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Abstract

This work describes experiments with quantum-degenerate atomic mixtures at ultra-
cold temperatures, where quantum statistics determine macroscopic system properties.
The first heteronuclear molecules at ultracold temperatures are formed in a quantum
degenerate two-species Fermi-Fermi mixture on the repulsive side of a narrow s-wave
Feshbach resonance. Elastic collisions in this mixture are investigated with the method
of cross-dimensional relaxation. Long-lived two-body bound states on the atomic side
of the resonance are detected due to a many-body effect at the crossover of the narrow
Feshbach resonance. In addition, atom scattering with fermionic “°K on a light field
grating in the Bragg and Kapitza-Dirac regimes is realized for the first time.

The versatile experimental platform, where the investigations are done, offers the
possibility to perform studies on mixtures involving the bosonic species 8’Rb and the
two fermionic species Li and “°K. Within this work, mainly interactions between the
two fermionic species are considered. A quantum-degenerate mixture of °Li and “°K can
be used to create heteronuclear bosonic molecules close to an interspecies s-wave Feshbach
resonance. By an adiabatic magnetic field sweep, up to 4 x 10* molecules are produced
with conversion efficiencies close to 50 %. A direct and sensitive molecule detection
method is developed to probe molecule properties. The lifetime of the molecules in an
atom-molecule mixture exhibits a strong magnetic field dependence. Close to resonance,
lifetimes of more than 100 ms are observed what offers excellent starting conditions for
further investigation and manipulation of the molecular cloud.

The interspecies Feshbach resonance, which serves for the production of molecules,
is further characterized. The method of cross-dimensional relaxation is applied for the
first time to a Fermi-Fermi mixture. For this method, a non-equilibrium state is created,
which rethermalizes by pure interspecies collisions due to the fermionic nature of the two
species. The lighter atomic species, °Li, relaxes faster in the mixture than the heavier one,
40K . This is verified by an analytical model, Monte-Carlo simulations, and measurements.
With this technique, elastic scattering cross sections are measured over a wide range of
magnetic field strengths across the Feshbach resonance. The position (By = 154.71(5) G)
and the magnetic field width of the Feshbach resonance (A = 1.02(7) G) are determined.
By comparison of the several measurements, long-lived bound states exist on the atomic
side of the resonance due to a many-body effect in the crossover regime of the resonance.

In addition, atomic scattering with ultracold “°K on a light field crystal is studied for
the first time. The light grating is generated by two counter-propagating laser beams.
Suitable pulse parameters for the realization of atom scattering in the Bragg and Kapitza-
Dirac regime are found. The momentum spread of the cloud determines the efficiency of
the scattering process, which is increased by lowering the temperature of the system.



Zusammenfassung

Diese Arbeit beschreibt Experimente mit quantenentarteten atomaren Mischungen bei ul-
trakalten Temperaturen, bei denen die Quantenstatistik der Atome relevant wird. Auf der
molekularen Seite einer schmalen s-Wellen Feshbach Resonanz werden aus einer Mischung
mit zwei fermionischen Spezies zum ersten Mal heteronukleare Molekiile bei ultrakalten
Temperaturen gebunden. Mit der Methode der cross-dimensionalen Relaxation werden
zudem in der gleichen Mischung elastische Kollisionen nahe der Resonanz untersucht.
Langlebige gebundene Zusténde auf der atomaren Seite der Feshbach Resonanz werden
detektiert, die auf Grund einer Eigenschaft des Vielteilchensystems an der schmalen Fesh-
bach Resonanz existieren. Dariiber hinaus wird die Streuung von fermionischem “°K an
einem Lichtgitter im Bragg- und Kapitza-Dirac Regime zum ersten Mal untersucht.

Die vielseitig einsetzbare Apparatur, mit der die Experimente durchgefiihrt worden
sind, eréffnet die Moglichkeit Untersuchungen an Mischungen, die das bosonische 8"Rb
und die beiden fermionischen Teilchensorten °Li und 4°K beinhalten, durchzufiihren. Im
Rahmen der vorliegenden Arbeit wurde hauptséchlich die Wechselwirkung zwischen den
beiden fermionischen Teilchensorten studiert. Eine quantenentartete Mischung aus Li
und “°K kann verwendet werden, um heteronukleare bosonische Molekiile nahe einer in-
terspezies s-Wellen Feshbach Resonanz zu bilden. Mit Hilfe einer adiabatischen Magnet-
feldrampe werden bis zu 4 x 10* Molekiile produziert mit Konversionseffizienzen von bis zu
50 %. Eine direkte Detektionsmethode fiir die Molekiile wird entwickelt, um deren Eigen-
schaften zu untersuchen. Die Lebensdauer der Molekiile in einem Atom-Molekiilgemisch
zeigt eine starke Magnetfeldabhéngigkeit. Nahe der Resonanz, werden Lebensdauern von
mehr als 100 ms beobachtet, die eine exzellente Ausgangslage fiir weitere Untersuchungen
und Manipulationen der molekularen Wolke bieten.

Die interspezies Feshbach Resonanz, die zur Molekiilproduktion dient, wird weiter
charakterisiert. Die Methode der cross-dimensionalen Relaxation wird zum ersten Mal
auf eine Fermi-Fermi Mischung angewendet. Fiir diese Methode wird ein Nichtgleich-
gewichtszustand prapariert, der durch reine interspezies Kollisionen rethermalisiert. Die
Teilchensorte mit der kleineren Masse, %Li, relaxiert schneller in der Mischung als die
groBere Masse, ‘K. Dies wird durch ein analytisches Modell, Monte-Carlo Simulationen
und Messungen bestéatigt. Mit dieser Methode werden auflerdem elastische Streuquer-
schnitte iiber einem weiten Magnetfeldbereich nahe der Resonanz gemessen. Position
(Bo = 154.71(5) G) und Magnetfeldbreite der Resonanz (A = 1.02(7) G) werden be-
stimmt. Durch Vergleich der verschiedenen Messungen werden langlebige gebundene
Zustdnde auf der atomaren Seite der Resonanz gefunden, die auf Grund von Eigen-
schaften des VielkOrpersystems existieren.

AuBerdem wird atomare Streuung von ultrakaltem °K an einem Lichtkristall zum
ersten Mal untersucht. Das Lichtgitter wird durch zwei entgegensetzt verlaufende Laser-
strahlen gebildet. Geeignete Pulsparameter fiir atomare Streuung im Bragg und Kapitza-
Dirac Regime werden optimiert. Die Impulsbreite der atomaren Wolke bestimmt die
Effizienz des Streuprozesses, die durch Verringern der Temperatur des Systems erhoht
werden kann.

vi
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Chapter 1

Introduction

The area of ultracold atomic gases is today one of the fastest evolving fields in physics.
The foundation of this fast progress was laid by the development of laser cooling and
trapping of atoms, which was honored with the Nobel prize in 1997 (S. Chu, C. Cohen-
Tannoudji, W.D. Phillips). The understanding of trapping and cooling of neutral atoms
was the prerequisite for the first observation of Bose-Einstein condensation (BEC) in a
dilute atomic vapor gas (Anderson et al., 1995; Bradley et al., 1995; Davis et al., 1995)
in 1995. This outstanding experimental achievement took place seventy years after its
prediction by (Einstein, 1924; Bose, 1924) in 1924, and was awarded the Nobel prize in
2001 (E.A. Cornell, W. Ketterle, C.E. Wieman). By extending the developed experimen-
tal techniques for laser cooling and controllability of atoms, several other experimental
milestones were achieved in the subsequent decade.

1.1 Quantum degenerate Fermi gases

Shortly after the first observation of BEC, a lot of effort is made to cool also fermionic
atomic species into the quantum-degenerate regime. This is accomplished in a gas of
fermionic °K atoms (DeMarco and Jin, 1999) in 1999 for the first time, only four years af-
ter the first observation of a BEC. In the zero temperature limit, spin-polarized fermionic
atoms occupy in a trap all quantum mechanical states up to the Fermi energy only once,
since the Pauli exclusion principle holds. The Fermi energy is related to the number of
atoms confined in the trap. Achieving quantum degeneracy in fermionic gases is tech-
nically more challenging compared to the bosonic case, since the Pauli principle at low
temperatures suppresses the rate of s-wave collisions and evaporation in a one-component
fermionic cloud of atoms becomes inefficient. The successful realization of quantum de-
generacy in 1999 uses the strategy of evaporative cooling of a spin mixture of atoms
in a magnetic trap. Other methods of achieving a degenerate Fermi gas are pursued
by (Schreck et al., 2001; Truscott et al., 2001) by sympathetic cooling of fermionic °Li
with the bosonic isotope “Li, and by (Granade et al., 2002) using all-optical techniques.
The technique of sympathetic cooling of fermions with bosons is realized in many other
mixtures such as 6Li-23Na (Hadzibabic et al., 2002), “°K-8"Rb (Roati et al., 2002), SLi-
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8TRb (Silber et al., 2005), 3He*-*He* (McNamara et al., 2006), 11 Yb-1™YDb (Fukuhara
et al., 2007), 87Sr-84Sr (Tey et al., 2010), and ®Li-'"™Yb (Okano et al., 2010). In the
present experiment of this thesis work, sympathetic cooling of a mixture with two differ-
ent fermionic species °Li-*°K is realized by a large bath of bosonic 8’Rb atoms.

The first experimental investigations with Fermi gases involve measurements of the
mean energy per particle and momentum distributions (DeMarco and Jin, 1999), the
study of Fermi pressure (Truscott et al., 2001), and the investigation of Pauli blocking
of collisions (DeMarco et al., 2001). The great potential of Fermi gases manifests itself
in the exploration of so-called Feshbach resonances. Such scattering resonances allow
to control the strength of two-body interactions by applying an external magnetic field
and even the sign of the scattering length a of the atoms can be varied. For s-wave
Feshbach resonances in spin mixtures of Fermi gases, the rate of three-body losses is
suppressed for increasing scattering length due to the Pauli exclusion principle (Petrov
et al., 2004a). Therefore, strongly correlated states can be realized in these atomic
systems by the exploitation of Feshbach resonances. This stays in contrast to the case of
bosons, where strong interactions induced by Feshbach resonances lead always to strong
losses and prevent the study of strongly interacting systems (Courteille et al., 1998;
Inouye et al., 1998; Cornish et al., 2000). Strongly correlated bosonic systems can be
investigated in lower dimensions with the techniques of optical lattices (Greiner et al.,
2002; Paredes et al., 2004; Kinoshita et al., 2004). In 2002, intraspecies s-wave Feshbach
resonances involving two different hyperfine states are observed in °Li (O’Hara et al.,
2002a; Dieckmann et al., 2002; Jochim et al., 2002) and in *°K (Loftus et al., 2002).
This achievement of interaction control in Fermi gases opens the way to explore strongly
correlated systems at the unitary regime and many-body physical phenomena at the
BEC-BCS crossover of a Feshbach resonance. This will be described in the next section.

1.2 Many-body physics and the BEC-BCS crossover

Dilute atomic gases are believed to be an ideal candidate to model solid-state systems
because of their purity and high controllability. For reviews on solid-state models based
on ultracold atoms see e.g. (Lewenstein et al., 2007; Bloch et al., 2008). The first work
in this context involves the study of the superfluid to Mott-insulator transition of cold
atoms in an optical lattice (Jaksch et al., 1998; Greiner et al., 2002). The accuracy
of experimental control expresses itself on the one hand by the ability to load bosons
into optical lattices and on the other hand by the interaction control of fermions by
means of Feshbach resonances. Although the particle density in atomic gases is typically
108 times lower as in solids, interactions and correlations become relevant at ultracold
temperatures. Feshbach resonances allow to enter the strongly interacting regime in
ultracold Fermi gases (Bourdel et al., 2003). Stable molecular states with a long lifetime
are formed by a pair of fermions in highly excited rovibrational states on the repulsive side
of the Feshbach resonance with a > 0 (Cubizolles et al., 2003; Strecker et al., 2003). The
long lifetimes can exceed the thermalization time what allows to evaporate the molecules
directly to form a molecular BEC (Greiner et al., 2003; Jochim et al., 2003a; Zwierlein
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et al., 2003).

If heteronuclear mixtures of alkali-metal atoms are prepared at interspecies Feshbach
resonances, a more exotic quantum many-body behavior is expected (Micheli et al., 2006;
Lewenstein et al., 2007). In a Bose-Fermi mixture of 8’Rb and 4°K atoms, fermionic
molecules are formed on the repulsive side of an interspecies Feshbach resonance in a
three-dimensional optical lattice (Ospelkaus et al., 2006) and in an optical dipole trap by
association with a radiofrequency field (Zirbel et al., 2008; Klempt et al., 2008). In Bose-
Bose systems, bosonic molecules are produced in a 8*Rb-8"Rb (Papp and Wieman, 2006)
and in a 3"Rb-4'K mixture (Weber et al., 2008). Mixtures of different fermionic species
with unequal masses could provide novel quantum phases (Petrov et al., 2007). Within
the present thesis work, the first creation of longlived heteronuclear bosonic molecules
from a quantum-degenerate ®Li-*°K mixture is realized (Voigt et al., 2009).

On the attractive side (a < 0) of the Feshbach resonance a Bardeen-Cooper-Schrieffer
(BCS) type state with correlation in momentum space is expected, and the Fermi gas
becomes superfluid. On the BCS side, pairing is a many-body effect, whereas individual
non-condensed molecules on the repulsive side of the resonance can be described on the
two-body level. The critical temperature T¢ for the transition to superfluidity on the
BCS side is on the order of the Fermi temperature T, and condensation of fermion
pairs on the BCS side of the resonance has been observed (Regal et al., 2004a; Zwierlein
et al., 2004). Because of the tunability of the scattering length, the crossover from
weakly bound molecules with pairing in real space to pairing in momentum space due to
many-body effects can be characterized (Bartenstein et al., 2004; Bourdel et al., 2004).
The correlation in momentum space is directly detected with shot-noise spectroscopy in
(Greiner et al., 2005). Superfluidity on the BCS side of the resonance is probed with
radiofrequency spectroscopy by observing the pairing gap (Chin et al., 2004) or more
directly by exciting a vortice lattice across the BEC-BCS crossover (Zwierlein et al.,
2005) in a strongly interacting Fermi gas.

More recently, the work involving fermionic gases concentrates on systems with imbal-
anced particle number in the spin states. Several exotic pairing mechanisms with different
Fermi surfaces are expected, which may serve as a model system for the simulation of cold
dense matter in neutron stars (Casalbuoni and Nardulli, 2004). First experiments within
the field of polarized Fermi gases involve the observation of phase separation (Partridge
et al., 2006) and fermionic superfluidity under an imbalanced spin population (Zwierlein
et al., 2006). Later, the superfluid phase diagram by variation of the spin imbalance is
mapped out (Schunck et al., 2007; Shin et al., 2008), collective oscillations (Nascimbéne
et al., 2009) are studied, and spin-imbalance in an one-dimensional optical lattice (Liao
et al., 2010) is investigated. In the present experiment, the unequal masses of °Li and
40K lead to a mismatch in the Fermi energies even at equal particle number, and the
mass ratio needs to be considered as a new parameter in the many-body phase diagram
(Baranov et al., 2008; Gubbels et al., 2009; Gezerlis et al., 2009). In multi-species Fermi
mixtures, a close analogy to color superconductivity in quantum choromodynamics is
expected (Bowers and Rajagopal, 2002; Liu and Wilczek, 2003; Rapp et al., 2007).

The Fermi-Fermi mixture of 5Li and 4K studied within the present work offers sev-
eral advantages. Each of the species has been extensively studied in the quantum de-
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generate regime as outlined above. In contrast to these investigations, with the SLi-*0K
Fermi-Fermi mixture the first observation of a Bose-Einstein condensate of heteronuclear
molecules and the study of the BEC-BCS crossover under the influence of a mass imbal-
ance are within reach. Additionally, not only the Fermi-Fermi mixture SLi-“°K, but even
the Bose-Fermi mixture 8"Rb-%Li with a large mass ratio has not been investigated by the
time when the present experiment was built up. With the present 8”Rb-SLi-4°K mixture,
several interspecies Feshbach resonances or eventually triple species trimer resonances
can be expected.

1.3 Atom scattering from light gratings

One of the main goals in atom optics is to coherently manipulate atomic waves. Not
only internal quantum states of atoms can be controlled by laser light, but also external
degree of freedoms such as the momentum state of the atoms. Quantized momentum
can be transferred coherently from light to atoms by photon absorption and emission
processes. This is observed in (Moskowitz et al., 1983) for the first time with an atomic
beam. Within the framework of this thesis, two coherent regimes for momentum transfer
are relevant, which can be distinguished by the duration of atom-light interaction: Bragg
and Kapitza-Dirac regime.

Bragg diffraction was first investigated by W.H. Bragg in 1912 by scattering processes
of X-rays in solid crystals. Because of the particle-wave duality, atoms, i.e. matter
waves, can be scattered from a light crystal in close analogy to the original experiment
of W.H. Bragg. In atomic systems, Bragg scattering is observed in (Martin et al., 1988)
for the first time. Bragg diffraction is often used as a spectroscopic tool as e.g. applied
for the study of the momentum distribution (Ovchinnikov et al., 1999) and mean-field
energy of a BEC (Stenger et al., 1999). The goal of these early investigations in a BEC
with Bragg spectroscopy involved mainly the characterization of the coherence properties
of a BEC as a macroscopic wavefunction (see also below). Bragg spectroscopy can also
be used to study strongly correlated atomic systems since this technique provides access
to the structure factor and molecular signatures become available (Combescot et al.,
2006). Bragg spectroscopy is applied to a strongly interacting BEC close to a Feshbach
resonance in (Papp et al., 2008), to a BEC in an optical lattice in (Ernst et al., 2010),
and to strongly correlated bosons in an optical lattice in (Clément et al., 2009). The
technique has also been employed to Fermi gases. A strongly interacting Fermi gas at
the BEC-BCS crossover of the very broad Feshbach resonance at 834 G in °Li is studied
with Bragg spectroscopy (Veeravalli et al., 2008). By determining the static structure
factor of a strongly interacting fermionic °Li gas, universal behavior of pair correlations
(Kuhnle et al., 2010; Zou et al., 2010) is studied. The critical temperature and condensate
fraction of a fermion pair condensate is investigated in (Inada et al., 2008). In relation
to fermionic quantum gases, many other proposals can be found in the literature such as
Bragg scattering of Cooper pairs (Challis et al., 2007), a probe for Fermi superfluidity
(Biichler et al., 2004; Guo et al., 2010) and the BCS pairing gap (Bruun and Baym,
2006).
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The second regime for atomic scattering, which is relevant for the present thesis work,
is first described by P.L. Kapitza and P.A.M. Dirac in 1933 in the context of diffraction
of a collimated electron beam by a standing light wave through stimulated Compton
scattering. In atomic systems, Kapitza-Dirac scattering is first proposed by (Altshuler
et al., 1966) and experimentally realized by (Gould et al., 1986). For instance, Kapitza-
Dirac scattering can be used to probe superfluidity of fermions in an optical lattice (Chin
et al., 2006).

Beside their application as a spectroscopic method, sequences of Bragg and Kapitza-
Dirac pulses can also be used to realize an atom interferometer. Pioneering atom in-
terferometry experiments are (Keith et al., 1991) with sodium atoms and (Carnal and
Mlynek, 1991) with metastable helium atoms, which both use microfrabricated mechan-
ical gratings. Over the last two decades, matter waves have been extensively studied by
interferometry experiments. Decoherence in interferometry experiments (Gould et al.,
1991; Clauser and Li, 1994; Chapman et al., 1995), which-way-information of interfer-
ometer paths (Dirr et al., 1998a,b), or the size of the interfering object (Arndt et al.,
1999) can test the transition from quantum-mechanical to classical behavior. With the
help of interferometry the coherence properties of a BEC (Andrews et al., 1997; Stenger
et al., 1999; Kozuma et al., 1999) or atom lasers (Anderson and Kasevich, 1999; Bloch et
al., 2000) can be probed. Also atomic clocks based on precision interferometry allow to
measure fundamental physical constants (for a review see e.g. Cronin et al., 2009). A ro-
bust interferometry scheme for the determination of A/m and the finestructure constant
a is presented in (Gupta et al., 2002). In this experiment, the interferometry sequence
consists of one Kapitza-Dirac and one Bragg pulse, and is applied to a BEC of sodium
atoms. Mean-field effects in a BEC can influence interferometric measurements. Interac-
tions are crucial as they introduce phase diffusion, which limits the phase accumulation
times in interferometers (Grond et al., 2010). On the other hand, interferometry with
Fermi atoms is shown in (Roati et al., 2004) by observing oscillations of a Fermi gas in an
one-dimensional optical lattice. Long-lived oscillations are found due to Pauli exclusion
principle what could have advantageous consequences for future applications in precision
interferometry. Another experiment presents a Ramsey-interferometer with an ultracold
SLi cloud (Deh et al., 2009). Also in this study, long-lived oscillations of a Fermi gas
are influenced and damped by imposing an impureness with a bosonic species due to
interactions.

Within the present work, the basis for applications involving pulses both for spec-
troscopic and interferometric purposes is laid by the development of efficient Bragg and
Kapitza-Dirac diffraction of an ultracold cloud of fermionic atoms.

1.4 Outline of this thesis

This thesis describes experiments with a strongly interacting and quantum-degenerate
two-species Fermi-Fermi mixture at a narrow Feshbach resonance. For the first time,
heteronuclear bosonic molecules are formed from two different fermions by an adiabatic
magnetic field sweep across an interspecies Feshbach resonance. In addition, the method
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of cross-dimensional relaxation is investigated in a two-species Fermi-Fermi mixture.
The mass difference plays a crucial role for the determination of system properties. The
method of cross-dimensional relaxation is used to measure elastic scattering cross sec-
tions across the same interspecies Feshbach resonance, where molecules were produced
previously. Position and width of the Feshbach resonance are experimentally obtained. A
comparison of several measurements reveals that heteronuclear molecules with very long
lifetimes are present on the atomic side of the resonance. This observation is related to
a theoretically predicted many-body property of the resonantly interacting Fermi-Fermi
mixture at a narrow Feshbach resonance. This establishes the first experimental obser-
vation of a many-body effect at a narrow Feshbach resonance and paves the way to study
superfluidity for this case.

As a second topic, the experimental control of atomic scattering in a quantum-
degenerate Fermi gas from a light grating is demonstrated. This opens up possibilities to
investigate interferometry with fermions and to apply Bragg spectroscopy in the future.

The thesis is organized as follows:

e Ch. 2 gives a theoretical overview. Properties of quantum-degenerate Fermi gases,
ultracold collisions, Feshbach resonances, and kinetic phenomena in ultracold quan-
tum gases are discussed. Classical Monte-Carlo simulations are introduced and
employed to model rethermalization experiments.

e Ch. 3 presents the experimental apparatus for the investigation of a quantum-
degenerate Fermi-Fermi mixture. Detailed descriptions of the parts of the exper-
iment are given, which were adjoined and altered during the course of this work.
The first part of this chapter involves the illustration of the concept of the setup,
the description of the experimental sequence, and the maintenance of the appara-
tus by comprehensive benchmark tests on the experimental cycle. The second part
deals with specific parts of the setup such as the potassium laser system, which is
extended during the course of this work by a Bragg beam setup and a laser system
for high field detection. In addition, the optical dipole trap, which is used for the
exploration of Feshbach resonances, is brought forward for discussion. Moreover,
the setup and control for the creation of a Feshbach magnetic field are elucidated.
The last part involves the description of the direct detection method for heteronu-
clear molecules comprising a strong magnetic field gradient in combination with
resonant high field absorption imaging.

e Ch. 4 is a self-contained part, where atomic scattering of Fermi atoms from a stand-
ing wave is realized. First, a theoretical description is presented for atom scattering
by light, where one discriminates two relevant regimes, Bragg and Kapitza-Dirac
scattering, depending on the duration of the atom-light interaction. Bragg and
Kapitza-Dirac scattering of “°K atoms are experimentally characterized thereby
demonstrating the controllability for possible prospective applications.

e Ch. 5 presents the first creation of heteronuclear bosonic molecules from a two-
species Fermi-Fermi mixture. As a first point, the experimental sequence is pre-
sented. Then, a suitable interspecies Feshbach resonance is located by inelastic loss
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spectroscopy. The adiabaticity of the molecule production process is investigated
by varying the rate of the magnetic field ramp. Evidence for molecule production
is given by reconversion of atoms from dissociated molecules. The molecules are
directly detected by using a combination of a Stern-Gerlach pulse and absorption
imaging at high magnetic field. With this direct detection method, the lifetime of
the molecules in an atom-molecule mixture is measured and an increased lifetime of
more than 100 ms is observed close to resonance. Parts of this chapter are published
in (Voigt et al., 2009).

In Ch. 6, the method of cross-dimensional relaxation is applied to a two-species
Fermi-Fermi mixture for the first time. First, the experimental sequence is intro-
duced. Subsequently, cross-dimensional relaxation is investigated experimentally
in a SLi-*K mixture, where only interspecies collisions are allowed at ultracold
temperatures. The method is applied to the same interspecies Feshbach resonance,
which serves already for molecule production, and elastic scattering cross sections
are measured over a wide range of magnetic field strengths. The position and width
of the Feshbach resonance is experimentally determined. This chapter concludes
with a comparison and interpretation of the several measurements performed on
the investigation of properties of the heteronuclear molecules and of the employed
Feshbach resonance. Based on the consistency of the results with a previously pre-
dicted effect from a two-channel model, a significant number of molecules is present
on the atomic side of the Feshbach resonance and the crossover region extends to
a magnetic field range related to the sum of the Fermi energies of the constituents.
The very long lifetimes of more than 100ms are exhibited by two-body bound
states, which are present on the atomic side of the resonance, and the stabilization
against dissociation occurs most probably by unbound fermions in the mixture.
This establishes the first observation of a many-body effect at the crossover of a
narrow interspecies Feshbach resonance. Parts of this chapter are published in
(Costa et al., 2010).
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Chapter 2

Theory

The present work in this thesis deals with atomic ensembles, which are laser-cooled
to sub-uK temperatures. At such ultracold temperatures, the quantum nature of the
individual atoms becomes significant for the description of thermodynamic quantities
of a gas cloud of atoms. In the experiments, information on several thermodynamic
properties are extracted from density profiles of the cloud. The focus of this thesis will
be mainly on mixtures of Fermi gases. Therefore, the description for quantification in the
experiments is only elucidated for Fermi gases in Sec. 2.1. In Sec. 2.2, scattering of atoms
at ultracold temperatures is discussed, which is necessary to understand the mechanism
of Feshbach resonances as presented in the subsequent Sec. 2.3. This chapter concludes
with a discussion of kinetic phenomena in ultracold quantum gases that are relevant for
the present thesis. As one of the main results in this work, a nonequilibrium state of the
gas clouds is used to determine properties of an interspecies Feshbach resonance in the
6Li-*K Fermi-Fermi mixture.

2.1 Ultracold quantum gases

During the course of this work, mixtures of atomic gases, both fermionic and bosonic
species, are routinely cooled in different trap configurations to densities and tempera-
tures, where the quantum nature of particles influences the observable thermodynamic
properties considerably. For the interpretation of experiments a profound understanding
is required how to assign temperature, particle number, and other measurable quantities
to a trapped cloud of atoms. The quantitative analysis of density profiles is discussed in
the following section. Other descriptions can also be found in various work (Ketterle et
al., 1999; Pethick and Smith, 2002; Ketterle and Zwierlein, 2008).

2.1.1 Quantum statistics

An ideal quantum gas is characterized by the property that interparticle interactions are
negligible due to very low densities in the trap. Hence, a single particle confined in an
external harmonic potential V(r) = m/2 (wiz? + wy? + w?z*) with angular trapping
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frequencies w; = 27y; (i = x,y, z) is described by the Hamiltonian

1 m
H(r,p) = o (0 + 0y +02) + 5 (wiz” +wpy® + w227 (2.1)
Here, the geometric mean trapping frequency is given by w = (wzwywz)l/ 3. In the

semiclassical approximation the thermal energy kg7 is much larger than the quantum
mechanical level spacings hiw;. The occupation of a phase space cell (r,p) is given by

f(rvp): 1 !

e (BatV=n) 4 g

(2.2)

The upper sign (+) is valid for fermions (Fermi-Dirac statistics), whereas the lower sign
(—) holds for bosons (Bose-Einstein statistics). The chemical potential u is determined
from the particle number normalization condition N = [ f (r,p) /h3dp dr, where N is
the total atom number. By defining the fugacity z = exp (u/ (kgT)), the spatial intratrap
density distribution of the atoms in the excited states is determined to be

dp 1 )
Nex (T) = ﬁf (r,p) = :Fg 932 | Fre FBT |, (2.3)

and for the momentum distribution one obtains by assuming the harmonic potential
V (r) from Eq. (2.1)

dr L e
Nex (P) = ﬁf (r,p) = :Fm "g3y2 | Fze BT )L (2.4)
In the last expression the de Broglie wavelength

)\dB = h/\/ QkaBT (2.5)

and the polylogarithm function g, (s) are introduced. Note that nex (p) is isotropic,
whereas nex (r) depends on the trap potential. The polylogarithm function can be ex-
pressed as a series expansion

o Sk
Ga(s)=) = (2.6)
k=1

This expression is valid for all complex numbers « and s where |s| < 1. The integral
representation of the polylogarithm function is invoked in Egs. (2.3) and (2.4)

tCl{
- dt=7%T 1) ga : 2.
[ gyt =3 @+ Dot (59 (27)
0

where I' () is the Gamma function. A useful relation for integrating density distributions
in order to obtain column and line densities is

o0

[z ga (267) = VA gasia (). (2.8)

—00

10
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In the semiclassical approximation the total atom number is on the order of the number
of atoms in the excited states N = Ngx. The latter is given by

Now= [ denec ) =7 (’jff)ggg (). (2.9)

For the derivation of macroscopic thermodynamic quantities, it is convenient to define a
continuous density of states g (¢)

g(e) = ]11/5 (e — H (v, p)) dr dp. (2.10)

This yields for the harmonic trap from Eq. (2.1) (Bagnato et al., 1987; Pethick and

Smith, 2002)
2

Q(G)ZW‘

With the integral representation of the polylogarithm function, the total energy in the
atomic gas can be derived

(2.11)

U(T) = / ef (€) g (€) de. (2.12)
0
For the harmonic case, this yields
kpT\*
U(T) = —3kpT 75 ) % (F2). (2.13)

2.1.2 Fermionic quantum gases

All relations presented so far are valid both for Bose-Einstein as well as Fermi-Dirac
statistics. In the following, only the case of Fermi-Dirac statistics is considered, since
Fermi gases are predominantly investigated within this work.

2.1.2.1 Fermi gas in a harmonic trap

An ensemble of N particles with Fermi statistics at temperature T is described by the

Fermi-Dirac distribution 1

frp (€) = ——, (2.14)
1+ ekBT

where the chemical potential p is determined from the condition of particle number
normalization. According to Pauli exclusion principle, in a system of identical fermions,
particles can occupy a single quantum mechanical state only once. A system of fermions
at zero temperature T' = 0 confined in a trap is characterized by the Fermi energy Ep,
which is defined as the energy of the highest occupied state in the trap. The associated
Fermi temperature is expressed by Tr = Er/kp. For increasing degeneracy parameter
T/Tr, the occupation probability is gradually smeared out over a region on the order

11
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Figure 2.1: The occupation probability for Fermi-Dirac statistics as a function of the
single particle energy is shown for the temperatures 7' =0, T = 0.01Tp, T = 0.17TF,
T =0.5Tr and T = Tr and fixed particle number.

of Ep - T/TrF as presented in Fig. 2.1. For zero temperature, the distribution function
frp is one for energies € < p (T — 0) = Ep, and zero for energies larger than the Fermi
energy, see Fig. 2.1.

In order to determine Fp, the density of states g (€) needs to be considered. By
integrating the density of states over all possible energy states at zero temperature, the
particle number is obtained

0o Ep
N= / fin () g (€) de = 0/ g(c) de, (2.15)

where every level up to Er is fully occupied. After integration of the expression given in
Eq. (2.11), the Fermi energy of a harmonically confined gas can be obtained

Ep =hw(6N)Y3. (2.16)

In combination with Eq. (2.9), an implicit equation for the fugacity z can be derived.
The fugacity depends only on the degeneracy parameter T7'/Tr of the Fermi gas according

to
T —1 \Y3
Tr <693(—a> ' 217

The fugacity is strongly dependent on T'/Tr for small values and approaches zero for
large T'/Tr in the classical limit. The mean energy per particle E = U/N for a Fermi
gas of atoms confined in a harmonic potential is according to Eqgs. (2.9) and (2.13)

E=3kgT gzg_g. (2.18)

12
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In the classical limit, i.e. z < 1, this reduces to £ = 3kgT. For T' — 0, the mean energy
per particle E becomes 3/4 Er. The fractional energy E/(3kpT) diverges in the limit
of zero temperature. The reason for this behavior is Pauli blocking since at T = 0 the
atoms are prohibited to fall collectively to the ground state of the harmonic potential.

2.1.2.2 Density distributions and free expansion

The density distribution of an ideal gas of fermions in an arbitrary potential V (r) at
finite temperature is given in Eq. (2.3). In the limit of 7" = 0, the phase space density
is h=3 for p?/2m + V (r) < Er and zero otherwise. The integration of the phase space
density over momentum yields the following intratrap distribution of a Fermi gas at zero
temperature

(2m)3/2
6m2h3
for positions r where Er > V (r) and is zero in the other case. The density distribution
of fermions expanding freely from a harmonic trap for an arbitrary time-of-flight t is
described by

n(r,T =0)= (Ep — V (r))*/? (2.19)

n(r,t)

~ t
/P(roap) 5 <1‘ —To— fn> dro dp

_ _szz(t) goyo (—ze 75T Sileiram(@)*)
)‘dB

(2.20)

which is simply a rescaling of the coordinates by the factors n;(t) = [1 + w?t?] 12 and
r; denote the spatial coordinates z,y, 2.

2.2 Ultracold collisions

Ultracold collisions play a central role in experiments with ultracold gases. For example
evaporative cooling relies on collisional rethermalization, and repulsive and attractive
collisional interactions near Feshbach resonances give rise to many-body physical phe-
nomena at ultracold temperatures. In the following Sec. 2.2.1 the Hamiltonian of two
interacting particles is considered. The problem can be reexpressed by a scattering pro-
cess in the center-of-mass frame on a central potential. In Sec. 2.2.2 the elastic scattering
cross section is introduced, which incorporates all details of the scattering problem. The
quantum nature of the atoms becomes again relevant for scattering at ultracold temper-
atures as outlined in Sec. 2.2.3.

2.2.1 Two-body Hamiltonian

The system of two interacting particles 1 and 2 can be described by the following Hamil-
tonian expressed in center of mass and relative coordinates, cf. App. B,

H = Hys + Hz + H,q, (2.21)

13
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where the first two terms describe the hyperfine and Zeeman energy of each of the two
particles and H,¢ represents the interaction energy of the relative motion of the particles
given by

p
H, = ﬁ + Vie(r). (2.22)
The energy of the relative motion comprises a kinetic energy term p?el/er, where
m, = mima/(mi + mg) is the reduced mass of the two particles, and an effective

scattering potential between the atoms Vi.(r). The relative momentum is given by
Prel = My (Vl - V2) = MyVyel = hk.

The part Hys of the hyperfine interaction for the two individual particles 1 and 2, see
also App. D.1, can be written as

Hys = hAthIl -J1+ hAhf’QIQ - Js. (2.23)

The hyperfine Hamiltonian Hys describes the coupling between the electronic spin J and
the nuclear spin I, and Ay ; are the hyperfine coupling constants in Hertz. This coupling
gives rise to the total spin operator F = I 4+ J with the quantum numbers F' and mp.
The states |F,mp) are eigenfunctions of Hys. The Zeeman term Hy can be expressed as

Hyz = pp(9sS+ 91111 + gr212) - B (2.24)

This expression for Hy is non-zero, if an external magnetic field B is present. The internal
spin configuration of the electrons S = J; 4+ Jo and of the nuclei I; couple then to B.
The quantities gg and g;; are the Landé g-factors of the electron configuration and the
nuclei, respectively, and pp is the Bohr magneton.

The solutions with E < 0 of the eigenvalue problem defined by the Hamiltonian in
Eq. (2.21) and the corresponding eigenfunctions lead to vibrational bound levels of the
scattering potential, see Sec. 2.3. The problem for eigenvalues E£ > 0 of the Hamiltonian
given in Eq. (2.21), will be treated in the next section.

2.2.2 Differential and total elastic scattering cross section

The energy of the relative motion of the two particles is described by H,e in the center
of mass frame as given in Eq. (2.22). For the solution of the problem, an incident
plane wave Wi, (r) = €7 is assumed. For large distances from the scattering center
r — 00, the solution for the wavefunction contains two parts. One term represents the
unscattered part of the wavefunction and the second term is the scattered contribution,

which describes a spherical wave

ezk’r

lim Wy (r) oc X7 4 f(k,0, p)

)
r—00 r

(2.25)

with the spherical coordinates (r, 8, ¢). Here, the quantity f(k, 0, ¢) represents the prob-
ability amplitude for scattering of the reduced mass m, with wavenumber k into the
direction (0, ¢). The differential scattering cross section is given by

do(k, 0, ¢)

2o = 0,0), (2.26)

14



2. Theory

where d€) = sin(6) df d¢ denotes the differential solid angle. Carrying out the integration
over the solid angle yields the total elastic scattering cross section o (k).

It can be shown that the effective scattering potential Vi (r) only depends on the
internuclear distance r and on the total electron spin S configuration of the colliding
atoms

Vie(r) = Vie(r) = > 1S)Vs(r)(S|. (2.27)
S

|S) (S| is the projection operator and Vg(r) is the interaction potential for total electron
spin quantum number S. For spin-1/2 atoms, i.e. alkali atoms, the total electron spin is
either a singlet (S = 0) or triplet (S = 1) state. As a consequence of the central symmetry,
the solution of the scattering problem can be expanded in spherical harmonics Y; ,,, (6, ¢)

W) = 3 Ty .0 (2.28)

l7ml

where [ denotes the angular momentum and my; its projection onto the z-axis. If the
z-axis is chosen to be collinear with k, only the terms with m; = 0 contribute. The time
independent Schrodinger equation can be written as

n: d®>  RA(I+1)
T + o + Vsc(r)] (1) = Eugy(r). (2.29)
Here, the contributions with [ = 0,1, 2... are called s—, p—, d—, ... waves.

The scattering process involves solutions with £ > 0. In the asymptotic limit r — co
and for a short-range potential, the radial wave function satisfies

g (r) o <(_1)l+1 ik eQz‘zsleikr) 7 (2.30)

where the phase shifts §; are introduced. The effective scattering potential induces a phase
shift §; between the incoming and outgoing partial waves. The angular momentum [ is a
conserved quantity for elastic scattering at a central potential. For a central scattering
potential Vi.(r) the total cross section can be expressed as a sum over all partial waves
according to

ok)=> ak)=> %(21 + 1) sin®(6). (2.31)
=0

In the case of particles in identical quantum states, the symmetry of the two-particle
wavefunction influences the value of the total cross section. For bosons, the wavefunction
is symmetric under the exchange of two particles, what leads to the fact that only even
partial waves contribute to the scattering process. For fermions, on the other hand, the
wavefunction is antisymmetric and only odd partial waves need to be considered.

2.2.3 s-wave regime, low energy limit

In the case of ultracold collisions, where only partial s-waves contribute to the scattering
process and k — 0, the relative kinetic energy of the scattering process E = h2k?/(2m,.)

15
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is small. In this limit the total scattering cross section is

8ra? for bosons
lim o (k) = 0 for fermions (2.32)
h=0 Aa? for distinguishable particles,

where the s-wave scattering length is defined as

o = — Jim 2000(k)

2.
k—0 k ( 33)

The scattering length a is in principle not limited and can take values from —oc to +oo.
At low temperatures, where s-wave scattering is only possible, fermions do not interact
due to the Pauli exclusion principle. The energy dependence of the phase shift can be
determined within an expansion of the scattering potential Vi (7). In the limit of small
wavenumber compared to the inverse of the range of the interatomic potential rg, the
phase shift can be described implicitly as

k2

kcotdg = —— — 2.34

cot 09 a + Teff 9 ( )

where 1o is an effective range of the scattering potential. In the case of a van der Waals

potential Vie(r) = —Cg/r% and for a broad Feshbach resonance, the effective range reg is

on the order of the characteristic van der Waals length r( yqw, which is given by (Kdhler
et al., 2006)

1 (2m,Ce\
ToNAW = 5 ( = ) : (2.35)

With the expression given in Eq. (2.34), the scattering amplitude can be rewritten as
(Landau and Lifshitz, 1991)

1
—L g Lregk? — ik’

Flhk) = (2.36)

If k|a] > 1 and |reg| < 1/k the total cross section is ¢ = 47/k? and depends only
on momentum. This regime is called the unitarity limit. For small k, the scattering
amplitude f(k) = —% diverges and a Feshbach resonance occurs, whose properties are

discussed in more detail in the next section for the case of a magnetic field induced
resonance.

2.3 Feshbach resonances

The problem of Feshbach resonances, i.e. a bound state coupled to the continuum, was
investigated in the 1930s for the first time (Rice, 1933; Fano, 1935). Fano discusses
in this early work the asymmetric line shapes, Fano profiles, occurring in such coupling
phenomena as a result of quantum interference. A concise theory is independently carried
out in the respective contexts of nuclear physics (Feshbach, 1958, 1962) and atomic

16
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Figure 2.2: Illustration of the two-channel model for coupling of a bound state to the
continuum.

physics (Fano, 1961). Magnetically induced resonances have been studied in several
ultracold atomic systems over the last decade (Inouye et al., 1998; Courteille et al., 1998;
Vuletié et al., 1999; Dieckmann et al., 2002; Jochim et al., 2002; Loftus et al., 2002; Marte
et al., 2002; O’Hara et al., 2002a; Regal et al., 2003b,c; Simoni et al., 2003; Inouye et al.,
2004; Werner et al., 2005). But it is also possible to induce resonances by optical means
(Fedichev et al., 1996; Fatemi et al., 2000; Theis et al., 2004; Enomoto et al., 2008), and
even to control and manipulate a magnetic Feshbach resonance with laser light (Bauer
et al., 2009) or radiofrequency radiation (Hanna et al., 2010; Kaufman et al., 2010). In
the present work magnetically tunable Feshbach resonances are investigated in a °Li-4°K
mixture. Some review articles on Feshbach resonances can be found in (Timmermans et
al., 1999; Kohler et al., 2006; Chin et al., 2010).

2.3.1 Magnetic field induced Feshbach resonances

As seen in the previous section, the properties of the scattering potential is solely deter-
mined by the s-wave scattering length a for £k — 0. The value of a can be resonantly
enhanced when coupling to a two-body bound state, a so-called closed channel, is pos-
sible. This can be achieved by tuning an external magnetic field, since, according to
Eq. (2.27), the interaction energy depends on the total spin configuration of the two
particles. Varying the magnetic field will shift the bound states of the potential with
respect to the zero-field position. As a result, the energy level of a bound state can cross
the scattering energy of the two colliding atoms, which are occupying the so-called open
channel in the center-of-mass frame. At this crossover, the scattering length diverges and
a Feshbach resonance occurs. This simplified picture of a Feshbach resonance is called
two-channel approach and considers two molecular potentials Vi.(B,r) and Ve (r) for
the closed and open channel, respectively. The molecular potentials are schematically
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Figure 2.3: Scattering length and the binding energy of molecules in the vicinity of a
Feshbach resonance.

illustrated in Fig. 2.2. For large interatomic distances the background potential Vg (7)
for the open channel vanishes consistent with a van der Waals potential. In general, the
magnetic moments of the bound state pmo and of the asymptotically unbound pair of
atoms flatoms are different. By defining fires = |Hatoms — fmol| > 0, the energy difference
between the two channels is given to first order by (Moerdijk et al., 1995)

EO = ,U/res(B - Bres)a (237)

where By is the threshold crossing of the bare, uncoupled state. In the zero momentum
limit the scattering length takes the simple form (Moerdijk et al., 1995)

a(B) = ang <1 - B_ABO> , (2.38)

where ay,g is the background scattering length of the potential Vi, (1) and By the position
of the resonance. A is the width of the resonance and corresponds to the difference be-
tween the magnetic field positions of the divergence and the zero-crossing of the scattering
length. A magnetic field induced Feshbach resonance is fully characterized by By, apg,
tres and A. According to the expression in Eq. (2.38), close to the Feshbach resonance,
the scattering length is efficiently tunable by the magnetic field (cf. Fig. 2.3 in blue).
The energy of the weakly bound molecular state is also shown in Fig. 2.3. The energy
approaches threshold at F = 0 from scattering length values which are large and positive.
Away from resonance, the energy varies linearly with B according to Eq. (2.37). Near
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resonance the binding energy of the molecule varies with the scattering length according
to

hQ
" 2m,a?

Ebind,univ = (239)

The energy Epinduniv depends quadratically on the magnetic field detuning (B — By)
(cf. Fig. 2.3 in red). This behavior is characteristic for the universal regime of two-body
interactions and the scattering cross section takes the universal form

a2

(2.40)
The position of the divergence of the scattering length By is shifted with respect to
Bies due to interchannel coupling, and, assuming a van der Waals potential, this shift 6 B
can be expressed by (Kohler et al., 2006)
1— e
§B =By — Byes = A - “bg(aab)Q (2.41)
@11 %)

where the mean scattering length @ is defined as (Gribakin et al., 1993; Chin et al., 2010)

4
6= ———5 TovdW- 2.42
T (1/4)2 0,vdW ( )
The van der Waals length ro qw is given in Eq. (2.35).
With £ = h%k%/(2m,) and for a two-channel model, which will be presented in
more detail in Sec. 2.3.3, the scattering amplitude from Eq. (2.36) can be equivalently
rewritten (Sheehy and Radzihovsky, 2006; Gurarie and Radzihovsky, 2007)

h i/
f(E)=— . , 2.43
(E) V2my B o+ ifé/2E1/Q ( )
where ) )
h 2h
EO == 5 FO == 72 (244)
AT off My T o

T'p is the energy scale of the Feshbach resonance coupling strength, and Fj is the detuning
from resonance!, cf. Eq. (2.37). The value of the effective range of the scattering
potential close to resonance can be approximated by (Petrov, 2004b)
h2
Toff = — < 0. 2.45
¢ ‘mr'abg'A'Nres| ( )

For the classification of Feshbach resonances, the relevant energy scales are I'y and the
Fermi energy. The many-body properties of a finite density s-wave resonant Fermi gas
is characterized by an average atom spacing n~1/? « 1 /kp, the scattering length a and
the effective range rog. This will be discussed in more detail in Sec. 2.3.3.

1Some authors use different definitions for To, Eo and 7eg. Here the notation of (Gurarie and Radzi-
hovsky, 2007) is chosen.
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2.3.2 Feshbach resonances in the °Li-**K mixture

The collisional properties of Feshbach molecules crucially depend on the quantum sta-
tistical properties of the constituents. In spin mixtures of fermionic atoms exceptionally
longlived molecules are formed by exploiting broad Feshbach resonances.

The scattering properties of an ultracold heteronuclear °Li-**K mixture is investi-
gated in (Wille et al., 2008). With the help of atom loss spectroscopy thirteen inter-
species Feshbach resonances are located. Those resonance positions represent valuable
information since with different theoretical models the ground-state scattering properties
of 6Li-*9K can be fully characterized. With the help of coupled channels calculations and
an asymptotic bound state model (ABM) nine s- (depicted in Tab. 2.1) and four p-wave
Feshbach resonances are assigned. By using model potentials and optimized fits to the

My mpps. mpg Experiment ABM extended CC
e Bo(G)  Bo(G) A(G) Bo(G) A(G)
-5 —=1/2,-9/2 215.6 216.2 0.16 215.6 0.25
-4 +1/2,-9/2 157.6 157.6 0.08 158.2  0.15
168.2
-4 +1/2,-9/2 168.217(10) 168.5 0.08 168.2  0.10
-3 +1/2,-7/2 149.2 149.1 0.12 150.2  0.28
-3 +1/2,-7/2 159.5 159.7 0.31 159.6  0.45
-3 +1/2,-7/2 165.9 165.9 0.0002 165.9 0.001
2 +1/2,-5/2 141.7 1414 012 1430 0.36
154.9
-2 +1/2,-5/2  154.71(5) 154.8 0.50 155.1 0.81
154.707(5)
-2 4+1/2,-5/2 162.7 162.6 0.07 162.9  0.60

15  +1/2,49/2 114.47(5) 11569 091 11478 1.82

Table 2.1: Magnetic field positions of all experimentally observed s-wave interspecies Fes-
hbach resonances between %Li and “°K (Wille et al., 2008; Voigt et al., 2009; Spiegelhalder
et al., 2010; Tiecke et al., 2010a,b; Costa et al., 2010; Naik et al., 2011). The positions
are assigned with the asymptotic bound state model (ABM) and coupled-channels cal-
culations (CC).

measured resonance positions crucial scattering parameters can be extracted. Threshold
energies of the last bound state of the S = 0 and S = 1 potential are determined to be
Eg—o/h =716(15) MHz and Eg—1/h = 425(5) MHz (Wille et al., 2008), respectively, for
[ = 0 . This corresponds to a singlet scattering length of as = 52.1(3) ap and a triplet
scattering length of a; = 63.5(1) ag. These parameters are important input quantities for
the simple ABM. In an extension of the ABM (Tiecke et al., 2010a,b) a calculation of the
magnetic field width A of Feshbach resonances is presented. As examples for the ABM,
the bound state (black) and threshold energies (red) are presented in Fig. 2.4 for s-wave
channels and for the total projection quantum numbers Mrp = —2 and Mp = +5. At
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Figure 2.4: Bound state and threshold energy for s-wave scattering channels. The cal-
culation is based on the asymptotic bound state model (Wille et al., 2008). At crossing
points of the bound state energy (solid) and the threshold energy (dashed), the open-
channel can couple to the closed channel, and a Feshbach resonance occurs. Two cases
are considered for the projection quantum numbers Mpr = —2 (left) and Mp = 5 (right).
The Feshbach resonance existing near 155G with Mp = —2 is studied in detail within
the present work.

magnetic field strengths where the threshold energy crosses the energy of a bound state a
resonance occurs. In the present work within this thesis, mainly the Feshbach resonance
occurring close to By = 155 G with the projection quantum number Mp = —2 and mag-
netic field width A = 0.81 G is investigated. This resonance involves the hyperfine states
of 6Li|1/2,1/2) and 4°K|9/2, —5/2). The hyperfine state for °K possesses a lower optical
transition strength at high magnetic field as compared to the maximally stretched state
19/2,-9/2), cf. App. D. The magnetic moment of the bound state is close to zero what
allows to apply a molecule sensitive detection method as will be presented in Sec. 5.3.3.
The Feshbach resonance with Mp = +5 at By = 114.78 G with a width of A = 1.82G
(Tiecke et al., 2010a,b) is broader and involves hyperfine states which can be imaged
efficiently at high magnetic fields. But the bound state for this resonance has a finite
magnetic moment. Inelastic collisional losses at this specific resonance are expected to
be considerably larger as compared to the Feshbach resonance located at 155 G. The rate
is a factor of 3.7 higher (Naik et al., 2011).

Later, the assignment of the several interspecies Feshbach resonances is supported by
high-resolution Fourier transform spectroscopy and by calculations using Born-Oppen-
heimer potentials for the electronic ground states (Tiemann et al., 2009). All known
Feshbach resonances in 6Li-*°K mixtures are expected to be narrow and closed-channel
dominated. The distinction between closed- and open-channel dominated resonances
will be presented in more detail in the following Sec. 2.3.3. Open-channel dominated
resonances would be of great interest for the study of universal many-body properties at
the BEC-BCS crossover. But the relatively low background scattering length of aps ~
63.5ag (Wille et al., 2008) suggests their existence to be unlikely (Chin et al., 2010). Many
other resonances are found in (Tiecke, 2009) for magnetic fields < 3kG, but the widths
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2.3 Feshbach resonances

are not considerably larger (< 2 G). From the experimental point of view, the exploration
of narrow Feshbach resonances require an excellent magnetic field control. As discussed
in the next section the underlying physics of narrow and broad Feshbach resonances
are quite distinct and offer different regimes for investigating strongly interacting Fermi
mixtures.

2.3.3 Classification of broad and narrow Feshbach resonances

In this section we consider the homonuclear case, where two fermionic atoms with differ-
ent spin states interact. In the vicinity of a Feshbach resonance, the many-body system
composed of atoms and molecules, which interact resonantly by a Feshbach coupling
parameter g5 in the s-wave channel, can be described by the two-channel Hamiltonian
(Timmermans et al., 1999; Gurarie and Radzihovsky, 2007)

k’2 ; p2
HQ*Ch = Z %akﬂ,ak’g + Z (60 + 47n> bpr
k;O’ p (246)

9s (b i f b )
+§;\FV PUctB iy B T OOt B 10kt B0 ) -

Here ay (aL ,) is a fermionic annihilation (creation) operator of an atom with spin o

and momentum k, and by (b;r)) annihilates (creates) a boson of mass 2m and momentum
p- The first term in the Hamiltonian describes propagating fermions in the open channel
which interact by the background potential Vi,g(r). The second term represents propa-
gating bosons in the closed channel of the potential Ve.(B, ). The energy € is the bare
molecular rest energy and can be tuned with the magnetic field. The third term is the
coupling term where two fermionic atoms are annihilated and create a boson in the closed
channel (or vice-versa) by conserving energy and momentum. In the s-wave two-channel
model, the atom-molecule interaction is controlled by gs;. For gs — 0, the b-particle is
pointlike and the size of the molecule is given by the length scale of the interatomic
potential. For gs # 0, the physical molecule is a linear combination of b-particles and a
surrounding cloud of a-particles whose size diverges as a — oo. With the spatial extent
given by the scattering length a, the molecules can overlap at finite atom density. The
Zeeman energy splitting between the open and closed channel (Gurarie and Radzihovsky,
2007)

gamA
212 h?
can be tuned with the magnetic field and can be approximated within first order by
the expression presented in Eq. (2.37). A is a cut-off length scale of the long-range
interatomic potential. The first term in Eq. (2.47) is the energy of the closed channel
and the second term arises from the atom-molecule interaction.

Eo — €0 — (247)

From the two-channel model a parameter vs; can be defined that is related to the
square-root of the ratio between the Feshbach resonance width Iy, cf. Eq. (2.44), and
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the Fermi energy (Sheehy and Radzihovsky, 2006; Gurarie and Radzihovsky, 2007)

_929(Br) _ g2(2m)*? V8 [Ty 8 1

_ _ _ Ve _° : 2.48
s Er 47T2h3\/EF ™ Er 7TkF|7'eff| ( )
where g(F) = (irg);f V'E is the three-dimensional density of states for a one-component

Fermi gas. This parameter s allows to classify resonances in "broad” (vs > 1) and
"narrow” (s < 1) finite density Feshbach-resonant behaviors. The parameter s o< g2
determines a perturbative expansion in the Feshbach resonant interaction of any physical
quantity of the many-body system. The expansion is performed about an exactly solvable
zero-coupling limit g; = 0. v, is independent on a and the detuning Ey, and serves as
a suitable expansion parameter as it remains small throughout the entire BEC-BCS
crossover. The two-channel model predictions for a narrow Feshbach resonance, i.e.
vs < 1, are quantitatively accurate throughout the BEC-BCS crossover (Gurarie and
Radzihovsky, 2007). In contrast, for the broad resonance 75 > 1, the two-channel
model is not quantitatively solvable. Here, the gas parameter n'/3|a(B)| is the only
dimensionless parameter and can be used for a perturbative analysis away from a broad
resonance.

For narrow Feshbach resonances, the coupling energy I'y is comparable or smaller
than the Fermi energy Ep. An equivalent criterion, as given in Eq. (2.48), is that
for increasing scattering length a(B) the spatial extent of the physical molecule reaches
first the mean atom separation n~/3. In the case of narrow resonances the molecular
state affects the many-body physics of the system. This is contrary to the case of broad
resonances, where many-body physical phenomena are negligibly influenced by the closed
channel (Partridge et al., 2005), and where for increasing a(B) the molecular spatial
extent reaches first the effective range |reg| for this situation.

System  mp1, mp2 Bo A Obg  Hres et Lo/kp
(G) (G)  (ao) (pB) (ao) (1K)
+1/2,-5/2 155.1 0.81 63 1.7  5.7x10° 2.0

LYK 11/2,-9/2 1682 010 63 1.8 44x10*  0.035
+1/2,+9/2 11478 182 63 1.6 2.7x10? 9.1
WK AOK  —9/2,-7/2 202.10(7) 7.8(6) 174 1.7 56 5.5 x 10°
+1/2,-1/2  834.15 300 1405 2.0 0.10 1.1 x 10%
+1/2,-1/2 54326  0.10 61.6 2.1 6.6x10*  0.026

614-6T.i

Table 2.2: Comparison of different s-wave Feshbach resonances in homonuclear and het-
eronuclear Fermi mixtures (Wille et al., 2008; Tiecke et al., 2010a). The intraspecies “°K
resonance is investigated in (Regal, 2005), and the reference values for SLi given in the
table are from (Bartenstein et al., 2005; Chin, 2008).

In Tab. 2.2 some experimentally investigated Feshbach resonances in Fermi systems
are presented. Taking into account typical Fermi energies on the order of ~ kp 1 uK,
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2.3 Feshbach resonances

the two intraspecies Feshbach resonances in °Li (834 G) and *°K (202 G) are broad res-
onances. In these systems a molecular BEC is realized for the first time (Greiner et al.,
2003; Jochim et al., 2003a; Zwierlein et al., 2003). Beside the very broad resonance in
OLi, there exists also a very narrow Feshbach resonance (543 G), which is experimentally
first investigated in (Dieckmann et al., 2002; Bourdel et al., 2003; Strecker et al., 2003).
The coupling energies of the 5Li-?9K interspecies Feshbach resonances are on the order
of typical Fermi energies and can be considered as narrow and closed-channel dominated
(Wille et al., 2008). It is mentioned here that, by decreasing the trapping frequencies,
the Fermi energy can be lowered such that Feshbach resonances can be classified as broad
in spite of current experimental conditions make them appear as narrow. However, from
the experimental perspective, trap configurations with frequencies on the order of a few
Hertz are unstable and the confined atoms in the trap are more prone to heating due to
mechanical vibrations. Most studies so far focused on the characterization of the strongly
interacting regime at the BEC-BCS crossover of broad Feshbach resonances, where the
influence of the closed channel can be neglected.

2.3.4 Many-body regimes in the zero temperature limit

In the following, a summary is given of the differing many-body properties in the regime
of a broad and a narrow Feshbach resonance (Ohashi and Griffin, 2002, 2005; Bruun,
2004; Jensen et al., 2006; Romans and Stoof, 2006; Haussmann et al., 2007; Gurarie and
Radzihovsky, 2007; Ketterle and Zwierlein, 2008).

2.3.4.1 Broad Feshbach resonances

The central parameter for broad Feshbach resonances is n'/?|a(B)|  kr|a(B)|. In case
that @ > 0 and n'/3|a(B)| < 1 is satisfied, the fermions form pairs (molecules) which
condense into a BEC. For the homonuclear case and in the regime where a > |reg|,
although a < n~1/3, the scattering length of dimer-dimer collisions is related to the
atomic scattering length a4q ~ 0.6 a (Petrov et al., 2005a), and the condensate becomes
a weakly interacting Bose gas. For increasing a, the molecular lifetime in the atom-
molecule mixture is about ~ 100 ms for “°Ky molecules (Regal et al., 2004b) and several
seconds for %Lis molecules (Cubizolles et al., 2003; Jochim et al., 2003b). The mechanism
for the increased lifetimes relies on the suppression of the collisional relaxation of the
weakly bound dimers to deep bound states due to Pauli exclusion principle (Petrov et
al., 2004a). For broad Feshbach resonances, the spatial extent of the dimers is on the
order of =~ a. On the other hand, the size of deep bound states is on the order of
rovdw <K a. Therefore, the relaxation requires the presence of at least three fermions
at distances ~ rgyqw from each other. For such a relaxation process, two fermions are
necessarily identical. The characteristic momentum spread of the atoms is k ~ 1/a.
Because of Pauli blocking the relaxation probability is therefore suppressed by a certain
power of (k7ovaw) ~ (Tovaw/a). The exact relaxation rate in the s-wave channel is
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derived in (Petrov et al., 2004a)

(2.49)

hrovaw (To,vdw ) s
g X 5

m a

where, assuming equal masses, the exponent is s &~ 2.55 for dimer-dimer relaxation, and
s = 3.33 for the relaxation in atom-dimer collisions. For different masses involved in the
collision processes, the exponent s depends on the mass ratio and is given in (Petrov et
al., 2005b). For the mass ratio of ®Li-*°K, the exponents are s ~ 1.40 for dimer-dimer
relaxation, and s = 5.04 for atom-dimer relaxation.

As the interactions become stronger close to resonance and n'/3|a(B)| > 1 the system
is mostly described by numerical methods, especially for the case of finite temperature,
see for a review e.g. (Giorgini et al., 2008). In this BEC-BCS crossover regime, the
Fermi sea becomes superfluid and the closed-channel fraction vanishes. In particular, the
unitary regime where n'/ 3la] — oo is intriguing since the superfluid becomes universal
(Stewart et al., 2006; Hu et al., 2007; Nascimbéne et al., 2010). This means that the
system properties only depend on the density and not on the details of the Feshbach
resonance. In (Partridge et al., 2005) the closed-channel fraction for the very broad
resonance in 5Li at 834 G is measured by an optical probe which projects atom pair
correlations onto vibrationally excited molecular states. In the BEC-BCS crossover the
measured closed-channel fraction is nonvanishing, but very small consistent with the
contention of universality for broad resonances. In (Werner et al., 2009) it is shown that
the observed nonvanishing closed-channel fraction in the crossover regime of a broad
resonance can not be reproduced with a single-channel model, but rather with a two-
channel model.

For attractive interactions a < 0 and n'/3|a(B)| < 1, where no bound state is
supported, it is energetically more favorable for the fermions to condense into Cooper
pairs and to form a many-body BCS superconductor which can be accurately described
by mean-field BCS theory. The transition temperature Ty for this state is on the order
of the Fermi temperature T, To ~ 0.28 T ™/ (2kra) (Gor’kov and Melik-Barkhudarov,
1962; Giorgini et al., 2008).

2.3.4.2 Narrow Feshbach resonances

In the following, the zero-temperature and the zero-coupling limits (infinitely narrow
resonance) are considered to describe the fundamental differences between a broad and a
narrow Feshbach resonance. As given in (Gurarie and Radzihovsky, 2007), the molecular
boson density with detuning £ — Ej for a two-component Fermi gas with total density n
in the BEC-BCS crossover is described within the zero-coupling approximation vs — 0

0, for E—Ey>2Ep

np=4{ o 1_<E—E0)3/2 for 0<E-Ey<2FE (2.50)
2 2EF ’ - 0= F .
z for E—FEy<O.

This expression is plotted in Fig. 2.5 (in red). The situation for the BEC-BCS crossover
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Figure 2.5: The molecular boson density normalized by the density of a two-component
Fermi gas in dependence of the detuning in the vicinity of a Feshbach resonance. The zero-
coupling limit (red) and the case of finite coupling 75 (black dashed) is shown (Gurarie
and Radzihovsky, 2007).

in the case of an infinitely narrow Feshbach resonance with gs — 0 is illustrated in
Fig. 2.6 and discussed in the following. For an infinitely narrow Feshbach resonance,
the detuning Fy corresponds to the bare energy of the closed channel (boson), see Eq.
(2.47). For detunings of E — Ey < 0 all fermions are tightly bound to molecules and
a pure molecular BEC is present. For values 0 < E — Ey < 2FEp, it is energetically
favorable that a BEC coexists with a BCS-type superfluid. In this region, which extends
to the atomic side to values related to the Fermi energy, bosons deplete the Fermi sea.
The closed-channel fraction in the BEC-BCS crossover of a narrow Feshbach resonance
is large and can not be neglected. The crossover regime from a pure molecular BEC to
a BCS superfluid shows some characteristics. First, the bosons are stabilized by Pauli
blocking as the lower lying momentum states are occupied in the Fermi sea. Second, as
pointed out in (Bruun, 2004; Ketterle and Zwierlein, 2008), the observation of a universal
many-body regime on the atomic side of a narrow Feshbach resonance turns out to be
difficult. The universality marks the regime where thermodynamic quantities are solely
characterized by the temperature and chemical potential of the Fermi gas and not by
details of the resonance. The presence of bosons in the BEC-BCS crossover hinders the
establishment of a many-body universal regime. For a narrow Feshbach resonance the
interactions are weak and the region, where bosons are still present, must be overcome
with detunings £ — Ey > 2FEpr. On the other hand, for broad resonances there is a large
parameter space for £ — Fy > 0 where the thermodynamics of the gas is universal with
nearly vanishing closed-channel fraction.

For finite coupling s > 0, the chemical potential p is no longer locked to the detuning
E — Ejy. This leads to two equations, a particle number and a BEC-BCS gap equation

26



2. Theory

(b) E () AE
= |E
M1 E
> k > k
M E

Figure 2.6: Crossover for narrow Feshbach resonance at zero temperature (from Gurarie
and Radzihovsky, 2007). Fig. (a) illustrates the Fermi sea for magnetic field detunings
Ey > 2 EF, where no bosons are present. Fig. (b) presents the crossover region 0 < Epy <
2 Er of a Fermi sea coexisting with a BEC of molecules. For Ey < 0 a pure molecular
BEC exists, Fig. (c).

(cf. Gurarie and Radzihovsky, 2007), which can be solved self-consistently. Qualitatively,
the BEC-BCS crossover region extends to larger values and the maximum boson density
decreases for a finite coupling (see Fig. 2.5 in black dashed).

Physical molecules can not exist for a < 0. As discussed in detail in (Gurarie and
Radzihovsky, 2007), the bosons with a < 0 correspond to resonances which are long lived
quasistationary states that eventually decay into the continuum. The resonant state is
characterized by a peak at energy Fyes and a width I'yes for detunings Fy > 1/2T,
respectively |a(B)| < |reg(B)], see also (Landau and Lifshitz, 1991),

h? B
Eres—EO_*FO— oL <’7’eff( )| _1>
€

(2.51)
4E() 2’7’eff
res - 1—‘0 -1=
V Ty r(ret (B \a!

The energy FE.s is qualitatively depicted in Fig. 2.3. In the case of broad s-wave Feshbach
resonances, the states can be only bound states, but not quasistationary.! The binding
energy of the molecules for a > 0 can be formulated for a finite effective range in the
narrow resonance limit as (Sheehy and Radzihovsky, 2006; Levinsen and Petrov, 2011)

o & B ree(B)| | [resr(B)]
BEiind = TP (1 142 + ) . (2.52)

My (Toft a a

The expression from Eq. (2.39) can be recovered in the limit of small detunings |reg (B)| <
a from resonance. An expression for the magnetic field dependence of the effective range

'In theory, there are also virtual bound states for a < 0, but they are not physical solutions of the
Schrodinger equation.
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Figure 2.7: Near-threshold bound and scattering states at a narrow interspecies 9Li-4'K
Feshbach resonance near 155 G. The parameters given in Tab. 2.2 for this resonance are
invoked. The inset presents the behavior in an expanded view close to resonance. In the
case of SLi-9K, there is a resonant energy state above threshold F.es, which possesses
over a small range of magnetic fields a larger width (dashed) as compared to its energy
(solid) T'yes > FEres. The phase shift sin? (§p) (cf. Eq. (2.34)) of this scattering state in
the SLi-*K mixture above threshold is shown in the upper panel by the density plot.
Below threshold the molecule energy is presented with solid lines (universal limit Eq.
(2.39) with dotted lines).

for detunings « = (B — Bp) /A < 1 can be derived by assuring the asymptotic behavior
for large negative detunings of Eq. (2.52) and by considering a small coupling such that
lim  Epind & pires (B — Bpy) = piges A - . (2.53)

T—r—00
Assuming the scattering length a(B) from Eq. (2.38) and considering a constant dif-
ferential magnetic moment fie5, the magnetic field dependence of 7. (B) is found to be

1 2 apg
(B =reg | ——— — 2% ) 1, 2.54
et (B) rff< o Teﬂ($1)> or x < (2.54)

where 7o is given in Eq. (2.45). For x — 1, this expression diverges at the zero-crossing of
the scattering length. At this detuning the effective range expansion Eq. (2.34) is poorly
defined (Zinner, 2010). By invoking the correct magnetic field dependence of rg(B) and
a(B), the near-threshold bound and scattering states for the narrow Feshbach resonance
in the SLi-*°K mixture near 155G can be calculated and are presented in Fig. 2.7. For
positive detunings from resonance, resonant states, as given by Eq. (2.51), are present in
the 9Li-4°K mixture. There is a range of magnetic fields above threshold where the width
(orange dashed) is larger than the energy of the resonant state I'yes > Fyes. The decay
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rate of the resonances is given by I'ies/h, and a maximum rate of ~ 840kHz occurs at
a detuning x ~ 0.3. For positive scattering lengths, the binding energy of the molecules
is plotted with solid lines (see Eq. (2.52)), and the prediction for the universal limit is
shown with dotted lines as expressed by Eq. (2.39). For the case of the °Li-*°K Feshbach
resonance, only a very narrow magnetic field range below threshold of a few mG satisfies
the universal limit Eq. (2.39) according to this model.

2.3.5 Few-body problem close to a narrow Feshbach resonance

The finite value of the effective range r.g as given in Eq. (2.45) influences scattering
and molecule properties in the few-body problem at short distances close to a narrow
Feshbach resonance (cf. also App. C.3). In (Levinsen and Petrov, 2011) some important
scattering properties for the SLi-K mixture are calculated for the case of a narrow
Feshbach resonance. The atom-dimer relaxation in the s-wave channel as presented in
Eq. (2.49) needs to be altered due to the finite value of the length parameter r* = —rqg/2
(Levinsen et al., 2009). In the limit ro yqw < 7* < a the atom-dimer relaxation in the
s-wave channel can be written as

hrovaw (7°)°
Qs narrow X — ) (255)
mr; a

where the exponent is s ~ 5.04 for the heteronuclear case of SLi-*°K. For all known
interspecies Feshbach resonances in the SLi-**K mixture (cf. Tab. 2.1) the condition
rovaw << r* is satisfied. In the special case of the resonance close to 155 G, which will be
studied mainly within the present work, the length parameter r* is r* &~ 160 nm = 3000 ag
and the van der Waals range is 79vqw ~ 2.2nm, cf. Egs. (2.35) and (2.45). The
dependence of the dimer-dimer relaxation rate on the detuning r*/a is also considered
in this cited work (Levinsen and Petrov, 2011). For small detunings from resonance the
dimer-dimer scattering length is related to the atomic scattering length agzq = 0.89a for
the heteronuclear case of the $Li-*°K mixture.

2.4 Cross-species thermalization in atomic gases

Within this work, information about collisional relaxation time scales in a Fermi-Fermi
mixture is experimentally extracted by using the technique of cross-dimensional relax-
ation. This method involves a non-equilibrium state which relaxes to thermal equilibrium
by elastic collisions. In Sec. 2.4.1, the concept of the Boltzmann equation is introduced,
see also (Reif, 1987; Walraven, 2010). This theory allows to determine and to describe
time scales for relaxation processes from non-equilibrium states. A kinetic model based
on this Boltzmann equation and tests with Monte-Carlo simulations, which will be in-
troduced in Sec. 2.4.2, allow for the interpretation of experimental findings.

2.4.1 Boltzmann equation

A dilute cloud of atoms is described by a distribution function f(r,p,t). This quantity
describes the phase space occupation at the point (r,p) at time ¢. In contrast to Sec.
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2.1.1, we consider here the time-dependence of an occupation probability. The temporal
evolution of this function is predictable in the absence of collisions. That means after
a small time ¢/, the same amount of atoms will be found at a slightly displaced and
distorted phase volume element dr’dp’ near the point (r/, p’)

f',p',t)dr'dp’ = f(r,p,t)dr dp. (2.56)

From this follows that the phase space density along the trajectory of the atoms is
conserved

L9 .0 0 -

in accordance with Liouville’s theorem. In the presence of collisions the Boltzmann
equation describes the evolution of f(r,p,t) in phase space. In a two-component gas of
distinguishable atoms, collisions influence the propagation of f(r,p,t) in phase space. In
equivalence to Eq. (2.56), a collision term takes this into account

f(',p',t)dr'dp’ = f(r,p,t)drdp + T¢(r, p, t)dr dpdt, (2.58)

where T'c(r, p,t) is the rate at which f(r,p,t) increases or decreases at the point (r,p)
and time ¢. In the limit of small temporal steps in phase space this can be rewritten as

.0 . 0 0 B
<r6r+pap+at> f(rvpvt)_rc(rap,t) (259)

This expression is called Boltzmann equation. In (Walraven, 2010), the collision term
I¢(r,p,t) on the righthand side is derived for a two-component gas of atoms in the center
of mass frame. The Boltzmann equation for species 1 colliding in a mixture with species
2 is given by

or op1
1
> (2ﬂh)3/dpj dQuyj o1y (v15, Q) (fiff — f1li) -
j=1,2

(1 g+ Bre o+ g1 ) Sp10) =
(2.60)

The distribution functions are f; = fi(r,p},t), f; = fi(r,p},t), fi = fi(r,p1,t) and
fi = fi(r,p;,t). The primed momentum states refer to values after the collision process
and are given in App. B. oy (v1;,§) are the inter- or intraspecies scattering cross
sections and v;; = |p;/m; — pj/m;| with i # j are the relative velocities of the particles.

2.4.1.1 Collision rate

In the following, classical Maxwell-Boltzmann distributions in equilibrium, which are
correctly normalized to the total particle number N;, are considered

2
__1 [ P +V;
file,pi) = niXig e "B <2”” (r)), (2.61)

30



2. Theory

where atoms of type i with mass m; are present in the external potential V;(r), n;, =
Ni/ [ exp(—kBLTVi(r))dr is the central peak density, and A\gg ,, is the thermal de Broglie

wavelength
h

AMBom, = ———————
dB,m V2mm;kgT
with the respective mass m;. For pure interspecies collisions between particles of species 1

and 2, as present e.g. in a two-species Fermi-Fermi mixture, the collision rate is described
with center of mass and relative coordinates (cf. App. B)

(2.62)

_ N nl/\g nz)\g
' = T, N B,m1 6B,m2 /chmdprd(prel/mr)UlQ(prel)><
Nl N1 (27Th) (263)
oxp | ——Fom P Vi) + Valr)
2MkgT  2m.kgT kT

By defining the thermally averaged collision rate per unit density, which is also often
referred to as the Ks-coefficient (Burke, 1999)

AdBm, \° _
KQ = <U12012(prel)> = < d]j_‘: r) /dprel(prel/mr)UIQ(prel)e pfel/(2mrkBT), (264)

one obtains for the collision rate

N
T =7." -

e =N = n12(v12012(Prel)), (2.65)
1

where nip = 1/Ny [dr ni(r)na(r) is the density-density overlap of the two clouds
normalized by the particle number of species 1. For an energy independent scatter-
ing cross section the averaging over momentum states can be simplified according to
(v12012(Pre1)) = Urelo12 With v = /8kpT/(mm,) being the relative velocity of the
atoms. For most cases in experiments with ultracold gases, the energy independent scat-
tering cross section is a good approximation. See for some deviations and considerations
concerning this rule also App. C.3.

2.4.1.2 Evaporation rate

Evaporative cooling is a very efficient technique to cool thermal atomic gases to sub uK
temperatures and high phase-space density. The idea is based on selective removal of
atoms with energies above the mean energy per particle of the ensemble and subsequent
rethermalization of the cloud to a colder temperature due to elastic collisions. The
rethermalization in a spin-polarized ensemble of bosons is possible in contrast to fermions,
which do not interact among themselves at low temperatures, cf. Sec. 2.2.2. This
strategy in combination with laser cooling led in 1995 to the first successful creation of a
Bose-Einstein condensate (Anderson et al., 1995; Bradley et al., 1995; Davis et al., 1995).

The kinetics of evaporation can be described by the Boltzmann equation. A truncated
Maxwell-Boltzmann distribution serves as an ansatz for the energy distribution of the
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2.4 Cross-species thermalization in atomic gases

evaporating atoms (Luiten et al., 1996)
fi(€) = niXip e FBT O(e — €, (2.66)

where ¢; defines the energy above which atoms are removed from the trap due to collisions.
For a constant ¢, collisions between the atoms in the trap produce energy states which
lie above the truncation energy ¢; and the corresponding atoms are consequently lost
due to plain evaporation. The temperature given in this expression is understood as a
quasi-temperature 1. The evaporation rate of atoms of species 1 due to collisions with
atoms of species 2 can be expressed as

Ny _

Fevap,l = _E = n2<”12012(Pre1)>€ nF(U)’ (267)
where n = ¢/(kgT) is the truncation parameter and F'(n) denotes a function of n. In
most cases F'(n) ~ 1 is a good approximation (Walraven, 1996). Considering intraspecies
collisions (e.g. for bosons) in a harmonic trap what leads to evaporation, F(n) can be
expressed analytically in terms of incomplete Gamma functions F'(n) = n — 4R(3,n)
(Walraven, 1996), where R(a,n) satisfies R(a,n) = P(a+1,1) /P (a,n) and P (a,n) =
r (a)]_l fg t2~te~tdt. For plain evaporation 7 increases, since the temperature of the gas
is lowered what leads to an exponential suppression of the evaporation rate according
to Eq. (2.67). By lowering the truncation energy e; the evaporation process can be
preserved while keeping n nearly constant. Typical experimental values for n for efficient
evaporation are between 7 and 9.

2.4.2 Cross-dimensional thermal relaxation

Within this thesis, values of elastic scattering cross sections in the vicinity of a Feshbach
resonance are determined. The technique of cross-dimensional thermal relaxation (CDR)
is employed. Sec. 2.4.2.1 presents the idea of the CDR method. In Sec. 2.4.2.2, a classical
kinetic model based on the Boltzmann equation is presented. The analysis reveals that
the rate of CDR in a mixture is mass dependent. The average number of collisions
for rethermalization § is introduced, which incorporates this mass dependence. Finally,
in Sec. 2.4.2.3, classical Monte Carlo simulations are performed over a wide range of
parameters to test and verify the validity of the model. Predictions of the parameter
B, which relates the collision rates, cf. Sec. 2.4.1.1, and the CDR rates, are given for a
number of Fermi-Fermi mixtures.

2.4.2.1 Principle of cross-dimensional thermal relaxation

The method of CDR is based on the idea that a classical gas is prepared in an out-of-
equilibrium state such that along different directions a thermal energy distribution is
established, but at different individual mean energies per particle E;. After preparation,
the anisotropy of thermal energy between two axes, e.g. x = E, — F,, relaxes to zero at
a rate that is related to the frequency of elastic collisions. For the work with ultracold
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atoms in this thesis only s-wave collisions need to be considered. Only the direction
of the relative momentum is changed for a single elastic collision (c¢f. App. B). In
the experiment, information about the relaxation process is obtained from time-of-flight
absorption imaging of the gas clouds after release from the trap. After sufficiently long
expansion time, the energy anisotropy is determined from the observed aspect ratio of
the cloud size.

The method of CDR has already been applied to investigate s- and p-wave collisions
between the same atomic species or in Bose-Fermi mixtures (Monroe et al., 1993; Regal
et al., 2003b; Goldwin et al., 2004). In an analysis of CDR in a single species cloud of
bosonic atoms it was shown that the relaxation of the energy difference between two
Cartesian directions follows an exponential decay with a 1/e time constant proportional
to the collision rate (Roberts, 2001)

1
Ps.cor = —(n)ovre. (2.68)

If energy independent s-wave collisions are assumed the mean collision rate can be rewrit-
ten as I'con = (nvo) = (n)ovge, where (n) is the number density of the gas. The coefficient
« describes the mean number of collisions per particle required for thermalization.

The model has been extended to describe the rethermalization process in a Bose-
Fermi mixture with different masses. The relaxation rate per fermion can be expressed
in a similar way as the single species case (Goldwin et al., 2005)

1
I'rB,cDR = BnFBUFBUrely (2.69)

where npp is the density of the bosons averaged over the fermion distribution, opp is
the interspecies s-wave collision cross section, and v, is the relative velocity between
the bosons and fermions. The coefficient S8 represents the mean number of collisions per
fermion required to thermalize with the bosons.

The case of a spin-polarized mixture of two different types of fermions is considered in
this work. In this situation, only interspecies collisions contribute to the rethermalization
process. Under certain approximations as discussed below, the relaxation in the mixture
is expected to follow an exponential decay with a time constant proportional to the mean
time between interspecies collisions

1
I'ri2,cDR = Bin12012vrela
12

1
I'v21,cDR = Bfn21012vre1,
21

(2.70)

where the terms on the right hand side are defined in a similar way as in Eq. (2.69).
For different masses m; # meo involved in the collision process, the coefficients 5 are
unequal 812 # B21. That means that the mean number of collisions per species 1 particle
to thermalize with species 2 particles deviates from the mean number of collisions of
species 2 to thermalize with species 1 even for identical particle numbers and starting
conditions. Therefore, such a system is ideal to study mass-dependent collision processes.
In the following, a kinetic model elucidates this effect.
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2.4 Cross-species thermalization in atomic gases

2.4.2.2 Kinetic model

The analytic model outlined in this section follows a very similar approach as already
presented by (Goldwin et al., 2004, 2005) in the case of a Bose-Fermi mixture. In the
present work the theory by (Goldwin et al., 2005) is extended by two elements. First,
we apply the model to a Fermi-Fermi mixture, where pure s-wave collisions drive the
equilibration of the clouds. Second, CDR is studied for the case of an arbitrary symmetry
of the energy anisotropy, i.e. £, # E, # E..

The analysis is based on the Boltzmann equation, as introduced in Sec. 2.4.1. Ac-
cording to this equation, the rate of change of the ensemble average of any function of
the two species’ positions and velocities, usually denoted as x (r1, vi;re, va), is given by
(Reif, 1987)

(%) = o1 (nva ). (2.71)
An energy independent scattering cross section o9 is here assumed, so that it can be
separated from the ensemble average. Ax is the change in x due to a single collision.

This quantity is defined as
X1 =Eie—FEi. (2.72)

)

Fermions of type 1 only collide with fermions of type 2. The energy FE;; denotes the
mean thermal energy per particle along the Cartesian direction i. One is interested in
the change of x1. The ensemble average in Eq. (2.71) is therefore only taken over the
distribution function of the type-1 particles. The redistribution of kinetic energy between
the axes x and z can be described by

1,x

. . 1
Axi =A (Ekm — Ei‘jf) = §m1A (vix - viz) . (2.73)

Since Ax has no position dependence one can write

. 1
(x1) = §m1n12012<vrelA (v, —vi.)). (2.74)
Center-of-mass and relative coordinates (cf. App. B) are well-suited to describe binary

collisions between two different masses. One can write

2
2 2 2 2 ma 2 2
vl,x - Ul,z = (‘/cm,ar - chm,z) + <m1 + m2> (vrel,x - Urel,z) (2 75)

ma
+2- (‘/Cm,xvrel,x - ‘/cm,zvrel,z) .
m1 + mg

The effect of the collision is to only change the direction of v}, the center-of-mass velocity
Vem and the absolute value of the relative velocity |vyel| = vyl are conserved quantities.
Therefore the first bracket on the righthand side of the equation vanishes. Additionally,
only the terms after the collision need to be taken into consideration. The rate of change
of x1 is then

1 mi1ms9

(x1) = *7”12012<vre1 [

_ T2 (2
2my + mo

rel,x Urel,z)

mi + ma (2.76)
+2 (ch,xvrel,:p - ch,zvrel,z)} >
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Figure 2.8: Solutions given in Eq. (2.82) and simple exponential fits to the solutions for
the case of a 9Li-4'K mixture.

The resulting expression is in general not trivial to solve for arbitrary initial conditions

and masses. But some approximations are applicable in the case of small deviations
from thermal equilibrium and of Gaussian distribution functions. The arising ensemble
averages in Eq. (2.76) can be approximated as

4 .
<Urelvr2el,z‘> ~ g(vrel> <v1?el,i>7 1=X,2 (2.77)
4 .
(Urcl‘/cm,ivrol,i> ~ §<Urcl><‘/cm,ivrol,i>7 1=X,72. (278)

These expressions are verified by numerical integrations with anisotropic Gaussian dis-
tribution functions and typical experimental initial conditions. The results are shown in
the Suppl. C.1. Inserting the expressions yields

. 2 mim m
(x1) = —5T12 L2 < 2

2 2
U. — U
3 my + ms ( rel,z rel,z)

mi +my (2.79)
+2 (V::m,:cvrol,r - ‘/cm,zvrcl,z)>)

where I'12 is the collision rate as defined in Eq. (2.65) in the case of an energy-independent
scattering cross section. By resubstituting v; and ve, and applying (vi;v2;) = 0, one
obtains finally

2 meo
1) = —=T'1o————=((2 — 2.80
(x1) 312 (1 +m2)2<( mi +ma2)X1 — Mmix2), ( )

where the fact is used that the mean kinetic and potential energies in a given direction
are equal. By simply swapping 1 < 2, the time dependence of ys is obtained. As a
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Figure 2.9: Number of collisions per fermion required for cross-dimensional thermal relax-
ation. Comparison of kinetic model (solid curve) and classical Monte-Carlo simulations
with varying initial starting conditions (symbols): a) triangles: Ny = Na, E,/E, = 1.2,
E,/E, = 1.65, b) crosses: Ny = Nq, E,/E, = 1.7, E,/E, = 1.4, c¢) plus symbols:
N1 =2N,, E,/E, =1.6, E,/E, = 1.3 (Hahn, 2009).

result, a system of two coupled differential equations is derived

T00) = =5 g [+ m) () = m )
g . (2.81)
dfﬁ(Xﬂ Y p— [(m1 + 2m2)(x2) — ma(x1)],

where dimensionless times 71 = ['1ot and 79 = I'91t are introduced. This system of
coupled differential equations allows for the determination of the temporal relaxation
of x1 and x2 for different initial conditions, such as different initial anisotropies x1(0),
x2(0) or initial particle numbers N; and Nj. For same atom numbers N; = Ny and

initial anisotropy x1(0) = x2(0) = 1, and introducing a normalized mass 17 = mﬁlmz
(n2 = mfffmZ = 1—m1), the solution for x; is
1—m)(1—2m, 6*27'1/34_ 16*4/3771(1*771)7'1
a(r) = (L —m)(d —2m) n . (2.82)

1 —2n1(1—n1)

The corresponding expression for yo can be derived by simply swapping 1 <> 2. Hence,
for the general case of two-component Fermi-Fermi mixtures we find that the relaxation
process is described for each individual component by a sum of two exponential decays.
The respective time constants are dependent on the mass ratio of the two components.
Only for identical masses a single exponential decay is recovered. For the case of a SLi-
40K mixture and identical initial conditions Nr; = Nx, x1i(0) = xx(0) = 1, the solutions
are plotted in Fig. 2.8.
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For the purpose of simple estimations one would like to relate the time scale of the
relaxation process to the mean time of collisions per atom of species 1 with species 2 by
defining:

1
I'i2.cor = %Fn (2.83)

Here 12 is a dimensionless constant, which depends on the initial conditions of CDR and
masses, and describes the mean number of collisions that one particle of type 1 requires
to thermalize with atoms of type 2. [ is determined by fitting a simple exponential decay
to Eq. (2.82) and analytically minimizing the integrated squared error

err? = /000 dr (X(T) — e_%>2 (2.84)

with respect to the parameter 8. Minimizing requires 9/ err? = 0. This leads to

0= /OOO dr (X(T) - e*%) Te . (2.85)

Inserting x(7) from Eq. (2.82) for identical initial conditions and carrying out the inte-
gration yields an implicit expression for 3, which depends on the masses of the involved

fermions (12 ) )
—«an)L=n n

=—(1-2n(1—n)). 2.86

GB+37 T mi—marap s 2 (2:50)

This expression from the kinetic model, Eq. (2.86), and results from classical Monte-

Carlo simulations (symbols, cf. Sec. 2.4.2.3) are plotted in Fig. 2.9. The simulations and

the analytic model show good agreement. Performing a Taylor expansion of Eq. (2.82)

for small 7 gives Bz = ﬁ Hence the ratio of the initial slopes of thermalization

curves for a mixture of fermionic atoms with masses my and ms scales as the mass ratio

B21 it / B12,init = Ma/m.

2.4.2.3 Monte-Carlo simulation

This section describes details of the Monte-Carlo simulations that are used to verify
the validity of the analytical model presented in Sec. 2.4.2.2, and to simulate various
experimental situations. A comprehensive description can also be found in (Hahn, 2009).

The simulation is initialized by preparing an ensemble consisting of N; type-1 and
Ny type-2 fermions in a harmonic trap with trap frequencies (1/171(2), Vy1(2)s VZJ(Q)) for
the type-1(2) atoms. Since Gaussian distributions are considered for the position and
velocity of the particles, the distributions separate for each individual spatial coordinate
(z,y, z), and position and velocity vectors are created from a random number generator
for each particle and spatial direction. The classical momentum distributions are scaled
such that the mean kinetic energy along different Cartesian directions are unequal leading
to an energy anisotropy within the ensemble. The initial energy in a given dimension is
the same for both species. The positions and velocities of each individual particle evolve
on a trajectory in phase space according to Newton’s laws for a small time step At before
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Figure 2.10: Typical relaxation curves for a °Li-*°K mixture obtained from a classical
Monte-Carlo simulation. The initial anisotropies are T /T, = 1.20 and T}, /T, = 1.65 and
the same atom number for both species is chosen. The trapping frequencies (v, vy, ;)
are (544, 544, 769) Hz for “°K (left) and (1333, 1333, 1884) Hz for SLi (right) and the
temperature along z-direction is T, = 6.0 uK.

a collision occurs. For a spin-polarized two-species Fermi-Fermi mixture only interspecies
collisions are allowed. If two different particles k£ and [ are found within a critical distance
r. of each other, the pair obtains the collision probability peon = ogive1 At/ Ve, where oy
is the interspecies collision cross section, vy, = |V — vy| is the relative collision velocity,
and V, = 4/37r? is the critical volume for a collision process to happen. If p.oy is greater
than a random number generated from a uniform distribution between 0 and 1, a s-wave
collision takes place and the relative velocity vector is rotated into a random direction
under conservation of the total energy and momentum. After all possible collision pairs
have been considered, the mean energies per particle of each species in each of the three
Cartesian directions E; = kgT; are calculated, and the next time step At proceeds.

The choice of parameters for a Monte-Carlo simulation is crucial. A suitable param-
eter space is important for plausible and reliable results from the simulation. Special
attention should be adressed to the choice of the collision probability p.on and the criti-
cal volume V.. As pointed out in (Guéry et al., 1999; Goldwin et al., 2005) the collision
probability should be kept well below 10% for accurate results. For the simulations,
values in the range of 5 x 1072 to 5 x 1072 are used for peoy. Also a poor choice of the
critical volume V, = 4/37r3 influences the reliability of results. The number of collisions
per particle within a collision time 7. = Fle needs to be small for reliable results. The
simulations typically use (n)V. = 107! (Hahn, 2009), where (n) is the number density.
This choice leads to =~ 20 collisions per particle within a collision time.

A typical Monte-Carlo simulation for a thermalization process in the 5Li-*°K mixture
is presented in Fig. 2.10. For identical initial conditions, the simulation reveals different
time scales for the rethermalization of 6Li and %°K in the mixture consistent with the
findings of the kinetic model.

38



2. Theory

Figure 2.11: Illustration of a SLi-°K collision process. An example is shown where
the direction of the momentum of SLi is rotated by fr; ~ 90° and the angle of the
momentum vector @k of the heavier atom “°K is less changed. The vector construction
follows momentum and energy conservation according to Egs. (B.11) from App B. The
unprimed (primed) quantities are associated with momenta before (after) the collision
process. The center of mass momentum P., and the absolute value of the relative
momentum P i conserved, only the direction of prq is changed. All possible final
momentum states for °Li (*°K) lie on the green (red) circular line.

2.4.2.4 Mass dependence of 3

The Monte-Carlo simulations show that reliable results for the coefficient 8 can be ob-
tained from the analytical model for mass ratios up to ~ 7 (Hahn, 2009). This corre-
sponds to limits of 7, = 0.875 and 72 = 0.125. The °Li-*°K mixture with a mass ratio of
~ 6.64 lies barely in this limit. This mixture is considered throughout this work and for
identical initial conditions Np; = Nk and x1;(0) = xx(0) = 1 the kinetic model predicts

Buk = 2.0, PkLi =73 (2.87)

what leads to the ratio fkri/Arik = 3.7.

The difference in the relaxation rate follows from the mass difference and from the
nature of s-wave collisions. In a single collision the direction of the relative momentum in
the center of mass frame is rotated, while the absolute value of the relative momentum is
conserved. In the laboratory frame this leads to a distribution of final directions after the
collision covering a solid angle that is on average larger for the lighter particle than for the
heavier one. Therefore, CDR of 6Li with 4°K atoms is accomplished after fewer collisions
than the simultaneously ongoing case of 4°K relaxing with SLi. To further illustrate
this, a typical collision process in the center of mass frame under the consideration of the
conservation laws is presented in Fig. 2.11. All final momentum states for the two species
(in green for 5Li and red for “°K) lie on a circle with radius |p;e|. For this example, the
angle of the momentum for Li ; = Z (pLs, pi;) after a single collision can be rotated
by even 180°, whereas the momentum of 4°K covers a smaller range of accessible angles
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within a single collision process.

For the case of identical masses, e.g. in the situation of a spin mixture of fermions,
the coefficient 5 is 3. With the help of Eq. (2.86) the values for 5 can be obtained for a
wide variety of Fermi mixtures for values of n in the range 0.125-0.875.

2.4.2.5 Interpretation of experimental thermalization curves

The true solution of the temporal relaxation of x; is not a simple exponential decay ac-
cording to Eq. (2.82). But within typical experimental uncertainties a simple exponential
decay

Xi1(t) = x1(0)e T12:0PRt =y (0)e~12/Fret (2.88)

describes the relaxation accurately enough, see also Fig. 2.8. In the experiment informa-
tion about the relaxation process is extracted by time-of-flight absorption imaging of the
gas clouds. After sufficiently long expansion time, the energy anisotropy is determined
from the observed aspect ratio of the size of the cloud. A simple exponential relaxation,
as derived in Eq. (2.88), leads to a ratio of exponential functions describing the relaxation
of the measured aspect ratio

El(t) . 1+ €i6_F12/512't
E;(t) 14 6j6‘r12/512~t’

(2.89)

where ¢, = 3E;(0)/(E,(0) + E,(0) + E.(0)) — 1 and ¢ # j = z,y,2z. This expression
is valid for small deviations from a cylindrically symmetric trap, i.e. for the case that
along different axes in the cloud the relaxation rate I'12/812 is equal. This is tested by
numerical integrations over Gaussian distributions (cf. App. C).
Taking the ratio of relaxation rates obtained from least square fits of thermalization
curves gives
Fiocpr  1/B1aniaviz oo
To1,cpr  1/B21mo1 v21 021

(2.90)

In the case of a Fermi-Fermi mixture this expression can be simplified since vis = w9y
and 012 = 091 holds. For the ratio of S-factors this leads to

P12 T'21,cpr N2

— = . 2.91
B21 Ti2,cpR V1 (291)

As a consequence, CDR in a Fermi-Fermi mixture allows to directly study mass-dependent
effects. But the accuracy is limited to the accuracy of particle number determination,
which is subject to typical measurement errors of a standard absorption imaging. In the
case of a Bose-Fermi (87Rb-41°K) mixture as investigated in (Goldwin et al., 2004, 2005),
the systematic uncertainty in the particle number determination can be overcome since
8TRb-8"Rb and ®"Rb-°K collisions occur and already previously determined scattering
properties of 8 Rb-8"Rb collisions can be invoked to accurately determine the Bose-Fermi
scattering parameters.

In App. C.2, the influence of initial conditions on CDR is studied on the basis of
the kinetic model from Sec. 2.4.2.2 and Monte-Carlo simulations as introduced in Sec.
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2.4.2.3. In the following, a summary of the results for the dependencies of particle num-
bers, initial anisotropies, and energy imbalance on the rethermalization rates is presented
(see App. C). The analysis with the kinetic model is based on the solution of the sys-
tem of coupled differential equations from Eq. (2.81) for different initial conditions, and
subsequent fitting of the solutions with the expression from Eq. (2.88) in order to ob-
tain rethermalization rates. The range of investigated initial anisotropies and particle
numbers corresponds to typical experimental situations, and the parameters of a Li-4'K
mixture are invoked. For the particle number dependence the results from the kinetic
model Fig. C.4(a) and from the Monte-Carlo simulations Fig. C.2 show that the relax-
ation rate of 5Li (*°K) colliding with *°K (6Li) is to a good approximation proportional
to the atom number of “°K (6Li), and independent on the initial particle number of 6Li
(*°K), in accordance with Eq. (2.91). In the experiments, the clouds are usually pre-
pared with different initial anisotropies xri(0) # xk(0). The variation of the ratio of
initial anisotropies shows a strong dependence of I'tjk cpr, in particular, as illustrated
in Fig. C.4(b).

Another important systematic deviation to the CDR occurs, when an energy imbal-
ance between the species is present in the mixture in addition to an energy anisotropy
within the individual clouds. This means that the relation

S Eu0) # Y Exi(0) (2.92)

1=T,Y,2 1=x,Y,2

is valid and a net energy flow occurs from one species to the other. According to Fig. C.6
in Sec. C.2.2, the ratio fkri/fLik shows a strong dependence if the energy imbalance
between the species is changed. A pure energy imbalance equilibrating by elastic collisions
in a mixture with fermionic species of different masses can be described with the present
kinetic model in a similar way as outlined in Suppl. C.2.2.1. The analysis reveals a
single exponential decay of the initial energy imbalance. The dependence of the number
of collisions per particle on the mass ratio is presented in Fig. C.5.

According to this discussion, well-defined experimental initial parameters are crucial
for studying CDR quantitatively. Experimental results will be presented in Ch. 6.
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Chapter 3

Experimental apparatus

This chapter describes the experimental platform for the exploration of an interacting
two-species quantum-degenerate Fermi mixture and for the investigation of properties
of heteronuclear Fermi-Fermi molecules. The discussion begins by presenting the basic
concept of achieving the simultaneous quantum degeneracy in a Bose-Fermi-Fermi mix-
ture in Sec. 3.1. The experimental sequence for this undertaking is given in Sec. 3.2,
and the parameter optimization of this scheme by benchmark tests is described in Sec.
3.3. In Sec. 3.4, the laser system for trapping and manipulation of the species 49K is
presented, which was altered during the course of this work. For the investigation of
magnetic field tunable interactions the atoms are transferred into an optical dipole trap,
which is brought forward for discussion in Sec. 3.5. The following Sec. 3.6 deals with the
magnetic field control by an accurate and stable current feedback loop. For the studies
at interspecies Feshbach resonances, the atoms are usually imaged at high magnetic field,
and the corresponding technique is introduced in Sec. 3.7.

3.1 Experimental concept and overview

The principal idea of achieving quantum-degeneracy in a Li-*°K mixture relies on sym-
pathetic cooling with a bosonic species, namely 8”Rb. The bosonic species can be cooled
by forced evaporation since intraspecies collisions are present in a bosonic cloud due to
quantum statistics (cf. Sec. 2.4.1.2). The sympathetic cooling scheme has the following
advantages. The use of high number atom sources is circumvented, since a reduction of
the atom number of the fermionic clouds, as present during a direct evaporation pro-
cess, is avoided. In addition, Pauli blocking of collisions makes evaporative cooling of an
ultracold Fermi mixture inefficient at the final stage.

In the following, the experimental procedure for achieving quantum degenerate atomic
samples is described. The individual parts of the experimental cycle are marked with
encircled numbers in the subsequent section, and the associated phase space density
parameters of 8’Rb, namely temperature and atomic number, can be cross-referenced in
Tab. 3.1.
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Figure 3.1: Overview of experimental apparatus for the creation of quantum-degenerate
8TRb-SLi-*K mixtures. The three different parts of the vacuum system are presented,
atomic oven for 5Li, chamber for magneto-optical trap, and ultra high vacuum chamber
with a long background gas lifetime.
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3.2 From a MOT to quantum degeneracy

The atoms are loaded simultaneously into a magneto-optical trap (MOT). 5Li is emitted
from an atomic oven and loaded from a Zeeman slower, whereas ‘°K and 8"Rb are
captured from the background vapor pressure. A detailed description of the slower can
be found in the thesis (Taglieber, 2008). For the species *°K and 8"Rb, atoms are emitted
from dispensers. For the purpose of reproducibility the loading time of the MO is chosen
to be 155 (D (in the following the individual parts of the experimental cycle are marked
with encircled numbers, cf. Tab. 3.1). The phase space density of the ensemble of
atoms is increased by a combined temporal dark MOT phase (dAMOT) for 8"Rb and a

compressed MOT (¢cMOT) phase for 5Li (2). This strategy is crucial for the achievement
of triple degeneracy in a Bose-Fermi-Fermi mixture, for details see (Taglieber, 2008). A
significant density increase for 6Li as offered by the cMOT phase is important since the
scattering cross section of SLi colliding with 8'Rb is comparatively small (Silber et al.,
2005), and sympathetic cooling is therefore less efficient. During the first part of the
cMOT/dMOT phase, the clouds are compressed by increasing the MOT magnetic field
gradient to 28 G/cm within 25 ms. After the cMOT/dMOT phase, the MOT magnetic
fields are turned off and a short molasses phase of 2ms duration for 8”Rb only follows
(3). The duration of this molasses phase is as short as possible, since the °Li and 4°K
clouds expand freely during this period.

Subsequently, the mixture is optically pumped to favorable hyperfine states for mag-
netic trapping. Spin exchange collisions lead to losses in the magnetic trap. In fact, for
the three-species mixture only one combination is stable for magnetic trapping

8Rb |[F =2,mp =2), YK |3,3), OLi|3,32).

The achievement of triple degeneracy requires very slow rates of forced evaporation of
87Rb since the thermalization time of 8’Rb with the fermionic species is long (Taglieber,
2008). In order to reduce losses through collisions with the background gas, the clouds are
transferred from the MOT chamber to an ultra high vacuum chamber (UHV), where the
1/e lifetime of a thermal cloud of 8" Rb is up to 70s. The transfer is realized by a magnetic
transport around a 90° corner into a glass cell (Greiner et al., 2001). The MOT chamber
is connected to the UHV chamber via two differential pumping tubes. The diameter of
the differential pumping tubes is comparatively large (8 mm), as primarily the large SLi
cloud with its low atomic mass and hot temperature requires enough space. A relatively
high capture gradient of 140 G/cm is maintained in the axial, vertical direction during
the whole transport sequence. In the UHV chamber the atoms are first compressed by
changing the axial field gradient from 140 G /cm to 300 G/cm (), which is created by the
quadrupole coil, and then loaded from the spherical quadrupole trap into a quadrupole-
Ioffe configuration trap (QUIC).

After loading the QUIC trap, a long forced evaporation period for 8’Rb is applied.
For mixtures of 8’Rb and 4°K only, it is sufficient to use radiofrequency (RF) evapora-
tion. This method is applied for the results presented in Ch. 4, since only a quantum
degenerate 1K cloud is required for this experiment. According to Eq. (2.67), hot atoms
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3.3 Benchmark tests of an experimental cycle

are selectively removed from the trap by lowering the RF knife, and consequently the
truncation energy. By thermalization of the ensemble, a lower temperature is achieved.
This scheme is comparatively simple and fast. In a triple mixture of our species, RF
evaporation would lead to strong losses of %Li at a lower energy. In order to selectively
remove only 8’Rb by evaporation and to sympathetically cool the fermionic species 5Li
and 4K with 8"Rb, we apply evaporation with microwave frequencies (MW). This en-
sures that the relevant frequencies do neither influence 4°K nor 9Li significantly, as the
transition frequency (hyperfine splitting) for 8"Rb is ~ 6.8 GHz, whereas for Li the
respective frequency is 228 MHz and for “°K 1.3 GHz.

3.3 Benchmark tests of an experimental cycle

Parameter drifts or failures of devices result in vanishing or reduced atom numbers in the
produced samples. In this case we identify deviations from optimal operation parameters
by using a set of benchmark measurements. Some reference values are presented in
Tab. 3.1. The atom number N and temperature 7' of 8’Rb, which are extracted by a

TOF | dvget T
Stage (ms) | (MEHz) M CG N (uK)
after MOT loading(D) 5 18 0.653 | 0.467 | 4.5 x 10° | n/a
MOT with cMOT ramp(2) 5 18 0.653 | 0.467 | 1.3 x 10° n/a
MOT with dMOT (2) 5 18 0.653 | 0.467 | 1.6 x 10° | n/a
MOT after mol. (25+1.7 ms)®) 5 18 0.653 | 0.467 | 2.1 x 109 | 54(10)
MOT SQMT (hold 1000 ms) 4 9 0.653 | 0.467 | 3.2 x 10° n/a
UHV SQMT (not compr.) @) 4 18 0.77 1 n/a 280(40)
UHV SQMT (compressed) (@) 4 18 0.77 1 n/a 400(60)
UHV QUIC (no evaporation) 4 18 0.77 1 n/a 430(60)

Table 3.1: Typical parameters at different stages of the experimental cycle for ’Rb. TOF
denotes the time-of-flight for imaging, dvge; the imaging detuning from resonance, M is
the camera magnification, CG the used Clebsch-Gordan coefficient in the fit routine,
N the particle number, and T the temperature of the 8’Rb cloud. All data refer to
measurements where only 87Rb is loaded into the MOT, and the uncertainty in the
particle number determination is assumed to be 50 %. Sytematic deviation, limiting the
accuracy of these measurements, are not studied.

Gaussian fit to the cloud, are given for the stages directly after the MOT loading, after
cMOT ramp, after dMOT phase, after the molasses phase, before the transfer in the
MOT SQMT, after the transfer in the UHV chamber in the uncompressed SQMT, after
compression in the SQMT, and in the QUIC trap without evaporation. The imaging
light for the stages where 87Rb is not spin-polarized and not optically pumped we use
all available frequencies, i.e. imaging, optical pumping (OP), and OP repumping light
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Figure 3.2: The laser beam setup for laser cooling, imaging, and fermion scattering from
a light grating is presented for the atomic species “°K. The dashed laser lines denote
glass fiber connections between the different optical tables.

(cf. Fig. A.1). After the stage where the 8'Rb cloud is polarized, only the transition
F =2 — F’ = 3 is used for imaging. The clouds in the MOT chamber are imaged with
a CCD camera (Apogee AP1E), whereas the clouds in the UHV chamber with an Andor
iKon-M DU934N-BRD CCD camera, CCD1 in Fig. 3.3. The determined values for NV
and T are supposed to represent reproducible reference values for future measurements
and benchmark tests on the setup.

3.4 Potassium laser system

For laser trapping each of the species requires near-resonant light with a specific wave-
length and narrow spectral linewidth. In App. A, the level scheme for each atomic
species is described which is elementary for understanding laser cooling. On total, the
laser system consists of fourteen semiconductor laser diodes, three tapered amplifier sys-
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3.4 Potassium laser system

tems, one fiber laser (optical dipole trap), and eight laser locks. Mainly alterations in
the laser system of “°K are made in comparison to previous descriptions (Henkel, 2005;
Taglieber, 2008), which enabled an improved laser operation stability, high-field detec-
tion, and diffraction experiments with “°K. Therefore in the following, only the laser
system of YK is introduced.

3.4.1 Overview

The 4°K laser system is composed of two external cavity laser diodes (ECDL), two slave
lasers (SL), and two tapered amplifier systems (TA). An overview of the laser setup is
presented in Fig. 3.2. ECDL1 is frequency stabilized by a frequency modulation lock
on the crossover signal between [45) /9, F' = 1) — [4P3)5, F' = 0,1,2). In order to in-
crease magnitude and stability of the error signal, the spectroscopy cell is heated and
temperature stabilized to 45.0°C. Laser light from ECDL1 seeds two slave lasers SL1
and SL2. Light from SL1 is frequency shifted by a double-pass acousto-optic modulator
(AOM) configuration and serves as the trapping light for the MOT. The frequency of
the light from SL2 is controlled by a four-pass AOM configuration and corresponds to
the transition for repumping light of the MOT. Both the light from SL1 and SL2 are
superimposed on a non-polarizing beamsplitter cube (50/50) and seeded into a TA chip
(Eagleyard, EYP-TPA-0765-01500-3006-CMT03), where the two frequencies are simul-
taneously amplified. Typical power for trapping light is 350 mW and for repumping light
up to 170 mW.

ECDL2 is used in a versatile manner. One application is the detection of “°K atoms
at high magnetic field strengths (cf. Sec. 3.7) and the other one is the generation of
a light field for diffraction of “°K atoms (cf. Ch. 4). Both operations require large
frequency detunings from the atomic resonance. On the one hand, the Zeeman effect at
high magnetic field strengths displaces the atomic energy states with respect to the zero
field case, and the transition frequency needs to be adjusted. On the other hand, for
diffraction experiments heating of atoms is considerably avoided by detuning from the
atomic resonance. For these purposes, ECDL2 is stabilized to ECDL1 through an offset
lock. The local oscillator signal for the offset lock is supplied by a computer controlled
signal generator (Rohde & Schwarz SML02), and the bandwidth is limited by the photo-
detector to 1.27 GHz. Either application of ECDL2 is controlled by the light diffraction
on an AOM, see Fig. 3.2. The beam of ECDL2 is frequency shifted by an AOM in
double pass configuration. The Bragg diffracted beam is superimposed on a polarizing
beamsplitter cube (PBC) with the usual imaging beams of “°K, cf. Fig. 3.2, and is used
as imaging light at high magnetic field strengths. The light propagates along the same
beam path line on the apparatus table as the light used for conventional imaging.

3.4.2 Bragg beam setup

In the following, the setup for the laser beams required for experiments involving Bragg
diffraction of “°K atoms is described in detail, see lower part of Fig. 3.2. This extension
of the beam lines were mainly carried out during the course of the work of (Mang, 2009).
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For Bragg diffraction of “°K, the related beams propagate a different beam path line as
compared to the situation, where the light of ECDL2 is used for high field imaging. The
beam of ECDL2 in this case is not Bragg diffracted in the above mentioned AOM (RF
input of AOM is off) and the zeroth order is coupled into a glass fiber for spatial mode
cleaning. After coupling out from the glass fiber, the light seeds a TA chip (m2k Laser,
TA770), which is situated on a separate optical breadboard (TA breadboard). The power
of the seeding beam is about 10 mW and is amplified in the TA chip to 110mW. The
beam waist is adjusted, and frequency shifted by a single pass through a 80 MHz AOM.
This AOM is controlled by the frequency output of a direct-digital-synthesis (DDS)-
board. An arbitrary waveform (AWG) can be supplied to the control input of a voltage
variable attenuator (VVA). This allows to form e.g. Gaussian light pulses in time domain
which are advantageous for Bragg scattering of atoms (cf. Sec. 4.2.2). The beam can
be attenuated by an adjustable neutral density filter wheel (adj. NDF). Afterwards, the
light is coupled into a second glass fiber. The beam is coupled out on the apparatus
table of the experiment. Here the beam is separated into two components by means
of polarization optics. Each part is frequency shifted by an individual AOM with a
frequency of +80 MHz. The beams are then directed into the glass chamber in a counter-
propagating configuration and superimposed in order to form a standing optical wave
for diffraction of atoms. By tuning the relative frequency of the two individual AOMs,
a lattice potential with net momentum is created at the position of the atoms. By
monitoring the Bragg diffracted “°K atoms, the recoil frequency of the atoms can be
determined. For the purpose of detecting a matter wave of *°K atoms (see Ch. 4),
light is backscattered from the atoms and is supposed of being detected by a sensitive
photomultiplier tube (PMT). The pinhole in front of the PMT only collects light which
originates from the atom cloud position in the glass cell, and is adjusted with a CCD
camera, labelled as CCD2 in Fig. 3.3 (Apogee AP1E). The beams are blue-detuned by
1.43 GHz in comparison to the MOT transition of 4°K. This suppresses spontaneous
photon scattering, and therefore losses and heating of the atoms.

3.5 Optical dipole trap

For the investigation of interspecies Feshbach resonances the mixture is loaded into a
far-off resonant optical dipole trap (ODT). As the trapping frequencies are independent
on the spin, any spin state can be confined optically. This is advantageous for the study
of interspecies interactions. Also for the measurements on cross-dimensional relaxation
(cf. Ch. 6), cloud aspect ratios are changed by varying the optical power of the ODT
in order to induce large energy anisotropies in the clouds. Especially an ODT allows
a versatile application of trap configurations with different trapping frequencies. For a
review article on optical traps, see (Grimm et al., 2000).

3.5.1 Principle

The interaction of an atom with a classical electric field is described in many textbooks
(e.g. Milonni and Eberly, 1988). The laser field E = E( cos(wpt) induces a dipole moment,
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3.5 Optical dipole trap

which oscillates with the same driving frequency wq as the electric field. The interaction
of the induced dipole moment with the external laser field E causes a dipole potential,
which is proportional to the laser intensity /(r) and depends on the frequency wy = 2mwc/A
of the laser field, the frequency of the atomic resonance w, and the spontaneous decay
rate I' of the excited state. In the limit of large detunings and negligible saturation, the
dipole potential Ugip(r) and the scattering rate I'sc(r) can be written as

Uiy (1) = 3“2( r T )I(r) (3.1)

2w8’ wop—w  wo+tw

3rc [(w)® T T 2
Lee(r) = —= | — I(r). 2
() 2hw} (w0> (wo —w * wo + w> (x) (3:2)

Depending on the sign of the detuning 6 = w — wy, the resulting potential is either
attractive (0 < 0) or repulsive (0 > 0). In the case of 6 < 0 (6 > 0), the potential
minima are found at positions with maximum (minimum) intensity. Large detunings are
favorable for the ODT as the scattering rate is inverse proportional to the square of the
detuning, and heating of the atoms is reduced.

In the experiments, a crossed beam ODT is used, where two beams intersect perpen-
dicularly in the center of the magnetic trap. The intensity is given by I(r) = If(r)+I(r),
where k # | = z,y, z denotes the propagation directions of the beams. For each spatial
direction there is an ODT beam available (cf. Fig. 3.3). This allows a very versatile trap
configuration for the experiments. Within the harmonic approximation

2,2

(wiz® + wng + w?2?) (3.3)

| m
Udip(r) = Uharm(r) = 5

and assuming red-detuned Gaussian laser beams
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the atoms can be confined in the ODT center (r = 0). Here wy; denotes the minimum 1/¢?
beam waist along the direction j, P = [ I(r)dz dy is the total power, and z, = wozwo,m/A
is the Rayleigh range. In a classical view, the resulting trapping frequencies w; are
the oscillation rates of the atom in the trap and can be calculated by performing a
taylor expansion of the Gaussian beam profile around the trap center to second order, cf.
Eq. (3.5). Possible interference of the superimposed beams is suppressed by imposing
a frequency difference between the two beams with AOMs such that the interference
modulation is much faster than usual trap oscillation periods.

Q
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Figure 3.3: Laser beam setup in the vicinity of the glass cell. Optical dipole trap beams
(ODT, in green), imaging beams (red), and Bragg beams (blue) are presented. The focal
length of the trap lenses are given in mm. Imaging beams and ODT beams are overlapped
with dichroic mirrors (DM) with different diameters in inch. The ODT beams are aligned
with the help of motorized (mot.) mirror mounts. The ODT power is measured with
photodiodes (PD) and stabilized with a feedback circuit. The ODT beams are blocked
with beam dumps. The possibility of imaging from four individual directions is realized
and the absorption imaging pattern of the cloud is detected with CCD cameras. The
CCD cameras also allow to accurately align the Bragg beams.

3.5.2 Technical realization

A detailed description of the ODT setup is presented in (Wieser, 2006). In this chapter,
we describe important issues and extensions, which are relevant during the course of this
work.

The ODT is realized by two perpendicular laser beams with the two foci coinciding
at the center of the magnetic trap. The first beam points along the horizontal, x di-
rection in Fig. 3.3, whereas the second beam propagates along the vertical axis, which
is denoted as z direction. This vertical-horizontal configuration is advantageous as the
vertical beam (ODT2) has a minor influence on the trapping frequency along z (vertical
direction). Therefore, lowering the power of the horizontal beam allows to decrease the
trapping depth along z. This leads to a favorable rate of evaporative cooling since higher
atomic densities can be achieved in a horizontal-vertical configuration as compared to
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3.5 Optical dipole trap

a horizontal-horizontal configuration. In the setup there is the possibility to use two
different horizontal beams, either along x or y (ODT1 or ODT3), see Fig. 3.3.

The laser source for the ODT is a single-mode, single-frequency ytterbium fiber laser
(IPG photonics YLR-20-LP-SF) with a maximum output power of 20W and a laser
wavelength of 1064 nm. The output beam is split into two independent paths. A fre-
quency difference of on total 220 MHz is imposed between the two beams by shifting
the frequencies with independent AOMs. The two beams are coupled into optical fibers
for cleaning of the spatial profile and to obtain pointing stability of the beams forming
the trap. After out-coupling from the fiber, the waists, polarizations, and powers of
the beams are adjusted. The powers of the beams are controlled by PI (Proportional-
Integrator)-feedback loops. Part of the beam is detected with a photodiode (PD), whose
output signal is compared and stabilized with a set-point electronically, and the error
signal is used as a control signal for a voltage controlled oscillator (VCO) used in the
AOM controller box. It is possible to run arbitrary waveforms for the power level. The
details of the electronic circuit are explained in (Wieser, 2006).

For the purpose of future lattice experiments, a new electronic design for the power
stabilization feedback control has been designed, but not implemented at the moment due
to relocation of the entire laboratory. Fast feedback is required for lattice experiments,
since small power fluctuations would destruct the potential wells of the lattice and heat
the atoms. The central component of the new circuit is a fast gain controlled RF amplifier
(60 dB gain voltage range) and its output is amplified and fed into the AOMs directly.
In this way, the present VCO in the AOM controller box used so far would be avoided,
which limits the bandwidth at the moment. Also, the influence of high power RF and
MW signals, which are present during the experimental sequence, is reduced and the
noise performance of the electronic circuit is improved due to the surface-mount design.

For stability reasons all optical components for the ODT are installed on a common
optical breadboard, which is mounted vertically on the apparatus table. The beam height
on the breadboard of only 54 mm, offers a small leaver arm of mounted optical compo-
nents and mechanical vibrations are therefore reduced. The interference between a beam
propagating in forward direction and a retroreflected component allows to analyze the
mechanical stability of the entire ODT setup with the help of a Michelson interferome-
ter. The noise arising from mechanical vibrations is better than A/20. This offers good
starting conditions for future lattice experiments.

The ODT beams are superimposed with the imaging beams by dichroic mirrors (DM).
The separation of imaging and ODT beams after propagation through the glass cell is
realized again with dichroic mirrors with a three inch diameter. A large diameter of
these components close to the glass cell offers a high numerical aperture necessary for
high-resolution absorption imaging.

3.5.3 Alignment of beams

One of the concerns is to adiabatically transfer from the magnetic trap into the ODT
without heating the atoms. Misalignment of the ODT beams is critical to heating. We
follow the strategy to align the beams in such a way that the center of the cloud in the
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Figure 3.4: Determination of trapping frequencies. Fig. (a) shows two examples for a
damped dipole oscillation of a K cloud, which is excited by a Stern-Gerlach force in the
trap. The power of the optical dipole trap for the measurement (inset) is Popr; = 1.41 W
and Popre = 0.93W (Popr1 = 0.38 W and Popre = 1.02W). Fig. (b) shows an example
where a trapped 3"Rb cloud is parametrically heated when the power is modulated with
twice the trapping frequency. Two maxima of the cloud waists are detected corresponding
to two trapping frequencies along different directions.

magnetic trap coincides with the center of the transferred cloud in a single ODT beam. If
no displacement of the cloud occurs during the transfer, undesirable heating is minimized.
The vertical and horizontal ODT beams are subsequently aligned by comparing the
positions of the intratrap clouds. The position of the cloud in the single beam ODT
is shifted by means of motorized (mot.) mirror mounts (Newfocus, Model 8807). In
the case of the vertical beam alignment, the intratrap cloud position is determined in a
hybrid magnetic and optical trap (only ODT2). The purpose of the magnetic trap is to
compensate the influence of gravitation on the cloud.

3.5.4 Characterization of trap

For a precise knowledge of the atom densities in the ODT, the beam waists, power,
and trapping frequencies are determined. The waists are obtained by imaging the ODT
beam directly with the CCD camera. At the position of the atoms in the glass cell,
the ODT beams are focused to 1/62 waists of wopT1 = 55 um, wopTe = 49 pm, and
wopTs = 43 um. The power of the beam at the position of the atoms in the glass
cell is estimated by measuring the power directly before and after the glass cell with
a power meter. For the determination of the trapping frequencies we follow different
strategies. The first method is to apply a pulsed magnetic field gradient to the trapped
atoms and thus displace them from the trap center. The trap frequencies are then
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obtained by observing the spatial oscillations. This method is preferentially applied for
the determination of the trapping frequency along the vertical (z-) direction and the
oscillation in z-direction is damped according to

Az(t) = A-e 7. cos(w,t + ¢) + const. (3.6)

In order to avoid that the excitation displaces the cloud too far such that the harmonic
approximation would then be invalid (cf. Eq. (3.3)), the duration and amplitude of the
magnetic field gradient is carefully chosen. In Fig. 3.4 (a), two examples for a damped
dipole oscillation of “°K are shown. The inset of Fig. 3.4 (a) shows an example with lower
ODT power. For the data (inset) the trapping frequency v, = w,/(27) = 539(2) Hz
(v; = 261(3) Hz) is obtained from a fit. Another method for measuring the trapping
frequency is to parametrically heat the atoms by modulating the power of the beams,
see Fig. 3.4 (b). The resonances occur at twice the trapping frequencies. Two resonances
are found from the data where a thermal 8"Rb cloud is parametrically heated, and the
corresponding trapping frequencies are v, = 541(5)Hz and v, = 387(2)Hz. In order
to obtain accurately and consistently the information about the trap potential, various
trapping frequencies are determined with both methods, different power levels of the
ODT, and different atomic species.

3.6 Feshbach magnetic fields

A major part of this work is the investigation of interspecies Feshbach resonances in a
mixture of °Li and “°K. Those resonances are narrow and closed-channel dominated
(Wille et al., 2008), cf. Tab. 2.1, and therefore a precise magnetic field control is a
prerequisite for the experimental studies. In the following, the setup for the Feshbach
magnetic field is introduced.

3.6.1 Feshbach coils and current control

The setup for the Feshbach magnetic field is also described in detail in (Voigt, 2009). An
image of the magnetic field coils and glass chamber is shown in Fig. 3.5. The Feshbach
coils are designed for satisfying mechanical stability and for allowing fast field modulation.
A low inductivity allows a fast modulation of the field strengths. The coils are made of
a hollow copper wire with the outer dimensions of 4 x 4mm? and an inner diameter
of 2.5 mm (Wolverine Tube Europe BV). For cooling purposes of the coils, water flows
through the wire. The electrical insulation of the wire is a fiberglass covering (S & W
Wire Co.). The magnetic field strength scales with current as 1.9 G/A. The coils support
a maximum current of 1000 A corresponding to a maximum field of about 1800 G.

The magnetic field generated in the Feshbach coils is sensed by a current transducer
(Danfysik Ultrastab 867-10001 HF). The output current of this transducer is converted
to a voltage by shunt resistors and is compared to a voltage set-point from the computer
control. The set-point is controlled by a high-resolution 18 bit digital-to-analog converter
(DAC) (Analog Devices, AD760). The error signal between set-point and the current
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Figure 3.5: Magnetic field coils and glass chamber. Water supply tubes (blue) are con-
nected to the coils for cooling purposes. The quadrupole-Ioffe-configuration (QUIC) trap
is generated by a pair of quadrupole coils in anti-Helmholtz configuration and an loffe
coil that produces a magnetic curvature and a finite magnetic field offset. The Feshbach
coils are placed close to the glass cell.

transducer voltage drop on the shunt resistors is fed back as a control voltage to a
MOSFET (IXYS, IXFN 230N10), and hence is located in the branch of a current by-
pass. The MOSFET controls in a fast way the current flow through the Feshbach coils.
The average value of the by-pass current is stabilized at 10 A by a PI control. The current
is converted to a voltage by a 20 m{2 shunt resistor and compared with a set-voltage for
the high current power supply. This PI feedback acts slowly on the power supply and
therefore on the current flow through the Feshbach coils. The two-fold feedback loops
allow to minimize the power dissipation of the power supply without changing the control
parameters.

The whole electronic circuit is temperature stabilized to better than 0.1°C. A typical
waveform of the Feshbach magnetic field strength (purple) is displayed in Fig. 3.6 with
the corresponding MOSFET control voltage (green) and the 20 m$2 shunt resistor voltage
drop (yellow). The current flow through the Feshbach coils is measured with a high-
bandwidth current clamp. One can see how the current in the by-pass drops as the
current flow through the Feshbach coils is increased. The drop in the current by-pass is
compensated then by the slow feedback on the power supply. Oscillations of the slow
regulation (yellow) are damped and stabilized by the fast feedback in the by-pass. At the
end of the waveform the current through the Feshbach coils is switched off by insulated-
gate bipolar transistors (IGBT) (Semikron, SKM 800GA 126D). Two IGBT are located
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Figure 3.6: Current and voltage control are presented for an exemplary waveform of the
Feshbach magnetic field strength (in purple), which is measured with a current clamp.
As a reference, two approximative magnetic field values for the two plateaus are given in
Gauss. In green the gate voltage of the MOSFET located in the current by-pass branch
is illustrated, and in yellow the voltage drop on the 20 m{2 shunt resistor is displayed.

in the circuit in parallel and switch off both the current flow through the Feshbach coils
and the by-pass (IGBT all). Those IGBT together with additional high current relays
separate the circuit from auxiliary fields from the QUIC trap loading procedure. Another
two IGBT are in series with the Feshbach coils (IGBT coil) and affect only these coils.

3.6.2 Stability and ambient magnetic fields

The stability of the Feshbach magnetic fields and the negligible influence of ambient mag-
netic fields are a prerequisite for efficient molecule production at Feshbach resonances. In
the case of the SLi-*°K mixture, the Feshbach resonances are narrow and special attention
needs to be addressed to this aspect. Also, unstable fields and high frequency fluctuations
would broaden signals obtained from magnetic field dependent measurements. Therefore
the stabilized fields and possible ambient fields are tested in various ways.

Ambient fields cause usually slow fluctuations on the order of < 50 Hz. Especially
electronic devices influence the magnetic fields in the laboratory in the 50 Hz regime,
which can be resolved by a three-axis magneto-resistive sensor (Honeywell, HMC 1053).
When all power supplies close to the UHV chamber are switched on, the 50 Hz noise gives
a peak-to-peak value of 3.3 mG, whereas for the case when the devices are turned off the
noise in this band yields a peak-to-peak signal of 2.2mG. To minimize this influence
from electronic devices, the experimental cycle can be synchronized to the phase of the
ambient 50 Hz signal.

Other slow fluctuations arise from the nearby passing subway with a time-scale of 20
s and amplitude of 10 mG. Since this noise source is believed to have the largest contri-
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3. Experimental apparatus

bution, an active feedback stabilization is designed for this purpose, but not implemented
at the moment.

Fast fluctuations can potentially only arise from the Feshbach current stabilization
circuit itself. With a current clamp noise can be measured up to kHz frequencies. Higher
frequencies are challenging to measure. We use a second current transducer (Danfysik
Ultrastab 867-2001) with a specified bandwidth of up to 100 kHz in series to the Feshbach
coils. The output current is converted to a voltage with a shunt resistor and monitored
with a true rms multimeter (Keithley, model 2700). The analysis shows that the high
frequency components of magnetic field noise are not significant.

By constantly performing measurements at some hundreds of Gauss, the environment
around the glass chamber and Feshbach coils is magnetized and evolves to a steady-
state and the reproducibility is therefore increased. Repeatedly performed magnetic field
calibrations, as described in the following section, show that an overall magnetic field
uncertainty of only 7mG over several months can be deduced arising mainly from long-
term drifts. The calibrations refer to measurements during the night, when no subways
operate.

3.6.3 Magnetic field calibration

For calibration of the Feshbach magnetic field we drive a radiofrequency (RF) transition
between different Zeeman states within the same hyperfine manifold. The magnetic field
strength can be inferred from the magnetic field dependence of the transition frequency
as described by the Breit-Rabi formula (Breit and Rabi, 1931; Eisinger et al., 1952).
The calibration is performed by means of Zeeman transitions in fermionic %K, cf.
App. D.1. Using fermionic atoms is beneficial, since the clock shift is absent for
transitions at ultracold temperatures due to Pauli exclusion principle (Gupta et al.,
2003). Some preliminary measurements are done at a slightly broader Feshbach res-
onance at 115G (Tiecke et al,, 2010a). This resonance involves the Zeeman states
|F =9/2,mp = 9/2) of %K and |1/2,1/2) of 5Li which offer strong optical transition
strengths for imaging at high magnetic field since both states are maximally stretched
Zeeman states (Tiecke et al., 2010a). For calibration, we use the Zeeman transition
19/2,9/2) to |9/2,7/2). The magnetic field sensitivity of this transition is 311kHz/G at
0G and 501 kHz/G at 115 G. Fig. 3.7 (a) presents a typical magnetic field calibration at
114.298 G. The RF pulse duration of 280 us is optimized to satisfy a w-pulse condition.
Most measurements within this thesis are done at the Feshbach resonance close to
155 G between the Zeeman states [9/2, —5/2) of “°K and |1/2,1/2) of 5Li. As calibration
transition, we use °K|[9/2, —9/2) to |9/2, —7/2), which offers a magnetic field sensitivity
of 181 kHz/G at 155 G. For the present m-pulse transition the duration is optimized to
be 360 us. In Fig. 3.7 (b), a sequence of magnetic field calibrations is shown for three
different set points. For the calibration, the atoms in the initial Zeeman state [9/2, —9/2)
and the transferred atoms in the state |9/2,—7/2) are imaged within one experimental
sequence at high magnetic field. For the individual scans at different magnetic field
strengths, the fit uncertainty of the obtained RF spectra is typically only 0.3 mG and
the full width at half maximum is 8.8 mG. Since the full width at half maximum of the
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Figure 3.7: Magnetic field calibrations using radiofrequency induced energy transitions
between different Zeeman states of “°K at high magnetic field strengths. Fig. (a) shows
the atomic number of the initial Zeeman state 'K |F = 9/2,mp = 9/2) close to a
magnetic field strength of 114 G. The atomic number decreases when the resonance
condition for a transfer to |F' = 9/2,mp = 7/2) is satisfied. Fig. (b) presents the
relation between the voltage set-point of the stabilization control and the magnetic field
from a series of calibrations at different magnetic fields around 155 G.

spectrum shows consistency with the expectation from the fourier width of the applied
RF 7w-pulse, the calibration is not limited by magnetic field inhomogeneities or power
broadening due to interaction of the atoms with the RF field. Repeatedly performed
magnetic field calibrations result in an overall magnetic field uncertainty of only 7mG,
which are mainly due to long-term drifts. The magnetic field range in Fig. 3.7 (b) spans
typical values occurring in the experiments. The magnetic field stabilization circuit
exhibits an excellent linear behavior between set point and magnetic field strength.

3.7 Detection of atoms at high magnetic field

3.7.1 Absorption imaging

As shown in Fig. 3.3, there is the possibility to image the atomic clouds from four different
directions. For avoiding stray light from the powerful ODT beam on the CCD camera,
the imaging direction for experiments with the ODT is chosen to be y (side transverse
imaging CCD1), since along this axis no infrared ODT beam propagates in direction to
the CCD camera, which would otherwise lead to a worse imaging quality. We usually
employ the ODT configuration composed of the ODT1 and ODT2 laser beams. But this
choice has a drawback. Since the Feshbach field is oriented along x, and therefore it is not
parallel to the propagation direction of the imaging beam, an effective transition strength
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Figure 3.8: Stern-Gerlach setup. In (a) the electronic circuit for the application of short
magnetic field gradient pulses is presented. Amplitude and duration of the pulse is
adjusted by the number of batteries connected and the switching time of the MOSFET,
respectively. As an example in (b), a magnetic field gradient pulse is shown with a
duration of 570 us, which is measured with a current clamp.

needs to be taken into consideration. The polarization of the imaging light is linearly
polarized along the z direction. Linear polarized light can be expressed by a summation
of a right- and left-handed circular wave with equal amplitudes. Effectively, the optical
power of the light field that drives the transition is reduced by a factor of four with
this choice. From the discussion presented in App. D we calculate the relative transition
strength. We apply high-field imaging for the detection of °K atoms in the Zeeman state
|F =9/2,mp = —5/2) and of 5Li atoms in the state |F = 1/2,mpr = 1/2) at 155G. The
optical transition strengths for various hyperfine states of “°K and °Li in dependence
of the magnetic field are shown in Fig. D.2. For the chosen imaging frequencies, only
the optical o~ transitions |m; = —1/2,m; = 1) — |m/, = —=3/2,m} = 1) for °Li and
Imy = —1/2,m; = —2) — |m/; = =3/2,m; = —2) for 19K are addressable at 155 G. The
transition for °Li at 155G is in good approximation a cycling transition. That means
that, after photon absorption and during imaging, the excited atomic state is almost
exclusively coupled to the original imaging state. Only about 4 % of the atoms couple
to a different state, and would be lost for further photon absorption. The situation for
40K is slightly different since the imaging state is not the energetically lowest state at
155 G, the high-field limit at 155 G is not completely satisfied, and more loss channels are
therefore available. About 11 % of the atoms couple to different states. Experimentally
the atomic number imaged at high magnetic field is a factor of 4(1) for °K and of 1.3(2)
for SLi lower as compared to the atomic number imaged at low magnetic field. The
given uncertainties rely on shot-to-shot particle number fluctuations. The strength of
the above given transition for 'K at 155G is comparably strong, but the fact that the
imaged atomic state does not cycle efficiently explains primarily the lower contrast of the
absorption imaging signal as compared to °Li for same imaging polarization, see e.g. in
Fig. 5.5 (a).
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3.7 Detection of atoms at high magnetic field

3.7.2 Stern-Gerlach setup

As a last aspect, the setup is presented, which allows to generate strong magnetic field
gradients. These are used e.g. to separate heteronuclear Li-4K molecules from unbound
atoms as presented in Sec. 5.3.3 or to check the state purity of atomic ensembles.

Strong gradients are created with the help of a powerful high voltage supply, see
Fig. 3.8 (a). Four car batteries are connected in series which supply up to 48 V, thereby
avoiding to introduce undesired ground connections to the setup. The amplitude of the
Stern-Gerlach pulse can be adjusted by the number of batteries connected. The batteries
charge a power capacitor with 99 uF. By switching a MOSFET the capacitor is rapidly
discharged and a short current pulse through a coil occurs leading to a magnetic field
gradient for the atoms. Different coils can be used such as the compensation coil or an
asymmetric pair of the quadrupole coils depending on the application. In Fig. 3.8 (b)
a typical magnetic field gradient pulse with approximately 570 us duration is presented.
The pulse duration is usually adjusted with the switching time of the MOSFET.
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Chapter 4

Diffraction of fermions from light
gratings

In this chapter, experimental results on Bragg and Kapitza-Dirac scattering of a quantum-
degenerate fermionic cloud of “°K atoms are presented. After a brief introduction in Sec.
4.1.1, the two associated regimes for atom-light interaction are discussed in Sec. 4.1.2
and 4.1.3. The experimental characterization of the pulses and results are given in Sec.
4.2.2 and 4.2.3.

4.1 Diffraction of atoms from a standing wave

In the following, two formalisms for the description of atomic scattering from light grat-
ings will be introduced. On the one hand, it can be useful to illustrate the occupied
atomic momentum states in Bloch bands in reciprocal space (Bloch, 1928). On the other
hand, the quantum-mechanical description of a two-level system interacting coherently
with a light field (Shirley, 1965; Cohen—Tannoudji and Reynaud, 1977) allows to derive
the temporal evolution of the occupation probability of the involved momentum states
in the scattering process.

4.1.1 Atom-light interaction

The interaction of a two-level system with a light field can be described with an effective
complex optical potential of the form (Dalibard and Cohen—Tannoudji, 1985; Oberthaler
et al., 1996)

hw? I(z,y)

%pt(:”’y):5+ir/2°(25+ir‘ (4.1)

Within the electric dipole approximation, the single-photon Rabi frequency is defined
as wr = pEy/h, where Ej is the amplitude of the electric field generated by the light
and p = (eler|g)é is the projection of the electric dipole matrix element connecting the
ground |g) and excited state |e) along the polarization direction é of the electric field.
' is the atomic decay rate, and I(x,y) is the light intensity. The imaginary part of the
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Figure 4.1: Dispersion of the atomic momentum states in the periodic potential of the
light grating. The atomic parameters of “°K are inserted and for the Bragg beams a

waist of wg = 1 mm, a power of P = 0.1 mW, and a detuning from the atomic resonance
of § = 271.43 GHz is considered.

potential arises from spontaneous scattering processes, whereas the real part originates
from the ac Stark shift, which is usually exploited to generate optical potentials for atoms
(cf. Sec. 3.5.1). If the detuning § of the light frequency from the atomic resonance is
large (0 > TI'), it is possible to generate a nearly real potential. The spatial shape of the
potential is determined by the light intensity pattern I(z,y). A periodic potential can
be created by two interfering light beams with wavevectors k; and ks, which form an
optical lattice with reciprocal lattice vector G = k1 — ko.

The dispersion of the momentum states in the periodic potential of the light grating
of the form

Vo

V(z) = Vycos? (G/22) = % cos (Gz) + 5 (4.2)

can be derived by using Bloch’s theorem (Bloch, 1928). This theorem states that the
solutions for the atomic wave functions in the periodic potential can be expressed as
a product of a plain wave e*** and a function with translational symmetry Un k(2 +
d) = unk(2). The lattice constant d = /2 is related to the wavelength of the light
and the reciprocal lattice vector is G = 27/d = 2k. In Fig. 4.1, the dispersion of the
atomic momentum states in the periodic potential of the light grating is shown for usual
parameters occurring in the experiment. As in typical experimental situations the atoms
are nearly at rest, transfer of momentum from the light field to the atoms is associated
here with a transfer of atomic momentum states in the lowest Bloch band to energetically
higher bands by conserving energy and momentum. Two regimes for momentum transfer
are considered in the following, Bragg and Kapitza-Dirac diffraction. For the description
of momentum occupation probabilities in either regime, the model of dressed atomic
states in the light field can be applied.
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4. Diffraction of fermions from light gratings
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Figure 4.2: Principle of Bragg diffraction. In Fig. (a), first (blue) and second (green)
order Bragg scattering of atoms with initial non-zero momentum is shown by a standing
wave with zero detuning. Fig. (b) shows a first order Bragg scattering process with initial
atoms at rest and laser beams detuned by w; — ws = 4 Wyec.-

4.1.2 Principle of Bragg scattering

For long interaction times, the entire propagation through the light grating needs to be
considered. If the interaction time is long, but the strength of the optical potential is
weak one enters the Bragg diffraction regime. The diffraction occurs only for specific
Bragg angles 65 which satisfy the Bragg condition NgAgg = Asin (6p). The de Broglie
wavelength of the atoms Agp is given in Eq. (2.5), A is the wavelength of the light
field, and Np is an integer number which describes the order of the diffraction process.
This condition is velocity selective for atoms and Bragg diffraction can be used for the
characterization of velocity distributions in atomic systems. Bragg scattering is the
simplest case of coherent momentum transfer from a light field to atoms. Consider a two-
level atom with momentum states as a set of basis vectors in a standing wave light grating
formed by two counter-propagating plane waves with equal frequency. The momentum is
a good quantum number for describing the system, only if the interaction time 7 between
the atom and light field is significantly smaller than the mean oscillation period in the
confining trap of the atoms. An atom with a mass m and momentum Nghk possesses
the kinetic energy Eiin = (Nphk)?/(2m). The dispersion FEiy,(k) follows a parabola,
cf. Fig. 4.2. Momentum is transferred by paired stimulated absorption and emission
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4.1 Diffraction of atoms from a standing wave

processes, resulting in a transfer of photons from one beam to the other. If the two beams
counter-propagate, a Np-th order Bragg process describes the transfer of Np photons
from one traveling beam to the other and alters the momentum of the atom by 2Npgh k.
The atomic population is transferred only between |g, —Nphk) and |g, + Nghk), where
lg(e), £Nphk) denotes a two-level atom in its ground (excited) state with momentum
+Nphk parallel to the standing wave axis, see Fig. 4.2 (a). As a consequence, for equal
frequency of the laser beams, only momentum states with the same energy can couple.
We consider the case when a short pulse of the light field is applied while the atoms are
not moving. In this case the Bragg angle can be varied by using a frequency detuning
for the counter-propagating waves resulting in a moving optical potential. Hence the
Bragg condition is represented by a resonance condition for the detuning as explained
in the following. If the atoms are stationary and a moving standing wave is formed by
frequency shifting the two counter-propagating beams, the momentum state |g,0) of the
atoms can only couple to the energetically higher non-zero momentum states |g, 2Ngh k),
see Fig. 4.2 (b). The resonance condition for this process satisfies
p’2 p2 B 2N%h2k2

Efin — Bin = 2— -
kin k 2m  2m m

: (4.3)

where Ef. = p2/(2m) (Exin = p>/(2m)) corresponds to the kinetic energy of the atoms
after (before) interacting with the light field. The frequency detuning dy, between the
two propagating beams is given by

Bl — Exin  2Nphk?

(SNB = hNp = m = 4Npwrec, (44)

where wye. denotes the recoil frequency of the absorption process of a photon and is
defined by
h2k?
Eiee =h = —. 4.5
rec Wrec o ( )
The momentum of the atoms after the scattering process is 2Nghk.
For moving atoms with initial momentum p; along the propagation direction of the

beams, the resonance condition from Eq. (4.3) is altered by an additional term

, p? p’> 2N3R’k®  2Nphk-p;
Bian =B = o0 = o = —

(4.6)

This shows that the method of Bragg scattering can be used in a velocity selective way.

In the ideal situation, only one final momentum state can be occupied. This is
ensured for long interaction times 7 between the light field and the atoms. The energy
uncertainty AE ~ h/7 is small and only one momentum state is accessible. In other
words, the Fourier width of the light pulse needs to be smaller than the separation of
adjacent discrete momentum states

T >

(4.7)

Wrec
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4. Diffraction of fermions from light gratings

As shown in (Martin et al., 1988; Giltner et al., 1995) within a quantum-mechanical de-
scription, the time evolution for the atomic population in the momentum state |g, + Nghk)
for Bragg scattering between the states |g, —Nphk) and |g, + Nphk) is given by

o\2NB)
Py, = sin? (®) = sin? ( RQ T> : (4.8)

where @ is the pulse area. The 2Npg-photon Rabi frequency for a Gaussian light pulse
can be expressed by (Giltner et al., 1995)

LeNs) _ _(@rawra)™ /7] (2Np)
R 924Np—3 [(NB _ 1)|]2 6NBW1{Z;7CB_1’

(4.9)

where 6 = w — wp > wrec describes the difference between the frequency of the light
field w and the unperturbed frequency of the atomic transition wgy. In the case of two
counter-propagating laser beams with intensities I; and I, the Rabi frequency for first
and second order Bragg diffraction is then

2
(2) _ WRIWR2 [T @ _ (Wriwr2)” |7 410
YR 2 \fz “R T 30520, V4 (4.10)

respectively, according to Eq. (4.9). The single-photon Rabi frequency of the transition
with the decay rate I', which is driven by a light field with intensity I;, can be calculated
with (Metcalf and van der Straten, 1999)

I;

R
WR,i 2Isat ;

(4.11)

where I, = 7 hel'/(3)\3) is the saturation intensity. In the case of very long interaction
times 7, the spontaneous scattering rate increases and represents a limiting factor for the
observation of Rabi oscillations as predicted in Eq. (4.8).

4.1.3 Principle of Kapitza-Dirac scattering

For short interaction times, the extent of the light grating has no influence on the final
direction of the diffraction orders. In this case, in the so-called Kapitza-Dirac diffraction
limit, it can be shown that an atomic population interacting with a short pulsed standing
wave results in a symmetric distribution of atomic momentum populations into each pair
of diffraction orders of opposite sign (+/N, N integer number). In the case of Kapitza-
Dirac scattering, many adjacent momentum states can be occupied since the Fourier
width of the pulse is broader as compared to the separation of adjacent momentum
states

1 1
T L = = 19 us, (4.12)
Wrec 2T Vrec
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where the parameters of YK have been invoked. The occupation probability for states
with momentum 2Nk in dependence of the interaction time 7 for the case of Kapitza-
Dirac scattering is described by (Gould et al., 1986; Ovchinnikov et al., 1999)

Py = T3 (@) = i (FR 227,

26

where ® is the pulse area and J,(«) are Bessel functions of first kind. Appreciable
momentum transfer can be observed with large light intensities. But, as already discussed
for Bragg scattering, a large number of spontaneous scattering events per atom should
be avoided for efficient Kapitza-Dirac scattering as well.

(4.13)

4.2 Experimental results

4.2.1 Influence of finite temperature of atomic cloud

For efficient Bragg scattering of atoms, a bright source of atoms is required. This means
that the momentum spread of the atoms should be small, so that the Bragg resonance
condition is satisfied for the majority of atoms. The resonance condition for Bragg scat-
tering depends on the momentum of the atom p; as seen from Eq. (4.6). For maximum

(2)

atomic population in the Bragg scattered first order, the 7-phase condition wp’t = 7
needs to be satisfied according to Eq. (4.8), where wg) is the two-photon Rabi frequency
and 7 is the pulse duration. This m-pulse condition depends on the initial momentum
p; of the atoms, cf. also Eq. (4.6), and for a given pulse duration 7 the different ve-
locity classes in the cloud would therefore be transferred with different two-photon Rabi
frequencies. For a non-zero temperature cloud the transfer efficiency of momentum de-
creases with increasing temperature, since the momentum distribution becomes broader
and only a small part of the atoms satisfies the Bragg condition for a given detuning.
As a consequence, the temperature of the cloud should be minimized for the sake of
momentum transfer efficiency. For the special case of a fermionic cloud as considered
within the present work, the Fermi energy Er should be lowered to acquire a sharp mo-
mentum distribution. The majority of the atoms possesses a momentum of p; ~ hkp in
the case of a fermionic cloud. The curvature of the Bloch bands of the dispersion relation
Eyin (k) determines how critical the resonance condition needs to be satisfied. The larger
the curvature of the Bloch bands is, the stronger the resonance condition varies with
momentum, what determines a limit for the allowed momentum spread of the atoms.
In the following, experimental results with fermionic 4°K released from our QUIC
trap are presented. For efficient Bragg scattering, the QUIC trap frequencies are lowered
as much as possible without loss of atoms. The mean trapping frequency is lowered from
U = (varyr.)'/3 = 117Hz to 7 = 83 Hz resulting in a temperature of T, = 80(30) nK
along the cloud axis, which is collinear with the Bragg beams. The 4°K cloud is not
fully thermalized after the reduction of the trapping frequencies. Just before the ramp,
remnant 3'Rb atoms from the RF evaporation process are removed by a resonant optical
pulse, and within the detection limit of the imaging system a “°K cloud with typically
5 x 10* atoms in the pure state |F = 9/2,mp = 9/2) is existent in the trap with a
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Figure 4.3: First order Bragg scattering as a function of relative detuning of laser beams.
The frequency of Bragg AOM 1 is fixed at 80 MHz, while the frequency of Bragg AOM
2 is varied. For the nomenclature of the corresponding AOMs see Fig. 3.2. The graph
shows the fraction of atoms scattered into the 4+1st, —1 st, and remaining fraction other
than the +1 st and —1 st order.

degeneracy parameter of T/Ty =~ 0.5. This results in the first experimental realization
of highly efficient Bragg scattering with fermionic clouds.

4.2.2 Bragg scattering

In this section, the experimental results on Bragg scattering of first and second order
are shown. After release of the “°K cloud from the magnetic trap, the Bragg beams are
applied after a time-of-flight of 6.2 ms. Due to reasons of maximum efficiency, the Bragg
pulses have a Gaussian profile in time domain with a 1/e? width of 10 us in order to
avoid off-resonant excitation. Absorption imaging occurs 4.0 ms after the Bragg pulses,
see Fig. 4.8, such that the diffracted orders separate and the atomic number in the
respective orders can be determined. The relative frequency of the two Bragg beams
is varied with the help of a DDS controller for the AOM, see Fig. 3.2. Bragg AOM 1
and 3 are kept at a constant diffraction frequency of 80 MHz, whereas Bragg AOM 2 is
varied with a frequency step size of 10 kHz. For first order Bragg scattering of an atomic
10K cloud at rest, the detuning is expected to be §1/(27) = 4 - wrec/(27) = 33.9kHz.

67



4.2 Experimental results

1 1 1 1 1 1 1

1.0} -
g 0.8 !
E . - —
g A
e 06 =+2 nd order
o i = other orders
o 04} = -2 nd order
©
3 A
N o2} ]
®
E =
o 00} -
z | ) _

-0.2 Ly -

.-100. -50 0 50 . 100 . 150 . 200 .
Detuning &, / (2m) (kHz)

Figure 4.4: Second order Bragg scattering as a function of relative detuning of laser
beams. The frequency of Bragg AOM 1 is fixed at 80 MHz, while the frequency of Bragg
AOM 2 is varied. For the nomenclature of the corresponding AOMs see Fig. 3.2. The
graph shows the fraction of atoms scattered into the +2nd, —2 nd, and remaining fraction
other than the +2nd and —2nd order.

The frequency spectra for the +1st and —1st order of Bragg scattering are shown in
Fig. 4.3. The data shows normalized atomic numbers, where the individual number of
atoms in the +1st, —1st order, and remaining orders other than the 4+1st and —1st
are normalized by the sum of atom numbers occurring in all available diffraction orders.
This method allows to reduce the influence of shot-to-shot atomic number fluctuations, as
the measurement relies on the determination of relative atomic numbers. The optimum
pulse area for maximum momentum transfer at resonance is found by varying the optical
pulse power. This is realized with an additional external voltage variable attenuator
(VVA) at Bragg AOM 3, see Fig. 3.2, which controls the overall power of the Gaussian
light field pulse. Using simple Gaussian fits for the spectra, the difference between the
maxima of +1st and —1st order is determined to be 72.2(8) kHz and deviates only by
6 % from the theoretical value of 8 e = 67.8kHz. The two spectra for the +1st and
—1st Bragg diffracted orders are not, as expected, centered around zero detuning, but
are shifted. The reason for this shift is still under investigation. But an additional term
in the potential from Eq. (4.2), which is proportional to the absolute value of the spatial
coordinate  z, could lead to a tilt of the Bloch bands (Fig. 4.1) around p = 0, and hence
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4. Diffraction of fermions from light gratings

to an asymmetry of the resonance conditions for opposite Bragg diffraction orders. This
might be fulfilled e.g. with magnetic field gradients, which are present during the release
from the magnetic trap. Prospective measurements in an optical dipole trap may clarify
the existing situation.

If a higher detuning between the beams is applied, higher momentum states can be
occupied. The result for 2nd order Bragg diffraction is shown in Fig. 4.4. The Bragg
pulses are applied after a time-of-flight of 6.0ms. The frequency difference between the
maximum transfer of the momentum states | 4+ 4hk) and | — 4hk) is 137.4(8) kHz. The
value from theory 16 vyec = 135.8kHz only deviates by 1%. A summary of the results
for 1st and 2nd order Bragg diffraction is shown in Tab. 4.1. The center frequency
of the 2nd order Bragg peaks is close to the center frequency of the 1st order Bragg
peaks. The 1/e? widths (in units of 27) of the Bragg peaks for the different diffraction
orders are summarized in Tab. 4.1. The widths of the diffraction peaks are obtained
by a convolution of several contributions. First, as already discussed above, the finite
temperature of the cloud leads to a finite width of the momentum population. Different
velocity classes satisfy the Bragg condition with different two-photon Rabi frequencies,
what leads to a Doppler-broadening of the spectrum. A second contribution arises from
the finite Fourier width of the light field, which is here about 5kHz for the given pulse
duration and the Gaussian profile (Papp, 2007). In addition, the curvatures of the Bloch
bands of the involved momentum states influence the efficiency of the scattering process,
and hence the width of the Bragg peaks.

Once the optimum detuning is found for efficient momentum transfer to 1 st and 2nd
order, the pulse area ® = ngB )7 can be varied for the investigation of Rabi oscillations

between the different momentum states. From Eq. (4.8), a sinusoidal oscillation is

expected by changing either the interaction time 7 or ngB ). The latter can be modified
in a straightforward way by varying the power of the beams, which is presented in Fig. 4.5
for an optimum detuning of first order Bragg diffraction. For this measurement, the beam
power of the laser field is varied by changing the RF power for Bragg diffraction at Bragg
AOM 3 with the already mentioned external VVA. One can clearly identify the expected
sinusoidal dependence of the transfer efficiency on the pulse area. A fraction of 85 % of the
total atomic number is transferred to a different momentum state at resonance. The pulse
areas for each data point are determined from measured pulse traces of a light component
with a fast photodiode, and a subsequent temporal integration of the profile. For the

Diffraction order N 1 [+ 2 ] 42
AOM frequency (MHz) 79.9907(6) | 80.0629(4) | 79.9590(5) | 80.0965(6)
Detuning oy, /(27) (kHz) 20.3(6) 62.9(4) | -41.0(5) | 96.5(6)
Difference between peaks (kHz) 72.2(8) 137.5(8)

Center between peaks (MHz) 80.0268(8) 80.0278(8)

1/e? width/2m (kHz) 44(2) | 41(1) 302 | 29(5)

Table 4.1: Position and 1/e? widths of Bragg peaks for 41st and +2nd order.
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Figure 4.5: First order Bragg scattering as a function of pulse area. The duration of the
Gaussian pulse with a 1/e? width of 10 us is fixed, and the power of the beams is varied.

determination of the pulse area we consider an experimental uncertainty of 4+ 0.27 arising
from the nonlinearity of the external VVA, power fluctuations, and drifts. For a Gaussian
profile (Martin et al., 1988; Giltner et al., 1995), maximum transfer is satisfied for a single-
photon Rabi frequency of wp = 81 MHz. For the present experimental parameters, this
corresponds to an optical power of P = 243 uW with a detuning § = 27 1.43 GHz, a
beam waist wg = 1 mm, and balanced laser beam intensities I} = Iy = 2P/(mwg). This
value can be directly compared to the measured power in front of the glass cell, but we
find a lower value. Possible deviations may arise from the fact that waists and powers of
the two beams are not equal.

For second order Bragg scattering the frequency of AOM 2 is set to 80.0965 MHz.
Again the population probability of the momentum state | + 4hk) follows a sinusoidal
dependence on the pulse area as shown in Fig. 4.6. For higher pulse area a damped
oscillation behavior is visible. This might be related to the fact that for higher optical
powers the effect of spontaneous emission becomes relevant. A maximum of 80 % of
the total population can be transferred for 2nd order Bragg diffraction. This value is
slightly smaller as compared to 1st order Bragg diffraction, since the energy difference
of the involved Bloch bands for 2nd order Bragg diffraction varies with momentum
stronger (/2 42 Fyec/krec) as compared to the case of 1st order diffraction (= 6 Eyec/krec),
cf. Fig. 4.1. The optical power for the resonance condition derived from theory and
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Figure 4.6: Second order Bragg scattering as a function of pulse area. The duration of
the Gaussian pulse with a 1/e? width of 10 us is fixed, and the power of the beams is
varied.

measurement can be compared in a similar way as shown above for 1 st order diffraction.
For a Gaussian 2nd order Bragg pulse the resonance condition is satisfied for a single-
photon Rabi frequency of wp = 92 MHz. This would correspond to a power of 313 uW.
The measured power for the experimentally optimized 7-pulse condition is deduced from
a direct measurement in front of the glass cell, and is as already seen above slightly lower.
For higher orders, this measurement is more prone to the above mentioned experimental
uncertainties since the forth order of the single-photon Rabi frequency enters in the
resonance condition, cf. Eq. (4.10).

4.2.3 Kapitza-Dirac scattering

For Kapitza-Dirac scattering, the frequency of AOM 2 is adjusted to 80.0268 MHz and
the pulse for the light grating with a square shape in time domain possesses a duration of
4 s, see condition in Eq. (4.12). The dependence of occupancy probabilities for different
orders of Kapitza-Dirac scattering processes can be investigated by varying the optical
power and therefore the pulse area. The results are presented in Fig. 4.7 for the O th, +1st
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Figure 4.7: Kapitza-Dirac scattering as a function of pulse area. The pulse duration is
fixed at 4 us and the power of the beams is varied. The graph shows the fraction of atoms
scattered into the +1st, +2nd order, and the unscattered fraction.

and +2nd order of Kapitza-Dirac scattering. The solid curves represent fits to squared
Bessel functions of first kind J3 (0th order), J? (1st order) and JZ (2nd order). The fits
show good agreement with the expectation from theory, cf. Eq. (4.13). For maximum
transfer of the “°K atoms into the momentum states | & 2hk) (1st order), an expected
power of 308 uW is required. The directly measured power for the maximum transfer for
first order Kapitza-Dirac scattering in the experiment gives a value of P = 230(62) uW.
The maximum transfer for 2nd order diffraction is expected to occur for a beam power
of 511 uW. For large pulse areas, the effect of spontaneous photon scattering limits the
observation of Kapitza-Dirac scattering.

4.2.4 Discussion and conclusions

Fig. 4.8 illustrates absorption images of the clouds which are subject to different type
of scattering processes. Fig. 4.8 (a) shows the fermionic “°K cloud without pulses. In
Fig. 4.8 (b) and (c) optimized Bragg pulses for first and second order are presented
with a 1/e? width of the Gaussian profile of 10 us. In Fig. 4.8 (d) and (e) Kapitza-
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(c) (d) (e) oD

Figure 4.8: Different types of scattering processes of a fermionic “°K cloud on a light
grating. (a) no light pulses (b) first order Bragg scattering (c) second order Bragg
scattering (d) Kapitza-Dirac scattering process with about 25 % of the atoms scattered
into each of the first order (+1) (e) Kapitza-Dirac scattering up to the third order.

Dirac diffraction processes are studied. Up to the third order of Kapitza-Dirac scattering
can be observed with a pulse duration of 4 us. As can be seen in the illustration, the
momentum transfer is efficient, and almost the entire cloud can be transferred to a
different momentum state. As discussed previously, special care needs to be adressed to
the fermionic nature of the atoms by preparing an atomic ensemble with a small width
of the momentum distribution. This is here realized by reducing the trapping frequency
of the magnetic trap. With such a bright source the majority of atoms can satisfy the
resonance condition. For a BEC, as an almost ideal bright source, efficient momentum
transfer was presented earlier (Ovchinnikov et al., 1999). For a Fermi gas, to the best of
the author’s knowledge such a highly efficient momentum transfer has not been realized
so far. This opens up possibilities to investigate a sequence of pulses for the creation of a
matter wave interferometer or the application of Bragg spectroscopy in a Fermi mixture
at a Feshbach resonance in the near future.
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Chapter 5

Ultracold Fermi-Fermi molecules
at a narrow Feshbach resonance

In this chapter, the first creation of ultracold heteronuclear bosonic molecules from a
two-species Fermi-Fermi mixture of °Li and 4°K is presented. The association of the
molecules is induced by an adiabatic magnetic field sweep across an interspecies s-wave
Feshbach resonance close to 155 G. With this technique 4 x 10* molecules can be created
with an efficiency of up to 50% for our experimental parameters. A direct imaging
method is developed which allows to probe sensitively molecule properties. For instance
with this direct imaging method the molecular lifetimes in an atom-molecule mixture is
investigated for various magnetic field strengths across the Feshbach resonance. For the
chosen trap densities, molecular lifetimes of more than 100 ms can be observed.

The first section presents the experimental sequence for the creation of ultracold
molecules. Loading of the optical dipole trap (Sec. 5.1.1) and state preparation (Sec.
5.1.2) are discussed in detail. Then, in Sec. 5.2, the Feshbach resonance is located by
inelastic atom loss spectroscopy. In Sec. 5.3, heteronuclear molecules are produced and
characterized by several measurements.

Parts of this chapter are published in

A —C. Voigt, M. Taglieber, L. Costa, T. Aoki, W. Wieser, T.W. Hansch, and K. Dieck-
mann, Ultracold Heteronuclear Fermi—Fermi Molecules, Phys. Rev. Lett. 102, 020405
(2009).

In this publication an error is discovered, which is discussed in the errata (Voigt et
al., 2010E; Costa et al., 2010E). A mistake in the magnetic field calibration occurred.
The calibration is based on measurements of the transition frequency between different
Zeeman states as presented in Sec. 3.6.3. The Zeeman transition frequency was converted
into a magnetic field strength by the incorrect use of the Breit-Rabi formula (Breit and
Rabi, 1931; Eisinger et al., 1952). After correction, a shift of 375mG towards lower
magnetic field strengths of the correct magnetic field calibration in comparison to the
old defective one is found. This correction is incorporated in all values of magnetic
field strengths, which are presented in the following. The physical interpretation and
conclusions based on comparison of the several measurements, which will be presented
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here in Chs. 5 and 6, are not altered by this correction. We thank the Innsbruck group
(Grimm and Schreck, 2010) for pointing out the discrepancy to their results (Naik et
al., 2011). By employing the correct conversion formulas, the magnetic field position
of the Feshbach resonance near 155 G, which will be presented here in Ch. 6, is in full
consistency with a later study, which uses an alternative approach (Naik et al., 2011) for
the measurement of the position of the same interspecies resonance under investigation.

5.1 Experimental sequence

A schematic description of the experimental sequence for the measurements presented in
this chapter can be found in Fig. 5.1. The mixture is loaded from the magnetic trap into
an optical dipole trap (ODT). After loading, the mixture is prepared into the relevant
Zeeman states for the study of interspecies Feshbach resonances. Subsequently, magnetic
field ramps are performed for the measurements. Finally, the clouds are imaged either
at low or high magnetic field strengths. For the high magnetic field imaging a short
magnetic field gradient is applied to the mixture, which allows for a separate detection of
atoms and molecules. A more comprehensive description is given below for the individual
steps of the sequence.

5.1.1 Loading of the optical dipole trap

After evaporation of 8”Rb for sympathetic cooling of the Fermi-Fermi mixture and before
the mixture is loaded into the ODT, remnant 8”Rb atoms are removed by a short resonant
optical pulse. Within the detection limit of our imaging system the sample is free from
8TRb atoms. The power of the two beams of our crossed optical dipole trap is adiabatically
increased within 149 ms with an exponential ramp. After the increase of the ODT power,
the current of the QUIC trap is linearly ramped down within 100 ms. In order to
define a quantization axis for the atoms, the strength of the Feshbach magnetic field is
linearly increased within 100 ms from zero to 3.2 G at the same time while the QUIC
current is turned off. For the measurements which will follow two different optical trap
configurations are used. High trap depths are chosen with beam powers of Popm1 =
2.44W and Popre = 1.21W. The trap frequencies are determined by the methods
outlined in Sec. 3.5.4. For this configuration the trapping frequencies (v, vy, 1) are

(1022,1575,1199) Hz for SLi and (595,918, 699) Hz for “°K. (5.1)

The second configuration possesses a lower optical power with Popr; = 188 mW and
Popre = 96 mW and trapping frequencies

(285,440, 333) Hz for °Li and (168,256, 194) Hz for ‘K. (5.2)

The uncertainty for all v; is about +5 %. Depending on the trap power, atom numbers of
typically &~ 1 x 10° for each species with degeneracy parameters ranging 7/Tr ~ 0.3—0.5
can be loaded from the QUIC trap to the ODT.
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Figure 5.1: Experimental sequence for the production of heteronuclear molecules in a
Fermi-Fermi mixture of Li and °K.

5.1.2 State preparation

After loading the mixture into the ODT, the atoms are prepared in the relevant Zeeman
states for the interspecies 5Li-*K Feshbach resonance close to 155 G. More generally, an
ODT offers a variety of possible spin state configurations of 5Li and 4°K to be studied.
Spin state mixtures that are stable against spin-exchange collisions are

K |9/2,-9/2) °Li|1/2,mp)
K|9/2,-9/2) °Li|3/2,—3/2) (5.3)

YOK|9/2,mp) OLi|1/2,1/2).
The large variety of possible configurations follows from the inverted hyperfine structure
of 49K and allows to study a larger set of combinations. The relevant states for 5Li and
40K are prepared with the help of adiabatic rapid passages (ARP). An electromagnetic
field in the RF domain couples in this case to two levels of the atomic system, and

population can be transferred if the frequency is swept across resonance. This method is
robust against frequency and power fluctuations of the electromagnetic field, and against
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5.2 Feshbach loss spectroscopy

external magnetic field fluctuations. The Feshbach magnetic field strength is ramped
from 3.2G to 20.3G within 10ms. After a short settling time for the magnetic field
the Zeeman states are transferred from [3/2,3/2) to |1/2,1/2) for °Li and [9/2,9/2) to
19/2,—-9/2) for °K. The external field causes a hyperfine splitting of the ground state
what allows to sensitively address only one single Zeeman state. The frequency for the
6Li Zeeman state transfer is swept from 270.016 MHz to 269.392 MHz within 735 us. This
duration allows to transfer all atoms to the desired final Zeeman state |1/2,1/2) of SLi.
The comparatively large Rabi frequency of 2 = 27 x 30(2) kHz based on a high power
radiofrequency source admits to perform the transfer relatively fast.

After the state preparation of ®Li, the transfer frequency of “°K is swept from
7.088 MHz to 5.775 MHz within 336 us. The Rabi frequency for this transition is 2 =
27 x 18.3(1.4) kHz. The duration of the sweep is long enough to transfer all “°K atoms
to the state |9/2,—9/2), and no dephasing during the transfer occurs since the duration
is sufficiently smaller than the mean trapping oscillation period or the mean time be-
tween collisions. In a second ARP the 4°K atoms are finally transferred from the state
19/2,-9/2) to |9/2,—5/2). This second ARP is done after a magnetic field sweep from
20.3 G to 156.90 G, and at a magnetic field strength on the atomic side of the Feshbach
resonance at 155 G in order to circumvent molecule formation. There is a nearby second
Feshbach resonance around 163 G, which involves the same Zeeman states of 5Li and 4°K
(Wille et al., 2008). The transfer frequency is swept from 36.9943 MHz to 39.1513 MHz
in 500 is. Depending on the specific measurement, the last state preparation for “°K can
be also accomplished optionally below the Feshbach resonance position on the molecular
side of the resonance at 152.40 G. The frequency in this case is swept from 36.2292 MHz
to 38.3241 MHz in 500 us.

For all ARP of SLi and “°K a sweep duration of seven times the Rabi period is
chosen. Due to stability reasons, °Li is transferred first to the absolute ground state of
the hyperfine manifold before the ARP’s for 4°K are accomplished.

5.2 Feshbach loss spectroscopy

As depicted in Tab. 2.1, several s-wave interspecies Feshbach resonances are identified in
(Wille et al., 2008) by Feshbach loss spectroscopy of a non-degenerate °Li-*°K mixture.
In the following, the interspecies Feshbach resonance at 155G is characterized. This
specific resonance possesses a comparatively large width of 0.81 G according to coupled
channels calculations (Wille et al., 2008), and involves the states [1/2,1/2) of °Li and
19/2,—5/2) of K. Some preparatory measurements are also done at the interspecies
Feshbach resonance located at 168 G, since this resonance implies a simpler state prepa-
ration Li|1/2,1/2) and 4°K|9/2, —9/2), but the width is considerably smaller.

In this section, the lifetime of a 5Li-*°K mixture close to the interspecies Feshbach
resonance at 155G is investigated. The mixture is loaded into the ODT with trapping
frequencies given in Eq. (5.1). In this trap particle numbers of Ni; ~ Nk ~ 1 x 10°
and temperatures of T; = 0.4 T%i and Tx = 0.6 TFK (Tr being the Fermi temperature)
correspond to peak densities of ngr; = 1.4 x 103 ecm =3 and noK = 7.4 % 1013 cm =3,
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Figure 5.2: Lifetime of the °Li-4°K mixture as a function of magnetic field in the vicinity
of an interspecies Feshbach resonance. The lifetime of the mixture can be varied by two
orders of magnitude. The minimum lifetime is found to be located at a magnetic field
strength of B = 154.72(5) G.

After preparation of the mixture in the absolute ground states, the magnetic bias field
is ramped in 30ms from 20.3G to B; = 152.40G, i.e. to the molecular side of the
Feshbach resonance. The “°K atoms are then transferred to the state |9/2,—5/2) by
an ARP. Subsequently, the magnetic field is ramped from B; to a variable value Bygq
within 0.5 ms where the lifetime of the mixture is investigated by holding the atoms for
a variable time Tjo1q at constant magnetic field strength Bygq. After the holding period,
the magnetic field strength is rapidly decreased with an initial slope of 820 G/ms to a
bias field of 1 G. After a subsequent holding time of 5ms, the clouds are released from
the trap, and the %Li and *°K atoms are imaged by resonant light after 1ms and 4 ms
of free expansion. The data is presented in Fig. 5.2. Each data point corresponds to
a fitted time constant 7 of the exponential decay of the atom numbers of °Li and “°K
at a single magnetic field strength. The lifetime of the mixture 7 decreases close to
the resonance position by two orders of magnitude to a minimum value of only 10 ms.
The corresponding magnetic field strength of the minimum is B = 154.72(5) G. This
determined magnetic field position of the maximum loss will be discussed and compared
to forthcoming measurements in Sec. 6.4.

The asymmetric lineshape of the losses is in qualitative agreement with predictions
from three-body relaxation (D’Incao and Esry, 2006; Levinsen and Petrov, 2011). This
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Figure 5.3: Adiabatic conversion of molecules from atoms. The fitting curve corresponds
to a Landau-Zener theory for adiabatic molecule conversion at a narrow Feshbach reso-
nance based on the two-channel model (Gurarie, 2009), cf. Sec. 2.3.3. The characteristic
ramp rate is k ~ 3.5 G/ms according to the fit.

vibrational relaxation leads to losses of atoms and molecules from the trap.

5.3 Heteronuclear Fermi-Fermi molecules

Heteronuclear molecules are formed from a quantum degenerate mixture of 6Li and 4°K
atoms by an adiabatic magnetic field sweep across an interspecies Feshbach resonance.
In the following, the adiabaticity of molecule formation is characterized in Sec. 5.3.1, the
Feshbach resonance crossover from molecules on the molecular side to unbound atoms on
the atomic side is investigated in Sec. 5.3.2, and the lifetime of the molecules is studied
in Sec. 5.3.4. The latter is done with a direct detection scheme for the molecules, which
is brought forward for discussion in Sec. 5.3.3.

5.3.1 Adiabatic conversion of atoms to molecules

In this measurement, the inverse magnetic field ramp rate is varied to determine the
time scale for adiabaticity of the molecule creation process. The magnetic field is linearly
ramped from the atomic side at B; = 156.44 G to the molecular side Bs = 154.36 G, while
the ramp rate is varied. After the ramp, the magnetic field strength is rapidly decreased

80



5. Ultracold Fermi-Fermi molecules at a narrow Feshbach resonance

T T T T T 8.5
50F i
180
—~ 45k { -~
= 175 2
5 a0l l 3
Ke] O
= {70 €
=} >
2 35} - =
£ les §
© R i ©
S 30 ks
S {60 ©
25k .
time
1 Iy 1 Iy 1 1 Iy 1

1546 1548 1550
Final magnetic field B, (G)

Figure 5.4: Reconversion to atoms from dissociated molecules. The center of this
crossover is found with a fit to an error function at B = 154.79(8) G, and the indicated
uncertainty corresponds to the 10 % and 90 % levels.

for absorption imaging of the clouds, as already described for the loss measurement in
Sec. 5.2. The results are presented in Fig. 5.3. The detection is only sensitive to free
atoms, the missing fraction of atoms at large inverse ramp rates as observed in the mea-
surement is attributed to the adiabatic formation of molecules. Up to 4 x 10* molecules
are produced with a conversion efficiency of about 50 % according to the measurement
presented in Fig. 5.3. The fitting curve is an exponential function consistent with the
behavior expected from a Landau-Zener theory of the time-dependent conversion process
of atoms into molecules at a narrow Feshbach resonance (Gurarie, 2009). From the fit,
assuming that the Landau-Zener parameter is proportional to the inverse magnetic field
ramp rate o1z =  (dB/dt) ", one obtains for the characteristic parameter & ~ 3.5 G /ms.
The corresponding value derived for the broad intraspecies Feshbach resonance of 40K
at 202.1 G (Regal et al., 2003a) is significantly smaller. This indicates that the coupling
strength is indeed small and the Feshbach resonance is closed-channel dominated.

5.3.2 Reconversion to atoms from dissociated molecules

In this section it is shown that the atom number decrease from Fig. 5.3 is caused by
formation of molecules. The mixture is prepared in the relevant Zeeman states at a
magnetic field strength of By = 156.90 G on the atomic side of the resonance. Molecules

81



5.3 Heteronuclear Fermi-Fermi molecules

are formed by an adiabatic magnetic field ramp to By = 154.54 G on the molecular side
of the resonance. The magnetic field ramp rate is constant with a value of 1G/ms,
which is smaller than the characteristic ramp rate x obtained from the measurement in
Sec. 5.3.1. After 200 us of holding on the molecular side, the magnetic field strength is
linearly ramped to a final and variable value Bs with the same ramp rate as the previous
ramp. The atoms are imaged at low magnetic field strengths as described in the previous
sections. The results are shown in Fig. 5.4. As can be seen, if Bj is located on the
molecular side of the resonance molecules are existent which can not be detected with
the imaging scheme, but are noticeable by a smaller detected atom number. On the
other hand, if the final magnetic field value B3 lies on the atomic side, the molecules are
adiabatically dissociated into free atoms, and a higher atom number is detected. The
atom number is increased by 1.8(3) x 10*, corresponding to the dissociated molecule
number. Within the uncertainties the atom number increase both for 5Li and 4°K are
the same. This shows an excellent atom number calibration, which is independently done
for both species. A crossover behavior from molecules to atoms is observed. The center
of this crossover regime is determined by a fit with an error function (solid lines) and is
found at B = 154.79(8) G. The indicated uncertainty corresponds to the 10 % and 90 %
levels. This determined position is not necessarily the Feshbach resonance position, as
interpreted in a similar measurement for the broad “°K intraspecies resonance in (Regal
et al., 2003a). This result of the localization of the crossover region across the Feshbach
resonance will be discussed and compared to other measurements in Sec. 6.5.

5.3.3 Direct detection of molecules

The direct imaging method relies on the heteronuclear nature of the molecule (Ospelkaus
et al., 2008). For the heteronuclear case both the molecules and unbound atoms can be
directly imaged with the same resonant imaging frequency of the atoms, since the tran-
sition energy of the molecules is barely shifted by the small binding energy of the Fesh-
bach molecules. The binding energy can be varied by the magnetic field detuning, cf. Eq.
(2.39). In the heteronuclear case, the weak dependence of the optical transition frequency
with internuclear distance allows to detect the molecules over a wider range of magnetic
field strengths. For the heteronuclear case, the van der Waals potential of the molecular
ground and first optically excited state have the same dependence on the internuclear
separation, namely 1/R®. This is a favorable property in contrast to the homonuclear
case, where the resonant dipole-dipole interaction implies a 1/R3 dependence of the first
optically excited state.

Before imaging, the unbound atoms are separated from the produced molecules by
means of a magnetic field gradient, which is applied during time-of-flight. For the Fesh-
bach resonance near 155 G with projection quantum number Mp = —2, which is predomi-
nantly investigated within this work, the situation for this purification step is particularly
beneficial. As can be seen in Fig. 5.5(b) from the asymptotic bound state model (Wille
et al., 2008), cf. Sec. 2.3.2, the molecule possesses a nearly vanishing magnetic moment.
In contrast, the pair of the asymptotically unbound atoms has a nonvanishing magnetic
moment (in red dashed). As a consequence, the Stern-Gerlach force acts dominantly on

82



5. Ultracold Fermi-Fermi molecules at a narrow Feshbach resonance

molecule
signal
atomic
signal
TOF 1.6 ms
(b) —
— "'.'“'*s,_ MF=_2
E _1 ) = ‘-....
O e
= 5>
LLI e, ~~~\‘

-0 120 140 160 180
B (G)

Figure 5.5: Direct detection of molecules at high magnetic field after application of a
Stern-Gerlach force. In (a) an exemplary absorption image of the atomic fraction which
is bound in molecules and the unbound atoms are shown. In (b), the asymptotic bound
state model is applied to the s-wave interspecies Li-*9K Feshbach resonances, and reveals
the values of the magnetic moments of the molecules and unbound atoms.

the atoms, whereas the molecules remain almost unaffected near the trap center after
the magnetic field gradient is applied. Note that this behavior does not hold for any
interspecies 6Li-°K Feshbach resonance.

An example for a typical direct detection absorption image of the molecules and atoms
is presented in Fig. 5.5(a). The following measurements are performed in a weaker ODT
with trapping frequencies given in Eq. (5.2), and with lower temperatures. Molecules are
formed at a magnetic field strength of 154.65 G. The power of the ODT beams is switched
off and the clouds expand. During expansion, a magnetic field gradient of 167 G/cm and
a duration of 570 us is applied, cf. Fig. 3.8(b). After a total time of expansion of 1.6 ms
for °Li and 4.6 ms for “°K the clouds are imaged. For the mechanism of the molecule
imaging, presumably the first few photons break up the molecules and the subsequent
photons scatter off from the resulting unbound atoms. On the left-(right-)hand side of
Fig. 5.5(a) the absorption image of SLi (*°K) is shown. Because of the different masses
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Figure 5.6: Lifetime of molecules in an atom-molecule ensemble in dependence of mag-
netic field in the vicinity of an interspecies Feshbach resonance. A variation of the life-
times of the molecules in the atom-molecule mixture by almost two orders of magnitude

with maximum values of more than 100 ms is observed for the investigated magnetic field
range close to resonance.

of the two atomic species and molecules, the individual clouds have different expansion
velocities. The contrast of the absorption signal of °Li and “°K differ due to different
optical transition strengths, cf. Sec. 3.7.1.

5.3.4 Molecule lifetime in an atom-molecule ensemble

Using the direct detection method for the molecules, a measurement of the lifetime of the
molecules in an atom-molecule mixture as a function of magnetic field strength is pre-
sented in the following. For this measurement an ODT with lower trapping frequencies,
as given in Eq. (5.2), is used.

Peak densities before molecule production are nr; = 2.9 x 1012 cm™3 and ng = 2.2 x
10" cm—3 with temperatures 71; = 0.3 Tg:i and Tx = 0.4 Tgf. The mixture is prepared at
a magnetic field strength of B; = 156.44 G. The lifetime is investigated after an adiabatic
sweep to a variable value Bygq. The atom-molecule mixture is held for a variable duration
and the clouds are released from the trap and detected separately as described in the
previous section. From the decaying molecule number we infer 1/e lifetimes. The result
for the molecular lifetime in an atom-molecule mixture in dependence of the magnetic
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field strength is presented in Fig. 5.6. Lifetimes of the molecules of more than 100 ms in
the atom-molecule mixture are detected close to resonance. The lifetime of the molecules
is varied by almost two orders of magnitude in the vicinity of the Feshbach resonance.
As will be discussed also in Sec. 6.5, the very long molecular lifetimes are measured for
magnetic field strengths in the crossover regime of the Feshbach resonance, see Fig. 5.4.
The numbers and hence densities of the molecules in the crossover regime are smaller
towards the atomic side. Therefore, one should consider a lifetime which is weighted
by the average molecule density. The product of the average molecule density and the
molecule lifetime would correspond to the inverse time constant of a second order decay
process. This quantity also shows a significantly increasing behavior at higher magnetic
fields in the crossover regime, see Fig. 5.6. Such an increased lifetime of molecules close to
the Feshbach resonance has been also observed in homonuclear fermionic spin mixtures
(Cubizolles et al., 2003; Jochim et al., 2003b; Regal et al., 2004b). The underlying
mechanism for the longevity in the homonuclear case is elucidated on the basis of the
Pauli exclusion principle of an open-channel dominated Feshbach resonance in fermionic
systems, see Sec. 2.3.4.1, (Petrov et al., 2004a). In the present situation, this explanation
is not applicable since the interspecies Feshbach resonance is closed-channel dominated
for the experimental trap densities.

By the time when the present measurements are performed, the exact resonance
position is not known. The measurement of inelastic three-body losses in a SLi-4K
mixture close to the Feshbach resonance as presented in Fig. 5.2 is not a necessary
determination of the resonance position. For the broad intraspecies Feshbach resonance
in Li around 834 G, for instance, the magnetic field position of maximum three-body
losses in comparison to the position of the divergence of the elastic scattering length is
shifted by approximately 80 G (Dieckmann et al., 2002; Bourdel et al., 2003).

In the next chapter, the cross-dimensional relaxation method is applied for the first
time to a Fermi-Fermi mixture to probe elastic s-wave scattering properties in the vicinity
of the Feshbach resonance. This allows for a precise determination of the resonance
position. The results of the measurements presented in this chapter will be revisited in
the discussion in Sec. 6.5.
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Chapter 6

s-wave interaction in a
two-species Fermi-Fermi mixture

In this chapter, the method of cross-dimensional relaxation (CDR) serves as a tool to
probe elastic collisions in a Fermi-Fermi mixture of %Li and 4°K. In Sec. 6.1, the ex-
perimental sequence is presented for the study of CDR in the vicinity of an interspecies
Feshbach resonance. In Sec. 6.2, the obtained thermalization curves allow to determine
the ratio of B-factors as defined in Eq. (2.83). Under same initial conditions of °Li and
40K a ratio of Bkri/BLik = 3.7 is expected from the kinetic model (see Sec. 2.4.2.4).
In Sec. 6.3, the method is applied to an interspecies Feshbach resonance, where elastic
scattering cross sections can be deduced and a Fano-shaped profile is obtained. A precise
determination of the Feshbach resonance position, as shown in Sec. 6.4, allows for a
comparison to previously presented results in Ch. 5. This reveals the first observation of
a many-body effect in the crossover regime of a narrow Feshbach resonance in Sec. 6.5.

Parts of this chapter are published in

L. Costa, J. Brachmann, A.—C. Voigt, C. Hahn, M. Taglieber, T.W. Hénsch, and
K. Dieckmann, s—Wawve Interaction in a Two—Species Fermi—Fermi Mixture at a Narrow
Feshbach Resonance, Phys. Rev. Lett. 105, 123201 (2010).

In this publication the same defective calibration formula was used as in (Voigt et
al., 2009) and the errata (Voigt et al., 2010E; Costa et al., 2010E) apply in a similar way
as already discussed in the introduction of Ch. 5. In the following chapter, the given
magnetic field values are also corrected by a shift of 375mG towards lower magnetic
fields as compared to the values given in (Costa et al., 2010). The physical interpretation
presented in this publication remains unaltered.

6.1 Experimental sequence

The experimental sequence for the measurements presented in this chapter is schemat-
ically illustrated in Fig. 6.1. A quantum-degenerate SLi-**K mixture is prepared in a
cigar-shaped magnetic trap, where the lowest trapping frequency is along the x direction
(Taglieber et al., 2006, 2008). In order to induce an energy anisotropy, the aspect ratio of
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6.1 Experimental sequence
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Figure 6.1: Experimental sequence for the study of cross-dimensional relaxation (CDR)
in a Fermi-Fermi mixture of 5Li and K.

the cloud is changed by transferring the atoms into a shallow crossed beam optical dipole
trap. The beams are along the x and z direction and the configuration is the same as for
the measurements in the previous Ch. 5. The duration of the transfer is 249 ms insuring
adiabaticity with respect to the trap oscillation period, but avoiding CDR during the
transfer. Because of the low densities, and hence the slow relaxation time, the energy
anisotropy is preserved in the clouds during the stage where the gas is transferred to the
desired Zeeman states of 6Li [1/2,1/2) and *°K [9/2, —5/2) (cf. Ch. 5). Subsequently,
the magnetic field strength is ramped close to the Feshbach resonance. In order to in-
crease the densities and the rethermalization speed relative to the trap loss rate the ODT
power is ramped up over 40 ms. This results in the trapping frequencies (v, vy, ;)

(963,1076,479) Hz for ®Li and (561, 627,279) Hz for ‘'K, (6.1)

for all v; £ 5%. Hence, the aspect ratio of the trap in the observation plane (x-z)
is changed. In this final trap configuration, the thermalization process of the mixture
is investigated by holding the atoms for variable times ¢. The energy anisotropies are
then inferred from the aspect ratios found in absorption imaging at high magnetic field
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6. s-wave interaction in a two-species Fermi-Fermi mixture
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Figure 6.2: Cross-dimensional thermal relaxation of °Li and “°K in the mixture by inter-
species elastic collisions at 152.4 G. The initial conditions for °Li (*°K) are N = 3.5 x 104
(8.0 x 10%), E,/E, = 1.8 (2.2) and E,/E, = 1.2 (1.8). The uncertainty in the determi-
nation of atom numbers is assumed to be 50 %.

after time-of-flight of 2ms for °Li and 5ms for °K. In order to obtain the size of the
clouds it is sufficient to use Gaussian fits instead of Fermi-Dirac density profiles, since
our Fermi-Fermi mixture is not deeply degenerate. For fully thermalized clouds in this
trap, typical atom numbers of Ni; ~ 5 x 10* and N ~ 7 x 10* and temperatures of
Ti; = 0.5 T%i and Tx = 0.6 TFK correspond to peak densities of ng1; = 4.0 x 1012 cm—3
and nox = 2.8 x 1013 ecm™3. Under these conditions the error in the measured mean
energy per particle obtained from the cloud size is at most 6 %. Further, the description
of the relaxation by the classical kinetic model is justified.

6.2 Cross-dimensional thermal relaxation

An example for a typical thermalization process in the mixture 5Li-*°K is shown in
Fig. 6.2. The measurement is performed at a magnetic field value of 152.4 G on the
molecular side of the Feshbach resonance, but sufficiently distant from the Feshbach
resonance to avoid the formation of molecules. The CDR rates for 6Li and °K are de-
termined from this data by least square fits with the expression given in Eq. (2.89). The
initial conditions for the mean energies are determined in a separate measurement along
a different imaging direction. One obtains for the CDR rates I'Lik cpr = 63(8) ms™?
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6.3 Elastic scattering cross sections

and I'kricpr = 19(2)ms™! as defined in Eq. (2.83). Since we only need to con-
sider interspecies interactions for the spin-polarized fermions, the ratio of the obtained
relaxation rates yields direct information about the ratios of [B-factors, according to
Brri/Brik = TLik.cor - NVLi/ (TkLi.cpr - Vi) = 1.5(1.1). The relaxation of °Li is indeed
faster than the one of 9°K. This is consistently found in similar data sets for various
magnetic fields. However, the accuracy in the determination of the ratio of g-factors is
limited due to systematic uncertainties in the atom number determination, which we as-
sume to be about 50 %. The measured ratio is smaller than the ratio predicted from the
kinetic model. This is mainly attributed to an imbalance between the mean energies per
particle averaged over all spatial directions for the two species. The °Li cloud possesses a
higher mean energy per particle as compared to “°K and the difference between the two
species is up to 36 %. A possible reason for this imbalance is the mismatch in the Fermi
energies of the two species due to the large mass ratio. For our trap the difference of the
Fermi energies of both species is about 23 %. Since the influence of a mismatch in Fermi
energies is not considered in our model, we perform classical Monte-Carlo simulations
with a broad range of initial energy imbalance between the two species, cf. Fig. C.6. We
find a strong dependence of the observed 3 ratio on the initial imbalance. For the initial
experimental conditions of Fig. 6.2 the Monte-Carlo simulations yield 2.8 for the § ratio.
For a more accurate quantitative study a precise determination of the atom numbers is
required.

6.3 Elastic scattering cross sections

We use the CDR method to map elastic scattering cross sections for different magnetic
field strengths B across the Feshbach resonance between °Li and “°K at 155G. The
scattering cross section o (B) follows a Fano-shaped profile, cf. Egs. (2.26) and (2.36),
and is widely tunable near the Feshbach resonance as it is directly related to the scattering
length, see Eq. (2.38). In Fig. 6.3, measured values of the elastic scattering cross section
orLik for different magnetic field strengths are shown. The collision rate I'yik cpr is
derived from thermalization curves in a same way as outlined for the measurement of
Fig. 6.2, and normalized by (,BI;%( NLIK vLiK) to acquire the scattering cross section. Only
the data of SLi is considered here, since the thermalization is faster for SLi than for
40K. This avoids long holding times close to resonance that would otherwise lead to
significant molecule production. The elastic scattering cross section ¢ varies with B
by almost three orders of magnitude in the vicinity of the resonance. Considering the
uncertainty in the particle number determination we find good agreement between the
values of the scattering lengths extracted from the data and predicted from theory away
from resonance.

For these measurements we expect that the following deviations are not significant.
First, the influence of Pauli blocking on the observed cross section is estimated to be less
than 15 % for the degeneracy parameters of our mixture (DeMarco et al., 2001; Gehm et
al., 2003). Second, we exclude the influence of hydrodynamic behavior on the observed
relaxation curves. Only for a magnetic field on resonance we expect that the collisions
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Figure 6.3: Scattering cross sections measured with cross-dimensional thermal relaxation
across an interspecies Feshbach resonance between 9Li and “°K. The solid line is a
guide to the eye and corresponds to a theoretical Fano curve with the parameters By =
15471 G, A = 1.02G, apg = 63.5a9 (Wille et al., 2008), k = kp, and pres = 1.7 pup as
obtained from a simple asymptotic bound state model calculation (Wille et al., 2008).

occur on a similar timescale as the mean trap oscillation period. Further, we observe
moderate loss of 5Li atoms due to the finite trap depth. The loss of Li can be considered
by a modified fit model for I'kr;cpr. By comparison we find the correction to be less
than 5%, as the time scale of the loss is much larger as compared to the relaxation.
On the other hand, the relaxation rate I'rik cpr of 6Li, which is the basis of the cross
sections presented in Fig. 6.3, has a negligible dependence on Nyj;, cf. Fig. C.2. From
the decay rates I'cyap 1 Of SLi due to plain evaporation Np;(t) = Nr;(0)exp (—t LCevap,Li),
the scattering cross section can be inferred (Tiecke et al., 2010a), cf. Eq. (2.67). For
our measurements we find fair agreement between the absolute values of o obtained from
CDR and plain evaporation for different magnetic fields. The data of the scattering cross
section is compared to a theoretical Fano curve (solid blue line in Fig. 6.3), where the
separately determined values for width and position of the Feshbach resonance, which
will be presented in the subsequent section, have been invoked.
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Figure 6.4: Example for a measurement of the magnetic field dependent aspect ratio
after a constant holding time. The aspect ratio relaxes to one at magnetic field strengths
with highest scattering cross sections. The data is fitted with a Gaussian curve and for
this example the maximum of the scattering cross section occurs at B = 154.729(5) G
for °Li and B = 154.719(3) G for “°K. The Gaussian curves have a full width at half
maximum of 162(26) mG for °Li and 128(9) mG for °K.

6.4 Position and width of Feshbach resonance

For the determination of the maximum and minimum of the scattering cross section, the
mixture is prepared in a non-equilibrium state as outlined in the previous section, and the
magnetic field dependent aspect ratio E,/FE, after a constant holding time is measured.
An example for such a measurement with constant holding time is shown in Fig. 6.4. For
this measurement, the °Li and 4°K clouds are prepared with an aspect ratio E,/E, sig-
nificantly smaller than one, and the aspect ratios relaxe to one at magnetic field strengths
where the largest scattering cross sections occur. By accounting for eventual shifts of the
magnetic field position of the resonance due to density effects, we perform several mea-
surements with different trap frequencies. Taking the average of these measurements, the
maximum and minimum of the scattering cross section are found at Bmax = 154.71(5) G
and Bpin = 155.73(4) G, respectively. The difference of both values is a measure for the
width of the resonance and yields A* = 1.02(7) G. We find a slightly higher value as
compared to the value A = 0.81 G from coupled channels calculations given in (Wille et
al., 2008). We attribute this difference to the finite Fermi energies and temperatures of
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6. s-wave interaction in a two-species Fermi-Fermi mixture

the clouds. The position of the maximum of the elastic scattering cross section is in good
agreement with the previously measured minimum of the lifetime of the 6Li-*°K mixture
at 154.72(5) G, see Sec. 5.2, and hence the resonance is determined to be located at
By = 154.71(5) G. For the temperature of the mixture, the magnetic field position of the
maximum of the thermally averaged scattering cross section corresponds to the Feshbach
resonance position within typical experimental uncertainties, see also App. C.3.

In (Naik et al., 2011), the position and width of the same interspecies 5Li-*°K Fes-
hbach resonance is determined with a different method based on observing the damped
sloshing motion of “°K due to interactions in the mixture. The obtained results By =
154.707(5) G, A = 0.92(5) G are in full consistency with the values presented here. Up-
dated coupled channels calculations given in the same cited work yield By = 154.75 G,
A =0.88G, apg = 63.0ag, and fires = 1.6 p.

6.5 Two-body bound states at the crossover of a narrow
Feshbach resonance

In the following section, the result for width and position of the Feshbach resonance is
taken into consideration for the interpretation of the measurements described in Ch. 5.

In Fig. 6.5 the following measurements are summarized and compared with respect
of their magnetic field dependence:

e density weighted lifetime of the molecules in an atom-molecule mixture (see Fig. 5.6)
e atom conversion from dissociated molecules (see Fig. 5.4)
e result for the Feshbach resonance position (see Sec. 6.4).

The comparison of the magnetic field dependent measurements is based on repeatedly
performed magnetic field calibrations, which result in an overall magnetic field uncer-
tainty of only 7mG. In the measurements the existence of long-lived molecules at mag-
netic field strenghts of up to 154.8 G on the atomic side of the resonance is observed.
Also, the magnetic field position of the resonance is located within the uncertainty at
the onset of dissociation of the molecular state and of reconversion into atoms. This
property differs from similar observations in open-channel dominated resonances, where
the resonance position is located in the center of the crossover (Regal et al., 2003a). We
now conjecture that we have demonstrated for the first time a many-body effect at the
BEC-BCS crossover for a narrow Feshbach resonance, which has been theoretically pre-
dicted by (Gurarie and Radzihovsky, 2007) and outlined in Sec. 2.3.4.2. In this crossover
regime, if the magnetic field is tuned above the resonance position for zero kinetic energy,
the existence of molecules is energetically favorable as compared to individual atoms oc-
cupying states at the Fermi edge. For a narrow resonance this can be resolved as the
coupling energy is small compared to the Fermi energy. In the limits of zero coupling
and temperature, the extension of molecule existence on the atomic side occurs up to
magnetic fields corresponding to the sum of the Fermi energies, here ~ 70 mG for the trap
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Figure 6.5: Comparison between the measurements of the magnetic field dependent
density weighted lifetime of the molecules in an atom-molecule mixture (see Fig. 5.6),
of the atom reconversion from dissociated molecules (see Fig. 5.4) and the result of the
Feshbach resonance position. The orange shaded area is associated with the uncertainty
of 50 mG for the determination of the resonance position at 154.71(5) G, the gray shaded
area is a guide to the eye for describing the crossover region from bound to unbound
states.

configuration given in Eq. (5.1). However, in the present case of finite coupling, because
of broadening molecules are expected to be present at even higher magnetic fields.

In (Naik et al., 2011), the magnetic field dependent lifetime of the molecules is calcu-
lated. The prediction is in qualitative agreement with the measurement presented here,
and the sharp increased lifetime is associated with the entrance into the universal regime
close to resonance as the molecular decay is suppressed by the centrifugal barrier of the
scattering potential.

From a few-body description with a diagrammatic approach in (Levinsen and Petrov,
2011), it is calculated that for a detuning, where the effective range is of the order of the
scattering length —2r.g = r* ~ a, the atom-dimer relaxation rate in the s-wave channel
is suppressed by three orders of magnitude for the °Li-“°K mass ratio. This might explain
the long lifetime of the molecules in the atom-molecule mixture, although the relaxation
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6. s-wave interaction in a two-species Fermi-Fermi mixture

in the p-wave channel increases for r* ~ a by one order of magnitude. But similar as in
(Naik et al., 2011), the calculations in (Levinsen and Petrov, 2011) do not predict the
existence of molecules on the atomic side of the resonance.

The unexpectedly long lifetime of the two-body bound states on the atomic side of
the resonance requires further experimental investigation. The achieved experimental
degeneracy parameters of the mixture do not suggest a Fermi superfluid state on the
BCS side of the resonance. In the T' = 0 limit the occupied states on the Fermi surface
of the Fermi sea would suppress the dissociation of a molecular Bose-Einstein condensate
by a magnetic field sweep due to Pauli blocking. For the present degeneracy parameter
of the mixture, the lifetime of the molecules might still be extended and stabilized due
to Pauli blocking what could be investigated by selectively removing unbound atoms
in the trap. Preliminary measurements show that the two-body bound states on the
atomic side of the resonance at 154.834(7) G have a small binding energy of < 1kHz.
The selective manipulation and removal of the unbound atoms must therefore be done
carefully without affecting the bound states.

For the study of universal behavior throughout the entire strongly interacting regime,
the Feshbach coupling energy needs to be much larger as compared to the Fermi energy
I'g > Er. This could be achieved by lowering the particle number or trapping frequen-
cies, while preserving submilligauss magnetic field control over an increased trapping
volume. For very low density atomic samples the gravitational sag between the two
fermionic species must be compensated by either an additional levitation field or by
the use of the "magic” wavelength for the optical potential, where both species experi-
ence the same trapping frequency (Safronova et al., 2006). This would offer a desirable
density-density overlap for the study of strongly interacting Fermi gases.

95



6.5 Two-body bound states at the crossover of a narrow Feshbach resonance

96



Chapter 7

Conclusions and Outlook

Within this work the versatile experimental platform to study Bose-Fermi-Fermi mixtures
has been extended by experimental techniques in order to produce bosonic heteronuclear
molecules and to study many-body effects of a strongly interacting two-species Fermi-
Fermi mixture at the crossover of a narrow interspecies Feshbach resonance.

The first milestone is the creation of ultracold heteronuclear bosonic molecules from a
quantum-degenerate Li-4°K Fermi-Fermi mixture. This is accomplished by an adiabatic
magnetic field sweep across a closed-channel dominated and narrow s-wave Feshbach
resonance. Highest observed molecule production efficiencies are up to 50 % with a total
molecule number of up to 4 x 10*. This number of produced Feshbach molecules is
among the numbers reported from other experiments involving a heteronuclear mixture
the highest observed one. In addition, exceptionally long molecule lifetimes of more than
100 ms in an atom-molecule ensemble have been detected. Long lifetimes were previously
discovered in the pioneering experiments involving homonuclear Fermi spin mixtures. But
the underlying mechanism, which leads to the observed longevity of the present system,
is different due to the narrowness of the chosen interspecies Feshbach resonance in the
6Li-*9K mixture.

For obtaining a further understanding of the interacting %Li-**K mixture, the tech-
nique of cross-dimensional relaxation is applied to study elastic scattering properties of
6Li and %K. The method is applied for the first time to a two-species Fermi-Fermi
mixture interacting via pure interspecies collisions. A kinetic model, Monte-Carlo simu-
lations, and measurements were performed and show that the mean number of collisions
required for rethermalization in the mixture are different for 6Li and “°K. For pure inter-
species collisions and assuming same particle number and initial energy anisotropy, the
lighter particle requires on average less collisions for equilibration than the heavier one.
For a quantitative analysis in the experiments identical starting conditions are challeng-
ing to obtain since the rethermalization rates exhibit a density, initial anisotropy, and
temperature dependence. These dependencies are mainly investigated by Monte-Carlo
simulations and by the presented kinetic model. Nonetheless the cross-dimensional relax-
ation method is suitable to measure relative changes of the scattering cross section in the
vicinity of a Feshbach resonance. We apply the technique to the same interspecies s-wave
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Feshbach resonance, where molecules are produced previously. Scattering cross sections
are determined over a wide range of magnetic field strengths across the resonance, and
from rethermalization measurements the position and width of the Feshbach resonance
are found to be By = 154.71(5) G and A = 1.02(7) G, respectively. By comparison of
the measurements, molecules are revealed on the atomic side of the resonance with very
long lifetimes. This behavior is attributed to the closed-channel character of the Fesh-
bach resonance and establishes the first observation of a many-body effect at a narrow
resonance.

Most experiments so far focused predominantly on broad resonances. Although all
known interspecies Feshbach resonances in the SLi-*K mixture are narrow and closed-
channel dominated, a surprisingly long lifetime of the system is revealed and the chal-
lenges addressed for attaining the strongly interacting Fermi-Fermi mixture are worth-
while. A thorough understanding of the system’s longevity and of the existence of
molecules in the crossover regime is still required and both on the experimental as well
as on the theoretical side efforts have to be made to investigate especially many-body ef-
fects at the crossover regime of a closed-channel dominated resonance. The closed-channel
fraction in the crossover regime could be experimentally measured and quantified by an
optical probe similar to (Partridge et al., 2005). From the theoretical point of view, a
few-body perspective can not explain the existence of molecules on the atomic side of the
resonance, and only a collective property of the ensemble might account for the experi-
mental observations. For instance, taking the limit of zero temperature, the dissociation
of molecules in a pure molecular BEC by an adiabatic magnetic field sweep would be
suppressed for magnetic field strengths above the resonance position and in the crossover
region of a narrow Feshbach resonance. In this case the low energy and momentum states
are occupied by unbound atoms in the Fermi sea, and hence the dissociation channels for
the molecules would be blocked by Pauli exclusion principle. This crossover region above
the resonance is predicted to be extended to magnetic field strengths related to the sum of
the Fermi energies of the involved species. Due to the closed channel dominated character
of the interspecies Feshbach resonances in the °Li-‘°K mixture, a quantitative analysis
of the entire BEC-BCS crossover can be achieved by a two-channel approach (Gurarie
and Radzihovsky, 2007). This is contrary to the case of broad resonances where different
computationally intense approaches are required since the gas parameter kp|a| varies
strongly throughout the crossover. The potential of narrow Feshbach resonances seems
to represent an almost unexplored field and many interesting applications are thinkable.
For example, the sensitivity for a measurement of the variation of fundamental constants
can be enhanced close to a narrow Feshbach resonance (Chin and Flambaum, 2006).
Although an excellent magnetic field control is required for narrow resonances, a mag-
netic field sweep for molecule production, as shown in this work experimentally (Voigt et
al., 2009) and discussed in theory (Gurarie, 2009), is slower compared to the broad case
and hence on a much more controllable level. Therefore the study of time-dependent
phenomena might be experimentally more tractable under the pre-condition of magnetic
field stability.

The pioneering experiment involving a quantum-degenerate two-species Fermi-Fermi
mixture of 5Li and “°K atoms offers unprecedented possibilities for further investigations.
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As a next milestone, the first realization and proof of a molecular BEC of heteronuclear
molecules would represent the initiation for further studies of the BEC-BCS crossover in
the present system. The goal of a molecular BEC implies several aspects to be solved
and a suitable strategy to be found. In principle, either a forced evaporation of the
6Li-*9K mixture away from resonance with a suitable choice of the scattering length, or
a direct evaporation of the molecules close to resonance would be possible. For the for-
mer, scattering properties of the mixture have been extensively studied in this work, and
with tailored optical potentials a beneficial overlap of the clouds for efficient thermaliza-
tion can be achieved. Due to the mass difference, the possibility to apply component-
selective methods offers a further enlargement of experimental applications (Giorgini et
al., 2008). By using optical lattices the effective masses of 5Li and 4°K can be controlled
independently. Also, species-selective optical potentials allow to exchange entropy in
mixtures (LeBlanc and Thywissen, 2007; Catani et al., 2009). For the direct evapora-
tion of molecules into a BEC close to resonance, it could be advantageous to selectively
remove unbound atoms in the trap. This could be achieved by transferring the atoms
to different Zeeman sublevels and applying a short resonant light pulse. But for this
strategy a necessary step is to clarify whether the molecules are eventually stabilized by
unbound fermions. If so, a trade-off for the choice of a suitable atom-atom, atom-dimer
and dimer-dimer scattering length needs to be found, cf. (Levinsen and Petrov, 2011),
for undergoing the phase transition to a molecular BEC. As an excellent starting point
for this endeavor, sufficiently long lifetimes, which are necessary for a direct evaporation
process, have been measured in the present work for small detunings from resonance
already inside the crossover regime to unbound atoms.

Within this work, a new laser beam setup for Bragg diffraction of fermionic “°K atoms
on a light field grating with efficiencies of more than 80 % in first order has been installed.
High diffraction efficiency for fermionic atoms require very cold temperatures of the cloud,
which is achieved by lowering the trapping frequencies. Two regimes of diffraction are
investigated and characterized, namely the Bragg and Kapitza-Dirac regime. This allows
to apply a pulse sequence to the clouds to study interferometry with a fermionic cloud
of 49K atoms. Other possible applications with this setup could be the investigation
of heteronuclear molecules by Bragg diffraction if the binding energy is larger than the
recoil energy. This technique also allows to study the crossover regime close to a Feshbach
resonance as has been recently shown for the homonuclear case in bosonic °Rb (Papp
et al., 2008) and fermionic °Li (Veeravalli et al., 2008; Kuhnle et al., 2010).

So far, experimental efforts focused on the investigation of population imbalanced
Fermi spin mixtures at the BEC-BCS crossover of a broad Feshbach resonance (Zwierlein
et al., 2006; Partridge et al., 2006; Shin et al., 2006; Schunck et al., 2007; Shin et al., 2008;
Nascimbéne et al., 2009; Liao et al., 2010). The mass difference in the 5Li-**K Fermi-
Fermi mixture allows to study superfluidity for the case of unmatched Fermi surfaces
although the population of the two types of fermions is balanced (Bedaque et al., 2003).
The phase diagram, i.e. degeneracy parameter versus population imbalance, of a strongly
interacting Li-*°K is expected to have a larger variety of possible pairing mechanisms as
compared to the homonuclear case (Petrov et al., 2005b; Sheehy and Radzihovsky, 2006;
Baranov et al., 2008; Gubbels et al., 2009). The mismatch of the Fermi surfaces gives
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rise to novel quantum phases such as an interior gap superfluid (Liu and Wilczek, 2003).

Finally, an intriguing area of research involves the creation of ultracold ground-
state heteronuclear molecules with long-range interaction. For this goal, the ultracold
heteronuclear Feshbach molecules are an appreciable starting point for transfer to the
absolute ground state by means of a stimulated Raman adiabatic passage (STIRAP)
(Bergmann et al., 1998). This was recently demonstrated with “°K-8Rb (Ni et al.,
2008), 8" Rby (Lang et al., 2008), and 33Csy (Danzl et al., 2008). Especially for the case
of 6Li and “°K the molecules are bosons and this allows to cool further by forced evap-
oration and to create a polar BEC with an anisotropic long-range interaction (Santos et
al., 2000, 2002E). The first observation of a dipolar BEC with non-isotropic interaction is
reported by (Lahaye et al., 2007, 2009) with 52Cr atoms, which have a permanent mag-
netic moment. A BEC of heteronuclear ground-state molecules would offer long lifetimes
and a strong permanent dipole moment which can be controlled by an external electric
field. Those ground-state molecules assembled on an optical lattice would offer a strong
dipole-dipole potential which allows the molecules to interact between neighboring lattice
sites with interaction energies typically in the order of several hundred nanokelvin (in
units of kp). This would represent a versatile platform to simulate many-body quantum
systems and a variety of quantum phases are expected (Géral et al., 2002; Micheli et
al., 2006; Lewenstein et al., 2007) such as superfluid, supersolid, Mott insulator, checker-
board and collapse phases, and many other. The close relation to many-body systems
would in addition feature an application for quantum information processing (DeMille,
2002; Jaksch and Zoller, 2005; Lewenstein et al., 2007), where entanglement could be
achieved between neighboring sites via controlled long-range interactions in the optical
lattice. Moreover, first steps towards ultracold chemistry with heteronuclear molecules
have already been achieved recently (Ni et al., 2010), but several other aspects in this
context can be explored (Krems, 2008; Carr et al., 2009). As a last point, ultracold polar
molecules serve to test the time variation of fundamental physical constants (Hudson et
al., 2006; Zelevinsky et al., 2008; Carr et al., 2009).
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Appendix A

Level schemes

The atomic energy levels of 8’Rb, °Li, and “°K relevant for this experiment are presented
in Fig. A.1. The wavelengths are Agp, = 780nm, Ak = 767nm and Ar; = 671 nm.

In 8"Rb magneto-optical trapping (MOT) and cooling is done on the 551 /9, F = 2) —
15P3 /5, F " = 3) cycling transition of the Ds-line. The same transition is used for detec-
tion. For an efficient MOT, atoms need to be repumped to the cycling transition. The
repumper transition is [55 5, F' = 1) — [5P39, F' = 2). Optical pumping is performed
on the |55} )9, F = 2) — [5P35, F' = 2) transition.

Due to a positive nuclear Landé g-factor “°K possesses an inverted hyperfine structure
(Eisinger et al., 1952). Trapping is achieved on the |45} 9, F' = 9/2) — [4P5 /5, ' = 11/2)
transition of the Dy line. For imaging in the magnetic trap the same transition is usually
used. However, for measurements in the vicinity of a Feshbach resonance other relevant
cycling transitions are used at high magnetic fields, cf. Sec. 3.7.1. The repumper acts on
the transition [4S; /o, F' = 7/2) — [4Py9, F' = 9/2) and requires in contrast to the case
of 8Rb a higher intensity since the branching ratio between the excited states is smaller.
The Bragg pulses for diffraction of quantum-degenerate “°K atoms, cf. Ch. 4, are blue
detuned by 1.43 GHz from the MOT transition.

The level structure of the excited |2P;3 /2) state of 6Li is optically not resolved since
the energy separation between adjacent levels is on the order of the natural linewidth of
the D5 line. This has a consequence for the operation of the MOT. The cycling transition
2512, F' = 3/2) — |2P3/5, F' = 5/2) cannot be addressed individually. For a MOT, this
results in an almost equal population of the two hyperfine ground states F' = 1/2 and
F' = 3/2 and the repumper light for the transition |25} /9, F' = 1/2) — [2P;39, F' = 3/2)
requires a comparable laser intensity as for the MOT light.
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Figure A.1: Level schemes and relevant optical transitions for trapping and imaging of
the atomic alkali-metal species 8'Rb, 4°K, and SLi.
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Appendix B

Center of mass and relative
coordinates

The collision process of atoms with different masses is described in the frame of center-of-
mass and relative coordinates. The concept is introduced in this section following (Reif,
1987; Walraven, 2010).

The relative position between two particles 1 and 2 is given by

r=rj —ro. (B.1)
The relative velocity is obtained by taking the derivative with respect to time
Viel = V] — V9 (B.2)
and the total momentum is represented by
Pem = (M1 +m2) Vem = P1 + P2 = mavi + mavs. (B.3)

The position of the center of mass is found to be

miry + marg

Rem = (B.4)

mi + ms

With the help of Egs. (B.2) and (B.3), the velocities of particle 1 and 2 can be written
as

Pcm + M2 Vrel

V] = T
mq meo
B.5
Pen — mivya ( )
Vg = ——————,
my + ma

The total kinetic energy of particle 1 and 2 can be separated in a contribution of the
center of mass and relative motion
1 1 2 Pgm p?el

gl 2.1 _ Pl B.6
o MIVI Tt gMaVe = o o (B.6)
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mima
mi+mg

where M = my + mo, m, = is the reduced mass of the system, and the relative

momentum Py is given by
m m
Prel = My Vyel = TPl - JPZ- (B?)
ma mo

The positions r; and re can be expressed by R¢y, and r according to

me9 mq
ry = Rcm + Mr, ro = Rcm - MI‘ (Bg)
and the momenta p; and po are represented with center of mass and relative coordinates
as
mi

m
P1 = ﬁPcm + DPrel, P2 = Mchm — Prel- (B9)

In an elastic collision process the total momentum P, and the absolute value of the
relative momentum |pye| are conserved quantities. The collision process changes only
the direction of the relative momentum p,e. The relative momentum changes from pye
t0 P'Leps With @ = p’,e) — Prei- Then the individual momenta p; and pe are changed to

p} and py

mi mi
P1 = MPcm + Prel — P/1 = MPcm + p/rel
A (B.10)
= JP — Prel — p/ — @P _ p’
P2 A om re 2 Ao rel*

The momentum transfer is

Api =p)—pi=q

, (B.11)
Apz =py —p2=—¢q
and the energy transfer is given by
PR N
2m1 2m1 M (B 12)
p/2 p2 P q ’
AE, =2 — =2 = __ L 2
27712 2m2 M

An example for a collision process in the 5Li-*°K mixture, which obeys the correct con-
servation laws, is illustrated in Fig. 2.11.
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Appendix C

Initial parameters and constraints
for cross-dimensional relaxation

C.1 Validity of kinetic model

In the derivation of cross-dimensional relaxation rates from a kinetic model in Sec. 2.4.2.2,
the thermal averages <Urelvr261i> and (Upel Vem,itreli) in Egs. (2.77) and (2.78) have been
approximated. In this section the validity of the approximation is tested by directly
integrating thermal Gaussian distributions with different energy anisotropies for each
species in momentum space. One is interested in ratios of the type

<Ure1vge1,i>

(Urer) (V3 ;)
(VrelVem,iUrel i) (C.2)
(Vre1) (Vem,iVrel i)

which can be approximated by 4/3 in case that the anisotropies are not too large. The
integration is performed over the distribution function exp (—H) with the Hamiltonian
in center-of-mass and relative coordinates

2 2
H (v14,v2;) = +

(C.1)

2\ Eyy Es; (©.3)
MVCQm,i m’"vfel,i .
= + - mr(si%m,ivrel,i =H (vrel,i7 V;:m,i) )
25cm,i 28rel,i
where E,; is the mean energy per particle of species o in the direction 4 and
_ (i +mo) By By
T me By 4 myBay
my +msa) B Fo;
Ereli = ( ) : : (04)
miE1; +moFo
5 = Ei; — Ey;
i =
EiEy;
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C.2 Initial conditions for cross-dimensional relaxation

The following averages can be derived analytically

Ei; Es;

<Ur2e1,i> =4 =

ma mo
(C.5)

(Voo i¥reLs) = Ei1; — Ey;

cm,iUrel i my + ma .

A closed analytical expression for the other averages of interest

(Vrel) s (C.6)
<vrelvfel,i>7 (C?)
<Urelvcm,ivrel,i>a (08)

can only be given for a cylindrical symmetry of the initial energy anisotropy E,/E. =
E,/E. (Goldwin et al., 2005). For the general case E,/E, # E,/E, one carries out
the integrations numerically. In Fig. C.1 the relevant ratios of thermal averages are
plotted as a function of the mass ratio. The validity of the kinetic model is tested by
calculating the averages with anisotropies typically occuring in the experiment. For 5Li
the largest anisotropies, which yield best signal-to-noise ratios, are E,/FE, = 2.8 and
E,/E, =1.9 and for *°K E,/E, = 2.8 and E,/E, = 3.9. For the °Li-*°K mass ratio, the
discrepancy of the thermal average from 4/3 is at most 12 % according to the numerical
integrations. That means that the assumptions made in Sec. 2.4.2 are legitimate within
typical experimental uncertainties.

C.2 Initial conditions for cross-dimensional relaxation

In this section the validity of Eq. (2.70) is verified by performing classical Monte-Carlo
simulations. Those simulations are powerful since they allow to investigate dependencies
of the rethermalization rates only on the cost of computational time. In most cases, ex-
perimental parameters are difficult to be varied methodically as other system parameters
are often also affected.

C.2.1 Dependence on particle number and initial anisotropy

For a classical Gaussian distribution of atoms confined in a harmonic trap, the rether-
malization rate can be rewritten as

I'i2.cpr = 1/ 512112012000 =

3/2 Sk’BT m1V 1 m2V22 No (C.9)
-1 N. 1/ ! —=.
/PrzNy < ) H mly21 +m2V 9 x T

Here the effect of the gravitational sag is omitted. The rethermalization rate I'12 cpr
is direct proportional to the atom number Ny of species 2 and inverse proportional to
the equilibrium temperature 7. The quantity is expected to be independent on the
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C. Initial parameters and constraints for cross-dimensional relaxation
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Figure C.1: Numerical integration of thermal averages over anisotropic Gaussian distri-
bution functions. The quantities (vev2,;)/ ((vrel)(vfel 1>) (1 = x,y, z) are plotted as a
function of the mass ratio and for different energy anisotropies (Goldwin, 2005; Hahn,
2009).
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C.2 Initial conditions for cross-dimensional relaxation

Figure C.2: Particle number dependence of the cross-dimensional rethermalization rates
of 91i and “°K in the mixture determined with Monte-Carlo simulations. The parameters
for the simulations are 7r; = 1612Hz, 7k = 624 Hz, E,/E, = 1.4, and E,/E, = 1.7.

particle number N7 of species 1. These dependencies of the rethermalization rate can
be studied with classical Monte-Carlo simulations. The results for the parameters of a
6Li-*°K mixture are presented in Fig. C.2, where the atom numbers of °Li and “°K are
varied. Fig. C.3 illustrates the behavior of the CDR rates if the temperature T is varied.
The Monte-Carlo simulations are in fair agreement with the expectation from Eq. (C.9),
i.e. I'ia,cpr o< No/T'. For the presented simulations with the Monte-Carlo method the
average of three relaxation rates respective to the three spatial axes is taken.

On the other hand, the kinetic model presented in Sec. 2.4.2.2 gives an intuitive
interpretation of cross-dimensional relaxation. This model allows to study systematically
dependencies of rethermalization rates on initial system parameters. According to the
kinetic model, the relaxation process within one axis of the cloud, e.g. x-z as assumed
in Eq. (2.72), is considered. The coupled differential equations given in Eq. (2.81) are
solved for various initial conditions and for the 9Li-*°K mixture. The solutions are fitted
with the expression from Eq. (2.88). The results are presented in Fig. C.4. Fig. C.4
(a) presents the dependence on the particle numbers. The results are consistent with
a rethermalization rate I'1o cpr being direct proportional to the atomic number N3 of
species 2, and nearly independent on the particle number of species 1, i.e. I'12 cpr o< No.

In Fig. C.4 (b) the variation of the rethermalization rates with the initial energy
anisotropy between the two species is studied. If the initial anisotropy for Li is larger
than for °K y1,:(0) > xk(0) than I'Lik,cpr is nearly independent on the ratio of the initial
anisotropies. Whereas for the case where xri(0) < xx(0), there is a large variation of
I'Lik,cpr. On the other hand 'k cpr is robust and nearly independent on x1,i(0)/xk (0).
In the experiments, the imposed initial energy anisotropy of Li is usually smaller than
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C. Initial parameters and constraints for cross-dimensional relaxation
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Figure C.3: Temperature dependence of the cross-dimensional rethermalization rates of
6Li and °K in the mixture determined with Monte-Carlo simulations. The parameters
for the simulations are y; = 792 Hz, g = 461Hz, E,/E, = 1.7, and E,/E, = 1.4. The
solid lines correspond to fits 'cpr = A/T', where A is a free fitting parameter.

for 19K, since °Li relaxes faster. This would lead to an expected smaller ratio Bkri/BLik
according to the kinetic model and Fig. C.4 (b).

C.2.2 Initial imbalance of mean energies per particle

In the experiments, an imbalance of mean thermal energies between the species is de-
tected. The temporal relaxation of such an imbalance can be derived from the kinetic
model in a similar way as outlined in Sec. 2.4.2.2 for the case of CDR.

C.2.2.1 Kinetic model

The quantity of interest in this case is the difference of kinetic energies
. . 1
AK = A (Ei““ - Elz‘m> = §A (mivf — mav3) . (C.10)

A transformation into the center-of-mass frame yields
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C.2 Initial conditions for cross-dimensional relaxation

1.2 038
@ XLiO=x«0=1 0.7 ) NL=Ng 02
1.0 Nj=con 0.7 0.6 xLi(0)=1
Ny =const 0.6 05 0.15
08
8 0% Eoa (0=1 !
S 06 04z © A= 01 =
X N =const = X023 =
= 04 035 2 S
0.2 X 0.2 0.05 ©
0.2 N j=const - .
: 01 0.1
‘ ‘ ‘ ‘ 00 .
000510 15 20 28 05 10 15 20 28
N / N x.i(0) / xx(0)

Figure C.4: Dependence of I'tik cpr (in red) and I'kri cpr (in blue) on initial conditions
as predicted from the kinetic model for the case of a 6Li-**K mixture. The solutions x
are fitted with exponential curves to obtain the rethermalization rates I'cpr. For Fig.
(a) the particle dependence is considered. As denoted in the graph the particle number
of only one species is varied while the other species’ atom number is kept constant. The
initial energy anisotropy of SLi and °K is the same, i.e. xi(0) = xx(0) = 1. For Fig.
(b) the particle numbers are the same and the ratio x1i(0)/xk(0) is varied. Keeping the
initial anisotropy of either species constant (xri(0) = 1 or xk(0) = 1) while the other
one is varied, leads to the same results.

The first two terms vanish since the absolute values of V., and v, are conserved. Using
the approximations in Eqgs. (2.77) and (2.78) gives
. 8 mims

K)y=—Tpp——— (V- V C.12

< > 3 12m1+m2< rel cm> ( )
Resubstituting with v; and vy and reminding that the mean kinetic and potential energies
are equally split up in the collisionless regime, yields the differential equation

8 mimso

. T
(K) = -T2 =-—2

37 7 (my +mg)? ) =4 K) (C13)

with A = %% = A(my/ms3). The solution of the differential equation is a simple

exponential decay
Tio
t

K(t) = K(0) - e~ 2, (C.14)

On the basis of the same assumptions as made in Sec. 2.4.2.2, an imbalance of the
single particle thermal energies between different species relaxes exponentially with a
time constant that is dependent on the mass ratio. In Fig. C.5 the analytical expression
for A (mj/ms2) is plotted and tested by classical Monte-Carlo simulations. For identical
initial conditions, the equilibration of an imbalance is equally fast for two different species
in a mixture, since A (mj/ma) = A(ma/my) is valid. A simultaneous relaxation of an
energy anisotropy within the species and an energy imbalance between two species in a
mixture is investigated with classical Monte-Carlo simulations (cf. Sec. 2.4.2.3) in the
next section.
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C. Initial parameters and constraints for cross-dimensional relaxation
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Figure C.5: Number of collisions required for the thermalization of an imbalance in the
mean energy per particle in a mixture of two species with masses my and my. A kinetic
model and classical Monte-Carlo simulations show fair correspondence for the results of
the mean number of collisions per particle required for equilibration.

C.2.2.2 Cross-dimensional relaxation in the presence of imbalance of mean
energies per particle between species

Fig. C.6 shows the results of classical Monte-Carlo simulations for CDR where simul-
taneously an energy imbalance between the species is present. The ratio Sxri/fLik is
presented as a function of the difference in the mean energy per particle between the
species. The ( factors are obtained by least square fits of the rethermalization curves
with the expression given in Eq. (2.89). For both species, the initial energy anisotropies
are B,/E, = 1.7 and E,/E, = 1.4. The mean energy E, along z is varied between
the species what leads to an energy imbalance, and, after relaxation, to a net flow of
energy from one species to the other. A strong dependence of the ratio fkr;/fLik is ob-
served in dependence of the initial energy imbalance between the species. In the case of
same single particle energies, the ratio is close to 3.7 as derived from the classical kinetic
model, see Sec. 2.4.2.4. In the case where Li possesses a higher single particle energy
> icay.» Biri(0) as compared to 40K > icaxy.» Bix(0) the ratio is diminished. This can
qualitatively explain the observed diminished value of the ratio fkri/fLik in the experi-
ment (cf. Sec. 6.2), as usually a higher mean energy per particle of a fully thermalized
6Li cloud as compared to a *°K cloud is detected in the harmonic trap.
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C.3 Energy dependence of scattering cross section
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Figure C.6: Influence of an initial imbalance of the mean energy per particle between Li
and “°K on cross-dimensional relaxation tested with classical Monte-Carlo simulations.
As simulation parameters, same particle number and initial energy anisotropy of E,/E, =
1.7 and Ey/E, = 1.4 are chosen for the OLi and *°K cloud. The kinetic energy along E,
for both species is varied what leads to an energy imbalance between the clouds. The
red curve corresponds to a guide to the eye and a linear fit to the data points, and the
uncertainty arises from the average along the three spatial directions.

C.3 Energy dependence of scattering cross section

In this section, the influence of an energy-dependent scattering cross section is discussed.
Especially for narrow Feshbach resonances, measurements on scattering properties can
be affected by the finite value of the effective range r.g (see also Sec. 2.3.5).

In the derivation of the rethermalization rate of cross-dimensional relaxation in Sec.
2.4.2.2, the scattering cross section is assumed to be energy independent. However,
close to a Feshbach resonance the scattering amplitude, which is directly related to the
scattering cross section, exhibits an energy dependence in the limit |B — By| < AB
according to the expressions Eqs. (2.36) and (2.45). The effective range is negative
reft < 0 close to resonance (Petrov, 2004b; Bruun et al., 2005; Jensen et al., 2006; Gurarie
and Radzihovsky, 2007). The magnetic field positions of the two extrema of the energy
dependent scattering cross section in the vicinity of a Feshbach resonance are given by

Bmin - BO + Aa Bmax = B(] + > BO. (C15)

1—2/ (apgk?reg) —
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C. Initial parameters and constraints for cross-dimensional relaxation
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Figure C.7: Rethermalization rates vk and ykr; as a function of the magnetic field
strength close to an interspecies Feshbach resonance. The rethermalization rates are
determined by numerical integration over anisotropic classical Boltzmann distributions
with the parameters v,1; = vy ;i = 963Hz, v, 1; = 479Hz, v, x = v,k = 561 Hz,
VK = 279 I‘IZ7 E:c,K = EJ:,Li = k‘B 190MK, Ey,K = Ez,Li = kB 1.15 /LK, Ey,K = Ey,Lh
Eyri = Eyvi, Eyx = Eyx (cylindrical symmetry), and resonance position at By =
154.7 G. The step size is 5 mG.

Depending on the value of reg, the maximum of the observed scattering cross section is
shifted with respect to the resonance position By. Because of the negative sign of r.g the
maximum is moved to higher magnetic field values as compared to the resonance position.
As a rough estimate the shift is found to be on the order of 40 mG with a typical Fermi
wave number of k ~ 10" m~! and the present Feshbach resonance parameters (cf. Tab.
2.2). A more accurate determination of the shift for the present experimental parameters
can be obtained by calculating the thermal averages

g = _2<<X>.<11>> = _ny <012(U;e<lz;ir>elAX1> (C.16)

with an energy dependent scattering cross section o(vye) and anisotropic momentum
distributions in the center-of-mass frame (cf. Sec. C.1). The expression for (xi) is
given by Eq. (2.76) with the difference that the scattering cross section o(vy) is part
of the expression that is thermally averaged. Taking the ratio I'y2/v12 with T'1 being
the classical collision rate from Eq. (2.65), one obtains a measure for 2, see definition
in Eq. (2.83). Similar formulas can be derived for the rethermalization rate of species 2
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C.3 Energy dependence of scattering cross section
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Figure C.8: Magnetic field position of the maximum rethermalization rate as a function
of pires for different temperatures. The chosen parameters are By = 154.7G, A = 0.81 G,
apg = 63.5 ap, and the respective masses for 6Li and “OK.

equilibrating by collisions with species 1.

Using a constant effective range for the Li-*°K interspecies Feshbach resonance at
154.7G as given in Tab. 2.2, the results for the Fano profiles of the rethermalization
rates YLk (B) and ~kri(B) are presented in Fig C.7. The magnetic field positions of
the maximum rethermalization rates for °Li and %°K are located at the same value, but
are shifted by 30(5) mG towards higher magnetic field values with respect to the chosen
resonance position at 154.7 G. This correction of 30 mG is within typical uncertainties
occurring in the experiment (£50mG for the determination of the resonance position,
see Sec. 6.4). The thermal averages in Eq. (C.16) are realized with anisotropic clas-
sical Boltzmann distributions by numerical integration. For the present experimental
degeneracy parameter of T/Tr =~ 0.5, the use of Fermi-Dirac distributions as opposed
to classical distributions does not alter the results considerably since the Fermi-Fermi
mixture is not deeply degenerate. Due to simplicity, the magnetic field dependence of
the effective range (Bruun et al., 2005; Jensen et al., 2006; Zinner and Theggersen, 2009) is
omitted here. The expression for r.f(B) from Eq. (2.54) would lead to similar positions
of the two extrema as given in Eq. (C.15).

In Fig. C.8 the magnetic field position of the maximum rethermalization rate B ax is
shown as a function of the difference of the magnetic moments of the unbound atoms and
molecules pires. The effective range reg is inverse proportional to pires, see Eq. (2.45). If
the magnetic moment p.es is small, i.e. the effective range becomes large, the maximum
of the rethermalization rate is shifted significantly, whereas for small values of r.g the
maximum approaches the resonance position.
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Appendix D

Optical transition strength for
high magnetic field

In this chapter, the optical transition strength for Zeeman states is derived for the case of
low, high, and intermediate magnetic field strengths. For the latter neither the coupled
nor the uncoupled basis describe the atomic system appropriately. This case applies to
imaging of Zeeman states of °Li and °K for the interspecies Feshbach resonance at 155 G.
The derivation is based on (Udem, 1994; R681, 1999; Gehm, 2003; LeBlanc, 2006).

D.1 Representation of the hyperfine structure and Zeeman
operator

In the case of small external magnetic field strengths, the nuclear spin I couples to the
total electron spin J what gives rise to the total spin operator F with the corresponding
quantum numbers F' and mp. The matrix elements of the hyperfine operator Hy¢ can
be represented in the coupled basis

(ILJFmp|Hy|I'J F'mlp) = (1) hAy

where Ay and By are hyperfine structure constants and {-} are Wigner 6j symbols and
(-) are Wigner 3j symbols. On the other hand, if the magnetic field strength is large the
coupling between I and J is negligible and the matrix elements of Hy¢ can be described
within the uncoupled basis of the common eigenvectors of the operators I?, I., J? and
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D.1 Representation of the hyperfine structure and Zeeman operator

J:

(IJmypmy|Hye|IJmim/;) =

= hApg(—1)"™ ™ (=1)H=mo=me S0 £ 1) (J + 1) J(21 + 1)(1 + 1)I-

J 1 J I 1 I n
-my my—m, m/ —-m; m/y—my mp

_1\ymg—m/;y(_1\JH+H—my—m /@I+3)(J+ DRI+ 1) I(2J-1)(I+3) I+ D) RI+1)I(21-1)
+hBhf( 1) J( 1) ArJ(2I—1)(2J—1)

.(J 2 J/)(I 2 1) 0.2)
—my myg—mj; My —my Mmy;—myg mj

An external magnetic field couples to the magnetic moment of the nucleus and of the
electrons of the atom according to

H;=—p-B= (gJJz + g[Iz)MBBZ, (D.B)
where z is the quantization axis. The uncoupled basis vectors |IJmmj) are eigenvec-

tors of the operators I, and J, and consequently the matrix (IJmymj|Hz|IJm\m/;) is
diagonal

(IJm[mJ|HZ|IJm'Imf]> = 5m17m/15mJ7m/J (ngJ + g[m]),uBBz. (D.4)
In the coupled basis the matrix elements of H; are given by

(IJFmp|Hz|IJF'm)) =

—ppBo(-yFe [ F L er e ).
z —mp 0 mp

gy (=1 SR (T + l)J{ Sl }+

FJ 1
+g;(—1)I+J+1+F/\/(21—|—1)(I+1)I{ 14{' ? ‘{H (D.5)

The eigenvalues of the hyperfine ground states for 6Li and K in the presence of a
magnetic field Hys 4+ Hy, are presented in Fig. D.1!. For intermediate magnetic fields the
atomic states can be represented by a linear combination of eigenvectors in the basis set
|F'mp) or equivalently by a linear combination of eigenvectors in the basis set |[IJmm).
For very strong magnetic fields the electronic and nuclear spins decouple and the problem
is diagonalized by the set of eigenstates |IJmrm ).

!For the magnetic field calibration as presented in Sec. 3.6.3 the Zeeman transition from |9/2, —9/2)
to [9/2,—7/2) in *°K is used with a magnetic field dependent transition frequency of

v[MHz] = 642.894 MHz+1.40135 MHz/G B[G]—1.40111 MHZ\/210541 +713.7631/G B[G] + 1/G? B[G]?
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Figure D.1: Hyperfine splitting of the ground state of °Li and °K.

D.2 Optical transition strength

For low magnetic fields, the quantum numbers F' and mpg are good quantum numbers
and in this case the low-field matrix elements of the electric dipole moment are given by
the Wigner-Eckart theorem

(Fmpld| F'ml) = (=17 71" (Fl|d| F) < (D.6)

F 1 F
e 1)
where d = e - z denotes the electric dipole operator. The selection rules in the low-
field regime are AF = 0,41, AL = +1, Amp = 0,%1, and transitions with F' = 0 4
F’ = 0 are not allowed. From the symmetry of Wigner 3j symbols, ¢ must obey ¢ =
mp —m’p. The case ¢ = 0 denotes an optical transition with 7-polarized light, whereas
q = *1 represents a oT-optical transition. The reduced matrix elements (F||d||F’) can
be expressed by reduced matrix elements (J||d||J’) according to

. / 1
(FIF) = (-1t Pt R DEF D] 0 50 ), (o)
where {-} denotes a Wigner 6j symbol, and the min, max subscripts correspond to the
minimum or maximum values for F' or J among the primed and unprimed variables. By
inserting Eq. (D.7) in (D.6), one can obtain the optical transition strengths in units of
the absolute square of the reduced matrix element (J||d||J")

2

LF _ ‘<FmF’d\F/m§r>
(J1ldl[.J")

(D.8)

/
mpg,my

For high magnetic field strengths, the states are defined by the uncoupled basis vectors
|IJmymy). The selection rules are AJ = 0,+1, AL =41, Amy =0,£1 and Am; = 0.
The normalized optical transition strength is dependent on the matrix element of the
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electric dipole operator d between an initial state |[IJmm ) and a final state |I.J'm/}m’;)

2

GHF _|{IImpm g |d|I]'m/;m')
(mrmy),(mim/;) — <<]HdHJ,>

1A
‘(_I)J/1+mJ< J 1 J/ >5m1 »
—-my q my i

[(Jld]]J7) [

2 (D.9)

Similar to the low-field case, ¢ = 0 corresponds to an optical transition with m-polarized
light and ¢ = =£1 represents a oT-optical transition. It is sufficient to calculate relative
probabilities within one manifold of J. This means that the reduced matrix element
(J||d||J') is a constant within one manifold.

At intermediate magnetic field strengths, neither the coupled basis |[F'mp) nor the
uncoupled basis [IJmpm ) are good eigenstates. Therefore, by representing the states
|1}, which are involved in the optical transition, in the uncoupled basis

W)= > (LTmumyy) - [Limmmy)y = > ¢ [LTmymy). (D.10)

mr,mj mr,mj

and invoking Eq. (D.9), the optical transition strengths between different ground and
excited states can be compared within one manifold

2
. : 1/2
to_ ) P HF
Sy = > Cmpmy Cmtym!, (S(m,mJ),(m',m{,)> : (D-11)

It
mr,mj,my,m ;

The projection coefficients c%l,m ; can be obtained by diagonalizing the matrices given
in Eq. (D.2) and (D.4) (IJmmj|(Huw + Hz)|IJmmy).

In Tab. D.1 all possible optical transitions at high and low magnetic field are given
for the relevant hyperfine states of 5Li and “°K for the interspecies Feshbach resonance
at 155 G. Fig. D.2 presents the situation for various magnetic fields up to 200 G. One
can see how the optical transition probability to low-field states vanish, and other states
at higher fields become relevant as the magnetic field strength increases. Both the low-
and high-field limit presented in Tab. D.1 is reproduced in Fig. D.2. At 155G, the
high-field limit of 8Li and %°K is not entirely satisfied. The optically excited state can
still couple to Zeeman states other than the original state. For the chosen frequencies of
the absorption imaging light pulses in the experiments, o~ -transitions are driven.
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SLi |F = %,mp = %,mJ = 7%,777,] =1) || YK |F = %,mp = f%,m(} = f%,ml =-2)
B S Final state S Final state
49/1620 |F''=7/2,ms = —3/2)
ot LF | 5/36 |F' =3/2,mp = 3/2) 56/891 |F' =9/2,mp = —3/2)
3/110 |[F' =11/2,mp = —3/2)
HF || 1/12 |mly =1/2,m} = 1) 1/12 |mly =1/2,m} = —2)
5/54 |F' =3/2,mp = 1/2) 49/2430 |F' =7/2,mp = —5/2)
- LF | 2/27 |F' =1/2,mk =1/2) 100/2673 |F' =9/2,myr = —5/2)
6/55 |F' =11/2,m} = —5/2)
HF 1/6 |mly = —1/2,m} = 1) 1/6 |mly = —1/2,m} = —2)
5/108 |F' =3/2,mp = —1/2) 49/2430 |F' =7/2,mp = —7/2)
o LF | 4/27 |F' =1/2,mF = —1/2) 128/2673 |F'' =9/2,mpr = —7/2)
9/55 |F' =11/2,m} = —7/2)
HF 1/4 |mly = =3/2,m} = 1) 1/4 |mly = —3/2,m} = —2)

Table D.1: Transition strengths S in units of |(J||d||J")|* for transitions coupling to

the initial Zeeman states of SLi |F = 1/2,mp = 1/2,my

—-1/2,m; =

1) and 9K

|FF'=9/2,mp = —5/2,mj = —1/2,my = —2). All possible transitions are given for the
low (LF) and high field (HF) limit.
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Figure D.2: Optical transition strenghts for °Li and 4°K up to magnetic fields of
200 G. Only optical transitions of the Zeeman states are considered which are rele-
vant for the investigated interspecies Feshbach resonance at 155G, i.e. for °Li |F =
1/2,mp = 1/2,my; = —1/2,m; = 1) and for K |F = 9/2,mp = —5/2,m; =
—1/2,m; = —2). The transition strengths are given in units of the reduced matrix
element |(J = 1/2||d||J" = 3/2)|*.
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