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Chapter 1

Introduction

1.1 Ultracold gases

During the past decades the �eld of ultracold gases has experienced a tremendous growth.
The large interest in ultracold gases comes from the fact that when a gas is cooled to a
temperature close to zero the quantum nature of the atomic motion starts to play a dom-
inant role. This is quanti�ed by the size of an atomic wavepacket, given by the thermal de
Broglie wavelength, becoming of the order of the interparticle spacing. When these two
length scales are comparable the wavefunction of neighboring particles overlap and the
system has to be described by many-body wavefunctions. For bosonic atoms (atoms with
integer spin) the appearance of the quantum nature is associated with the occurrence of
Bose-Einstein Condensation (BEC). For fermionic atoms (atoms with half-integer spin)
the appearance of the quantum nature is not associated with a phase-transition but with
a gradual suppression of atoms occupying low energy states due to the phenomenon of
Pauli-blocking. Initially the studies of ultracold gases were mainly aimed towards bosonic
systems due to the possibility to achieve Bose-Einstein Condensation. The �rst theoretical
prediction for a quantum gas was for the groundstate of spin-polarized hydrogen [1, 2]. By
means of quantum Monte-Carlo calculations it was shown that spin-polarized hydrogen
was expected to remain a gas even at 0 K. This prediction was con�rmed in 1980 by
stabilizing spin-polarized hydrogen [3]. However, the achievement of Bose-Einstein Con-
densation was realized in the alkali-metals rubidium [4] and sodium [5] in 1995.
The �eld of ultracold fermionic gases naturally emerged out of the research performed on
ultracold bosonic gases. Shortly after spin-polarized hydrogen was stabilized, the fermionic
gas of spin-polarized deuterium was also stabilized in 1980 [6]. Quantum degeneracy in
an ultracold fermionic gas was achieved in 1999 with the alkali-metal potassium [7]. The
realization of fermi-degeneracy has shown to be the starting point for many fascinating
experiments on fermionic systems. In recent years ultracold fermionic gases have shown to
exhibit remarkable unexpected phenomena. In particular the stability of fermionic systems
for strong interaction [8, 9] was unexpected and has led to the possibility to use ultracold
gases to study strongly-interacting fermionic systems.
The realization of a strongly-interacting fermionic system was achieved by tuning the
interaction strength using a so-called Feshbach resonance. This phenomenon was �rst
pointed out in the context of ultracold gases in 1976 [10], observed in 1986 [11] and
theoretically described in the beginning of the 90's [12, 13]. The spectacular possibilities
in the �eld of fermionic quantum gases were only realized in 2003 with the observation of
long lived molecules consisting of two fermionic atoms [8, 14].

1.2 This thesis

This thesis project, to study a system of heteronuclear mass-imbalanced Fermi gases, was
started shortly after the discovery of the strongly interacting homonuclear Fermi gas. At
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that time very little was known about the properties of a mixture of 6Li and 40K. Only few
theoretical studies had been performed and from the experimental point of view it was
unclear if the mixture could be cooled to degeneracy. Additionally, it had become clear
that Feshbach resonances are essential to study ultracold fermionic gases. However, for the
6Li-40K system it was unknown what the Feshbach resonance structure was and if there
was a Feshbach resonance suitable to perform studies on a strongly-interacting system of
6Li-40K. At that time quantum degenerate gases of only 6Li and 40K had been realized.
Additionally, 6Li and 40K are the only two stable fermionic alkali atoms, which allows
relatively easy laser-cooling. Therefore, the obvious system to realize a mass-imbalanced
heteronuclear Fermi-Fermi system was the 6Li-40K mixture.

This thesis describes the experimental realization of the ultracold 6Li-40K system and
pioneering experiments on the scattering properties. A priori it was unknown if it would
be possible to realize an ultracold mixture of 6Li and 40K, and this thesis describes the
approach we have taken. From the experimental side four major developments are pre-
sented. First, the development of a novel source for cold 6Li is presented. It was expected
the principle of a two-dimensional magneto-optical trap (2D MOT) would not work e�-
ciently for a light atom as 6Li. The source has proven to generate a high-�ux cold beam,
comparable to the common solution of a Zeeman slower. Second, an optically plugged
magnetic trap has been realized. Prior to this thesis it had only been realized for sodium
[5, 15] and it was not expected to work for a light atom like 6Li. Third, the sympathetic
cooling of lithium 6Li by a large bath of multiple spin states of 40K has been demonstrated.
Fourth, the optical transport of an ultracold sample. This had previously been realized
[16], however it was considered to be an involved and unstable approach. The reasons why
our approach has turned out to work easily and reliably are explained in Sect. 3.4.4. From
the theoretical side a model has been developed allowing to completely map the Feshbach
resonance structure in any system. The model has been applied to 6Li-40K to theoretically
assign observed loss features [17] and to �nd the resonance most suitable to study the
strongly-interacting mixture [18]. This resonance is experimentally characterized, which
allows to de�ne experimental conditions for studying strongly interacting 6Li-40K.

During the coarse of this thesis the topic of fermionic mixtures with a mass imbalance has
tremendously gained in interest. Two other experiments on 6Li-40K were started nearly
simultaneously in Munich and Innsbruck and at the moment of writing two more are
being set up at the ENS in Paris and at MIT in Boston. From the theoretical side a vast
number of publications have appeared on unequal mass fermionic systems (see e.g. Ref.
[19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30] and references therin), many of them assume
a Feshbach resonance broad enough to exhibit universal behavior. By using the Feshbach
resonance presented in this thesis many of these theories can be tested.

1.3 Strongly interacting systems

A key topic of present-day physics is the understanding of strongly interacting systems.
Many fascinating phenomena observed in nature appear to �nd their origin in strongly
interacting systems. These systems range from the �elds of condensed-matter to high-
energy physics. For example the phenomena of high-temperature superconductivity [31]
and nuclear matter [32] are systems where strongly interacting fermions play a key role.
However, the theoretical understanding of these phenomena is not complete. In the study



1.4 Universality 3

of strongly-interacting fermions, the �eld of ultracold gases has come to play a special
role. Not only does it provide an elegant way to study fundamental aspects of quantum
mechanics, but it has also proven to be a powerful tool to simulate other quantum systems.
The extraordinary degree of tunability of the con�ning potential and interaction strength
are key features of quantum gases which allow to accurately model quantum many-body
systems. In particular the realization of a stable strongly-interacting fermionic system
[33, 8] provided the possibility to draw analogies to other strongly interacting systems.

An ultracold gas is not by de�nition strongly interacting. However, due to the ability to
change the interaction strength it can be tuned to become strongly interacting. Already
in 1992 [12], before the realization of the �rst BEC, it was realized that the two-body
interaction parameter, the scattering length a, could be modi�ed in favor of the exper-
iment by an external magnetic �eld. The theory used to describe these resonant phe-
nomena [13] is strongly based on Feshbach's theory describing nuclear reactions [34, 35],
hence these resonances are called Feshbach resonances. The application of Feshbach reso-
nances in ultracold atom experiments has allowed to create and study strongly interacting
fermionic systems with very large versatility. The interaction strength can be changed in-
situ, therefore the interaction can be tuned to be attractive, repulsive, non-interacting or
strongly interacting in a continuous manner during the coarse of an experiment. There
are two other realizations of strongly-interacting systems. First, reduced dimensionality
can enhance the e�ect of interactions leading to strongly correlated quantum system, in
particular the Tonks-Girardeau [36, 37] gas is an example of such a system. Second, the
use of optical lattices in ultracold gases [38] provide the possibility to achieve a strongly
correlated system in the form of Mott insulator. In this thesis we will discuss only strongly
interacting systems related to Feshbach resonances.

For a long time the work on ultracold fermionic gases has been limited to homonuclear
systems. Quantum degeneracy has been achieved for four di�erent fermionic elements:
3He∗ [39], 6Li [40, 41], 40K [7] and 173Yb [42]. The addition of a second fermionic element
to create a fermionic heteronuclear system tremendously enriches the system and adds
more degrees of tunability. In particular a mass-imbalance between two species allows to
mimic a whole new class of quantum systems. For example, the 6Li-40K system is expected
to exhibit long-lived p-wave trimers [30]. Furthermore, exotic forms of super�uidity are
expected due to interaction between 40K atoms mediated by 6Li atoms. Another prospect
for this system is to create ground state molecules [43, 44]. These molecules will be bosonic
and exhibit a large dipole-moment [45, 46]. Finally, a novel analogy to condensed matter
systems can be made by applying a lattice potential selectively to one species and have
the other move freely through the arti�cially created crystal. These few examples of novel
quantum systems illustrate the richness of studies which can be performed using the
6Li-40K system.

1.4 Universality

In order to use ultracold gases to model strongly-interacting fermions, it is required that
experiments can be generalized to a generic system of strongly-interacting fermions. If a
system of ultracold fermions is prepared as such, it is called to exhibit universal behavior.
This implies that the behavior of the system is determined entirely by the fermionic
nature of the particles and their interaction strength. The possibility of achieving universal
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behavior with ultracold fermions strongly depends on the properties of the Feshbach
resonance used to tune the interaction. For ultracold fermions universal behavior has
only been achieved in spin mixtures of 6Li or spin mixtures of 40K. Both atomic species
exhibit Feshbach resonances with properties favorable to achieve universal behavior, i.e.
the resonances are strong.
Knowledge about Feshbach resonances is thus of great importance to be able to study
universal behavior. However, for any system other than hydrogen the potentials describing
the interaction between two atoms cannot be calculated a-priori with su�cient accuracy
to predict Feshbach resonances. Therefore, without experimental input it is unknown if
universal behavior can be achieved in a certain system. For the homonuclear systems of
6Li and 40K the scattering properties have been studied in great detail [47, 48, 49, 50].
At the start of this project the Feshbach resonance structure of a heteronuclear mixture
of 6Li and 40K was unknown. A careful study of the resonances occurring in the 6Li-40K
system is presented in this thesis. We show that the 6Li-40K system exhibits Feshbach
resonances suitable to study universal behavior in a mass-imbalanced fermionic mixture.

1.5 Outline

This thesis describes the study of Feshbach resonances in the 6Li-40K mixture both from
the experimental and theoretical point of view. Chapter 2 provides a brief summary of
theoretical concepts used throughout this thesis. However, the largest part of the research
for this thesis consists of the development of a state-of-the-art machine to study an ultra-
cold mixture 6Li with 40K, which is presented in Chapter 3. In addition to the technical
aspects and novel approaches as have been discussed above, the realization of a quantum
degenerate spin mixture of 40K and an ultracold mixture of 6Li and 40K are described. A
signi�cant innovation in the techniques used for ultracold gases is performed by develop-
ing the �rst 2D MOT source for lithium. It is presented in Chapter 4, and it yields a very
large cold �ux of 6Li atoms. On the theoretical side a computationally simple, intuitive
model has been developed to accurately describe all Feshbach resonance positions and
widths in a system. The model is presented in Chapter 5. Using this model all possible
Feshbach resonances of the 6Li-40K system are examined and the resonance most suitable
to study universal behavior is selected. Furthermore, all these e�orts have been combined
in Chapter 6 by experimentally characterizing the selected resonance. These results show
that the 6Li-40K systems can be used to realize a strongly interacting Fermi-Fermi mix-
ture in the universal limit, opening a wide area of research for studying mass-imbalanced
Fermi-Fermi systems.




