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Abstract

The exploration of ultracold quantum gases opens up a vast field of exciting exper-
iments. Having achieved the first Bose-Einstein condensates and quantum degen-
erate Fermi gases, the mixture of those two led to the development of a new field
of ultracold molecular physics. The creation of heteronuclear ground state mole-
cules itself is a quest that demands new techniques and provides new fundamental
insights in the field of molecular and many particle physics. These molecular sys-
tems offer promising possibilities in examining for example the nature of dipolar
interactions.

Such heteronuclear molecules can be created by manipulating the diatomic interac-
tion with a Feshbach resonance. These resonances occur when an atomic collision
state and a quasibound molecular state coincide and can be controlled by a mag-
netic field. The so called Feshbach molecules are very weakly bound molecules
in the highest vibrational states. Within the present experiment heteronuclear
40K-83"Rb molecules could be realized. One of the limiting factors in examining
these molecules is their short lifetime. It was shown that it is mainly reduced due
to collisions with remaining 8’Rb atoms. Therefore it is necessary to remove the
residual 8"Rb atoms from the trap after the generation of molecules. To address
the atoms, one has to bear in mind that the high magnetic field which is used to
address the Feshbach resonance imposes a Zeeman shift on the energy transition
of the 8"Rb atoms. A new laser system is needed that can provide these new tran-
sition frequencies.

This master thesis describes a laser system that has been realized to address 8"Rb
atoms at high magnetic fields. The laser is stabilized to a beat signal with a ref-
erence laser. An additional microwave is used to transfer the atoms to a state at
which they are resonant with the laser. The combined system uses the advantage of
a highly selective microwave transition and the efficiency of atom removal through
resonant laser light. This ensures a process that removes residual 8’Rb atoms effi-
ciently without at the same time addressing and destroying the molecules.
Having stabilized the Feshbach molecules, the next experimental step is to optically
transfer the molecules to more deeply bound vibrational levels.
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Chapter 1

Introduction

A fundamental interest of humans is to find out "what holds the world together
in its inmost folds" as Goethe has put it [1]. This is also what makes the research
of atomic interactions as well as the creation of molecules particularly interesting.
In order to look closer and closer to these phenomena, from a certain point on,
one has to include quantum mechanical effects. To be able to see these effects, the
object of desire has to be cooled down so that no thermal effects overshadow the
quantum nature.

An often cited anecdote describes how in the beginning of the last century the
young student Planck was told by his professor not to study physics because there
would not be much left study. Planck did not listen to his professor, and some
years later he was the first to introduce so called energy "quanta" in his famous
radiation theory [2]. This was the dawn of a revolution in physics beyond compar-
ison. The quantum world held many new discoveries and inventions, and yet led
to many unanswered questions.

Current research with ultracold quantum gases tries to gain a basic insight into
the quantum structure of the interactions between atoms. Of particular interest
is the generation of ultracold heteronuclear molecules which will open up a field
with many possible research directions.

Fundamental principles such as the search for an electric dipole moment of the elec-
tron, the parity violation and drifts of fundamental physical constants can be ex-
plored [3|. Another important research direction is the investigation of anisotropic
dipolar interactions. The model for the usual scattering processes can be com-
pared to the simple case of scattering macroscopic billiard balls. It is a very short
range interaction. The anisotropic dipole interaction however has a much longer
range. The quest is to achieve a dipolar gas in the ultracold quantum regime to
study this interaction. First steps in this direction have been made by condensing
chromium atoms and examining their dipolar behaviour in the group of Pfau [4, 5].
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Compared to heteronuclear molecules, these dipole moments are relatively small
and many effects may not be detectable. This makes the creation of heteronuclear
molecules so interesting.

A possible application other than fundamental research was suggested by DeMille
|6]. He proposed a scheme for quantum computation with ultracold dipolar mole-
cules.

The work to which the present master thesis project contributed was started in
2004. The experiment provides a system to examine ultracold quantum degen-
erate mixtures of 8’Rb and “°K, to manipulate them with Feshbach resonances
and to form heteronuclear molecules of the two species. The present master thesis
project’s main goal was to build a laser system to enhance the lifetime of these
heteronuclear molecules by removing rubidium atoms at high magnetic fields.

The thesis is structured as follows:

e The second chapter gives an overview of the historical development of ultra-
cold quantum gases. A brief side trip to some theoretical aspects will round
off the picture of quantum statistics and to conclude the overview, some ma-
jor experiments that have taken place recently will be described. This will
place the present experiment into the context of the latest research.

e The third chapter summarizes the experimental setup. It has already been
described in previous master and PhD thesis’s, therefore only the basic
processes will be described. This motivates the experimental work of this
master project.

e The fourth chapter describes the laser system to address 8"Rb atoms at high
magnetic fields in detail.

e The fifth chapter presents the results of addressing atoms with the new laser
system. It shows how the new system was integrated into the experiment
and describes the characterization and optimization of the new laser system.

e The last chapter gives an outlook on the next steps of the experiment and
future projects.



Chapter 2

Ultracold quantum gases

2.1 History of quantum statistics

The story of ultracold quantum gases began in 1924. In this year the Indian physi-
cist Satyendra Bose sent a paper |7| he failed to publish to his already well known
colleague Albert Einstein. In this paper Bose had worked on Planck’s radiation
law and the statistical description of photons. Inspired by quantum mechanical
principles that were still in their infancies, he considered the quantum states of
photons as statistically independent instead of the particles themselves. Fascinated
by this train of thought Einstein not only helped to publish Bose’s paper in the
renowned journal "Zeitschrift der Physik" but he also enhanced and generalized
Bose’s theory for ideal gases of identical atoms [8, 9.

In the course of this examination Einstein predicted that particles should theo-
retically condense in the lowest quantum state at very low temperatures. A first
understanding of this process can be gained by considering a theory published by
de Broglie not long before which states that every particle has as well wave-like
characteristics. The lower the temperature, the larger is this wavelength. Decreas-
ing the temperature and increasing the density of a gas will thus lead to average
distances between the atoms so small and the de Broglie wavelength so large, that
the atoms start to overlap. At this point, the so called Bose-Einstein condensation
sets in.

By this time it was not known that particles can be divided into fermions and
bosons depending on their spin states. Remarkably, Einstein’s assumption turned
out to be completely correct for bosons.

At about the same time Pauli, who was working on a completely different field
of physics, the physical explanation of chemical properties of the elements, found
his famous exclusion principle [10]. He used a new degree of freedom to explain
the inconsistence of measured atom spectra in magnetic fields. Pauli included this



4 Chapter 2. Ultracold quantum gases

degree of freedom, which was later identified as the electron spin, to state that:
"An entirely non-degenerate energy level is already closed, if it is occupied by a
single electron; states in contradiction with this postulate have to be excluded".
This is how he phrased his exclusion principle in his Nobel lecture [11].

Based on Pauli’s discovery Fermi developed a new quantum statistical model now
known as Fermi-Dirac statistics, which was in contradiction to the one Einstein had
developed together with Bose [12]|. In Fermi’s model, a gas which is cooled down
will fill up only the quantum states that are allowed by the exclusion principle even
if the thermal energy would allow for lower states. At very low temperatures this
results in a so called quantum degenerate Fermi sea.

It was not until 1940 and it was Pauli again, who explained the connection between
the spin and if a particle follows either Bose-Einstein or Fermi-Dirac statistics, [13].
It turned out that an integer spin (bosons) means that the wave function is sym-
metric under exchange of indistinguishable particles and the statistics to be applied
is Bose-Einstein statistics, whereas a half integer spin (fermions) indicates an an-
tisymmetrical wave function and Fermi-Dirac statistics. For a combined particle
it is the total spin that sets the rule which statistics governs its behaviour.

4 bosons
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Figure 2.1: The different behavior of bosons and fermions at ultracold temperatures.

2.1.1 Bosonic and fermionic statistics

As explained above, the difference in explaining the quantum behaviour of either
fermions or bosons depends on the symmetry of the wave function. To be able to
describe both systems simultaneously a constant a is established:
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—1 Bose Einstein statistics
a=1<1 Fermi Dirac statistics

0 Maxwell Boltzmann statistics

With this constant, the statistical behaviour can be expressed as

1
e(eifﬂ)/kBT + a )

N(e) = (2.1)
This equation gives the mean occupation number N of a certain energy level ¢; for
either bosons (a = —1) or fermions (a = 1). At high temperatures 7', the constant
a can be approximated with zero, which leads to the classical Maxwell Boltzmann
distribution.

In this equation p is the chemical potential. In a graphic way, it depicts the energy
that is needed to add another particle to the ensemble and it is implicitly given by
the normalization condition

ZN(Q) = N. (2.2)

Bosons

The most important difference between fermions and bosons is the different be-
haviour at sinking temperatures. For constant particle numbers and sinking tem-
perature, the chemical potential has to rise in order to still fulfil the normalization
condition.

For bosons, the chemical potential p is restricted by the ground state energy ¢
because otherwise it would come to a physical meaningless negative occupation
number of the ground state. The maximum occupation of a thermal energy level
for p = ¢ is

1
e(ei—eo)/kBT -1

Nmax<€i> =

(2.3)

Is the amount of thermal atoms less than the total number of atoms in the ensem-
ble, the remaining atoms accumulate in the ground state and form a Bose-Einstein
condensate. The number of atoms in the BEC state is therefore

NBE'C = Ntotal - Nthermal' (24)

In the experiment the atoms are trapped in an approximately harmonic three
dimensional trap which can be described with the following harmonic potential

Vharm(r) = % (ngQ + waQ -+ szQ) . (25)
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Interesting is the critical temperature at which the trapped atom ensemble will
start to condense. For thermal atoms above the critical temperature, the kinetic
energy is much larger than the spacing between the energy levels. Therefore dis-
crete energy levels can be approximated by the density of states and for the number
of atoms the sum over the energy levels is replaced by an integral over the density
of state. Neglecting the ground state energy, the density of state can be written as

62

€) = ——— 2.6

99 = 5 26)

where w, is the geometric mean trapping frequency w, = wyw,w,. Note that

this approximation fails for a Bose-Einstein condensed ensemble where the ground

state energy cannot be neglected anymore. For the number of atoms in thermally
excited states follows

> * € 1
Niherm = /0 g(E)N(e)de = A 2(hwr)2 (kBT _ 1d€ (27)

In this equation the chemical potential p was neglected which is possible for thermal
atoms. The solution to this integral is

kpT\’
Niperm = C(3 2.8
nem =66 (323 ) (28)
where ((3) is the Riemann zeta function ({(n) = > .2, 7™") whose solution is

available in table form. For the critical temperature T follows
N\ 3
kpTeo = hw, | == | ~0,94hw, N3, 2.9
oo = o (77) - =004 >

With equation (2.4) the amount of condensed atoms Npg¢ at a certain temperature
T can now be estimated to

T 3
NeEc = Niotal {1 — (T_)] . (2.10)
c

Another possibility to describe the phase transition from thermal atoms to Bose-
Einstein condensed atoms is to consider the phase space density p,sq. It describes
the amount of particles that are located in a cube with an edge length that corre-
sponds to the de Broglie wave length

onh?
ANB = . 2.11
= e.11)

Together with the spatial density of the atoms n, for the phase space density follows

Ppsd = NN (2.12)
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For a classical gas, the phase space density is a measure of the typical occupation
of a one particle state. If the phase space density is in the order of one, the wave
packets of the atoms begin to overlap and condensation begins.

Calculating the critical temperature not for a harmonic trap but for a homogeneous
density distribution leads to

(2.13)

n 2/3 onh?
m

il = (c<3/2>

Together with the de Broglie wavelength (2.11), a critical phase space density of
ppsa = C(3/2) ~ 2,612 (2.14)

results.

Fermions

For fermions, the chemical potential p is not restricted by a maximum value and
therefore no macroscopic occupation of a state is possible. Following the occupation

equation for fermions
1

(ei—p)/kBT 4 1’

N(e) = . (2.15)
the maximum occupation of a state is one. This corresponds to the Pauli exclusion
principle and is based on the fact that fermionic wave functions are anti symmetric
for the exchange of two identical particles.

Analog to the description of bosons in a harmonic trapping potential and in con-
sideration of the Fermi-Dirac statistics follows for the occupation of thermal states
in an ideal Fermi gas

€2 1

[ N(\de — , 2.1
therm /(; 9(6) (G)dG /0 2(hwr)2 ele)/ksT +1 e ( 6)

For T—0, an occupation probability of all states up to an energy Er that is defined
by

Ep = (T =0,N) = hw,(6N)"/? (2.17)

is equal to one and zero for all states above. At very cold temperatures the lowest
energy states will be filled up bit by bit up to the limiting Fermi energy. There is no
phase transition as for bosons, but a continuous change to the quantum degenerate
regime takes place and so there is no well defined critical temperature. The Fermi
temperature 1% is defined by the Fermi energy

kpTy = Ep = hw, (6N)Y/3. (2.18)
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Figure 2.2: Zero temperature Fermi distribution

2.2 Experimental development towards ultracold
quantum gases

2.2.1 From bosons to a BEC

Now that the theoretical part was made, the experimentalists had to draw level.
Einstein himself never believed that the obscure state of condensation he predicted
would ever be detected experimentally. He did not expect the enormous ambitions
of the following generation of physicists.

The last century offered a vast amount of exciting discoveries to the physical world,
of which some have contributed directly and some indirectly to the development
of an experimental confirmation of the existence of ultracold quantum gases.
Already in 1938, experiments with cooled liquid helium led to the connection be-
tween superfluidity and Einstein’s prediction of the Bose-Einstein condensation,
[14], [15]. Due to the heavy interaction between helium molecules in the liquid
state, no further condensation experiments where possible. It became clear that
only a dilute atomic gas would lead to the expected result. Dilute gases are char-
acterized by the fact that the density is much decreased (about a million times
smaller than the density of air), so that interactions between the atoms become
too small to assist the formation of a liquid and subsequent a solid at lower temper-
ature. It is not completely avoided but delayed, comparable to supercooled water.
For the achievement of quantum degeneracy, which depends on the density as well,
it follows that the temperature needs to be decreased even further, to values in the
regime of nanokelvin.

The development of the first laser in 1960 paved the way for the usage of radiation
pressure on atoms. This process has been predicted already in 1876, as a result of
Maxwell’s equations. It could be confirmed experimentally in 1901 by the Russian
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physicist Lebedev [16]. In 1975, the first suggestions to use the force of laser light
to slow down atoms and thus cool an ensemble were made by Hansch and Schawlow
[17]. The basic principle of laser cooling is to direct a laser beam to an ensemble of
atoms, so that absorbing a photon from a fixed direction and emitting it randomly
leads statistically to a directed momentum transfer. Considering the Doppler shift
by detuning the laser frequency and using laser beams for all spatial directions, the
ensemble of atoms will be effectively cooled down. For this technique, the Nobel
prize was awarded in 1997 to Steven Chu, Claude Cohen-Tannoudji and William
Phillips.

Laser cooling confine the atoms in the momentum space. To trap them spatially,
magnetic traps were developed, and combined with laser cooling, the first mag-
neto optical trap (MOT) was constructed in 1987, [18|. Its temperature limit is the
Doppler limit which depends on the random walk movement of scattered atoms
and the shot noise of the laser light. Virtually by accident, the group of William
Phillips found that for polarized laser beams in the optical molasses the atoms can
be cooled down below the Doppler limit due to an effect now called polarization
gradient cooling, [19], [20].

Although identified as the most promising technique, temperatures that could be
reached with laser cooling in a MOT were still not low enough to reach the regime
of quantum degeneracy. Another cooling technique needed to be found, and was
found with the fairly simple principle of evaporation cooling. It is the same mech-
anism that cools a cup of coffee, by evaporating the hottest atoms from the top of
a potential while the whole ensemble decreases in temperature after rethermaliza-
tion, [21].

The first Bose-Einstein condensates were achieved in 1995 by the groups of Eric
Cornell and Carl Wieman, |22|, and Wolfgang Ketterle, [23] who were awarded the
Nobel prize in 2001. Since the first BECs, lots of different and exciting experiments
have developed all around the world.

2.2.2 Quantum degenerate fermions

During the thrilling race for the first BEC, the research on fermions was somewhat
neglected. The experiences gained by working with ultracold bosons made fermi-
ons even more unattractive for several reasons. The most important one is the
fact that the technique of evaporative cooling does not work for fermions at very
low temperatures since the temperature reduction is based on the fact that after
evaporation of the hottest atoms, the remaining ensemble needs to rethermalize
due to collisions. For fermions at low temperatures, the Pauli exclusion principle
forbids these rethermalizing collisions and the cooling effect is not present any
more. Another problem is the lack of stable fermionic isotopes in alkali elements.
40K is essentially stable with a half life of 10° years, but unfortunately it has a
natural abundance of only 0,012 %.



10 Chapter 2. Ultracold quantum gases

These problems had to be overcome and 4 years after the first BEC, the group of
Debbie Jin achieved the first quantum degenerate Fermi gas [24]. They developed
a source of potassium that had a higher abundance of the isotope “°K of 4,5 % [25]
and to use the technique of evaporative cooling they prepared 4°K in different spin
states of the hyperfine state %. The exclusion principle only prohibits collisions
between atoms in the same spin state, while atoms with different spin state can
collide and thus rethermalize.

Shortly after this first success, other groups could report on trapping and cooling
Li atoms to quantum degeneracy [26, 27, 28]. Instead of another spin state of
the same atom, these experiments used another isotope. Bosonic "Li was used
to rethermalize with the fermionic °Li during evaporation, a technique that has
become known as sympathetic cooling.

Sympathetic cooling could as well be demonstrated for *°K with bosonic 88"Rb
[29]. A 8"Rb BEC emerging from a 1K Fermi sea was achieved with this technique.

It is as well the combination of elements that is used in this experiment.

2.3 Mixtures of ultracold quantum gases

Having achieved both bosonic and fermionic quantum degenerate gases, the idea
of mixing those two occurs quite naturally. Several exciting effects are expected
and need to be examined experimentally. The formation of ultracold molecules,
consequently molecular BECs, the exploration of completely new quantum phase
transitions, and heteronuclear molecules that offer promising opportunities in re-
searching dipolar interactions, were on their way.

A powerful tool that paved the way to experimentally examine and manipulate
quantum degenerate gases is the so called Feshbach resonances [30]. Feshbach res-
onances occur when a state of two freely colliding atoms couples resonantly with
a quasibound molecular state.

In a BEC of sodium atoms theses resonances were by the group of Ketterle 1998
[31]. The BEC was optically trapped in a far detuned optical dipole trap to enable
a freely tuneable homogeneous magnetic field which is used to tune the Feshbach
resonance. Feshbach resonances are characterized due to freely adjustable scat-
tering properties of two colliding atoms and thus offer a completely new way of
manipulating atomic interactions. The first Feshbach resonance for a fermionic
quantum degenerate gas was found by the group of Jin 2002 |32].

With this new technique at hand, many exciting experiments in the quantum world
can be realized. By tuning the scattering properties from repulsive to attractive,
ultracold molecules can be formed. The first to realize the formation of bosonic
molecules from a BEC of ®Rb atoms was C. Wieman in 2002 [33|. This was fol-
lowed shortly after by the creation of ultracold molecules from a Fermi gas of 4K
atoms by D. Jin [34]|. Molecules of other fermionic species followed [35, 36]. Since
fermions naturally form bosons when combined, not only ultracold molecules but
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molecular BECs were created from Fermi gases |37, 35, 38].

A particular interesting and interdisciplinary research topic is the BEC-BCS cross-
over. It is a combination of Bose-Einstein condensation and the theory of Bardeen,
Cooper and Schrieffer, that explains solid state superconductivity by the forma-
tion of electronic Cooper pairs [39|. This theory was expanded to Cooper pairing of
fermions in general. The BEC-BCS crossover appears in the vicinity of a Feshbach
resonance. On the BEC side of the resonance, the scattering properties are repul-
sive which leads to the formation of molecules as mentioned before, whereas on the
other side, the attractive properties inhibit the formation of molecules. The for-
mation of fermionic pairs can therefore be attributed to Cooper-pairing, as in solid
state superconductivity. This leads to a novel approach to understand intriguing
problems of other research fields such as superconductivity and superfluidity by
examining the quantum behaviour of ultracold gases. Since the first experiments
in 2004 [40, 41, 42, 43|, many other experiments focus on this topic.

Optical lattices have always played an important role in manipulating ultracold
gases. By producing a standing light wave, a periodic potential is created in which
atoms can be trapped. Optical lattices play a key role in simulating structures
that can be used as precise models for solid state theory. For example are Fermi-
ons in an optical lattice a showcase analogy for an electron gas in a solid body.
This has been examined extensively [44, 45, 46, 47, 48| Bose-Fermi mixtures have
also been loaded into optical lattices. It could be shown that quantum degenerate
fermions are transported in a one dimensional lattice due to the interaction with
bosons [49]. The first heteronuclear Feshbach molecules were created in a three
dimensional optical lattice in 2006 [50]. These molecules were made of ’Rb und
40K Parallel to these Bose-Fermi molecules, heteronuclear Bose-Bose molecules of
8Rb and ¥Rb were created [51].

The present experiment has been built up in the course of the research for dipole
interactions to provide ultracold heteronuclear molecules of Rb und “°K in a
harmonic trap.
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Chapter 3

Introduction to the K-Rb
Experiment

This chapter will give an overview of the whole experimental setup that has been
built up the last 4 years. Due to the complexity of the experiment and because it
has already been described in detail before, see |52, 53, 54|, this chapter will not
focus on completeness but on the comprehensibility of the system.

The chapter is divided into parts that follow the chronological sequence of the
experiment. First, the magneto optical trap (MOT) where the atoms are trapped
and precooled is described. The vacuum cell of the MOT is spatially separated
from the experimental cell where better vacuum and optical access can be realized.
After preparing the atoms in the right spin state, a moveable magnetic trap trans-
fers the atom ensemble mechanically from the MOT cell to the experimental cell.
Here it is loaded into a magnetic QUIC trap, where radiofrequency evaporative
cooling for the bosons and sympathetic cooling for the fermion lead to tempera-
tures of the ensemble of about 1uK. To precisely adjust the position of the atom
ensemble in the trap, a technique of magnetic transport has been developed. For
further experiments, an optical dipole trap is used to confine the atoms. In this
trap, the atoms are then cooled down to quantum degeneracy. The generation
and calibration of a homogeneous magnetic field is explained, which is used for
controlling Feshbach resonances. Finally, some renewals to the existing system are
described that have been contributed during this master project.

3.1 Magneto-optical trap

The principle of a magneto-optical trap bases on the technique of laser cooling
paired with the spatial confinement of a magnetic trap.
Laser cooling uses the fact that photons transfer momentum on atoms. If an atom

13
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Figure 3.1: Magneto-optical trap with magnetic coils in anti Helmholtz configuration and
six laser beams.

absorbs photons from a certain fixed direction while the emission is randomly
distributed over all directions, the average momentum transfer will impose a di-
rected force onto the atom. The resulting force of two directed beams in opposite
directions is

hkI’ I/1

2 1+1/1y+ (2(0r F |kv]|)/T)?
for each beam respectively. It depends on the decay rate I', the ratio between
laser intensity and saturation intensity I/ly, the detuning of the laser compared
to the resonance frequency 05, = w — wp and the Doppler shift |kv| that includes
the motion of the atoms with velocity v and direction k.
The total force that is imposed on the atoms is

F. =

(3.1)

Fiw = F+ +F_
hkT’ I/1, B o
2 | 1+1/Ih+(26./T)2 1+1/I+ (26_/T)2]"

(3.2)

In this equation the complete detuning is 6. = d; F|kv|. The velocity and detuning
dependence of the force leads to an acceleration of the atoms for blue detuning of
the laser frequency (6, > 0), while for red detuning (6, < 0) the force acts against
the direction of the atom velocity and results in a deceleration of the atoms. This
decelerating force is only effective for low atom velocities as indicated in figure 3.2.

By shining six red detuned laser beams onto an ensemble of atoms and thus
covering each spatial direction, the atoms are effectively slowed down and the
ensemble is cooled. This temperature is limited to the fact that the momentum
transfer from a photon to an atom can only statistically be considered directed.
This means that for each single photon that is absorbed or emitted, the atom
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force F

velocity v

Figure 3.2: Illustration of the velocity dependence of the force, for a red detuned laser.
In the marked velocity region the force acts as a linear braking force: F = —av.

obtains a random momentum and performs a random walk motion. The resulting
Doppler temperature Ty, limits the cooling process.

ar
dop — 2]{73

It is proportional to the decay rate I' of the excited energy level.

By adding a magnetic field to the laser cooled atoms, it is possible to confine the
cooled atoms to the middle of the trap. The Zeeman effect will split the energy
levels to their magnetic sublevels mpg depending on the strength of the magnetic

field

(3.3)

with pp the Bohr magneton, gr the gyromagnetic factor, mpr the magnetic sub-
level quantum number, and B the external magnetic field. The Zeeman effect is
explained in more detail in section 4.1.

This leads to the effect that the resonance of the transition with the laser fre-
quency is shifted as well. By realizing a linear inhomogeneous magnetic field that
is zero in the middle of the trap, the atoms will be resonant to the laser depending
on their position. Splitting into magnetic sublevels results also in a polarization
dependence of the transition. To address a transition that has a positive change
of the m; quantum number (Am; = +1), right circular polarized light is needed,
respectively with a negative change (Am; = —1) and left circular polarized light.
Linear polarized light can only address transitions that have the same m; quantum
number (Am; = 0).

To address the highest energetic quantum level of an atom in the negative magnetic
field region, the laser beam has to be polarized right circular and in the positive
magnetic field region respectively left circular. The force that is applied to the
atom is the same as in equation 3.1 except for an additional detuning term dp due
to the frequency shift of the magnetic field.
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Figure 3.3: Schematic illustration of the energy level shift for a applied magnetic field

B. Left circular polarized light drives a transition with Am = —1 and right circular
polarized light drives a transition with Am = +1. The direction of the resulting force is
indicated.

3.1.1 Experimental setup of the MOT

The experiment is located on two tables, one containing the lasers and necessary
optical components ("optics table") and one for the vacuum chamber ("vacuum
table"). The laser light is delivered to the vacuum chamber by optical fibers. This
has the advantage of an easier readjustment on each side in case of changes of the
experimental apparatus.

Laser system

For cooling and trapping 8"Rb two laser frequencies are needed, one to address the
cooling transition |F' = 2) < |F" = 3), and one to repump atoms from the |F' = 1)
state to |F” = 2). Figure 3.4 shows the Hyperfine structure of ¥ Rb in the 525
ground state and in the 5%Ps 5 excited state. The arrows indicate the cooling and
the repumping transition which are used for operating the MOT.
The °K transition for cooling and repumping, as depicted in figure 3.5, are only
1285 MHz apart, a distance that can be overcome with acousto optic modulators
(AOM). Therefore only one laser is needed. The laser system for potassium is
described extensively in [54]. The laser itself was recently replaced and the new
design will be described more detailed in section 3.9.1.

The lasers in use for the magneto-optical trap are diode lasers with external
cavities (ECDL) stabilized to a Doppler free saturation spectroscopy signal. With
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Figure 3.5: 4°K fine and hyperfine
structure with indicated laser tran-
sitions

Figure 3.4: 8"Rb fine and hyperfine structure
with indicated laser transitions

AOMs the lasers can be operated fast and freely adjusted to different frequencies.
Table 3.1.1 shows the different transitions, the detuning and the laser output power
with which the experiment is operated. To ensure a suitable small laser linewidth,

transition det. | power

87Rb 5251/2 — 52P3/2 [MHZ] [HlW]
cooling laser F=2—>F =3 —26 360
repumping laser F=1—F =2 0 20
detection F=2—F =3 0 0,5
molasses F=2—-F =3 —80 250
opt. pumping F=2—F =3 +10 0,5

transition det | power

0K 42512 — 4Py [MHz| | [mW]
cooling laser | F=9/2 — F' =11/2 | —34 360
repumping laser | F'=7/2 — F'=9/2 0 90
detection F=9/2—F =11/2 0 0,7
molasses F=9/2—F =11/2| —18 360
opt. pumping | FF=9/2 - F'=9/2 | 432 0,3

Table 3.1: Overview of the laser frequencies and output power for operating the experi-
ment with 8’Rb and 4°K.

new current controllers [55] were installed in the course of this master thesis. They
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are described in section 3.9.2.

Figure 3.6 depicts the schematic set up of the optics table. The cooling laser serves
four different purposes, the first of course is to address the cooling transition for
the MOT, the second is to provide light for optical pumping, the third is to detect
8Rb atoms in the |F = 2) state and the last is to provide light for a beat signal
with the high detection laser which will be described detailed in chapter 4. It
is superimposed with the repumping laser to inject a tapered amplifier (TA) to
increase the output power. For the detection of the 8"Rb|F = 1) state, a small
amount of light is branched off the repumping laser.

The “°K laser is preamplified with a TA, and to clean spatial mode it is guided
through a single mode fiber. Then it is divided into cooling and repumping light.
Both beams are amplified again with another TA and then superimposed with the
cooling and repumping beams for 8’Rb on to a fiber that guides the light to the
MOT. For *K detection and optical pumping, light of the *°K cooling laser is
branched off and superimposed with 8"Rb light of the same purpose.

laser AOM .
780nm 80 Mhz .
Rb spectroscopy @
laser 2xAOM tapered
780nm |\ 80 MHz | amplifier
AOM
Rb spectroscopy K+ Rb
80 MHz MOT
Offsetlock
+/- 1 GHz detection
+ opt. pumping
laser 2xAOM T ) Rb F=2
780nm 80 MHz K F=9/2 tapered
amplifier
laser tapered |- 2xAOM ]
767nm I\ amplifier 200 MHz
2XxAOM 2xAOM | =1 | 2xAOM
K Spectroscopy =, Mz 200 MHz/ [~ |200 Mhz |~

Figure 3.6: Schematic illustration of the lasersystem.
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Figure 3.7: Schematic illustration of the vacuum system [53].

Vacuum system

The vacuum chamber is divided into two parts, one for the MOT where a vacuum
of ~ 10~%mbar can be achieved, and a second where the actual experiments take
place at a vacuum of ~ 10 'mbar, called "science cell". These two parts are
separated by a differential pumping stage. This divison has the advantage that
while the MOT is loaded from background gas of “°K and 8'Rb atoms in the MOT
cell at a higher pressure, the scattering effects with background gas are highly
reduced in the science cell and provide the appropriate conditions to cool down
the atoms. This design also provides optimal optical access to the science cell.
Two ion getter pumps at each cell provide the needed pumping power to sustain
the vacuum.

The atomic background gas is released by dispensers |25| that are located in the
MOT region. It is sufficient to heat the dispensers about once a week by passing a
current through them. In addition a technique to quickly raise the background gas
pressure to load the MOT, called light induced atom desorption (LIAD) technique
is employed. Ultraviolet light is used to desorb atoms which are attached to the
cell walls. This strongly increases the background gas pressure for the time the
UV light is switched on. The methode is describe in detail in [56].

In the MOT, atom numbers of 8 - 10° for ' Rb and 1 - 10® for °K are achieved.

Cooling below the Doppler limit

To cool down the atoms below the Doppler limit, a technique has been developed
that is called polarization gradient cooling. It is based on spatial variable light
fields induced by superimposes laser beams that generate a shift of the atomic
energy levels. This shift can be described in the dressed atom picture [20].
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There are different approaches to realize polarization gradient cooling. The one
used in this experiment has an arrangement of two counter propagating laser beams
with left and right circular polarization respectively. This results into a linear
polarized light field whose polarization rotates around the axis of the k vector.
Descriptively described, this arrangement creates different occupation probabilities
for the ground state level depending on the motion direction of the atoms. This
results in different absorption probabilities for left and right circular polarized light.
Averaged over time, the atoms absorb counterpropagating photons more often and
thus, are slowed down.

The temperature that can be reached is again limited, this time by the recoil energy
of a single spontaneous emission process

(hk)?

Erec - . 3.5
Sy (3.5)

With this energy, the so called recoil limit temperature is

Ere  (BE)?
kB N kaB

Tree = (36)
It is the last spontaneous emission of a cooling process that leaves the momentum
hk to the atom.

To cool down the atoms down to the recoil limit in the experiment, a period with a
pure optical molasses without magnetic trap follows the MOT period. The MOT
light is used to produce the red detuned, contrary circular polarized laser beams
in opposite directions that are needed for polarization gradient cooling.

3.2 Optical pumping and mechanical transfer to
the science cell

In a magnetic quadrupole trap only so called low field seeking atoms can be
trapped. These atoms have a positive product of their gyromagnetic factor and
magnetic sublevel number and therefore they are attracted to the lowest magnetic
field in the middle of the trap. During the MOT phase the atoms are in a mixture
of different spin states. Optical pumping is used to prepare the atoms in a spin
polarized mixture. For 8’Rb the atoms are prepared in the |F' = 2, mp = 2) state,
the 9K atoms are prepared in the |F = 9/2, mp = 9/2) state. For optical pump-
ing, MOT laser beams and magnetic field are switch off, and a linear magnetic
field of 1G and the pump laser light is applied.

After the optical pumping, the atoms are trapped by a quadrupole potential pro-
vided by the same coils that were used to operate the MOT. To compress the
atoms spatially in the trap, the magnetic field is increased. The size of the atomic
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cloud is limited due to the fact that it has to fit through the differential pumping
stage in the following transport to the science cell.

The two coils that generate the quadrupole trap are mounted on a movable trans-
port rail. This transport system transfers the coils, and hence the trapped atomic
cloud from the MOT cell through the differential pumping stage to the science cell
where the actual experiments take place.

3.3 Magnetic trap in QUIC design

Atoms in the middle of a quadrupole trap where B = 0 can change their spin states.
This process is called a Majorana spin flip [57]. These atoms are lost from the trap
if they are no longer in low field seeking states. This effect is insignificant for
thermal clouds, since the density in the middle of the trap is too low. Therefore a
quadrupole trap was used for the transport between the two cells without excessive
loss of atoms. However, it does become a problem for very cold clouds of atoms,
in particular during evaporative and sympathetic cooling. Therefore, a magnetic
offset field in the trap center is needed.

This offset is added by another coil that expands the trap to a Quadrupole-Ioffe-
configuration (QUIC) trap [58]. The setup of the quic trap is shown in figure 3.8.
Adding the magnetic field of a QUIC coil to the magnetic field that is generated

quadrupole /
\

coils «— QUIC coil

Figure 3.8: Scheme of magnetic trap in QUIC configuration. It consists of two quadrupole
coils in anti Helmholtz configuration and an additional QUIC coil. The yellow arrows
indicate the direction of the current flow [52].

by two quadrupole coils in anti Helmholtz configuration will lead to a deformation
of the quadrupole field and a shift of its minimum. From a certain current value
on, the combined magnetic field forms a harmonic potential with an offset. In case
of this experiment, the current value is 25 A for all three coils and the generated
offset is 1,5 G. It is an advantage of this design that the current has to be the same
for all three coils. They can be connected in series which reduces the noise of the
offset field and a stable offset field is important to avoid fluctuations in the trap.
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3.4 Evaporative and sympathetic cooling

To decrease the temperature of the atoms in the magnetic trap, the hottest atoms
are removed from the trap and after a period of rethermalization, the ensemble
has a colder temperature. This is the principle of so called evaporative cooling. It
is the same process that cools down a cup of coffee. The hottest atoms evaporate
out of the cup and leave behind colder atoms. A main requirement for this cool-
ing process is rethermalization, meaning the energetic equalization of the left over
atoms by elastic collisions. On average all atoms will have less energy after that
and the ensemble has been effectively cooled.

At low temperatures, this method only works well for the bosonic 8"Rb, since
rethermalization collisions are forbidden for the fermionic “°K. Instead, they are
cooled by sympathetic cooling, which means that the colder 3’ Rb atoms function as
a cooling gas for “°K. By heteronuclear collision between the two atomic species,
which are not forbidden, the “°K atoms adjust to the temperature of the 8"Rb
atoms.

E A EA
+9/2 +2
+1
0
/\ 3
-ng/WZF oK g “Rb >-an

X X

Figure 3.9: Zeeman splitting of magnetic trapped “°K and 8Rb. The RF frequency
photon (red arrow) addresses ®’Rb atoms on the edge of the ensemble, and thus removes
the hottest 8’Rb atoms evaporatively, but does not affect 4°K atoms [54].

To remove the hottest 8"Rb atoms, one can assume that they have a larger
possibility of being located in the high energetic regions of the trapping poten-
tial. They perceive the highest magnetic field and thus, have the largest Zee-
man splitting of their spin states. It is taken advantage of this fact by gen-
erating spin changing radio frequency (RF) photons that are only resonant to
these hotter atoms in the outer parts of the potential. Driving the transition
|F =2,mp=2) — |mp=1) — |mp = 0) will lead to a non trappable spin state
and thus, the loss of ' Rb atoms.
40K atoms are not affected by this method because the same RF photon is not res-
onant to any 4°K transition as can be seen in figure 3.9. Therefore no *°K atoms
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are lost during this process.
In the experiment the number of atoms that are cooled down to quantum degen-
eracy at about 450 nk are 1,3 -10% for ¥ Rb and 1,3 - 10 for K.

3.5 Magnetic transport

The following steps of the experiment include transferring the atoms into an optical
dipole trap and then applying a homogeneous magnetic field to the atoms. Once
the atoms are trapped in the dipole trap, it is convenient to use the quadrupole
coils of the magnetic trap in Helmholtz configuration to generate a homogeneous
field. The problem is that this field is only homogeneous in the middle of the two
quadrupole coils, and as explained in section 3.3, the QUIC trap has a trapping
potential minimum that is shifted compared to the middle of the quadrupole coils.
The atomic ensemble trapped in the potential minimum would therefore be exposed
to a magnetic gradient. To avoid this effect, the atoms are transported to the
middle of the quadrupole coils. A completely new method was developed to achieve
this transport and by these means, a unique method to control and manipulate
ultracold quantum gases evolved [59].
In principle the transport is achieved by superimposing an extra quadrupole field
on the QUIC trap that leads to a combined trapping potential whose minimum is
shifted back to the middle of the original quadrupole coils.

To generate this additional field, the transport coils are used. With the transport

transport magnetic field A
quadrupole coils ~ quadrupole coils ~\y

™~

<4— QUIC coil

Figure 3.10: Schematic illustration of the magnetic coil configuration for the transport.
The arrows mark the current that flows through the coils to generate the magnetic fields
[52].

rail on which the coils are mounted, a positioning precision of 5 um is possible.
It is necessary to carefully calculate the needed currents for the five coils to avoid
heating and loss of atoms. A higher offset field favors the loss-free transport
because it lowers the trap frequencies and thus, density dependent loss is avoided.
Figure 3.11 shows the simulated current values for the two quadrupole coil pairs
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and the QUIC coil. While the current of the transfer coils is gradually increased,
the current for the quadrupole coils of the magnetic trap is decreased. The graph
for the QUIC coil shows the additional current that is needed to increase the offset
field.
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Figure 3.11: Simulation of the currents for the different coils to achieve a loss-free mag-
netic transport [52].

3.6 Optical dipole trap

For the following experiments, it is necessary to apply a homogeneous magnetic
field to the atoms. Therefore, a magnetic trap cannot be used to confine the atoms.
Instead, a dipole trap will be used. The dipole trap is based on the dipole force,
which depends on the interaction of a far detuned light field with the dipole mo-
ments of the atoms. The light field is not resonant with any atomic transition
and thus, does not lead to a light pressure force on the atoms as for laser cool-
ing. Instead, in the dressed atom picture, a space dependent shift of the states
is induced, and a force along the intensity gradient of the light field is produced.
The optical dipole trap has been proposed in 1978 by Ashkin [60] and was realized
experimentally by the group of S. Chu in 1986 [61].

3.6.1 Optical dipole force and potential

To obtain the basic idea of the optical dipole force, one can consider an atom that
interacts with laser light [62]. The electric field E initiates an oscillating atomic
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dipole moment with an amplitude p that is proportional to the amplitude of the
electric field £

p=aF (3.7)

where « is the complex polarizability of the atom, depending on the driving fre-
quency of the electric field w. The potential is

1 1
Udip = ~3 (pE) = —@Re(a)f (3.8)

Thus, the potential is proportional to the intensity I = 2eoc|E[* of the electric
field. Since a conservative force is the negative gradient of a potential, it is obvious
that the dipole force is proportional to the gradient of the intensity

1
Fdip = —VUdip = —Re(a)V] (3.9)

2€pC
These equations are very general. To obtain a more accurate view on the dipole
force, one has to examine the polarizability « in more detail.
In the semiclassical picture, one can assume the atom to be a two level quantum

system that interacts with a classical electric field. Neglecting saturation effects,
it can be shown that the polarizability is

3 I'/wi
wi —w? — (w3 /)T

(3.10)

a = 6megc

where w, is the resonance frequency and I' is the damping rate that is determined
by the dipole matrix element between ground and excited state.

Inserting this into formula 3.8 and using the rotating wave approximation that can
be applied for detunings A = w — wy that are small compared to the resonance
frequency, |A| < w0, will lead to the following dipole potential

3rc? T

This is the basic equation that can be used to describe the potential of far-detuned
optical dipole traps. It depicts two major facts of dipole traps:

The potential scales with intensity I and detuning A. It means that the greater the
detuning is chosen, for example to avoid resonance effects on the trapped atoms,
the greater the intensity has to be to balance out the decrease in potential.

The sign of detuning indicates the type of dipole trap, either blue or red detuned.
For the more common red detuned dipole trap, the detuning A is negative, which
leads to a negative dipole potential and thus, an interaction that attracts atoms
into the light field.
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Figure 3.12: The interaction of the red detuned light field with the atomic dipole moment
generates a force that is directed to the intensity gradient [54].

3.6.2 Experimental realization of the dipole trap

In the present experiment, a Nd:Yag laser (Mephisto, Innolight) at 1064 nm with
a maximum output power of 2 W and a linewidth of 10 kHz is used. To obtain
an approximately harmonic three dimensional trapping potential, a crossed beam
dipole trap was realized.

The output of the laser is divided at a beamsplitter cube and each beam passes
a 80 MHz AOM, that is used to stabilize the intensity of the beam. A small part
of each beam is measured by a photo diode. This signal is used to control the
power in the two AOMs. To avoid interference effects in the intersection of the
two beams, a frequency difference is realized by using the 1. order after the AOM
for one beam and the -1. order for the other one. To achieve a good beam profile,
the two beams pass polarization maintaining fibers. The beams are focussed onto
the middle of the magnetic trap by a f = 250mm achromatic lens that produces a
waist of 24, 8um in the horizontal direction and by a f = 600mm achromatic lens
and a waist of 59, 5um in the vertical direction.

By adjusting the power of the two beams, the trapping potential can be manip-
ulated. The dipole trap is switched on while the magnetic trap is still running.
High power in the beams assures a deep trap to load as many atoms as possible
into the dipole trap. The magnetic trap is then switched off. Reducing the power
in the two beams leads to a relaxation of the trap and a loss of the hottest atoms.
This evaporation with a following phase of rethermalization cools the atoms down
to almost the region of quantum degeneracy.

3.7 Spin preparation
In a dipole trap, the spin states of the atoms can be chosen freely. To examine het-

eronuclear Feshbach resonances, both atomic species are transferred to the lowest,
hyperfine states: “°K |F = 9/2,mp = —9/2), Rb|F = 1, mp = 1). This prohibits
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Figure 3.13: Schematic illustration of the dipole trap setup.

spin changing collisions due energy conservation. To change the hyperfine and spin
states, adiabatic rapid passages are used.

The effect is based on the interaction of an atom with an electromagnetic field.
The eigenstates of the system are shifted by the electromagnetic field and consist
of mixtures of different magnetic sublevel states. Is the field changed adiabat-
ically, the eigenstates follow this slow change. For resonant frequencies of the
electromagnetic field, the so called diabatic states cross other atomic states. An
adiabatic coupling prohibits the degeneracy of the eigenstates and so the transition
to another state becomes possible. The strength of the coupling depends on the
electromagnetic field intensity.

To change between the magnetic sublevel states that belong to the hyperfine state
F = 9/2 of 9K, a radio frequency ramp is used. The frequency tuning has to
be fast enough compared to relaxation processes and slow enough that the state
change can happen adiabatically. The frequency that is needed to transfer 8"Rb
between two hyperfine states is much larger. For this transition, microwave radia-
tion is used.
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The left side of figure 3.14 shows the dressed atom picture of the 8"Rb hyper-
fine transition at 10 G. The energy of the coupled system |F =2 mp =2) —
|FF'=1,mp = 1) + v is depicted as a function of microwave frequency. A typical
frequency ramp is from 6,8561 GHz to 6,8553 GHz in about 80 ms.

The right side of figure 3.14 shows the transfer between the magnetic sublevel
states of the YK hyperfine state|F' = 9/2) at 19,6 G. The transition is addressed
by a radio frequency ramp that starts at 6,56 MHz and ends between 5,79 and
6,63 MHz, depending on which state one wants to prepare.
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Figure 3.14: Left: adiabatic rapid passage for the 87Rb hyperfine transition. Right:
Adiabatic rapid passage for the °K magnetic sublevel transition [52].

3.8 Homogeneous magnetic field

For the generation of Feshbach molecules, a reliable homogeneous magnetic field is
required. The two quadrupole coils of the magnetic trap are used to produce this
homogeneous magnetic field. They are switched from anti Helmholtz configuration
to Helmholtz configuration via a mechanical relay. The Helmholtz configuration
provides an approximately homogeneous field in its center position where the atoms
are located.

The Feshbach resonance that is used for the creation of molecules is located at a
magnetic field of 546,7 G. With the given pair of coils this value is achieved for a
current of 27,8 A. To precisely controll the atomic interaction in the vicinity of the
Feshbach resonance, the magnetic field has to be controllable to a certain extend
depending on the size of the Feshbach resonance. For the used Feshbach resonance
at 546,7 G, the magnetic field stability has to be in the range of 30 mG. To obtain
this desired magnetic field stability, the current has to be stable up to 1,5 mA. The
current is detected with a Hall sensor and actively stabilized with a PI controller.
To decouple the control circuit from the mains current, a conventional car battery
is used to operate the circuit.
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The stability of the homogeneous magnetic field is measured by using an atomic
microwave or radio frequency transition. This is possible with the assumption that
the main contribution to linewidth of the transition is caused by the magnetic field
instability. As an example, the 8"Rb transition |F = 1,mp = 1) to |F = 2, mp = 2)
at a magnetic field of 546,10 is used. It is the same transition that will be used to
address the 8"Rb atoms at a high magnetic field for the molecule stabilization, as
explained in chapters 4 and 5.
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Figure 3.15: Spectroscopy of the transition |F'=1,mp=1) to |FF =2,mr =2) at a
magnetic field of 546,10 G. It is fitted by a Gauss function with a FWHM of 85,07 kHz.

Figure 3.15 shows a spectroscopic signal of the transition that is obtained by
scanning the microwave frequency and detecting atoms in the |F' =2 mp = 2)
state. At the resonance frequency, all atoms are transferred to the |F' = 2, mp = 2)
state, whereas the larger the detuning from the resonance frequency is, the weaker
is the signal of transferred atoms. The data points were fitted with a Gauss
function. The full width at half maximum (FWHM) of this Gauss function is
85,07 kHz. The corresponding magnetic field width can be calculated by using
the Breit-Rabi formula from section 4.1 which relates the transition frequency to
a magnetic field value. This leads to a magnetic field width of 37 mG.

Using this methode for various magnetic fields helps to calibrate the current in the
coils that generate the magnetic field.
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3.9 Experimental improvements

This section emphasizes the contributions to the experiment that have been added
within this master thesis project. Especially, a new potassium diode laser has been
built as well as new current controllers for all the diode lasers of the experiment.

3.9.1 Potassium laser system

A new diode laser for potassium was set up. The originally used Ti:Sa had been
replaced by a diode laser within the diploma project of J. Will |[54]|. The stability
of system was improved in by replacing the formerly used diode laser with one that
follows the suggested design by T. Hansch [63].

It is a laser with an external cavity (ECDL) that enables the frequency tuning of
the laser. Both the laser diode and the grating are mounted on the same tem-
perature stabilized brass block, which is necessary for the stability of the output
wavelength. To tune the wavelength to the desired value, the position of the grat-
ing can be adjusted relatively to the laserdiode. This is realised by two simple
cuts in the brass block on which the grating is attached, one horizontal to the
grating and one vertical. They work as levers and can be adjusted with fine thread
screws. A piezoelectric element that is also attached to the horizontal grating
mount provides the adjustment possibilities of the cavity length by an electronic
signal. Figure 3.16 shows the schematic design of the laser.

Laser diode and grating

The laser diode used in this setup [Eagleyard photonics, EYP-RWE-0790-0400-
0750-SOT03-0000] has an anti-reflection coating. The effect of this coating is a
broadening and blue shift of the gain spectrum of the semiconductor medium.
The active region where the amplification takes place is confined to a thin middle
layer. Above laser threshold, the carrier density depends on the ratio of the charge
carriers that are generated by an applied current through the junction and the loss
due to stimulated radiative transitions. Due to a reduction of the optical intensity,
the number of charge carriers is increased and this leads to an enhancement of the
band gap and thus, an enhanced gain in the blue end of the spectrum.

According to the manufacturer’s specifications, the AR coated laser diode has a
central wavelength of 770 nm and is tuneable from 750 nm to 790 nm. The desired
potassium transition has a wavelength of 766,7 nm which is well in the range of
the laser diode.

The grating used in this setup is a grating with 1800 grooves per mm |[Thorlabs,
GH13-18V]|. It is adjusted such that the first order is used to inject the laser, while
the zeroth order is leaves the laser case. The reflectivity of the first diffraction order
depends on the orientation of the polarisation compared to the grating grooves.
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Figure 3.16: Schematic design of the laser.

Because of the anti reflection coating, the laser diode is very sensitive to high
intensities and therefore, a low reflectivity of the first order is desired. This is
achieved by adjusting the laser diode and the grating so that the emitted ellipse of
laser light is parallel to the grating grooves. This way only few grooves contribute
to the reflection, see figure 3.17.

a) b)

.

Figure 3.17: Orientation of the laser ellipse compared to the grating, a) for an AR coated
laser diode, b) for a normal laser diode.
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3.9.2 Laser current controller

The linewidth and the stability of a laser crucially depend on a reliable current
source. Within the diploma project of C. Schubert [64], the performance of different
laser current controllers was tested, with the result that the non-commercial laser
controller designed by Libbrecht and Hall |55], proofed to be the one with the
lowest current noise and thus, achieved the narrowest laser linewidth. Therefore
the formerly used laser controllers based on commercially available controller chips
[Wavelength, .DD400-1P] were replaced.

The schematic circuit diagram is shown in appendix A. The high performance
of the controller relies on high precision components with very low temperature
coefficients that are used. A digital display that shows the desired current value
greatly improved the adjustment of the current compared to the formerly used
analog display for the current controller. It enables the reproducibility of a certain
current value to set the laser frequency to the desired output.

The better performance of the new current controller becomes apparent when
comparing a spectroscopic signal of K using the two different controllers, see
figure 3.18. It is the spectroscopy of the cooling transition of an ensemble of cold
40K atoms at 1pK in the magnetic trap. The number of atoms is much more
stable with the new controller and therefore provides a much higher reliability for
measurements that are based on the particle number.
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Figure 3.18: Comparison of a potassium spectroscopy signal. On the left measurement
with the formerly used commercial laser current controller, on the right measurement
with the new laser current controller.



Chapter 4

How to address Rb atoms at high
magnetic fields

As described in section 2.3, a way to produce ultracold heteronuclear molecules is
by adjusting the scattering properties of colliding atoms via Feshbach resonances
and create weakly bound molecules. These Feshbach molecules have a very short
lifetime particularly due to collisional decay with the residual rubidium atoms
[65, 66, 67].

Therefore it is necessary to develop a method to decrease the amount of rubidium
atoms in the trap to enhance the lifetime of the molecules. This can be done by
heating the atoms with resonant light until their kinetic energy is high enough that
the atoms leave the trap. The problem is that the 8’Rb transitions are shifted by
the magnetic field that is applied to produce the Feshbach molecules. This leads
to a shift of the transition frequencies and the atoms are no longer resonant to the
laser frequencies that are usually used for detecting the 8Rb atoms.

Thus, a new laser system is needed that can address atoms even at high mag-
netic fields. The laser system that was built combines the efficiency of resonantly
removing the atoms with a light pulse with the high selectivity of a microwave
transition. This is necessary to avoid that the laser, here and in the following
referred to as blast laser, is resonant with the Feshbach molecules and destroys
them. The frequency of both blast laser and microwave can be freely adjusted to
match the transition splitting at a broad range of possible magnetic fields. This
makes the system a flexibly applicable instrument in addressing 8’Rb atoms at
high magnetic fields.

The following sections explains the influence of the external magnetic field on the
atomic states, how to calculate the new transition frequencies for 8’Rb at high
magnetic fields and then give a detailed overview of the experimental setup of the
blast laser system.

33
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4.1 Interaction with an external magnetic field

In the presence of an external magnetic field the energy levels of the hyperfine
structure split into magnetic sublevels in the presence of an external magnetic
field. Therefore, the laser light used at low magnetic fields in a MOT will not be
resonant anymore when a large magnetic field applied to the atoms as it is for
forming Feshbach molecules. Hence, laser light at the new transition frequencies
is needed.

Three regimes can be identified for increasing magnetic fields, the Zeeman regime
for very weak magnetic field, an intermediate regime and the Paschen-Back regime
for strong magnetic fields. Each of them is relevant for the calculation because the
definition of weak and strong fields depends on the energy state in question.

Under the influence of a very weak external magnetic field, the hyperfine energy
levels F' split up into 2F + 1 magnetic sublevels labelled with the quantum number
mp as indicated in figure 3.4. The energy splitting can be approximated with

where pp is the Bohr magneton, gr the Landé g-factor, and B, the external mag-
netic field component in z-direction. The energy splitting is proportional to the
strength of the magnetic field.

For the intermediate region, the energy shift can in general only be calculated
numerically as a diagonalization of the combined Hamiltonians of the hyperfine
structure and the magnetic field interaction.

The exception is the case of a ground state with J = 1/2. It leads to the Breit-Rabi
formula |68, 69]:

 Angs(I+1/2)

Ej—12m,0m) = 2020 +1) + grpupmB
Apps(I+1/2) Ama 2\ 2
+—— |1 . 4.2
7 Toryite (4.2)

In this formula, Ay, is the magnetic dipole constant, I the total nuclear angular

r — Wi—9DusB
Angs(I+1/2)°

It can be used to calculate the energy shifts for the Rb ground state 525, for a

certain magnetic field value. These energies are shown in figure 4.1.

momentum quantum number, m = m; £ my; = m; £+ 1/2 and

In the Paschen-Back regime the hyperfine coupling between the total angular
momentum of the electron J and the nuclear angular momentum I is weak com-
pared to the coupling of I and J to the external field. This is the case either for
a high magnetic field or for very weak hyperfine coupling for example in excited
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states. Therefore it is the regime one has to look at when dealing with the excited
87Rb state 5% Pso.

The good quantum numbers are now m; and m, respectively the magnetic sub-
level state of the nucleus and of the electron instead of F' and mpg. The energy
splitting can be calculated according to: |70, 69|

Eymyimy = Angsmgmp + (gymy + grmr)upB. +
S(mlmj)2 + %mjmj — ](] + 1)J(J + 1)
2J(2J —1)I(2I — 1)

where By, fs is the electric quadrupole constant.
It is possible to calculate the energy splittings for the magnetic sublevels of the
excited 52Ps/5 *"Rb state at large magnetic field values.

4.1.1 Transition frequencies in the experiment

Figure 4.1 shows the splitted energy levels of the Rb ground state 525 2 and the
excited state 52Pj /5 at a high magnetic field up to 600 G. One has to bear in mind
that distance relations in this picture are adjusted to provide an overview and the
real distance between the two states is still 780,241 nm. It can be seen that the
ground state shows a linear splitting behaviour that is still consistent with the
Zeeman regime whereas for the excited state, the energy splitting quickly merges
to the Paschen-Back regime. This is because the hyperfine splitting of the excited
state is much weaker and can therefore be broken more easily by an external mag-
netic field.

The transition that will be used to address the atoms at a high magnetic field is
|F =2,mp=2) < |mj;=3/2,m/;, =3/2). The frequency of interest is detuning
compared to the transition |F = 2) < |F’ = 3) for B = 0. Evaluating the formulas
of the previous section provides the needed values to calculate the transition for
any magnetic field. This can be done with any scientific calculation program. The
example case in figure 4.1 has been calculated for a magnetic field of 546,173 G.
The evaluation of the formulas produces values of the energy splitting with respect
to the fine state energy level. In figure 4.2 it is depicted how to obtain the ac-
tual detuning frequency. The difference of the fine to the hyperfine structure for
B = 0 has to be subtracted from the value for the high magnetic field for both
the ground and the excited state. These two differences again have to be sub-
tracted. For the example case of 546,173 G, a detuning compared to the transition
|F=2) < |F' = 3) for B =0 of 766,83 MHz is calculated.

A microwave is used for the transition between |F' = 1,mp = 1) < |F =2, mp = 2).
For this transition, the evaluated values for the splitting of the ground state only
have to be added. For 546,173 G, this is 8039,90 MHz.
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Figure 4.1: Level diagram of the 8’Rb atom for an external magnetic field.

4.2 Blast laser system with offset lock

In the following section, the blast laser system will be described. The new laser
system that has been build up as a part of this master’s thesis consists of three
main parts. First the laser itself will be described. The second part describes how
the laser is stabilized to the beat signal with the detection laser by an offset lock
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Figure 4.2: Example for the calculation of the detuning value.

to the exact desired value. The third part is the output, which includes an AOM
double pass to tune the output laser frequency. Figure 4.3 shows the schematic
illustration of the experimental set up.

4.2.1 Laser design

The Laser used in this system is identical to the one described in section 3.9.1. The
laser diode (ADI-78901TX, Roithner LaserTechnik) is designed for a wavelength
range from 775 nm to 795 nm with a peak wavelength of 785 nm. This model is
used for CD players which makes it a cheap and reliable, commercially available
device. The main difference to the setup described in section 3.9.1 is the non anti
reflection coated laser diode. Therefore the orientation of the light ellipse has to
be perpendicular to the grating grooves in order to reflect as much light in the first
order to inject the laser as possible. This is the case for the right side of figure
3.17.

Linewidth approximation with beat signal

For the application of a laser in the experiment, it is important to know its
linewidth. It is crucial for a measurement on an atomic transition that the laser
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Figure 4.3: Schematic illustration of the laser system.

linewidth is significantly smaller than the transition itself. Whereas the natural
linewidth of an atomic transition is defined by its life time, the linewidth of a laser
is mainly limited by mechanical noise effects.

The ¥Rb transition 5%S;, — 52Pso that is addressed by the blast laser has a
natural linewidth of 6,065 MHz |69].

To approximate the linewidth of the blast laser, a beat signal between the blast
laser with the detection laser was recorded. A beat is the result of the superposi-
tion of two oscillations with similar frequencies. The simplest case to describe a
beat mathematically is to consider two sine waves. The sum of two sine waves is

Tsum = a(sin(27 fit) + sin(2w fot)) (4.4)

where a is the amplitude of the sum oscillation, and f; and f, are the frequencies
of the two sine waves. With the sum-to-product identity follows

Toum = 2a8iN (2%#0 cos (QW#t) ) (4.5)

The resulting beat frequency is

[ L 1] (4.6)

Measuring the beat signal to obtain information about the linewidth of the two
lasers is based on the assumption that the linewidth of the beat signal is only caused
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by the linewidth of the two lasers. It does not provide an independent linewidth
for each laser, but it does provide an upper bound with which the linewidth can
be approximated.

To measure the beat signal the blast laser and the detection laser were superim-
posed on a fast photodiode (Hamamatsu G4176). The resulting frequency spec-
trum is shown in figure 4.4.

To analyze the linewidth of the beat signal one has to bear in mind that it consists
of two different contributions of noise. One follows a Lorentz profile:

wy /27
(v —1)? + (wr/2)?
where wy, = 27 is the full width at half maximum (FWHM) of the Lorentz profile.
The other contribution has a Gaussian profile:

L(V, ’LUL) = (47)

1 (v—rp)?
e 2t (4.8)

G(v,wg) =

o\ 2w

with a Gaussian FWHM of wg = 20+/2In(2).

The combination of the two profiles in a convolution is called Voigt profile:
V(v,wg,wr) = /dl/’L(l/ — vV wp) GV wg) (4.9)

This is the curve that has been fit to the measured beat signal.
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Figure 4.4: Beat signal with fitted voigt profile. The width of the Gaussian curve is
we—0,711 MHz and the width of the Lorentzian curve is wr—0,377.

The width of the Voigt profile can be approximated from the Gaussian and the
Lorentzian width in an approximation that was first introduced by Olivero and
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Longbothum, [71]

wy ~ 0,5346ug, + /0, 216607 + w, (4.10)

With the values for wy and wg that are extracted from figure 4.4, the linewidth
for the beat signal is 1,112 MHz. This is only the upper bound of the linewidth
and is still below the linewidth of the atomic transition of 6,065 MHz.

Spectroscopy

Absorption spectroscopy is used to preselect the wavelength that is later adjusted
and stabilized by the offset lock. A small amount of light is send through a glass
cell with rubidium vapor. The glass cell is heated to increase the vapor pressure of
the rubidium to amplify the signal. The signal is then recorded by a photo diode.
To display the signal with an oscilloscope, the frequency of the blast laser is tuned
over a small range with the piezo element that adjusts the position of the wave-
length regulating grating in the laser. This is shown in figure 4.5.
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Figure 4.5: Doppler broadened spectroscopy signal. Indicated with red and blue arrows
are the offset lock point and the detection laser lock point respectively.

4.2.2 Offset lock technique

The Offset lock is responsible for the stabilization of the blast laser at a frequency
above the detection laser. This is achieved by converting the beat signal of the
two lasers to an voltage signal, comparing it with an external adjustable reference
voltage, and then stabilizing the blast laser with a PID controller.
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A small part of the blast laser light is directed towards a fast photodetector (G4176-
03, Hamamatsu Photonics, with a bias tee, PSPL 5545-107, EMCO Elektronik).
There it is superimposed with light from the detection laser, that has been trans-
ferred to the blast laser system table by an optical fiber. The overlap of the two
beams is crucial for the detection of a signal of the photo diode. It has been op-
timized during the setup phase by superimposing the two laser beams once over
a long distance, before including the photodiode into the system. The obtained
signal is the beat signal as described in section 4.2.1. Once a first signal has been
obtained, it can be displayed with a spectrum analyzer, which makes the adjust-
ment easier.

The signal of the photodiode is then fed into the offset-lock. Its circuit diagram is
shown in appendix A. The main part of the offset lock is a frequency to voltage
converter for the incoming frequency signal. Table 4.1 shows the conversion of
different frequencies to the according voltage.

Frequency | Voltage
in MHz inV
100 1,184
200 2,338
300 3,422
400 4,325
500 5,348
600 5,956
700 6,408
800 7,15
900 8,03
1000 8,31

Table 4.1: Frequency to voltage conversion of the offset lock.

This voltage is compared with an external reference voltage that can be ad-
justed between 0 and 12 V. With this reference voltage, the exact desired frequency
can be set. The output of the offset lock circuit is the difference between this ref-
erence voltage and the converted signal voltage.

If the desired frequency difference between the two lasers is, for example, 793
MHz, the reference voltage has to be set to the corresponding voltage of 7,08 V.
The laser will be adjusted manually to a value that is roughly the frequency of the
transition |F' = 2) < |F’" = 3) plus the additional frequency of 793 MHz using the
spectroscopy signal. This value will be displayed as the beat signal by the spec-
trum analyzer. In this case, the difference signal that is delivered by the offset lock
circuit is roughly zero. If the laser frequency is higher, the difference is postitive, if
it is lower, the difference is negative. This signal is fed into a proportional integral
controller (PI controller), which is connected to the piezo element of the laser and
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which will then readjust the output frequency to the exact value.

Stability of the offset lock

The stability of the offset lock is a crucial factor in adjusting the frequency of the
whole system. If the reference voltage source or the offset lock itself are not stable,
the output will differ and so will the frequency to which the laser is locked. Thus,
any fluctuations should be limited to values below the linewidth of the laser itself.
An important improvement for the stability of the offset lock was the addition of
a large heat sink to the electronic parts of the offset lock, because they proved to
be very temperature sensitive.

The long term stability of the frequency to voltage conversion was tested by supply-
ing a very precise frequency of 700 MHz to the offset lock. Without the reference
voltage the output of the offset lock corresponds only to the conversion voltage.
This voltage was measured directly at the output over a time of more than 2 hours.
This measurement showed that the fluctuations are smaller than 10 mV which cor-
responds to a frequency of 1 MHz which roughly corresponds to the linewidth of
the laser, see figure 4.6. Finally, the offset lock was tested for one hour in full
operation with the beat signal as input frequency, while the lock frequency was
measured with a spectrum analyzer. As expected, the fluctuations did not exceed
1 MHz.
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Figure 4.6: Fluctuations of the frequency  Figure 4.7: Fluctuations of the lock fre-
to voltage conversion of the offset lock. quency.

4.2.3 Integration into the experiment

The main part of the laser light, after having split off some light for the spec-
troscopy and some for the offset lock, is almost ready for output. It has to pass
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an AOM in double pass configuration and is then coupled into a fiber, that guides
the light to the actual experimental site.

The AOM shifts the frequency of light using a sound wave. It splits the light into
higher orders with the frequency of the sound wave added to these orders. The
light is focussed with a lens (f=200 mm) on the AOM. After the first pass, all
but the first order is blocked with a pinhole. The first order is then reflected by
a spheric mirror (f=200mm) back on the AOM. The second pass will deflect the
first order back on the optical axis while again all other orders are blocked.

This way, an AOM that is driven by the frequency of 80 MHz, can detune the laser
light 160 MHz in double pass configuration. The AOM can be used as a switch,
because if it is turned off, no light at all will be in the first order. It can be used
to scan the frequency of the laser of some tens of MHz.

Behind the AOM double pass the laser light is coupled into an optical fiber. This
fiber transfers the light to the experimental. For its purpose of addressing and
pushing away the atoms, the light does not have to be focused very tightly to the
center of the glass cell where the atoms are located. It is sufficient for the blast
laser light to shine onto the atomic ensemble. Therefore, no sophisticated optical
setup is needed, the output fiber connector is mounted on the same height as the
glass cell and the light is directed to the position of the atomic cloud. Figure 4.8
shows how the blast light is directed onto the atoms compared to the detection
light.
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Figure 4.8: Schematic illustration of the adjustment of the blast light, the detection light
and the microwave antenna to the atomic ensemble.
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4.3 Microwave transition

The microwave is a crucial part in increasing the selectivity of the blast laser
system. Since the microwave as well as the transition have extremely narrow
linewidths, they provide a very precise instrument to address atoms. To avoid de-
struction of the weakly bound Feshbach molecules the linewidth has to be smaller
than the binding energy of the molecules which is about 130 kHz. The transition
addressed by the microwave has a linewidth of 12 kHz, as it will be shown in the
result chapter 5.

For the transition from |F' = 1, mp = 1) to |F = 2,mpr = 2) a microwave of about
8 GHz is needed, as it was calculated in section 4.1.1. This microwave is generated
in a cascade of different components, shown in figure 4.9. It was also used previ-

ously in this experiment for microwave evaporation where a 6,8 GHz microwave
was needed [52, 72].

|11y

1 Ghz 3
Amplifier-{-3 dB - | SRD ﬂ» Amp”fier

Figure 4.9: Generation process for the 8 GHz microwave.

A very precise frequency generator (Marconi Instruments signal generator 2024)
is used to supply an initial signal of 1 GHz at -10 dBm. The signal is amplified
by 27 dB and then attenuated for 3 dB to ensure that definitely no more than 0.5
W will enter the next important part of the chain, the step recovery diode comb
harmonic generator.

This is a sensitive device generating higher harmonics of an input frequency. The
step recovery diode used in this setup is a Herotek GC1000DC diode, specified for
an input of 1000 MHz and 0,5 W. For the 7th harmonic it still has a specified
output of up to 0 dBm. An integrated isolator helps to avoid the destruction of
the diode due to back reflections.

To filter the 8 GHz out of the generated harmonics, a high pass filter (Minicircuits)
is integrated to the chain. It suppresses all frequencies but 7900 - 11000 MHz. To
improve the filter properties at lower frequencies, another low pass filter (Minicir-
cuits VFL-7200+) is added that is suppresses from DC - 7200 MHz.

The filtered harmonic of 8 GHz is amplified up to 1 W with an amplifier (Minicir-
cuits ZVE-8G) that is specified frequencies from 2000 to 8000 MHz.

The output power of the microwave can now adjusted by connecting additional
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attenuators of the desired values. This is particularly important when the atom
transition is analyzed to avoid power broadening.

Optimizing the microwave antenna

The microwave is directed to the atoms with a waveguide antenna (Omecon). A
microwave is forming a standing wave inside the waveguide tube and the maxi-
mum output is reached when the end of the antenna is matched with an antinode
of the standing microwave. This can be measured by recording the back reflection.
The optimum output is reached for the smallest back reflection. To optimize the
antenna length, small parts of the end were removed bit by bit and the reflection
was detected. This optimization process is shown in figure 4.10.
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Figure 4.10: Shortening of the antenna tube to improve the output properties.
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Chapter 5

Characterization of the blast light
laser system

The main purposes of the laser system that has been built within this master
project are to be able to detect 8"Rb atoms at high magnetic fields and to remove
the atoms from the trap to ensure the stability of ultracold Feshbach molecules.
For the removal, a certain precision in addressing the atoms is needed to be sure
not to affect the molecules. This is achieved by combining the laser system with a
microwave that can address a transition with high selectivity.

In this chapter the results will be presented that have been achieved by apply-
ing the blast laser system and the microwave onto an ensemble of 8"Rb atoms.
First it will be described how the parameters of the microwave that addresses the
|FF=1,mp =1) to |F'=2,mp = 2) transition are optimized. The next part will
describe how atoms in the |F' = 2, mp = 2) state are removed by the laser light and
subsequently the coupled system of microwave transition and laser light induced
atom removal will be described. It will be shown that the narrow microwave tran-
sition in the coupled system does increase the selectivity of the removal process.

5.1 Microwave optimization

To obtain the optimum result in addressing the transition |[F'=1,mp =1) to
|F'=2,mp = 2) at a high magnetic field, frequency and output power of the mi-
crowave have to be optimized.

By obtaining a spectroscopic signal of the transition, the center frequency at which
most of the atoms are transferred can be determined. Figure 5.1 shows such a
spectroscopy. The number of atoms in the |F' =2 mpr = 2) is detected. At a
large detuning compared to the center frequency, almost no atoms can be detected
which means that no atoms have been transferred. At the center frequency where

47
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the microwave is resonant with the transition, most of the atoms are transferred
to the |F' = 2, mp = 2) state. The center frequency for present spectroscopy was
obtained by fitting a Gauss function to the measured data set. It is 8039,8924
MHz. The FWHM of the transition was determined to be 137,0 kHz.

As seen in section 3.8, the spectroscopic signal of the hyperfine transition can
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Figure 5.1: Transition between the hyperfine states |[F' = 1,mp = 1) and |F = 2, mp = 2)
of 87Rb at a magnetic field of 545,55 G. Center frequency of the Gauss fit is 8039.8923
MHz and FWHM is 137,0 kHz.

be used to determine the magnetic field. This was used to obtain a calibration
for the current that generates the magnetic field. The current is used to set the
magneic field to the desired value, and each spectroscopy of the transition serves
as a verification of this calibration and the actual magnetic field. The magnetic
field value at which the transition shown in figure 5.1 was recorded is 545,55 G.

The transition has been broadened due to the high microwave power. To obtain
a narrower signal, the microwave power has to be reduced. This is achieved by
connecting additional attenuators to the microwave generation chain that has been
explained in section 4.3. As shown in figure 5.2 the width of the transition can
be reduced considerably by attenuating the microwave power with -6 dB without
reducing the amount of transferred atoms. The FWHM of transition with the
unattenuated microwave is 137,0 kHz, whereas the attenuation of -6 dB leads to a

FWHM of 97,1 kHz.
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Figure 5.2: Spectroscopy signals of the |[F'=1,mp =1) to |F = 2,mp = 2) transition

with different microwave output power. Blue dots represent no attenuation and red dots

an attenuation of -6 dB. The blue Gauss curve fitted to the data has a FWHM of 137,0
kHz, and the red curve has a FWHM of 97,1 kHz.

5.2 Laser system optimization

The blast laser is used to remove the remaining atoms out of the dipole trap after
the generation of Feshbach molecules. To do this, the transition |F' = 2, mp = 2) <
|m; = 3/2,m’; = 3/2) is addressed by the laser light. By obtaining the recoil en-
ergy of the photons that drive the transition, the atoms are gaining enough kinetic
energy to leave the trap. The blast laser light needs to be resonant with the transi-
tion at a high magnetic field. Its frequency is set by the offset lock as well as by the
AOM which the light passes before being directed to the atoms. It is convenient
to set the offset lock to a fixed value, in this case 790 MHz, and scan the frequency
of the AOM to obtain a signal. The atoms are detected in the |F' =2 mp = 2)
state. Scanning the frequency of the laser leads to a loss of atoms at the resonance
frequency. This is shown in figure 5.3.

The blast laser is directed onto the atoms for 300 us. It is then detected how
many 8"Rb atoms were removed for which detuning of the AOM. The removal
of 8"Rb atoms out of the trap is a dynamic process and therefore the linewidth
of figure 5.3 cannot be identified with the linewidth of the transition. To avoid
saturation the intensity was adjusted such that the atoms are not removed fully
even at maximum.

The center frequency is determined to be 76 MHz for the AOM detuning. Together
with the offset lock that has been set to 790 MHz, and twice the optimum AOM
detuning frequency, taking into account the double pass configuration, the blast
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Figure 5.3: Removal of 3Rb atoms, prepared in the |F = 2,mp = 2) state, plotted

against the detuning of the AOM frequency of the blast laser. The offset lock was set to

a fixed frequency of 790 MHz, the pulse length was 300 us, and the magnetic field was

545,956 G. The center frequency of the fitted Gauss curve is 76,24 MHZ and the FWHM
is 23,54 MHz.

laser frequency to remove the 8’Rb atoms at a magnetic field of 545,956 G is 942
MHz blue detuned compared to the detection laser.

The next step is to optimize the pulse length. To avoid the loss of Feshbach
molecules due to collisions with the residual 8’Rb atoms, it is required to remove
the atoms as fast as possible. Thus, the blast light pulse has to be as short as
possible but with the maximum removal effect.

The optimization of the pulse length is shown in figure 5.4. For different pulse
lengths, the amount of remaining 8’Rb atoms is measured. It is shown that for
pulses that are too short, there are still ¥ Rb atoms remaining in the trap. For a
pulse duration of 300 us, the atoms are fully removed.

5.3 Combination of laser and microwave

The combination of the highly selective microwave transition with the high effi-
ciency of 8"Rb atom removal through the resonant laser at high magnetic fields is
desired. Therefore, both the microwave and the laser are directed onto the atoms
together, for a combined pulse.

Figure 5.5 shows the combined process. The black dots represent the loss of 8Rb
atoms that is achieved by applying the combination of microwave and laser to the
atoms. The laser frequency is fixed to a total offset of 788MHz + 2 - 7AMHz =
936MHz. This is the optimum removal frequency for a magnetic field of 546,2 G.
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Figure 5.4: Measurement of the remaining 3"Rb atoms for different pulse lengths of the
blast light.
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Figure 5.5: Comparison of the linewidth of the microwave transition with the selectivity
of the atom removal due to the combined microwave plus laser system.

The microwave is scanned over a frequency range of 4 MHz around the resonance
frequency of 8039,789 MHz. The feature of interest is the selectivity of the process,
represented by the linewidth of the signal. It determines how precise one can ad-
dress the atoms. A selectivity as high as possible is desired without losing the atom
removal performance of the system. The FWHM of the fitted Gauss function in
this case is 904,2 kHz.
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In comparison, the red dots in figure 5.5 belong to the transition |F' = 1,mp = 1)
to |F' =2, mp = 2) that is purely addressed by the microwave. It indicates how
many atoms are transferred and It has a width of 91,1 kHz.

For a non-coupled process, where the atoms are independently transferred from
|FF=1,mp =1) to |FF=2,mp = 2) and then removed by the blast laser light, one
would expect that scanning over the microwave transition with fixed blast light
would lead to the same width as the pure microwave transition. Figure 5.5 clearly
shows that this is not the case and the process is coupled.

To examine this coupling more closely, the dependance of the selectivity on the
intensity of the laser light was measured. The selectivity of the combined system
can be increased even more by reducing the laser power, as it is shown in figure
5.6. The values that show the selectivity are compared to each other in table 5.1.
Plotting the selectivity against the blast laser intensity shows linear characteris-
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Figure 5.6: Reduction of the laser power to increase the selectivity of the atom removal.
The values for the linewidths of the fitted Gaussian profiles are shown in table 5.1.

tics, see figure 5.7. The data is fitted with a linear function that has a zero offset
of 106,2 MHz. This value corresponds whithin the error range to the linewidth
of the pure microwave transition that was 91,2 MHz. Note that the microwave
transition is plottet in figure 5.7 as a red dot but has not been included in fitting
the data points to a linear function. Thus, figure 5.7 depicts the linear behavior
of the coupling with increasing laser light intensity.
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23

Linewidth of the pure
microwave transition 91,1 kHz
Selectivity of the pure
laser system 23000 kHz
Selectivity of
the combined system:
Laser power Selectivity
1,6 mW 1064,4 kHz
0,8 mW 636,7 kHz
0,4 mW 363,2 kHz
0,2 mW 227,7 kHz

Table 5.1: Comparison of the selectivity of the combined laser and microwave system
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Figure 5.7: Reduction of the laser power to increase the selectivity of the atom removal.

The linear function was fitted only to the black dots, representing the combined system

of laser and microwave and has an zero offset of 106.2 MHz. The red dot represents the
linewidth of the pure microwave transition of 91,2 MHz.

5.4 Conclusion

In conclusion, the optimum values for operating the blast laser system in combi-
nation with the microwave are summarized.

The values for adjusting the frequency of both blast laser and microwave depend
on the applied magnetic field and can be calculated following section 4.1.1. As an
example, for a magnetic field of 546,057 G, the microwave has to be set to 8039,640
MHz, and the offset of the laser compared to the detection laser has to be set to
790 MHz for the offset lock and 76 MHz for the AOM. This corresponds to a total
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offset of 790 MHz + 2-76 = 942 MHz. The microwave power has to be attenuated
with -6dB. The output of the laser is 0,08 mW which corrsponds to a selectivity
value according to figure 5.7 of 160 MHz. The combined laser light plus microwave
pulse is applied to the atoms for 300 us.

The system has been tested as a part of the experimental operation sequence in
generating KRb Feshbach molecules and has proved its ability in increasing the
lifetime of the molecules by reliably removing ’Rb atoms at high magnetic fields.



Chapter 6

Outlook

Experiments with ultracold “°K®"Rb molecules offer promising perspectives for the
research of dipolar interactions in many particle systems. This thesis presents a
laser system for these experiments which enhances the lifetime of these molecules.
This is a prerequisite for the transfer of the highly excited Feshbach molecules to
the deeply bound ground state.

The laser system is an inherent part of the experiment used to remove residual
rubidium atoms to stabilize the Feshbach molecules. In addition this system can
be used to detect the number of rubidium atoms at high magnetic fields. This
provides another way to detect the production of molecules. In such a detection
scheme, the molecules are dissociated by applying a microwave pulse that transfers
the ' Rb atoms from |F = 1,my = 1) to |F = 2,mp = 2). This microwave pulse
has to have the energy needed to transfer free atoms plus the binding energy of
the molecules. By scanning the microwave frequency and detecting the number of
atoms it is possible to measure the molecular binding energy.

Having achieved stable Feshbach molecules, the next step is to transfer the
molecules to a low vibrational state. The ultimative goal of this work is to pro-
duce ultracold polar molecules to examine the anisotropic dipole interaction in
such a sample. Being able to create ground state KRb molecules would lead to a
polar molecule that could be easily aligned with an electric field.

The transfer can be realized by using a stimulated Raman adiabatic passage (STI-
RAP) [73]. This methode has recently been used on a similar system in the group
of D. Jin, [74]. It uses a three level scheme to transfer the molecules to the desired
state. By coupling the final state with an intermediate excited state with a laser,
a coherent superposition of the two initially unpopulated states is obtained. Cou-
pling this superposition with the pump laser to the initial state, the population is

35
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transferred directly to the final state, avoiding loss due to decay from the excited
intermediate state.

The experimental realization requires some preliminary work. Franck-Condon fac-
tors indicating the transition probability to excited states have already been calcu-
lated by the group of E. Tiemann and an appropriate three level system has been
identified theoretically. The next step is to determine these states spectroscopi-
cally. With these prerequisites, a successful STIRAP transfer can be performed
and KRb ground state molecules can be generated.



Appendix A

Circuit diagrams

The circuit diagrams of the current controller A.1 and the frequency-to-voltage
converter for the offset lock A.2 are presented.

o7
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