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Summary

This thesis presents the measurement of Feshbach resonances in various hyperfine state
mixtures of ultracold 40K. Feshbach resonances can be used to tune the strength and the
sign of the interaction between atoms. With this tool ultracold atoms can be used as a
model system for other problems in physics. For very strongly interacting atoms only
a few universal parameters are required to describe the system. Systems with entirely
different underlying processes, such as for example neutron stars or superconductors,
might share the same parameters and can then be compared to the strongly interacting
cold atoms.

Feshbach resonances in neutral atoms occur when the energy of two colliding un-
bound atoms is in resonance with the energy of a bound state of the two atoms. When
the magnetic moment of the bound pair differs from the unbound pair, the energy
difference can be tuned into resonance by applying a magnetic field. Around the reso-
nance the scattering length, which is a measure for the interaction strength, diverges.
By changing an applied magnetic field the interaction of the atoms can be tuned from
attractive to repulsive and vice versa. Close to the resonance the interaction becomes
so strong that the two-body mean field description breaks down and new theories are
necessary.

The positions and widths of Feshbach resonances of an atomic species in a specific
state depend on the interatomic potential which differs for different species and different
states. Before Feshbach resonances can be used as a tool to tune the interaction, their
positions and properties need to be determined. The theoretical description of Feshbach
resonances is presented in Chapter 2.

To be able to make use of Feshbach resonances the temperature of the atoms needs
to be close to the absolute zero (-273.15 ◦C), otherwise the kinetic energy of the atoms
would smear out the effect. The experimental setup and the techniques to trap and
cool the atoms to such low temperatures are described in Chapter 3. At those very
low temperatures the behaviour of the atoms is governed by quantum statistics and
the division of the particles in two distinct classes - bosons and fermions - manifests
itself. Bosons can condense into a single state and form a macroscopic wavefunction
extending over the inter-particle distance. Bosonic atoms can be made to display
interference patterns; something which is at room temperature only possible for light.

For fermions, the behaviour at low temperatures is very different from bosons: in-
stead of condensing into a single state they each occupy a state by themselves, keeping
their distance. The quantum statistics of fermions plays an important role in many
areas of physics. In condensed matter Fermi statistics determines electric and trans-
port properties, neutron stars are prevented from collapsing by Fermi pressure and all
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matter known to us is composed of quarks and electrons which are fermionic elemen-
tary particles. For the understanding of superconductivity the pairing of fermions with
attractive interactions plays a major role.

We work with the fermionic potassium isotope 40K in the experiments described
in this thesis. 40K has a rich hyperfine structure with many stable combinations of
hyperfine states. Each binary combination of hyperfine states can show Feshbach
resonances at various fields, sometimes close in magnetic field to or even overlapping
with another Feshbach resonance in a different hyperfine state combination. It is
therefore important to prepare mixtures of only the desired states as described in
Chapter 4. Additionally there are also various kinds of resonances; relevant in our case
are s-wave resonances which only occur between atoms in non-identical states and p-
wave resonances which are allowed also between identical states. In addition, the shape
and position of p-wave resonances depends on the temperature and the projection of
the atoms’ magnetic moment on the axis of the magnetic field.

Prior to the results presented in this thesis the position of four Feshbach resonances
in mixtures of 40K in the three lowest hyperfine states were known. In this thesis
we present measurements on mixtures occupying states in the middle of the hyperfine
manifold of 40K. Overall we measured 10 s-wave resonances in 4 state mixtures and
13 p-wave resonances in 8 different binary mixtures. Among the s-wave resonances we
identified in the c+ d mixture a resonance which is isolated from other resonances by
about 55G. For the same Feshbach resonance we determined the width by evaporating
the cold cloud at different magnetic fields and measuring the magnetic field dependent
cloud size.

In the j+h mixture there is a p-wave resonance around the same magnetic field as a
p-wave resonance in the i+ i mixture. On resonance the atoms in the j+h channel are
not entirely lost from the optical dipole trap, but appear in the i state. The resonance
in the i+ i channel displays a multiplet feature caused by the dipole-dipole coupling to
the i+j, i+h and the h+h channels. The results of those measurements are presented
in Chapters 4 and 5.

The measured Feshbach resonances are useful for the development and improvement
of simple theories. The experimental data was used by our collaborators as a test
ground for two simple models, the asymptotic bound state model (ABM) and the
multi quantum defect theory (MQDT). The values obtained with coupled channel
calculations (CC) using the currently known potentials for 40K were all within the
experimental uncertainty of the measured values.

With the mapping out of the Feshbach resonances in 40K it is now easier to chose
the Feshbach resonances where side effects of other resonances can be neglected. This is
of importance not only for experiments using 40K alone, but also for experiments with
mixtures with other atomic species. Depending on the requirements for an experiment,
the most convenient Feshbach resonance can be located.




