments with Ytterbium and Strontium [99, 60] observe additional density-
dependent losses, which can be described as Gallagher—Pritchard (GP) losses [103]
(see figure 3.6). The Gallagher—Pritchard model describes two different trap loss
processes [91]. These are the so called fine structure-changing collisions (FCC) and
radiative escape (RE) processes. The GP model considers a pair of atoms at a given
internuclear separation R, and illuminated by a laser A resonant to the correspond-

ing energy E4 = hw, of photon A for the excitation at that separation. After this

Se.g. for Mg the technical access to the corresponding wavelengths is more difficult and the even
narrower intercombination line requires a different loading scheme.
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| element | § (MHz) | I (Hz) | Ko (m®/s / W/em?) | Kgp (m?/s) |

®8Sr 24 14 000 1.0-107° 3.4-107"°
"2Yb -800 366 000 1.1-10°° 2.3-1071
“CaaPot | -983 740 <0.5-107° <3-107*
“CacPot | -308 740 <0.5-107° <3-107%

Table 3.2: Gallagher-Pritchard losses K¢ p calculated for I = 1 W/ cm? for the most weakly
bound states v'= —1 in the 3P, +! Sy molecular potentials with binding energy E = h-§ and
the spontaneous decay rate Ty, for 172Yb, ®Sr as well as potential a and c of “°Ca given
by equation 3.13 and an experimentally derived K (Sr) [60], an estimated Ky(Y'b) (see text
[99]) and the estimated upper limit for K((Ca) (see text).

excitation, the atoms get accelerated towards each other in the attractive potential
(in our case for the alkaline earth(-like) elements, mostly dominated by the van
der Waals coefficient Cg). In the RE process, the excited molecule emits a pho-
ton at internuclear separation R, with energy £ = hwg. The energy difference
AE = h(wa — wp)/2 is transferred as kinetic energy to each atom, leading to a
trap loss. The FCC process describes a crossing to a different excited molecular
potential with resonant energy at a given internuclear separation R,, transferring
energy £ = Apcc/2 to each atom, where A g is the energy difference of the atomic
asymptotes. This leads to an atom loss for both involved excited molecular poten-
tials. The loss rate Kp was phenomenologically observed (and thus RE and FCC

are considered) to be [60] for Strontium:

Fmol
20

where § is the frequency detuning relative to the atomic asymptote and K, and

Kap = Ko - (), (3.13)

element specific constant experimentally determined to be K,(Sr) = 5.8-107* m?/s
for an intensity of I = 0.057 W/cm?.

For '2YDb, this constant was estimated from the experimental data (shown in
tigure 2 in publication [99]). Since the atomic density is not given, we derive the loss
rate K¢p by comparison of atom number loss rates 3 of the PA- and GP- induced
losses. The ratio K/ was derived by comparing the value of Kp,4 given in the
publication and 3p 4 derived from the graph. We estimate K (Y)gp ~ 7.5-107 m?/s
for an intensity of I = 1.3 W/cm?. Using equation 3.13 for § ~ 800 MHz [99] and
Lol ~ 366 kHz, this leads to K, ~ 1.4 - 107° m?/s for this intensity.

In order to compare the elements we assume a linear dependence K oc I and

calculate the loss rate constant K for Yb and Sr for a given intensity of I = 1 W/cm?.
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We find K,(Sr) ~ 1.0 - 107° m?®/s and K,(Yb) ~ 1.1-107° cm?/s. In the Gallagher—
Pritchard model this constant K depends on the long range form of the excited
molecular potential.

For comparison, table 3.2 gives the corresponding GP loss rates K¢p for inten-
sity I = 1 W/cm? for the most weakly bound states v’= —1 in the * P, +' S, molecular
potentials for '?Yb, ®Sr as well as potentials a and ¢ of °Ca. The corresponding GP
losses for calcium are about 10 000 times smaller than in to Ytterbium and Strontium

due to its low I';,,,; and the relatively large detuning from the atomic asymptote 4.

Estimation of K(Ca)

We calculate an upper limit of K(Ca) from our experiment. During PA spectroscopy
for the most weakly bound state v'= —1;Q2 = 0, at a detuning of § = 230 MHz
to the atomic 3P, asymptote and for an irradiation time of 500 ms with intensity
I =~ 80 W/cm?, no losses due to irradiation were observed. With respect to the sig-
nal to noise ratio, we assume, that an atom loss of > 5% would have been identified.
From equation 3.13 we get for an irradiation time of 500 ms and a 5% loss a maxi-
mum possible atomic loss coefficient 3, ~ 8-107" /s. The ratio K/ was calculated
(see next chapter) for the corresponding dipole trap geometry and depth. This gives
a maximum loss rate of K¢p ez =~ 9.7 - 10722 m3/s. Assuming Kgp o< I equation
3.13 leads to Ko(Ca)(I =1 W/cm?) < 5-107% m3/s.

This analysis indicates that high intensities can be used for the investigation of
optical Feshbach resonances in Ca.

Density dependent losses caused by near resonant irradiation have already
been observed in experiments with ultra-cold Ca [76]. They have been explained
by possible photoassociation-induced losses assuming a bound state very close to
the atomic asymptote. Since calculations based on the most weakly bound states
v’= —1 and the Le-Roy Bernstein formalism predict such a state close to the atomic
resonance, in [62] another possible explanation was given by proposing an increased
three body loss in the presence of irradiation close to the atomic asymptote due to
OFR coupling to this state.The derived precise model of the corresponding molecu-
lar potentials (see chapter 2), however, predict no further bound states close to the
atomic resonance besides the observed states. Thus the observed density-dependent
loss cannot be explained as PA losses nor as additional three-body losses. We there-

fore try to explain these losses in the Gallagher-Pritchard model.
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| Element | 6 (MHz) | A (kHz) | Kgp (m®/s) | Ky, (m*/s) | Kiop (m?/s) |

0Caq, -983 45 4.10722 1.8-10°18 1.8-10°18
88 Gy -24 68 000 5-10716 22-10719 5.1016
172y p -800 3.4-10716 >3-10716

Table 3.3: Relative detuning A to the most weakly bound states in the 2P, +! S; potentials
of °Ca (potential a), 38Sr and 172YDb® to achieve a scattering length change of a,,; = 100 ag
under similar experimental conditions (I = 150 W/cm? and T' ~ 1K) and loss rates for
inelastic process and the GP losses K¢ p at a detuning ¢ relative to the atomic asymptote.

 state v’ | 6 (MHz) | 1(mW/cm?) | Loy (ag) || lope/1 - 0% (L020ems) |
-2 -24 4 28 4
-3 -222 310 14 2
-4 -1084 524 14 31

Table 3.4: The ratio of the measured optical length and the light intensity loy/I for the
v'= —2;—3; —4 states in the 0, potential in ®Sr and their corresponding PA detuning §
relative to the atomic resonance [104].

3.6.2 Comparison of Ca to other elements

We now calculate the necessary detuning to a PA resonance, A, to achieve a given
optically induced scattering length a,,, for similar temperatures of the atomic cloud
and similar irradiation intensities. We compare the sum of PA-induced and GP
losses for the different elements. Table 3.3 summarize the parameters (the detun-
ing from the PA resonance detuning A, the corresponding inelastic loss rate K,
due to PA, the detuning relative to the atomic asymptote ¢, and the corresponding
Gallagher—Pritchard losses K¢ p, and the total loss rate Ky = Ky + Kgp) for an
intensity of I = 150 W/cm? at a temperature of 7' ~ 1 1K, to achieve an optically
induced scattering length change of a,,; = 100 q, for *°Ca (potential a), **Strontium
and '?Ytterbium.

The expected loss rates K¢ p for Calcium are about five orders of magnitude
smaller compared to the elements Strontium and Ytterbium for a similar scattering
length modification of a., = 100 ay, for high PA intensity and a temperature of
T =1 uK. For losses at high intensities, Calcium is dominated by PA-induced losses,
while for Strontium and Ytterbium the losses are dominated by GP losses. Also, the
use of more deeply bound vibrational states to avoid background losses is not a
solution in the case of Strontium since the optical length is decreasing for larger
detuning from the atomic asymptote.

Table 3.4 shows the expected ratio of the measured optical length to the light
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intensity ., /I for v'= —2, —3, —4 states in the 0, potential and their corresponding
PA detuning ¢ to the atomic resonance for Sr, taken from [104]. The smaller back-
ground losses due to a higher detunings ¢ are almost compensated by a smaller
optical length per intensity. This is illustrated by the ratio [,,;/I - 6>. This ratio can
be understood as a coefficient for the ratio of the optical length and the loss rate
lopt/ Kin, since the optical length as well as the background losses are proportional
to the intensity (eq. 3.7). The ratio l,,;/ K, for the v’= —4 state is expected to be one
order of magnitude higher than in the v'’= —2 state, but still orders of magnitude
worse compared to the v'= —1 states in Ca. For more deeply bound states, an upper
limit of the optical length is given by the decreasing FCDs and a maximum possible
intensity for the spectroscopy laser due to technical reasons.

Thus, since [,,; o I, in Calcium much higher optical lengths can be realized.
This analysis shows the benefit of the unique property of Calcium (I',,,,;/20 very
small) for using optical Feshbach resonances. At ¢ ~ —309 MHz (close to the 2 =
0;v’= —1 resonance), no atomic loss rate was experimentally observed (K¢ pheo(I =
100 W/em?) < 1072 m3/s) for intensities I > 100 W/cm? and irradiation times of
t > 500 ms. Since even for the most weakly bound PA resonance no further density
dependent loss process is observed for high intensities and long irradiation times,
Ca is expected to be a perfect candidate for observing optical Feshbach resonances

for high light intensities and therefore small losses.

3.7 Test of scattering length modification

For testing the theoretically predicted strong influence of high-intensity PA laser
light in Ca, we perform a two-photon detection scheme, similar to the one intro-

duced by [99] and explained in the following.

3.7.1 Two-photon detection of the ground state scattering wave-

function phase

An optically induced modification of the scattering length results in a phase shift of
the incoming ground state scattering wavefunction. This also changes the Franck-
Condon densities of the ground state continuum and the excited, bound vibra-
tional states for large internuclear separations. Due to this influence on the Franck-

Condon density of this transition, the observable PA-induced loss rate is expected
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Figure 3.7: Wavefunctions of the most weakly bound vibrational states v'’= —1 in the poten-
tials a(©2 = 1) and ¢(2 = 0), as well as the incoming scattering wavefunction in the ground
state potential X, corresponding to the atomic asymptote 1Sy +! Sy and the applied laser
fields. The similarity of these wavefunctions is due the similarity of the molecular potential
shapes of the potentials a, c and X because of the very weak C3 coefficient at the 3p+1S,
asymptote and visualizes the limits of the reflexion approximation.

to change. Under the conventional reflexion approximation®, we assume that the
excitations correspond to a well defined internuclear separation each. The idea is, to
test this change of the PA loss rate by applying a probe PA laser, resonant to a vibra-
tional state with a long classical turning point, while a second strong laser for OFR
with different frequency detunings is coupling to a vibrational state with a shorter

classical turning point. This scheme is shown schematically in figure 3.7.

Table 3.5 shows the classical turning points of the six observed resonances for
the molecular potential coefficients, derived from our coupled channel model, as
well as the calculated FCD for a collisional energy of 7" = 1 pK. These values support
the feasibility of this scheme. The classical turning points for our potentials can be

derived by equations 3.14 for potential a and 3.15 for potential c

61f the molecular potentials differ for large internuclear separations, the overlap of both wavefunc-
tions is mostly given by the contribution of the first peak at long range. For shorter nuclear distances,
the wavefunction de-phases due to the different potentials at long ranges and thus due to destructive
interference their contributions to the wavefunction overlap vanish. Therefore the excitation can be
located at this relatively sharp internuclear range of the first peak [105].
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state | binding energy | classical turning points | frcp - fror
v | Q (GHz - h) (nm) (1/cm™)
-110 0.309 3.1 2.2
-1]1 0.983 2.6 0.7
210 4.649 2.1 0.2
21 7412 2.0 0.1
310 17.857 1.7 <0.1
301 24.539 1.6 <0.1

Table 3.5: Classical turning points and Franck—-Condon densities for ' = 1 pK for the six
observed vibrational states in the potentials a and c estimated from the coupled channel
model for ap, = 390 ao.

T RN e Y
Vo= " m T v S 314

20 O O 2-h .
RS RS R® +87r2uR2’ (3.15)

where 1 is the reduced mass of the dimer and R the internuclear separation.

‘/C:

The coefficients C; and Cs were taken from the coupled channel model given
in table 2.9. The C; coefficient is Céa) = 3.22 - 10® Hz nm? [106] for the a potential
and C{” = 6.42 - 105 Hz nm? [106, 58] for the ¢ potential. The coefficients Cs and
Cs presented in the previous chapter, given there for Hund'’s case (a), can be calcu-
lated [58] in Hund’s case (c) by C,, ;+ = Cp s and Cy,, = %(C’n;n + C,,3%). The Cs

coefficient can be calculated as C5, = —2-C3 1, = Sfiz
For our detection we chose the v'= —1 states since these two states provide

much stronger coupling to the ground state continuum and their classical outer
turning points differ significantly. The strong coupling provides a long optical length
in the applicable rang of the PA light intensity. The coupling of the v'= —1 state in
the ¢ potential is stronger compared to the a potential (see fig. 3.4). We chose the
state in the ¢ potential to be our "probe"-resonance and the v'= —1 state in the a
potential as the "OFR" resonance, since a change in the phase of the ground state

scattering wavefunction can only be observed for longer internuclear separations.

3.7.2 Theoretical predictions for loss rate changes by OFR

The Franck—-Condon densities for the ground state continuum and the bound ex-

cited states depend crucially on the background scattering length of the ground state
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molecular potential (see figure 3.5). Figure 3.8 shows frcp - fror of both bound vi-
brational states v’= —1 as a function of the background scattering length. We can
simulate the optically induced scattering length modification by a variation of the
background scattering length in the coupled channel model. Assuming the reflex-
ion wave approximation [64], the total amount of this modification can be observed
at larger internuclear separations. Due to the very weak dipole moment of the inter-
combination line (leading to a weak C'; coefficient and thus to a pretty similar shape
of the molecular potentials in the ground state and the excited state), this is a course
assumption. Therefore, we expect this prediction to overestimate the effect.

The loss rate K, depends linearly on the Franck—Condon density. Using the
qualitative linear fit in the desired energy region of the Franck-Condon density as
functions of the scattering length and assuming to model an optical modification of
the scattering length by a variation of the background scattering length, this leads
to an expected change of the loss rate for the "probe"-laser of 0.4% per a, scattering
length modification. Assuming further a linear dependence of the atom number on
the atomic density, we can express the expected relative change of the atom number
losses Af as a function of the detuning of the "OFR"-laser relative to the bound state
A and OFR laser intensity / (see eq. 3.16). A modification of the scattering length
on the order of several hundred Bohr radii is expected to lead to a change of the loss
rate of the "probe"-laser of up to a factor of 3 — 5, which was expected be resolvable

since the experimental signal to noise ratio is more than 10.

3.7.3 Experimental realization

For the observation of optical Feshbach resonances, we use the same trapping and
cooling system as was presented in the previous chapter. About N, = 10° atoms
were trapped and cooled to a temperature of T = 0.5 — 2 K. The entire laser scheme
is shown in figure 3.9. This detection scheme needs an additional spectroscopy laser
system with the same requirement to their accuracy as in the PA measurements
presented in the previous chapter. The laser system used so far for the PA measure-
ments will be used as "OFR"-laser.

For the "probe"-laser a second diode-laser system was set up. This laser system
mainly consists of a diode laser stabilized in frequency by an indirect beat lock to
the ULE cavity. The beat lock is similar to that presented in the previous chapter.

However, only one synthesizer is used for adjustments of the laser frequency. The
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Figure 3.8: frcp - fror(ox lopt) of the v/= —1 states in both potentials as a function of the
background scattering length from 200 to 700 ag. The dashed black lines give the range of
the estimated background scattering length [75]. The red curves are approximations to the
few calculated Franck—Condon densities (diamonds) for 7 = 1 uK. The red boxes give the
assumed mathematical functions, where sl is the scattering length modification in ay.
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Figure 3.9: The additional laser used as "probe-"laser (green line) is a diode laser (Laser III)
beat-locked to a slave of laser system II used for the second stage MOT (dashed line). Laser
I (in chapter 2 used for PA spectroscopy (dotted line)) is used as "OFR"-laser.

frequency range of the beat lock is 1 GHz due to the photo diode. The diode laser
seeds a second diode laser for amplification. Its light is sent by a fiber to the vacuum

chamber in which the experiment takes place.

3.74 Measurement at high PA intensities

The measurement was performed by observing the loss spectra as a function of the
detuning of the "OFR"-laser from the v'= —1;{) = 1 resonance at high intensities in
presence of the "probe"-laser, which is stabilized on resonance to the v'= —1;Q = 0
PA transition. The irradiation time was chosen short enough to prevent saturation
effects in the spectra of the "OFR"-laser by loosing all atoms in the trap. The light
intensity of the "probe"-laser for a given irradiation time was chosen to cause 30-
60% loss. By a second measurement of the loss spectra by the OFR laser in absence
of the probe laser the relative contribution of the "probe"-laser induced losses to the
first spectra as a function of the detuning A of the "OFR"-laser relative to the v'=
—1;Q = 1 state can be extracted and compared to the theoretical predictions given

by equation 3.16 representing the formula for AZ(A, I') derived in section 3.7.2.

lopt(l)rmolA
A2+ 1/4(T0)?

AB(A,T) ~ 1+ 0.004 - (3.16)
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’ T (:U’K) H Fstim (kHZ) ‘ 1—\Doppler (kHZ) ‘ Ptherm (kHZ) H 1_\theo (kHZ) ‘ 1_Weacp (kHZ) ‘

0.6(1) 17 28 11 31 120
1.1(0) 17 38 20 43 170
2.1(2) 17 53 42 65 230

Table 3.6: The theoretically predicted stimulated width (eq.3.4) for an intensity of I =
30 W/cm? and the Doppler FWHM for the three investigated temperatures. For the asym-
metric thermal broadening, we assume its contribution to be a Gaussian shape with a
FWHM of I'yperm = 20-kHz/pK (to be compared to calculations in chapter 2). Assuming
the Lorentzian shape of I'sy, to be negligible this leads to a total theoretically predicted
FWHM of I't¢,, which is compared to the experimentally observed FWHM I',,,.

The intensity of the OFR laser I = 30(5) W/cm? was chosen to lead to a scatter-
ing length modification of up to 100 ¢ at a detuning of A = 30 kHz corresponding
to predicted 20 — 50% PA induced losses depending on the temperature’. The ex-
pected change in the atom loss rate was Af ~ £30 %. Thus a strong asymmetry in
the shape of the loss spectra as function of the OFR laser was expected.

Figure 3.10 shows such measurements for different temperatures of the atomic
ensemble. The intensity of the probe-laser was I = 5 W/cm?. The temperatures of
the thermal gas cloud (estimated by TOF measurements) were varied from 7" = 2 K
toT = 0.5 uK.

For these temperatures no change of the loss rate contribution of the "probe"-
laser was observable®. In addition the expected stimulated linewidth due to the high
intensity given by equation 3.4 was expected to be Iy, = 1.7 kHz for frc - fror =
0.7 1/ecm™~! %and we expected from theory a lineshape strongly dominated by the
Doppler- and thermal broadening. The measured and theoretical predicted FWHM
are shown in table 3.6. Since the natural line-width is assumed to be I',,,,; ~ 750 Hz
it is not taken into account in this comparison.

Experimental investigations (see next chapter) gives an upper limit for the nat-
ural lifetime of I',,; < 10 kHz. Calculations with the presented model and higher
natural lifetimes within this limit does not provide a description of the observed line
width. This light dependent broadening cannot be explained by equation 3.4 since

the required Franck—Condon densities would correspond to background scattering

"For I = 30 W/cm? a stimulated rate of I'y;;,, < 2 kHz was predicted. Thus the width of the losses
is expected to be dominated by the Doppler broadening (25—50 kHz, depending on the temperature).

8For a detailed analysis the measured loss rate 3(A) of the laser for the OFR was measured (black
diamonds) and the contribution of the "probe-"laser Sy, s to the total losses (red diamonds) Biotar =
Bprove + Borr Was derived.

For the calculation apg = 390 ap and I';,o; = 750 Hz were assumed.
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Figure 3.10: Atom loss spectra of the v'= —1;Q = 1 state at temperatures of 7' = 2.1(2) uK
(@), T =1.1(1) pK (b) and T" = 0.6(1) K (c) with (red cycles) and without (black diamonds)
"probe"-laser with intensity I = 5 W/cm? on resonance to the v’= —1;Q = 0 state. The

intensity of the "OFR"-laser was I = 30(5) W/cm? with an irradiation time of ¢t = 50 ms.
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lengths of more than a,, > 5000 a (eq. 3.7, fig. 3.5), which are in contradiction
the investigation of PA on the 'Sy +! P, transition [75]. Furthermore such a stim-
ulated width corresponds in the theoretical model (eq. 3.4) to an optical length of
Lopt > 3-10° ag, leading to a very strong influence of the "probe"-laser even at far de-
tuning A >> I'y;,, on the loss rate, which was not observed. This unexpected light-
induced broadening (for investigations at very low intensities in chapter 2 widths
on the order of 40 kHz due to Doppler- and thermal broadening were observed)
prevents an observation of optically induced scattering length modification by this
detection scheme. The discrepancy of the theoretical predicted FWHM and the ex-

perimental results will be investigated in the following chapter.



Chapter 4
High intensity photoassociation

As was pointed out in the previous chapter, the theoretical model of Bohn & Julienne
[44, 100] does not provide a description of the observed width of the spectra for high
PA intensities. In this chapter, first we will investigate the line shape behavior for
high PA intensities and then discuss effects contributing to the width of the signal.
Further we investigate the atomic loss rate, which is the experimental value, which
has not be taken into account so far. This investigation of the observed loss rates
allows to test our coupled channel model and the capability of the model of Bohn &
Julienne for high PA intensities. This test indicates the need of an enhanced dressed
state model for high PA intensities and a differentiation between the excitation rate
and the stimulated width.

4.1 Experimental line shape investigation for high PA

intensities

In this section I will present the experimental investigations on the dependence of
the line width on PA intensities and the temperature of the atomic ensemble. Un-
derstanding of the line shape and the broadening processes is necessary for a quan-

titative analysis of the loss rates, which then will be compared to the predictions.

4.1.1 Intensity- and temperature dependence of the signal width

For an investigation of the signal widths, we measure the width Ap,, which is the
FWHM of 5(A), given from the fit of eq. 2.3 to the observed spectra. For Ca the spec-
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Figure 4.1: Loss spectra (black diamonds) of the v" = —2;Q = 0 (potential a) state and the
fitted solution (red line) of N = —3N2. The PA intensity was I = 75 W/cm? at a temperature
of T'=1 uK.

tra widths are not dominated by the natural line width. Depending on the temper-
ature and the intensity we have a convolution of a Gaussian shape (mostly Doppler
broadening) and a Lorentzian shape (I';,o; + Lstim/nom), leading to a Voigt profile.
A Voigt profile however cannot be analytically described, but well approximated
by a weighted sum of a Lorentzian and a Gaussian both having the same width.
Appel [62] shows that an approximated Voigt is well suited to describe narrow PA
loss spectra. Figure 4.1 shows the sufficiency of such a fit to a broadened high PA
intensity spectrum. Thus, an apparent broadening effect due to a decreasing atom
density during PA irradiation is taken into account.

The line widths Ap,4 as a function of the PA light intensity for all six observed
PA resonances are shown in figures 4.3 and 4.4. For higher intensities the linewidth
saturates. From the model of Bohn & Julienne a linear intensity dependence Ap, o<
I (eq. 3.4) is expected. Thus the saturation cannot be explained by the stimulated
width 'y, Also the observed width is several orders of magnitude higher than

expected due to the Franck—-Condon densities (eq. 3.4).
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Figure 4.2: Observed FWHM Ap,4 of the PA-transition to the v’= —1 state in potential
a as a function of the temperature of the atomic ensemble. The irradiation intensity was
I = 30(5) W/cm?. The red dashed line shows the predictions given by the model of Bohn &
Julienne [100].

Besides the dependence on the irradiation intensity, the line width for high PA
intensities also show a crucial dependence on the temperature of the atomic cloud,
which cannot be explained by the Doppler- and thermal broadening (see figure 4.2).
The uncertainties of Ap, is given by the fit-uncertainty to the loss spectra. The un-
certainty of the corresponding temperatures was derived from TOF measurements.
From the model of Bohn & Julienne a temperature dependence Apy VT (eq.
3.10)! is expected.

!The stimulated width has a Lorentzian shape and a v/T dependence. The Doppler broadening
for this temperatures has about twice the amount of the thermal broadening, thus the thermal broad-
ening has a relative small contribution to the total width. The Doppler broadening has a Gaussian
shape with a v/T dependence of the width. Thus, the resulting Voigt profile is expected to also have
a /T dependence in this temperature regime.
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Figure 4.3: Experimentally observed FWHM Ap4 for the three most weakly bound states
in potential c as function of the PA light intensity. The irradiation time was independently
chosen in order to prevent a saturation of the loss signal. The temperature was 7" ~ 1 uK.
The red dashed line shows the predictions given by the Bohn & Julienne model.
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Figure 4.4: Experimentally observed FWHM Ap4 for the three most weakly bound states
in potential a as function of the PA light intensity. The irradiation time was independently
chosen in order to prevent a saturation of the loss signal. The temperature was 7" ~ 1 uK.
The red dashed line shows the predictions given by the Bohn & Julienne model.
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4.2 Line width discussion

Most PA studies performed so far with other elements were using spin-allowed
transitions with MHz linewidth at ©K temperatures. Also in recently realized PA
measurements with alkaline earth(-like) elements Sr and Yb using a singlet-triplet
transition the linewidth is much more dominated by their natural line width. Since
the natural atomic line width of Ca is I'y,n, =~ 374 Hz [61] here, other broadening
mechanisms can be observed.

Several broadening effects contribute to the observed width Ap, of a PA spec-
tral line. Besides the affectness by the radiation intensity (power broadening) [107],
these are spontaneous emission (natural line width), the center of mass motion
(Doppler broadening), relative atomic motion (thermal broadening) and vapor den-
sity (pressure broadening) [108, 109] as well as coupling to other molecular states,
not considered so far.

The different effects will be discussed in this section. The goal is to extract the

PA light intensity dependent homogeneous broadening contribution Iy, (/).

4.2.1 Doppler- and thermal broadening

These broadening effects, which were already discussed in chapter two, do not de-
pend on the PA intensity. The combined FWHM corresponding to these effects at
temperatures of 7' ~ 1 uK were calculated and measured to be I'r ~ 60 kHz. Thus
for high intensities (I > 10 W/cm?) the width of the atom loss spectra is dominated
by the presented intensity dependent effect with an unclear functional form (see fig.
4.4, 4.3) and the Doppler- and the thermal broadening cannot explain the observed
spectra at high PA intensities.

4.2.2 Collisional broadening

At temperatures in the 1K regime in the bosonic ensemble of “°Ca s-wave scattering
is the dominant collision process. Therefore the scattering cross section for Ca+Ca

collisions

8ma?

Os—wave = m (41)

is given by the scattering length a and the wavevector k. Assuming that the
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scattering process Ca+Ca,? can be described with a scattering length a,. similar to
the scattering length of a,. ~ 500 ag for (a(Ca + Ca) = 340 — 700 ao [76, 77]), a
temperature of 7' ~ 1 uK and a peak density of n ~ 2 - 10'3 cm™ the collision time?
is about of 0.1 ms*. The excited state can be de-excited by collisions between ground
state and excited state atoms. This effects the lifetime of the excited state. The decay
rate can be approximated by the inverse of the collision time scale and is even for an
assumed high scattering length of several hundred a, on the order of a few kHz.

A PA light intensity dependence for this collisional broadening could be due
to a modification of the scattering length as a function of the light frequency due
to OFR. The expected induced modification of the scattering length of Ca + C'a ata
frequency detuning of 100 kHz at a PA intensity of I ~ 100 W/cm? is on the order
of agy ~ £10 ag (see chapter 3). Assuming a similar change for Ca + Ca, and as
no asymmetry for high PA intensities was observed (see chapter 3), this collision

broadening effect can be excluded.

4.2.3 Line width broadening due to coupling to other molecular

states

In a molecule the modification of the wavefunction can change the width compared
to the corresponding atomic transition.

For long range internuclear separation molecules, such as photoassociation ex-
cited molecules near the atomic asymptote, the dipole matrix element for the exci-
tation was calculated from the atomic transition dipole element.

A dimer can form a super-radiant state® leading to half the amount of lifetime,
corresponding to twice the natural line-width compared to the atomic state.

This however is only valid for the unperturbed bound molecular states. The
lifetime of the excited molecular state can also be decreased by a perturbation from
other bound molecular states, corresponding to different atomic asymptotes. Allard

etal. [71] observed by fluorescence spectroscopy the coupling of the states a *II; and

2Cay is a dimer of a Ca atom in the ground state and a Ca atom in the excited state.

3The mean free path of the scattering particles is MFS = 1/(n - o). Divided by the velocity
corresponding to the kinetic energy this gives the average collision time scale.

This describes the time scale for a ground state-ground state collision, which is expected to
destroy the coherence for the excitation process. The time scale to the excited state as destruction
of the population, is expected to be slower.

°In a supperradiant state the decrease of the natural life time can qualitatively be understood as
decay stimulated by a spontaneous emitted photon of the other dimer atom[110].
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A 'Y}, which would lead to a shortening the lifetime because of singlet admixture.
A coupling to bound states of other molecular potentials is not expected since these
are energetically farther away. They observed a bound vibrational state v, = 11 in
the molecular potential A ' with an energy relative to the ground state 'Sy +' .S,
molecule potential of F = 15534.4822 cm ™.

The anharmonicity of the molecular potential leads to a decreasing level spac-
ing for higher energies. This results in a higher possibility to have a bound state in
potential A close to the observed resonances. For a first approximation, I extrapo-
late for an harmonic potential - and therefore for an equidistant level spacing - the
deeply bound A 'Y} states. A linear extrapolation based on these data would lead
to the v, = 18 state in the A 'Y} potential with an energy relative to the ground
state minimum of £ ~ 16334.9072 cm~! (and thus 700 GHz off resonance), as ener-
getically closest bound state relative to the experimentally observed PA resonances.

The assumption of an harmonic potential for this energy range however is
not valid. Due to the experimentally observed spectra at temperatures of down to
400 nK at low PA intensity, we determined an upper limit for the natural line-width
of I'yor < 10 kHz.

4.2.4 Light shift broadening by light field distribution

Two different phenomena, based on the light shift, are leading to a broadening. As
laid out in chapter 2 both, the dipole trap laser beams and the PA inducing laser are
shifting the PA resonance frequency. Since the dipole trap laser beams are focused,
and the intensity of the PA spectroscopy laser is given by its beam profile, the expe-
rienced intensities depends on the position of the atoms in the dipole trap, given by
the Boltzmann distribution, with an average kinetic energy of 3kpT.

The light shift due to the dipole trap for the full trap depth U,,,, =~ 10 uK was
measured to be on the order of 100 kHz. Due to a ratio of the average kinetic enery
and the trap depth of ~ 1/10 we expect the broadening effect due to a variation of
the light shift to be on the order of ~ 10 kHz.

The light shift broadening due to the PA laser can be approximated by compar-
ing the intensity distribution to the three dimensional Boltzmann distribution of the
atoms in the approximate harmonic potential of the dipole trap. The 1//e width w

of the PA laser beam at the position of the atoms was measured © to be w = 50(6) um,

The determination of the width was realized by a beam profile camera.
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which is about one order of magnitude larger than the width of the thermal distri-
bution in the dipole trap. The PA spectroscopy laser light shift was up to 30 kHz for
high intensity (see fig. 2.15) and the broadening due to the PA laser is on the order
of a few kHz.

In total the broadening effects due to the homogeneous light shift effect can be

excluded.

4.2.5 Energy dependent light shift

The PA light shift also depends on the energy ¢ and thus might occur as broaden-
ing. For this type of broadening we have to consider the dependence of the light
tield coupling and the light shift by the kinetic energy, i.e. by the temperature. To
describe the system theoretically for each channel, a pair’ of energy-normalized ref-
erence functions f;(R) and g;(R) are given [100, 97], which satisfy the single-channel

Schrodinger equation for the collisional e

OB S

Since f; fulfills the boundary conditions for the atom pair scattering process
[100, 111] it is defined as the "regular" solution, leading the FCD into the expressions
3.4, while g; is defined to be "out of phase" with this boundary condition and thus
named "irregular” solution®.

For s-wave scattering in the ground state, f,(R) and g,(R) for large R are in

the form of [97]:
R—00 2,” .
fg<R) = %sm(krR + ng) (43)

R—o00 2H
9¢(R) "= —\/%Cos(krRJrﬁg)' (4.4)

It was shown [100], that the "regular" solution leads to the already introduced
stimulated width I'y;,, (eq. 3.4), where frep = | fooo dR Y(R)f,(R) |2 is the overlap of
the regular solution of eq. 4.2 with ¢ (R), as the wavefunction of the bound excited

state (see chapter 3).

’In chapter 3 only the "regular” function which is of relevance for the scattering length modifica-
tion was mentioned.
89, does not fulfill the physical boundary condition g, = 0 at R = 0.
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Figure 4.5: Schematic picture of a two photon excitation to higher energy bound states,
leading to much higher stimulated loss rates than predicted by the model of Bohn & Juli-
enne [44, 100], which only takes one bound state into account. In the triplet system these
transitions have much stronger dipole matrix elements via a bound state in potential a or c.

The irregular solution leads to an energy shift AE.(e, /) [100] in the form of

[97]:
)\3
AEge(Ev ]> - Fatom%%fROTf?gD(e)v (45)
with
oS R
AE (c) = / AR .(R)g,(R) / AR 0 (R) ,(R). (4.6)
0 0

This energy shift AE depends on the intensity of the PA inducing light and the
kinetic energy e and thus on the temperature 7". Since the energy shift can change
as a function of the temperature T, this effect can lead to a broadening of the signal
width. The averaged light shift for temperatures of 7' ~ 1 uK due to the PA laser
light was measured to be on the order of several tens of kHz (see fig. 2.15). Also
theoretical investigations of the irregular solution for Ca in contrast to Sr only pre-
dict positive energy shifts [97]. Thus this mechanism is not expected to explain the

experimentally observed broadening.
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4.2.6 Multi-channel coupling

In the model of Bohn & Julienne [44, 100] for the stimulated width I'y;,,, only the
coupling to one bound state was taken into account. The stimulated loss rate can be
much higher, if the excited state couples - by a second photon - to bound states or
excited state continuums of molecular potentials in the triplet system at energies of
about E ~ 30 000 cm™" relative to the ground state (see fig. 4.5). The dipole matrix
elements to these triplet states are several orders of magnitude larger compared to
the dipole matrix element of the intercombination line. The optical length however,
mostly depends on the coupling strength between the ground state and the excited
bound state’. Thus the losses due to coupling to other triplet states might explain
the discrepancy of the observed stimulated width and the expected modification of
the scattering length for such a corresponding stimulated width.

However such a coupling to other states is not expected to have a temperature

dependence. Thus this mechanism is not capable to describe the observed spectra.

Homogeneous PA contribution I';,,,,

Since the investigated broadening effects do not provide a description of the ob-
served widths, we will now extract the homogeneous PA light dependent contribu-
tion I'j,,, to the observed spectra. For 7' ~ 1 ;K the combination of the thermal
and Doppler broadening leads to a line shape, which can fairly be well described
by a Gaussian shape with a FWHM of ~ 60 kHz, while the sum of I',,,; and ',
leads to a Lorentzian contribution. Thus the line is assumed to have a Voigt profile
consisting of a Gaussian contribution for the Doppler broadening and the thermal
broadening of FWHM ~ 60 kHz and a Lorentzian contribution with a width depen-
dence of the PA light intensity. Following the calculations of [112], the Voigt width

ay can be approximated by the Gaussian width a( and the Lorentzian width a;;:

ar — Qg

.~ =G . , 4.7
ar + ag OzL+OzG) (4.7)

av(aL,ac) = (OZL + Oég> -1 — a(l — (

with a = 0.18121, ¢ = 0.023665 exp(0.6 - 2L=9) 4 0.000418 exp(—1.9 - 2L=C)),

ar+tag artag
From the observed width we extract the Lorentzian contribution o, for g = 60 kHz.

%lLopt (q. 3.7) was defined for a single photon process. Nevertheless the modification of the scat-
tering behavior is expected to depend mostly on the coupling of the first stage of the excitation.
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Figure 4.6: The blue squares are the experimentally derived FWHM with a phenomeno-
logical fit (blue line) [FWHM= 1/((1/600000-W /cm? + 748) + 4 - 10%)Hz]. The green line
indicates the Gaussian ap = 60 kHz. Assuming the blue curve to be a Voigt distribution
ay, eq. 4.7 gives the Lorentzian contribution a7, which is visualized by the black curve. The
red dashed line indicated the expected FWHM given by eq. 3.4 (ay, = 390 ag). The solid
red line is the sum of the predicted stimulated and the natural line width. The green dashed
line is a linear fit to the black curve in the intermediate range of the intensity, where a linear
dependence of the width and the intensity was experimentally observed.

In figure 4.6 we present the experimentally observed FWHM of the v'= —1; Q) =
0 resonance as function of the light intensity (blue curve), their determined Gaus-
sian contribution (green curve) and the PA light dependent Lorentzian (black curve)
contribution I';,,,,, including the natural line width.

The observed 'y, as function of the intensity, besides the observed saturation
effect for very high intensities, might be explained by much higher Franck—-Condon
densities, compared to the predicted densities by our coupled channel model.

Thus in the next sections we will investigate the experimentally observed loss
rates and compare them to the theoretical predictions. If the experimentally ob-
served loss rates can be explained by Franck—-Condon densities - corresponding to
the observed stimulated widths - this would be an indicator that the FCD predicted

by our coupled channel model are wrong.
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4.3 Experimentally observed PA-loss rate

In this section we will investigate the observed PA atom losses. The goal is, to derive
from the experimental data loss rates, which are comparable to the predictions of the
model of Bohn & Julienne [100], for different intensities.

The time evolution of the number of atoms N in the center region of the trap

can be expressed by

N = —aN — BN? — yN® + N,4(t), (4.8)

where o, 3, v are the atomic loss coefficients corresponding to background scat-
tering, two-body and three-body loss processes and Nj4(t) is an additional loading
term, corresponding to internal trap dynamics.

In order to analyze the photoassociation induced atom losses quantitatively
we have to distinguish and discuss more detailed the relevant atom loss mecha-
nisms corresponding to the coefficients «, 3 and v, which will be presented in the

following.

4.3.1 Three body loss processes

Due to the conservation of momentum and energy, the collision of two trapped
atoms cannot lead to a loss of atoms in the absence of light. But it is possible if
there are three atoms participating in the collision. This process is called three-body
recombination.

In this process three atoms collide and two of them form a dimer whereas the
binding energy of the created ground state molecule Ej is set free as kinetic energy.
Due to momentum conservation, E,/3 is transferred to the created dimer and 2E,/3
to the third collisional partner. Since the binding energy £, is large compared to the
trap depth during PA, the created molecule and the third colliding atom escape from
the trap, leading to a loss of atoms. The event rate of this process is proportional to

the third power of the atomic density n:

n=—Ls-n (4.9)

where L3 is the three-body loss rate coefficient which scales with fourth power

of the scattering length of the two-body process [98, 113]. A large scattering length
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Figure 4.7: Number of atoms in the crossed dipole trap as function of the storage time. The
estimated lifetime due to background gas scattering was 7 =~ 56 s. The red curve shows the
titted equation 4.10.

leads to large three-body losses. Thus for Ca, where the scattering length was mea-
sured to be several hundred Bohr radii [76, 77] significant three-body losses might
occur. The coefficient L; corresponds to the loss coefficient .

For Ca this three-body loss coefficient was determined to be L3 = (3.2 £ 1.6) -
107%" cm®/s [76] and L3 = (5.5 &+ 2.6) - 10727 cm®/s [77]. The peak density of the
atomic ensemble during PA measurements was determined to be ny ~ 1.1-10"* cm ™.
During the investigations of the three-body losses in a deep dipole trap, these losses
were only observed with a peak density around ng = 1.4 - 10" cm ™. The contribu-
tion will be discussed in the next section, also taking the linear losses (corresponding

to the loss coefficient ) and trap dynamics into account.

4.3.2 Background gas scattering processes

The probability of an elastic scattering process of the trapped atoms with a remain-
ing hot background gas particle is expected to be linearly proportional to the pres-
sure p in the vacuum chamber. Thus this pressure was improved to p ~ 2-10~'° mbar
in order to reduce these losses. The proportionality constant is denoted as in eq. 4.8.

In order to determine the loss rate o due to background gas scattering pro-

cesses we measured the number of atoms as a function of time and fitted the solu-
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Figure 4.8: Absorption pictures of trapped atoms for several storage times after evapora-
tion.

tion of equation N = —aN, for a certain time (¢ > 10 s), where the atomic density is
in a regime, where only background gas scattering losses occur (see figure 4.7). We
observe a storage time (1/e) of 7 ~ 50(5) s.

For a more detailed analysis the three-body losses (see above) were taken into
account by fitting the solution of the differential equation N = —a- N —~- N3, given

by equation 4.10 and shown in figure 4.7 (red curve) as function of time ¢.

B a - exp(—2ta)
N(t) = NO\/a + 7 (14 exp(—2ta)) (410

The lifetime in the crossed dipole trap due to background gas scattering that

way determined was 7 =~ 56(3) s. The three-body loss coefficient estimated from the
fit by averaging the atomic density [75, 76] is L3 ~ 4 - 1072" cm®/s which is in good

agreement with former measurements [76, 77].

4.3.3 Internal trap dynamics

Only atoms in the crossed region of the dipole trap are iluminated by the PA light.
A detailed observation of the trapped atoms in the first few hundred ms after de-
creasing the trap depth, in order to cool by evaporation, shows remaining atoms in
the "wings" of the horizontal arms of the dipole trap. The horizontal beam of the
dipole trap is already applied during the MOT stages, while the tilted beam of the
dipole trap is switched on after the second MOT stage and the intensity of the hor-
izontal beam and therefore the trap depth gets ramped down. The ratio of the trap
depths of the horizontal beam and the tilted beam at the end of the second MOT
stage, which is the beginning of the evaporation process, is about 10:1. Storage time
t = 0 corresponds to the end of this evaporation process. Figure 4.8 shows absorp-
tion images of atoms in the crossed dipole trap, for several storage times right after
ramping down of the dipole laser beam [62] for evaporative cooling. After a typical

evaporation time of ¢,,,,, = 600 ms there are still atoms remaining in the horizontal
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Figure 4.9: Number of trapped atoms in the crossed region of the dipole trap as a function
of time after evaporation.

part, seen as faint trace of the dipole trap, not affected by the applied PA laser light.
After about 400 ms additional storage time these "wing"atoms leave the horizontal
arms of the dipole trap (right side of the figure).

Since the atomic density in the wings of the dipole trap is very low, no signif-
icant three-body losses are expected, being responsible for the disappearance. The
life-time due to background gas collisions is orders of magnitude larger than the in-
vestigated storage time. Hence these losses do not explain the discrepancy. Further-
more this trap region is not illuminated by the PA spectroscopy laser light, which
means there are also no two-body losses. The disappearance of these "wing"atoms
therefore indicates an internal dynamic of atoms thermalizing with the trapped
atoms at the center and get also trapped there. This effect is visible in figure 4.9,
that measured the number of trapped atoms in the PA irradiated center region of
the dipole trap, as a function of the storage time after evaporation.

The non-exponential decay of the atom number for larger than one second in
figure 4.9 results from the three-body losses. Since not all atoms at the end of the
irradiation time have been illuminated over the entire time, this leads to an underes-
timation of the observed loss rates, depending on the irradiation time. For measure-
ments at low PA intensities, performed with irradiation times of several seconds,
this effect can be neglected. For measurements at high PA intensities - with typical
irradiation times of tens of ms - the deviation to a pure two body loss description

will be discussed in the next section.
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4.3.4 Description as pure two-body loss

The precise description, given by equation 4.8, is not capable for an analysis of the
spectra. Thus we discuss in this section the suitability of the model applied for the
binding energy and width investigations (chapter 2 and section 4.2), describing the
losses by the solution of equation 2.3, and thus as pure two-body losses.

The typical exposure time of the PA inducing laser for high PA intensities was
t = 30 — 50 ms, with a typical ratio of N(¢),eqar/N1 =~ 0.3. A numeric calculation of
eq. 4.8' leads to a deviation of 3 at the most of 20% compared to the analysis con-
sidering a pure two-body loss (eq. 2.3). For low PA intensities, the typical exposure
time was t = 2 — 3 s. Thus for these measurements this effect can be neglected. With
respect to the uncertainty, this justifies the choice of eq. 2.3 with an approximated
Voigt profile of 3(A) (see 4.1 ) for a description of the observed atom loss rate 3 as a
two pure body loss process.

The uncertainty of the atomic loss rate 3 is given by the uncertainty of the fit

to the atom loss spectra.

4.3.5 Estimation of 3. for narrow natural line width

For a comparison to theoretical predictions which will be given in the next section,
we have to estimate from the loss spectra giving f., the expected loss coefficient
fe corresponding to an narrow natural line-width without inhomogeneous broad-
ening effects like Doppler- or thermal broadening (see fig. 4.10). Since for low PA
light intensities the expected homogeneous line-width is very narrow due to the
inhomogeneous broadening effects only a few atoms are on resonance during PA
irradiation.

The loss rate for a given energy 3. was assumed to be () = %(V]) - Bew, Where
Be are the experimentally derived resonant loss coefficients from the fit. From figure
4.6 we get under this assumption the ratio f.,/f., given by the ratio of the black

curve - assumed to be the light intensity dependent Lorentzian shape - and the blue

curve (experimental FWHM), and thus ;45 (compare eq. 4.7).

Three different mechanisms contribute to the uncertainty of this ratio.

19For the numeric calculation the observed loading of the "wing" atoms was described by N;q =

e exp(71), where N,, is the number of atoms in the "wings" and t,, its loading time. The parameters

were fitted to the observed time evolution given by fig. 4.9.



96 High intensity photoassociation

A PO B.(v)

GauB(FWHM)~40 kHz

frequency \%

Figure 4.10: Schematic picture of the Gaussian distribution of the resonance frequency of
the atoms due to their temperature (here 40 kHz for T=1 1K), compared to the Lorentzian
distribution of the natural line-width (here 800 Hz for low PA intensity, where no significant
stimulated broadening is expected).

Uncertainty of the correction calculation: As ratio of the loss coefficients, we took
the ratio of the FWHM Lorentizan contribution relative to the observed Voigt pro-
tile, assuming this to be a good approximation of the ratio of the plane under the
functions of frequency. The high total uncertainty of the loss rate in general and this
ratio in special, justifies this approximation. However this approximation leads to

an uncertainty which was assumed to be 10%.

Uncertainty of the unperturbed FWHM: The FWHM due to thermal- and Doppler-
broadening, undisturbed and un-broadened by the light intensity (see fig. 2.12), is
known with an uncertainty given by the fit uncertainty and an additional uncer-

tainty for the assumed Gaussian shape for the in fact asymmetric shape of assumed
10%.

Uncertainty of the homogeneous power-dependent broadening: The uncertainty
of the FWHM of the Lorentzian contribution to the observable Vogt profile is further
affected by the uncertainty of the formula presented in the previous section and the
already mentioned uncertainty of the unbroadened FWHM. The formula (eq. 4.7)
is correct to about 1% [112] and therefore can be neglected as contribution to the
uncertainty. However, especially for very low PA intensities, where this ratio is
large - since the ratio of the Gaussian and the Voigt width is increasing (see fig. 4.6) -
the uncertainty of the Lorentzian FWHM is increasing. For very low PA intensities,
[ assume an uncertainty on the order of a factor of 3 for the ratio a;, /o and for high

PA intensities an uncertainty of 10%.
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4.4 Test of the theoretical model

The model of Bohn & Julienne [100] predicts PA-induced two-body loss rates K;,

for the time evolution of the atomic density n defined by

_ 9K, (4.11)

The factor of two results from a loss of two atoms per excitation. Since the
atomic density is not directly observed, I present a calculation of the average atomic
density from the number of atoms in the trap, based on the trap geometry. Further
we have to distinguish the contribution of the PA process from other loss processes,
contributing to the experimentally observed losses. The goal of this section is, to
derive a loss rate K Z(Z‘T) from the experimentally observed atomic loss rates /., com-

parable to K, from the model.

4.4.1 Ratio between atom number N and density n

In thermal equilibrium the density distribution in a harmonic trap, is Gaussian with

rms-widths r, , ., = L./ kBT , with the oscillator frequency w, , .. This allows to ex-

Wi

press the average atomic den31ty p by

N
= 4.12
P= ///Rs = 82 o, Telyls ( )

The ratio of 3./ K. can be calculated from the trap parameters described in [62]

by averaging the atomic density. We obtain the ralation

K. — be (4.13)

(s )2/ v/8'

is the geometric mean trap frequency. The trap

where w,, = (W, - w, - w.)Y?

geometry of the crossed dipole trap is a horizontal beam with a waist of w; ~
37.5 pm and a tilted beam with a waist of 42 yum. The angle between both beams
is ~ 54 degree (51 degree in the horizontal axis and 20 degree in the vertical axis).
Since the tilted laser beam is 4 mm off focus'!, the beam radius at the position of the
horizontal beam is wy; ~ 77 ym. From this trap geometry, the geometric mean trap

frequency can be derived as function of the beam powers [62].

1 This alignment results from an optimization of the number of trapped atoms.
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The uncertainty due to the calculation of K, based on the atomic loss rate f,,

is given by several contributions:

The uncertainty of the assumed constant ratio of the density and atom number
was assumed to be 10 %. More crucial is the calculation of the average atom density

based on the dipole trap geometry (equation 4.13).

Three different values in this equation contribute to the uncertainty: Loss rate
Be, geometric mean trap frequency w,, and temperature 7. The uncertainty of j. (see
previous section) was due to the fit and the assumption for the density dependence
on the atom number 10-15 %, depending on the quality of the fit. According to
time-of-flight measurements the uncertainty in temperature was determined to be
10 % (see chapter 2). The uncertainty of the mean trap frequency w,, is given by the
uncertainty of the light intensity of the crossed dipole trap and the assumption for
the calculation of its geometry. Since the uncertainty of the power of the dipole trap
beam is less than 1 % and the waist of the beams is on the order of w = 37.5 um
the uncertainty of the light intensity of the crossed dipole trap is mostly depending
on the uncertainty of the trap beam alignment. The dipole trap was aligned that
way, that the tilted beam was adjusted to the horizontal beam, with respect to the
number of trapped atoms. The uncertainty of this alignment was estimated to be
on the order of 50 um. Since the tilted beam was typically a few mm off focus the
beam radius at the position of the atoms was calculated to be w ~ 77 um, leading to
an assumed uncertainty in the dipole trap intensity of 30%. The uncertainty of the
calculation of the mean trap frequency by trigonometry was determined to be on
the order of only 1% by comparison to exact calculations [62]. Thus the uncertainty

of the dipole trap intensity is the dominant contribution.

The resulting uncertainty of /K (w,,) was calculated by the propagation of

uncertainty (see eq. 4.13) and is shown in figure 4.11.

4.4.2 PA contribution to the two-body losses

As we will see in the following particularly, we have to take two different phenom-
ena into account for a comparison of K. to the predicted rates Kj,: Firstly we will
discuss the possibility for a PA excitation process to occur a loss of atoms. Secondly

the contribution of PA-losses to the experimentally observable two body losses.



Line shape and loss rates 99

Photoassociation induced losses occur once the atoms are excited to a bound
molecular state. Two different processes lead to a loss of the observable trapped
atoms. The excited molecule can de-excite by spontaneous emission of a photon
in the ground state continuum, or in a bound state in the ground state molecular

potential.

The Franck-Condon density gives the probability of a decay to a ground state
kinetic energy. During PA irradiation the dipole trap was typically about 7" ~ 10 K
deep. Calculations for the six experimentally observed PA lines show, that the prob-
ability for a spontaneous decay back to a trappable thermal energy is neglectable
(see fig. 3.4). Thus we assume a loss of trapped atoms for each spontaneous decay

process of the excited dimer back into the ground state continuum.

The dimer can also decay into bound vibrational states of the molecular ground
state. The possibilities to decay in the bound states of the ground state molecular
potential are given by the Franck—-Condon factors. Since we expect for long range
bound states an almost similar dipole moment, compared to the atomic transition,
we expect to be able to recapture at least the weak bound molecular ground states
by the dipole trap. The most weakly bound molecular ground state is expected'? to
have a maximum binding energy E ~ h - 5 MHz (see appendix), small compared to
the natural linewidth I' ~ 34 MHz of the atomic (*S; —! P,) 423 nm line. Therefore,
it could get photodissociated by our detection device laser beam. It was calculated,
that a decay™ into the most weakly bound molecular state can be neglected due to
its relative probability, for the experimentally investigated molecular states (See ta-
ble B.1 exemplary for the v'= —1;Q = 1 state). More deeply bound states are not
resonant to our detection device laser beam (compare expected binding energies
given in table B.1) and would therefore also be observed as loss of trapped atoms.
Therefore, we assume, that every decay into the molecular ground state molecule

results in a loss of atoms.

Thus, we expect that every PA excitation process leads to an observable loss
of atoms, no matter if it decays into the continuum or the ground state molecular

potential.

12 According to the measured background scattering length [77] and the expected Cs coefficient
predictions for the binding energies are given in [114].
13The Franck-Condon factors have be calculated by Prof. Eberhard Tiemann.
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The PA contribution to the two body losses has to be distinguished from a differ-
ent two body loss processes in the presence of light: the Gallagher-Pritchard losses
[103] (see chapter 3). Since we now distinguish two different two-body losses we

expand equation 4.11 to:

n=—2(Kpa+ Kgp) n? (4.14)
\_}:_/
where K p gives the Gallagher-Pritchard losses and K p4 the photoassociation
induced losses. Gallagher-Pritchard losses were determined (chapter 3) to induce
losses several orders of magnitude smaller than the PA induced losses and are thus
neglectable.
Thus we expect that every PA process leads to an observable loss and that all
observed losses are due to PA (K, = Kpy = K fsm)).

4.4.3 Comparison of the experimentally observed loss rates and

the theoretical predictions

The estimated loss rates Kj;,, are compared to the theoretical predictions given by
Bohn & Julienne in figure 4.11. The loss rates predicted by the model of Bohn & Juli-
enne, based on the FCDs, given by our coupled channel model, are in fair agreement
to the experimental results for low PA intensities. Thus we expect that the FCDs and
therefore also the optical length, predicted by our model, are correct. However, for
high PA intensities the experimental results differ significantly from the predictions.

In the model of Bohn & Julienne, the width is derived from Fermi’s golden
rule, assuming large width of constant density of states. This is not fulfilled here.

It was shown, that the continuous transition between the Weisskopf-Wigner
exponential irreversible decay from a bound state into a continuum and the Rabi
oscillation can be understood by a simple model [115]. Choosing a two level system
as the other limiting case, the excitation probability scales linearly with the light
intensity at low intensities. For higher intensities, the effect of stimulated emission

has to be taken into account. The excitation probability p.. can be expressed by

. 1 S0
a 21 + S0 + (2A/Fmol>2’

Pee (4.15)

with natural line width T',,,,;, light field frequency detuning A and saturation
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Figure 4.11: The red curve shows the inelastic two-body loss rate, given by the theoretical
model for the v'= —1;) = 1 state, as a function of the irradiation intensity. The data for
the model base on the FCD, derived from the coupled channel model, with a background
scattering length of ay, = 390 ag. The black full diamonds show the experimentally derived
loss rates, corrected for the most dominant thermal kinetic energy K.

parameter sy = [ /I, where I, is given by Iy, = hcw%. For the atomic transi-
tion on the intercombination line (I'y;o, ~ 374 Hz) this is I, ~ 6.5 uW/cm? [95].
Therefore this leads to a Lorentzian line shape with a power broadened line width
of Totsat = Dmot - V1 + 8¢ and the excitation probability in a continuous wave light
tield saturates at 1/2 which might be an explanation for the observed constant loss
rates K;7. Equation 4.15 shows that the power broadened line width is expected
to scale with the square root of the intensity, which fits better to the observed line
widths (fig. 4.4 and 4.3), compared to the predicted linear dependence (eq. 3.4).

For typical high PA intensities of I = 70 W/ cm?, this would lead for the atomic
transition to sy &~ 10* and thus T, s & 75 kHz. From the experimental point of
view, we can only set an upper limit to I',,,; < 10 kHz. Thus this Ansatz as 2-level
model with natural linewidths on the order of 2-3 kHz can explain the observed
amount of broadening and the dependence on the intensity (Apy o< VT ). How-
ever, the observed dependence on the temperature is not explainable by this simple
model. But this is an indicator that the model for high intensities has to be enhanced
to a dressed state model where the light field interaction is not only considered per-

turbatively.
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Chapter 5
Conclusions and outlook

In the first part of this thesis, several milestones in the field of photoassociation were
achieved and presented: The previously unknown binding energies of the three
most weakly bound states in the two accessible molecular potentials, a 1, and ¢ 07,
have been measured. We have achieved extremely low uncertainties — a few kHz
over a range of tens of GHz — that are unprecedented for PA spectroscopy. More-
over, the ultra-narrow line width of the corresponding transition enables the inves-
tigation of an asymmetric line shape due to thermal broadening [63] by an enhanced
line shape model [89]. Finally, a high accuracy determination of the gyromagnetic
ratio was performed for each of these states, by measurements of the Zeeman split-
tings. These measurements reveal the change of the angular momentum coupling
behavior in a molecule as a function of the internuclear separation. They allow a
clear identification of the bound states to the corresponding molecular potentials.

We found that a detailed modeling of the corresponding long range molecular
potentials by a coupled channel model requires both the exact binding energies and
the measured gyromagnetic ratios. This led to the first experimentally derivation of
long range potential values for these molecules, and we found good agreement with
theoretical ab initio calculations [70, 63].

Proceeding with the derived molecular models, in this thesis, for the first time
quantitative predictions for coupling strengths and thus — by applying a theoretical
model [100] —for PA losses and possible scattering length modifications by optical
Feshbach resonances (OFR) in calcium were given. Our conclusions from these in-
vestigations include: The unique properties of calcium are expected to allow much
larger PA intensities, compared to other alkaline earth(-like) elements in which OFR

has been performed so far [99, 60] and which have been limited by density-dependent
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losses, explainable as Gallagher—Pritchard losses. High intensities are predicted to
lead to a larger ratio between the scattering length modification and the correspond-
ing losses, making calcium — due to its binding energies and narrow lines — a suitable
candidate for OFR.

A detailed discussion of the line shape and a quantitative analysis of the ob-
served losses, prove the correctness of the coupled channel model and its predic-
tions for the optical length and the applicability in the Bohn & Julienne model at
low intensities.

As first improvement, with the accurate molecular potentials now available,
the coupled channel model can be enhanced by increasing the accuracy of the PA
spectroscopy and also by performing PA spectroscopy for more deeply bound states.
The accuracy can be improved significantly by operating at lower dipole trap depths
and thus at lower temperatures, since this results in smaller Doppler broadening,
smaller thermal shifts, as well as smaller shifts arising from the light field of the
dipole trap. The smaller signal to noise ratio due to smaller number of trapped
atoms has to be compensated by statistics. For measurements of the () = 1 states,
the M = 0 state can be investigated at lower magnetic fields leading to a smaller
quadratic Zeeman effect contributing to the measurement uncertainty. Also, mea-
surements at even higher intensities are of interest, since the predicted optical length
— which is proportional to the intensity — is expected to be correct and the unex-
pected broadening was observed to saturate at high intensities.

A second improvement of the model can be achieved by a more accurate de-
termination of the background scattering length, since the scattering length modifi-
cation by OFR depends crucially on this value. A high-accuracy two-photon spec-
troscopy laser system can be used for spectroscopy of the ground state molecular
potential. Measurements of the most weakly bound state in the ground state molec-
ular potential will improve the knowledge of the background scattering length by
at least one order of magnitude, to first order limited only by the uncertainty of
our knowledge of the Cj coefficient of the ground state molecular potential. Mea-
surements of more deeply bound states will allow a modeling of this potential and
therefore an experimental determination of the Cj coefficient, leading to further im-
provement of the accuracy of the background scattering length determination. For
these investigations, the coupled channel model that was started in the content of
this work, allows precise predictions of the Franck—-Condon factors of the observed

excited, bound vibrational states and the bound states in the ground state molecular
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potential with J = 0,2, which are accessible via two-photon processes.

Another application of two-photon photoassociation is the generation of ultra-
cold molecules by stimulated Raman adiabatic passage (STIRAP). This method has been
proven to be very efficient in a BEC [116], and it would give access to cold chemistry
experiments.

A two-photon spectroscopy laser system was set up, in the course of this thesis
and first experiments on two-color spectroscopy have been performed. These Bragg
spectroscopy measurements demonstrate the potential of the system to observe nar-
row lines by two-photon processes. The achieved accuracy was high enough to
resolve even asymmetries in the trap geometry due to gravity (see appendix).

Using the theoretical predictions given by the theoretical model, first inves-
tigations of optically induced scattering length modification in calcium have been
performed by two-color spectroscopy of the phase of the ground state scattering
wavefunction. However, the results of these investigations indicate that the existing
models, describing the losses and scattering length modification by the interaction
of light [100], do not provide a valid description of the large light-induced widths for
high irradiation intensities in calcium. An investigation of the observed line shapes
at high intensities indicates that applying Fermis’s golden rule, on which this model
is based, is not valid for the ultra-narrow system of Calcium. First calculations in-
dicate that rather a description as two-level system might be more adequate. The
unexpected broadening effect for high intensities has prevented an observation of
OFR by the applied two-color detection scheme.

Let us consider alternative ideas for OFR determination:

Since the resolution of the spectroscopy of the ground state scattering wave-
function is limited by the unexpected intensity-dependent broadening, a proposal
for an alternative determination of a light-induced change of the phase of the ground
state scattering wavefunction was developed. It relies on PA spectroscopy at the
1So +! Py asymptote. Here, for PA spectroscopy near the ' P, asymptote, the reflex-
ion approximation is much better an assumption due to the strong dipole moment,
i.e. each PA resonance at the 'Sy +' P, asymptote probes the wavefunction overlap
for a well defined small range of internuclear separation around the Condon point.
Furthermore the strong C'; coefficient leads to a large number of resonances close to
the atomic resonance due to the molecular potential shape. Thus for measurements
of a change of the phase of the ground state scattering wavefunction, several PA

resonances and their amplitude can be taken into account.
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is directly correlated to the loss rate as a func-  jhternuclear separation on the order

tion of the binding energy A, calculated for ¢ 4o background scattering length
scattering lengths of 400 a¢ (black line), 450 ay
(blue line) and 500 ag (red line)!. A modifica-

tion of the scattering length shows the different
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potential near the atomic asymptote
internuclear separation of the node. is dominated by the dipole-dipole in-

teraction, it can be described by V' =
—C3/R*. With C3 = 0.52 - 10° (nm)*cm™, the corresponding binding energy is
Ep(R =20nm)/h ~ 2 GHz. PA measurements near this atomic asymptote have al-
ready been performed at temperatures in the mK range [117], where the overlap of
the J = 1, 3, 5 rotational states prevents a clear observation of the single resonances
close to the atomic asymptote. By performing PA spectroscopy at uK-temperatures,
where only s-wave scattering occurs, the single PA resonances (I',,,;, ~ 70 MHz)
are expected to be resolved easily. Figure 5.1 shows calculations' of the photoasso-
ciation spectra near this internuclear separation for a weak irradiation intensity of
I = 1 mW/cm? and a thermal energy of £, = 1 uK-kp. These calculations indicate,
that an optically induced scattering length modification of a few ten Bohr radii can
be detected by measurements of the distribution of the loss rate amplitudes for the
different resonances. Assuming a signal-to-noise ratio of 20, this method is expected
to be sensitive enough to resolve even a scattering length modification of only a few
Bohr radii. This detection scheme requires an additional 423 nm spectroscopy laser

system.

!Private communication Mateusz Borkowski, Instytut Fizyki, Uniwersytet Mikolaja Kopernika,
Torun.
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The highly accurate two-photon spectroscopy laser system for investigations
of the ground state molecular potential developed in this work can also be used as
a detection device for OFR [62] by measuring the energy shift of the most weakly
bound resonance in the ground state molecular potential, which is directly corre-
lated to the scattering length by the Cj coefficient of the ground state molecular
potential [114].

Another, highly attractive tool for determination of OFR would be the creation
of a BEC. Several methods have already been realized, such as investigations of the
mean-field expansion of the BEC [60] or — as a more accurate method - diffraction
from a standing wave [60]. A standing wave of the optical Feshbach laser induces a
periodic phase shift of the wavefunction of the BEC via a change of the mean field
energy by a modification of the scattering length. By releasing the atoms from the
trap [29] the phase shift transforms into a separation of the atomic ensemble into
several momentum components, leading to a resolvable distribution in space after
some time-of-flight. The existing CCD system is, due to its geometry and since it
is primary adjusted to also investigate the MOT, not optimal for this determination
method of device. A second camera system with a vertical adjustment and thus
an orthogonal geometry to the standing wave would provide maximum sensitivity.
Furthermore such an additional camera provides several improvements. Used only
for the observation of the atoms in the dipole trap, it allows a larger magnification
than the current system (1:1) and thus an improved atom number resolution. More-
over the vertical adjustment gives access to time-of-flight measurements on longer
time scales. This in turn improves the accuracy of the temperature determination.

Beyond an alternative tool for OFR investigations, a BEC is also one of the
most interesting application for OFR. Due to its large background scattering length,
the lifetime of a Ca-BEC is limited mostly by three-body losses [77] as a function
of the scattering length. The possibility of modifying the scattering length without
significant PA induced losses will enable a significant increase of the BEC’s lifetime.

So far, only the isotope “*Ca has been condensed [77]. Other bosonic isotopes
cannot be trapped the same way with the required phase space density since their
natural abundancies are more than one order of magnitude smaller than that of *°Ca
(e.g. **Ca -2.09%). This leads to correspondingly smaller loading rates for the first
stage of magneto-optical trapping from an atomic beam. Here we present a novel

trapping technique for calcium.
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As a first step towards condensation of rare bosonic isotopes in Ca, in the con-
tent of this work, it was demonstrated that (see appendix) several 10°® atoms can
be trapped magnetically in the quadrupole field of the MOT in the meta stable *P;
state. The extremely long life time of this state can be used to overcome the limita-
tion in the number of trapped atoms due to a small loading rate for isotopes with
small natural abundances. We successfully repumped these atoms via the 4s4d °D,
state into the ground state and re-traped them in a MOT operating on the intercom-
bination line. The atom numbers achieved in these first experiment are expected
to allow condensation (of the atoms) by further evaporative cooling in the crossed
dipole trap in future experiments. Furthermore, this scheme will allow trapping
and investigation of the fermionic isotope **Ca (natural abundance ~ 0.14%).

In conclusion to wrap up, the achieved milestones in PA spectroscopy pre-
sented in this thesis, the theoretical understanding of the molecular potentials a and
¢, and also the understanding of high intensity PA spectroscopy and OFR in cal-
cium has been improved. This paves the way towards OFR based applications in
the quantum degenerate regime by breaking ground to novel experiments in the
fields of cold chemistry (e.g. the creation of ground state molecules by two photon
processes), high precision measurements of the background scattering length and
modeling of the ground state molecular potential (e.g. via two-photon PA), highly
accurate measurements and visualizations of scattering length modifications (e.g.
PA at the ' P, asymptote), and condensation of rare isotopes (e.g. via magnetic stor-
ing in the metastable 3P, state). For all these experiments, the technical basis has

already been realized.



Appendix A

Enhanced magnetical trapping of

Calcium

Experiments towards quantum degeneracy in calcium have been so far limited to
the only relatively abundant isotope “°Ca [77]. The required phase-space density for
a Bose—Einstein condensation has not be achieved for other isotopes yet.

The other stable bosonic isotopes of Ca apart from *°Ca, with a natural occur-
rence at least on the order of a percent (**Ca, */Ca), also have a high background
scattering length leading to large three-body losses. Optical Feshbach resonances
could be applied to modify the scattering length and to overcome this limitation.
They also could be used to increase the scattering length of isotope mixtures with
relative small background scattering length in order to generate stable BECs.

Here an enhanced trapping mechanism is utilized, to overcome the low load-
ing rate of a MOT from an atomic beam for isotopes with low natural abundance.

We trap atoms accumulating in the meta-stable *P, state (lifetime ~ 2 h [118]),
leaking from the excited state 'P; of the MOT (see fig. A.1). Because of its mag-
netic moment, the metastable P, state can be magnetically trapped in the MOT
quadrupole field as previously demonstrated with alkaline earth atoms [83, 84, 85,
119, 120]. Here at the end of the MOT phase these atoms are pumped back via the
4s4d ®D; level to the atomic ground state and into the cooling cycle in order to boost
the atom number and density of the MOT. This boost of the atom number leading to
higher atomic densities, is also a proof of principle to trap a remarkable number of
atoms magnetically. Due to the long life time of the * P, state, the number of trapped
atoms in this state is only limited by scattering induced losses. Thus a low loading

rate due to a low natural appearance can be compensated by a longer loading time.
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110 Enhanced magnetically trapping of Calcium

Using a detailed rate equations model, we find good agreement with our ex-
perimentally observed loading rates and atom number in the dark state. This result
also confirms the branching ratio and decay rates from the 4s4p 'P; [121] and 4s3d
'D, [122, 123, 124, 125].

A.1 Experimental setup

The experimental setup is similar to the one presented in chapter 2 besides an ex-
tra grating-stabilized diode laser' for repumping operating at a wavelength of \ =
445 nm. The frequency of this laser can be lock-in stabilized to the eigenfrequency
of a reference resonator identical to that one presented in chapter 2. However, for
the performance of the measurements presented here the laser was only stabilized
by its internal grating cavity and the absolute frequency was measured by a wave

meter?. The laser light was irradiated to the atoms after focusing by a lens.

A.2 Storage in the °P, state

The 3 P,-state is populated from the excited 'P; state of the 423 nm cooling transition
that decays via the 'D, state into the triplet system.

We typically observe efficient repumping, over a frequency range of ~ 10 GHz
at a maximum intensity of I = 10 mW.

To estimate the efficiency of the repumping we consider possible decay chan-
nels from the 3D, state. The main decay is back to the 3P, state and to the 3P; state
which exclusively decays with a rate 2300 s* to the ground state (see fig. A.1). Other
loss channels via the 4p3d ®F}, and the 4s3d ®D; states, or via the 5p4s P, states
(not shown in fig. A.1) into the metastable state P, can be neglected because of their
small relative decay rates (y(4s4d 3Dy — 5pds *P) ~ 8 - 10* s7') and (v(4s4d *Dy —
4p4d 3F) ~ 1.6 - 10* s71) [126] compared to y(4s4d 3Dy — 4sdp 3P1) = 6 - 107 s~1. Off
resonant excitation to the 4s4d 3D, state, from where the atoms could decay with a
high possibility directly into the metastable P, state, where they would be lost, can
be neglected due to the fact that the ®D; resonance frequency is more than 100 GHz

off the 3D, resonance.

'Toptica DL100
High finesse WS-6
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Figure A.1: Simplified energy level diagram for “°Ca including the natural lifetimes, show-
ing the main cooling transitions (423 m, and 657 nm), the quench transition for the second
state of magneto-optical trapping (453 nm), decay channels via the! D; state into the meta-
stable triplet states (3P, and 3P;), and the two repumping transitions 1 and 2 (672 nm and
445 nm)

Atoms in the *P, state get repumped in the 4s4d D, state and atoms in the *P;
state decay fast (y =~ 2300 s~') into the ground state of the first stage MOT 4s4p 'S;.
Thus we expect that nearly 100% of the magnetically trapped atoms reappear in the
MOT. Spatial overlap between repumper laser and magnetic trap is on the order of
50%.

Figure A.2 shows the loading curve of the atoms recaptured in the first stage
MOT from the magnetically trapped *P, state. To detect only atoms that were mag-
netically trapped we first switch off the 423 nm MOT lasers, keep the quadrupole
tield on and wait for 100 ms to give the un-trapped atoms time to leave the trap-
ping volume. Then the 423 nm MOT lasers, the 445 nm repumper and the 672 nm

repumper are turned on.

The curve can be described by the loading the MOT from a reservoir of mag-
netically trapped atoms with rate coefficient 4, and the lifetime of the first stage

MOT, corresponding to a loss rate coefficient yyor:

NMOT(t) = N() 6(7'YMOTt) . (1 — 67’yrt) (Al)
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Figure A.2: The blue dots show the number of atoms repumped out of the 3P, state and
recaptured in the 423 nm MOT, as measured by the MOT fluorescence. The red curve shows
the theoretical expectation of Eq. A.1.

where N, denotes the initial number of atoms in the magnetic trap.

The fit to our experimental curve gives a life time of the first stage MOT 7 =
1/vyvor ~ 890 ms, a repump rate coefficient v, ~ 14 s~! and an initial atom number

after one second loading time of Ny ~ 1.8 - 10%.
The initial atom number N, is about 40% bigger than the peak value.

To investigate the loading rate from the 423 nm MOT to the magnetic trap
we vary the time the MOT is operating before the magnetically trapped atoms are
detected (Fig A.3) with and without the 672 nm repump laser. The loading rate
extracted from the initial slope of the experimental data (after one second, when the
MOT has reached its steady state) is Ny =~ 1.8 - 10® s~* (672 nm repumper not in use)

and ~ 1.2 - 10% s™! (672 nm repumper is used).

Even with the 672 nm repump laser 0.8 - 10°® atoms per second appear in mag-
netically trappable Zeeman-sublevels m; = 1,2 of the ®P, state because the larger
branching ratio from the 'D; state is compensated by the larger number of atoms in
the MOT. As the 672 nm repumper increases the number of atoms in the MOT by
a factor of three, a repump rate of the 672 nm repumper on the order of 1800 s™!

would explain the observed data.
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Figure A.3: Number of atoms stored in the P, state as a function of the loading time from
the first stage MOT without 657 nm repumper (red symbols connected by the solid line) and
with 672 nm repumper (blue symbols connected by the dashed line). The uncertainty bars
depict the statistical uncertainty from typically 6 measurements.

A.3 Modeling the loading

Next we compare the measured loading rate into the magnetic trap with the value
expected from available spontaneous decay rates of the involved transitions. In our
model we use rate equations for transitions between individual Zeeman sub-levels
of the intermediate atomic states using the relevant Clebsch-Gordon coefficients, as
only the m; = 1,2 sub-levels of the *P, state can be magnetically trapped.

The first step involves calculation of the populations in the Zeeman sub-levels
of the 'P; state. At the atomic position we use the magnetic field direction as quan-
tization axis.

In equilibrium the fraction of atoms in a certain Zeeman level of the excited
state 4s4s 'P; of the first stage MOT is given by

Pee =901 + 5, + (2A/T)?)

(A.2)

with saturation parameter s = [/ and Iy, = her'/303 = 59.9 mW /cm?,
detuning A, saturation coefficient due to all lasers s; and natural decay rate I' =
34 MHz.


wulfje
Textfeld
113

wulfje
Schreibmaschinentext

wulfje
Schreibmaschinentext


114 Enhanced magnetically trapping of Calcium

We assume a Zeeman splitting, given by the average magnetic field in the MOT
volume and neglect Doppler shifts. The magnetic field gradient of 2.55 mT/cm
along the weak axis and a 1//e radius of the the MOT is ~ 0.9 mm, corresponding
to a most probable radius of 1.4 mm leads to an average Zeeman splitting of ~ 3.5
MHz.

We have a detuning of our MOT beams A ~ —42 MHz from the atomic reso-
nance, and a total beam intensity at the position of the MOT of 7 = 10 mW - cm ™2,

which is nearly constant over the MOT size.

From Eq. A.2 we obtain the relative distribution of the m ; magnetic sub-levels
of 38% , 33% and 29% for the m; = —1,0,+1 sub-levels, respectively, and a total
excitation probability of ~ 1.2%.

Next we calculate the population in the 'D, state given by the equilibrium
between decay rate out of the 'D, state (without 672 nm repumper) of Vsum =
v(*So) + Y(®*P1) + v(®P2) &~ 446 s~! and feeding by decay rate from the upper 'P;
state of vy ~ 2180 5!

Finally the decay into the trappable states are calculated. With a spontaneous
emission decay rate 4sdp 'P; — 4s3d 'D, of 7, &~ 2180 s~! [121] the population rate
of the magnetic sub-levels 4s3d 'D,,m; = 0,+1,+2 state can be calculated with
the relevant Clebsch-Gordon coefficients. Collision induced decay in the 'D, state
due the lifetime of this state on the order of ms were assumed to be negligible with
respect to the relatively low atom number [127]. Two-photon ionization via the 5f4p
'F; state [128, 129] is not taken into account due to the fact that the 423 nm cooling

laser is about 20 THz off resonance.

Due to the fact, that the 4s4p ®P, state is metastable, and a loss by spontaneous
emission decay can be neglected (lifetime of the ®P, state 7 &~ 2 hours [130]), the
spontaneous decay rate (3P, —! Sp) can be assumed to be equal to zero. With
respect to this circumstance we assume, that the loading rate of the magnetic trap
for the trappable m; = +1-sub-level of the P, state in the magnetic field of the MOT
is given by


wulfje
Textfeld
114

wulfje
Schreibmaschinentext

wulfje
Schreibmaschinentext


Towards rare-isotope condensation 115

(PZm +1
:N(lDzm:o)'% c ( Dy = 0—> Py p—t1

+N(1D2,m:+1) “Yo - C ( Dy =1 —? Py =1 (A3)

)
)
)
+N("Dyypesa) 72 - (' Domeso —=° Po—y1)
~5.1-10%s7,

with ¢ as the relevant Clebsch-Gordan coefficients and ~, as the D, —! S
decay rate [83]. The average atom number in the ' D, state in equilibrium is given

by the solution of

N<1D2) * Vsum = N(1D2)> (A4)

with N(1D,) = N(*P,) - y(*P, —! D,) for each m sub-level.

Analogous calculations for the loading rate of the magnetic trap for the trap-
pable m; = 2 sub-level gives N(*P,,,,—5) ~ 5.3 - 108571,

This gives us the total loading rate of atoms trapped in the magnetic field of
the MOT:

N(3Pm21,2) = N<3Pm:2) + N(3Pm:1) ~ 102s71.

A4 Lifetime of the magnetic trap

By varying the storage time in the magnetic trap until recapturing, we are able to
measure the lifetime of the *P, state in the magnetic trap, which is shown in figure
A 4. In the first 4 seconds the loss rate is increased by multi-body losses. Without
loading the number of atoms in the magnetic trap decreases over time (Fig. A.4).

We model the loss of atoms by the differential equation
N=—-N-a-§-N? (A.5)

with o as the loss rate due to collisions with hot background gas and /3 as

coefficient for inelastic two-body collisions. From the observed atom number we
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Figure A.4: Number of atoms stored in the 3P, state depending on the storage time. The
red curve shows a fit of a exponential decay after the first five seconds.

estimate the 1/e-lifetime tobe 7 ~ 4.2 s.

This gives us a calculated loss ratio after the first 100 ms of N (100)/N(0) ~ 80%
for one second storage time in the *P, state. The theoretical expected loading rate at

the beginning of the repump process therefore is 10° s™! - 0.8 ~ 8 - 10® atoms/s.

With respect to the fact, that the theoretically calculated loading rate of the
*P, state has a linear dependence on the number of atoms stored in the first stage
MOT, we can calculate the expected number of atoms stored in the °P, state af-
ter one second of loading by multiply the loading rate of 8 - 10®/s with the ratio
[ fol dt Nyor(t)]/Nuor(t) =~ 83%. This gives us an expected atom number at the
beginning of the repump process of about Ny 44, = 6.6 - 10° atoms.

The observed ratio between the predictions and the experimental observations
on the order of 30% (No, fit/No.theo = 1.8/6.6) might be explained by the beam diam-
eter of our repump laser, measured to be on the order of 0.3 mm, to be compared
to the average distance of the atoms to the trap center in the magnetic trap on the

order of 0.6 mm?.

3The field gradient is 2.55 mT/cm and the temperature in the magnetic trap was assumed to be
T ~ 3 mK.


wulfje
Textfeld
116

wulfje
Schreibmaschinentext

wulfje
Schreibmaschinentext


Towards rare-isotope condensation 117

5
L ;
4 1
A---—-___ 1 ___ o
R S %
°sf |
o !
(O]
o)
=
2 2-
£
S
(]
1 4
0 T T T T T T T T T T
0 2 4 6 8 10

loading time (s)

Figure A.5: Number of atoms in the second stage MOT after 350 ms. The red line shows the
number of atoms with the 445 nm repump pulse, the blue dashed line shows the number of
atoms without the 445 nm repump pulse.

A.5 MOT improvements

The atoms trapped in the ®P, state can be used to increase the number of atoms in
the first stage MOT temporarily. For this the first stage MOT gets loaded for several
seconds in order to give the atoms time to decay into the *P, state.

The atoms stored in the *P, state get repumped by the 445 nm repump laser
system in the cooling cycle of the first stage MOT, and increase the total number of
atoms temporarily, until the atom number approaches an equilibrium between the
loading rate and loss mechanisms. These are mainly due to re-absorption at high
density. The equilibrium after switching on the 445 nm laser is higher than before
due to a higher loading rate by repumping atoms from the *P, state continuously.

This temporary boost of the number of atoms was used to increase the transfer
efficiency from the first to the second stage MOT. For this the transfer is induced
right at the time of maximum atom number in the first stage MOT due to the re-
pumped °P, stage atoms. Figure A.5 shows the number of atoms in the second
stage MOT after 350 ms for several storage times in the first stage MOT with and

without a 445 nm repump pulse.
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118 Enhanced magnetically trapping of Calcium

The temporary boost of the number of atoms in the first stage MOT results in
a higher number of atoms, transferred into the second stage MOT, and increases for
longer loading times of the first stage MOT, due to a longer time given to the atoms
to decay via the 'D, into the ®P, state.

The loss of atoms in the second stage MOT, without repumping at 445 nm
for long times due to a loss of atoms in the first stage MOT, for long times, caused
by scattering, with an increasing number of atoms, trapped magnetically in the *P,
state.

By accepting a loading time of 5 seconds the atom number in the second stage
MOT was increased by ~ 20%.

A.6 Conclusion

By storing atoms magnetically in the 3P, state, it is possible to increase the atom
number, and as well the density in the first and second stage MOT, by another 20%.
If one can accept a loading time of 5 s (compare fig. A.3) a significantly higher atom
number and density in the final dipole trap can be achieved. This is interesting for
a number of measurements where a maximum of atom density is necessary, such
as measurements of three-body losses in a BEC [77, 62] or weak photo association

transitions [63].

The mechanism of magnetically trapping atoms in the ®P, state could also be
used to trap rare isotopes and was already applied to Sr [120]. For rare Calcium iso-
topes, like **Ca (2.09%) or the fermionic isotope **Ca (0.14%) a smaller loading rate
caused by the low abundancy of these isotopes in the atomic beam can be balanced

by an increased loading time due to the long lifetime of the ®P, state (~ 2 h).
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Appendix B
Multi color spectroscopy

In chapter 2, I presented photoassociation spectroscopy with single photons. The
measurements of the phase modification of the ground state scattering presented
in chapter 3, used two spectroscopy lasers for a single photon excitation each. Be-
sides these single photon processes also multi-photon transitions can be used for
photoassociation. In this chapter I will discuss the use of two of these processes for
a future high accuracy determination of the background scattering length and will
also present first tests of the experimental setup to prove the suitability of the laser

system to observe two-photon processes with high accuracy by Bragg spectroscopy.

B.1 Two photon photoassociation spectroscopy

Since the scattering length depends crucially on the binding energy of the most
weakly bound state in the ground state molecular potential, the background scat-
tering length can be determined by two-color PA spectroscopy of the most weakly
bound states in the ground state molecular potential. The scheme of this excitation
is shown in figure B.1. Depending on the Cy coefficient of the ground state molec-
ular potential ab initio calculation allow predictions for the scattering length [114].
The accuracy of this experimental determination of the scattering length is expected
to be at the least one order of magnitude higher compared to previous experimental
determinations [76].

In table B.1 the binding energies relative' to the 'S, +! Sy atomic asymptote

are given with a total angular momentum of J = 0, 2 that can be accessed by a two-

!Calculated by Prof. Eberhard Tiemann.
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Figure B.1: Molecular potential scheme for a two photon transition into a bound state in
the ground stat molecular potential 12; via a virtual state close to an bound state in one of
the excited molecular potentials a and c.

photon process. The probability in which bound molecular ground state the excited
molecule decays, is given by the Franck—Condon factors of the wavefunction of both
bound molecular states. The Franck-Condon factors in table B.1 derived from the

coupled channel model are exemplary given for the v’'= —1; () = 1 state?.

state | binding energy FCF

v | J (cm™) (1/cm™h)
40 | 0 -0.00003 0.0045
39 | 2 -0.0324721
39 | 0 -0.04516 0.54
38 | 2 -0.2726834
3810 -0.29632 0.0038
37 | 2 -0.9003459
37 1 0 -0.93456 0.00022
36 | 0 -2.14116 0.000016
35| 0 -4.09246 0.000013

Table B.1: Franck-Condon factors calculated for the ground state molecular states v =
35 —v = 40 and the excited v" = —1;Q = 1 bound state. Furthermore the binding energies of
the corresponding molecular ground states relative to the atomic 1Sy state is given as well
as their total angular momentum J.

Experimentally two processes can be used to observe the bound states in the
ground state molecular potential: Autler-Townes or Raman spectroscopy. Both tech-

niques have already been performed for alkaline earth(-like) elements **Sr [131] and

2Calculated by Prof. Eberhard Tiemann.
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Bragg spectroscopy 121

p~0

o

Figure B.2: Schematic picture of the transfer of momentum and energy to the atoms by a
two-photon process. The blue line indicates the kinetic energy E of the atoms as function
of their momentum p. The dashed line indicates the thermal momenta distribution of the
atomic cloud. As an example py is the initial momentum of the atom. v, is the energy of
the absorbed photon of laser 1, v, the energy of the stimulated emitted photon of the second
spectroscopy laser with a difference energy of AFE.

six different types of isotopes of Yb [132]. The knowledge of the Franck-Condon
factors allows a goal orientated spectroscopy, since the coupling strength of the two-

photon process can now be calculated.

B.2 Bragg spectroscopy

The capability of the two-photon laser system was tested by Bragg spectroscopy
of the atoms in the crossed dipole trap. Applying the spectroscopy laser beams in
anti-parallel configuration we can heat the atomic ensemble by inducing a double
photon recoil. The process is schematically shown in figure B.2.

The experimental setup is similar to the one presented in chapter 2 and 3 for
the measurements of the optical Feshbach resonances. Two spectroscopy lasers with
a maximum intensity of up to I = 150 W/cm?, can be used to irradiate the atoms
with a frequency detuning of up to 40 GHz, relative to the atomic * P, asymptote and
up to 1 GHZ? relative to each other.

Since we are interested in the application of energies on the order of the pho-

ton recoil one laser light frequency is fixed and the other is varied shot by shot

3The limitation is currently due to the photo diode. For investigations of bound states in the X
potential besides the v = 40 J = 0 state the beat lock would require a faster photo diode.
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Figure B.3: Number of trapped atoms as a function of the light frequency difference of the
two spectroscopy lasers.

in the kHz-range. If the relative frequency fulfills the law of energy conservation
broadened by the thermal distribution of the atomic ensemble the recoil, due to the
absorption of the applied photons increases the kinetic energy and heats therefore
the atomic cloud in the trap. The higher kinetic energy leads to an evaporation loss
process of atoms from the trap over time. This loss of atoms as function of the rel-
ative light field frequency (relative energy of the photons) can be measured by our

absorption imaging as atom number detection device.

In figure B.3 such a measurement is shown. The initial temperature of the

atomic ensemble was 7" ~ 1 uK at a trap depth of Uy ~ 10 uKand 7" =~ 2 K.

The recoil induced heating process was resolvable by the distribution in space
of the atomic cloud after a time delay. Figure B.4 shows the width - which is cor-
related to the temperature - of the atomic cloud in the horizontal axis after a time-
of-flight of 7 = 100 us, as a function of the relative frequency of the applied spec-
troscopy lasers. Since the weak beam of the crossed dipole trap is tilted, correspond-
ing to the horizontal axis, this results in a different trap depth along this axis due
to gravitation. Thus, the asymmetry in the trap depth and therefore in the neces-
sary kinetic energy, which has to be applied in order to overcome the trap potential,
has a dependency on the direction. The two spectroscopy lasers, are almost paral-

lel and anti-parallel to this tilted beam. Therefore since 11 > v, and v» > v; result
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Figure B.4: Vertical distribution w, of the atomic cloud after t = 100 us time-of-flight as a
function of the relative light frequency of the two spectroscopy lasers.

in different directions in space of the applied photon momenta along this axis the
asymmetry of the kinetic energy of in the trap remaining atoms as well as the asym-
metry of the difference energy at which a maximum of losses is applied indicate the
asymmetry in the trap geometry.

The presented Bragg spectroscopy allows an investigation of the depth and
also the geometry of the crossed dipole trap. Further it proves the capability of the
experimental setup to perform high accuracy multi-photon spectroscopy, paving the

way towards two-photon PA of the ground state continuum.
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