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Chapter 1

Introduction

Everyday we encounter the results of discoveries and achievements of quantum mechan-
ics and atomic physics which were made over the last century: be it the laser diode in
a DVD player displaying our holiday pictures or measurements of the thickness of the
Earth’s ozone layer protecting us from UV radiation [Ste11]. In the first experiments
in atomic physics the structure of atoms and their unique absorption spectra were
deciphered, this is now the basis for thousands of applications from determining the
velocity at which the universe expands to measuring the alcohol content in the breath
of a speeding driver.

Nowadays, using light and electro-magnetic fields, atoms can be manipulated and
cooled to temperatures within a few 100 nK of absolute zero. At such low temperature
the behaviour of the atoms is not determined by their external degrees of freedom, but
by quantum statistics. Bosons, particles with integer spin, can condense into a single
state and form a macroscopic wavefunction extending over the inter-particle distance.
More than 70 years after the initial description by Bose and Einstein [Bos24, Ein25],
these Bose-Einstein condensates (BEC) were demonstrated in atomic gases [And95,
Dav95a] and recently light, the most prominent member in the class of bosons, was
condensed [Kla10].

For particles with half-integer spin, fermions, the behaviour at low temperatures
is very different from bosons: instead of lumping together they each occupy a state
by themselves, keeping their distance. The first degenerate quantum gas of fermionic
atoms was produced in 40K [DeM99a]. The quantum statistics of fermions [Fer24,
Fer26, Dir26] plays an important role in many areas of physics. In condensed matter
Fermi statistics determines electric and transport properties, neutron stars are pre-
vented from collapsing by Fermi pressure and all matter known to us is composed of
quarks and electrons which are fermionic elementary particles. For the understanding
of superconductivity the pairing of fermions with attractive interactions plays a major
role [Che05]. Finding accurate theoretical descriptions for these phenomena and un-
derstanding the influence of interactions and the quantum statistics of fermions is still
ongoing work.
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1.1 Cold quantum gases

In cold quantum gases formed by neutral atoms there are no effects of electric charge
and crystal impurities and these systems enable us to observe the quantum nature of
particles. Quantum degenerate gases have been used to demonstrate effects known from
condensed matter physics, such as the Mott insulator - superfluid transition [Gre02,
Jör08], the pairing of fermions [Reg04, Zwi05] and Anderson localization [Bil08, Roa08].
A step further is to use systems of cold atoms as a simulator for other systems in
physics which are difficult or impossible to compute classically [Fey82]. This requires
the implementation of controllable logic operations and a correlation of the atoms.

Strong correlations in experiments with cold quantum gases can be created either
by confining the atoms tightly in optical lattices [Deu98, Gre02] or by tuning the
interaction between the atoms in strength and even sign with the help of so-called
Feshbach resonances [Fes58, Fes62, Chi10]. In cold atoms Feshbach resonances occur
when a bound state within a two-body potential is resonant with the energy of a pair
of unbound atoms. When the magnetic moments of the bound state and the unbound
pair differs, they can be brought into resonance by applying a magnetic field. At the
resonance, the scattering length, a measure for the interaction strength between atoms,
diverges and changes sign.

The beauty and importance of Feshbach resonances is that they make it possible to
use ultracold atoms as a model system for other areas of physics. Once the interaction
between the atoms is strong enough, only a few universal parameters are required to
describe the system. Systems with entirely different underlying processes can then be
studied and compared to the strongly interacting cold atoms. At strong interactions the
description of the cold atoms by mean-field theory breaks down and new methods need
to be used. With the bosonic isotope of 39K it has been shown recently that depending
on the interaction strength the critical temperature for Bose-Einstein condensation
changes [Smi11].

For certain interaction strengths atoms can also form few-body bound states [Kra06]
with universal properties described by Efimov [Efi70]. Although these states exist due
to two-body interaction, they are not present as two-body states. Efimov states are
also relevant in nuclear physics [Ham10].

With a Feshbach resonance the interaction in fermionic quantum gas can be tuned
from repulsive to attractive through the so-called BEC-BCS crossover. A bosonic
molecule formed by two fermions can then transform into a pair of fermions coupled in
momentum space, similar to a Cooper pair in superconducting theory [Gio08, Ing07,
Blo08]. With 40K this crossover has been explored [Ste08] and the condensation of the
composite bosonic molecules into a BEC has been achieved [Gre03].

The positions and widths of Feshbach resonances of an atomic species in a specific
state depend on the interatomic potential, which differs for the different species and
the different states. Before Feshbach resonances can be used as a tool to tune the
interaction, their positions and properties need to be determined. The atomic species
we are working with is 40K. It has been used as a single species [DeM99a, Lof02, Gre03]
and others, but also in combination with the fermionic 6Li [Wil08, Tie10b, Nai11,
Wu11], and the bosonic 87Rb [Sim03, Ino04, Fer06, Osp06a, Zir08a].
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1.2 This thesis

Feshbach resonances occur in a multitude, especially with a element like 40K, where
many combinations of hyperfine states are stable. Prior to the results presented in this
thesis the position of four Feshbach resonances in mixtures of 40K in the three lowest
hyperfine states was determined [Lof02, Reg03a, Reg03c, Reg06, Gae07]. In this thesis
we present measurements on mixtures occupying states in the middle of the hyperfine
manifold of 40K.

Relying on experiment alone, one can get lost in the large number of loss features
as if wandering in the wilderness bearing neither map nor compass. To find ones way
in the uncharted area of Feshbach resonances it is necessary to start mapping out
the surroundings by starting at a known situation and not just wander off randomly
into the terrain. All explorations in experiments have to go hand in hand with the
theoretical description of the position and nature of the resonance features.

With detailed knowledge of the interatomic potentials, the positions and properties
of Feshbach resonances can be calculated using the coupled channel method (CC). How-
ever, this method is computationally intensive and whether all resonances are found
depends on the step size in the numerical calculation. To predict the positions of new
Feshbach resonances in previously unstudied state mixtures and to locate resonances
of special interest we use a simple asymptotic bound state model (ABM). Once exper-
imental data is obtained the initial parameters of the ABM are improved and more
precise predictions are calculated. The experimental data obtained is compared with
another approximate model, the multi quantum defect theory (MQDT), and the CC
calculations.

To reach temperatures cold enough to study the quantum nature and control the
interaction of the atoms, we use the techniques of laser cooling and evaporative cooling
[Met99, Ket99]. We constructed an apparatus to cool and capture 40K and measure
Feshbach resonances at a stable magnetic field. To investigate a Feshbach resonance
in a certain channel it is of great importance to prepare the hyperfine state mixtures
required in a reliable and reproducible manner, especially in the case of 40K with its
rich hyperfine structure. Without this, difficulties arise when assigning experimen-
tally observed loss features. To achieve this we developed a state-dependent detection
scheme and a transfer procedure to populate the desired states. For the mapping out
of Feshbach resonances we start out with binary mixtures of hyperfine states and mea-
sure atom loss depending on the magnetic field. In a second step, the states can be
measured individually to rule out p-wave resonances within one hyperfine state.

1.3 Outline
This thesis covers both experimental and theoretical aspects of the study of Feshbach
resonances in 40K. Chapter 2 contains a brief overview of the theoretical concepts
required to describe cold trapped fermions. The scattering of cold fermions and the
theory of Feshbach resonances are introduced. Here we put emphasis on the specifics of
40K, which offers more options for stable state mixtures than other alkalis. Additionally
the simple model which we use to calculate the positions of Feshbach resonances is
presented.
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The major part of this thesis was to construct an apparatus to produce cold mix-
tures of 6Li and 40K. In Chapter 3 this experimental apparatus is described, putting
the emphasis on the 40K part and newly added components. Special features of our
apparatus include the two-dimensional magneto-optical traps used as sources for the
cold atoms, an optically plugged magnetic trap and a transport of the cold atom cloud
by means of optical tweezers.

The detailed experimental sequence to produce cold mixtures of specific states in
40K is explained in Chapter 4. The calibration of the magnetic field is of importance
for the accurate specification of the measured data. How and to what precision we
determine the magnetic field is also presented in Chapter 4. In this chapter we also
present measurements of Feshbach resonances which show special features. An indica-
tion of the width of a Feshbach resonance is determined by evaporating the cold atom
cloud at different magnetic fields; in Chapter 4 a model to fit the data is developed.

The main result of this thesis, the measurement of Feshbach resonances in various
spin mixtures of 40K, is presented in Chapter 5. The measured values are compared
with values obtained by our collaborators in coupled channel calculations and the two
simple models. Overall we measured the position of 23 Feshbach resonances in eleven
different state combinations.

The appendices cover more details about 40K in optical potentials (Appendix A),
the hyperfine structure of 40K (Appendix B) and its optical transition probabilities
(Appendix C).




