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Zusammenfassung Diese Arbeit beschreibt Streuexperimente an einem ultrakalten
Gemisch aus leichten fermionischen 9Li und schweren bosonischen '¥3Cs Atomen mit-
tels derer Effekte der Zwei-, Wenig- und Vielteilchenphysik untersucht werden. Zu
diesem Zweck wird die bestehende Apparatur zur Erzeugung von ultrakalten Gasen
erweitert und durch Kiithlung der °Li Atome mittels grauer Melasse sowie einen neuen
Aufbau zur hochauflésenden Absorptionsabbildung verbessert. Mittels Atomverlust-
und Bindungsenergiespektroskopie werden s-, p- und d-Wellen Feshbachresonanzen in
den beiden energetisch niedrigsten Hyperfeinkanilen nachgewiesen. Diese Messungen
in Kombination mit einer Coupled-Channels-Modellierung ermoglichen eine zehnfach
verbesserte Parametrisierung der s-Wellen Streuldnge sowie eine prézise Bestimmung
der LiCs Molekiilpotentialkurven. Zum ersten Mal werden Effekte der Spin-Rotations-
Kopplung an Feshbachresonanzen beobachtet. Diese spiegeln sich in einer Triplettauf-
spaltung der p-Wellen Komponenten wider. Der Einfluss der Intraspeziesstreuldnge auf
den heteronuklearen Efimoveffekt wird mittels Messungen der Dreikorperverlustraten
in der Nahe zweier Feshbachresonanzen untersucht, welche entweder eine positive oder
negative Intraspeziesstreulange aufweisen. Die Experimente werden quantitativ mit
dem hypersphéarischen adiabatischen Formalismus verglichen. Die positive Intraspe-
ziesstreuldnge kann dabei als Dreikorperparameter interpretiert werden. Die Auswir-
kungen der Wenigkorperphysik auf das Polaronproblem der Vielteilchenphysik werden
diskutiert und Perspektiven fiir die Realisierung von quantenentarteten Bose-Fermi-
Mischungen mit grofem Massenungleichgewicht werden vorgestellt.

Abstract This thesis reports on scattering experiments performed with an ultracold
mixture of fermionic %Li and bosonic *3Cs atoms, studying two-, few-, and many-body
effects in a highly mass-imbalanced system. To this end, the existing apparatus for
the creation of ultracold gases is extended and improved by gray molasses cooling of
6Li and high-resolution absorption imaging. s-, p-, and d-wave Feshbach resonances in
the two energetically lowest hyperfine channels are detected via atom-loss and binding
energy spectroscopy. These measurements in combination with the coupled channels
modeling provide a ten-fold improved parametrization of the interspecies s-wave scat-
tering length and precise determination of the LiCs molecular potential curves. For
the first time effects of spin-rotation coupling in Feshbach resonances are observed, re-
flected in a triplet splitting of the p-wave components. The influence of the intraspecies
scattering length on the heteronuclear Efimov scenario is studied by means of three-
body loss rate measurements in the vicinity of two Feshbach resonances, characterized
either by a positive or negative intraspecies scattering length. The measurements are
quantitatively compared to the hyperspherical adiabatic formalism. The positive in-
traspecies scattering length can be interpreted as three-body parameter. The impact
of few-body physics in the many-body impurity problem is discussed and prospects for
realization of quantum degenerate Bose-Fermi mixtures with large mass imbalance are
provided.
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Introduction

Scattering of radiation and particles is ubiquitous in nature. It is responsible for ev-
eryday life phenomena like the blue color of the sky and the appearance of rainbows
[Nussenzveig, 1977]. It is also the central approach in the study of nuclear, high energy,
condensed matter, molecular, and atomic physics. Indeed, most of our current knowl-
edge about the structure of matter has been obtained by either performing scattering
experiments, meaning the study of the systems in the continuum, or spectroscopy,
the analysis of bound states. Scattering experiments at increasing collision energies
allowed to resolve smaller and smaller structures of matter, starting with the discovery
of atomic structure by scattering of « particles from gold atoms [Rutherford, 1911],
the composition of nucleons evident from electron-proton scattering [Hofstadter, 1961],
and eventually investigations of deep inelastic scattering of electrons which eventually
led to the verification of quarks. In the study of elementary particles collisions do not
only disclose the structure of matter, but also serve as main production mechanism
for new particles such as pion production or the creation of the Higgs boson [AT-
LAS Collaboration, 2012; CMS Collaboration, 2012]. In low energy physics neutron-,
electron- or x-ray scattering is used for the study of solid state systems, e.g. for the
investigation of crystallographic and magnetic structure [Price, 2015]. Considering this
history, it is impossible to overemphasize the importance of collision experiments for
the understanding of composite systems in nature.

In the realm of atomic and molecular physics scattering experiments are a major
method to investigate the interaction potentials between the scatterers and gain infor-
mation about their structure. Since these systems are typically probed at low kinetic
energy, the wave-nature of the colliding atoms has to be taken into account, thus
requiring a quantum mechanical treatment of the scattering process as soon as the
de Broglie wavelength of the scatterers is comparable to the characteristic length scale
of the interactions. In contrast to classical particle scattering, the wave-like behavior of
the scattering particles leads to interference effects, such as apparent in the impressive
example of atomic and nuclear “rainbow scattering” [Hundhausen and Pauly, 1964;
Goldberg and Smith, 1972; Khoa et al., 2007], where the constructive interference of
different possible scattering pathways leads to a strong enhancement of the scattering
amplitude at the rainbow angle. Another phenomenon, known as Ramsauer-Townsend
effect [Ramsauer, 1921; Bailey and Townsend, 1921], results in a minimum of the scat-
tering cross-section of low-energy electrons by noble gas atoms due to destructive
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interference. Besides the wave-nature of the colliding particles, the quantum statistics
of the scatterers plays an important role. While particles with integer spin obey the
Bose-Einstein statistics, half-integer spin particles behave according to the Fermi-Dirac
statistics, implying either symmetrization or antisymmetrization of the wavefunction.
In the scattering of indistinguishable particles this causes the appearance of symmetry
oscillations [Feltgen et al., 1982] in the elastic scattering cross-section.

In the limit of low relative collision energies, the elastic and inelastic scattering cross-
sections exhibit threshold behavior and scale with the de Broglie wavelength of the
colliding particles [Bethe, 1935; Wigner, 1948; Julienne and Mies, 1989]. As the relative
kinetic energy approaches zero, the scattering process only occurs in the zero angular
momentum partial wave ([ = 0) leading to isotropic scattering. Hence, the entire
scattering process can be described by a single quantity, the s-wave scattering length a.
Thus, in this regime, the particles exhibit universal low-energy scattering behavior
which is insensitive to the short-range details of the two-body interaction potential.
Scattering experiments can not distinguish between two different potentials yielding
the same scattering length, since the outcome of the scattering event at low energies
will be exactly the same. In the field of ultracold atomic gases, where the de Broglie
wavelength is typically much larger than the extent of the interaction potential, the
scattering event can be described in this simplified way. Furthermore, the quantum
statistics of the scatterers has far reaching consequences at ultracold temperatures.
Since identical fermions can only collide in odd partial waves, they will eventually not
scatter from each other [DeMarco et al., 1999].

Why is it interesting to study collisions in the ultracold regime, if the scattering
event is fully determined by a single parameter? The answer lies in the existence of
resonance phenomena. Scattering resonances occur if the energy of a quasi-bound
state of the two scatterers is equal to the relative kinetic energy of the colliding pair
of particles. One particularly interesting type are so-called Fano-Feshbach resonances?
[Feshbach, 1958, 1962; Fano, 1961], in which a bound state of an excited molecular state
is present in the scattering continuum of the colliding pair. Coupling of the scattering
atoms to this molecular state will lead to interference structures and resonant behavior,
meaning the scattering length a diverges, if the two states are degenerate. The energy
of the colliding atoms and the bound-state are controlled via external magnetic fields
which enables the relative tuning of their energies and allows to bring both states
into degeneracy. Feshbach resonances provide precise control and manipulation of the
scattering properties by means of exposing the atoms to an external magnetic field
[Chin et al., 2010]. Today, they have become a widely applied technique to effectively
control interparticle interactions in the field of ultracold atomic gases, which enabled
remarkable achievements such as the investigation of the Bose-Einstein condensate

In accord with common nomenclature we refer to them as Feshbach resonances throughout this
thesis.



(BEC) to Bardeen-Cooper-Schrieffer (BCS) superfluid crossover [Bartenstein et al.,
2004; Regal et al., 2004; Bourdel et al., 2004].

Besides offering control over the scattering length a, the precise characterization of
Feshbach resonances provides valuable information about the interatomic interaction
potentials by relating the observed resonance positions to energies of molecular bound
states. For example the investigation of a series of Feshbach resonances, occurring
through coupling to different vibrational and rotational states, gives access to the
vibrational and rotational energy levels near the atomic asymptote. Furthermore,
weak molecular interactions such as magnetic spin-spin interaction [Stoof et al., 1988;
Moerdijk et al., 1995; Ticknor et al., 2004], second-order spin-orbit coupling [Mies
et al., 1996; Kotochigova et al., 2000], or even spin-rotation coupling [Hund, 1926;
Van Vleck, 1929; Kramers, 1929] become apparent in the multiplet splitting of Feshbach
resonances, which allows to precisely determine their coupling strength. Thus, the
two fields of molecular spectroscopy and scattering physics mutually profit from each
other: Feshbach resonances provide valuable information about bound state energies in
regions where conventional spectroscopy is not applicable and thus can be viewed as a
high-precision tool of molecular spectroscopy. Molecular physics in turn sheds light on
the Feshbach resonance properties and the magnetic field dependent scattering length.

A different resonance phenomenon is the so-called shape resonance, which occurs
when quasi-bound states that have an energy above the asymptotic energy are present.
Such states exist in cases where a potential barrier forms in the effective potential. In
case of degeneracy with the relative collision energy of the particles this leads to a reso-
nance phenomenon. Such resonances have been observed for example in the collision of
87Rb atoms [Boesten et al., 1997], where the scattering state is trapped in a long-living
compound behind a centrifugal barrier, yielding enhanced photoassociation rates. In
ultracold atomic systems, shape resonances are for example used to investigate uni-
versal three-body bound states, the Efimov states. In the collision of three atoms a
three-body recombination resonance, the Efimov resonance, occurs if the energy of an
Efimov state, situated behind an effective potential barrier, coincides with the collision
energy. These resonances appear as enhancements of the three-body recombination
rate [Esry et al., 1999; Nielsen and Macek, 1999; Bedaque et al., 2000]. They have be-
come a standard tool in the exploration of the Efimov scenario, predicting an infinite
series of three-body bound states in the limit of resonant two-body interactions. The
universality of the Efimov effect, i.e. its existence in different physical systems, may be
tested by performing three-body scattering experiments. Measurements of resonance
positions for various homonuclear atomic systems revealed unexpected universal be-
havior, such as the connection between absolute resonance position and the van der
Waals interaction of the atomic pair [Berninger et al., 2011]. A series of consecutive
Efimov resonances, as observed in this thesis for a heteronuclear system, allows to
study the discrete scale invariance of the Efimov scenario and deviations from it.
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Scattering is the unifying topic throughout this thesis for the exploration of the
quantum mechanical one-, two-, three-, and many-body systems in an ultracold mix-
ture of fermionic °Li and bosonic ¥3Cs atoms. In Ch. 1, the scattering of photons
by atoms is used for slowing, cooling and trapping of the two atomic species. The
apparatus used in the experiments, including cooling techniques, an approach to si-
multaneous trapping of this highly mass-imbalanced combination of atomic species in
a bichromiatic optical dipole trap, as well as the preparation and detection scheme
are introduced. The scattering properties of two-bodies, i.e. one Li and one Cs atom,
are studied in detail in Ch. 2 by detection and analysis of s-, p-, and d-wave Fesh-
bach resonances. The high-precision measurements provide a precise characterization
of the Li-Cs Feshbach resonance properties, i.e. resonance positions and widths. By
modeling with a full coupled channels calculation the knowledge of the magnetic field
dependence of the two-body interaction strength, the s-wave scattering length a, is
improved by almost one order of magnitude in comparison to previous studies [Repp
et al., 2013; Tung et al., 2013; Pires et al., 2014a]. Structure analysis of the observed
Feshbach resonances provides information not only about the molecular interaction
potential, but also high-precision spectroscopy of weak molecular interaction effects
such as direct spin-spin interaction or even weaker effects of spin-rotation coupling, as
observed for the first time within this thesis. Collisions of three particles are exten-
sively investigated in Ch. 3. The existence of shape resonances, the Efimov resonances,
allow for the exploration of the heteronuclear Efimov effect by means of three-body
loss spectroscopy. In total five Efimov resonances in the vicinity of two Li-Cs Fesh-
bach resonances, that allow to study the universal and non-universal behavior in the
Efimov scenario, as well as the role of the intraspecies scattering length are observed.
Under certain conditions, we find a new interpretation of the three-body parameter,
namely the intraspecies scattering length. In Ch. 4 the complementary approach of
spectroscopy is employed to infer the properties of impurities immersed into a many-
body environment. The Bose polaron in the Li-Cs system and its close connection to
few-body physics are introduced. First experimental studies of the polaron by means
of rf-spectroscopy are presented. Prospects for the observation of polaronic effects by
means of Bragg scattering are given and changes in the experimental apparatus are
proposed in order to explore many-body phenomena in the Li-Cs system.
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The invention of laser-cooling and trapping of neutral atoms, for which the Nobel prize
was awarded in 1997 [Phillips, 1998; Chu, 1998; Cohen-Tannoudji, 1998], marked the
foundation of a new field in physics: the field of ultracold quantum gases. The abil-
ity to cool, trap and manipulate neutral atoms enables one to experimentally access
the regime of quantum degenerate gases at ultralow temperatures. These tremendous
achievements finally led to the first observation of Bose-Einstein condensation [Davis
et al., 1995; Anderson et al., 1995] and quantum degenerate Fermi gases [DeMarco
and Jin, 1999], triggering the detailed study of their properties via observation of their
phase coherence [Andrews et al., 1997; Hall et al., 1998] or quantized vortices of a
rotating superfluid [Matthews et al., 1999; Madison et al., 2000; Abo-Shaeer et al.,
2001]. Ultracold atom experiments are nowadays realized in many laboratories, pro-
viding access to the investigation of quantum physics in a well-controlled and flexible
way. In these experiments one (or multiple) atomic species are selectively cooled and
trapping under ultra-high vacuum conditions, which isolates these systems extremely
well from the environment. By cooling the atoms close to absolute zero one can sep-
arate the atomic level spacings from thermal excitations and thus prepare the atoms
in well-defined internal states. Furthermore, their two-body interactions are simple
to describe and even tunable via magnetic Feshbach resonances (see Ch. 2). These
favorable properties enabled tremendous progress in the investigation of few- [Blume,
2012; Wang et al., 2015] and many-body [Bloch et al., 2008, 2012] quantum physics.

In our experiments we study scattering phenomena in ultracold mixtures of fermionic
6Li and bosonic '*3Cs atoms. In order to address the universal regimes of two-, few-,
and many-body physics we need to cool the two species to temperatures on the order
of 100 nK or even below. In this chapter we describe the preparation of ultracold
atomic gases from a one-body perspective. We start our discussion by studying the
behavior of one atom in the presence of magnetic and light fields and introduce our
experimental approach for the cooling, trapping, and imaging of ultracold Li and Cs
samples. The experimental apparatus is introduced in Sec. 1.1.1, followed by a discus-
sion and characterization of the magnetic field coils in Sec. 1.1.2. Our approach to laser
cooling of Li and Cs atoms is presented in Sec. 1.2. We introduce the newly imple-
mented gray molasses cooling of Li, which will be beneficial for the future generation
of quantum degenerate Li-Cs mixtures (cf. Sec. 1.2.2). The preparation procedure of
the highly mass-imbalanced Li-Cs mixture based on our approach of gravitational sag
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compensation by usage of a bichromatic optical dipole trap is discussed in Sec. 1.3.
The newly implemented high-resolution absorption imaging system for the detection
of the sample properties is introduced in Sec. 1.4.

1.1. Setup

The experimental apparatus consists of an ultra-high vacuum (UHV) apparatus in
which we perform experiments with ultracold °Li and '33Cs atoms. External magnetic
fields, necessary for cooling and manipulation of the atoms are provided by a set of
magnetic field coils installed around the main experimental chamber. The light for
laser cooling of the two species is generated by frequency stabilized external cavity
diode lasers placed on a separate optical table and their light is transmitted through
optical fibers to the experiment (see Sec. 1.2). Three lasers provide the light fields for
simultaneous optical dipole trapping of Li and Cs, which is described in Sec. 1.3.1.
The apparatus has been described in detail in earlier work [Repp, 2013; Repp et al.,
2013, 2014; Pires, 2014]. Thus only a brief description with focus on changes in the
experimental apparatus and preparation scheme is given. We start with an overview of
the ultra-high vacuum apparatus in Sec. 1.1.1, followed by a description and detailed
characterization of the various magnetic field coils installed in our setup Sec. 1.1.2.

1.1.1. Vacuum apparatus

Experiments involving ultacold atoms require ultra-high vacuum conditions in order to
isolate them from the room temperature environment. Otherwise, collisions with hot
background gas lead to fast loss of atoms from the trap and severely limit the lifetime
of the sample. However, in the first step of our experiments we need to evaporate the
6Li and '¥3Cs samples in order to load the atoms in the magneto-optical traps and
subsequently perform experiments with them. This generates relatively high pressures
and thus we divide our experimental apparatus, shown in Fig. 1.1, into three parts
with vastly different pressures: the atomic beam source, the Zeeman slowing region,
and the experimental chamber.

The atoms effuse from a double species oven, which is a modified version of the
design by Stan and Ketterle [2005]. It was adapted to produce intensive atomic beams
of °Li and '33Cs with independent control over their atomic fluxes by regulating the
temperatures of the separated °Li and '3Cs reservoirs [Repp, 2013]. Typical pressures
at the operational temperatures of T1; = 625 K and Ty = 375 K are on the order of
1072 mbar. The oven section is pumped by a turbomolecular pump with a pumping
speed of 80 1/s. The atomic source is connected to the Zeeman slowing region via a
differential pumping stage, realized by a 103 mm long tube with a diameter of 7 mm,
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Figure 1.1.: Overview of the vacuum apparatus for cooling and trapping of 5Li and
133Cs. The upper panel shows the complete setup, including the atomic beam
source, differential pumping stages, the Zeeman slower, and the main experimen-
tal chamber. The ultra-high vacuum conditions are maintained by ion getter
pumps (IGP), titanium sublimation (TiSub) pumps, and a non-evaporable getter
material. The lower panel displays a cut of the Zeeman slower and the experi-
mental chamber. Reprinted from Repp [2013].

followed by an ion getter pump which further reduces the pressure. The Zeeman
slower tube, connecting to the main experimental vacuum chamber, effectively acts as
a second differential pumping stage [Repp, 2013]. The magnetic field coils required
for sequential Zeeman slowing of °Li and '33Cs (see Sec 1.1.2) are wound around this
tube (see lower panel of Fig. 1.1). The two subsequent differential pumping sections
between the atomic source and the main chamber allow to maintain pressure differences
of several orders of magnitude. In the main experimental chamber, which is pumped
by a combined ion getter/titanium sublimation pump and a non-evaporable getter
coating [Benvenuti et al., 1999], we achieve pressures on the order of 107'! mbar,
yielding measured 1/e lifetimes of the optically trapped atomic samples on the order
of one minute.
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The main experimental chamber provides optical access for cooling, trapping and
manipulation of the atomic samples through four CF63 and two CF40 viewports in
horizontal direction. Custom made CF150 reentrant viewports on the top and bottom
of the chamber allow the magnetic field coils, described in Sec. 1.1.2, to be placed
at a distance of only 19.5 mm from the center of the vacuum chamber, where the
atoms are trapped. This reduces the required currents in order to achieve magnetic
fields of up to 1350 G. All viewports are anti-reflection coated for the appropriate
wavelengths (670 nm, 852 nm, 1064 nm) and are made of Suprasil 3001 in order to
minimize absorption of near infrared light and thus reducing thermal lensing effects.
The optical access for Zeeman slowing of the atoms emitted from the atomic oven is
provided by a viewport mounted opposite to the oven (“Slower viewport” in Fig. 1.1).

1.1.2. Magnetic fields

Magnetic fields, in addition to light fields, are an established tool for the creation and
manipulation of neutral atoms at ultracold temperatures. Due to the Zeeman effect, the
energies of the atomic hyperfine states with total angular momentum f split according
to their projection my onto the quantization axis. The Breit-Rabi diagram for °Li and
133Cs atoms in their electronic ground state are shown in Fig. 1.2. Throughout this
thesis, we label the atomic states by their total angular momentum f at zero magnetic
field and its projection my, combined to | f,ms). The Zeeman effect allows to tune the
energy difference between different hyperfine, as well as electronic energy levels.

Here, we give an overview of the magnetic fields coils employed in our experiments
for Zeeman deceleration, magneto-optical trapping and further cooling steps such as
degenerate Raman sideband cooling of 33Cs. Furthermore, magnetic fields offer the
possibility of spin-selective detection, magnetic levitation, and control over the inter-
and intraspecies scattering length via magnetic Feshbach resonances (see Ch. 2). In the
last part we present the calibration procedure and characterization of the homogeneous
magnetic fields.

Zeeman slower coils

A crucial requirement for the loading of a magneto-optical trap (MOT) is the gener-
ation of an atomic beam with high flux and low velocities. The velocity distribution
of 133Cs and °Li atoms emitted from the mixing chamber at a typical temperature of
625 K peaks at approx. 400 m/s and 1700 m/s, respectively [Repp, 2013]. This is or-
ders of magnitude higher than typical capture velocities of the MOT. Two approaches
have turned out to be well suited to achieve low-velocity atomic beams: either the use
of a two-dimensional MOT [Lu et al., 1996] loaded from a vapor gas, or, as employed
in our experiment, the deceleration of atoms emitted from an effusive source by the
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Figure 1.2.: Energy of hyperfine states of (a) %Li and (b) '33Cs in their electronic
ground state in dependence of the magnetic field. f represents the total angular
momentum of the atom and my, m;, and m; are the magnetic quantum numbers
of the total angular momentum, electronic angular momentum, and nuclear spin,
respectively. In case of SLi the states are grouped by their total spin f = 1/2,3/2
at low magnetic fields, while at high magnetic fields the two groups are charac-
terized by m; = —1/2 (lower three states) and m; = +1/2 (upper three states).
The inset in (a) shows the energy difference between the two energetically lowest
hyperfine states, which is between h x 74 MHz and h x 77 MHz for the magnetic
field range from 300 G to 1000 G as studied in our experiments. Due to the large
hyperfine interaction of Cs, the total angular momentum f and its projection
my are good quantum numbers in the shown magnetic field range. The states
typically used in our experiments are marked in black and red. The magnetic
field is conveniently given in units of Gauss, where 1 G = 10~* T. 9
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use of a Zeeman slower [Phillips and Metcalf, 1982], where the atoms are decelerated
by the net light force induced by absorption of photons from a laser beam counter
propagating to their direction of movement. However, the moving atoms experience
a Doppler shift which changes as the atoms are slowed down. We keep the atoms on
resonance with the laser light by compensating the Doppler shift with the Zeeman
effect in the presence of appropriately shaped magnetic fields. The ideal magnetic
field profile scales as B o< 1/ Au\/% [Repp et al., 2014], where Ay is the difference
in magnetic moments of ground and excited states and m is the atomic mass. Thus,
the necessary field strengths for Zeeman deceleration of Li and '¥3Cs atoms differ by
about a factor of five, which makes slowing with a common magnetic field profile ineffi-
cient. However, in order to maintain good optical access to the experimental chamber,
we generate the magnetic fields with a single, double-species Zeeman slower, which
can be switched between optimized configurations for slowing of °Li and '33Cs atoms.
The coils are implemented as four interleaved helical coils with a variable pitch (see
lower panel of Fig. 1.1), following a design by Bell et al. [2010]. The outer pair of
coils generate the optimized fields for slowing of 1?3Cs atoms, while for °Li all four
coils are used. The advantage of this design lies in the lower currents necessary for
creation of the Zeeman slowing fields compared to a single coil design. This in turn
will lead to lower heating of the coils, while assuring fast switching times between the
two different configurations. The last phase of Zeeman slowing is performed in the
magnetic quadrupole field of the MOT coils. This procedure minimizes the transversal
expansion of the atomic beam [Schiilnemann et al., 1998] and increases the achievable
MOT loading rates. However, in this scheme a smooth transition between Zeeman
slower and MOT fields is required, which is assured by two additional adaption coils.
The heat generated by the high currents is dissipated by water cooling through the
hollow core wires. More details of the design and construction of this double Zeeman
slower concept can be found in Repp [2013] and Repp et al. [2014].

Magnetic quadrupole fields

In the following we present technical details of the generation of magnetic gradient fields
in our experiment by two pairs of coils: the MOT coils and the Curvature coils that
are used for magneto-optical trapping and magnetic levitation of the atomic species.

MOT coils The required quadrupole fields for the MOT are generated by two coils
connected in anti-Helmholtz configuration. Each coil is realized by 6 layers of 12
windings with a minimal radius of 100 mm and a minimal distance to the center of
the chamber of 102 mm. At the design currents of Is=30 A and I;;=97.7 A the coils
generate magnetic field gradients of 0B¢s/02=9.5 G/cm and 0By;/0z=31 G/cm for
the loading of ?3Cs and °Li MOT, respectively. At the same time, the radial fields of
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Figure 1.3.: Magnetic field coils around the experimental chamber. (a) Arrangement
of the MOT coils (violet), Feshbach and curvature coils (green) at the chamber.
(b) Calculated and measured radial magnetic field of the MOT coils. (c¢) Measured
field generated by the Feshbach coils at a current of 400 A (red points). For the
green points the inhomogeneity was compensated by the curvature coils. Figure
adapted from Repp [2013].

the MOT coils provide the magnetic fields for the last part of Zeeman deceleration, as
described previously. In order to dissipate the heat generated by the large currents, the
coils are cooled by water flowing through the hollow core wire. The large inductance
and eddy currents in our setup limit the switch-off times of the MOT-coils to 210 ms.
Details of their implementation can be found in Repp [2013]

Curvature coils The curvature coils were initially designed to compensate the resid-
ual curvature of the magnetic field generated by the Feshbach coils [see Fig. 1.3(c)].
They are implemented as a pair of coils consisting of two layers with two windings
each and are placed inside the Feshbach coils. Their construction, production and
cooling procedure is similar to the Feshbach coils and can be found in Pires [2014]. In
the current setup the curvature coils are connected in anti-Helmholtz configuration in
order to generate quadrupole magnetic fields. In contrast to the MO coils, they offer
faster switching times on the order of 1-2 ms, which proved to be crucial for efficient
degenerate Raman sideband cooling of 133Cs atoms and gray molasses cooling of 5Li,
presented in Sec. 1.2.2.

Homogeneous magnetic fields

Homogeneous magnetic fields are employed for the Feshbach tuning of the inter- and
intraspecies scattering lengths, degenerate Raman sideband cooling of 33Cs atoms and
controlling the center position of the MOTs. In the following we give details on the
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Feshbach coils, Raman coils, offset coils, and compensation coils implemented in our
apparatus.

Feshbach coils In order to tune the intra- and interspecies scattering lengths in
the Li-Cs mixture we need to generate homogeneous magnetic fields of up to 1000 G
(see Ch. 2). This is achieved by placing a pair of Helmholtz coils with a total of
24 windings inside the recess of the reentrant viewports [see Fig. 1.3(a)]. The exact
dimensions and production procedure are listed in Pires [2014]. The temperature of
the coils is stabilized by cooling water supplied from a custom made industrial cooling
unit. At the maximum current of 400 A of our power supplies we achieve magnetic
fields of 1350 G. Since the coils are not mounted in perfect Helmholtz configuration,
the field in the center of the chamber is inhomogeneous, as can be seen in Fig. 1.3(c).
We extract the magnetic field dependence along the axial direction B, = B + aBz?
with a residual field curvature of o = 0.0145 cm~2. The current through the coils is
measured by a current transducer and actively stabilized with a PID controller. The
resolution is limited to ~ 20 mG by our experimental control system.

Raman coils and offset coils Three additional pairs of coils are installed in order
to generate small homogeneous magnetic fields used either for fast displacement of
the MOT position or Raman sideband cooling. The coils have a low winding number
and are wound directly around the CF63 and CF150 viewports of the main chamber.
They offer fast switching times of only 1-2 ms and create fields on the order of 150 —
300 mG/A. The Raman coils, mounted on the top and bottom reentrant viewports,
are additionally used for fine tuning of the external magnetic field in order to precisely
control the scattering length in the measurements presented in Ch. 2 and 3. They offer
a maximum tuning range of 2 G with a theoretical resolution of 0.2 mG, given by
the minimal step size of the digital-to-analog converters of our control system.

Compensation coils Many laser cooling techniques, e.g., sub-Doppler and gray mo-
lasses cooling, are susceptible to magnetic stray fields. Therefore, we compensate the
earth’s magnetic field and other stray fields by three pairs of coils. Their dimensions
are 800 mm X 1380 mm x 660 mm with 100 windings in the vertical and one horizontal
direction and 150 windings in the other horizontal direction. The compensation cage
can create homogeneous magnetic fields of up to 2 G.

Magnetic field calibration

Homogeneous magnetic fields are the key method to control and tune the intra- and
interspecies scattering lengths in ultracold atomic samples via magnetic Feshbach res-
onances (see Ch. 2). Thus, a precise knowledge of the magnetic field strength and
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Figure 1.4.: Radio-frequency spectroscopy of the |1/2,1/2) to |1/2,—1/2) transition.
The plot shows the remaining number of Li atoms in state |1/2,1/2) versus the
frequency detuning § = v — 1 from atomic resonance vy. The red line is a fit of
Eq. (1.1) to the measurements performed with an rf-pulse length of 7 = 25 ms.
We extract a resonance frequency of vy = 76.165892(1) MHz, corresponding to
a magnetic field of 764.169(1) G, and an on-resonance Rabi frequency of Qy =
27 x 60.3(2) Hz. The data are averaged over at least 8 measurements and the
error bars represent the standard error of the mean.

profile is of major importance for the measurements performed within the course of
this thesis. We perform radio-frequency (rf) and microwave (mw) spectroscopy in or-
der to measure the energy difference between two Zeeman states of °Li in presence of
an external magnetic field.

The Breit-Rabi energy diagram of °Li in its electronic ground state 22Sy /5 is shown
in Fig. 1.2(a). Magnetic field calibration is performed by driving transitions between
the two energetically lowest states Li|1/2,1/2) and Li|1/2,—1/2), corresponding to a
nuclear spin flip with Am; = +1. The energy difference AE between the two lowest
states is plotted in the inset of Fig. 1.2(a). In the interesting magnetic field range
between 300 G and 1000 G, where the Li-Cs Feshbach resonances occur, this energy
difference varies from h x 74 MHz to h x 77 MHz.

A typical rf-spectrum at a magnetic field of 764.191(1) G is illustrated in Fig. 1.4. For
these measurements, we prepare a spin-polarized Li sample in spin state |1/2,1/2) and
perform spectroscopy on the transition to state |1/2, —1/2) by applying a rectangular
rf-pulse with length 7. The remaining number of Li atoms in state |1/2, 1/2) is recorded
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and fitted with the lineshape function

1— Q3 (Sin (Qet () /2 % T)>2

N(I/) = NO Qeﬁ(y)

, (1.1)

where Nj is the total number of Li atoms, €y the on-resonance Rabi frequency, 7 the rf-
pulse length, and Qe (v) = 1/Q3 — (276)? the effective Rabi frequency, where § = v—wj
is the detuning from the atomic resonance frequency 1y and v is the frequency of the
driving field.

We obtain the magnetic field strength by comparison to the Breit-Rabi energy dif-
ference. The typical statistical error in the determination of the resonance frequency
is on the 1 Hz level corresponding to magnetic field uncertainties of <1 mG.

Magnetic field calibration is typically performed by recording rf-spectra for 4 to
6 uniformly distributed magnetic field control parameters within the range where the
experiments are performed. From the resonance frequencies we determine the magnetic
field dependence on the control parameter and fit it with a linear function. The
magnetic field strength for each control parameter is inferred from this fit and exhibits
a typical uncertainty of 9 mG.

The total magnetic field uncertainty is furthermore influenced by the following ef-
fects:

o Field inhomogeneity. As outlined above, the setup of the Feshbach coils does
not correspond to an exact Helmholtz configuration and therefore its magnetic
field exhibits a finite curvature even on the symmetry axis of the coils. The
magnetic field profile is recorded by performing rf-spectroscopy for different po-
sitions of the Li atoms confined in the dimple trap. The obtained profile in the
horizontal plane is shown in Fig. 1.5. For the later performed experiments the
position of the atoms has been adjusted to the maximum of the measured field,
where the inhomogeneity is minimal.

In addition, we perform mw-spectroscopy on the ®Li electron spin flip transition
11/2,1/2)— |3/2,+3/2). From the measured linewidth we estimate an upper
limit of the residual field curvature over the extension of the atomic sample of
8 mG [Ulmanis, 2015]. Part of the linewidth may be a result of other broadening
effects, such as short-term fluctuations of the magnetic field.

o Long-term stability. Since measurements and magnetic field calibration are
not performed simultaneously, we have to consider the absolute stability of the
field. Some of the experiments, especially the loss rate measurements presented
in Ch. 3, require continuous operation for several days. During this time the
temperature of the magnetic field coils or position of the optically trapped atoms
might slightly change. This in turn will lead to a slowly varying magnetic field

14



1.1. Setup

B-B, (MG)
0

- -10
100 -

-15

y-axis (um)

-20

-25

X-axis (um)

Figure 1.5.: Magnetic field profile in the horizontal plane. The magnetic field is
measured by rf-spectroscopy at the position of the black points and is given as
deviation from its maximum value By = 898.327 G.

strength. We extensively characterized the stability of the magnetic field and
obtained a maximum deviation from the mean of 8 mG [Ulmanis, 2015].

o Length of experimental sequence and pausing of experiments. As out-
lined above, high stability of the magnetic field is essential. Highest stability is
reached once the whole experimental apparatus has reached a thermal steady
state. As soon as the experiments are paused or the length of the experimental
sequence is changed, the resistive heat deposited in the magnetic field coils is
altered and may lead to deformation and changes in alignment of the pair of
coils. The effect on the field value is estimated to be 8 mG [Ulmanis, 2015].

o Switching time. Typical times, necessary for the field to stabilize to the new
set value, are on the order of 20 ms for a step size of 50 G. We circumvent this
limitation in the measurements by a first magnetic field jump to a couple of G
away from the measurement interval, where we wait for the field to stabilize.
The final field value is then set within <1 ms, which is much shorter than the
timescale of the experimentally studied loss processes.

We assume the uncertainties to be uncorrelated and thus add them up quadratically.
The total systematic uncertainty of the magnetic field amounts to 16 mG.
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1.2. Cooling

In this section we give a short overview of the deceleration and cooling techniques
employed in the experiments. We introduce the basic setup for standard laser cooling
on the Ds-lines of Li and Cs, focusing on changes with respect to the experimental
apparatus extensively described in Repp [2013] and Pires [2014]. In Sec. 1.2.2 we
present a newly implemented cooling technique for sub-Doppler cooling of °Li atoms,
namely gray molasses cooling.

1.2.1. Laser cooling on the D,-lines of Li and Cs

As a first step in the production of ultracold atomic gases the atoms are commonly
collected and trapped in magneto-optical traps (MOT), where they are cooled to tem-
peratures in the puK regime. The arrangement of the individual cooling and trap-
ping beams with respect to the main experimental chamber is depicted in Fig. 1.6.
The atoms are trapped in a MOT formed by the quadrupole field of the MOT coils
(Sec. 1.1.2) and three pairs of counter-propagating laser beams (“Cs MOT” and “Li
MOT” in Fig. 1.6) with o*-0~ polarization along all three directions. For Li we use
three retro-reflected beams, while for Cs we use six independent beams. However, the
fast atoms emitted from the effusive oven (see Sec. 1.1) need to be decelerated in order
be trappable by the MOT. In our design, this is achieved by a double-species Zeeman
slower (Sec. 1.1.2), where the atoms are slowed by a combination of light fields and
magnetic fields. For this, we shine in red detuned laser light from the opposite side of
the oven (“Li+Cs Slower beams” in Fig. 1.6).

The necessary light for laser cooling, trapping, and detection (see Sec. 1.4) of Li and
Cs is generated by external cavity diode lasers (ECDL) and subsequent amplification
by tapered amplifier (TA) systems. The Li laser system consists of one commercially
available TA laser with a wavelength of 671 nm (Toptica TA pro 670) and an addi-
tional amplification by a homebuilt TA system, designed in the group of S. Whitlock
[Faraoni, 2014]. Its frequency is stabilized by modulation transfer spectroscopy on the
Li Dy-line [Héfner, 2013]. The laser system for manipulation of '**Cs atoms includes
two commercial laser sources (Toptica TA pro 850 and Toptica DL pro 850). Their fre-
quency is stabilized to the 33Cs D, transition from either of the two hyperfine ground
states [Schmidt, 2011; SchA9nhals, 2013]. They provide the cooling and repumping
light for Zeeman slowing, magneto-optical trapping, and degenerate Raman sideband
cooling of 33Cs atoms.

The required laser frequencies for the different cooling and detection techniques are
generated from the laser sources by frequency shifting with acousto-optical modulators
(AOMs). The individual light beams are coupled into optical fibers and distributed
by fiber port clusters (Schéfter und Kirchhoff) to the experiment. The MOT light for
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Figure 1.6.: Laser beams for trapping, cooling, and detection of °Li and '*3Cs atoms
from a top view (left) and side view (right). Several beams are overlapped with
dichroic optics. Figure adapted from Repp [2013].

Li and Cs is overlapped on dichroic mirrors and circular polarized by dual-wavelength
quarter-wave plates. Additional beams are used for Zeeman slowing, degenerate Ra-
man sideband cooling of ¥3Cs, and gray molasses cooling of °Li. The imaging light
is separated from the MOT light by polarizing beam splitters and detected by two
cameras. In vertical direction, the imaging light can be directed to a high resolution
imaging system, that has recently been implemented (see Sec. 1.4), by moving out a
mirror mounted on a translation stage.

We achieve typical MOT loading rates on the order of 5 x 107 atoms/s for Li and Cs.
After the magneto-optical trapping the Li cloud has a typical temperature of 300 ukK,
while the Cs cloud is cooled further by sub-Doppler cooling and degenerate Raman
sideband cooling to temperatures of roughly 1 uK.

1.2.2. Gray molasses cooling of Li

After the standard laser cooling techniques described previously, the temperatures of
Li and Cs differ by more than two orders of magnitude. Thus, both species request
a vastly different depth of the optical dipole trapping potential (see Sec. 1.3). Due
to the relatively high temperature of the magneto-optically trapped Li atoms, the
Li sample needs to be cooled evaporatively before the two species are mixed and
interact with each other. One possible advancement in our experiments is to lower
the temperature of the Li cloud before transferring it into the optical dipole trap, thus
providing improved starting conditions for forced evaporative cooling [Ketterle and
van Druten, 1996]. However, due to the unresolved hyperfine splitting of the excited
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2°P3)5 of °Li, standard sub-Doppler cooling techniques [Lett et al., 1988] do not work
and thus the Doppler temperature of 140 pK is the limit.

In the past few years, two approaches have been introduced: Narrow-line cooling
[Duarte et al., 2011; McKay et al., 2011] performed on the 2281/2 — 32P3/2 transition
of 5Li at 323 nm, where the Doppler temperature is reduced to 18 uK, was employed
to cool to temperatures of 60 pK. The other method, which has been implemented
in our experiment, is so-called gray molasses cooling on the D;-line. This process is
reminiscent to Sisyphus cooling [Castin et al., 1991] and based on the concept of ve-
locity selective coherent population trapping (VSCPT) [Grynberg and Courtois, 1994;
Weidemiiller et al., 1994]. With this technique sub-Doppler cooling to temperatures in
the range of 6 uK to 60 uK has been achieved for Li and K atoms [Rio Fernandes et al.,
2012; Salomon et al., 2013; Grier et al., 2013; Burchianti et al., 2014; Gerken, 2016].
In future experiments gray molasses cooling of °Li is expected to be a key component
for the realization of a double superfluid mixture of °Li-'?3Cs.

Concept of gray molasses cooling

Gray molasses cooling is based on the following idea: An atom moving in a blue
detuned light field with spatially dependent polarization experiences a spatially and
state dependent light shift. The light field couples to the atomic states and splits the
ground state manifold into dark |¢p) and bright |ig) dressed states. While the dark
states do not couple to the light field and hence do not experience any light shift, the
bright states are subject to a spatially-varying energy shift. The bright state [i¢p)
and dark state |¢)p) energy in such a light field along the beam propagation axis z is
depicted in Fig. 1.7.

In our simple picture an atom is moving along the z direction with a velocity v. When
the atom is in state |¢p) it will transform its kinetic energy into potential energy when
climbing the potential hill. At the top of the hill, where the light-shift is the largest,
also the probability to absorb a photon is maximized. The atom gets excited and
subsequently either decays to the bright or dark state. If the atom is pumped into
|p), it will again absorb photons until it finally decays to the dark state. In each of
these cooling cycles, the atom loses kinetic energy on the order of the bright-state light
shift.

Coherent dark state and A configuration The emergence of the bright |¢5) and
dark |¢p) states, required for the gray molasses cooling process, can be understood
from the three level A configuration. A general A three-level system is depicted in
Fig. 1.8. Here, the two ground states |1) and |2) are coupled to the excited state |3)
via light fields with Rabi frequencies Qy = T'y/I1 /214 and Qo = T'y/I5/21,4, where
' is the inverse of the life-time of |3) and I, I5 the intensities of the two light fields.
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Figure 1.7.: Basic principle of gray molasses cooling. A blue detuned light field with
respect toa f — f' = for f — f' = f — 1 transition splits the ground state into
a bright state |¢p) and dark state |¢)p) manifold. The positive detuning leads
to a positive energy shift of the bright state. A spatially varying polarization
along z results in a bright-state energy which is spatially modulated. The cooling
process occurs, when an atom in |¢p) climbs the potential hill and is pumped
back into the dark state. The transfer from the dark to the bright state is ensured
by velocity selective coupling preferably occurring at the potential minimum of
the bright state.

Lot = Thwd /127%¢? is the saturation intensity of the atomic transition. The two light
fields are positively detuned from resonance by d; and d, and A = §; — 5 is their
relative detuning.

Under the assumption of equal energies of |1) and |2) and fulfilling the Raman
condition A = 0, we find the two eigenstates in the dressed-state picture to be:

o) = mmzm—mz», (1.2)
E) = (1) + Q2 2)). (1.3)

/3 + Q3

We can immediately see, that the eigenstate |¢p) does not couple to the interaction
Hamiltonian V' = 7€) /2 |1) (3| +7Q2/22) (3|4 c.c. and hence does not experience any
light shift. Accordingly, this state is the dark state. The bright state |i)5) experiences
a positive energy shift (in case of blue detuning 6, > 0) of (22 + Q32)/4;.

For the gray molasses cooling, however, we require a spatial modulation of the
bright-state energy. This can be achieved in a real atomic system, not only consisting
of three energy levels, where the coupling between different hyperfine states |f,my)
1, m’f> depends on the polarization of the coupling field. While 7 polarized light
drives transitions between levels with Am; = 0, 0® polarized light couples levels with

and

Amy = £1. The Rabi frequency for a transition between levels [ and m is altered to
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1)

Figure 1.8.: A three-level scheme with two ground states |1) and |2) coupled to the
excited state |3) by two light fields with Rabi frequencies ©; and Qs with a
detuning of d; and J2, respectively.

be Q= Cinl'y/1 /215, where the Clebsch-Gordon coefficients Cj,, are polarization
dependent. This leads to an energy shift of the bright state, which depends not only on
light intensity, but also on its polarization. Thus, by introducing polarization gradients,
the light shift can be spatially modulated even for constant light intensity.

A spatially varying light polarization can be achieved by several beam configurations.
The lin_Llin configuration, characterized by two counter propagating beams with or-
thogonal linear polarizations, creates a polarization lattice with a period of A/2, where
the polarization changes from linear to o to linear orthogonal to the first one to
o~ . Another possibility is the standard configuration for realization of a MOT with
counter propagating beams with ¢ and ¢~ polarizations. This configuration gener-
ates a more complex three dimensional polarization lattice, which was implemented in
our experiment.

Velocity selective coupling In order to perform multiple cooling cycles the atoms
need to be transferred form the dark to the bright state. The transition is ensured by
velocity selective coupling. For an atom with momentum p Papoff et al. [1992] found
the following transfer probability,

2
il k:p) i 01 (1.4)

P, — 9 === Z %t
|Vp)—|¥p) (Q% + Q% A Q% + Q%)’
where k is the wave number of the atomic transition. P is inversely proportional to
the light shift of the bright state and hence the coupling will preferably take place

where the energy difference of bright and dark state is minimal, i.e. at the valley of
the bright state energy.
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The transfer probability is furthermore proportional to the velocity v? [Dalibard
and Cohen-Tannoudji, 1989], leading to VSCPT [Arimondo, 1991], in which the slow
atoms accumulate in the dark state |¢p). By successive repetitions of this process,
the atom is cooled until it reaches almost zero velocity. In principle this process is
neither limited to the Doppler temperature nor the single photon recoil temperature
[Esslinger et al., 1996]. However, imperfections in the polarization of the light field and
off-resonant couplings to other atomic states lead to deviations from the ideal scenario
of Fig. 1.7 and thus limit the achievable temperatures. In contrast to Sisyphus cooling,
gray molasses cooling does not rely on a hyperfine structure in the excited state and is
also efficient even if all levels in the excited state are addressed [Sievers et al., 2015].
Additionally, gray molasses cooling operates at positive detuning, while standard sub-
Doppler cooling on the Dy requires negative detuning and does not exhibit VSCPT.

Implementation and characterization

In the following we describe the specific requirements for gray molasses cooling on
the Dj-line of °Li and describe our experimental setup. In the last part a detailed
characterization of the molasses cooling process is presented.

Gray molasses of °Li The energy level scheme of the D; transition of ®Li is depicted in
Fig. 1.9. We apply gray molasses cooling on the D;-line, since the j = 1/2 — j' = 3/2
transition (Ds-line) does not allow the process of gray molasses cooling. The two
ground states |f = 1/2) and |f = 3/2) are coupled to the excited state manifold by
the repumping and cooling beam, respectively. Their detunings from resonance are
labeled dcoor, Orep and their difference is given by A = d.p01 — 0rep. In order to fulfill the
Raman condition A = 0 that is necessary for efficient performance of gray molasses
cooling, we need two laser frequencies separated by the hyperfine splitting of the ground
state 0prs = 228.2 MHz at a wavelength of approximately 670.992 nm.

Setup The setup for the gray molasses cooling, which has recently been improved
with respect to the system presented in Gerken [2016], is divided into four separable
parts and schematically shown in Fig. 1.10. The required light is provided by a Toptica
DLC TA pro 670 laser system, delivering up to 500 mW around a wavelength of 671 nm.
An electro-optic phase modulator (Qubig EO-Li6-3M), operating at a frequency of
228.2 MHz, is used to generate the necessary repumping light by means of frequency
sideband modulation. This ensures, that the Raman condition A = 0 is met. A small
part of the laser power (approx. 15 mW) is amplified by a homebuilt tapered amplifier
system. After collimation and passing a dual stage optical Faraday isolator (Qioptiq
FI-670-5TVC) we achieve a linearly polarized beam with a power of around 450 mW.
Two AOMs are used for frequency tuning and switching on and off of the laser beams.

21



One

A
6rep
2., a f'=3/2
iy 26.1MHz
D
- 541'5 f'=1/2
c § S
3
ON\ o o
o gl &
E o) O
© £l £
Il S g
D“' Q| >
(e}
(V]
14
i — %= =32
25, v 114MHz !

____________ ! 228.2MHz

— ¥ =12

Figure 1.9.: Level scheme of the D; transition of °Li and realization of gray molasses
cooling. Cooling and repumping frequencies couple both ground states to an
excited state manifold with a blue detuning. The detunings for the cooling and
repumping beam are labeled by 6.o0; and d;.p, respectively. The relative detuning
is A = dcool — Orep- Figure adapted from Gerken [2016].

The laser light is coupled in three optical fibers and is guided to the experimental
chamber. The beams are circular polarized and back reflected after twice passing
a \/4 wave plate, as shown in Fig. 1.6. We achieve intensities of I.,,, = 15[, and
Lrep = 0.751 4, where the ratio has been experimentally optimized [Gerken, 2016]. The
laser frequency is stabilized by modulation transfer spectroscopy on the D;-line of 5Li
[McCarron et al., 2008; Gerken, 2014]. The light passes an acoustic-optic modulator
in double pass configuration before it enters the spectroscopy cell. This allows us to
adjust the overall detuning of cooling and repumping light dcopr = Orep. More details
of the experimental setup can be found in Gerken [2016].

Experimental sequence A typical experimental sequence for gray molasses cooling of
OLi is shown in Fig. 1.11. We start with the MOT loading phase for a typical duration
of 1.5 s. Subsequently, the Zeeman slower coils and beams are switched off and the
MOT loading process is stopped. In the next step we transfer the MOT from the large
MOT coils to the curvature coils (see Sec. 1.1.2), by linearly ramping down the current
in the MOT coils and simultaneously increasing the current through the curvature
coils within 30 ms. The atomic cloud is compressed by increasing the magnetic field
gradient while decreasing the power and detuning of the MOT laser beams within
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Figure 1.10.: Schematic setup for gray molasses cooling of 5Li, consisting of the four
parts: laser system, frequency preparation, frequency stabilization, and cooling
beams at the experimental chamber. Figure adapted from Gerken [2016].

70 ms. At this stage the sample typically consists of 4 x 107 Li atoms at a temperature
of 240 pK. The MOT beams and curvature coils are turned off and after a time At a
short gray molasses cooling phase with a typical duration of 7 = 1 ms is applied. The
atomic cloud is imaged by absorption imaging after a variable time-of-flight (TOF)
and we deduce the number of atoms, cloud widths o, and o0,, and temperature of the
gas (see Sec. 1.4).

The exchange phase between the MOT and Curvature coils proved to be essential
for efficient gray molasses cooling. The high sensitivity of the molasses with respect
to magnetic fields was investigated in detail in Gerken [2016]. It was found, that
even fields of a couple of 100 mG lead to severe heating of the sample, because of
breakup of the Raman condition due to Zeeman shifts. Therefore, it is required that
no magnetic fields are present during the gray molasses cooling phase. The magnetic
gradient fields, generated by the MOT coils, display a characteristic switch-off time
of 10 ms (see Sec. 1.1.2). During this time the Li cloud will have expanded and will
no longer be captured in the molasses. Therefore, we use the curvature coils, which
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Figure 1.11.: Experimental sequence for gray molasses cooling of °Li. After loading
of the MOT, the atomic cloud is transfered from the magnetic gradient fields of
the MOT coils to the curvature coils and finally compressed. A gray molasses
cooling pulse with a duration of 7 is applied after a waiting time At. Finally, the
cloud is imaged via absorption imaging after a variable time-of-flight (TOF).

feature a much faster switch-off due to their vicinity to the atoms and their small
inductance.

Characterization The most important parameter for gray molasses cooling is the
relative detuning A. We measure temperature and number of atoms in dependence of
the detuning between repumping and cooling frequency A in a range from —2.5I" to
21" and present the results in Fig. 1.12. The other parameters have been optimized in
other measurements and are kept constant: intensities I.pop = 1515a¢, Lrep = 0.751544,
detuning 6., = 4I', duration 7 = 1 ms and time delay At = 0.

For large detuning |A| > T', the number of atoms is at a constant level of 2.5 x 107,
corresponding to roughly 60% of the initial atom number, while the temperature is
decreased to about 150 pK. Here, the states are not well separated into dark and
bright states and the cooling process is perturbed. In case of small positive detuning
A =~ 0.5I" the temperature is dramatically increased and all atoms are lost from the
molasses. For this detuning the bright states are energetically lower than the dark
states. During each optical pumping cycle, the atoms gain kinetic energy and can
escape the molasses. At a detuning of about A = —0.25I" all atoms can be captured.
However, the achievable temperatures are slightly elevated to roughly 80 K due to a
larger energy spacing between dark and bright states, resulting in a reduced velocity
selective coupling and hence a slow-down of the cooling process. The best cooling
performance is observed at the the Raman condition A = 0. We achieve a minimal
temperature of 42 pK with a captured number of atoms of 3.2 x 107, corresponding to
a capture efficiency of 80%. During the gray molasses cooling phase the phase-space
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Figure 1.12.: Temperature (black circles) and number of atoms (blue squares) after
7 = 1 ms of gray molasses cooling as a function of the relative detuning A
in units of I" with 0ot = 4", Ieoor = 1515q¢ and Iy = 0.75154¢. The lowest
temperature 7' = 42 pK is reached at the Raman condition A = 0 (dashed
vertical line). The highest number of atoms is captured at A ~ —0.25I", where
we trap 100% of the atoms of the initial sample at slightly higher temperatures
of ~ 80 pK. Figure adapted from [Gerken, 2016].

density is increased by one order of magnitude, offering improved starting conditions for

subsequent loading in an optical dipole trap. By further adaption to our experimental

setup, i.e. by fast modulation of the dimple optical dipole trap (see Sec. 1.3.1) in

order to increase its trapping volume, we expect to increase the transfer efficiency by

up to one order of magnitude [Burchianti et al., 2014] and thus obtain better starting

conditions for subsequent evaporative cooling.

1.3. Trapping

The realization of atomic gases at ultracold temperatures relies on the capability of

capturing neutral atoms in a confining potential for a certain time. Optical dipole

traps (ODTs) are a widely used method to create such potentials [Grimm et al., 2000].
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We introduce the basic principle of optical dipole traps and their implementation in
our experiment for simultaneous confinement of °Li and *3Cs atoms in Sec. 1.3.1. We
discuss the challenges of simultaneous trapping posed by the large mass imbalance of
this mixture and present the solution, a bichromatic optical dipole trapping scheme,
described in Sec. 1.3.2. Combining the methods of slowing, cooling, and trapping
presented in the previous parts, we describe our preparation scheme for an ultracold
Bose-Fermi mixture of 133Cs and °Li at temperatures of down to 100 nK in Sec. 1.3.3.

1.3.1. Optical dipole potentials

Optical dipole traps are a convenient tool to provide trapping potentials for neutral
atoms, which are (almost) independent of their internally occupied state. They are
based on the interaction of an induced electric dipole moment with the oscillating
electric field of the light. The dipole potential for a neutral particle with a frequency-
dependent, complex polarizability «(w) interacting with a light field with intensity
distribution I(7) and angular laser frequency w can be expressed by [Grimm et al.,
2000]:

2

U] = — e R ~ =5 (WOP_ o woiw) 1, (1)
where wy is the resonance frequency of the atomic transition, I the natural linewidth,
¢ the speed of light, and ¢, the vacuum permittivity. Thus the dipole potential is
proportional to —R(a) and intensity I(7) of the light field. In the approximation on
the right hand side, a large detuning |wy—w| > I" and negligible saturation is assumed.
For positive polarizabilities (usually the case for red detuning) the dipole potential is
negative and atoms are attracted into the light field. The potential minima are at
positions of maximum intensity. For (a) < 0 the atoms are repelled from the light
field and trapped in minima of the light intensity. A plot of the polarizability f(«) of
Li and !33Cs in their electronic ground state in dependence of the laser wavelength
can be found in Fig. 1.13(a). The polarizability of Li atoms shows one! pronounced
resonance feature at a wavelength of 671 nm and is positive for longer wavelengths.
In Cs two resonances at the Dy (894.6 nm) and D, (852.3 nm) line are clearly visible.
Above 894.6 nm the dipole potential is attractive, while below 852.3 nm it is repulsive.
At a wavelength of 880.25(4) nm [Arora et al., 2011] the polarizability of Cs is zero, and
thus Cs atoms in their ground state do not experience any light force. This wavelength
is called tune-out wavelength [LeBlanc and Thywissen, 2007] and offers the possibility
for species selective trapping. Another special wavelength for the trapping of Li-Cs

In fact we expect two resonance features located at the D; and Ds-lines. However, the small
hyperfine splitting in °Li of only ~ 10 GHz, or equivalently 0.015 nm, is not resolved in Fig. 1.13.
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Figure 1.13.: (a) Polarizability ®(«) and (b) heating rate for a typical intensity of
10* Wem =2 in dependence of wavelength A for °Li (red) and !33Cs (blue). The
wavelengths of the dimple and tunable dipole traps are indicated by the vertical
dashed lines.

mixtures is 879.23 nm, where the polarizabilities are equal and thus the dipole trapping
potential is the same for both species [Héfner, 2013].

Another crucial property of dipole traps is off-resonant scattering of photons from
the trapping light. The scattering rate is given by [Grimm et al., 2000]

I = 5 S(a(w)I( ~ o7 (‘”)3( r ot >2I(F), (1.6)

2hwd \wo Wo—Ww Wyt w

where h is the reduced Planck constant. For a single atomic resonance, the scattering
rate scales as I/A? where A = w — wy is the detuning from resonance. Continuous
absorption and re-emission of photons leads to heating of the sample. The heating rate
in a three-dimensional harmonic trap is given by 7' = Tiecl'sc /3, where Tiee = h2k2 /m is
the recoil temperature, defined by the energy transfer during emission of a photon with
wavenumber k [Grimm et al., 2000], and I, is the trap averaged scattering rate. The
wavelength dependent heating rate of Li and Cs is shown in Fig. 1.13(b) for a typical

trapping light intensity of 10* Wem™2.

Close to the resonances, the heating rates
are severely enhanced, limiting the lifetime and achievable temperature of the atomic
samples. Thus it is beneficial to choose large detunings from the atomic resonances,
while at the same time increasing the intensity to achieve sufficient trapping potentials.

Optical dipole traps are conveniently realized by focusing Gaussian laser beams. In
the vicinity of the bottom of the potential (x = y = z = 0), which is probed by the

confined atoms in thermal equilibrium, it can be approximated by a three-dimensional
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harmonic potential

1
Uaip(2,y, 2) = gm (wzxz +wiy? + wsz) , (1.7)

where w,, wy, and w, are the trapping frequencies. For a thermal Boltzmann distribu-
tion n(x,y, z) = ngexp (=U(z,y, z)/kgT) with temperature T, peak density ng, and
Boltzmann constant kp, the density distribution in the trap is given by

22 y? 2
n(z,y,z) = ngexp —5g7 | P oz e |55 (1.8)
€T Y z

with the corresponding widths of the distribution

o; =\ kT /mw?. (1.9)

The peak density in the trap is calculated as

3/2
no = N&o® (%ZBT> , (1.10)
where w = W, is the mean trapping frequency and N the total number of
atoms. For a given dipole potential the trapping frequency w; scales as 1/y/m and is
a factor of about five different for Li and Cs. However, the width o; of the density
distribution and its peak density ng are solely determined by the parameter mw? =
PUqip(,y, 2) 022 | 4=y=2=0 ¢ R(a(w)), which is determined by the curvature of the
potential around the minimum. Thus, these properties do not show any mass scaling,
but depend on the given intensity distribution of the laser beams and the strength of
the potential. The width of the atomic distribution varies as {/f(a(w)), which might
vary considerably for different atomic species.

The ratio between potential depth and heating rate for each species can be tuned
by the wavelength of the trapping light, while the absolute trap depth and the shape
of the potential is controlled by the intensity distribution of the trapping light.

In the following we describe the optical dipole traps implemented in our experimental
setup. Their configuration with respect to the main chamber is depicted in Fig. 1.14:

e The dimple trap is formed by two intersecting beams from a 200 W fiber laser
with a wavelength of 1070 nm focused to a beam waist of 62 ym. The two beams
are crossed under an angle of 8.5° and are linearly polarized. At the maximal
power of approximately 100 W per beam a maximal trap depth of 1.2 mK for
Li is achieved, which is necessary in order to transfer the Li atoms from the
MOT to the dipole trap. The large trapping frequencies on the order of 10 kHz
ensure fast thermalization during loading and evaporative cooling. This trap is
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Figure 1.14.: Configuration of the three optical dipole traps in our experiment. The
position of the reservoir trap (blue) can be shifted with a piezo mirror. This
allows to optically transport Cs atoms to the dimple trap (red). The wavelength
tunable trap (green) is implemented as single beam along the long axis of the
cigar shaped dimple trap and offers almost independent control over the Li and
Cs trapping potentials. Figure adapted from Repp [2013].

used also for combined trapping of Li and Cs atoms (see Sec. 1.3.3). A detailed
description of the design and implementation can be found in Heck [2012].

« Reservoir trap. Since ?3Cs atoms are optically cooled routinely to tempera-
tures below 1 K, we only require trapping depths on the order of 10 uK during
the capture process. On the other hand, the large background scattering length
of ~ 2000 ay leads to large three-body loss rates [Weber et al., 2003], which scale
as n3 [see Eq. (3.36) and (3.37)]. Thus, it is beneficial to keep the Cs density low.
We achieve this by trapping the Cs atoms in a large volume optical dipole trap,
which reduces the Cs density to roughly 10atoms/cm?. A suitable trapping po-
tential is realized by crossing two laser beams with 300 ym beam waist crossed
under an angle of 90°. The light is provided by a Nd:YAG solid-state laser with
a wavelength of 1064 nm and 55 W output power. The position of the crossing
region can be moved by a piezo-driven mirror which is used for mixing of the two
species, as described in Sec. 1.3.3. The design considerations, implementation
and characterization of the trap are given in Arias [2014].

o Tunable trap. The optical trapping potentials for °Li and 1?3Cs provided by the
dimple trap, operating at a wavelength of 1070 nm, differ by a factor of four, as
can be seen in Fig. 1.13(a), leading to different trap depths and sizes of the atomic
clouds. Individual control over the trapping potentials for each species can be
gained by adding an additional optical dipole trap with a different wavelength.
This procedure was introduced by LeBlanc and Thywissen [2007] and is known
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as species-selective trapping. In order to be able to implement different possible
trapping scenarios, we design the trap to be wavelength tunable. This is achieved
by usage of a titanium sapphire laser (Coherent MBR-100 pumped by a Coherent
Verdi V-18), delivering up to 3 W in the wavelength range from 700 nm to
1030 nm. The trap is realized by a single beam, aligned along the long axis of
the cigar shaped dimple trap, with a beam waist of 60 pm. This ensures nearly
harmonic potentials in combination with the dimple trap. The complete design
and implementation in our experiment can be found in Héfner [2013].

1.3.2. Combined trapping of Li-Cs

For experiments with ultracold mixtures several challenges arise for the combined trap-
ping of different atomic species. As outlined above, the trap depth and the density
distribution depend on the real part of the wavelength dependent atomic polarizability
[see Fig. 1.13(a)]. For a mixture confined in a single-wavelength optical dipole trap,
this leads to different trap depths and consequently different temperatures of the two
species’. When we let the two species collide with each other, this leads to sympa-
thetic evaporation of one species by the other one and may result in complete loss of
one species from the trap.

Another challenge arises for mixtures with large mass imbalance, such as Li-Cs, due
to the significantly different gravitational potentials. The gravitational potential tilts
the trapping potential causing anharmonicity of the trapping potential and a species
dependent shift of the potential minimum, commonly referred to as gravitational sag.
In a combination with large mass imbalance, e.g. Li-Cs with a mass ratio of mcs/my; ~
22, this leads to a large differential gravitational sag and eventually complete spatial
separation of the two species [Fig. 1.16(e)].

Gravity can in principle be compensated by applying a magnetic field gradient in ver-
tical direction, which generates a force proportional to the magnetic moment p of the
atom. The necessary field gradient for magnetic levitation depends on the magnetic-
moment-to-mass ratio p/m and in general is different for each species and internal
state. The magnetic field dependent magnetic moments p(B) and the magnetic-
moment-to-mass ratio p(B)/m for alkali-species in their lowest hyperfine state are
shown in Fig. 1.15. From the plot we see that the magnetic-moment-to-mass ratio is
almost equal for the combinations of Rb-Cs and Na-K, which makes simultaneous lev-
itation feasible in these mixtures [Debatin, 2013]. For combinations, where one atom
does not possess any magnetic moment, e.g. Yb or Sr, external magnetic fields can be
employed for species-selective manipulation [Roy et al., 2017]. However, SLi and '#3Cs

2The temperature obtained after evaporative cooling is typically proportional to the trap depth
[Ketterle and van Druten, 1996].
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Figure 1.15.: (a) Magnetic moment p dependence on the magnetic field for the hy-
perfine groundstate of alkali-metal atoms. (b) Magnetic moment divided by
atomic mass. Atomic parameters taken from [Gehm, 2003; Steck, 2010; Tiecke,
2011; Steck, 2015, 2008].

atoms require magnetic field gradients differing by a factor of ~ 30 in the interesting
magnetic field region around 900 G, and thus simultaneous levitation is impossible.
In the following, we present the approach realized in our experiment for simulta-
neous trapping of Li and Cs atoms at temperatures of down to 100 nK, while still
maintaining sufficient spatial overlap. We start with the potential generated by the
dimple trap with a wavelength of 1070 nm. As long as the dipole potential dominates
over the gravitational potential Ugi, > mgwy, where wy is the extension of the ODT
potential, the difference of atomic polarizabilites of a factor of four results in potential
depths differing by the same factor U(g; ~ 4Ué§ip. When the intensity of the dimple
trap is further reduced, the influence of the gravitational potential becomes significant
and eventually dominates over the ODT potential. The trapping potentials and the
corresponding normalized density distributions for two different beam intensities are
illustrated in Fig. 1.16(a,b,d,e). The two trapping situations are chosen to yield Li-
Cs mixtures at temperatures of 400 nK [Fig 1.16(a,b)] and 100 nK [Fig. 1.16(d,e)]?.
Along the z axis, corresponding to the long axis of the dimple trap (see Fig. 1.14),
the trapping potentials are simply proportional to the beam intensity. If the tem-
perature of the gas is assumed to be proportional to the total trap depth Uy, the
density distributions are even unaffected when lowering the intensity as can be seen in
Fig. 1.16(a,d)*. Along the direction of gravity (the z direction) the total potentials are

3We assume, that the temperature is approximately related to the trap depth via Uaip, = nkpgT
[Ketterle and van Druten, 1996] and choose n,; ~ 10 [Heck, 2012] and ncs ~ 5 [Pires, 2014].
4For the plotting of Fig. 1.16(d) we did not include the gravitational potential in our model.
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Figure 1.16.: Trapping potential for Li (red) and Cs (blue) atoms in their ground
state together with the corresponding atomic distributions for temperatures of
400 nK (top) and 100 nK (bottom). (a) and (d): Along x axis (long symmetry
axis of dimple trap, Fig. 1.14) for confinement in the dimple only. The spatial
distributions overlap, irrespective of the trap depth. (b) and (e): Along the ver-
tical z axis (direction of gravity) for confinement with the dimple. The potentials
are tilted due to gravity and the species start to spatially separate. At 400 nK
the overlap decreases to 80% and at 100 nK the Cs atoms can no longer be held
against gravity. (c) and (f): Combined trapping potentials of the bichromatic
optical dipole trap. The configuration corresponds to a vertical displacement of
25 pm and dipole trap powers of Pyimple = Prunable &~ 40 mW, which restores the
Cs trapping potential. The differential sag amounts to 16 + 5 pum yielding an
estimated spatial overlap of 45%. Figure adapted from Ulmanis et al. [2016a].

tilted. Especially for Cs this leads to a drastic reduction in effective trap depth and an
evident shift in the position of the potential minimum. At the same time the position
of the Li atoms is almost unchanged and thus the spatial overlap of the two species
is drastically reduced. When further decreasing the trap intensity, corresponding to
the potentials shown in Fig. 1.16(e), the ODT can no longer confine the Cs atoms.
The single-wavelength trapping configuration, used for the experiments presented in
Sec. 2.2 and partially for Sec. 3.4, is thus limited to trap Li-Cs mixtures of down to
200 nK before the atomic clouds separate completely and the Cs atoms are lost from
the trap.
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The gravitational sag and loss of Cs confinement at low laser intensities is overcome
by combining dimple and tunable dipole trap. As seen above, this trap is employed
to increase the trapping potential for Cs in order to restore confinement of Cs atoms
against gravity. At the same time, the potential depth of Li should only experience
minor changes. Therefore we choose a wavelength of 921.2 nm for the tunable trap,
where the polarizability for Cs (acs = 4060 a.u.) is a factor of 12 larger than for Li
(ar; = 345 a.u.), and thus we gain almost independent control over the individual trap-
ping potentials and atomic density distributions. This wavelength was optimized ex-
perimentally as a compromise between differential polarizability and sufficiently small
heating rates of Cs. The differential gravitational sag is reduced by shifting the center
of the tunable trap slightly above the dimple trap position and thereby “pulling” up
the Cs atoms to the position of the Li atoms [cf. Fig. 1.16(f)]. The relative trap depths
and residual gravitational sag can be controlled by the relative shift and intensities of
the two dipole traps. For our experiments on the Efimov effect, presented in Ch. 3,
we require similar trap depths of approx. 500-700 nK and a finite spatial overlap of
the atomic clouds. This situation can be achieved by a vertical displacement of the
tunable trap of 25 pm and powers of Pyimple & Piunable ~ 40 mW. The correspond-
ing potentials and atomic density distributions are shown in Fig. 1.16(c,f), yielding a
differential gravitational sag of 16 £ 5 pm resulting in an estimated spatial overlap of
45% and temperatures of down to 100 nK.

1.3.3. Preparation of ultracold Li-Cs mixtures

In this section, we describe our approach to prepare ultracold Li-Cs mixtures using the
experimental apparatus described in Sec. 1.1. Details of the MOT loading sequences
and further optical cooling and spin-polarization techniques are provided in Repp [2013]
and Pires [2014]. We start with a discussion of the preparation of mixed samples in the
single-wavelength dimple trap, where the minimal achievable temperature is limited
to roughly 200 nK, and proceed with our bichromatic trapping approach allowing to
produce Li-Cs mixtures at temperatures of 100 nK.

Single wavelength trapping

A schematic overview of our experimental sequence is given in Fig. 1.17. Each exper-
imental cycle starts by loading a Cs MOT for a typical duration of 1 s, followed by a
35 ms long compression and a sub-Doppler cooling phase [Drewsen et al., 1994], where
temperatures on the order of 10 uK are reached. The Cs atoms are further cooled and
spin-polarized in the energetically lowest Zeeman state |3, +3) by degenerate Raman
sideband cooling (DRSC) [Vuleti¢ et al., 1998; Kerman et al., 2000; Treutlein et al.,
2001]. After switching on the reservoir trap (see Fig. 1.14) to approximately 25 W, the
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Figure 1.17.: Experimental sequence for preparation of ultracold Li-Cs mixtures at
temperatures down to 200 nK. Schematic time series of reservoir and dimple
trap beam powers, as well as the magnetic offset field and reservoir displacement.
Details are given in the text.

atoms in the wings of the dipole trap are heated due to conversion of potential into ki-
netic energy. After one quarter of the reservoir trapping period, the atoms accumulate
in the center of the trap, where the kinetic energy is maximal. At this time a second
1.5 ms long DRSC pulse is applied, removing the excess kinetic energy. The beam
powers of the Raman lattice and polarizer, as well as the magnetic fields are ramped
down in order to achieve temperatures of less than 1 K and a spin polarization of
90%. We apply a homogeneous external magnetic field of ~ 4.5 G to keep the '33Cs
sample spin polarized.

In the next step we load ®Li atoms in a spatially separated MOT for 2.5 s. During
a compression phase the temperature is reduced to ~ 300 uK and the Li atoms are
transferred into the dimple trap, located approx. 1 mm away from the position of
the Cs atoms confined in the reservoir trap. At the same time, we perform optical
pumping into the f = 1/2 hyperfine manifold, where the Li atoms equally populate
the two sub-levels Li|1/2,1/2) and Li|1/2,—1/2).

We perform simultaneous forced evaporative cooling of the two separated atomic
samples at a magnetic offset field of =~ 896 G, where the large intraspecies scattering
length ar; &~ —8000 a¢ and acs ~ 400 ag ensure fast thermalization of both species.
After 3 s the two traps are overlapped within 1 s by moving the beams of the reservoir
trap with help of a piezo-driven mirror. The slow shifting speed ensures approximately
adiabatic merging of the two traps. The combination process is performed at a mag-
netic field of 907 G, where a the large scattering length between the Li|1/2,1/2) and
Cs|3,+3) states leads to sympathetic cooling of the Cs atoms, i.e. we evaporate the
atoms in the Li|1/2,1/2) spin state out of the trap and thereby cool the Cs atoms. Af-
terwards the power of the reservoir trap is linearly ramped down and turned off within
1.5 s. At this point, the mixture is confined in the single-wavelength dimple trap and
consists of Cs atoms in their energetically lowest spin state |3,+3) and Li atoms in
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the states |1/2,1/2) and |1/2,—1/2). Either of the two Li spin-states is selected by
removing the other one with a 80 us long resonant light pulse. The final number of Li
and Cs atoms, temperatures, and trapping frequencies are subject to the exact trap-
ping conditions and can be tuned in a certain regime. Thus, we list these parameters
individually for the measurements of s-, p-, and d-wave Feshbach resonances presented

in Sec. 2.2.3-2.2.5 and the Efimov measurements at the higher temperature discussed
in Sec. 3.4.1 and 3.4.2.

Atom-loss spectroscopy, as it is used in almost all of the experiments presented in
this thesis, is performed by setting the magnetic field a couple of G away from the
Feshbach resonance being studied. We wait for 100 ms to 150 ms in order to let the
magnetic field stabilize before we set the final field value. After a hold time t},,4 the
atomic samples are typically detected using high field imaging at magnetic fields of
880 G.

Bichromatic trapping

The previously described experimental procedure, based on trapping in the dimple
trap, is limited to a temperature of approximately 200 nK for simultaneous trapping
of Li and Cs. Further reduction of the dimple trap power leads to spatial separation
of the two species in vertical direction due to the different gravitational potentials and
finally loss of Cs confinement, as can be seen in Fig. 1.16(e). Therefore, we implement
a bichromatic trapping scheme in the combined dimple and tunable dipole trap as
outlined in Sec. 1.3.2.

A typical experimental sequence for the preparation of Li-Cs mixtures at temper-
atures of 100 nK, as used for the experiments described in Ch. 3, is illustrated in
Fig. 1.18. The MOT loading and further cooling stages of Cs and Li, as well as the
initial forced evaporation ramps are similar to the experiments performed only in the
dimple trap. Therefore, we start our discussion with the combination sequence. Mix-
ing of Li and Cs is performed by moving the reservoir trap in a linear ramp of 1 s at a
magnetic field of 907 G. Once the traps are superimposed, the tunable trap is turned
on to 32 mW within 400 ms. Forced evaporation is performed by ramping off the reser-
voir trap within 1 s, during which the remaining Cs and Li atoms in the reservoir trap
are used as cooling agent. The final evaporation phase is executed at 920 G while we
linearly decrease (increase) the dimple (tunable) trap power to 42 mW (37 mW). This
procedure ensures good spatial overlap and similar trap depths for Li and Cs during
evaporation, as shown in Fig. 1.16(c,f).

At this point, the mixture consists of Cs atoms in the |3, 43) state and the majority
of Li atoms populating the |1/2, —1/2) state. Again, we spin polarize the Li sample by
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Figure 1.18.: Schematic experimental sequence for the preparation of Li-Cs mixtures
at a temperature of 100 nK. The temporal evolution of reservoir, dimple, and
tunable trap powers and the magnetic field values, as well as the displacement
of the reservoir trap are illustrated. The first part of the preparation procedure
is similar to the one illustrated in Fig. 1.17 and not shown here.

removing the atoms in |1/2,1/2)°. We perform a slight re-compression of the tunable
trap in order to stop persistent plain evaporation. During this time, the magnetic field
is set to roughly +4 G away from the pole of the Feshbach resonance and we let the
field stabilize. Finally, we obtain samples of 7 x 10? Li and 1 x 10 Cs at a temperature
of 100 nK in either of the two spin-channels. The trapping frequencies are determined
to be wes = 21 x (5.7, 115,85) Hz and wy; = 27 x (25, 160, 180) Hz. The final magnetic
field value is set by a fast ramp and after a variable interaction time both atomic
species are imaged at high magnetic fields.

1.4. Detection

The relevant information, i.e. the number density distribution, about the ultracold
atomic samples are obtained by means of absorption imaging [Ketterle et al., 1999] at
the end of each experimental cycle. The method is destructive and relies on recording
the shadow cast by the atoms when illuminated by resonant laser light. For each
species three images are recorded with one of three CCD cameras, as illustrated in
Fig. 1.6. The first image displays the intensity distribution I,ps(z, y) after illuminating
the atoms with resonant laser light. The intensity distribution of the illuminating
laser light Ig;y(x,y) without atoms is recorded on a second image. The background

®During the preparation process we lose almost all Li atoms in state |1/2,1/2) due to the previously
described sympathetic colling of Cs atoms. We produce mixed samples containing Li in the
|1/2,1/2) state by rapid adiabatic passage, where we apply a 2 ms long rf-pulse at a frequency of
76.3189 MHz during a 4 ms magnetic field ramp to 847 G.
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1.4. Detection

intensity Ipaek(z,y), caused by readout or thermal noise, can be subtracted by taking
a third picture without laser light present. From the three images, we calculate the
transmission 7'(z, y) at each pixel of the image:

. ](x,y) - ]abs(xay) _Iback(x7y) =exp |—0o [ n(x z)az
T(x,y) = Lo y)  Tae(t,y) — Iosa(T,y) P[ / (z,y,2)d ] (1.11)

where Iy(x,y) is the intensity of the incident beam and I(z,y) after passing the atomic
cloud. The transmission is related to the absorption cross section ¢ and the atomic
column density n(x,y) = [n(z,y, z)dz, representing the density distribution integrated
along the direction of propagation of the imaging beam, via Beer’s law. The column
density at each pixel is given by

n(x,y) = —o ' InT(z,y). (1.12)

The total number of atoms and the 1/e? cloud radii o,, o, are typically obtained by
fitting a two-dimensional Gaussian function to n(x,y). The temperature T" of a thermal
cloud is deduced from the ballistic expansion, studied by varying the time-of-flight ¢
between switching off the trapping potential and performing absorption imaging

kgT

2, (1.13)
m

oi(t) = \/Ui(t =0)+

In our experiment absorption imaging of Li and Cs atoms can either be performed
at zero or high magnetic fields of up to 1000 G and along both horizontal and vertical
direction (see Fig. 1.6). The necessary laser frequencies for high-field imaging of °Li
are provided by an additional ECDL (Toptica DL pro 670), frequency offset locked to
the main Li laser [Schiinemann et al., 1999]. Its frequency can be tuned over a wide
range in order to provide resonant light on the %Li Ds-line at high magnetic fields. Two
additional diode lasers, Radiant Dyes NarrowDiode 852 and a homebuilt DBR laser,
locked with a tunable frequency offset with respect to the main cooling lasers, are used
for imaging and repumping of 133Cs atoms at high magnetic fields [SchA9nhals, 2013].
The high-field imaging technique offers the possibility of spin-selective detection via
frequency tuning of the imaging light, due to the Zeeman splitting between different
my states in presence of a magnetic field (Fig. 1.2). Additionally, the Li high-field
imaging system can be used to prepare a spin-polarized Li sample in either of the two
lowest hyperfine states (see Sec. 1.3.3).

Recently, the imaging systems have been improved and extended with respect to the
setups presented by Repp [2013] and Pires [2014]. The camera for imaging in the hor-
izontal plane was replaced by a Ximea MD028MU-SY CCD camera, featuring roughly
twice the quantum efficiency at 852 nm, lower noise characteristics, and increased pixel
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Figure 1.19.: High-resolution imaging setup for imaging along the vertical direction:
the image of the atoms is magnified by a factor of roughly 8 with a 4f setup,
consisting of two lenses with focal lengths of 100 mm and 750 mm, and recorded
on a CCD camera. The imaging light can be separated from the MOT light by
a movable mirror. Reprinted from Renner [2014].

bit depth in comparison to the previously used AVT Guppy-38B. The imaging system
in the vertical direction has been extended by a new setup for high-resolution imaging
shown in Fig. 1.19. The design follows a 4f setup, consisting of an achromatic lens
with focal length f = 100 mm and diameter D = 30 mm placed inside the Feshbach
and curvature coils and a second lens of focal length f = 750 mm imaging the atoms
onto a high quantum efficiency CCD camera. The optics were chosen to minimize
the chromatic focal shifts for imaging of Li and Cs atoms at wavelengths of 671 nm
and 852 nm, respectively. The imaging system exhibits a resolution of 5.4 pm (Li)
and 6.1 um (Cs) at a magnification factor of approx. 8 [Renner, 2014]. The light is
detected on an Andor iKon-M back illuminated Deep Depletion CCD Sensor (DU934P-
BEX2-DD) with quantum efficiencies exceeding 75% for both resonant wavelengths.
By making use of Andor’s fast kinetics mode, we can image both atomic species within
a minimum time frame of 2 ms on a single detector. For this purpose we mask 4/5
of the chip with a razor blade to ensure, that the imaging beams only illuminate the
top part of the chip. After illumination of each image, the charges are quickly shifted
down and stored in the non-illuminated part of the chip. At the end, the accumulated
charges are read out from the chip and we obtain the five images [Eberhard, 2016]. In
order to perform imaging of Cs at high magnetic fields along the vertical direction we

implement a movable mirror (see Fig. 1.19). This mirror, mounted on a translation
stage (Festo EGC-50-100-TB-KF-10H-GK), is moved out of the MOT beams while the
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atoms are trapped in the ODTs and directs the light towards the high-resolution imag-
ing setup. This is necessary, since the Cs atoms are imaged with o™ polarized light,
which can not be separated from the MOT light with a polarizing beam splitter. A
detailed description and characterization of this setup can be found in Renner [2014].
The new high-resolution imaging setup enables us to precisely map out the density
distribution of the atomic clouds, allowing for determination of temperature and the
degree of quantum degeneracy in a single experimental cycle [Eberhard, 2016; Ketterle
and Zwierlein, 2008].

Summary

In summary, we have introduced our experimental apparatus for slowing, cooling, trap-
ping, and detecting of ultracold mixtures of 5Li and '?3Cs atoms. We have presented
our ultra-high vacuum setup in which the atoms are prepared and manipulated by
magnetic and light fields. The interaction of one atom with external magnetic fields,
building the foundation for the Feshbach tuning of the inter- and intraspecies two-body
interactions, is studied. A description of our laser cooling techniques on the Ds-lines
is given. Gray molasses cooling on the D;-line of °Li has been introduced and imple-
mented as a new sub-Doppler cooling technique. We demonstrated our approach for
combined trapping of the highly mass imbalanced mixture and outlined the prepara-
tion procedure for ultracold mixtures of Li and Cs atoms at temperatures of down to
100 nK. Finally, we present our system for absorption imaging, which has been im-
proved significantly by a new high-resolution imaging setup. The setup and techniques
presented in this chapter are the starting point for further investigations of scattering
phenomena of two-, three-, and many-body physics in the Li-Cs system.
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This chapter is partially based on the following manuscript and publica-
tion, from which parts of the text are reproduced verbatim:

Spin-rotation coupling in higher partial wave Feshbach resonances
S. Hafner, B. Zhu, B. Tran, M. Gerken, J. Ulmanis, E. Tiemann, and
M. Weidemiiller

Manuscript in preparation

Universality of weakly bound dimers and Efimov trimers close to
Li-Cs Feshbach resonances

J. Ulmanis, S. Hafner, R. Pires, E.D. Kuhnle, M. Weidemiiller, and

E. Tiemann

New Journal of Physics 17, 055009 (2015)

After the study of single particles and their interactions with magnetic and light
fields, we investigate the scattering properties of two atoms. In dilute ultracold atomic
gases collisions between particles are determined by pure two-body interactions. At
ultralow collisional energies® the scattering properties are greatly simplified and can
be described by a single parameter, the so-called s-wave scattering length a. It has
the unit of a length and gives the approximate distance at which the particles scatter.
Since this distance is usually much larger than the extension of the interaction poten-
tial, the details of the two-body interaction potential are not probed. In fact, their
interactions are well approximated by contact-like interactions described by J-function
pseudo potentials, the so-called zero-range potentials [Dalibard, 1999; Dalfovo et al.,
1999].

One of the great breakthroughs in the field of ultracold gases was the discovery of
Feshbach resonances [Inouye et al., 1998; Courteille et al., 1998; Chin et al., 2010].
Their magnetic field dependent resonance behavior allows to change the magnitude
and sign of the scattering length a in a controlled way. This means one can tune
the two-body interaction from non-interacting to strongly interacting and repulsive
to attractive interaction by exposing the atoms to certain magnetic field strengths.

IThe ultracold regime is defined by thermal collision energies that are much smaller than the cen-
trifugal barrier.
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Feshbach resonances have become a standard tool in the manipulation of ultracold
atomic gases and are one of the driving forces for ongoing studies in the field.

Ultracold atoms have provided remarkable insight in physical systems from seem-
ingly very different fields, characterized by vastly different energy scales and densities.
The study of the behavior of strongly interacting fermions is important for the under-
standing of the quark-gluon plasma of the early universe, strongly correlated electron
systems in solid-state physics, the inside of atomic nuclei, and even neutron stars
[Ketterle and Zwierlein, 2008]. Furthermore, the tunable interactions were exploited
in the study of few- and many-body physics, e.g. ultracold molecules [Quéméner and
Julienne, 2012], Efimov physics [Braaten and Hammer, 2007], and the Bardeen-Cooper-
Schrieffer (BCS) superfluid (SF) to Bose-Einstein condensate (BEC) crossover regime
[Giorgini et al., 2008]. While these studies only involved isotropic s-wave interactions,
also anisotropic interactions can be engineered by letting the atoms interact at finite
angular momentum (I > 0)%. In systems with anisotropic interactions intriguing effects
such as the super-Efimov effect [Naidon and Endo, 2017] and a much richer SF phase
diagram, e.g. p-wave SF and d-wave high-T¢ superconductivity [Scalapino, 1995], with
phase transitions between different SF phases [Gurarie et al., 2005; Cheng and Yip,
2005] may be studied. A possible candidate for the realization of p-wave SF are spin-
polarized fermionic atoms interacting via p-wave FRs [Ho and Diener, 2005; Ohashi,
2005; Botelho and Melo, 2005], where the observed splitting into m; = 0 and m; = +1
components [Ticknor et al., 2004] can give rise to a phase transition between a topo-
logically trivial and non-trivial SF phase [Gurarie et al., 2005; Cheng and Yip, 2005].
However, observation of p-wave SF in these systems remains elusive due to the short
lifetime of p-wave Feshbach molecules [Gaebler et al., 2007].

An ultracold gas consisting of multiple atomic species features in general different
interactions for each atom-pair combination. For the Li-Cs system this means that we
have to consider three different scattering lengths: the intraspecies scattering lengths
between two Li atoms or two Cs atoms and the interspecies scattering length of one Li
atom interacting with one Cs atom. Thus, one can for example realize situations, where
the atoms of one species do not interact directly with each other but only by means
of an interaction mediated through the second species. The magnetic field dependent
interactions for °Li atoms and *3Cs atoms have been studied by Ziirn et al. [2013] and
Berninger et al. [2013a] and are among the most well known.

In this chapter we experimentally and theoretically study the scattering properties
of fermionic %Li atoms and bosonic 33Cs atoms at ultracold temperatures. The precise
understanding of the magnetic field dependent scattering length builds the foundation
for the later performed studies on few-body (Ch. 3) and many-body (Ch. 4) systems
of the Li-Cs combination. We perform high-precision measurements on 23 Feshbach

2We label the partial waves according to the angular momentum of the closed-channel molecule
lo=0,1,2,... as s-,p-,d-,... waves.
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resonance features in the s-, p-, and d-wave channels. For the first time we observe
a splitting of the p-wave FRs into a triplet structure, resolving all three projections
m; = —1,0,41 of the rotational angular momentum [ = 1 at high magnetic fields.
We attribute this splitting to electronic spin-rotation coupling known from molecular
spectroscopy of Y-states with non-zero spin S [Hund, 1927; Kramers, 1929; Van Vleck,
1929; Lefebvre-Brion and Field, 1986], which lifts the near-degeneracy of the m; = +1
states at high magnetic fields. In the Li-Cs system this interaction is particularly
large due to the small reduced mass and large spin-orbit interaction in Cs leading
to a significant second order contribution. The triplet splitting provides full control
over the angular momentum [ and its projection m; in the scattering process by the
external magnetic field. Extending previous studies of Li-Cs FRs [Repp et al., 2013;
Tung et al., 2013; Pires et al., 2014a] with measurements of d-wave FRs gives access
to the rotational ladder of [ = 0,1, 2 states of the least bound vibrational state and
allows us to improve the long-range description of the LiCs molecular potential curves.

This chapter is structured as follows: In Sec. 2.1 we recapitulate the basic scatter-
ing theory in ultracold atomic gases (Sec. 2.1.1), introduce the scattering Hamiltonian
describing the binary collision of atoms (Sec. 2.1.2) and the concept of a magneti-
cally tuned Feshbach resonance (Sec. 2.1.3). Sec. 2.2 describes the coupled channels
modeling of the Li-Cs Feshbach resonances (Sec. 2.2.1), the measurement procedure
(Sec. 2.2.2) and the characterization of s-, p-, and d-wave Li-Cs Feshbach resonances
in Sec. 2.2.3-2.2.5.

2.1. Collisions

We start our discussion of the scattering properties at ultralow kinetic energies by intro-
ducing the basic scattering theory in Sec. 2.1.1 followed by the Hamiltonian describing
the collision process in ultracold atomic gases in Sec. 2.1.2. This is the prerequisite for
the understanding of the origin of magnetic Feshbach resonances that are introduced
in Sec. 2.1.3.

2.1.1. Basic scattering theory

In this section we recapitulate the most important concepts of scattering theory, fol-
lowing the review article by Dalibard [1999]. A rigorous treatment of two-body low
energy scattering can be found in many textbooks and lecture notes, e.g. [Joachain,
1984; Ketterle et al., 1999; Landau and Lifshitz, 1991; Schwabl, 2007; Sakurai and
Napolitano, 2010].

43



Two

We start our discussion with the time-independent Schrodinger equation in the
center-off-mass reference frame for two colliding particles with masses m; and ms,
interacting via the potential V' (7)

[—Zﬁ%voﬂ o) =250 (21)

with the interparicle separation 7, the reduced mass 1 = myms/(my + mz), and the
wavevector k = /2uF/h determined by the positive energy E. We assume, that
the interaction potential V() vanishes for sufficiently large interatomic separations
|7l = r > ry, where rq is the characteristic length scale of V(7). In this regime, the
wavefuction 1 (7) can be expressed as a superposition of an incoming plane wave with
momentum k and an outgoing spherical wave with scattering amplitude f(k,0):
ikt

07 = e+ 1k, 6) (22
from which the differential scattering cross-section do(k)/d2 = | f(k,0)|* into the solid
angle €2 can be computed.

The assumption of isotropic interaction potentials V'(r), as it is well fulfilled in case
of neutral atoms interacting via isotropic, short-ranged Born-Oppenheimer molecular
potentials®, allows one to considerably simplify the problem by expanding the wave-
function in spherical harmonics Y;"™ (6, ¢):

=3 3 ¥, k) (23)

=0 m=—1

where Xg;m(r) is the radial wavefunction depending on wavenumber k, the quantum
number of the relative angular momentum [, and its projection m. The scattering am-
plitude for large r is obtained by inserting the expansion Eq. (2.3) into the Schrodinger
Eq. (2.1)

fk Z (21 + 1)(e*%) — 1) Py(cosh), (2.4)
=0

where P, are the Legendre polynomials, which determine the angular dependence of the
scattering amplitude. The angular distribution of the scattering amplitude thus only
depends on the angular momentum [ in the collision process. In case of s-wave (I = 0)
scattering, the Legendre polynomial F, is constant, resembling an isotropic scattering
cross-section and consequently the introduced phase shift §;(k) between the incoming
and outgoing waves incorporates all information about the interatomic interaction.

3Note that this assumption is not justified in systems exhibiting dipole-dipole interactions [Aikawa
et al., 2012, 2014; Stellmer et al., 2009; Stuhler et al., 2005; Lu et al., 2012].
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Inserting the solution of the angular part [Eq. (2.4)] back into the Schrodinger equa-
tion (2.1) results in the radial wavefunctions® R;(r) = x;(r)/r. The result reads [Schw-
abl, 2007; Petrov, 2010]:

0? 20 24

S Rr) + S Ru(r) + 1B = Vi) Ralr) =0, (25)

where Vi(r) =V (r)+ hzg:;l) contains the interaction potential and the centrifugal term
due to the angular momentum [. By the substitution x;(r) = r - R;(r) and redifinition
of € = 2uE/h? and V(1) = 2uV(r)/h? we arrive at the simplified equation

02 ~
52 Xi(r) +le=V(r)ha(r) =0. (2.6)

For s-wave (I = 0) scattering the potential V (r) corresponds to the two-body interac-
tion potential V'(r). In case of higher partial waves (I > 0) a centrifugal barrier arises
in the potential of the Schrodinger equation as depicted in Fig. 2.1(b). For collision
energies I/ much smaller than the height of the centrifugal barrier, the particle will be
reflected from the barrier and will not sense the interaction potential V(7). From the
Wigner threshold law [Wigner, 1948] we obtain the scaling of the phase shift §; oc k2**
in the low energy limit & — 0. Therefore, at sufficiently low energies the effect of all
partial waves but [ = 0 goes to zero. We define the s-wave scattering length a by

(2.7)

It is the only parameter that describes the collision process at ultracold temperatures,
because all other partial waves are “frozen” out.

So far, we did not take the quantum statistics of the particles into considera-
tion. In case of indistinguishable particles we need to obey the (anti)symmetrization
principle of the wavefunction. The differential cross-section thus reads do(k)/d) =
|f(k,0) £ f(k,m—0)|?, where the plus and minus sign is used for bosons and fermions,
respectively. The (anti)symmetrization leads to a doubling of the contribution of
(odd)even and a cancellation of (even)odd partial waves in the total scattering cross-
section

0®:ZZW+MWM@ (2.8)

where the summation is only performed over (odd)even [ for identical (fermions)bosons.

4We omit the indices k and m for clarity.
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With the definition of the scattering length [Eq. (2.7)] the s-wave scattering cross-
section can be written as

7117];“222 for distinguishable particles,
o(k) = 1_?’;‘;22 for identical bosons, (2.9)
0 for identical fermions.

An important consequence of this result is, that spin-polarized identical fermions do
not interact with each other at low temperatures. Their scattering process can only
occur in the odd partial waves [ = 1,3, ... for which the cross-section approaches zero
as k — 0 [Wigner, 1948]. In the limiting case of k?a? > 1 the scattering cross-section
becomes independent of the scattering length and is solely determined by the thermal
wavevector k. This limit is commonly called unitary limit, where the cross-section
becomes 47 /k? for distinguishable particles and 87 /k? for identical bosons. Thus, for
k2a? > 1 the cross-section flattens off to the unitary limit, which can not be exceeded.
In order to increase the maximal scattering cross-section the thermal wavevector k, or
equivalently the temperature of the sample, needs to be reduced.

2.1.2. The scattering Hamiltonian

In the previous section we have recapitulated the basic principles of scattering theory
and introduced the s-wave scattering length and scattering cross-section. So far, we
did not consider the explicit form of the interaction term V(r) in our discussion. We
introduce the scattering Hamiltonian describing the binary collision process of two
atoms A and B [Stoof et al., 1988; Moerdijk et al., 1995; Timmermans et al., 1999;
Kohler et al., 2006] and discuss each of its terms. In comparison to previous work
[Repp et al., 2013; Pires et al., 2014a; Ulmanis et al., 2015] we extend the Hamiltonian
H in Eq. 2.1 by the spin-rotation interaction Hgg:

H=T+ Z PSVS(T)+th+HZ+Hdd+HSRa (210)
S=0,1

where T = —V?2/(2p) is the relative kinetic energy with the reduced mass u of the
vibrational and rotational motion® containing the centrifugal barrier as discussed in
Sec. 2.1.1. The interatomic interaction is described by the Born-Oppenheimer poten-
tials Vs (r) of the singlet (S = 0) and triplet (S = 1) states and Pg are their projection
operators. Hyy is the hyperfine interaction of the atoms A and B, H; the magnetic
Zeeman interaction for electrons and nuclei, and Hyq the magnetic dipole-dipole in-
teraction term. We add the spin-rotation Hamiltonian Hgg in order to describe our

S5For clarity, we omit factors of A in the description of the scattering Hamiltonian.
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observations. The individual terms are explained in the following starting with the
interaction potential.

Molecular potential curves The molecular potentials are typically described in the
Born-Oppenheimer approximation, assuming that the large mass difference between
electrons and nuclei allows for the separation of electronic and nuclear motion. At large
internuclear separations r, exceeding the size of the individual electron clouds, the
induced dipole-dipole interactions generate a attractive potential, which is commonly
written as power series of 1/r:

VLR(T) = —06/7’6—08/7’8—010/7“10:':... , (211)

where Cy, Cy, and (g are the dispersion coefficients, which depend on the details of
the electronic configurations and are often obtained from either ab initio calculations
(see, for example, [Derevianko et al., 2001; Porsev and Derevianko, 2003; Porsev et al.,
2014]), photoassociation [Jones et al., 2006] or Feshbach spectroscopy [Kohler et al.,
2006; Chin et al., 2010]. The long-range behavior of the molecular potential curves
allows one to introduce characteristic van der Waals length and energy scales r,qw and
Eqw, respectively, which are given by

1 /2uCe\ Y4
Tvdwz2( W2 ) ; (2.12)
and
e 2.13
Eugw = ——. :
w 203 g ( )

; LiCs __ Cs LiCs _
In case of Li and Cs atoms these amount to ryw = 45 ao, rogw = 101 ag, Ejgw =

h x 156 MHz, and ES, = h x 2.7 MHz. The Bohr radius is denoted by ay =
0.5292 x 1071% m.

At intermediate distances, where the individual electronic clouds overlap, the valence
electrons’ spins §4 and §g of the two atoms couple to a total spin S = 34+ 35
For alkali atoms in the ground state, for which s = 1/2, either singlet (S = 0) or
triplet (S = 1) configurations are possible. The fermionic nature of the electrons
requires anti-symmetrization of the wavefunction. Since the singlet (triplet) state is
anti-symmetric (symmetric) under particle exchange, this requires a symmetric (anti-
symmetric) spatial wavefunction. Thus, the probability of finding the electron between
the nuclei is greatly enhanced (reduced) for the singlet (triplet) case. For the singlet
state this leads to a screening of the Coulomb repulsion of the positively charged atom
cores and therefore results in deeper molecular potential curves than in the triplet
case. The energy difference between singlet and triplet states is usually described by
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Figure 2.1.: LiCs molecular potential curves: (a) full singlet X!X*(black line) and
triplet a?¥*(blue dashed line) ground state Born-Oppenheimer potentials ob-
tained from a coupled channels calculation, (b) long range van der Waals poten-
tial including the centrifugal term from the kinetic energy operator 17" for [ = 0
(red line), I = 1 (green dashed line), and [ = 2 (purple dotted line). The horizon-

tal dash-dotted lines represent the respective rotational barrier heights given by
Eq. (2.15).

an exchange term
Eez (r) - j:Ae:vT%x €xXp (_Bezr>, (214)

which is negative for the singlet and positive for the triplet potential. The parameters
Aczy Yex, and [e, depend on the details of the electronic and nuclear configurations.

At even shorter distances the molecular potentials are purely repulsive due to Pauli
blocking of the electrons and Coulomb repulsion between the positively charged atomic
cores. The LiCs molecular potential curves of the singlet ground state X!¥* and the
triplet one a®¥*are shown in Fig. 2.1(a).

In Fig. 2.1(b) we show the long-range behavior of the potential including the cen-
trifugal term for [ = 0,1,2. The height of the rotational barrier can be expressed as

1 R0+ 1)\*?
U = . 2.15
t 206( = 2.15)

This barrier is on the order of 2 mK for p-wave (I = 1) collisions and 11 mK for d-wave
(I = 2) collisions in ©

Li-133Cs, which is well above the temperatures used in current
experiments. Thus, it is often sufficient to describe the scattering process with the
s-wave components of the partial-wave expansion.
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Hyperfine interaction The hyperfine term couples the electronic angular momentum
j_,é of each atom to its nuclear spin z; In case of alkaline atoms in their electronic ground
state (f = 0), the total electronic angular momentum j;» equals the spin s3. Thus, the
hyperfine interaction is given by

Hu= > as(r)ss - is, (2.16)
B=A,B

where the functions ag(r) describe the molecular hyperfine coupling and approach the
atomic hyperfine constants ag ¢ in the limit of large internuclear separations r [Strauss
et al., 2010]. Their r dependence accounts for distortion of the electronic distributions
and the coupling of the electronic spin of one atom to the nuclear spin of the other
one.

Zeeman term The coupling of the electron spins sz and nuclear spins Z; to an ex-
ternal magnetic field B is contained in the Zeeman interaction Hamiltonian

Hy = > (9555 + 9i5in)iB, (2.17)
B=A,B

with the electronic (nuclear) gyromagnetic ratio g; s (g:3) and the Bohr magneton
up. In presence of an external magnetic field this term leads to an energy splitting in
the different projections m of the electronic and nuclear spins. We have plotted the
magnetic field dependent energy of SLi and 33Cs atoms in their respective electronic
ground state in Fig. 1.2 of the previous chapter.

The Dipole-dipole interaction is used in its effective form [Strauss et al., 2010]
2 2 2
Hdd = g)\(T)(BSZ - S ), (218)

where Sy is the projection of the total electronic spin onto the molecular axis Z. The
function

(s )

MR)=—=a’ | =+ > asoiexp(—b;r) (2.19)

4 r? =12
includes direct magnetic spin-spin interaction [Stoof et al., 1988; Moerdijk et al., 1995]
with its 1/r3 functional form for the dipole-dipole interaction and the second-order
spin-orbit interactions with exponential r-functions [Mies et al., 1996; Kotochigova
et al., 2000]. « is the fine-structure constant and the parameters of the second-order
spin-orbit coupling ago; and b; are adjustable parameters, typically obtained by fitting
to the experimentally observed p-wave Feshbach resonances. This term in the Hamil-
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tonian causes the observed doublet splitting of p-wave resonances between |m,;| = 0
and 1 [Repp et al., 2013] of the overall rotation of the atom pair (.

Spin-rotation coupling The very last term couples the electron spins of the two
atoms to the pair rotation by either the direct coupling between the electron spin
moment and the magnetic field produced by the rotating nuclear charges [Kramers,
1929] or the second-order spin-orbit interaction [Van Vleck, 1929]. Typically the latter
dominates and the spin-rotation coupling takes the form

g - 7
Hop = —— A 2.20
SR 2,[,””2 /3%3 B ( )

with the dimensionless spin-rotation coupling constant v with respect to the rotational
constant represented by the inverse of the moment of inertia of the atom pair about
an axis perpendicular to the molecular axis. Similar to the spin-spin interaction, only
the diagonal matrix elements make significant contributions and (I, m;|Hsg|l,m;)
my. Thus, the spin-rotation interaction lifts the near-degeneracy of the |my| = 1
components.

Scattering channels The Hamiltonian Eq. (2.10) allows one to define a number of
channels with a certain projection of the total angular momentum m;y of the atom pair.
Since Feshbach resonances typically originate from the vibrational states close to the
atomic asymptote, it is convenient to express the scattering state in Hund’s coupling
case (e)

&) = [(sa,1a), fa,mypa; (s, i), f,mym; fymy, L) (2.21)

where the electron spin s4,/p and nuclear spin 14,5 of each atom are coupled to the
atomic angular momentum f4,p with its projection my 4,5 on the space fixed axis. f
is the total angular momentum and my its projection. Furthermore, we label a state
by the rotation [ and its projection m; of the atom pair. In the field-free case, the
individual f4,p are good quantum numbers, while at high magnetic fields, where the
Zeeman energy is larger than the hyperfine coupling, f4 and fg are only approximate
quantum numbers. In our experiments, we prepare the two species in their asymptotic
atomic states given by ‘ fasB,mygay B>, where the f quantum number labels the state
at zero magentic field. The scattering channel is thus defined as a sum state of atomic
states A|fa,msa) @ B|fp,msp) and characterized by a total angular momentum
myy=mysAa + mysB.
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2.1.3. Feshbach resonances

We introduce the concept of a magnetically tunable Feshbach resonance, following the
approach of Moerdijk et al. [1995]. In general it is convenient to write the effective
Hamiltonian given in Eq. (2.10) as a sum of the internal part H, with eigenstates
[{af}), asymptotically corresponding to a product state of single-atoms in internal
states |a) and |3), and an interaction part, which couples the different channels [{a3}).
We expand the scattering state W in the basis of [{«a/5}) with 7 dependent coefficients:

U= > dps(®{abl}). (2.22)
{af}

By insertion into the Schrodinger equation [Eq. (2.1)] one arrives at a coupled channels
problem with a set of coupled differential equations for the wavefunction (s (7). The
scattering energy E allows for the classification of the channels into two groups: if the
asymptotic energy is lower than E the channel is referred as “open”, otherwise it is
“closed” (see Fig. 2.2). We subdivide the Hilbert space into an open channel subspace
P and a corresponding closed channel subspace Q. Projecting the Hamiltonian from
Eq. (2.10) onto P and Q via the projection operators P and Q leads to a set of coupled
equations:

(E—HPP)‘I’P = HPQ\I’Q (2-23>
(E—Hoq)Vq = HorVp, (2.24)

where the projection onto the respective open and closed subspaces is denoted by
subscripts P and Q with ¥; = [0 and H;; = IHJ.

Eq. (2.24) can be solved by introducing the Green’s operator 1/(E™ — Hpg), where
E* = E + 6 with § approaching zero from positive values. Applying it to Eq. (2.24)

yields:
1

Vp= ——
© 7 Bt — Hyo

HopVp. (2.25)
Insertion into Eq. (2.23) gives an effective equation describing the scattering process
in the the open channel:

1
(pr + HPQWHQP> Up=EVp. (2.26)

This effective Schrodinger equation contains the basic mechanism of Feshbach reso-
nances. The first term can be interpreted as bare scattering in the open P channel,
giving rise to the so-called background scattering length ap,. The second term de-
scribes a transition from the open P-subspace to Q-subspace, subsequent propagation
in O-space, and re-emission back into P-space. The accumulated phase shift during
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Figure 2.2.: Basic principle of a Feshbach resonance: The incoming atoms in the
open channel P with energy E are coupled to a near-degenerate molecular bound
state g in the closed channel Q-subspace.

the propagation in the closed channels determines the s-wave scattering length, defined
in Eq. (2.7).

The collision event is characterized by the unitary scattering matrix S, whose ele-
ments Sj; describe the scattering probability from channel ¢ into j. In our experiments
the atoms are typically prepared in their energetically lowest states. Thus, there is
only one open channel in the system. If the total energy E is close to a bound state in
the closed channel with energy eq, as depicted in Fig. 2.2, we reduce the S-matrix to

ir
S = Sp (1_13_6@_,4(13))’ (2.27)

where T' = 27 |(¢g| Hpo |¢H)|° describes the coupling between the molecular state [1))
in @ and the incoming scattering state |(*) and the direct matrix of the P-subspace
is denoted by S = Sp. The S-matrix element is related to the scattering phase shift
§(k) via the relation S(k) = e**). This approach is known as single resonance, two-
channel approach [Moerdijk et al., 1995; Timmermans et al., 1999; Mies and Raoult,
2000; Kohler et al., 2006]. The complex energy shift is given by

1

A(E) = (¢q| HQPmHPQ Vq)

(2.28)

and contains the energy shift of the bare molecular state state |¢g) due to its coupling
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to the open channel. A(E) = A(FE) + i/2I'(E) is decomposed into its real part, the
resonance shift A(FE), and its imaginary part, the width ['(F). In case of energies
above the threshold (E > 0), the molecular state can be interpreted as a quasi-bound
state that is shifted by A(E) from its unperturbed energy eg and has a finite width
I'(E). For negative energies A(FE) is real and I'(E) = 0, thus describing an actual
energy shift of the bare molecular state |t¢q).

In ultracold atomic gases the closed and open channel consist of a pair of atoms in
different hyperfine states, Eq. (2.21). In general the two hyperfine states have differ-
ent electronic and nuclear spin quantum numbers and thus the channels will possess
different magnetic moments (cf. Fig. 1.2). As a consequence the energy difference
between €p and £ can be controlled by the applied magnetic field. If a bound-state
in the closed channel is close to the energy of the incoming channel (the threshold en-
ergy), one can bring both in degeneracy by applying a specific magnetic field. In this
case the S-matrix, Eq. (2.27), diverges due to a zero in the denominator and hence, a
resonance occur that is referred to as Fano-Feshbach resonance [Feshbach, 1958, 1962;
Fano, 1961].

At ultracold temperatures, where the scattering can be reduced to pure s-wave
collisions, the S-matrix [Eq. (2.27)] is directly related to the scattering length via
S(k) = e~ 2tka;

(2.29)

S(k) = 2k (1 2Ok ) ,

iCk — €104(B)
where the effect of the open P-subspace defines the so-called background scattering
length a;,. C'is a positive constant, which describes the coupling between the open and
closed channels, and €,.; = €g(B)—J(B) is the energy of the bound state relative to the
threshold energy. We take the explicit B-dependence of €,.5(B) = (up — i) (B — Brr)
into account, where up denotes the magnetic moment of the atom pair in the scattering
channel and i that of the bound molecular state in Q. We finally arrive at the well-
known dispersive behavior

A
a(B) = ay, (1 - B_BFR> , (2.30)
where Bpg is the Feshbach resonance position. The width A is the distance between
scattering pole and zero crossing of the scattering length and is determined by the
coupling strength between open and closed channels. The resonance behavior of the
scattering length and the binding energy of the weakly-bound dimer state in the vicinity
of a Feshbach resonance is depicted in Fig. 2.3.
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(B-B.)/A

Figure 2.3.: Behavior of scattering length and binding energy close to a Feshbach
resonance. Upper panel: scattering length a versus the magnetic field according
to Eq. (2.30). The zero-crossing is located at a distance of one resonance width
A from the resonance position Brr. Lower panel: energy of the weakly-bound
molecular state. The inset depicts the universal regime, where the binding energy
is given by the universal formula Eq. (2.32). Replotted from Chin et al. [2010].

In the vicinity of the Feshbach resonance pole, the energy of the bound molecular
state is given by [cf. Eq. (2.27)]:

E, = €Q + .A(Eb>, (231)

which consists of the unperturbed energy € of the closed subspace Q which is “dressed”
by the incoming channel in the open subspace P. In the vicinity of the resonance pole
B — Bggr, where the binding energy F} approaches zero, the closed-channel admixture
of the Feshbach molecule is negligible and vanishes at the resonance position [Kohler
et al., 2006]. In this regime, typically referred to as universal regime, the molecular
state and its energy can be described solely by the entrance channel, and thus the
scattering length a. From a rigorous treatment of the energy dependent complex
energy shift A(F,) [GA?ral et al., 2004; Kohler et al., 2006] we arrive at the universal
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2.1. Collisions

formula of the binding energy
h

By = .
k 2pa?

(2.32)

Coupling and classification of Feshbach resonance

Having introduced the basic concept of a Feshbach resonance, we now turn our discus-
sion to the coupling between the entrance channel and the closed channels. Coupling
between the different channels can be either achieved by the electronic interaction V',
described by the molecular potential curves, or the spin-spin interaction Hyq contained
in the scattering Hamiltonian Eq. 2.10. The isotropic electronic interaction V' is diag-
onal in the angular momentum [ and its projection m; but has off-diagonal elements
for quantum numbers f4/p and my 4,p. Thus, it can only provide coupling between
the entrance channel and molecular bound states that have the same angular momenta
[ = lg and m; = myo® This term, usually gives rise to a large interaction between
the channels and leads to large resonance strengths. The spin-spin interaction Hgq,
however, is anisotropic and has off diagonal elements in f4,/5,m¢4/p, and [, and thus
can couple channels with different [ and lg. This term has only non-zero diagonal
elements for [ > 0 and typically leads to weak couplings and narrow resonances.

Feshbach resonances are classified by the quantum numbers of the entrance channel
and of the closed channel bound state. It is important to note that the labeling of s, p,
d, ...-wave Feshbach resonances does not correspond to the angular momentum [ in the
entrance channel of the colliding atom pair, but to the angular momentum [ of the
closed-channel molecule. The angular momenta [ and /o do not necessarily have to be
the same and coupling between different partial waves is ensured by off-diagonal terms
in the Hamiltonian. However, parity conservation requires |/ — lg| to be even [Chin
et al., 2010].

For the Feshbach resonances observed in Li-Cs this means the following: the s-wave
Feshbach resonances dominantly occur in the [ = 0 entrance channel and the coupling
is ensured by the V term in the Hamiltonian. At the experimental temperatures higher
partial waves are frozen out due to the occurrence of the centrifugal barrier, which is
much larger than the ultralow collision energies.

For the p-wave FRs the situation is considerably different as shown in Fig. 2.4.
Here, also the entrance channel has to have odd [. Thus, even in the lowest possible
[ = 1 partial wave a rotational barrier exists in the entrance channel leading to a
drastic reduction in the cross-section for low temperatures as o oc 7% [Wigner, 1948].
However, at resonance the particles can resonantly tunnel through the potential barrier
and the p-wave cross-section is considerably enhanced. In addition, the energy of the

6] and m,; characterize the open entrance channel and the bound molecular state in the closed channel
is characterized by angular momentum /g and projection m; o.
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Figure 2.4.: Schematic p- and d-wave Feshbach resonances. The open and closed
channel potentials are depicted by the black and red lines. The dashed lines give
the bound state energies with different quantum numbers m; o. Left panel: p-
wave FR occurring in the p-wave entrance channel. At resonance the particles
can tunnel through the rotational barrier and couple to the m; o = —1,0, 1 bound
states in the [g = 1 closed channel. The energy difference of the three m; g leads
to occurrence of a multiplet splitting of p-wave FRs. Right panel: d-wave FR
from a s-wave entrance channel. There is no rotational barrier in the entrance
channel. The coupling to the closed channel m; o = 0 molecule is provided by
magnetic spin-spin interaction Hgq. Coupling to other m; o is not allowed due to
conservation of total m. For better representation the energies are not drawn in
scale.

closed channel bound states depends on the magnetic quantum number m; g. Thus, the
states with different m; o will become resonant with the entrance channel at different
magnetic fields. This will be reflected in a multiplet splitting of the FR. While the
spin-spin interaction leads to a splitting according to |m; g, the near-degeneracy of the
|mio| = 1 states is lifted by the spin-rotation interaction that couples differently to the
my,o = £1 states. Thus, we expect to observe the p-wave FRs as a triplet structure.

The d-wave Feshbach resonances in Li-Cs, however, predominantly result from s-
wave entrance channel collisions, for which no rotational barrier is present. Thus, in
contrast to p-wave FRs, d-wave FRs even persist in the limit of zero kinetic collision
energy. The coupling between the different partial waves is due to the spin-spin Hamil-
tonian Hgq, which usually gives weak couplings and small resonance widths. d-wave
FRs occurring in a s-wave entrance channel are observed as a single resonant feature,
since the s-wave channel can only couple to one of the m; g bound states. This is due to
the conservation of the total quantum number m; o +m¢ = mys 4 +my p in the collision
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2.2. Li-Cs Feshbach resonances

process. Coupling to m; o # 0 would require my # my 4 + my g, which has an energy
difference on the order of the Zeeman splitting being orders of magnitude larger than
the splitting between the different m; g bound states. Thus, for the d-wave resonances
observed in our experiment, we do not expect to observe any multiplet splitting. A
triplet splitting has recently been detected in a broad d-wave FR occurring from the
d-wave open channel [Cui et al., 2017].

2.2. Li-Cs Feshbach resonances

Precise understanding of the magnetic field dependent interatomic scattering properties
is essential for the study of Efimov physics, presented in Ch. 3, and many-body physics
(Ch. 4) in the Li-Cs mixture. With the Hamiltonian from Eq. (2.10) it is in principle
possible to calculate the Li-Cs scattering properties by a coupled channels calculation
(see Sec. 2.2.1). However, these ab initio calculations did not prove to be accurate
enough, since conventional molecular spectroscopy, such as laser-induced fluorescence
Fourier-transform spectroscopy, does not provide precise enough long-range molecular
potentials, whose understanding is crucial for predicting Feshbach resonances. There-
fore, it is essential to characterize Feshbach resonances in the experiment and use the
results as an input for the theoretical modeling of the Hamiltonian and the molecular
potential V.

In order to achieve a more precise mapping of the scattering length on the mag-
netic field, we remeasure the previously observed Li-Cs s-wave and p-wave Feshbach
resonances [Repp et al., 2013; Tung et al., 2013] and extend it by the first observation
of d-wave resonances. These experiments are performed at one order of magnitude
lower temperature and improved magnetic field stability. We experimentally explore
the scattering properties of Li-Cs in the two energetically lowest scattering channels

1 1
Lo (2.33)
B =L, —2> & Cs [3,43)

in the magnetic field range from 0 G to 1000 G. The two scattering channels are
characterized by different projections my of the total angular momentum m$ = 7/2
and m? =5/2.

In the following, the general measurement procedure with two complementary tech-
niques, trap-loss spectroscopy and binding energy measurements, are introduced. In
Sec. 2.2.3-2.2.5 we present the measurement results and their modeling with a cou-
pled channels calculation for the s-, p-, and d-wave Li-Cs Feshbach resonances. The
performed experiments allow for the construction of precise Li-Cs molecular singlet
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and triplet potentials, from which we calculate the s-wave scattering length, Feshbach
resonance positions and widths. The outcomes agree well with previous measurements
[Repp et al., 2013; Tung et al., 2013] and further theoretical modeling [Pires et al.,
2014a], but feature almost one order of magnitude improvement in precision and ac-
curacy.

2.2.1. Coupled channels model calculation

The coupled channels (cc) calculation is a numerical approach to solve the Schrodinger
equation with the scattering Hamiltonian given by Eq. 2.10. In order to limit the num-
ber of coupled equations, the basis is truncated in the close-coupling approximation.
In our approach this means, that the truncation is performed in the rotational quan-
tum number [ and by using only the electronic singlet X' and triplet a>$* ground
state potentials. The coupling to higher electronic states is to some degree effectively
contained in Hgq. In the case of ground state alkali atoms at ultra-cold temperatures,
higher partial waves | components are strongly suppressed by the rotational barrier
[see Eq. (2.15)]. In the present analysis, this means that we only consider the lowest
possible partial waves, namely [ = 0 for the s- and d-waves and [ = 1 in case of p-waves,
in the analysis of the Feshbach resonances. For [ > 1 the respective rotational barrier
is incorporated in the Hamiltonian. Inclusion of higher partial waves did not show any
significant contribution and improvement in the theoretical description. We include
all allowed spin channels for a given combination of spins s4, Sg, 74, and ig and the
projection my of the total molecular angular momentum.

The measured s-, p-, and d-wave Feshbach resonances (see Sec. 2.2.3-2.2.5), as well as
previously measured Li-Cs FRs in spin channels involving Cs atoms in state Cs|3, 43),
are modeled by a coupled channels calculation” [Dulieu and Julienne, 1995; Tiesinga
et al., 1998] of the Li(2s)+Cs(6s) asymptote in a similar manner than in other alkaline-
metal systems, e.g., as presented in Marzok et al. [2009] and Schuster et al. [2012]. In
contrast to previous analysis in the Li-Cs system [Repp et al., 2013; Pires et al., 2014a;
Ulmanis et al., 2015] we extend the scattering Hamiltonian with the spin-rotation term
[see Eq. (2.10)]. We use atomic hyperfine constants and g-factors of Li and Cs from
Arimondo et al. [1977] and atomic masses from tables by Audi et al. [2003]. Because
of missing data of hyperfine splittings of deeply bound levels we keep the functions ag
constant at their respective atomic values. The parameters ago; and b; of the second-
order spin-orbit coupling in Eq. (2.19), as well as the spin-rotation coupling constant
7, are determined from the observed m; = —1,0, 1 splitting of the p-wave FRs and are
given in the Appendix B.

"The coupled channels calculations were performed by Prof. E. Tiemann from Leibniz Universitét
Hannover, Germany.
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The precise determination of FR resonance positions and scattering lengths relies
on the knowledge of accurate LiCs molecular potential curves of the electronic singlet
X'YT and triplet a®Y " ground states. The molecular potentials are expanded in a
power series of internuclear separation R similar to NaK ground state potential curves
[Gerdes et al., 2008] and are given in Appendix B. The coefficients are fitted to si-
multaneously reproduce 6498 rovibrational transitions from laser-induced fluorescence
Fourier-transform spectroscopy [Staanum et al., 2007] as well as all known Li-Cs Fes-
hbach resonances, meaning, we not only include the measurements of s-,p- and d-wave
Feshbach resonances in the two energetically lowest scattering channels presented in
Sec. 2.2.3-2.2.5, but also previous measurements of s- and p-wave resonances in the
Li|1/2,£1/2) ®Cs|3,+2) entrance channel [Repp et al., 2013] in our analysis. From
the model we extract the theoretical resonance positions B? as the peak positions of
the two-body collision rate at a kinetic energy corresponding to the measured atomic
cloud temperature for each resonance and compare them to the experimental findings.

2.2.2. Measurement of Feshbach resonances

In our experiments, we gain information about the Li-Cs FRs by two complementary
techniques: Atom-loss spectroscopy and radio-frequency spectroscopy of the weakly
bound dimer state. In the following we discuss the two methods and outline their
assets and drawbacks.

Trap-loss spectroscopy

Trap-loss spectroscopy is a commonly applied method for the experimental observa-
tion of Feshbach resonances [Chin et al., 2010]. The technique relies on the resonant
enhancement of ineleastic collisions in the vicinity of a Feshbach resonance. In order
to understand the procedure, we describe the main processes responsible for loss from
an ultracold atomic sample:

e Omne-body losses. In ultracold atomic experiments there a two main sources
of one-body losses: Either the trapped atoms collide with remaining particles
from the background gas and thus gain sufficient kinetic energy to leave the
trap, or they absorb photons from the optical dipole trap. One-body losses are
independent of the atomic density and typically lead to lifetimes of the trapped
atoms on the order of tens of seconds to minutes.

e« Two-body losses. Inelastic two-body collisions occur when the internal state
of the atoms changes in the binary collision event. For atoms polarized in their
energetically lowest channel, i.e. |a)=°Li|1/2,1/2)®'¥3Cs|3, +3), such processes
are excluded. For all other channels these losses are possible. However, for the
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|3)=CLi|1/2, —1/2)®'*3Cs|3, +3) channel the inelastic two-body rate is negligible
[Tung et al., 2013]. Additional two-body losses might occur due to sympathetic
evaporation of one species by the other. This means, if the trap depths, and
consequently the temperatures, of the two species are largely different one of the
species is heated by the other one and evaporates. Since the elastic scattering
cross-section scales as a? [Eq. (2.9)], we expect an enhancement of elastic losses
close to the Feshbach resonance.

Three-body losses. In our experiments three-body recombination is the domi-
nating loss process. During this event, the three colliding atoms form a diatomic
molecule and a free atom. The molecular binding energy is released as kinetic
energy, which typically exceeds the trapping potential and leads to immediate
loss of the constituents from the trap. The three-body loss coefficient L3 scales
as [Fedichev et al., 1996; Esry et al., 1999; Nielsen and Macek, 1999

Ly < C(a,T)a*, (2.34)

where C(a,T) contains the modulation due to the Efimov effect (see Sec. 3.1.3).
L3 exhibits a loss maximum at the Feshbach resonance position Bpr, where the
scattering length a diverges and a minimum can be found close to the zero cross-
ing of the s-wave scattering length. This procedure allows for the determination
of Feshbach resonance positions and widths. However, the loss mechanisms in
Bose-Fermi mixtures are considerably different, due to the interplay between
inter- and intraspecies scattering lengths [D’Incao and Esry, 2009] and Pauli
suppression effects. Additionally, the shape of the loss feature might be highly
asymmetric and might include additional loss processes, e.g. due to weakly-
bound dimer formation and subsequent atom-dimer recombination on the posi-
tive scattering length side of the Feshbach resonance. These effects can lead to
a shift between the Feshbach resonance position Brr and the maximum of the
losses [Dieckmann et al., 2002; Bourdel et al., 2003; Zhang and Ho, 2011; Weber
et al., 2008; Machtey et al., 2012a; Khramov et al., 2012] as has been observed
for the broad Li-Cs s-wave resonances, cf. Fig. 2.7. In general one can state that
a Feshbach resonance is accompanied by a loss maximum.

Using the knowledge of the leading trap-loss processes, we use magnetic field de-

pendent trap-loss spectroscopy to detect Feshbach resonances. This means, we record

the remaining number of Li and Cs atoms after a holding time t,,q as a function of
the magnetic field. The holding time is chosen such that the relative atom loss signal

on resonance is between 30% and 50%. This time varies strongly between different

Feshbach resonances and depends on the strength of the FR. A typical measurement is

performed as follows: the mixture is prepared at a constant magnetic field, the pre-set
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field, interacts at the measurement field B for a time t,,q and is then imaged at the
high-field imaging field. Special care in the measurement sequence has to be taken in
order to avoid additional loss processes that could mimic the loss behavior of a Fesh-
bach resonance or lead to asymmetric line-shapes of the loss features. Such processes
include for example magneto-association of Feshbach dimers (see Fig. 5.1) by ramping
over a Feshbach resonance from negative to positive scattering lengths when setting
the measurement field. This might lead to enhanced losses on the positive-a-side of
the FR. Additional losses may occur at the pre-set field, high-field imaging field and
during the ramps. However, the measurements were performed with holding times
much larger than the ramp times for setting the magnetic field strength and thus these
effects can be neglected. Atom-loss spectroscopy is a simple and straightforward tech-
nique for the detection of Feshbach resonances. It relies on an indirect measurement
of the two-body Feshbach physics via three-body loss processes and thus might be
prone to misinterpretation of its results. Therefore, it is desirable to directly study the
two-body interaction.

Binding energy measurement

A second method for the detection of Feshbach resonances is the measurement of the
binding energy of the weakly-bound dimer state shown in Fig. 2.3. This technique
is complementary to atom-loss spectroscopy, but provides a more accurate and direct
way to infer FR properties such as resonance position and width. In the vicinity of
a FR the binding energy is approximately related to the scattering length via the
universal relation given in Eq. (2.32). Therefore, the study of the binding energy
gives direct access to the two-body physics governing the Feshbach resonance. The
s-wave scattering length, Feshbach resonance positions, and widths can be precisely
determined in combination with theoretical modeling. This technique especially proved
to be valuable in case of broad s-wave resonances, where atom-loss features might be
ambiguous and hard to interpret, and has led to the most precise measurements of
ultracold scattering properties. The energy of the weakly-bound dimer was probed
either by the magnetic field oscillation technique [Thompson et al., 2005; Papp and
Wieman, 2006; Weber et al., 2008; Fuchs et al., 2008; Lange et al., 2009; Thalhammer
et al., 2009; Gross et al., 2010; Dyke et al., 2013; Berninger et al., 2013a] or radio-
frequency (rf) and microwave (mw) spectroscopy [Regal et al., 2003; Bartenstein et al.,
2005; Ospelkaus et al., 2006a; Mark et al., 2007; Zirbel et al., 2008; Maier et al., 2010;
Wu et al., 2012; Ziirn et al., 2013; Huang et al., 2015b]. In our experiments, we perform
rf spectroscopy by associating the weakly bound dimer state from the colliding atom
pair. Such a transition is called “free-bound” transition.

61



Two

2.2.3. s-wave Li-Cs Feshbach resonances

We remeasure the five s-wave Feshbach resonances in the two energetically lowest
scattering channels |«) and |3) [Repp et al., 2013; Tung et al., 2013] in the magnetic
field range between 800 G and 1000 G. In comparison to their previous determination
our experiments are performed with one order of magnitude lower temperature and
improved magnetic field stability. We distinguish the resonances by their width A and
group them into narrow and broad ones. For the narrow resonances (A < 5 G) close
to 816 G, 892 G, and 943 G we perform atom-loss spectroscopy. Their small width
allows to determine the resonance position with high accuracy. In case of the broad
s-wave resonances close to 843 G and 889 G we employ binding energy measurements
of the Feshbach dimer, which allows us to solely access the two-body physics leading
to the Feshbach resonance, and thereby being less prone to false interpretation of the
connection between scattering length and atomic loss.

Radio-frequency spectroscopy of LiCs Feshbach dimers

We prepare an ultracold Li-Cs mixture consisting of 4 x 10* Li and 4 x 10* Cs atoms at
a temperature of 400 nK as described in Sec. 1.3.3. The measured trapping frequencies
are wr; = 27 X (33,275,308) Hz and wes = 2w x (11,114, 123) Hz, where the external
magnetic field and gravity are parallel to the z-axis. The mixture is initially produced in
the non-resonant state at a variable magnetic field slightly below the FR position in the
interacting state (cf. Fig. 2.5). In case of the study of the 843 G Feshbach resonance,
shown in Fig. 2.5(a), the mixture is initially prepared in the |3) state and subsequently
associated into dimer states coupled to the |«) scattering channel. Accordingly, for the
889 G resonance is prepared in |o) and associated into the molecular state coupled
to |5) which is depicted in Fig. 2.5(b). We perform rf spectroscopy by shining in a
rectangular rf pulse and scanning its frequency E,/h in the vicinity of the resonance
frequency Fo/h ~ 76 MHz between the two energetically lowest Li spin states and
observing the remaining fraction of Li atoms in the initially-prepared non-resonant
state.

In the spectroscopy measurements, we observe two loss features in the population
of Li atoms in the non-resonant state. Close to the frequency FEy/h we observe a
broad resonance feature corresponding to the nuclear spin flip transition to the other
Li spin state. We refer to this transition as “free-free”. This feature is considerably
broadened in comparison to a typical nuclear spin flip transition due to high rf-powers
and might be shifted with respect to the unperturbed free-free transition due to mean-
field shifts caused by the interaction with Cs atoms. Therefore we do not consider
this transition in the determination of the dimer binding energies or magnetic field
calibration. A second loss feature is found for detunings of up to 600 kHz from the free-
free transition, which can be ascribed to the formation of weakly bound LiCs dimers.
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Figure 2.5.: Radio-frequency spectroscopy of Li-Cs Feshbach molecules close to the
two broad Li-Cs Feshbach resonances close to (a) 843 G and (b) 889 G. We
prepare an ultracold mixture in the non-resonant channel |3) (Ja)) at a magnetic
field slightly below the resonance position of the Li-Cs 843 G (889 G) s-wave FR.
At this fields a weakly bound dimer state exists, that is coupled to the resonant
channel. We perform spectroscopy by varying the energy E,; of the rf field and
observe the free-free transition at an energy of Ey and the free-bound transition
shifted by energies of +FEj; (the plus and minus sign apply for the 843 G and
889 G FR, respectively). The relative collision energy e, of the colliding atom
pair is typically much smaller than the other energy scales. The energy spacings
are not to scale and have been changed for better representation. Figure adapted
from [Ulmanis, 2015].

This transition originating from the scattering state into the weakly-bound dimer state
is called “free-bound” transition. Typical rf-association spectra are shown in Fig. 2.6.
The atom loss is originating from the association of LiCs Feshbach molecules and
subsequent recombination with the remaining Li and Cs atoms in the initial non-
resonant state. Therefore, we observe a similar loss feature in the remaining number of
Cs atoms. The length and power of the applied rf pulses are experimentally optimized
such that at most 30% of the atoms are lost after association in order to avoid saturation
effects. The pulse lengths are in the range between 0.5 s in the vicinity of the Feshbach
resonance up to 7 s away from the resonance.

The association lineshape can be model by a rate equation model and the dimer
binding energy dependent two-body association rate [Chin and Julienne, 2005; Klempt
et al., 2008]. By assuming a quasi-stationary state, where each molecule is immediately
lost through atom-dimer recombination, the time evolution of the number of Li atoms
in the non-resonant state can be described by the following equation [Ulmanis et al.,
2015]

Ny = NP neks'r, (2.35)
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Figure 2.6.: Remaining number of Li atoms in the initially-prepared, non-resonant
state after rf association of LiCs Feshbach dimers versus the detuning (E,; —
Ep)/h. (a) spectrum at a magnetic field of 842.04 G and (b) at 887.599 G close
to the broad s-wave resonances in |a) and |3) scattering channel, respectively.
The experiments were performed at a temperature of 400 nK. Each point is
an average of at least three measurements, where the error bars represent the
standard error of the mean. The solid lines show a fit of the theoretic line-shape
function Eq. (2.36) to the data from which the binding energy is obtained (vertical
dashed lines). Figure adapted from [Ulmanis, 2015].

where NY; is the initial number of Li atoms, ngs the density of the Cs atoms, 7 the
length of the rf-pulse, and K2! the molecular association rate modeled by®

KM(E,) =C /0 h(e,)F ey, By) Ly (Ey g, Eo + By + ,)de,. (2.36)

Here h(e,) oc e=5"/T is the number density of colliding atom pairs with relative energy
e, and temperature T" containing the information about the energy distribution in the
initial state. L.(E.s, Eo + Ey + ¢,) is a Lorentzian profile. The energy dependent
Franck-Condon overlap between the scattering wave function of a Li-Cs atom pair in
the non-resonant channel and the bound Feshbach dimer is

Eb> /e EE
(

e+ By)2 (e, + Ep)

F(e, Ey) (1 - (2.37)

8Note: For the case of the 889 G resonance occurring in state |3) the necessary frequency for dimer
association is smaller than Fy/h (cf. Fig 2.5). Therefore, in the expression of K2/ we make the
substitution L (E,r, Eo + Ey +¢,) = Ly (Eys, Eg — Ep — €;) in the analysis of the rf-spectra close
to the 889 G Feshbach resonance.
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where Ej is the binding energy of the bound dimer state and Ej = h%/(2ua'?) is given
by the scattering length a’ in the non-resonant channel. The asymmetry of the observed
lineshapes (see Fig. 2.6) originates from the distribution of the relative collision energy
h(e,) at the finite temperature of the atomic samples.

The dimer binding energy FEj, for each magnetic field is extracted by fitting Eq. (2.35)
to the rf loss spectra of Li atoms as shown in Fig. 2.6, where the fitting parameters
are By, NY., v, and C. The temperature is determined from single species experi-
ments under the same conditions, and the non-resonant scattering length is fixed to
a’ = —28.5 ag [Repp et al., 2013; Tung et al., 2013; Pires et al., 2014a]. A detailed
analysis of possible systematic shifts in the determination of the binding energy, in-
cluding variations of @/, uncertainties in temperature determination, mean-field shifts,
differential AC-Stark shifts, confinement induced shifts, and corrections due to non-
separability of relative and center-of-mass coordinates, has been performed in Ulmanis
[2015]. These effects have been included in the total systematic error.

The measured binding energy of the LiCs Feshbach dimer in the vicinity of the two
broad s-wave Feshbach resonances located at 843 G and 889 G are shown in Fig 2.7,
together with the theoretical prediction of the coupled channels calculation, Sec. 2.2.1,
and a plot of the universal formula E, = h?/2ua® using the parameters obtained
from the cc calculation given in Table 2.1. The measured binding energies are very
well described by the universal formula in the shown magnetic field range. We do not
expect large deviations from the 1/a? behavior, since in the shown magnetic field range
the scattering length @ is much larger than the background scattering length a;, and
the Li-Cs van der Waals length scale 7G5 = 45 ag. In addition the different Feshbach
resonances in the same scattering channel separate clearly from each other and thus
one can treat them independently.

For binding energies E, < 10 kHz the molecular association feature overlaps with
the free-free transition. Therefore, a reliable and precise determination of the bind-
ing energy is not possible and strongly dependent on the exact functional form of the
assumed combined fitting model. Thus, we exclude these data points in the theoreti-
cal analysis of the Feshbach resonance parameters. At the observed maximum in the
atomic loss [Pires et al., 2014b; Tung et al., 2014] represented by the green data points
in Fig. 2.7, however, we clearly observe molecular formation. Hence, the atom-loss
maximum does not coincide with the pole of the Feshbach resonance. As outlined pre-
viously in Sec. 2.2.2, this points out that atom-loss spectroscopy may be ambiguous in
the precise determination of the resonance position in case of broad s-wave resonances,
where the width is much larger than the experimental uncertainties. Additional loss
processes may lead to increased losses away from the pole of the Feshbach resonance.
Therefore, the total loss maximum can be shifted with respect to the maximum in the
three-body recombination [Dieckmann et al., 2002; Bourdel et al., 2003; Zhang and
Ho, 2011] and Feshbach resonance position.
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Figure 2.7.: LiCs dimer binding energies close to (a) the 843 G and (b) the 839 G
Feshbach resonance. The corresponding atom-loss spectroscopy data are given by
the green data points. The blue symbols represent the measured binding energy
of the Feshbach molecules extracted by fitting Eq. (2.35) to the rf association
spectrum at each magnetic field. The error bars represent one standard deviation
of the total error, resulting from statistical and systematic uncertainties. The
blue line represents the calculated molecular energies from the coupled channels
model and the red dashed line is a plot of the universal binding energy from
Eq. (2.32) for the resonance parameters given in Table 2.1. The red shaded
region corresponds to the uncertainty of the FR parameters. The green squares
show the remaining number of Cs atoms, and the error bars correspond to one
standard error of the mean. The vertical dashed line displays the resonance pole
position from the coupled channels calculation and the shaded region represents
its uncertainty. Adapted from [Ulmanis et al., 2015].

Atom-loss spectroscopy at narrow s-wave resonances

The remaining three narrow s-wave Feshbach resonances are detected via standard
atom-loss spectroscopy. The atom-loss spectra of Cs atoms are displayed in Fig. 2.8.
Similar features are observed in the remaining number of Li atoms. The experimental
resonance positions B¢ are obtained by fitting Gaussian profiles to the loss features and
are listed in Table 2.1. The improved magnetic field stability and lower temperatures
allow us to determine them with a roughly five-fold better precision than in previous
measurements [Repp et al., 2013]. In contrast to the two broad s-waves, where we
observed a shift of the atom-loss maximum with respect to the resonance position, we
do not expect large deviations between the Feshbach resonance position and the loss
maximum for these resonances. From our observations at the broad s-waves, where
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Figure 2.8.: Atom-loss spectroscopy of three narrow Li-Cs s-wave Feshbach reso-
nances in the two lowest scattering channels |«) and |3). The remaining fraction
of Cs atoms after holdtimes of 100 ms (816 G and 892 G resonance) and 200 ms
(943 G resonance) is plotted in dependence of the magnetic field. The red and
orange lines are fits of Gaussian profiles from which the experimental resonance
positions B¢ are extracted (see Table 2.1).

this shift is on the order of a couple of permill of the Feshbach resonance width A, we
estimate a shift of ~ 10 mG for the narrow resonances, which is on the order of our
experimental uncertainty.

Li-Cs s-wave scattering length and Feshbach resonances

The experimental resonance positions B¢ and the results of the cc modeling B? are
listed in Table 2.1. In case of the two broad s-wave resonances B¢ gives the extrapolated
resonance position from the calculated binding energies. The theoretical Feshbach
resonance positions B! are the maxima of the calculated total two-body collision rate
for the experimental kinetic energy and are listed as deviation 6 = B¢ — B! from the
experimental value. These results provide almost an order of magnitude improvement
over the previous determination of the FR positions through trap-loss measurements
[Repp et al., 2013; Tung et al., 2013] and rf spectroscopy [Pires et al., 2014b], and
are consistent with an extensive theoretical analysis by Pires et al. [2014a], if the
differences in determining the resonance positions and experimental accuracy are taken
into account.

Finally, we calculate the magnetic field dependent s-wave scattering length from the
coupled channels model at a kinetic energy of kg x 1 nK for both scattering channels
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Entrance channel | B (G) 6 (mG) T (nK) | Brr (G) A (G)  ayy (ao)

la)=Li|1/2, +1/2) | 842.845(16)* -0 100 842.829 -58.21 -29.4
&Cs [3,+3) 892.655(30)! 5 100 892.620 -4.55 -29.4
18)=Li|1/2, —1/2) | 816.128(20) -5 300 816.113 -0.37  -29.6
@Cs |3, +3) 888.595(16)" 2 100 888.578 -57.45 -29.6
943.020(50) -33 400 043.033 -4.22  -29.6

* Extrapolated from rf-association spectroscopy. The temperature shown is only used for the
calculation of the scattering resonance and selected sufficiently low to reduce its influence to less
than 5 mG. The error reflects the uncertainty of the field calibration.

t This measurement was performed in the bichromatic dipole trap with species selective optical
potentials, as described in Sec. 1.3.3.

Table 2.1.: Feshbach resonance positions of the LiCs s-wave Feshbach resonances
in the two energeticall lowest scattering channels |a) and |3). The experimental
resonance positions B¢ are extracted either by fitting Gaussian profiles to the
atom-loss spectra or extrapolation from the binding energy measurements. The
numbers in brackets represent the total error, including the uncertainty of the
magnetic field calibration, statistical and systematic errors in the determination of
the resonance center. The resonance positions obtained from the coupled channels
calculation B! are given as deviations § = B¢— B! to the experimental observations.
Brr, A, and ap, are the fitted resonance pole position, width, and background
scattering length, respectively, from the calculation of the scattering length at a
kinetic energy of kp x 1 nK. The scattering length is given in units of the Bohr
radius ag = 0.5292 x 10~1° m.

|a) and |5). We fit their dependence with the conventional functional form

A;
a(B) = ay, (1 ; B BFR,i) (2.38)
with as many terms ¢ as there are resonances in the given channel. The resonance
position Bpg, its width A;, and background scattering length a;, are used as fitting
parameters, and listed in Table 2.1. The simultaneous fit of all observed resonances
in Eq. (2.38) allows to define a single effective background scattering length for each
channel. The fitted values reproduce the calculated s-wave scattering length to better
than 2% in the entire magnetic field range between 500 G and 1000 G, which we also
use for the evaluation of the Efimov resonance positions in Ch. 3. We observe a slight
difference between the two theoretically obtained resonance pole positions B! and Bpg.
One might suspect that it originates from the different types of numerical calculations
that were used to extract these parameters, however, further investigation is necessary
to find the exact reason behind this difference. Therefore we estimate the error for the
resonance pole positions from the systematic error from the magnetic field uncertainty
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Figure 2.9.: Interspecies scattering lengths arics for the channels |a) =
Li|1/2,1/2)®Cs|3,3) (upper panel, black line), |3) = Li|1/2,—1/2)®Cs|3,3) (up-
per panel, blue dash dotted line) and intraspecies scattering length acs for Cs
atoms in the ground state Cs|3, 3) ©Cs|3,3) (middle panel, red dashed line). The
lowest panel (green dotted line) shows the scattering length between the two en-
ergetically lowest SLi spin states Li|1/2,1/2)®Li|1/2, —1/2). Scattering lengths
taken from Table 2.1, Berninger et al. [2013a] and Zirn et al. [2013].

and the difference between the theoretical values, which yields £+ 23 mG.

The Li-Cs s-wave scattering length dependence for channels |«) and |3) on the
magnetic field is shown in Fig. 2.9 together with the intraspecies scattering lengths
between Cs atoms in their energetically lowest spin state Cs|3,3) ©Cs|3,3) [Berninger
et al., 2013a] and between the two energetically lowest °Li spin states Li|1/2,1/2)&®
Li|1/2,—1/2) [Zirn et al., 2013]. In the range between 800 G and 1000 G the sys-
tem offers in total five interspecies s-wave Feshbach resonances, out of which two are
intermediately broad (s,s ~ 0.7 [Tung et al., 2013]) and three are narrow resonances
characterized by s < 0.03 [Tung et al., 2013].

The Cs-Cs scattering length in this magentic field region is dominated by a broad
s-wave FR located at 787 G [Berninger et al., 2013a] and displays a zero-crossing at
about 880 G. The Li-Li scattering length shows a very broad Feshbach resonance at
832 G [Ziirn et al., 2013] and, in most of the field range, is large and negative.
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The inter- and intraspecies scattering lengths in the Li-Cs system offer several in-
teresting regimes. The two intermediately broad Li-Cs FRs are characterized by a dif-
ferent sign and magnitude of the Cs-Cs scattering length acs: while close to the 843 G
resonance the intraspecies scattering length is large and negative acs &~ —1500 ag, the
889 G resonance is characterized by a small and positive intraspecies scattering length
acs ~ +190 ag [Berninger et al., 2013a]. Since the 889 G Li-Cs FR is close to the
zZero-crossing in acs we can create situations in which the bosons do not interact with
each other, but at the same time strongly interact with the lithium. Thus, there might
be interactions between them which are mediated by the presence of the fermionic Li
atoms.

2.2.4. p-wave Li-Cs Feshbach resonances

In order to obtain a full understanding of the Li-Cs scattering properties, we perform
high-precision atom-loss spectroscopy on the five Li-Cs p-wave FR multiplets of the
|a) and |B) scattering channels [see Eq. (2.33)] in the magnetic field range between
650 and 770 G [Repp et al., 2013]. The ultracold mixture is prepared as described
in Sec. 1.3.3 with approx. 5 x 10* Cs in state |3, +3)and 3 x 10* Li atoms either in
state |1/2,1/2) or |1/2,—1/2) are trapped at a temperature of 430 nK. The Li and Cs
atomic loss signals for the p-wave Feshbach resonances are shown in Fig. 2.10. The
numbers of atoms are measured after variable interaction times between 0.4 s and 10 s
and have been normalized to the values far off the interspecies FR. These values can be
considerably different from the initial number of atoms due to competing loss processes
such as three-body recombination of Cs atoms. Each point is an average of at least
four measurements and the error bars resemble the standard deviation.

In addition to the well-known doublet structure of p-wave FRs due to magnetic
dipole-dipole and second order spin-orbit interactions [Ticknor et al., 2004; Repp et al.,
2013], we observe a further splitting of the m; = 4+1 components for the resonances
close to 658 G, 663 G, and 708 G [see Fig. 2.10(e), 2.10(a), and 2.10(c)]. However,
this triplet structure is not resolved for the 714 G and 764 G Feshbach resonances
[Fig. 2.10(b) and 2.10(d)], even if the magnetic field step-size was reduced to 2 mG
close to the resonance.

We obtain the experimental resonance positions B{ by fitting a sum of Gaussian
functions

N = N, (1—Zaiéi2_ﬂexp [—; (B;Bfﬂ) (2.39)

7

with widths o; to the Li and Cs loss spectra with as many summands ¢ as loss features
observed. The off-resonant number of atoms Ny and amplitudes A; are additional
fitting parameters. The resonance positions attained from Li and Cs data are averaged
and their difference (<2 mG) is included in the statistical uncertainty. The observed
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Figure 2.10.: Feshbach spectroscopy of the five Li-Cs p-wave Feshbach resonances in
the (a)-(b) |a)=Li|1/2,+1/2) ®Cs|3,3) and (c)-(e) |F)=Li|1/2,-1/2) &Cs|3, 3)
channels in the magnetic field range between 658 G and 765 G. The upper
panels show the remaining fraction of Li atoms in either of the |1/2,+1/2)
states and the lower panel shows Cs atoms in the |3,3) state after optimized
holding times ranging from 0.4 s to 10 s. Each point is the average of at least
four measurements and the error bars represent the standard deviation. While
the resonances at 658 G, 663 G, and 708 G split into a triplet, the 714 and
764 G resonances are observed as a doublet. The red and orange curves are fits

The fitted resonance positions B¢ and

of a sum of 3 (2) Gaussian functions.

widths o are listed in Table 2.2.
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Entrance channel ‘ B¢ (G) o (mG) § (mG) ‘ my
la)=Li|1/2,+1/2) | 662.822(3)(16) 8 22 0
@ Cs|3, +3) 663.036(4)(16) 7 16 | +1
663.056(4)(16) 8 19 -1

713.632(4)(16) 8 -4 0

714.054(4)(16)8 8 3 +1

714.054(4)(16)8 8 -6 -1

8)=Li|1/2,—1/2) | 658.080(10)(16) 10 46 0
@ Cs|3, +3) 658.143(10)(16) 6 40 | +1
658.167(10)(16) 13 39 -1

708.663(3)(16) 7 15 0

708.881(3)(16) 6 9 +1

708.901(3)(16) 7 12 -1

764.201(1)(16) 8 21 0

764.622(1)(16)8 9 -18 | 41

764.622(1)(16)° 9 -28 -1

§ No splitting of m; = +1 is resolved in the experiment.

Table 2.2.: Resonance positions of the Li-Cs p-wave FRs. The experimentally ob-
tained resonance positions B® and widths o are extracted by fitting Gaussian
profiles to the atomic loss spectra. The numbers in brackets give the statistical
and systematic uncertainty of the determination of the resonance positions. The
theoretical resonance positions B! are given as deviations § = B¢ — Bt. They are
obtained from the coupled channels calculation performed at a relative kinetic en-
ergy of 430 nK, matching the experimentally measured temperature. In addition
the magnetic quantum number m; of the rotation [ of the atom pair is given.

widths of the loss features of ¢ < 10 mG are much larger than the width of the
calculated two-body collision rates < 1 mG from our coupled channels calculation
and can be attributed to the thermal energy distribution of the atoms, magnetic field
variations over the size of the cloud, and short-term field fluctuations.

The experimental Li-Cs p-wave FR positions B¢, their widths o, and the deviations
from theory 6 = B®— B! are listed in Table 2.2. While no triplet splitting was observed
for the p-wave FRs close to 714 G and 764 G, we observe a splitting of the m; = £1
partial waves of roughly 20 mG for the three FRs at approx. 663 G, 658 G, and
708 G. Such splittings were only observed until now at fairly low fields [Park et al.,
2012], where the manifold of the pair rotation | = 1 is almost degenerate and the
non-diagonal term of the spin-spin interaction results in the splitting of its projection
m;. However, at high fields the non-diagonal parts in m; of the spin-spin interaction,
Eq. (2.19), are too small to lead to a significant splitting of the m; = +1 components.

We attribute this splitting to electronic spin-rotation coupling and add the spin-
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rotation interaction term [cf. Eq. (2.20)] in the Hamiltonian in Eq. (2.10) describing
the collision process. This term lifts the near-degeneracy of the m; = +1 states at
high magnetic fields. From our fit we determine the spin-rotation coupling constant
|v| = 0.00056, to be about 0.06% of the effective rotational constant. In the Li-Cs
system this interaction is particularly large due to the small reduced mass, resulting in
fast rotational motion, and large spin-orbit interaction in Cs, leading to a significant
second order contribution.

The spin-rotation splittings are reproduced within less than 3 mG, even though
there are deviations of up to 6 = 43 mG between experiment and theory for the total
triplet. For the two FRs at 714 G and 764 G our model predicts a smaller splitting
of only ~ 10 mG, which is of the same size as the width of the observed loss features.
Therefore, the two loss features overlap and can not be resolved in the current exper-
iment. In future experiments at lower temperatures and possible increased magnetic
field homogeneity and stability this splitting might become observable.

We can not determine the sign of the m; quantum numbers for the two m; = +1
components. Changing the sign of all m;, and simultaneously the sign of ~, did not
change the overall quality of the fit and hence we cannot determine the sign of v from
our measurements. The signs of m; given in Table 2.2 correspond to a positive value of
~v. We calculated the binding energies for the hyperfine manifold of the levels directly
below the atom pair asymptote 2525 2(fui = 1/2)+ 652S1/2(fos = 3) at zero magnetic
field and found that the spin-rotation contribution for rotational angular momentum
up to [ = 2 is below 300 kHz and strongly dependent on the total angular momentum.
Measuring these binding energies for example with high precision rf-spectroscopy would
allow to determine the sign of this interaction. The extrapolation to higher [ values and
especially to more deeply-bound levels will lead to significant uncertainties because of
missing experimental data in that range.

We checked if other extensions of the Hamiltonian could be important for describing
the observed FRs, e.g. the rotational Zeeman effect or the molecular anisotropy of the
electron g-tensor with respect to the molecular axis as discussed for other molecules
(see example Oq [Tischer, 1967]). Fitting such contributions led to unphysical large
magnitudes of the coupling parameters and showed severe correlations between each
other. Thus we assume that our present data set is insufficient to study such interac-
tions.

Finite temperature and AC-Stark effect on Feshbach resonance positions

In order to systematically characterize the influence of finite temperature and intensity
of the optical dipole trap on the atom-loss spectra of p-wave Feshbach resonance,
we prepare the mixture at different ensemble temperatures ranging from 0.21 uK to
0.84 uK by stopping the evaporation process at varying power of the dipole trap
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Figure 2.11.: Atom-loss spectroscopy of the p-wave Feshbach resonance multiplet
close to 663 G for different temperatures between 0.21 yK and 0.84 uK. The
remaining fraction of Cs atoms has been vertically shifted by 0.25 for the different
measurements. Each data point is averaged over at least four measurements and
the error bars display the standard deviation.

beams. The atom-loss spectra are shown in Fig. 2.11. For increasing temperature
the loss features are broadened due to a widening of the thermal energy distribution
and the m; = 41 splitting can no longer be resolved. Thus, it is essential to measure
at ultralow temperatures to observe the splitting, even though, for low temperatures,
the rotational barrier greatly suppresses the p-wave scattering cross-section o, oc 7%
[DeMarco et al., 1999] and the observed losses might be dominated by the finite s-wave
cross-section or single species loss mechanisms such as Cs three-body recombination
or lifetime in the optical dipole trap. In the measurements presented in Fig. 2.10 the
experimental parameters were chosen such that the m; = +1 splitting is well resolvable
while maintaining sufficient interspecies loss rates.

In addition to the broadening of the loss features, we observe a shift of the resonance
positions towards higher magnetic fields for increasing temperature. In order to quan-
tify this resonance shift, we extract the resonance position of the m; = 0 component
by fitting with a Gaussian profile, for each sample temperature. The relative shift is
obtained with respect to the resonance position obtained from the measurement per-
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Figure 2.12.: Influence of temperature and dipole trap power on the resonance posi-
tion. The relative shift of the 663 G p-wave Feshbach resonance position with
respect to the measurement at 0.21 pK in dependence of the ensemble temper-
ature and dipole trap intensity. The orange line is a linear fit to the data and
the error bars are the standard errors from the determination of the resonance
position.

formed at the lowest sample temperature of 0.21 K. The resonance shift is plotted in
dependence of the sample temperature and peak intensity of the dipole trapping light
in Fig. 2.12. We fit a linear function to the data and obtain a slope of +27 mG/uK.

The observed shift of the resonance position can be partially attributed to the in-
crease in relative kinetic energy in the scattering event. From the differential mag-
netic moment between the least-bound vibrational state and the free atoms of du =
tmol — Hat = h x 3 MHz/G in this magnetic field range, we estimate the shift to be
AB/AT = kg/op =~ 7 mG/uK. A similar shift is obtained in our coupled channels
model (Sec. 2.2.1), when calculating the maximum of the two-body collision rate for
different relative kinetic energies. However, we measure a much larger resonance shift
of the resonance position, which can not be described by the increase in temperature
alone. The major part of the observed shift, namely +20 mG/uK, needs to have a
different origin.

A probable explanation is a differential AC Stark shift between the molecular state
and the atomic state, which is caused by the trapping light. When changing the inten-
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sity of the trapping light this will result in relative energy shifts between the two states
and consequently in a shift of the FR position. Expressing the remaining resonance
shift in dependence of the trapping light intensity yields a slope of 2 mG/(kW /cm?). A
shift towards higher magnetic fields can be explained by a down-shifting of the molec-
ular energy with respect to the atomic threshold. This in turn shifts the intersection
point of the molecular state with the atomic threshold, where the Feshbach resonance
occurs, to higher magnetic fields. Thus, we estimate a differential AC Stark effect of
—h x 6 kHz/(kW /cm?) between the molecular and scattering state at the wavelength
A = 1070 nm of our trapping laser. This shows that the resonance position is influ-
enced by the trapping light. For the determination of the p-wave resonance positions
B¢ listed in Table 2.2 this shift amounts to 8 mG. On the other hand the AC Stark
effect may be employed to manipulate Feshbach resonance positions and eventually the
scattering length by the trapping light. This effect has indeed been used for ultra-fast
switching of the interaction strength in an ultracold °Li-*°K mixture [Jag et al., 2014;
Cetina et al., 2016] via switching between different dipole trap configurations.

2.2.5. d-wave Li-Cs Feshbach resonances

Motivated by a systematic shift between the experimental observations of p-wave FR
positions and their theoretical description with the molecular potential curves obtained
in Ulmanis et al. [2015], we have searched for d-wave Li-Cs FRs in the field range around
400 G. In combination with the measurements of s- and p-wave FRs our measurements
corresponds to high-precision spectroscopy of the rotational ladder of the least bound
vibrational state and should enable us to refine the long-range part of the molecular
ground-state potentials.

We start our measurements with a mixture of approx. 3x10* Cs and 3 x 10* Li atoms
in one of the two energetically lowest states at a temperature of 300 nK. The secular
trapping frequencies are wes = 27 x (11,147, 133) Hz and wy; = 27 x (37,325, 325) Hz,
where the external magnetic field and gravity are parallel to the z-axis?. The remaining
fraction of Li and Cs atoms after a interaction time of 5 s (resonances at 341.9 G and
388.6 G) and 8 s (resonance at 426.1 G) is shown in Fig. 2.13. Again, we fit Gaussian
functions to the loss features in order to extract their positions B¢ and widths o listed
in Table 2.3. We found three d-wave resonances a couple of hundred mG away from
the initial predictions. Since the collisions occur predominantly in the s-wave (I = 0)
entrance channel, no multiplet splitting is expected. We start our theoretical modeling
with the molecular potentials from Ulmanis et al. [2015] and adapt the Cg, Cs, and
(o coefficients, describing the potentials for large internuclear distances, as has been
explained in Sec. 2.2.1. The observed d-wave resonance positions B¢ and widths o are

9The trapping frequencies in y-direction are deduced from our model potentials, as described in [Ul-
manis et al., 2016a].
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Figure 2.13.: Feshbach spectroscopy of three Li-Cs d-wave resonances in the |a) chan-
nel (triangles and red line) and |3) channel (circles and orange lines) in the mag-
netic field range of 340 G to 430 G. The remaining fraction of Li and Cs atoms
after a holdtime of 5 s (resonances at 341.9 G and 388.6 G) and 8 s (resonance
at 426.1 G) are plotted as a function of the magnetic field. The red and orange
curves are fits of Gaussian profiles to the data. Their resonance positions B®
and widths o are listed in Table 2.3.

listed in Table 2.3 together with their deviations from theory § = B¢ — B! with the
improved long range function. For two predicted but unobserved FRs in the inspected
field range, we give theoretical resonance positions instead of B€.

As all previously observed Li-Cs FRs, the observed d-wave FRs originate from
the least bound vibrational levels below the atomic asymptote 2s2Sy/(fui = 1/2)+
652S1/2(fos = 3) [Repp et al., 2013]. The total angular momentum f (excluding pair
rotation ) at zero magnetic field, its projection m and the rotational angular momen-
tum [ are fairly good quantum numbers. Also the angular momentum G = S +icg is a
good quantum number due to the large Cs hyperfine interaction. We assign quantum
numbers to the d-wave FRs and list them in Table 2.3.

We only observed three of the expected five d-wave FRs. In the region around

~1 which are

the two unobserved resonances we measure Li-Cs loss rates of < 0.02 s
about a factor of five smaller than at the resonance positions of the observed ones.
This observation agrees with the calculated collision rates around the resonances. The

atomic loss signal is dominated by the CsCsCs three-body recombination loss rates
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Entrance channel | B¢ (G) o (mG) 6 (mG)|my [ G
Li[1/2, +1/2) 341.801(10)(16) 7 8 |7/2 9/2 7/2
@ Cs|3,+3) 375.367% - - 7/2 7/2 7/2
Li[1/2, —1/2) 357.920F - - |52 92 72
@ Cs|3,+3) 388.663(5)(16) 6 5 5/2 7/2 T7/2

426.137(5)(16) 6 36 | 5/2 5/2 7/2

¥ Not observed in the experiment. Instead we give the theoretical resonance position Bf.

Table 2.3.: Resonance positions of the Li-Cs d-wave Feshbach resonances. The exper-
imentally obtained resonance positions B¢ and widths ¢ are extracted by fitting
Gaussian profiles to the atomic loss spectra. The numbers in brackets give the
statistical and systematic uncertainty of the determination of the resonance posi-
tions. The theoretical resonance positions B! obtained from the coupled channels
calculation performed at a relative kinetic energy of kp x 300 nK, matching the
experimentally measured temperature, are given as deviations § = B¢ — Bt. We
assign the quantum numbers my, f, and G = S +ics to the Feshbach resonances.

of approx. 0.15 s~! in this magnetic field range. In addition, close to the predicted

Li-Cs d-wave FR at 357.92 G, we find a Cs-Cs g-wave FR [Berninger et al., 2013a] (see
Appendix A), which leads to enhanced Cs three-body recombination.

2.2.6. Molecular potential curves

With the help the high-precision remasurements of s- and p-wave FRs and the first
observation of d-wave FRs new measurements we refine the LiCs molecular potential
curves. The potential parametrization for the X!Y*tand a*~*are given in Appendix B.
With the improved molecular potential curves and inclusion of the spin-rotation cou-
pling we achieve a total weighted RMS error of 16 mG for all 32 FR features, which
is an improvement by a factor of two compared to previous theoretical analysis [Pires
et al., 2014a]. The significant improvements in the overall fit originate from the com-
bination of the precise characterization of the s-wave FRs via the binding energy
measurements (Sec. 2.2.3) in combination with the narrow p- and d-resonances. A
list of the previously observed Li-Cs s- and p-waves FRs in the scattering channels
Li|1/2,£1/2) &Cs|3,+2) and a comparison to our current coupled channels calcula-
tions can be found in Appendix A.

From the new molecular potentials we calculate the singlet and triplet scattering
lengths for both Li isotopologues and list them in Table 2.4. They are slightly different
to former reported values [Pires et al., 2014a], which reflects the largely extended
data set. Because of missing observation of Feshbach resonances for "Li-'*3Cs, the
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state  a (Li-'33Cs)  a ("Li-'33Cs)

XIS+ 30.147(50) ap  45.28(30) ag
a3Yt  -34.97(15) ag  846.4(200) aq

Table 2.4.: Scattering lengths a for states XX+ and a3¥* for the isotoptic combi-
nations of Li-133Cs and "Li-133Cs.

uncertainties for the corresponding values extrapolated by mass scaling and Born-
Oppenheimer correction are larger compared to the 5Li-!33Cs isotopologue.

Summary

In summary, we have performed high-precision scattering experiments in an ultracold
6Li-133Cs sample. We determined s-, p-, and d-wave FRs and modeled their reso-
nance positions by a full coupled channels calculation on the 2s%S,5(fri = 1/2)+
652S1/2(fos = 3) asymptote. For the precise determination of s-wave FR positions
we employed two complementary techniques: binding energy measurements via radio-
frequency association of the colliding atom pair into the weakly-bound dimer state
and atom-loss spectroscopy. The new measurements represent an almost ten-fold im-
provement in precision in comparison to earlier studies [Repp et al., 2013; Tung et al.,
2013; Pires et al., 2014a], which proved to be essential for the quantitative study
of the three-body Efimov scenario, presented in the following chapter. Furthermore,
the precise knowledge of the Li-Cs two-body physics will be beneficial for the study
of many-body phenomena (see Ch. 4) as well as the production of ultracold polar
molecules (cf. Fig. 5.1).

For the first time we observe a triplet splitting of p-wave FRs at high magnetic
fields for the m; = —1,0,1 components of the scattering channel at high magnetic
fields. By our coupled channels calculation we attribute this effect to spin-rotation
coupling. Comparison with the experimental resonance positions allows to determine
the magnitude of the spin-rotation coupling constant |y| = 0.000566(50) with respect
to the effective rotational constant of the asymptotic levels. The observed splitting at
high fields provides full control over the angular momentum [ and its projection m; in
the scattering process by the external magnetic field. The initial detection of Li-Cs
d-wave FRs proved to be beneficial for the refinement of the molecular potentials at
large internuclear distances.
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This chapter is partially based on the following publications, from which
parts of the text are reproduced verbatim:

Role of the intraspecies scattering length in the Efimov scenario
with large mass difference

S. Héafner, J. Ulmanis, E.D. Kuhnle, Y. Wang, C.H. Greene, and M. Wei-
demiiller

Physical Review A 95, 062708 (2017)

Heteronuclear Efimov scenario with positive intraspecies scatter-
ing length

J. Ulmanis, S. Héfner, R. Pires, E.D. Kuhnle, Y. Wang, C.H. Greene, and
M. Weidemiiller

Physical Review Letters 117, 153201 (2016)

Universal three-body recombination in an ultracold Li-Cs mix-
ture

J. Ulmanis, S. Hafner, R. Pires, F. Werner, D. Petrov, E.D. Kuhnle, and
M. Weidemiiller

Physical Review A 93, 022707 (2016)

Observation of Efimov Resonances in a Mixture with Extreme
Mass Imbalance

R. Pires, J. Ulmanis, S. Héfner, M. Repp, A. Arias, E.D. Kuhnle, and M.
Weidemiiller

Physical Review Letters 112, 250404 (2014)

What distinguishes the quantum mechanical three-body from the two-body system?
Intuitively one could think that the third particle binds to an already existing dimer
state, thus forming a three-body bound state. However, in the 1970’s the Russian
physicist V. Efimov discovered a bizarre and seemingly counterintuitive property of
the quantum mechanical three-body problem, in which a binding of three particles is
possible although the two-body system is unbound. In the limit of resonant pairwise
interactions, where the two-body scattering length a exceeds by far the characteristic
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ag) a&l) a&o) 1/a

>

Figure 3.1.: Efimov’s scenario: the three-body energy diagram is plotted as a function
of inverse scattering length 1/a. The gray shaded and blue shaded areas represent
the scattering continua for three atoms and a dimer plus an atom, respectively.
The Efimov states are connecting the three-body to the atom-dimer threshold,

(n)

even existing in regions where no dimer state can be formed. Positions a> "’ and

a&n) indicate where the trimers intersect with the three atom and atom-dimer

thresholds.

length scale of the interaction potential rg, i.e. |a|] > ry, Efimov found the three-body
energy diagram depicted in Fig. 3.1. He predicted an infinite series of weakly-bound
three-body states at the two-body resonance a — oo [Efimov, 1970, 1971, 1973]. The
so-called Efimov states connect the three-body threshold at a < 0 to the atom-dimer
threshold at positive scattering lengths a > 0. These three-body bound states, exist
even at negative scattering lengths where the two-body potential is not strong enough
to support a bound dimer state. As a result, if only one of the constituents of an
Efimov state is removed the whole system falls apart into three separate particles. This
intriguing property of a bound N-body system that is built up on N — 1 subsystems
which are unbound is commonly referred to as “Borromean” binding, in close analogy
to the three intertwined circles in the coat of arms of the Borromeo family.

Another interesting property of the Efimov effect is its discrete scale invariance,
reflected in the geometric progression of the trimer binding energies. The energy of
the n'* trimer is given by E,, = e 2™/ FE,, and s, is a universal constant. Thus, if the
energy of only one state is known, we know the energy of all Efimov states. Moreover,
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the positions a™ and afkn), where the Efimov trimers either dissociate into the three-

body or atom-dimer continuum, are also log-periodically spaced, with o™ = em/s0q0)
and o\ = e™/%04{" The universal factor so depends only on the mass ratio, number
of resonant interactions, and quantum statistics of the three particles.

Remarkably, the Efimov effect exists irrespective of the specific details of the two-
body interaction potential, as long at it is sufficiently short-ranged, making the Efimov
effect a prime example of universal few-body physics, that occurs in microscopically
vastly different systems spanning many orders of magnitude in energy and length scales
(for reviews of Efimov physics in different systems see [Nielsen et al., 2001; Braaten
and Hammer, 2006, 2007; Greene, 2010; Ferlaino et al., 2011; Wang et al., 2013; Greene
et al., 2017; Naidon and Endo, 2017]). Examples in the realm of nuclear physics are the
three-nucleon system, initially studied by Efimov based on early studies of the triton
by Thomas [1935] and Skorniakov and Ter-Martirosian [1957], hypernuclei [Lim, 1986,
and halo nuclei [Fedorov et al., 1994]. In the field of atomic physics the Helium trimer
“He; was proposed to be a prime candidate for the observation of the Efimov effect
[Lim et al., 1977; Nakaichi-Maeda and Lim, 1983; Esry et al., 1996; Nielsen et al.,
1998; Blume and Greene, 2000]. Due to accidental fine tuning of nature, the two-
body interaction is just resonant enough to only support a single weakly bound dimer
state and two three-body bound states [Blume and Greene, 2000; Blume et al., 2000;
Hiyama and Kamimura, 2012a,b; Blume et al., 2014]. Finally, almost forty years after
the initial prediction of the Efimovian He trimer it was observed by Kunitski et al.
[2015]. Recently, Efimov states of strongly interacting photons in quantum nonlinear
media of highly excited Rydberg atoms have been observed [Liang et al., 2017; Gullans
et al., 2017].

The prosperity in the field of laser cooled atomic gases has established a new testbed
for the study of universal few- and many-body physics. The full control over the s-
wave scattering length via magnetic Feshbach resonances, allows to study the Efimov
energy diagram from —oo < a < oo with a single atomic system. Several groups
predicted Efimov states to appear as periodic enhancements of the three-body loss
coefficient, due to the appearance of shape-resonances, the so-called Efimov resonances,
in these systems [Esry et al., 1999; Nielsen and Macek, 1999; Bedaque et al., 2000].
In fact, the first evidence of Efimov physics was found in the group of R. Grimm
[Kraemer et al., 2006] in an ultracold sample of '33Cs atoms. The initial observation has
triggered the exploration of the Efimov effect in many homonuclear systems at ultralow
temperatures, e.g. °Li [Ottenstein et al., 2008; Wenz et al., 2009; Lompe et al., 2010a;
Huckans et al., 2009; Williams et al., 2009; Nakajima et al., 2010; Naidon and Ueda,
2011; Huang et al., 2014a], "Li [Gross et al., 2009, 2010, 2011; Pollack et al., 2009; Dyke
et al., 2013; Machtey et al., 2012b], 3K [Zaccanti et al., 2009; Roy et al., 2013], 85Rb
[Wild et al., 2012], and '33Cs [Kraemer et al., 2006; Esry and D’Incao, 2007; Lee et al.,
2007; Ferlaino et al., 2008; Ferlaino and Grimm, 2010; Ferlaino et al., 2011; Berninger
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et al., 2011; Knoop et al., 2009b,a; Zenesini et al., 2013, 2014; Huang et al., 2014b,
2015a] by observation of three-body recombination resonances and via direct radio-
frequency association from the scattering continuum into the weakly-bound Efimov
states in °Li [Lompe et al., 2010b; Nakajima et al., 2011] and “Li [Machtey et al.,
2012b]. With these tremendous achievements even unexpected universal behavior was
found, e.g. the discovery of the so-called van der Waals universality of the three-body
parameter [Berninger et al., 2011; Wang and Julienne, 2014; Naidon et al., 2014b,a].

The discrete scale invariance, being a central feature of the Efimov effect, however,
requires the observation of at least three consecutive Efimov resonances. In the case of
homonuclear atomic gases the relatively large scaling factor of A = 22.7 poses serious
experimental challenges, e.g. a high control over the scattering length and very low
temperatures, for the observation of the excited state resonances and thus only two
experiments could reveal the first excited Efimov state [Williams et al., 2009; Huang
et al., 2014b]. These obstacles can be overcome by use of mass-imbalanced systems
[D’'Incao and Esry, 2006a; Greene, 2010], where the scaling factor is drastically reduced.
The experimental exploration of the heteronucelar Efimov scenario, however, has been
limited (for a recent review see [Ulmanis et al., 2016b]). To date, only one isolated
Efimov resonance was observed in a "Li-*"Rb [Maier et al., 2015] mixture and atom-
dimer recombination resonances in different K-Rb combinations [Bloom et al., 2013; Hu
et al., 2014; Wacker et al., 2016]. Possible Efimov resonances in this system [Barontini
et al., 2009, 2010] are highly questionable and could not be reproduced by other groups
[Wacker et al., 2016].

The Li-Cs system, studied in this thesis, is a prototypical system for the exploration
of the heteronuclear Efimov effect. Due to its high mass imbalance the scaling factor
is reduced to only 4.9 [Braaten and Hammer, 2006; D’Incao and Esry, 2006a]. Indeed
a series of three successive Li-Cs-Cs Efimov resonances has been observed [Pires et al.,
2014b; Tung et al., 2014], allowing for a test of the discrete scale invariance of Efimov’s
scenario. Further studies in this system revealed the influence of finite-range effects
[Ulmanis et al., 2016a; Ulmanis et al., 2016], the effect of the intraspecies scattering
length [Ulmanis et al., 2016; Hafner et al., 2017] as well as the strength of the two-body
Feshbach resonance [Johansen et al., 2017].

In this chapter we extend the studies of heteronuclear Efimov physics in the Li-Cs
system, by investigating the role of the intraspecies scattering length. We juxtapose
the heteronuclear Efimov scenario in a BBX system, consisting of two heavy bosons
B and one distinguishable particle X, for positive and negative intraspecies scattering
lengths. We start with a general introduction to the solution of the quantum mechani-
cal three-body problem in Sec. 3.1 during which we introde key features of the adiabatic
hyperspherical formalism in Sec. 3.1.1, followed by analytically solving the three-body
problem for the simplest two-body interaction potential, the zero-range delta potential,
in Sec. 3.1.2. In Sec. 3.1.3 we introduce the concept of a three-body recombination
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resonance being the main observable of Efimov trimers in ultracold atomic gases. We
apply these concepts to the BBX system within the zero-range theory in the adiabatic
hyperspherical formalism (Sec. 3.2.1) and derive an analytic description of the three-
body loss rate in Sec. 3.2.2. For a more realistic modeling of the three-body loss rates,
we employ the spinless van der Waals (vdW) theory (Sec. 3.2.3), which models pair-
wise interactions with single-channel Lennard-Jones potentials [Wang et al., 2012c].
The experimental procedure for the extraction of the three-body recombination rate
Lj in the Cs-Cs-Li system is given in Sec. 3.3. A comparison between experiment and
theory for negative and positive intraspecies scattering lengths is given in Sec. 3.4.1
and 3.4.2, respectively. Finally, by comparing experimental three-body loss rates close
to the two different Li-Cs Feshbach resonances in Sec. 3.4.4 we find two distinct scal-
ing behaviors, in agreement with previous predictions [D’Incao and Esry, 2009]. Such
distinct scaling properties can be used, for example, to tune and significantly increase
the three-body lifetime due to Cs-Cs-Li collisions, which is an important step towards
studies of strongly-interacting Bose-Fermi mixtures.

3.1. Efimov effect

In order to understand the occurrence of the Efimov effect we take a closer look into
the three-body problem. The quantum mechanical three-body problem can in general
not be solved analytically. Several methods have been employed, including different
simplifications of the problem, e.g. effective field theory [Bedaque and van Kolck,
2002; Kaplan, 2005; Platter, 2009; Hammer et al., 2013], renormalization group theory
[Wilson, 1983; Fisher, 1998; Hammer and Platter, 2011}, and the hyperspherical for-
malism [Macek, 1968; Zhen and Macek, 1988; Lin, 1995; Nielsen et al., 2001; Greene,
2010; Rittenhouse et al., 2011] as well as further simplifications such as reformulating
the Schrodinger equation as Faddeev equations [Faddeev, 1961] or Alt-Grassberger-
Sandhas equations [Alt et al., 1967]. An extensive overview over the different tech-
niques is given in [Wang et al., 2013; Greene et al., 2017] and they are described in
detail by Braaten and Hammer [2006]. Here, we focus on the adiabatic hyperspheri-
cal treatment of the three-body problem since it delivers an intuitive, potential based
description.

3.1.1. The hyperspherical formalism

We introduce the hyperspherical formalism, following the extensive reviews by Braaten
and Hammer [2006] and Wang et al. [2013], by starting our discussing with the time-
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independent three-body Schrodinger equation determining the wavefunction W(7, 7%, 73)
of three particles ¢« with masses m;

3 h?
-y

i—1 <M

Vi + vm,fg,ﬁa)] (7", 7, 75) = BW(7, 7, 73), (3.1)

where V (7,75, 73) is the three-body interaction potential for particles at positions 7;.
Without an external potential, the center-of-mass motion can be separated, reducing
the number of degrees of freedom to six. A convenient choice are the Jacobi coordinates
[Delves, 1958, 1960]. We define the mass-scaled Jacobi vectors

o Mig

pij = | —2(Ti —T5), (3.2)
M3

. Pijk [~ T+ myT;

e = Rk (g TG 3.3

Pijk s <k i g ) (3.3)

with the positions 7; ;5 of the atoms in the laboratory frame. The indices 7, j, k rep-
resent permutations of 1,2, 3. The two- and three-body reduced masses are given by
[Wang et al., 2013]:

mim; my(m; +m;)

Mij:m> “ij’k:mi+mj+mk’ Msz\/

m;m;my
m; + my + my

(3.4)

A further simplification is gained by combining the two Jacobi vectors to a single
vector and parametrization in six-dimensional spherical coordinates, consisting of one
hyperradius and five hyperangles. The hyperradius R, being the only remaining length
scale, describes the overall size of the system and is defined as'

R = p3 + pi (3:5)

The hyperradius is only small if all three particles are in close vicinity. One possible
definition of the hyperangles is given by [Delves, 1958, 1960]

tan ¢ = M, (3.6)
Pij

which range between 0 and 7/2 and are commonly combined in the vector Q. The
Schrodinger equation, Eq. (3.1), can be reformulated in the hyperspherical formalism

In fact the hyperradius is not defined uniquely. However, the quantity usR2 is invariant for different
definitions of pz and R [Wang et al., 2013]. Thus, a different choice in the definition of R implies
a different definition of us.
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as

( ho9?  A2+15/4

oo e TV Q)) W(R, Q) = Ev(R,Q), (3.7)

where the wavefunction has been rescaled by 1 = R>?¥ and A is the general angular
momentum operator.

The Schrodinger equation is conveniently solved within the adiabatic hyperspherical
representation introduced by Macek [1968]. The approach is based on the assumption,
that the hyperradial and hyperangular motions can be separated in close analogy to
the Born-Oppenheimer approach of molecular physics. We treat R as an adiabatic
variable and solve the angular part of the Schrodinger equation for fixed hyperradius
R

(2;232 + V(R, Q)> ®,( R) = U,(R)®,(Q; R), (3.8)

with the channel functions ®,(Q; R) and adiabatic potentials U,(R). We expand the
total wavefunction ¥ (R, 2) on the complete basis set

V(R Q) =Y F,(R)®,(%R). (3.9)

The Schrodinger equation finally reduces to a coupled set of eigenvalue equations of
the hyperradial functions F, (R)

n*
———— +U,/(R) - FE| F,(R
[QMRﬁ (R) ] (R)
(3.10)
h? d d
- Pyy/i 7P,,,// v F/ — Y,
o [ v+ 2 Par (B) + Quu(R) | FJ(R) = 0

where P,,/(R) and @, (R) are the non-adiabatic couplings between different hyper-
angular functions ®,(€; R). In case of well-separated adiabatic potentials U, (R), the
system can be described by single-channel solutions F,(R) of the effective potential
W, (R) = U,(R)—h/2u3Q,,(R). Thus, the initial multidimensional problem has been
reduced to a one-dimensional problem with a set of effective potentials.

3.1.2. The zero-range model

So far we did not consider the interaction potential V (7, 7%, 73) in our discussion. We
make the assumption that the potential can be simplified and expressed as a sum of
isotropic two-body interactions

V(r1,72,73) = V(r12) + V(r13) + V(res), (3.11)
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which only depend on the separation r;; of the atom pairs. This assumption seems
to be restrictive, but is indeed justified in ultracold atom systems, where the large
de Broglie wavelength allows to describe the two-body wavefunction by its long-range
properties. Thus, the scattering length a is the only relevant parameter in the system
and any choice of the interaction potential giving the right value of a should be good
to describe the system. In order to obtain the exact three-body potentials short range
three-body interactions have to be included [Braaten and Hammer, 2006; Wang et al.,
2013; Hammer et al., 2013].

A convenient choice is the modeling of the two-body interactions with pseudo-
potentials whose range of interactions r( is going to zero. We call such interaction
potentials zero-ranged. In this way all types of non-universal behavior, that usually
depend on the exact interactions at short range, are not contained in this model and
only the universal properties of three-body systems are studied. One of the simplest
zero-range potentials in three dimensions is the contact potential with radial derivative

0

‘/zr(rij) = 75(7‘@])%7}4, (312)
which is equivalent to imposing the Bethe-Peierls boundary condition
\Ile/rij—l/a, rij—>() (313)

on the wavefunction ¥. The description in the zero-range model is valid in the limit of
ro/a — 0. Here, ry represents the characteristic length scale of the two-body potential,
which is typically given by the van der Waals length r,qw for atoms in their electronic
ground state. The zero-range potential comprises the weakly-bound universal dimer
state with binding energy Fj = h/2ua?, which accounts for the Feshbach resonance as
discussed in Sec. 2.1.3, and is only present for a > 0. Thus, the zero-range potential
is expected to be well applicable to the situation, where the three-body physics is
dominated by the weakly-bound dimer, i.e. for a > ry.

Using the simple zero-range interaction potential, the Schrédinger equation, Eq.
(3.1), may even be solved analytically within various theoretical frameworks [Braaten
and Hammer, 2006; Wang et al., 2013]. For three identical bosons, we find the adiabatic
hyperspherical potentials

n? s —1/4
U/(R)= — X —"—, 3.14
(R) =3 R (3.14)
where the parameters s} are solutions of the following transcendental equation
8 2R
s) oS (Wsl’j) — ——sin (ﬂsz> =127 Y4gin (W5Z> —. (3.15)
2 V3 6 2 a

In the resonant limit @ — oo, the transcendental equation becomes independent of R
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3.1. Efimov effect

and the original Efimov scenario is obtained. In this limit there is only one imaginary
solution to Eq. (3.15), namely s = iso = 1.006244, which leads to an attractive —1/R?
potential. Additionally, there is an infinite number of real solutions, giving rise to
repulsive potentials U,~o(R) [Efimov, 1971].

Inserting the hyperspherical potential Uy(R) in Eq. (3.10) and neglecting non-adiabatic
couplings yields

2 ? si+1/4
— |— — Fy(R) = EFy(R). 3.16
o |~ | mm) = ERR) (3.16)
The solution of this equation is an exponentially decaying Bessel function with imagi-
nary index. The energy spectrum of the Efimov states can be expressed as
n—"nx h2k2
By = (e727/0)" " ==, (3.17)
3

where £, is the binding wavenumber of the Efimov state labeled by n = n,. The energy
spectrum in Eq. (3.17) displays an infinite geometric progression of bound states, where
the binding energy ratio of successive states is given by \? = e2™/* ~ 515.03. Thus, if
only the binding energy of a single trimer state n, is known, the whole energy spectrum
is defined. This property is the essence of the Efimov effect and is a direct consequence
of the attractive —1/R? potential [Landau and Lifshitz, 1991; Coon and Holstein, 2002;
Essin and Griffiths, 2006].

Another remarkable feature of the Schrodinger equation (3.16) with the attractive
—1/R? potential is its scale invariance under transformations of R — AR. Because of
this scale invariance its solutions, the three-body wavefunctions, are self similar. How-
ever, in such a system the energy spectrum is not bounded from below and the three-
body system collapses. This property is well known in quantum physics as “Thomas
collapse” or “fall to the center” [Thomas, 1935]. The problem can be solved either by
regularization of the potential with a hard-sphere wall at a hyperradius Ry, or by impos-
ing the value of the logarithmic derivative of Fy(Ry), reminiscent of the Bethe-Peierls
boundary condition [Naidon and Endo, 2017]. These are two possible implementations
of the so-called three-body parameter (3BP), which is artificially introduced in order to
reproduce three-body observables known from experiment. In a real physical system,
however, the energy spectrum is well defined due to the short-range behavior of the
potential which is strongly repulsive. At asymptotically large scattering lengths, where
the specific details of the short-range interactions are not resolved, their effect can be
incorporated in the 3BP. As a big surprise it was found experimentally that the ground
state Efimov resonances do not occur at random values of a, but are correlated to the
van der Waals length r.qw by a species-independent constant [Berninger et al., 2011;
Roy et al., 2013; Wild et al., 2012; Gross et al., 2009, 2010; Huang et al., 2014a]. Apart
from slight modifications due to short-range effects [Huang et al., 2014a, 2015a], this
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general scaling constitutes an example of the so-called vdW universality [Wang et al.,
2012a; Schmidt et al., 2012b; Sgrensen et al., 2012; Naidon et al., 2014b,a], where a de-
formation in the trimer configuration at distances of the van der Waals length prevents
the atoms from probing the short-range behavior of the potentials.

3.1.3. Efimov resonances

We now turn our attention to the observation of the Efimov effect in ultracold atom
experiments. Two complementary methods have been employed in experiments in
order to provide evidence of Efimov states: The first method relies on direct radio-
frequency association of the Efimov trimers and measurement of their binding energies.
This method has until now only been employed for three component spin mixtures of
fermionic °Li [Lompe et al., 2010b; Nakajima et al., 2011] and bosonic “Li [Machtey
et al., 2012b]. The other method comprises the detection of three-body recombination
close to the three-atom or atom-dimer thresholds. Close to the values of the scat-
tering length a'™ and a&n), where the Efimov states cross the dissociation threshold
(see Fig. 3.1), an enhancement in the three-body loss is expected [Esry et al., 1999;
Nielsen and Macek, 1999; Bedaque et al., 2000]. This method has been widely used in
experiments to detect Efimov states in hetero- and homonuclear systems and will be
used in the studies throughout this thesis.

In order to get an intuitive understanding of the recombination process we take a
closer look at the adiabatic hyperspherical potentials. For the following we limit our
discussion to the case of two identical bosons B and one distinguishable particle X,
since this is the relevant case for the experiments discussed in Sec. 3.4. For simplifica-
tion, we discuss the case of negative scattering length a < 0, where no weakly bound
dimer states exist. The hyperspherical potentials are schematically shown in Fig. 3.2
together with the main pathway of three-body recombination. We divide the potential
into three regions:

o In the asymptotic region, R > |a|, the potential is repulsive and given by
[D’Incao and Esry, 2005]

B E(E+4)+15/4
2#3 R2 ’

U(R) = (3.18)

where £ is a non-negative integer. The hyperradial wavefunctions in this region
are Bessel functions.

o The scale invariant region, 1y < R < |a|, is governed by the Efimov potential
Up(R) defined in Eq. (3.14). The Efimov trimers (red dashed lines in Fig. 3.2)
are located in this region.
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Figure 3.2.: Schematic illustration of the adiabatic hyperspherical potentials and the
recombination process for negative scattering length a < 0. The three colliding
atoms tunnel through the repulsive potential at R & |a| to reach the Efimov region
ro € Rp < |al. In the short-range region R < ry the three atoms recombine into
various deeply-bound dimer and atom states. The released binding energy allows
the constituents to leave the trap. The energy of the Efimov states are depicted
as red dashed lines.

e The short-range region, R < ry, where the non-adiabatic couplings are not neg-
ligible and drive transitions to deeply bound molecules. This region is non-
universal and strongly depends on the exact shape of the three-body potential.

The adiabatic hyperspherical potential develops a potential barrier between the asymp-
totic region and the scale invariant region at around R =~ |a|. In an recombination
event, the three particles, approaching each other from the asymptotic region R > |a|,
have to tunnel through the potential barrier in oder to reach R =~ |a|. The wavepacket
propagates through the scale-invariant region, dominated by the Efimov potential, and
finally arrives at the short-range region R < ry. In this region the three-particles re-
combine into various deeply-bound dimer and atom channels. It is clear, that the
amplitude of the three-body wavefunction at rg together with the transition probabil-
ity to all the lower lying channels will determine the recombination rate. Three-body
recombination may result in many different deeply-bound states with various transi-
tion probabilities. The total recombination probability is typically modeled by the
single parameter 1 (see Sec. 3.2.2). The binding energy, which is typically much larger
than the trap depth, is distributed among the constituents as kinetic energy and thus
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the atoms can leave the trap. Thus, in our experiments, the recombination process is
observed as loss of atoms from the trap.
As the scattering length a is varied, the position changes as o |a| and the height

2

of the potential barrier as o< a™°. For increasing scattering length this leads to an

increase in tunneling probability and thus an enhancement of the recombination rate.

4 in a three-boson system

It was found that the three-body recombination rate L3 o a
[Esry et al., 1999]. In addition, when |a| is increased, the energy of the Efimov states
(red dashed lines in Fig. 3.2) decreases and at some specific a will be resonant with the
energy E of the incoming particles, significantly enhancing the tunneling probability
through the barrier and thus giving rise to an increase of the wavefunction amplitude
in the scale invariant and short-range regions. This, again, increases the decay to
deeply-bound atom-dimer channels and leads to an enhancement in the recombination
rate. Efimov resonances occur as such three-body shape resonances [Esry and D’Incao,
2007]. In a spectrum of the three-body recombination rate L3 the Efimov resonances
arise as modulations on top of the increasing inelastic collision rate.

In addition, the three-body loss rate can not take arbitrarily large values, but is
limited by the thermal de Broglie wavelength. For values of k%a? > 1 the collisional
cross section [Eq. (2.9)] deviates from the proportionality o o< a?. In the limit @ — oo
it becomes independent of the scattering length and saturates to its maximum value
o = 4m/k?. In turn, the three-body loss rate L3 departs from the general oc a* scaling
and approaches its unitary limit, given by an order of magnitude estimate [D’Incao
and Greene, 2014; Petrov and Werner, 2015]

max 4thP

L™ = Ay T’ (3.19)
Variations in Lz can thus only be resolved for k?a? < 1. By lowering the temperature
T, which is equivalent to lowering k, the maximum value of |a|, at which modulations
due to Efimov resonances can be observed, is increased. Therefore, a larger number
of Efimov sates might be accessible in experiment. We define the so-called window of
universality as the range where the scattering length can be well separated from the
length scale ry of the interaction potential and the thermal de-Broglie wavelength Ar,
le. 1o < |a| < Ap.

3.2. Heteronuclear Efimov effect

Our discussion of the Efimov effect was limited to systems of three identical bosons so
far. We turn our attention to general three-body systems in which the Efimov effect
has been first discussed by Amado and Noble [1972] and Efimov himself [Efimov, 1971,
1973]. Although the Efimov effect in ultracold heteronuclear systems is based on the
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Figure 3.3.: Efimov scaling factor A = €™/ in dependence of the mass ratio mp/my
of two identical bosons B with mass mp and one distinguishable particle X of
mass my. The blue and red dashed lines correspond to three and two resonant
interactions, respectively. The vertical dashed lines indicate a mass ratio of one
and the mass ratio of the Cs-Cs-Li combination.

same physical principles as in homonuclear systems, its signatures are much richer.
In general three-body systems the three bodies can exhibit different masses, different
quantum statistics and interact through in general three distinct pairwise interaction
potentials and consequently different scattering lengths that complicate the simple
picture. The existence of the Efimov effect and the factor sy depend on the mass ratio,
number of resonant interactions, and quantum statistics of the involved particles. The
possible combinations of three particles are extensively reviewed and investigated with
respect to exhibiting the Efimov effect in Braaten and Hammer [2006] and Wang et al.
[2013]. In the following we limit our discussion to a system of two indistinguishable
bosons B and one distinguishable particle X, as this is the case for the Li-Cs mixture
studied in this thesis. We refer to this system as BBX.

The mass ratio

The BBX system can be described by the same hyperspherical Schrédinger equa-
tion (3.16) with one single attractive hyperspherical potential characterized by sq.
However, the masses of the particles have to be included in the transcendental equa-
tion, Eq. (3.15), from which we obtain the scaling factor A = ¢™*0. This scaling factor
is shown as a function of the mass ratio mpg/mx in Fig. 3.3 for the case of either three
or two resonant interactions.
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For a mass ratio mpg/mx = 1 and three resonant interactions, we recover the case
of three equal bosons with A = 22.7. However if the number of resonant interactions
is reduced to two, the scaling factor is drastically increased to A = 1986.1. For mass
ratios mp/myx < 1 the scaling factor tends to 16 for three resonant interactions and
diverges in case of only two resonant interactions. As the mass ratio is increased to
mp/mx > 1, the scaling factor, in both cases, monotonically decreases and approaches
1 for infinite mass ratios. The reduced scaling factor for mpg/mx > 1 results in a denser
spectrum of Efimov states and recombination resonances as discussed in Sec. 3.1.3.
From an experimental point of view, this behavior is favorable for the observation of
a series of consecutive Efimov states. The excited Efimov states are observed at lower
scattering lengths or respectively larger binding energies, and thus are not masked
by the unitary limit. The reduced spacing relaxes the requirements for the precise
tuning of the scattering length, and consequently the necessary stability and accuracy
of the magnetic field control and knowledge of the two-body interaction properties.
Therefore, we call to such systems “Efimov favored”. The Li-Cs system is a prototypical
example for the study of the Efimov effect, due to its large mass ratio of mp/myx = 22.1.
The scaling factor in this system is reduced to 4.88 and 4.80 for two and three resonant
interactions, respectively.

Inter- and intraspecies scattering lengths

Besides the experimentally desirable mass ratio heteronuclear BBX systems exhibit
not only different inter- and intraspecies interaction potentials Vgx and Vg, respec-
tively, but also two distinct scattering lengths agx and agg. This defines in total eight
different regimes depending on the signs of each of the scattering lengths and their
relative magnitudes |apx|/|app| 2 1. Thus BBX systems feature much richer Efimov
physics compared to the homonuclear three-atom case. In view of the experiments dis-
cussed in Sec. 3.4, we concentrate on the case of negative interspecies scattering length
apx < 0 and both signs of the intraspecies scattering length app 2 0 in a highly
mass imbalanced combination. We extend the concepts introduced in Sec. 3.1.1-3.1.3
to the case of two different scattering lengths. In Sec. 3.2.1 we derive the adiabatic
hyperspherical potentials for a BBX system and observe significant alterations to the
Efimov scenario in presence of a weakly-bound BB dimer state. An analytic expression
of the three-body recombination rate Lz for agp < 0, which can be directly compared
to the measurements, is presented in Sec. 3.2.2. The spinless van der Waals theory,
introduced in Sec. 3.2.3, uses more realistic two-body interaction potentials in compar-
ison to the zero-range theory. It is expected to describe the experimental observations
even in the region, where the scattering length is on the same order as the extension of
the interaction potential |agx| & r¢. In this region the zero-range theory is no longer
applicable and deviations from it are expected.
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3.2.1. Zero-range theory

We extend the universal zero-range theory? in the hyperspherical adiabatic approx-
imation, presented in Sec. 3.1.2, to the case of two different inter- and intraspecies
scattering lengths for a system constisting of two heavy bosons B and one light par-
ticle X. Again, we assume pairwise contact interactions [Eq. (3.12)] and derive the
adiabatic hyperspherical potentials. We introduce the relevant reduced mass factors:

2

mp mxmpg mxmpg
— 7 === = ,/7, 3.20
BB 2 HBXx mx + mp Hs 2mp + mx ( )

and further relevant factors that relate to mass ratios:

mX(QmB) o mB(mX+mB)
J e

(3.21)

(2mp + mx)

2

mx(2mp + my)
= t
BB = arctan N -

, Bpx = arctan [

The following functions are also required as additional preliminaries, before we can
state the transcendental equation, that determines the adiabatic hyperspherical po-
tentials, in a compact form,

_ |2 () .
f(S,O[) = @Sinaps_l/z_l/g(sul O{), (322)

where I'(z) is the gamma function and P, ,, is the associated Legendre function of the
first kind and

WO = ey (5.23)
X(s) = Wﬂ&ﬁm{), (3.24)
Y(s) = W}”(s,ﬁszg). (3.25)
Then the roots s,(R), which determine the hyperradial potential curves
U (R) = 2 s B) —1/4 (3.26)

2,[13 R2

2The zero-range theory in the hyperspherical formalism has been developed and provided to us by
Prof. C.H. Greene from Purdue University, West Lafayette, Indiana, USA.
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are solutions of the following transcendental equation:

(W) 200 R (S8 (i)~ v (s) - R)

LeBdhg pxdyx
(3.27)

2
H3aBxABB

—2X(s,)? =0.

pexdyxpuppdyy

Note that in general there could be real solutions s, (R) corresponding to hyperspherical
2

potential curve energies higher than 8;3%, which is the critical coefficient to support

an infinite number of three-body bound states, and imaginary solutions for s,(R) that

correspond to potential curve energies below 8#3%'

The two energetically lowest heavy-heavy-light adiabatic hyperspherical potential
curves are shown in Fig. 3.4 for the case of positive and negative intraspecies scattering
length app. Here, a mass ratio of mg/my = 22.1 and different values of agpx < 0 are
assumed. If both scattering lengths are negative, the original Efimov scenario with an
o —1/R? hyperspherical potential is recovered for agx — —o0, supporting an infinite
number of bound states (Fig. 3.4, left panel). For finite interspecies scattering lengths
a potential barrier at R &~ 2|agx| leads to quasi-bound states, generating three-body
recombination resonances, when passing the dissociation threshold. Since there is no
repulsive short-range potential in this case, a three-body parameter is indispensable
to regularize the energy spectrum.

For positive intraspecies scattering lengths (agp > 0) the situation is considerably
altered by the existence of a dimer BB with binding energy Epp (Fig. 3.4, right
panel). The channel BB + X, splits the potential curves into two Efimov branches.
The lower branch, which is asymptotically connected to the BB + X channel, recovers
the original Efimov scenario with a potential that is proportional to —1/R?. In this case
regularization with a three-body parameter is required to avoid a diverging binding
energy of the ground state. Note that there is no potential barrier arising for finite
values of apx, and thus there are no recombination resonances expected in the BB +
X channel. However, the upper Efimov branch with energies £ > FEpgp shows a
different behavior. It exhibits a potential barrier at R ~ 2agg, roughly independent
of agx. Therefore, even for resonant interactions (apx — —o0), where the o —1/R?
potential is restored for large interpaticle separations, the energy spectrum is well
defined and no regularization with a three-body parameter is necessary. For finite
apx an effective potential barrier forms at R =~ 2|apx|, leading to recombination
resonances. An extension to this model, now offering an analytic expression of L3, has
recently been developed by Giannakeas and Greene [2017].
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Figure 3.4.: First two adiabatic hyperspherical potentials U,, for a BBX system with
a mass ratio of mp/mx = 22.1 and app < 0 (left panel) and agp > 0 (right
panel) in the universal zero-range model. The curves correspond to interspecies
scattering lengths apx with respective values co, —10, —5, —3 in units of |agp|.
Figure adapted from [Ulmanis et al., 2016].

=

3.2.2. Recombination within the zero-range theory

In order to directly compare the universal zero-range theory with the experimental
measurements, we calculate three-body loss rates from the S-matrix formalism [Rem
et al., 2013; Efimov, 1979; Braaten and Hammer, 2006; Braaten et al., 2008], which was
generalized to BBX systems by Petrov and Werner [2015]>. The model is applicable
in the range of negative scattering lengths agx < 0,agp < 0, where no weakly-bound
dimer states exists. Thus, the loss process is entirely described by recombination into
deeply-bound dimer plus atom channels.

The wavefunctions in the asymptotic and scale-invariant region, defined in Fig. 3.2,

3The theoretical calculations of the three-body loss rate Lz within the hyperspherical formalism
with zero-range potentials and negative intraspecies scattering lengths have been performed by
D. Petrov from LPTMS, CNRS, Univ. Paris Sud, Université Paris-Saclay, Orsay, France and
F. Werner from Laboratoire Kastler Brossel, ENS-PSL, UPMC-Sorbonne Université, College de
France, CNRS, Paris, France.
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are characterized by incoming and outgoing waves with amplitudes AJ**" and A"
respectively. The reflection and transmission probabilities, connecting the different
amplitudes, and the loss at short distances are illustrated in Fig. 3.5. The behavior of
the wavefunction in the short-range region R < rq is influenced by the non-universal
interaction potentials at short internuclear distances. We incorporate this in the three-
body contact condition [Petrov and Werner, 2015]

Al = AAP, (3.28)
where the reflection amplitude A from the point R = 0 is given by
A= —(kRy) 02, (3.29)

The parameter Ry serves as three-body parameter and defines the phase of the reflec-
tion amplitude. Equivalently Ry can be interpreted as fixing a hyperradial node of the
three-body wavefunction and thereby determining the whole Efimov energy spectrum.
The modulus of the reflection probability |A| = e~ is characterized by a single quan-
tity, the inelasticity parameter 7. It contains the non-universal loss to all deeply-bound
atom-dimer channels and is usually obtained by comparison to experiment. The total
flux lost at short-range is thus given by

Ploss = (1 - 6—477)|A(1)ut‘2‘ (330)

Now we turn our attention to the transition region between the scale-invariant and
asymptotic regimes, where a repulsive potential barrier forms (see Fig. 3.2). The
amplitudes of the incoming and outgoing wavefunctions in the scale-invariant and
asymptotic regions are connected by the unitary S-matrix

()= ) (%) o
Ag S31 S33 A3

Its elements s;; are the transition amplitudes between channel j and ¢ and can be
easily calculated [Petrov and Werner, 2015]. Combining Eq. (3.28) and (3.31) and

using the property of the unitary S-matrix, |s13]? = 1 — |s11]?, we rewrite the total lost

flux )
1— |811’

‘1 — 811./4’2
The amplitude of the incoming wavepacket A at large hyperradius is obtained by the

Ploss = (1 - 6_477) |A§5n|2' (3'32)

k-dependent projection of the incoming plane wave onto the Efimovian hyperradial
wavefunction ®o(€2; R) [see Eq. (3.8)]. We arrive at the energy dependent three-body
recombination rate Ls(k) = cos ¢(pioss)j,/2 after averaging over the direction of k£ and
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Figure 3.5.: Illustration of possible three-body collision pathways. A wavepacket
with amplitude AP approaching from large R can either be lost at R = 0 or
return again to large hyperradii R. The different pathways are determined by the
reflection and transmission probabilities s;; and A.

the hyperangular coordinates:

647 cos® ¢

1-— |811‘2
L3<k) - 2,LLBXk4

1—e )y — 2
( € )|1 —811A|2

(3.33)
where pupy = mpmx/(mp + mx) is again the two-body reduced mass and the angle
¢ is defined through the masses by sin ¢ = mp/(myx + mp). After thermal averaging,
assuming a Boltzmann distribution with temperature 7', we arrive at the loss rate
constant

W oo 1 — [s?
(1— 67417) x / |511]
upy (kgT)? 0 |14 (kRgy) 2s0e=21514|?

Ly = 4% cos® ¢ IR 2 x kBT L e

(3.34)

We apply this formalism to the Li-Cs system by replacing the masses mp — mcg
and mx — mp; in the relevant mass factors and setting the quantity so related to
the Cs-Cs-Li Efimov scaling factor exp (7/s¢) &~ 4.799 for resonant Li-Cs and Cs-Cs
interactions. The universal function s;; depends on kay;cs, kacs, and the mass ratio
mp/mx. We use the known magnetic field dependence of ar;cs and acgg from Table 2.1
and Berninger et al. [2013a] and tabulate s1; as a function of k and the magnetic field
in vicinity of the 843 G FR (see Ref. [Petrov and Werner, 2015] for details on the
calculation). By this approach, we obtain an analytic expression of the three-body
loss rate Lz, which only depends on temperature T', three-body parameter Ry, and
inelasticity parameter 1. Thus the model can be directly compared and fitted to the
experimental observations and allows one to extract the non-universal parameters, i.e.
Ry and 7, as introduced in Sec. 3.4.1.

In Fig. 3.6 the thermally averaged three-body loss rate Lz from Eq. (3.34) in de-
pendence of the Li-Cs scattering length is shown. The recombination rate generally
increases for increasing scattering length roughly as a?,, (see Sec. 3.4.4). We observe a
modulated enhancement of the Ls rate due to the occurrence of Efimov resonances. In
the unitarity limit arics — —o0 the loss rate approaches a constant value correspond-
ing to the unitary limit L5, Eq. (3.19). This limit increases oc T2 when temperature
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Figure 3.6.: Cs-Cs-Li three-body recombination rate L3 in dependence of the inverse
of the intraspecies scattering length arics close to the 843 G Feshbach resonance.
We exemplarily plot Ls for four different temperatures and two inelasticity pa-
rameters 7 = 0.75 (solid lines) and n = 0.1 (dashed lines). The three-body
parameter was kept constant at Ry = 130 ay.

is reduced. Thus the maximal scattering length at which variations in L3 are still re-
solvable increases with decreasing temperature and, as a consequence, a larger number
of Efimov resonances can be observed. While at 1 uK only two Efimov features are
visible, four features are resolvable at a temperature of 1 nK. The inelasticity param-
eter 1, which determines the total loss into energetically lower channels, determines
the width and height of the peaks in the L3 rate. For large values of 7, the resonance
features are considerably broadened and become less pronounced, thus impeding their
observation in experiments. Similar results have been obtained by a formalism based
on optical potentials [Mikkelsen et al., 2015] and from effective field theory [Helfrich
et al., 2010; Helfrich and Hammer, 2010; Acharya et al., 2016].

3.2.3. Spinless van der Waals theory

Additionally we solve the three-body problem within the spinless van der Waals the-
ory [Wang et al., 2012c|*. The approach consists of numerically solving the three-body
Schrodinger equation in the full hyperspherical formalism, where the two-body inter-

4All calculations of Lz based on two-body Lennard-Jones potentials have been performed by Y.
Wang, Kansas State University, Manhattan, Kansas, USA, and Prof. C.H. Greene from Purdue
University, West Lafayette, Indiana, USA.
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3.2. Heteronuclear Efimov effect

action potentials Vpp,px within equal bosons or between bosons and the third particle
separated by distance rpp,px are modeled by single-channel Lennard-Jones potentials

with vdW tails [Jones, 1924a,b]

Cs,BB/BX
VBB/BX(TBB/BX) — _OBB/BX

1 (TBB/BX> ] , (3.35)

6
"BB/BX 'BB/BX

where Cs pp/px are the dispersion coefficients. The scattering lengths apx and app
are reproduced by tuning the short-range cut-offs r. pg/px. We assume that the hyper-
radial and hyperangular motions are approximately separable [Macek, 1968] and treat
the hyperradius as adiabatic parameter. Thus, the Schrédinger equation is reduced to
a set of coupled 1D equations [Wang, 2010]. We include the non-adiabatic couplings
between the hyperspherical potentials and assume a J! = 0% symmetry®, the domi-
nant contribution at ultracold temperatures, where J is the total angular momentum
and II the total parity.

This formalism is applied to the Cs-Cs-Li system and allows us to compare the theo-
retical predictions directly to our experimental observations. The interaction potentials
are tuned such that the scattering lengths ar;cs, acs and their functional dependence
acs(arics) are reproduced for the experimentally employed field ranges (see Fig. 2.9).
The adiabatic hyperspherical potentials are plotted in Fig. 3.7 for intraspecies scatter-
ing lengths of acs = —1500 ag and acs = +200 ay resembling the two cases of the 843 G
and 889 G Li-Cs FRs. The interspecies scattering length arics = —400 aq is tuned close
to the value where the ground state Efimov resonance is expected [Pires et al., 2014b].
For positive intraspecies interactions an avoided crossing originating from the coupling
between the attractive three-body potential and a repulsive atom-dimer channel leads
to an effectively repulsive Efimov potential. This prevents the scattering wavefunc-
tion from probing short-range parts of the potential and, consequently, recombination.
Such an avoided crossing is not present for the case of ags = —1500ay, where the
original Efimov effect is recovered.

The adiabatic potentials calculated within the spinless vdW theory closely resemble
those within the zero-range theory when R, |agp|, and |apx| are all significantly greater
than rC% and rLiCs. The universal condition |apg|, |apx| > 755y, LSS is satisfied
or approximately satisfied in both cases of the 843 G and 889 G Feshbach resonances,
therefore the zero-range theory is still helpful for understanding the scaling behavior of
the three-body losses observed in our experiment, as discussed above. The quantitative

>The absence of the Efimov effect in higher partial waves for our mass ratio of mp/my = 22.1
[D’Incao and Esry, 2006b], leads to a substantial suppression of J > 0 contributions to the re-
combination rate in the ultracold regime with kT < E,qw. The suppression is estimated to be
(kryaw)?P° < 1 for acs < 0 and (kacs)?° < 1 for the acs ~ +190ag case [Wang and Esry, 2011],
where pg > 1 is a universal constant for the given mass ratio [D’Incao and Esry, 2006b] and k the
thermal wavevector.
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Figure 3.7.: Cs-Cs-Li adiabatic hyperspherical potentials U within the spinless vdW
theory for intraspecies scattering lengths acs = —1500a¢ (left panel) and acs =
+200 ag (right panel) in units of the Li-Cs vdW energy ELiCS. In both cases the
interspecies scattering length is apics = —400 ag. Reproduced from Héfner et al.
[2017].

determination of the observables, especially of the 3BP, requires the knowledge of the
three-body dynamics when R is smaller than or comparable with the van der Waals
lengths, which needs the spinless van der Waals theory to resolve.

We calculate the energy dependent three-body recombination rate from the S-matrix
[Mehta et al., 2009; Wang, 2010] and perform thermal averaging [Suno et al., 2003],
assuming Boltzmann distributions with the experimentally determined temperatures.
The width of the experimentally observed recombination features is reproduced by
adding a heuristic hyperradial loss channel that assumes near unity loss at short dis-
tances, without modifying the resonance positions [Wang et al., 2015]. The obtained
three-body recombination rates are plotted together with the energy spectrum of the
three energetically lowest Efimov states in Fig. 3.10 and 3.11. For the case of the 843 G
Li-Cs FR, where acs & —1500 ag, the classical Efimov scenario is recovered (Fig. 3.10).
By lowering ar;ics the Efimov states successively disappear by crossing the three-body
scattering threshold. For positive intraspecies scattering length acs = +190 ag, as it is
the case for the 889 G Li-Cs FR, the Efimov sates split into two branches (Fig. 3.11).
While the lowest state predissociates into a Cse+Li state (blue dashed line) before
reaching the three-body threshold and consequently does not lead to a recombina-
tion resonance at the three-body threshold, the higher-lying states recover the original
Efimov scenario.
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3.3. Three-body loss rates

3.3. Three-body loss rates

In ultracold atomic gases, Efimov states can be observed at the three-body scatter-
ing threshold as enhanced losses due to recombination into deeply-bound atom-dimer
channels. This leads to an increase of the three-body loss rate L3 as described in
Sec. 3.1.3. However, for an unambiguous observation of Efimov resonances it is not
enough to perform standard atom loss spectroscopy as performed in Ch. 2, since this
method is not sensitive to the particles involved in the loss process and can not distin-
guish between different loss channels. Therefore, we need to experimentally determine
the three-body loss rate L3 for recombination from the Cs-Cs-Li scattering channel,
which is described in the following.

The experimental preparation sequence is described in Sec. 1.3.3. For the mea-
surements at the higher sample temperatures of 450 nK (843 G FR) and 320 nK
(889 G FR) we employ the single optical dipole trapping scheme and achieve samples
of 1.6 x 10* Cs atoms in state |3, +3) and 4 x 10* Li atoms in either of the |[1/2,1/2) or
|1/2,—1/2) states. We measure trapping frequencies of wes = 27 x (11,114, 123) Hz
and wr; = 27 % (33,275,308) Hz. By usage of the bichromatic trapping scheme we pre-
pare samples of 1 x 10* Cs and 7 x 10 Li atoms at temperatures as low as 120 nK. The
spatial overlap of the two atomic clouds is approximately 45% and assumed to be con-
stant within the investigated magnetic field range. The measured trapping frequencies
are wos = 27 X (5.7,115,85) Hz and wy; = 27 x (25,160, 180) Hz.

In order to obtain the three-body recombination rates we record the time evolution
of the atom number densities ny; and ncs. They are related by the set of coupled rate
equations

ny = —Liny — Lanping, (3.36)

ngs = —L$ncs — 2Lsnyng, — L$nd,, (3.37)
where L%i’CS correspond to the single-body loss rates of Li and Cs atoms from the trap
and L$® is the three-body loss rate associated to recombination of three Cs atoms. The
three-body loss rate L3 describes inelastic Cs-Cs-Li collisions and is the quantity of
interest, since it contains the signatures of Cs-Cs-Li Efimov resonances. The factor of 2
in the rate equation of the Cs density [Eq. (3.37)] indicates, that in each recombination
process two Cs atoms and one Li atom are lost from the trap. In principle also inter-
and intraspecies two-body processes have to be considered. However, since we prepare
the atoms in their energetically lowest scattering states, only elastic two-body collisions
are possible and thus we do not include loss terms involving two particles. In addition,
we neglect inelastic three-body processes involving more than one Li atom, e.g. Li-
Li-Li or Cs-Li-Li collisions, since the probability of finding multiple Li atoms close to
each other is strongly suppressed due to Pauli blocking. In general a third differential
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Figure 3.8.: Temporal evolution of a Li-Cs mixture at a magnetic field of 843.049 G
and a temperature of 120 nK. (a) Remaining number of Li (red circles) and Cs
(blue diamonds) atoms. The red solid (Li) and blue dashed (Cs) lines represent a
simultaneous fit of the coupled rate equations (3.38) and (3.39) to the data. (b)
and (c) Respective fitted o widths of the Li and Cs atom clouds in two directions
after a time of flight of 0.3 ms and 5 ms, respectively. Each data point is an
average of at least three independent measurements and the error bars represent
the standard error of the mean. Figure adapted from Ulmanis et al. [2016a]

equation, representing recombinational heating [Weber et al., 2003; Roy et al., 2013;
Bloom et al., 2013] has to be included. However, we do not observe any increase in the
recorded Gaussian widths o;(t) [see Eq. (1.9)] of the atomic clouds during the atomic
loss [see Fig. 3.8(b) and 3.8(c)] after 5 ms and 0.3 ms of time of flight for Cs and Li,
respectively. The widths of both species stay constant within 10%, which corresponds
to temperature variations of 220% for our experimental parameters. Thus, we consider
the temperature to be time independent and do not include it in our analysis.

The densities ny;cs are not directly accessible in our experiments, but we can only
record the total number of atoms Np;cs in dependence of the interaction time and
magnetic field value. We spatially integrate Eq. (3.36) and (3.37) over the density
distributions and arrive at the equivalent system of differential equations:

Ny = —LMNy — L3NyNE, (3.38)
Nes = —L%Neg — 2L3NyNE, — LENE,, (3.39)

where the rates £3 and L§® are related to the three-body loss rates defined in Eq. (3.36)
and (3.37) by constants of unit volume squared. We assume Gaussian density distri-
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3.3. Three-body loss rates

butions [see Eq. (1.8)] of the atomic clouds and arrive at the following relations

22
b = 5o (ga 0o T oe/2hut ol (340)
z,Li z,Cs

1=x,Y,2

L$® = 24V37°L5" [ olcs (3.41)

Z'Z%y,z

where 0; 15 cs are the widths of the atomic clouds defined in Eq. (1.9). The displace-
ment zg between the centers of the Li and Cs distributions reduces the experimentally
observable loss rate £3 and stems from the differential gravitational sag of the two
species. The value of z is estimated from our modeled trapping potential as described
in Sec. 1.3.2.

A typical time evolution of the remaining number of Li and Cs atoms at a magnetic
field of 843.049 G is shown in Fig. 3.8(a). the temporal evolution of Li and Cs atom
numbers is numerically fitted with the coupled equations Eq. (3.38) and (3.39), from
which the rate coefficient L3 is extracted. The single-body L%i’cs and single-species
three-body rates £$* are determined from independent single species measurements
under the same experimental conditions. Hence, £3 and the initial number of atoms
No1i and Ny s are the only fitting parameters. Finally, the quantities L3 and Lgs,
which are independent of the atomic number densities and can therefore be directly
compared to theory, are computed via Eq. (3.40) and (3.41). The systematic error
for the determination of the absolute value of Lj is estimated to be a factor of 3
(120 nK data) and 0.8 (450 nK and 320 nK data), respectively, and are mainly caused
by uncertainties in the determination of atom cloud temperatures, densities, overlap
and trapping frequencies. Recording the temporal evolution allows us to demonstrate
clearly, that the three-body loss is dominated by Cs-Cs-Li and Cs-Cs-Cs collisions.
Replacing the interspecies three-body loss by a process involving two Li and one Cs
atom can not explain the measured atom number decay curves. Thus, we conclude,
that the Efimov resonances occur in the Cs-Cs-Li channel.

The recombination rate spectra discussed in Sec. 3.4.1 and 3.4.2 are obtained by
recording the holding-time dependent atom numbers for each magnetic field value.
Since the loss rates close to the Feshbach resonance are much faster than away from it,
the maximum hold time was adapted for the different magnetic field regions, while the
number of time steps is kept constant at 30. We estimate the errors in determination
of L3 by standard bootstrapping techniques [Wu, 1986; Efron and Tibshirani, 1993],
where we resample the residuals for 1000 repetitions of the fitting procedure [Ulmanis,
2015]. We assume the mean and the standard deviations to be the best estimates for
the determination of L3 and its uncertainty.

The extraction of the three-body loss rate L3 however is limited by intraspecies losses.
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For small scattering lengths the atomic loss is dominated by single-species losses, such
as 2Lanping < LlCS + Lgsnés or Lsncs < LY. Under the experimental conditions
during our measurements, the intraspecies losses of Cs are the limiting factor. We
estimate the extraction to be unreliable when the interspecies loss rate is on the order
of 1/10 of the intraspecies one. This limits our minimal measurable Lj to be

L™~ 1/20( L ngngt + L nes) (3.42)

This limit depends on the Li and Cs densities and the intraspecies loss rates and is thus
varies for each of our measurements performed at different temperatures and Feshbach
resonances. In case this limit is reached, the given three-body loss rates represent an
upper bound of the actual L3 and are indicated by error bars extending to the lower
axis. This limit is due to pure technical reasons and could be further reduced by
adapting the relative densities of Li and Cs, i.e. increasing ny; and decreasing ncs, by
reducing the single-body loss rates L%i’cs, or by reducing the shot-to-shot fluctuations
in our experiments.

3.4. Role of the intraspecies scattering length in the
Efimov scenario

The Cs-Cs-Li system offers the unique possibility to study the influence of the in-
traspecies scattering length on the heteronuclear Efimov scenario. As has been seen
in Sec. 3.2, the intraspecies scattering length agp has a decisive impact on the Efi-
mov spectra on both trimer binding energies and resonance positions. It may lead to
vanishing of Efimov resonances at the three-body dissociation threshold or even serve
as a universal three-body parameter, defining the whole energy spectrum. The ex-
perimentally adjustable interspecies and intraspecies scattering lengths arics and acs
are shown in Fig. 2.9. Two intermediately broad (s ~ 0.7 [Tung et al., 2013]) Li-Cs
Feshbach resonances, located at approx. 843 G and 889 G, are well suited for the study
of the heteronuclear Efimov scenario [Repp et al., 2013; Tung et al., 2013; Pires et al.,
2014a; Ulmanis et al., 2015]. They are characterized by different sign and magnitude
of the Cs-Cs scattering length acs: while close to the 843 G resonance the intraspecies
scattering length is large and negative acs = —1500 ag, the 889 G resonance is charac-
terized by a small and positive intraspecies scattering length acs &~ +190 ao [Berninger
et al., 2013a]. These two Feshbach resonances are used in the following to verify the
decisive influence of the Cs-Cs scattering length on the Efimov scenario as predicted
in Sec. 3.2. Furthermore, by investigating the narrow resonances located at approxi-
mately 816 G, 889 G and 943 G characterized by s < 0.03 [Tung et al., 2013], the
Cs-Cs-Li system offers the possibility to investigate the influence of the multichannel
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nature of Feshbach resonances on the universal Efimov scenario [Wang and Julienne,
2014] which has been studied recently [Johansen et al., 2017].

3.4.1. Negative intraspecies scattering length

Zero-range model

The observed Cs-Cs-Li three-body recombination rates L3 versus the magnetic field
and the interspecies scattering length ay;cs close to the broad Li-Cs FR at 843 G at
temperatures of 450 nK and 120 nK are shown in Fig. 3.9. The experimental data and
theoretical recombination rates are plotted in the magnetic field range between 842.6 G
and 852 G, where the magnitude of the interspecies scattering length |apics| > 200 ay.
As the absolute value of the scattering length is increased in the vicinity the FR,
indicated by the vertical dashed line, we observe a general increase of the recombination
rate towards the temperature dependent unitary limited loss rate L5**. As explained
previously, the interspecies loss rate can not be reliably determined for small scattering
lengths. For these datasets the minimal Ls amount to Li™ "’ ~ 2 x 10722 ¢cm®/s and
L™ = 1%107% em® /s. This limits the determination to magnetic field values below
850 G or equivalently |arics| = 1000 ag for our data at 120 nK, while for the 450 nK data
the limit is well outside the range where our measurements were performed. In this
range, the data points represent an upper limit of the actual L3, which is indicated
by error bars ranging to zero. In the studied magnetic field range the intraspecies
scattering length is negative and in the range —1560 ay < acs < —1000 aq.

In the measured three-body recombination rate spectra we observe three consecutive
Efimov resonances by additional modulations on top of the inclining L3 rate. The
(n)

position of the enhanced losses correspond to the scattering legnths a>”, where the

n'" crosses the scattering threshold (see Fig. 3.1). While the ground state Efimov
resonance, located at around 848.9 G or equivalently ar;cs &~ —300 ayg, is only visible in
the data set with a temperature of 450 nK, we observe a common enhancement in both
data sets at about 843.8 G. This corresponds to a scattering length of ar;cs &~ —1800 ay.
For even larger scattering lengths a third loss feature is clearly visible in the low
temperature data, while it cannot be resolved in the 450 nK data due to the unitary
limited interspecies loss rate at these temperatures. It is approximately located at
843.0 G or ap;cs &~ —9210 ag. Note that the maximum of the three-body recombination
rate is not at the Feshbach resonance position (vertical dashed line in Fig. 3.9). This
may be explained by contributions from other recombination processes, e.g. weakly-
bound dimer formation and subsequent recombination in the atom-dimer channel,
which may lead to increased loss on the positive scattering length side of the Feshbach

resonarce.
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Figure 3.9.: Cs-Cs-Li three-body loss rate L3 at temperatures of 450 nK (red) and
120 nK (blue). The experimental data (red diamonds and blue squares, circles,
triangles) are rescaled by factors v employing a fit to the zero-range theory (solid
red lines and dashed blue lines) close to the 843 G Li-Cs Feshbach resonance.
The corresponding interspecies scattering length ap;cs is given on the upper axis.
The shaded region around the fits represent the uncertainty of the Feshbach
resonance position. Note that the maximum of L3 does not correspond to the
Feshbach resonance position indicated by the vertical gray dotted line and its
uncertainty by the gray shade. The spectra clearly show three Efimov resonances
at &~ 848.9 G, ~ 843.8 G, and = 843.0 G. The zero-range theory clearly deviates

from the Efimov ground state (see inset). Figure reproduced from Ulmanis et al.
[2016a].

The experimental L3 spectra are analyzed with the zero-range S-matrix formalism
introduced in Sec. 3.2.2. We employ Eq. (3.34) to fit each of the data sets and obtain
the parameters 7120 = 0.61, n5% = 0.86, R{"*” = 125ay, and R{*™ = 130q,. In

addition we rescale the experimentally measured rates L5™® " to the theoretical ones

by introducing the prefactors v, such that Ly = yL$®". The rescaling constants

are determined to be ~(120)

450)

= 1.9,1.2,0.6 for the data set at colder temperatures

and ! = 0.7 and are well within the experimental uncertainty of the absolute
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determination of Ls. The dataset at 120 nK consists of three measurements with
varying maximal hold time and are taken on different days, and therefore slightly
different trapping conditions (indicated in Fig. 3.9 by the blue squares, circles, and
triangles). Thus each subset was scaled with an appropriate factor 7. The temperature
is taken to be fixed at the experimentally determined values of 120 nK and 450 nK.

In order to estimate the uncertainty of the fit parameters, we repeat the fitting for
two different Feshbach resonance pole positions 842.829 4+ 0.023 G (which corresponds
to the uncertainty in its determination presented in Sec. 2.2.3), and see that all fit
parameters change by less than 2%. These two additional fits are indicated in Fig. 3.9
as the shaded areas around the theoretical curves. Also excluding the data points above
847 G of the 450 nK dataset, where the model clearly deviates from the measurements,
gives only minor changes of less than 2%.

The experimentally determined three-body loss rate L3 can be well described by
the zero-range model, as shown in Fig. 3.9. The model reproduces the temperature
dependence fully and a large range of the Efimov spectrum. While excellent agreement
is found for the two excited Efimov resonances, deviations for the ground state become
apparent (see inset of Fig. 3.9). For large scattering lengths, close to the pole of the FR,
the Efimov resonances follow the universal behavior. Since the model incorporates the
non-zero and non-constant Cs scattering length, the deviations at low ap;cs are most
likely due to finite-range corrections. Such a correction is not surprising, since the
ground state resonance is located at scattering lengths only 3.5 times larger than the
Cs-Cs van der Waals range, \a(,o)] ~ 3.5rC5y. Deviations from the universal zero-range
theory have already been observed in the homonuclear case [Huang et al., 2014b], where
the first resonance is located at about ten times the van der Waals range [Wang et al.,
2012a; Naidon et al., 2014a]. Thus, it is interesting to study our experimental findings
with more realistic model potentials. The large value of n compared to previous studies
[Kraemer et al., 2006; Gross et al., 2009; Pollack et al., 2009; Zaccanti et al., 2009; Gross
et al., 2010; Berninger et al., 2011; Wild et al., 2012; Roy et al., 2013; Barontini et al.,
2009; Bloom et al., 2013; Huang et al., 2014b; Williams et al., 2009; Eismann et al.,
2016; Wenz et al., 2009] hints at efficient recombination into deeply bound molecular
states.

Spinless van der Waals theory

Due to the apparent deviations between the experimentally determined three-body
recombination rate and the zero-range model in the vicinity of the ground state Efi-
mov resonance, we compare the same experimental data to the theoretical recombi-
nation rate from the spinless vdW theory in the upper panel of Fig. 3.10. Again,
the measured L3 rates of different data sets have been scaled by numerical constants
71200 = 1.9,1.2,0.6 and v** = 0.7, which are obtained by fitting to the universal
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Figure 3.10.: Three-body recombination rates and energy spectra close to the 843 G
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Li-Cs Feshbach resonance, where acs ~ —1500 ay.

Upper panel: Experimental Cs-Cs-Li three-body recombination rate spectra at
temperatures of 120 nK (blue diamonds and squares) and 450 nK (red circles).
The inset shows a zoom into the region of the two excited Efimov resonances.
The error bars represent statistical errors from bootstrapping and magnetic
field uncertainties. The blue solid and red dash-dotted lines show the calculated
three-body loss rates from the spinless vdW theory for a temperature of 120 nK
and 450 nK, respectively. Experimental data have been scaled by a numerical
constant, well within the absolute error, to fit the universal zero-range theory
(see Fig. 3.9).

Lower panel: calculated CsCsLi energy spectra for the three deepest bound
Efimov states. The error bars represent the width of the corresponding Efimov
state. Missing error bars indicate a width that is smaller than the symbol size.
The grayed areas correspond to the positions at which the Efimov states cross
the Cs+Cs+Li scattering threshold and their widths represent their uncertainty.
Figure adapted from Héfner et al. [2017].
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Figure 3.11.: Three-body recombination rates and energy spectra close to the 889 G
Li-Cs Feshbach Resonance, where acs ~ +190 ag.
Upper panel: Experimental Cs-Cs-Li three-body recombination rate spectra at
temperatures of 120 nK (blue squares) and 320 nK (red circles). The inset shows
a zoom into the region of the two excited Efimov resonances. The error bars
represent statistical errors from bootstrapping, magnetic field uncertainties, and
the technical limit due to Cs-Cs-Cs three-body losses. The blue solid lines and
red dash-dotted lines show the calculated three-body loss rates from the spinless
vdW theory for a temperature of 120 nK and 320 nK, respectively. The arrow
indicates a possible four-body resonance.
Lower panel: calculated CsCsLi energy spectra for the three deepest bound
Efimov states. The atom-dimer scattering threshold CsCs+Li is shown as a
dashed blue line. The error bars represent the width of the corresponding Efimov
state. Missing error bars indicate a width that is smaller than the symbol size.
The grayed areas correspond to the positions at which the Efimov states cross
the Cs+Cs+Li scattering threshold and their widths represent their uncertainty.
Figure adapted from Héafner et al. [2017].
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zero-range theory in Fig. 3.9, but lie well within the experimental uncertainties. Three
Cs-Cs-Li recombination resonances are evident, while the two excited ones are located
in the universal regime (inset of Fig. 3.10). The spinless vdW theory is in excellent
agreement with the experimental data. The theoretically calculated loss rate spec-
trum recovers not only the location of the two excited state resonances, but also the
position of the ground state resonance. This is in stark contrast to the analysis with
the universal zero-range theory (see Fig. 3.9), where no agreement between theory and
experiment was observed for the ground state resonance. Since the essential difference
from the zero-range theory is the inclusion of the vdW length scales that determine the
short-range behavior of realistic pairwise potentials, we conclude that the previously
observed deviation of the CsCsLi ground state resonance from the universal zero-range
theory predominantly originates from the finite range of the interatomic vdW interac-
tion. In addition we plot the energy spectrum of the three most-deeply bound trimer
states in units of the characteristic vdW energy scale ELCS as a function of scatter-
ing length. An excellent agreement is also found with the calculated energy spectrum
show in the lower panel of Fig. 3.10, where the positions at which the three-body states
become unbound (grayed areas in Fig. 3.10) perfectly align with the maxima of the
measured recombination rates.

3.4.2. Positive intraspecies scattering length

We extend our studies of Efimov resonances to positive intraspecies scattering lengths
acs > 0 in the vicinity of the 889 G Li-Cs Feshbach resonance. In the studied magnetic
field range, the Cs-Cs scattering length is in the range +180 a¢ < acs S +360 ag. The
measured three-body recombination rate spectra at temperatures of 320 nK and 120 nK
together with calculated recombination rates from the spinless vdW model are shown
in Fig. 3.11. Again the extraction of L3 is limited by the technical limit, which for
this Feshbach resonance calculated as L™ ~ 2 x 1072 em®/s and Ly™**° ~ 2.5 x
1072 cmb/s. In terms of scattering length this limit corresponds to |arics| = 1000 ag
for our data at 120 nK and |ar;cs| = 400 ag for the data at a temperature of 320 nK.
The given loss rates in this region represent an upper bound of the actual L3, which
is indicated by error bars extending to zero.

Here, only two Cs-Cs-Li Efimov resonances are observed, while the first recombina-
tion resonance is located at ap;cs & —2000 ag. This is about a factor of seven larger
than in the case of negative acs (see Fig. 3.10), which is consistent with the energy
spectrum of the Efimov states (see lower panel of Fig. 3.11), where the most deeply
bound state predissociates into a universal atom-dimer state before reaching the three-
body continuum and hence does not generate a resonance at the scattering threshold.
Such a behavior is already anticipated from the hyperspherical potentials obtained in
the zero-range theory discussed in Sec. 3.2.1, where the existence of a Feshbach dimer
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BB at positive intraspecies scattering lengths agp > 0 leads to a splitting into two
Efimov branches asymptotically connecting to the three-atom and atom-dimer chan-
nels. The lowest Efimov state is situated in the lower branch and therefore dissociates
into the BB+ X channel as |a| is lowered. Therefore, we assign the first recombination
feature to the first excited Efimov resonance and label it by a.

The calculated recombination spectra from the vdW model show qualitative agree-
ment with the experimental observations. However, a shift between the experimental
and theoretical resonance positions will require more detailed analysis and may be due
to the multichannel nature of the employed FR [Wang and Julienne, 2014; Sgrensen
et al., 2012] for tuning ap;cs. It is shown that significant deviation of the Efimov reso-
nance positions from the spinless vdW theory has been observed near a FR with s,
about 35 times smaller than those in our current cases [Johansen et al., 2017]. However,
the resonance positions obtained from the energy spectra (grayed areas) coincide very
well with the experimental observations. Acharya et al. [2016] recently studied within
the framework of an effective-field-theory corrections due to finite effective range and
intraspecies scattering length on three-body recombination rates and Efimov resonance
positions.

At a scattering length of apics ~ —1200 ag ~ 0.6a'” we observe a slight increase
in the three-body recombination rate indicated by arrows in Fig. 3.11. This increase
might be a signature of a four-body Efimov resonance, which are predicted to appear
at 0.550™ and 0.91a"™ [Blume and Yan, 2014]. The second feature would already be
masked by the three-body Efimov resonance and might lead to an additional broaden-
ing of the resonant feature. However, the four-body resonance can not be unambigu-
ously verified, since inclusion of corresponding Cs-Cs-Cs-Li loss rates in the coupled
differential equations (3.38) and (3.39) did not improve the fitting of the observed loss
curves and did not show any resonance features in the corresponding loss rate constant.

3.4.3. Efimov resonance positions and scaling factors

One of the most important properties of Efimov physics is the discrete scale invari-

ance, which reflects itself in a geometric progression of the Efimov resonance positions.

Therefore, we extract Efimov resonance positions a™ and Efimov period dependent

scaling factors A" = a'™ / a" by four different methods:

1. The experimental resonance positions Bgﬁ% are obtained by fitting a Gaussian

profile with linear background to the three-body loss rate L3(B) and conversion
(n)

~exp Via the parametrization given in Tab. 2.1. Here the

to scattering length a
uncertainty consists of statistical, systematic and conversion errors.

2. The whole L3(B) spectrum in case of ags < 0, i.e. close to the 843 G Li-Cs
FR, is fitted with the universal zero-range theory presented in Sec. 3.2.2 and the
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three-body parameter R, as well as the inelasitcity parameter n are extracted,
see Fig. 3.9. The resonance positions a(_n}m are obtained by fixing Ry to the fitted
value and setting the temperature 7" and inelasticity parameter 7 in the theory
equal to zero and reading off the positions of the maxima in Ls. By this, finite

temperature effects in their determination can be eliminated.

3. For the case of positive acs > 0, as it is the case around the 889 G Li-Cs FR,
the resonance positions a(,n’)zr are calculated from the zero range model described
in Sec. 3.2.1. We find the energy levels of the upper branch adiabatic hyper-
spherical potential curves (see Fig. 3.4) and search for the values of apics/acs
where their energy intersects zero. The two largest ratios are determined to be
-8.36 and -44.7. We calculate the resonance positions by the specific dependence
of apics(acs) close to the 889 G FR determined by the Li-Cs Feshbach reso-
nance parameters given in Tab. 2.1 and the magnetic field dependent acs given
by Berninger et al. [2013a]. As opposed to the negative intraspecies scattering

length case, there is no three-body parameter necessary.

4. The calculated trimer energy spectrum from the spinless vdW theory is employed
to extract a(_"z,dw as the average value of the two numerical grid points, between
which the three-body state merges with the scattering continuum (see grayed
areas in Fig. 3.10 and 3.11). The uncertainty is given by one-half of the step
size of the local grid. In this way the influence of finite temperature can be
safely neglected, since it modifies the three-body recombination rates, but not

the energy spectrum below the scattering continuum.

(n

For comparison, the resonance positions a ) and scaling factors A(™ obtained from

experiment, both zero-range theories, and the spinless vdW theory are listed in Ta-
ble 3.1.

843 GFR, ac; <0

Close to the 843 G Li-Cs FR, the experimental and vdW value of a? agree very well,
while the zero-range theory deviates and predicts a much larger value. This deviation
can be attributed to short-range effects and was observed as a deviation between the
zero-range theory and the measured recombination rates for the ground state resonance
in Fig. 3.10. Such a discrepancy in the zero-range model is not surprising since the
scattering length of the ground state resonance is only a factor of 3.5 and 8 times
larger than the Cs-Cs and Li-Cs van der Waals lengths \a(,o)] ~ 3.5ry ~ 8rHCs and
thus, the influence of the molecular potentials can not be neglected. Therefore, the
scaling factor from the spinless vdW model is larger by about 4% compared to the

zero-range theory. An even larger deviation of about 7% is found when comparing
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to the zero-range theory for noninteracting bosons (agp = 0) [Braaten and Hammer,
2006; Helfrich et al., 2010]. The experiment gives an even larger value for A(!) due to
the larger value of ag)exp in comparison to the zero-range and vdW models. Possible
reasons for this discrepancy are the choice of the fitting function, which might not be
appropriate and influence the fitted resonance position.

On the other hand, the vdW and zero-range theories predict a similar scaling factor
between the first and second excited Efimov states A®, highlighting a behavior of the
Cs-Cs-Li system that is independent of short-range effects in the limit of large |apics| —
oo. Here, a deviation from the universal scaling factor of approx. 4.88 [Braaten and
Hammer, 2006; Helfrich et al., 2010; Helfrich and Hammer, 2010], assuming resonant
interspecies interactions |arics| — 00 and a negligible intraspecies scattering length
acs — 0, is already present in the universal zero-range theory. On the one hand, the
condition ar;cs > rvcc%\l;ics is well fulfilled, but the inter- and intraspecies scattering
lengths are on the same order of magnitude. Furthermore, between the two Efimov
resonances acs changes by approx. 4% from -1490 ag to -1550 ag [Berninger et al.,
2013a]. Thus, the non-zero and non-constant Cs-Cs scattering length has to be taken
into account, which leads to a deviation from the universal scaling factor of 4.88 even
in the zero-range theory.

The experimental values of a" and a® are consistent with the theories within their
uncertainties. However, they should be taken with care, since they were determined
by fitting a phenomenological peak function (Gaussian distribution with linear back-
ground). It is not clear how the choice of the fitting function influences the resulting
resonance positions and scaling factors. In addition, the experimental positions might
be influenced by finite temperature and the unitary limit, which both lead to a shift
in the maximum position of the three-body loss rate. Thus, a comparison to the
zero-temperature results from both theories is difficult.

889 G FR, ac; <0

In the vicinity of the 889 G Li-Cs FR we only observe two resonant Efimov features. As
explained by both the zero-range theory (Sec. 3.2.1) and the spinless van der Waals the-
ory (Sec. 3.2.3), the lowest Efimov state predissociates into the CsCs+Li channel before
reaching the three-body threshold and hence does not lead to a three-body recombi-
nation resonance. For the higher lying resonances, we expect the system to be in the
resonant limit, in which ay;cs is by far the largest length scale. Here, |arics| 2 2000 aq
is much larger than the van der Waals scales ay,;cs > TVCC%\I; G and the intraspecies scat-
tering length acs &= +190 ag. Thus, we expect the system to possess a scaling factor
close to 4.88 [Braaten and Hammer, 2006; Helfrich et al., 2010; Helfrich and Hammer,

2010], which is predicted in case of only two resonant interactions.
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FR | n |B@® (@) " (a0) A& | a" (a0) AP | aaw (a0) AN
843 G 0 848.90(6)(3)* -w:A )(1)(1) - -3501 - -317(3) -

1 843.772(10)(16) -1840(20)(30)(40) 5.9(1)(1)(1) | -1777" 5.08" | -1680(20)  5.3(1)

2 843.040(10)(16) -8140(380)(620)(880) 4.4(2)(3)(4) | -9210f 5.18T | -8570(250)  5.1(2)
889 G 1 889.389(4)(16)  -2130(10)(40)(70) - -1670° - 2150(50) -

2 888.787(4)(16)  -8170(160)(620)(890) 3.8(1)(3)(3) | -8200° 4.91% | -8500(500)  4.0(3)

* Fit to the L3 spectrum at a temperature of 450 nK.
T Obtained from zero-range model presented in Sec. 3.2.2.
§ Obtained from zero-range model with positive intraspecies scattering length presented in Sec. 3.2.1.

Table 3.1.: Cs-Cs-Li Efimov resonance positions @A\:v and scaling factors A = QA\:V\@A\:\C for the 843 G Li-Cs FR (upper
lines) and the 889 G FR (lower lines) obtained by three different methods. The experimental positions w%w are extracted
by fitting a Gaussian profile with linear background to the three-body loss rate L3(B) and conversion to scattering length
@GW% via the parametrization given in Tab. 2.1. The values in brackets represent the statistical, systematic and conversion
error. The theoretical values are extracted from the universal zero-range theory in Fig. 3.9 (843 G FR), the zero-range
theory described in Sec. 3.2.1 (889 G FR) and the spinless vdW model. The values for the vdW model are extracted
from trimer energy spectra (see lower panels of Fig. 3.10 and 3.11) and the quantities in the parentheses represent their

uncertainty. Details are given in the text.
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The experimental and vdW position of the first excited Efimov resonance a close

to the 889 G FR are shifted by ~ 300 ay with respect to the 843 G FR, while it
is nearly unchanged in the zero-range theory. The resonance positions a'? extracted
by all three methods agree very well with each other and are almost the same as for
(1)

the negative acs case. The deviation in a’,, may be explained by neglect of nona-
diabatic couplings in our single-channel zero-range theory. Additionally, the binding
energy of the Csy dimer is not reproduced in this model by disregard of effective range
corrections. However, the quantitative influence of these limitations requires further
detailed analysis. The scaling factor obtained from the zero-range theory agrees very
well with the theoretically predicted scaling factor of 4.88 between consecutive Cs-Cs-
Li Efimov resonances. The obtained scaling factors from experiment and vdW theory
of 3.8(1)(3)(3) and 4.0(3) between the two excited Efimov resonances clearly deviate
from the universal zero-range theory. The remarkably good agreement between zero-
range and spinless vdW theory suggests, that indeed the boson-boson scattering length
can serve as a three-body parameter even if the intraspecies scattering length is only
a factor of two larger than the van der Waals range acs =~ 2rCyy. The occurrence of a
potential barrier in the hyperspherical potentials at approximately R ~ 2acs prevents

the system to probe the non-universal interaction potential at short range.

3.4.4. Scaling laws of three-body recombination rates

Besides the study and evidence of Efimov resonances, three-body recombination is an
undesirable loss mechanism that limits the lifetime and stability of ultracold quantum
gases. Therefore, it is crucial to research the absolute size of the loss rate as well as
its dependence on the scattering lengths. The scaling behavior of three-body recom-
bination in a heteronuclear system is expected to drastically depend on the sign and
magnitude of the intra- and interspecies scattering lengths [D’'Incao and Esry, 2009].
We study this behavior by comparing the three-body recombination spectra close to
the 843 G and 889 G Li-Cs FRs for temperatures of 450 nK and 320 nK in Fig. 3.12.
They feature approximate power law scaling behaviors with the scattering lengths
arics and acs, which qualitatively agree with the expected scaling laws near overlap-
ping Feshbach resonances [D’'Incao and Esry, 2009]. In certain ranges of ap;cs each of
the loss rate spectra corresponds to one of two distinct cases of three-body scatter-
ing: The one near the 889 G FR can be characterized by |apics|] > acs = 190 ag
for which L3 o af, is expected, whereas the one near the 843 G FR for small
arics approximately corresponds to the case of |apics| < |acs| = 1500 ap with an
expected scaling of Lz o a?,-.a%, [D’'Incao and Esry, 2009]. The scaling laws can be
explained by tunneling trough effective three-body potential barriers within a simple
Wentzel-Kramers—Brillouin (WKB) model. The power laws are displayed in the re-
spective range in Fig. 3.12 as a guide to the eye. Since the experimentally employed
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Figure 3.12.: Cs-Cs-Li three-body recombination rate spectra with positive (squares)
and negative (circles) intraspecies interaction. The power laws  af,;, (dotted
line) and o< af,, (dashed line) are drawn as guides to the eye. The error bars
represent the statistical errors from bootstrapping, magnetic field uncertainties,
and technical limit due to Cs-Cs-Cs three-body losses. The data were taken close
to the 889 G Li-Cs Feshbach resonance at a temperature of 320 nK, where acgs &~
4190 ag, and close to the 843 G Li-Cs Feshbach resonance at a temperature of
450 nK, where acs &~ —1500 ag. Figure reproduced from Héfner et al. [2017].

scattering lengths only approximately capture the inequalities imposed by the theory,
especially in case of the 843 G FR, the power laws can only approximately recover
the behavior of the actual Li-Cs system. Close to the pole of the FR the theoretical
scaling does not apply anymore due to the unitary limit.

The shown power law for the 843 G FR does not account for varying acs, which is
tuned simultaneously with the magnetic field and changes by approximately a factor
of 1.5 for the experimentally employed Feshbach resonance (see Fig. 2.9). For example,
in the case of the 843 G Li-Cs Feshbach resonance, far away from the resonance the
inequality |ar;ics| < |acs| is fulfilled, whereas close to the pole of the resonance, the
opposite is true, i.e. |apics| > |acs|. In principle this should be reflected in a qual-
itative change in the power law from Lz o< af;oad, to Lz o< af;c, for small to large
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scattering lengths, respectively. Such a transition in the present data is masked by
finite-temperature and short-range effects. However, it might become observable in
samples with further reduced temperature. Similar behavior can be found in the uni-
versal zero-range theory with finite intraspecies scattering length [Petrov and Werner,
2015] and formalisms based on optical potentials [Mikkelsen et al., 2015].

The different observed power laws enable us to manipulate the three-body loss in a
heteronuclear system. By choosing an appropriate FR, we can control the intraspecies
scattering length between the heavy bosons and by this drastically influence the three-
body loss rate. For scattering lengths |apics| < 500 a¢ the Cs-Cs-Li losses are reduced
by approximately two orders of magnitude when changing from large and negative to
small and postive intraspecies scattering lengths, paving the way to produce long-lived
strongly-interacting Bose-Fermi mixtures.

Summary

In summary, we have observed in total five Efimov resonances in an ultracold mixture
of Cs and Li atoms. The measurements have been performed in the vicinity of two Li-
Cs Feshbach resonances, which are characterized by different sign and magnitude of the
intraspecies scattering length acs. For the 843 G FR, we have found for the first time a
series of three consecutive Efimov resonances, which allowed to test the universality of
the Efimov scenario. By detailed analysis and comparison to our measurements at the
889 G Li-Cs FR we confirm the decisive influence of the intraspecies scattering length
on the heteronuclear Efimov effect. Experimentally, it manifests itself in resonance
shifts and disappearance of Efimov resonances at the three-body scattering threshold.
Our experimental observations of Efimov resonances in a BBX system are analyzed
with help of two different models: the universal zero-range theory and the spinless
van der Waals theory. Within the hyperspherical adiabatic zero-range theory two
qualitatively distinct cases of the heteronuclear Efimov scenario were shown. In case
of agp < 0 we expect the original Efimov scenario with an infinite number of log-
periodically spaced three-body states. However, the changing non-zero intraspecies
scattering length leads to deviations of the Efimov scaling factor from its universal
value. In addition, experiment-theory deviations are observed for the resonance of the
Efimov ground state, since here the universal condition |a| > r¢ is not well fulfilled.
For positive intraspecies scattering lengths agp > 0 we find a considerably different
situation. The existence of a weakly bound dimer BB splits the adiabatic hyperspher-
ical potentials into two Efimov branches. Efimov states situated in the lower potential
branch may not lead to Efimov resonances in the B + B + X channel as observed in
our measured three-body recombination rate spectra. For the upper branch a univer-
sal potential barrier at R ~ 2app makes the introduction of an artificial three-body
parameter superfluous and allows for the determination of Efimov resonance positions.
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However, the applied adiabatic approximation and the neglect of effective range correc-
tions may effect the observed deviations from the experimentally determined resonance
positions.

An encouraging level of understanding of the heteronuclear Efimov effect is provided
by the spinless van der Waals theory in the adiabatic hyperspherical approximation, for
both positive and negative intraspecies scattering lengths. We find excellent agreement
between experiment and theory for negative acs. For positive intraspecies interactions a
good agreement between the observed resonances and the energy spectrum is observed.
However, a shift between experimental and theoretical three-body recombination rates
demands further analysis and may be due to the multichannel character of the Feshbach
resonance. No Efimov resonance which can be assigned to the Efimov ground state is
observed at the Cs+Cs+Li threshold for positive acs. Before reaching the three-body
continuum the most deeply bound state dissociates at the atom-dimer threshold.

Away from the two Li-Cs FRs we observe power law scalings of the three-body
recombination rates, which can be attributed to two distinct cases of overlapping Fes-
hbach resonances. We are able to suppress the three-body loss by up to two orders
of magnitude via choosing a different Li-Cs Feshbach resonance and thus drastically
increase the lifetime of the Bose-Fermi mixture.
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What happens if we add a fourth, fifth, ..., many particles to our system?

By adding more and more Cs atoms to the existing Css;Li state, larger and larger
aggregates are formed. It was predicted that universal By_1 X states exist for system
sizes of up to N = 6 [Wang et al., 2012b; Blume and Yan, 2014]. These cluster states are
tied to Efimov states and are formed by attaching further particles to already existing
trimer states. In homonuclear systems such universal four- and five-body states were
observed in an ultracold '¥3Cs gas [Ferlaino et al., 2009; Zenesini et al., 2013], while
the observation in heteronuclear systems remains unsettled, although indications of a
four-body resonance can be seen in Fig. 3.11.

When adding even more particles to the system, we arrive at the many-body sce-
nario. In contrast to few-body systems, where it is possible to describe the behavior of
each individual particle, in such systems any attempt of a microscopic description fails
due to the large number of degrees of freedom. Instead, a different approach is taken
by describing the system through its collective properties. It is an intriguing question
how the many-body limit emerges from the few-body scenario. This transition was
studied by immersing a single impurity in a one dimensional Fermi sea in which the
atom number was varied by adding majority atoms one by one. Remarkably, the sys-
tem already behaves as a many-body system in case of four particles in the Fermi sea
[Wenz et al., 2013].

The behavior of a single impurity that is interacting with a many-body environment
is an important paradigm of many-body quantum physics. The so-called impurity
problem represents a simplified, yet highly nontrivial approach to many-body physics.
When studying the movement of electrons in a polarizable medium, Landau and Pekar
proposed to describe its properties by a quasi-particle termed polaron [Landau, 1933;
Pekar, 1946; Landau and Pekar, 1948|. This quasi-particle can be understood as the
interaction of the electron with the lattice phonons of the medium. The idea of the
polaron has been elaborated on by Frohlich, Feynman, and Holstein [Frohlich, 1954;
Feynman, 1955; Holstein, 1959a,b], describing the medium as a phononic bath. Im-
mediate connections can be found to many other systems, such as *He impurities
immersed in a ‘He bath [Baym and Pethick, 1991], and are of major interest for the
understanding of solid state materials, such as ionic crystals and polar semiconduc-
tors [Mahan, 2000; Alexandrov, 2007; Alexandrov and Devreese, 2009; Devreese and
Alexandrov, 2009; Devreese, 1972; Bogolubov and Bogolubov, 2000], and high tem-
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perature superconductivity [Dagotto, 1994]. Furthermore, the concept of a “dressed”
impurity plays an important role in the understanding of conducting polymers [Bredas
and Street, 1985] and charge transport in DNA [Conwell, 2005].

In ultracold atomic gases the impurity problem can be studied by immersing single
impurities in either a Bose [Cucchietti and Timmermans, 2006; Tempere et al., 2009]
or Fermi [Prokofev and Svistunov, 2008] gas, commonly referred to as Bose and Fermi
polaron. Their realization in ultracold atoms with their tunable two-body interaction
strength opens the possibility to access the strongly interacting regime, which is not
possible in condensed matter systems [Devreese, 2007]. While the latter one has been
extensively studied in experiments [Schirotzek et al., 2009; Koschorreck et al., 2012;
Nascimbene et al., 2009; Kohstall et al., 2012; Cetina et al., 2016; Laurent et al., 2017],
revealing both the attractive and repulsive polaron branches at tunable impurity bath
interaction strength as well as the dynamics of the quantum impurities, the Bose
polaron could only be observed recently by two groups in Aarhus [Jgrgensen et al.,
2016] and JILA [Hu et al., 2016].

In this chapter, we focus on the study of a low density Li gas interacting with a
bosonic Cs gas. This scenario is reminiscent of the Bose polaron from solid state
physics. We introduce the Bose polaron in the context of ultracold atoms and its
connection to the few-body Efimov effect. In Sec. 4.1.1 we present our first attempt in
the observation of the attractive Bose polaron in Li-Cs. We propose several changes
in the experiment in order to experimentally realize the Bose polaron in Sec. 4.1.2.
Further possible directions of many-body physics in the Li-Cs system are discussed in
Sec. 4.2.

4.1. The Bose polaron and the Efimov effect

The impurity problem, in which the behavior of a single particle moving through a
medium is studied, constitutes an intriguing topic of many-body physics. The physical
properties of the polaron, namely its self-energy E,,;, effective mass m*, and its mobility
[Devreese and Alexandrov, 2009], are different from those of the bare impurity due to
the interaction of the impurity with its self-induced polarization of the medium. In
the 1950s, Frohlich introduced the effective Hamiltonian, describing the behavior of an
electron in a crystal lattice [Frohlich, 1954]

p2
2m,~

H =

+ / Pyl i + / PRVie™ ™ (@ +aly,) | (4.1)

which is nowadays called Frohlich Hamiltonian. Here, r and p denote the position and
momentum operators of the impurity with mass m;,. dlt and ay are the creation and
annihilation operators of phonons with wavevector k and energy hwy. The impurity-
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phonon interaction is contained in the coupling constants Vi in the last term of the
Hamiltonian. Depending on the impurity mass m; and the impurity-phonon coupling
strength the polaron in the Frohlich model shows distinct behavior. For weak interac-
tions, the polaron can be seen as a nearly free impurity loosely dressed by a screening
cloud of phonons. This regime was first studied in a mean-field theory by Lee, Low
and Pines [Lee et al., 1953] and is nowadays termed Frohlich polaron. In the strong-
coupling limit the impurity becomes self-trapped by its self-induced phonon cloud that
was first studied by Landau and Pekar in an adiabatic approximation [Pekar, 1946;
Landau and Pekar, 1948]. This situation is called Landau-Pekar polaron.

The possibility to tune the interaction in ultracold atomic systems has generated
considerable interest in the study of the polaron problem. In these system the inter-
action of impurities with the excitations of a Bose gase, i.e. the Bogoliubov modes in
a BEC, is an analog to the Frohlich polaron described by Eq. (4.1) [Cucchietti and
Timmermans, 2006; Sacha and Timmermans, 2006; Tempere et al., 2009].

In recent years, the so-called Bose polaron has been studied theoretically in great
detail [Astrakharchik and Pitaevskii, 2004; Kalas and Blume, 2006; Grusdt and Demler,
2016; Christensen et al., 2015; Blinova et al., 2013] and has been extended to strong
couplings where effects beyond the Frohlich model are predicted [Rath and Schmidt,
2013; Li and Das Sarma, 2014; Ardila and Giorgini, 2015; Grusdt et al., 2017]. First
experiments in ultracold atoms on the impurity problem have been limited to special
cases, e.g. impurities in optical lattices [Ospelkaus et al., 2006b], single impurity
interacting with an uncondensed Bose gas [Spethmann et al., 2012], localized impurities
in a BEC [Scelle et al., 2013; Marti et al., 2014; Rentrop et al., 2016], and ions or
electrons trapped and coupled to a BEC [Scelle et al., 2013; Marti et al., 2014; Rentrop
et al., 2016]. In 2016, two groups almost simultaneously achieved the observation of
a mobile impurity inside a BEC [Jorgensen et al., 2016; Hu et al., 2016]. By means
of radio-frequency spectroscopy on the impurity atoms, they were able to detect the
polaron energy for both attractive and repulsive interactions and from weak to strong
coupling strengths.

It is an intriguing question how the many-body polaron physics builds up from
the few-body system. In the three-body system, studied in Ch. 3, we observed the
existence of peculiar three-body bound states, the Efimov states. Thus, it is a natural
question to ask if Efimov states persist even in the many-body environment and if
they lead to manifestations in many-body observables. This idea was first introduced
and studied by Levinsen et al. [2015]. Within a variational Ansatz, including the
dressing of the impurity by one or two Bogoliubov excitations, strong alterations in
the polaron spectrum due to the existence of three-body states were found. The energy
of the many-body ground state is influenced by an avoided crossing between the Bose
polaron state and a dressed Efimov state. At the same time the character of the many-
body ground states displays a crossover from a quasiparticle-like to a trimer-like state.
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However, the two recent experiments on the Bose polaron [Jorgensen et al., 2016; Hu
et al., 2016] did not show any indication of few-body correlation in the radio-frequency
spectra of the many-body system.

What are favorable conditions for the observation of Efimov phyics in the Bose
polaron? To answer this question we have to compare the characteristic size of the
Efimov state [ to the the mean distance d between the bath atoms. The characteristic
size of the n' Efimov state is roughly given by half of the scattering length at the
resonance position, i.e. Iy ~ |a(_n) |/2, and thus varies for each atomic species or mixture
of species. The mean distance between the majority atoms can be tuned by the atomic

1/3

density d oc n='/?. Depending on the ratio ly/d we subdivide the systems into three

groups which are pictorially presented in Fig. 4.1:

(a) When I > d there are many majority atoms “inside” the Efimov state. Thus, the
three-body effect can be easily washed out by two-body interactions between the
impurity atoms and the many majority atoms in close vicinity. Consequently,
we do not expect any signature of three-body correlations in the many-body
environment. This situation usually occurs for very shallow Efimov trimers,
which only exist close to the two-body resonance.

(b) If iy < d all other bath atoms are on average far away from the atoms that are
bound to the trimer. Thus, the Efimov state is isolated from the many-body
system and we do not expect any mutual influence between few-body and many-
body states [Zinner, 2014]. This situation may be fulfilled for either very deeply
bound trimer states or at low atomic densities.

(¢) In the transition regime Iy ~ d the average distance of the majority atoms is
comparable to the distance between the atoms of the trimer state. Here, we
expect strong modifications of the binding energy and character of both the
Efimov and the polaron state, e.g. due to avoided level crossings. For this case
Sun et al. [2017] pointed out, that the Efimov states will show signatures in the
spectral response of the many-body system.

From this argument it becomes clear, why the influence of the Efimov effect was
not observed so far. The two previously studied systems of 3°K-3K [Jgrgensen et al.,
2016] and “°K-8"Rb [Hu et al., 2016] are characterized by large Efimov scaling factors
A and only shallow Efimov states exist. Thus, they correspond to case (a) for which we
do not expect any signatures of few-body correlations in the many-body observables.
Case (c), for which we expect strong signatures, however, is easily realized in Efimov
favored systems, e.g. the experimentally well studied combinations “Li-"Rb [Maier
et al., 2015] and °Li-'33Cs, where the large mass imbalance drastically reduces the
Efimov scaling factor A, thus leading to a dense spectrum of Efimov states and a large
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Figure 4.1.: The Bose polaron and the Efimov effect. The quasiparticle energy of
the attractive (green line) and repulsive (red line) polaron in dependence of the
impurity-boson interaction strength a;p are pictorially shown together with the
Efimov energy spectrum (black lines). We show the situation for three relative
sizes of the Efimov trimer Ip and the average interpaticle spacing d between the
majority atoms: (a) Iy > d: we do not expect sigantures of Efimov states in the
many-body scenario, (b) I7 < d: the Efimov state is isloated from the many-
body environment and thus we do not expect alterations in both the Efimov and
polaron energies, and (c) Ip ~ d: the distance between the atoms in the trimer
and to the majority atoms is comparable. We expect avoided level crossings
between few- and many-body states and a large influence in the spectral response
of the impurity atom is predicted [Levinsen et al., 2015; Sun et al., 2017; Sun and
Cui, 2017].

binding energy of the ground state trimer. Hence, it is likely that one of the Efimov
states fulfills the condition l7 &~ d and manifests itself in the many-body spectrum.

A plot of the energy of the attractive polaron branch in Li-Cs versus the interaction
strength is shown in Fig. 4.2 and compared to the binding energy of the first and
second excited Efimov states in the vicinity of the 843 G Li-Cs Feshbach resonance
(see lower panel of Fig. 3.10). The wavevector k, = (67%nc,)'/? and energy scale
E, = h?k%/(2mc;) are defined by the atomic density of the Cs atoms, for which we
assume ncs = 3 X 10" em™3. We estimate the self-energy E,,; of the Bose polaron by

its mean-field energy )
B = 27h nCsaLiCs’ (4.2)
o
which describes the actual polaron energy very well in the limit of weak interactions
1/(knarics) — £oo [Levinsen et al., 2015]. We find, that the polaron and first excited
Efimov state intersect at 1/(k,apics) & —4. The energy of the second excited Efimov

trimer is very close to the mean-field polaron energy. However, for such strong inter-

125



Many

-10* T T 1 T T T T 7
| I
L | | J
L I I 4
- | _
o | ]
o B ! I 3
-10° F ! T =
\
I . F
L | x i
" E % g
D a0 f \ 3
\
L = J
- \\ -
C u ]
> F \\*\
-10° F “u
L T
- -~
I L
- T —
_103 E L | L | L | L | L |
-6 -5 -4 -3 -2 -1 0
V(kaycy)

Figure 4.2.: Mean-field energy of the attractive Bose polaron (black solid line) and
binding energy of the first (red) and second (blue) excited Efimov states close to
the 843 G Li-Cs Feshbach resonance in dependence of the dimensionless interation
parameter 1/(kyarics). We assume an atomic Cs density of ncs = 3 x 10!t em ™3
defining the wavevector k,, = 3 um ™! and respective energy scale E,, = hx280 Hz.
The binding energy of the Efimov trimers is obtained from the spinless vdW model
(Fig. 3.10) and the blue and red dashed lines are extrapolations of the calculated
energies. The CsaLi ground Efimov state is out of the scale in this graph.

actions, we do not expect the mean-field approximation to be applicable and expect
deviations of the polaron energy towards lower binding energies. Thus, there might be
an additional crossing of these two states.

Within a high temperature virial expansion approach Sun and Cui [2017] calculated
the spectral response of a %Li impurity inside an uncondensed gas of '33Cs atoms.
Besides the previously observed attractive and repulsive polaron branches signatures
of Efimov states appear in the spectral response. These Efimov states can either
undergo an avoided level crossing or come very close to the attractive polaron, thereby
considerably altering the energy and width of the polaronic branches. Thus, it is highly
desirable to study the manifestation of Efimov physics in the many-body system by
an highly-mass imbalanced system such as %Li-!33Cs.

126



4.1. The Bose polaron and the Efimov effect

4.1.1. Radio-frequency spectroscopy in Li-Cs

Motivated by the predictions presented in the previous section, we perform radio-
frequency spectroscopy on a small density %Li sample interacting with an uncon-
densed Bose gas of Cs atoms. The basic measurement procedure is shown in the
inset of Fig. 4.3. We initially prepare the mixture in the non-interacting channel
18)=|1/2,—1/2)®|3,+3) on the negative scattering length side of the 843 G Li-Cs
Feshbach resonance. The spectral response of the °Li impurities is studied by spec-
troscopically probing their nuclear spin-flip transition with radio-frequency radiation
and measuring the population in the interacting |1/2,1/2) state in dependence of the
frequency. Signatures of the polaron are expected to be frequency (energy) shifted
from the bare atomic transition of the Li impurity. In order to be able to observe the
polaron the following conditions should be fulfilled:

o The frequency resolution of the rf-spectroscopy has to be large enough in order
to clearly distinguish the polaron feature from the nuclear spin-flip transition of
the bare Li atoms. The polaron is expected to have an energy shift £, with
respect to the free-free transition at energy FEjy. Due to the Fourier limit one
requires the pulse length 7,,s to be much longer than the time scale of the
polaron T,y = i/ E,

e In addition we have to consider the lifetime 7, of the gas in the trap. This
timescale is dominated by inter- and intraspecies three-body losses. We estimate
Tioss Dy the shortest of the timescales 1/(LsnZ,), 1/(Lsnrincs), and 1/(L§n2,),
where we employ the magnetic field and temperature dependent three-body loss
rates Lz obtained in Ch. 3. 75,5 depends heavily on the magnetic field and the
atomic densities of both species. The lifetime should be much longer than the
pulse-length, which implies Tjoss > Tpuise => Tpot = B/ Epol

o The concentration of the impurities needs to fulfill ny;/ngs < 1 in order to be
able to neglect interactions between the polarons. For impurity concentrations
below 0.2 no effect of impurity interaction was observed by Cetina et al. [2016].
Furthermore, the impurities should not be quantum degenerate, such that one
can consider them as single, independent particles.

The first condition can be fulfilled by applying rf-pulses with long pulse-length 7.
In order to avoid side lobes (see Fig. 1.4) which may obscure a signal of the polaron,
we apply rf-pulses that follow a Blackman shape [Blackman and Tukey, 1959]

27t 47t
Qt) = Qo [0.42 + 0.5 cos ( T ) + 0.08 cos ( il )] for 0 <t < Tpuises (4.3)
Tpulse Tpulse
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where ()5 is the maximum Rabi frequency. The other two conditions can be fulfilled
by preparing the Li-Cs mixture at suitable densities and magnetic field.

We start our study by preparation of an ultracold mixture of 7 x 10® Li atoms in
state [1/2,—1/2) and 6 x 10* Cs atoms in state |3, +3) at a temperature of 100 nK as
described in Sec. 1.3.3. We calculate atomic peak densities of ngr; = 5 x 10" cm™3
and ngcs = 3 x 10 em™ from which we obtain the wavevector k, = 3 pm~! and
energy scale E, = h x 280 Hz. From the given temperature and densities we calculate
T/Tc ~ 4 and T/Tp =~ 2 and thus both, the Bose gas and the Fermi gas, are far
from quantum degeneracy. Furthermore, the impurity density is almost one order
of magnitude smaller than that of the bosons, which allows to neglect interactions
between them at such low impurity concentrations of ny;/ncs = 0.1.

We choose a magnetic field of 844.20 G, which is slightly above the Efimov reso-
nance position BM of the first excited Efimov trimer close to the 843 G resonance
(cf. Table 3.1). Close to this point Sun and Cui [2017] predict the largest weight
in the spectral response. At this magnetic field the interspecies scattering length
amounts to arics & —1300 ag and we obtain the dimensionless interaction parameter
1/(knarics) = —5. For this scattering length and atomic densities we estimate a life-
time of 7055 =~ 50 ms and expect a polaron energy of roughly E,,; ~ E, = h x 280 Hz
(see Fig. 4.2). Thus, we set the pulse-length to 7puse = 19.2 ms, which corre-
sponds to a 9m-pulse on the bare atomic transition, in order to fulfill the relation
Tloss > Tpulse > Tpol ~ 0.6 ms.

We obtain radio-frequency spectra by recording the population of the Li atoms in
the initially unoccupied, interacting |1/2,1/2) state as a function of the frequency of
the driving field. The obtained radio-frequency spectrum is shown in Fig. 4.3. At the
frequency Ey/h of the Li nuclear spin-flip transition we transfer all of the Li atoms
from the non-interacting state |1/2, —1/2) into the interacting state |1/2,1/2). Thus,
we observe a maximum in the number of Li atoms in state |1/2,1/2). However, we
do not notice any enhancement of the population in the state |1/2,1/2) close to the
expected polaron energy of F; — Ey = Eyir = F, = h x 280 Hz, indicated by the arrow
in Fig. 4.3. Experiments performed at different magnetic fields, i.e. different scattering
length ar;cs, pulse-length 7,,5, and Rabi frequency €y of the radio-frequency pulse
did not reveal any signatures of polarons so far. Thus, it remains an open question why
the Bose polaron was not observed in the Li-Cs system. We discuss possible reasons
in the following and suggest several prospects towards its observation.

In comparison to the observations in the combinations of 3*K-*K [Jgrgensen et al.,
2016] and °K-8"Rb [Hu et al., 2016], we expect an even larger polaron energy due
to the large mass imbalance. Furthermore, in our system the polaron feature should
be much more pronounced, since the relative width in units of the binding energy are
prediced to be much smaller [Sun and Cui, 2017]. However, the other experiments
were performed with an impurity, which interacts with a BEC instead of a thermal
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Figure 4.3.: Radio-frequency spectroscopy on Li atoms interacting with a uncon-
densed Cs gas: Number of Li atoms in state |1/2,1/2) in dependence of the
detuning E,t — Fy from the nuclear spin-flip transition. The measurement is per-
formed at a magnetic field 844.20 G, where apics & —1300 ag resulting in an
interaction parameter of 1/(kparics) = —5 and energy scale E, ~ h x 280 Hz.
The pulse-length of the Blackman-shaped rf-pulse amounts to 19.2 ms. We do
not observe any feature at the expected polaron energy E,, ~ Evr ~ E,, which
is indicated by the arrow. The inset shows the principle of the rf-spectroscopy,
where the Li atoms are spin-flipped from the non-interacting into the interacting
state at energy Ej or into the polaron state with energy Eo + E.

gas, where the density of the bosonic bath is roughly three orders of magnitude higher
than in our experiments. Thus, changes to our experimental setup or procedure are
necessary in order to observe the Bose polaron.
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4.1.2. Towards Bose polaron in Li-Cs

The Bose polaron has not been observed in our experiment so far. Thus we suggest
the following improvements in order to experimentally study the Bose polaron.

Spatial overlap and gravitational sag A good spatial overlap of the two species is
desired for the investigation of the Bose polaron via rf-spectroscopy. If the density
distribution of the impurity atoms is much larger than that of the bath atoms, only
a small part of the impurity atoms can form a polaron. Thus, the spectral weight in
the rf-spectrum will be drastically reduced at the polaron energy Fy + E,y. On the
other hand all of the impurity atoms can be spin-flipped at the energy E; and might
obscure the polaron signal.

As pointed out in Sec. 1.3 and depicted in Fig. 1.16 our current bichromatic trapping
scheme does lead to a situation where o;1; > 0;cs and the gravitational sag between
the Cs and Li atom clouds is not fully compensated. Due to the larger polarizability
at the wavelengths of the two dipole traps with wavelengths of 1070 nm and 921 nm
for Cs than for Li [see Fig. 1.13(a)], the width of the thermal Li cloud is larger than
that of the Cs cloud. We have found previously that the width of the thermal density
distribution scales as 0; < 1/y/Ra(w). A further reduction in spatial overlap, and
consequently in the rf-signal of the polaron, arises from the differential gravitational
sag between the two species. In order to overcome these drawbacks, we suggest two
changes in the bichromatic trapping scheme.

The beam waist of the optical dipole traps should be reduced along the direction
of gravity. This will limit the influence of gravity onto the trapping potential on the
extension of the dipole trap potential and consequently a smaller differential gravita-
tional sag between Li and Cs will be present. Secondly, the wavelength of the tunable
dipole trap should be changed to a wavelength, where it creates a repulsive potential
for Cs atoms and an attractive potential for the Li atom, i.e. in the wavelength range
between 671 nm and 852 nm. This will lead to a weakening of the Cs trapping potential
in the horizontal direction and consequently to larger widths of the density distribu-
tions of the Cs atoms. At the same time, the gravitational sag can be overcome by
positioning the tunable dipole trap slightly below the dimple trap at 1070 nm and thus
“pushing” up the Cs atoms, while at the same time “pulling” down the Li atoms. The
total potentials and density distributions for such a situation are shown in Fig. 4.4,
where we give the parameters in the figure caption. This trapping scenario provides
almost perfect compensation of the differential gravitational sag, while simultaneously
the Cs potential is weakened in the horizontal directions, due to the blue detuning of
the tunable dipole trap and thus the gas is expanded, resulting in similar widths of
the density distribution of the Li and Cs atoms.
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Figure 4.4.: Potentials and density distributions for Li (red) and Cs (blue) along the
three axis defined in Fig. 1.14. Dashed lines represent the potential generated by
the dimple trap, dotted lines are potentials of the tunable trap. The solid lines
show the total potentials including optical, gravitational, magnetic confinement,
and magnetic levitation potentials. For the plot we have chosen the following
parameters: Pgimple = 40 mW, beam waists wy dimple = 65 pum and w; gimple =
20 pm, Pyypable = 4 mW, Wy, tunable = 52 pm and Wy tunable = 17 pm, Atunable =
820 nm, and a vertical displacement between dimple and tunable traps of 5 pm.
The external magnetic field was set to 900 G, which provides the main confinement
along the z-direction and a magnetic gradient field of 0B/0z = 5 G/cm. The
thermal density distributions (filled curves) are calculated for a temperature of
100 nK.
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Inhomogeneous density distribution A further complication in the experiments re-
sults from the inhomogeneous density distribution of the Li and Cs atoms. Con-
sequently the Li impurity atoms experience a position dependent density of the Cs
bath atoms ncs(z,y,z), which in turn leads to a spatially varying polaron energy
Epo < nes(z,y, 2). In the rf-spectrum this will be reflected in a broadening around
the polaron energy Ey + E,, and the polaron feature will be less pronounced and
may become indistinguishable from noise. A straight forward solution to this problem
is provided by the realization of a homogeneous density distribution by trapping the
atoms in a box potential. Homogeneous gases have been realized in experiments, e.g.
for bosons in three dimensions [Gaunt et al., 2013] and two dimensions [Corman et al.,
2014], as well as for fermions in three [Mukherjee et al., 2017] and two dimensions
[Hueck et al., 2017]. In such a system all impurity atoms would probe a constant den-
sity of the bath atoms and thus the polaron energy is constant over the whole sample.
Another possibility is to confine the atoms in a single layer of a two dimensional op-
tical lattice, where the motion along the tightly confined direction is frozen out. The
experiments on the Bose polaron would benefit in two ways: first the gravitational
sag would be drastically reduced and second the absorption image does not contain
an integration along one axis of the density profile and we get access to the full 2D
density distributions np;(x,y) and ncs(z,y) of the atoms. Thus, one can assign a local
density to each point in the 2D plane and consequently locally define the wavevector
k, and interaction parameter 1/(k,arics). This means in a single experimental run,
we can realize different values of 1/(k,arics) at different spatial positions in the trap
and thus we can access the full polaron spectrum in principle without changing the
interspecies scattering length ap;cs.

BEC The next step in our experiment is the creation of a BEC of ?3Cs atoms at
magnetic fields close to the zero-crossing in the Cs scattering length at a magnetic
field of 880 G and simultaneously trapping of Li atoms. Our experiments will benefit
from the much higher densities of the BEC on the order of 10 ¢cm™2, which is more
than two orders of magnitude larger than in our current experiments. This in turn
will lead to larger polaron energies £, which can be probed with shorter rf-pulses. A
Cs BEC at relatively low magnetic fields of 21 G has been achieved during this thesis
work [Pires, 2014; Arias, 2014]. However, it was not possible to simultaneously trap
Li atoms. Recently, the Chicago group has reported the achievement of simultaneous
quantum degeneracy of °Li and '33Cs atoms [DeSalvo et al., 2017]. It was shown,
that a small number of Li atoms can be fully confined by the Cs BEC at moderate
interaction strength. By this approach it is possible to achieve a good spatial overlap,
even in the quantum degenerate regime at very low temperatures.
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4.2. Further developments

Besides the study of the Bose polaron and its connections to few-body physics, the
Li-Cs system is ideally suited for the investigation of various interesting many-body
phenomena.

Realization of bubble polaron The question whether the single impurity self-localizes
for strong coupling with the medium is an essential and ongoing problem of solid-state
physics. Localized polarons can be divided into two classes based on their influence
on the host medium: quasiparticles that merely distort the medium, such as electrons
in dielectric crystals [Devreese, 1996], and the ones that greatly deform the medium.
The first class is commonly termed Landau-Pekar polaron and the second category
is the so-called “bubble” polaron, reminiscent of electron bubble formation in helium
superfluids [Hernandez, 1991]. Tt has been shown, that in the field of ultracold atomic
physics, both regimes are accessible [Blinova et al., 2013]. While the Landau-Pekar
polaron leads to a small dent in the density of the BEC around the impurity, in the
bubble polaron the impurity suppresses the BEC completely and creates a cavity - the
“bubble” - around itself, as depicted in the insets in Fig. 4.5.

The bubble polaron has not been observed in the field of ultracold atomic gases so
far. We investigate the realization of the bubble polaron in the ®Li-'33Cs system by
calculating the mass-scaled gas parameter « [Blinova et al., 2013]

a= <mCs> \/ Csas (4.4)

my;

and the boson-impurity interaction parameter § [Blinova et al., 2013]

4 )
B = \ | mngs LiCs (1 - le> (1 - mcs> (4.5)
acs mcs myi

for the °Li-1?3Cs system close to the Li-Cs Feshbach resonance at 889 G. We calculate
the accessible parameter space of a and [ for different Boson densities ngs and plot

them as lines together with the phase diagram of the polaron system [Blinova et al.,
2013] in Fig. 4.5. The phase diagram of the BEC-impurity system shows distinct
regions for different parameters a and . In case of small 3, the impurity is delocalized.
For larger boson-impurity interaction, the polaron localizes either in the Landau-Pekar
regime (small Boson-Boson interaction «) or in the bubble regime for large interactions
between the bosons. Again, the large mass ratio of the Li-Cs system leads to an increase
in both interaction parameters and thus allows to access the bubble polaron regime.
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Figure 4.5.: Phase diagram of the polaron in a BEC according to Blinova et al.
[2013]. For small boson-impurity interactions (below the yellow line) the impurity
is delocalized. The borders of the Landau-Pekar and bubble polaron regime

are depicted by the green and red dashed lines, respectively. The two regimes
are connected by a smooth crossover.

In the insets, we pictorially show the
suppression of the BEC density (blue) around the localized impurity (red dashed

line) for the two localized polaron cases. The blue lines represent the accessible

parameter range of o and 3 for different BEC densities ncg in the vicinity of the
889 G Li-Cs Feshbach resonance.

Bragg spectroscopy A complementary approach to the measurement of the polaron
energy via rf-spectroscopy is a measurement of the change in effective mass m* of the
impurity atoms due to their interaction with the bosonic bath. The effective mass of the
impurities can be accessed by mapping out their dispersion relation E(k) = h?k?/2m*.
The dispersion relation can be obtained by performing Bragg spectroscopy on the im-
purity atoms [Casteels et al., 2011] for various transferred momenta k. An experimental
setup for performing Bragg spectroscopy of °Li atoms has already been implemented

in our experiment during the course of this thesis. Details of the experimental setup
and measurement procedure can be found in Filzinger [2015].
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The Fermi polaron In our experiment we can furthermore realize the other limiting
case of a highly population imbalanced Li-Cs mixture, namely the Fermi polaron, where
Cs impurities interact with a ®Li Fermi sea. Such systems have been studied extensively
in recent years both theoretically [Chevy, 2006; Combescot et al., 2007; Prokofev and
Svistunov, 2008; Punk et al., 2009; Pilati et al., 2010; Massignan and Bruun, 2011;
Schmidt and Enss, 2011; Schmidt et al., 2012a; Zollner et al., 2011; Klawunn and
Recati, 2011; Mathy et al., 2011; Nishida, 2015; Knap et al., 2012; Massignan et al.,
2014; Yi and Cui, 2015] and in experiment [Schirotzek et al., 2009; Kohstall et al., 2012;
Koschorreck et al., 2012; Scazza et al., 2017]. The measurements could reveal attractive
and repulsive polaron branches in the weakly and strongly interacting regime, as well
as the effective mass and quasiparticle residue. The real time evolution after a sudden
quench of the impurity from the non-interacting in the interacting state has been
studied [Cetina et al., 2016]. In contrast to the existing experiments, the large mass
imbalance between the Li and Cs atoms allows to study the behavior of very heavy
impurities coupled to a Fermi sea. When the impurity immersed in the Fermi sea is
suddenly quenched into the interacting state we expect a decay of the quasiparticle
residue, which is a measure of the wavefunction overlap with the initial noninteracting
impurity. The long time dynamics are governed by a universal scaling function, which
we aim to study experimentally. For large impurity mass the theoretical description
is heavily simplified and even exact for static polaron (infinite mass). This regime is
accessible in our system and will be studied in future experiments.

Double degeneracy of Li-Cs Besides the two limiting cases of Bose and Fermi po-
larons, realized with a highly population imbalanced mixture of Li and Cs atoms, it is
intriguing to study the phase diagram of a Bose-Fermi mixture both in the thermal and
superfluid regime. Due to the interaction between the bosonic and fermionic compo-
nent, additional phases and phase separation are expected. However, both the theoret-
ical description and the experimental realization of superfluid Bose-Fermi mixtures is
challenging. It was long thought that simultaneous superfluidity can be achieved is the
liquid 3He-*He system, where the double superfluid is predicted to exhibit a transition
between s-wave and topological p-wave Cooper pairs [Rysti et al., 2012]. However, due
to strong interactions between the two isotopes, the mixture becomes unstable for *He
concentrations of more than 6%, which has prevented the realization of simultaneous
superfluidity [Rysti et al., 2012; Tuoriniemi et al., 2002].

In the field of ultracold atomic gases simultaneous superfluidity of Bose-Fermi mix-
tures has been achieved for "Li-SLi [Truscott et al., 2001; Schreck et al., 2001; Ferrier-
Barbut et al., 2014], SLi-**Na [Hadzibabic et al., 2002], 'K-°Li [Yao et al., 2016],
1TYb-SLi [Roy et al., 2017], and °Li-'33Cs [DeSalvo et al., 2017]. While the early real-
izations mainly employed the bosonic species for sympathetic cooling of the Fermions,
recent experiments studied the damping and energy exchange between the two su-
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perfluids and the formation of coupled vortex lattices in *'K-5Li double superfluid
mixture. DeSalvo et al. [2017] were able to confine a small number of fermionic 5Li
atoms by its attractive interactions with a *3Cs BEC. It was found that the system is
even stable for attractive interactions, where a collapse is expected in the mean-field
theory [Ospelkaus and Ospelkaus, 2008]. Despite, the first experimental realizations
of Bose-Fermi superfluidity, there are still many open questions.

With the improvements and extensions in the experimental apparatus (cf. Ch. 1
and Sec. 4.1.2) the preparation of a double superfluid Bose-Fermi mixture of ¥3Cs and
6Li atoms is within reach. This mixture offers particularly favorable properties for the
study of double Bose-Fermi degeneracy, where the high mass imbalance is expected
to change the interaction between the two superfluid components [Enss and Zwerger,
2009; Zhang et al., 2014]. The interspecies interaction can be tuned by the two broad
magnetic Feshbach resonances located at around 843 G and 889 G (see Sec. 2.2.3) and
are ideally suited for the study of the phase-diagram of mass-imbalanced Bose-Fermi
mixtures from weak to strong interactions.
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Summary and Outlook

In this work we have studied the scattering of one, two, three, and many particles of
ultracold bosonic ¥3Cs and fermionic %Li atoms.

For this purpose we have extended and improved the existing experimental appara-
tus for the production of ultracold mixed atomic samples. We have implemented and
characterized gray molasses cooling of Li atoms, which provides lower temperatures of
the laser cooled Li atoms and thus will be beneficial for the creation of deeply degen-
erate Fermi gases and realization of simultaneous superfluidity in the Li-Cs mixture.
The bichromatic optical dipole trapping scheme allows us to simultaneously confine
the two mass-imbalanced species and control their differential gravitational sag. High-
resolution absorption imaging of both species has been implemented and allows one to
obtain information about the in-situ density distributions.

The two-body interactions in the Li-Cs system were studied by high-precision scat-
tering experiments in the vicinity of interspecies Feshbach resonances. We employ
two complementary experimental techniques: high-precision atom-loss spectroscopy
and radio-frequency association of the colliding Li-Cs atom pairs into weakly bound
dimers. A new effect, namely spin-rotation coupling in the Li-Cs p-wave FRs, is discov-
ered, which manifests itself in a triplet splitting of the m; = —1,0, 1 components of the
atom pair rotation /. This new effects offers full control over the angular momentum [
and its projection m; in the collision by tuning the external magnetic field. However,
our investigations could not reveal the sign of the spin-rotation coupling and thus we
can not distinguish the m; = £1 components. From possible future radio-frequency
studies on the spin-rotation coupling, its sign could be determined. Making use of
this splitting, one might speculate that new phases of superfluidity, reminiscent to the
broken-axisymmetry phase in spinor BECs [Murata et al., 2007], and phase transi-
tions or novel effects in the super-Efimov scenario in a highly mass imbalanced system
[Moroz and Nishida, 2014] interacting through the p-wave channel can be found.

All experimentally observed Li-Cs Feshbach resonances are modeled by a full coupled
channels calculation from which we determine the interspecies scattering length ar;cs,
improved LiCs molecular potential curves, and molecular interaction parameters. From
the s-wave resonances we determine the magnetic field dependent s-wave scattering
length with a ten-fold increase in precision in comparison to previous work [Repp et al.,
2013; Tung et al., 2013; Pires et al., 2014a]. The observed triplet splitting of the p-wave
resonances allows to determine the magnitude of the spin-rotation coupling constant
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Summary and Outlook

|v] = 0.000566(50) with respect to the effective rotational constant of the asymptotic
levels. The improved understanding of the Li-Cs two-body interactions builds the
foundation for studies of three-body and many-body problems.

In the scope of our work on three-body physics, we have observed in total five Cs-
Cs-Li Efimov resonances and analysed them with help of the hyperspherical adiabatic
approximation. We model the two-body interaction by either zero-range or Lennard-
Jones type model potentials. The first observation of a series of three consecutive
Efimov resonances allowed to test the universality in the Efimov scenario. In case
of negative intraspecies scattering length acs > 0 (843 G FR), the experimentally
determined three-body loss rates are fitted by an analytic zero-range theory, which ap-
propriately treats the changing Cs-Cs scattering length and finite temperature. While
the two excited Efimov resonances can be explained by the universal model, devia-
tions are apparent for the ground state resonance. This discrepancy is not surprising,
since the resonance is located at a scattering length that is only a factor of 7 and 3
larger than the Li-Cs and Cs-Cs van der Waals lengths. Thus, the ground state reso-
nance is located outside the resonant regime and corrections due to the exact two-body
interaction potential are expected. This discrepancy is resolved when the two-body
interaction is modeled by more realistic potentials, as it is done in the spinless van der
Waals theory.

The role of the intraspecies scattering length in the Efimov scenario has been studied
by performing additional three-body loss rate measurements close to the Li-Cs Fesh-
bach resonance at 889 G, where the scattering length between two Cs atoms is small
and positive. In this case we only observe two Efimov resonances. The first feature
is found at roughly the same scattering length as the first excited Efimov resonance
close to the 843 G FR, hinting at a disappearance of the ground state resonance. This
behavior can be intuitively understood from the hyperspherical adiabatic zero-range
theory. The existence of a weakly bound dimer BB splits the adiabatic hyperspherical
potentials into two Efimov branches. The lower branch, which asymptotically connects
to the BB+ X threshold, may support rather deeply bound Efimov states, such as the
energetically lowest Cs-Cs-Li Efimov state. As the magnitude of the scattering length
is decreased, Efimov states situated in this lower potential branch may predissociate
into the atom-dimer channel before reaching the three atom threshold. This leads to
the disappearance of Efimov resonances in the three-body continuum when changing
the intraspecies scattering length from negative to positive values.

Another interesting feature of the positive intraspecies scattering length case is found
in the upper potential branch. A universal potential barrier at R =~ 2agp develops,
which uniquely defines the energy of Efimov states located in this branch. Thus,
the intraspecies scattering length serves as a universal three-body parameter in such
systems, which makes the introduction of an artificial boundary condition superfluous.

In the comparison with the spinless van der Waals theory, we observe a systematic
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shift between experiment and theory, which still remains an open question. One pos-
sible explanation is the single channel description in the theoretical model. However,
the employed Li-Cs Feshbach resonances are intermediately broad [Tung et al., 2013]
and thus a multichannel description would be appropriate. Such a description has been
used in the investigation of three-body recombination in homonuclear systems [Mehta
et al., 2008; Wang et al., 2011; Wang and Esry, 2011; Sgrensen et al., 2013; Wang
and Julienne, 2014]. Recently, this effect has been studied in the Li-Cs system, where
large corrections were found for Efimov resonances close to narrow s-wave Feshbach
resonances [Johansen et al., 2017].

We observe indications of four-body Cs-Cs-Cs-Li scattering resonances, that align
well with theoretical predictions [Blume and Yan, 2014]. However, we were not able
to identify the individual constituents of the tetramer and thus further studies in this
direction are highly desirable.

Furthermore, the Li-Cs system is predestined for the study of the quantum many-
body problem in a system with large mass imbalance. One interesting many-body
phenomenon, is the Bose polaron problem in which the behavior of a single impurity
interacting with a bosonic medium is studied. In the context of Li-Cs it is expected
that not only two-body interactions but also enhanced three-body effects influence the
many-body observables. Avoided crossings between Efimov states and the attractive
polaron branch have been predicted for systems with large mass imbalance [Levinsen
et al., 2015; Sun et al., 2017; Sun and Cui, 2017].

We performed radio-frequency spectroscopy on Li impurity atoms immersed in an
uncondensed ensemble of bosonic Cs atoms. However, no indications of the poloaron
were found in the spectra so far. With the proposed changes in the experimental setup,
the observation of the Bose polaron is within reach. Besides the study of the connection
between few- and many-body physics in the Bose polaron, the Li-Cs mixture provides
many opportunities for the investigation of quantum many-body physics. The large
mass ratio and the specific inter- and intraspecies scattering properties allow to access
the “bubble” polaron regime, where the impurity completely depletes the medium
and localizes in this self-created void. Complementary detection techniques, such as
Bragg spectroscopy, may be used to access the dispersion relation of the quasi-particle
and directly determine its effective mass. In addition to the Bose polaron, it will be
interesting to study the Fermi polaron with a nearly infinite mass impurity and the
phase diagram of a mass imbalance Bose-Fermi mixture in the quantum degenerate
regime.

Besides the study of few- and many-body physics with contact interactions, the Li-Cs
experiment will be employed to produce ultracold LiCs molecules in their ro-vibrational
ground state. Such samples offer prospects in the study of the time variation of funda-
mental constants [Chin et al., 2009] and the permanent electronic dipole moment of the
electron [DeMille et al., 2000]. The long-range and anisotropic nature of the dipolar
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Figure 5.1.: Magneto-association and dissociation of LiCs Feshbach dimers close to
the 943 G Feshbach resonance. The remaining number of Cs atoms is shown in
dependence of the final magnetic field. The measurement procedure is shown in
the inset: 1. a mixure of Li and Cs atoms on the negative scattering length side of
a Feshbach resonance is prepared and 2. LiCs Feshbach molecules are associated
by ramping the magnetic field over the Feshbach resonance to its positive side. 3.
ramp-up to a variable magnetic field B, where the sample is hold for a few ms.
In case the final field is above Brgr the dimers are dissociated and we obtain the
initial number of Cs atoms. For B < Bpg the loosely-bound dimers inelastically
collide with remaining free atoms in the trap and can leave the trap. From our
measurements we estimate a number of 2 x 103 LiCs Feshbach dimers.

interaction allows to generate dipolar quantum gases exhibiting intriguing many-body
phenomena [Baranov, 2008; Pupillo et al., 2008; Lahaye et al., 2009; Baranov et al.,
2012]. They are expected to form novel crystalline phases [Biichler et al., 2007], used
in simulation of condensed matter systems [Pupillo et al., 2008] and even quantum
computing schemes [DeMille, 2002]. In this respect, deeply-bound LiCs molecules
[Deiglmayr et al., 2008] are a particularly promising candidate due to their a large
permanent electric dipole moment of 5.5 Debye [Aymar and Dulieu, 2005; Deiglmayr
et al., 2010], the largest of all alkali metal combinations.

LiCs ground state molecules have already been studied extensively in our group [Dei-
glmayr et al., 2008, 2009b,a; Grochola et al., 2009; Deiglmayr et al., 2010, 2011c,a,b].
However, the phase-space density of the deeply-bound molecules produced by pho-
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toassiociation was not high enough to observe dipolar many-body physics. In future
experiments, a different production scheme will be used. Making use of the Li-Cs
s-wave Feshbach resonances (Ch. 2), the atomic sample will be adiabatically trans-
ferred into the weakly-bound molecular state by a magnetic field ramp [Herbig et al.,
2003; Regal et al., 2003; Kohler et al., 2006]. Subsequently, these Feshbach dimers are
transformed into the rovibrational ground state in a stimulated rapid adiabatic passage
(STIRAP) [Bergmann et al., 1998; Ni et al., 2008; Danzl et al., 2008; Lang et al., 2008].
First indications of magnetoassiciation of Feshbach molecules were already found in
our experiment and are shown in Fig. 5.1.

In conclusion, the Li-Cs experiment is looking into an exciting future. Based on
the presented collisional studies, the realization and exploration of many-body physics
either with contact or dipolar interactions is within reach.
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Li-Cs Feshbach resonances in
other scattering channels

In Table A.1 we give the experimental positions of the Li-Cs FRs occuring in spin-
channels Li|1/2,£1/2)® Cs|3, +2) from previous work [Repp et al., 2013]. They have
not been remeasured but included in the fitting and we compare them to our new
evaluation. The experimentally obtained resonance positions B¢ are extracted by fit-
ting Gaussians to the atomic loss spectra. The numbers in brackets give the total
uncertainty of the determination of the resonance positions. The theoretical resonance
positions B! obtained from the coupled-channels calculation performed at a relative
kinetic energy kp x T, according to the experimentally measured temperature, are
given as deviations 6 = B¢ — B'. The assignment of the FRs can be found in Repp
et al. [2013].

Entrance channel 1 | B° (G) 0 (G) T (pK)
Li|1/2,+1/2) 1| 704.49(15) 0.159 2
@ Cs[3, +2) 1| 704.49(15) 0.078 2
1 | 704.49(15) 0.053 2
0| 896.62(95)  0.72 2
Lil1/2, —1/2) 1| 750.06(15) 0.148 2
@ Cs|3, +2) 1| 750.06(15) 0.061 2
1| 750.06(15) 0.038 2
0 | 853.85(11)  0.06 2
0|943.5(1.4)  2.25 2

Table A.1l.: Experimental positions B¢ of the Li-Cs s- and p-wave Feshbach reso-

nances from previous work [Repp et al.,

coupled channels calculation § = B¢ — Bt

2013] and comparison to the current
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LiCs molecular potential curves

From our observation of s-, p-, and d-wave Li-Cs FRs (see Ch. 2), we construct opti-
mized LiCs molecular potentials of the electronic ground state. The parametrization
of the molecular potentials is described for example in [Gerdes et al., 2008]. The
potentials are represented in three parts: the repulsive short-range part Usg(R), the
intermediate range Ur(R) and the asymptotic long range part Upg(R), which are
given by the following expressions:

B
USR(R) =A + ﬁ for R < Ri, (Bl)
_\ k
Ur(R) = Z apé(R) for R, <R<R,, (B.2)
k=0
R—R
ith = — B.
and o o o
6 8 10
ULR(R)I_ﬁ_ﬁ_ﬁ_iEem for R<RO, (B4>
where the exchange energy is given by
E.. = AR exp(—SR). (B.5)

It is negative for the singlet and positive for the triplet potential. The long range
parameter C; with ¢ > 10 are used for smooth connection at R,.

For the deep ground state we fitted an adiabatic Born-Oppenheimer correction [Tie-
mann et al., 2009] for the simultaneous description of both isotopes of Li. The correc-
tion potential U, (R) is represented as

M, ref
M

Vo B) = (1= 257) - Vaa(R) (B.6)

with
2R,,

R+ R,

)nzvi “¢(R)',i=0,1,2,... (B.7)

%

Uaa(R) = <
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LiCs molecular potential curves

with M, being the mass of the selected reference isotope "Li and n being the power
of R in the leading term of the long range interactions, i.e. n = 6.

The parameters of the refined LiCs singlet and triplet molecular potential curves are
listed in Table B.1 and B.2, respectively®.

The molecular potentials are derived applying all known spectroscopic data for the
states X132+ and a®Y" in a least squares fit. Limitations in their usage for predicting
molecular levels should be expected because Feshbach resonances were only observed
for the isotope pair ®Li-'33Cs, whereas laser spectroscopy [Staanum et al., 2007] was
mainly performed on the other Li isotope, namely “Li, and only few data on the
state X!+ for SLi'*3Cs exist. The extension of the Feshbach data to “Li-'*3Cs and
the conventional laser spectroscopy covering the isotopologue °Li'*3Cs would be very
important to improve the knowledge of the Born-Oppenheimer correction, which is
significant because of the large mass change of the light Li atom.

The spin-spin interaction contains according to Eq. (2.19), second-order spin-orbit
contributions. These are modeled by the following parameters in atomic units: ago; =
—1.99167, by = 0.7, and ago2 = —0.012380, by = 0.28.

!The LiCs molecular potential curves were obtained and provided by Prof. E. Tiemann from Leibniz
Universitdt Hannover, Germany.
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For R < R; = 2.652A

A -0.1013528 x10° cm !
B 0.416877623 x106 cm—! A’
q 3.81097
For 2.652A = R, < R< R, = 11.5183A
b 0.1
R, 3.66796875 A
ao -5875.52991 cm ™!
a1 -0.252618710975387017 x10°! cm~?
as 0.367457215900665178 x10°5 ¢m !
as 0.435933198105685460 x10°4 cm—!
as  -0.402453029905940202 x10% ¢cm~?
as  -0.347796521563863062 x10%5 cm~?
ag 0.315821171411499881 x10% cm~!
ar  -0.266304026591134665 x10° cm~?
as  -0.181048129129882972 x10°7 cm ™!
ag 0.914704228273577802 x10°7 cm ™!
aio  0.543792503606051728 x10° cm~?
ain  -0.259549932529230207 x10% cm~?
ais  -0.105117170881063318 x 10 cm~?
a3 0.496159149355857754 x 100 ¢cm~?
ajs  0.129151145791594467 x 10! cm~—!
a5 -0.659976526444605789 x 10 ¢cm~?
aig  -0.963897189939636536 x 10! cm~?
air  0.614868214102462158 x10'2 cm™?
ais  0.341835223965027527 x10'2 cm™?
ate  -0.393705919840090967 x10'3 ¢cm~?
aso  0.675695993178769775 x10'2 cm~?
as;  0.165425882904185527 x 10 ¢cm ™!
ass  -0.132394231585170703 x10'* cm™?
ass  -0.409738756116212656 x 10 cm~?
ass  0.607920685011780469 x 10 ¢cm~?
ass  0.412071559575104687 x 10 cm ™1
asg  -0.127770461445448859 x 105 cm~—!
as;  0.376742627231593516 x10'* cm™?
ass  0.957403474032970469 x 10 cm~?
ase  -0.940140735588818906 x 104 cm~?
aso  0.265036457934536914 x 10 cm ™1

For R > R, = 11.5183A

Cs 0.1486670x10°% cm~! A°
Cy 0.4343228x10 cm~! A®
Cho 0.1951222x10'" em—1 A"
Chs -0.1090612x10%7 cm~! A
Ay 0.11330361x105 cm=! A~
5 5.0568
3 2.2006 A"
For all R
Vo -2.02390 cm~?

Table B.1.: Parameters of the
Li(2s)+Cs(6s) asymptote.

X'yt state of LiCs given with respect to the
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LiCs molecular potential curves

For R < R; = 4.345A

A -0.36140433 x10% cm !
B + 0.847547458 x10'0 ¢cm—! A?
q 11.55385
For 4.345A = R, < R < R, = 11.5183A
b 0.4
R, 5.24804688 A
ao -309.4623 cm ™!
ai -0.364219 cm~*

az  0.134782215491288798 x10* cm™!
az  0.537311993871410536 x10% cm™!
as  -0.464917969357558093 x10% cm~!
as  -0.175749884668625532 x10* cm ™!
ag  -0.370441589928719986 x10° cm~?
ar  -0.278341242922687888 x10* cm ™!
as  0.457470834692090517 x10° cm™!
ag  0.177854005800842642 x10° cm™!
aio  -0.276200432485941378 x107 cm ™!
ar1 0.431748264218297321 x 106 cm™?
aiz  0.921774583938866295 x 107 cm ™
ai3  -0.348640828981605452 x 107 cm™!
ais  -0.163264106046121176 x 108 cm™*
ais  0.962454228859609924 x 107 cm ™!
ais  0.120056635752306953 x10% cm ™!
ar7  -0.931029427120562643 x 107 cm ™!
For R > R, = 11.5183A

Cs 0.1486670x 108 cm ! A°
Cs 0.4343228x109 cm ! A®
Cho 0.1951222x10'" em~! A"
Chs -0.421260895x10%5 cm~! A*®
Ay 0.11330361x10 cm—! A~
~ 5.0568
8 2.2006 A~

Table B.2.: Parameters of the YT state of LiCs given with respect to the
Li(2s)+Cs(6s) asymptote.
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g-wave Feshbach resonance in Cs

In the course of our measurements of Li-Cs d-wave Feshbach resonances, we found
a g-wave Feshbach resonance of Cs atoms in their lowest hyperfine state |3,3). We
perform atom-loss spectroscopy with a sample of 3 x 10* Cs atoms at a temperature
of 300 nK and determine the trapping frequencies to be wes = 2w x (11,147,133) Hz,
where the external magnetic field and gravity are parallel to the z-axis. The atom-loss
signal is depicted in Fig. C.1. The experimental resonance position B¢ = 358.12(5) G is
obtained by fitting a Gaussian profile to the data and agrees very well with theoretical
predictions [Berninger et al., 2013b].
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Figure C.1.: Atom-loss spectroscopy of Cs atoms in the absolute atomic ground state
13,3) at a magnetic field around 358 G. The remaining fraction of Cs atoms after
a hold time of 50 ms is shown. Each data point is the average of at least four
measurements and the error bars represent their standard error. The orange
curve is a fit of a Gaussian function to the measurements.
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