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A Novel Apparatus for Experiments with Ultracold Sodium and Lithium

In this thesis, we will describe the setup of a novel apparatus for experiments
with bosonic 2*Na and fermionic °Li. In an introduction to the physics of ultracold
quantum gases, we will explain the concepts necessary to understand our experiment
and give an overview of the physics of fermions in optical lattices. Next, we will
describe the vacuum chamber, with a focus on the Zeeman slower. Furthermore, we
will present and discuss measurements of its magnetic field. We will describe the
setup of the lithium laser system, based on diode lasers and three self-built tampered
amplifier lasers, and characterize its performance. Moreover, we will show and explain
the design of the sodium laser system.

Our experiment will make use of a cavity to create optical lattices. We will derive
criteria for a possible design of our science chamber on the basis of measurements per-
formed with a test setup. We will present and discuss in detail transmission graphs
measured in a nonconfocal cavity setup.

Ein neuartiger Aufbau fiir Experimente mit ultrakaltem Natrium und
Lithium

In der vorliegenden Arbeit wird ein neuartiger Aufbau fiir Experimente mit bosonis-
chem 2 Na und fermionischem ®Li beschrieben. In einer Einfiihrung in die Physik der
ultrakalten Quantengase werden die notwendigen Grundlagen zum Verstindnis un-
seres Experiments erklirt und es wird ein Uberblick iiber die Physik von Fermionen in
optischen Gittern gegeben. Danach wird das Vakuumsystem beschrieben, mit einem
Schwerpunkt auf dem Zeeman Slower. Messungen seines Magnetfeldes werden prasen-
tiert und diskutiert. Der Aufbau des Lithium Laser Systems, das aus Diodenlasern
und Tapered Amplifier Lasern besteht, wird beschrieben und seine Leistungsmerk-
male charakterisiert. Der Entwurf des Natrium Laser Systems wird vorgestellt und
erklart.

Unser Experiment wird mithilfe eines Resonators optische Gitter erzeugen. En-
twurfsanforderungen an ein mogliches Design unserer "Science Chamber" werden an-
hand von Messungen, die an einem Testaufbau durchgefiithrt wurden, hergeleitet.
Graphen, die in einer nicht konfokalen Resonator Konfiguration aufgenommen wur-
den, werden présentiert und im Detail diskutiert.
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1. Introduction

Physics in the 20th century was mainly dominated by one theory: Quantum mechan-
ics, which is due to its countless experimental verifications one of the most widely
accepted theories in physics. One research field, where great contributions to the dis-
covery and verification of quantum mechanics have been achieved, is AMO physics,
in which Atoms and Molecules are being investigated.

Although AMO physics existed long before the invention of the laser in 1960, this
tool is essential for most current experiments in this field of research. The realization
of lasing can be seen as an intriguing verification of Bose-Einstein statistics, but the
original work of Bose and Einstein [1, 2, 3] had been developed for atoms. It would
take another 35 years after the invention of the laser to realize the phase transition
from an atomic gas to a Bose-Einstein condensate (BEC) experimentally [4, 5, 6].

Atoms form a BEC when their deBroglie wavelength starts to exceed the mean in-
teratomic distance. The required high phase space density can be reached by cooling
the atoms down to very low temperatures and thus making their deBroglie wavelength
large. Proposed simultaneously by Wineland and Dehmelt |7]| as well as Hinsch and
Schawlow [8] in 1975, laser cooling proved to be a great technique to cool atoms down
to temperatures on the order of 100 pK [9, 10]. But in typical ultracold atom exper-
iments, this is still not cold enough to form a BEC and one has to find a technique
to get the temperature two orders of magnitude lower. After trying to tackle this
challenging problem using many different approaches, researchers finally succeeded in
creating a BEC by evaporatively cooling those laser pre-cooled atom clouds [4, 5, 6].

These first successful experiments were opening a completely new field of research.
Whereas in the first years researchers focused on weakly interacting gases, verifying
many theoretical predictions including the Bogoliubov theory of collective excitations
[11, 12|, the interference of BECs [13] and the atom laser [14], the interests soon
turned to more complicated systems. Especially experiments with ultracold Fermi
gases and optical lattices lead to great excitement both among theorists and experi-
mentalists, not only in the AMO community.

Similarly to bosonic atoms, fermions can also be cooled evaporatively in a spin
mixture or via sympathetic cooling. After the first degenerate Fermi gases (DFGs)
had been realized [15, 16, 17, 18, 19, 20|, Feshbach resonances [21] turned out to work
notedly well for fermions. By tuning the scattering length via an external magnetic
field, it becomes possible to explore the crossover between BEC and Cooper pairs,
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which are well known from BCS theory (named after Bardeen, Cooper and Schrieffer
who were the first to propose this theory [22]). Some of the research highlights in-
cluded the creation of a BEC made of generalized Cooper pairs |23, 24, 25] and the
investigation of superfluidity in those systems [26, 27], especially in imbalanced spin
mixtures [28, 29, 30, 31].

With ultracold atoms in optical lattices it was possible to investigate the quantum
phase transition from a superfluid to a Mott insulator [32|, which had been predicted
theoretically [33], but not observed before. In this experiment, it was possible to
imitate a condensed matter system. The atoms giving rise to the periodic potential
in a crystal are simulated by the optical lattice, the valence electrons by the ultracold
atoms (see figure 1.1). Whereas in a 'real’ condensed matter system the depth of the
lattice can not be tuned dynamically, in optical lattices this is possible by simply vary-
ing the depth of that lattice potential. This made the observation of the superfluid to
Mott insulator transition possible. Moreover, ultracold atom experiments have even
more advantages compared to condensed matter systems. They are cleaner, as they
do not have e.g. defects like a crystal usually has. Several groups are developing
experiments with single lattice site resolution, which would allow to directly measure
spatial correlation functions. Due to the absence of Coulomb forces, the interactions
are purely on-site, which makes a theoretical description of our systems easy. All the
things mentioned make ultracold quantum gases in optical lattices a perfect simula-
tor of the Hubbard model [34], which was originally proposed to give a theoretical
description of electrons in crystals.

a Optical lattice

/\/\/\/\/
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b Real crystal
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Figure 1.1.: The wavefunction of atoms (red) in an optical lattice potential
(grey) compared to the electrons (green) in a crystal lattice (picture taken
from [35]).

In the above mentioned experiment, a quantum simulator as proposed by Feyn-
man [36] had been realized with ultracold atoms in an optical lattice. Recognizing



that this way longstanding questions of condensed matter physics might be solved,
theorists of this field of research started to focus their attention on ultracold atom
gases. Thus, numerous proposals for further experiments came up, including sugges-
tions how these novel systems could contribute to a solution of the problem of high
temperature superconductivity [37]. Ultracold quantum gases, in particular fermions
in optical lattices, show a high potential to answer these longstanding questions.

Our experiment will realize a combination of the topics elucidated in the two pre-
vious paragraphs. Our fermionic atom is %Li, which we will cool down to quantum
degeneracy via sympathetic cooling with sodium [20]. The cool atoms will be trans-
ported into a science chamber, where a variety of new experiments is possible.

We are planning to adress the problem of fermionic superfluidity in optical lattices.
In theory, this has been studied for many years, but experimental investigation has
just started recently [38]. Our science chamber, which will provide exceptional optical
access to the ultracold atoms, gives us the possibility to pursue several experimental
approaches.

One option is to set up a quantum gas microscope, which is currently being tested
in our group with bosonic Rubidium atoms. Lithium has compared to e.g. *°K due to
its much higher recoil energy the advantage of higher tunneling rates, which allow for
a bigger lattice spacing; in such a configuration, single lattice site resolution would be
facilitated. Possible experiments could include the first direct measurement of lattice
site number statistics and in-site spatial correlation functions of fermi gases in various
quantum degenerate, superfluid and strongly correlated regimes.

To create the optical lattice, we can either choose the ’classical’ approach to use a
retroreflected standing-wave laser beam or make use of a cavity. Latter would give us
many advantages over the optical lattices used in most ultracold atom experiments.
As the light intensity is resonantly enhanced between the two mirrors, we can create
deeper lattices, which is important for lithium due to its high recoil energy. This
might enable us to observe the phase transition from a superfluid to a Mott insulator
(MT), which has recently been realized with the fermion “° K [39]. When the atoms are
cooled to even lower temperatures, they are expected to enter the antiferromagnetic
phase [40]. The observation of the Néel state could thus be possible after reaching
the MI state. A useful feature of a cavity would be that the overall harmonic con-
finement can be reduced as the lattice depth can still be reasonable with a big beam
waist between the mirrors.

For the experiments mentioned above the laser light amplification does not have to
exceed factors on the order of about one hundred. But the use of a high-finesse cavity
would make a lot of new experiments possible. For example, recent theoretical pro-
posals [41] show that in such a configuration the observation of anyonic excitations,
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which have so far not been found in nature, could be possible.

Many theories predict the existence of d-wave superfluidity in a lattice with fermionic
atoms. It should appear upon doping, either with a third fermionic (spin) compop-
nent [42| or (in a two-dimensional system) with holes [37]. Other approaches to
d-wave superfluidity are based on the use of supperlattices [43, 44, 45|, which could
also uniquely be implemented in our science chamber.

Our experimental setup involving sodium and lithium atoms gives us the possibility
to investigate not only fermionic atoms, but also heteronuclear fermionic molecules in
optical lattices, which is an object of current research [46]. But even without an op-
tical lattice heteronuclear fermionic molecules are an interesting research topic. The
first successful transfer of those molecules from a vibrationally highly excited state
into their rovibrational ground state [47, 48, 49| can be considered as a first step on
the way to a new class of many-body physics with ultracold polar molecules [50].

Outline of this thesis

This thesis is intended to give an overview about our new experiment, i.e. we will
explain both theory and our experimental approach.

Chapter two contains an overview about the fundamentals of ultracold quantum
gases, with a focus on the topics covered with our experiment. We will introduce light
forces, which are important to understand our experimental setup. Furthermore, we
will focus on the physics of fermions and optical lattices, which we want to explore
in our experiment.

Chapter three contains a description of our experimental setup. After giving some
basic information about our vacuum system, we will describe the design and assembly
of the Zeeman slower in detail, including some measurements of its magnetic field.
The last part contains a description of the laser system. We will focus on the lithium
system and explain our tapered amplifier (TA) lasers, the spectroscopy and the fre-
quency offset locking. We will present measurements characterizing the performance
of our system. The design of our sodium laser system follows at the end of the chapter.

Chapter four is dedicated to the cavity. First, we will explain the basic theory and
then derive criteria for a possible design of our science chamber based on measure-
ments performed with a test setup. At the end of the chapter, we will present and
discuss data taken with a nonconfocal cavity in detail.

In the final outlook, we will explain the next steps of our experimental procedure
and discuss the perspectives of exploring new physics with our apparatus.



2. Fundamentals of Ultracold
Quantum Gases

In this chapter, we will explain the physics which are necessary to understand the
design of our experimental apparatus and the aims of our experiment. This chap-
ter is supposed to give an overview about the basic theory as well as the current
experimental progress. After explaining light-atom interactions, an introduction to
the cooling mechanisms leading to Bose-Einstein condensates (BECs) and degenerate
Fermi gases (DFGs) will be given. The chapter ends with an overview about the
physics of fermions in optical lattices, which will be investigated in our experiment.

2.1. Atom-Light Interactions

For our experiment, the interaction between atoms and light is crucial. A laser beam
can be used to cool or to trap atoms, respectively. The electric field of light induces
an electric dipole moment in the atom; due to the interaction of this dipole with the
field, the atom acquires an energy Ug;,. In the following, we will treat the atom as a
two-level system, which is sufficient for many, but not for all problems as we will see
later.

Treating the atom-light interaction classically yields the solution [51]

3rc? r r
i 2w (wo—w+wo+w> (r) (21)

Here and in the following, /(r) denotes the intensity, w the frequency of the laser and
wp the resonance frequency of an atom with transition linewidth I'. Moreover, the
interaction of light field and atom leads to a photon scattering rate

r, - 2 (1)3( F 1 )21(1“). (2.2)

2hwd \ wo Wo—w Wyt w

This is an important parameter for ultracold atom experiments, as a high scattering
rate 'y, can lead to unwanted heating of the atoms.

The classical solution lacks saturation effects, which a quantum-mechanical treat-
ment reveals. We are interested in the spontaneous force F, on atoms due to photon
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absorption and emission. When an atom is exposed to a laser beam with wavevector
k, the absorption and emission process leads to an average momentum kick of hk.
As this happens at a rate I'p.., where p.. denotes the steady state density matrix
element of the excited state, we get for the resulting force

F = hEkl pee. (2.3)
The steady state value of p.. can be obtained by solving the optical Bloch equations
[52]. Thus, we end up with
S0
2(1+ 50+ (20/7)%)

0 = w — wp is the detuning of the laser in respect to the atomic transition, and
So = I /Is is the saturation parameter, which is the ratio of laser intensity I and the
saturation intensity of the atomic transition Ig;.

F,p = hkT (2.4)

In order to slow down and trap atoms, we have to understand how their transition
frequencies change when they are moving with a velocity v in a light field with
wavevector k and are additionally exposed to a magnetic field B. Due to Doppler
and Zeeman shift, the transition frequency wy, reads then

Wy = wo +k-v+ uB/h. (2.5)

Here, 1 = pp(m;.g;. —m;,g;,) denotes the difference between the magnetic moments
of the atom’s excited and ground state.

Equation (2.5) is of high importance for our experiment: The combination of
Doppler and Zeeman shift is used to slow our atoms down with a Zeeman slower,
as will be described in detail in section 3.3. Moreover, the functional principle of
a magneto-optical trap (MOT) is based on this transition shift: To trap atoms and
cool them at the same time, one makes use of a magnetic quadrupole field and three
orthogonal pairs of counterpropagating laser beams. Looking at this problem in one
dimension, one can insert § = wy, —wo + dp with wy,. from equation (2.5) into equation
(2.4) and gets after a Taylor expansion

F=—0v—kz. (2.6)

Her‘e, 6 = _ﬂ/(1+§fﬁgg§%)2)2 denotes the ‘damping coefficient and = %ﬁ ‘Fhe
spring constant of the MO'T. One can easily see that for §y < 0 according to equation
(2.6) atoms are slowed down and trapped. The final temperature of the atom cloud
in the MOT is hard to calculate analytically, but as a rough estimate, the Doppler

temperature

hry
Tp = —"—
D oks

can be used. This temperature, which is on the order of several hundred p/K for most
alkalis, is not low enough to get a BEC, as we will show in the next section.

(2.7)
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2.2. Bose Einstein Condensates

Starting with the symmetrized N-particle state for noninteracting bosons, we can cal-
culate the grand canonical partition function; deriving the resulting grand canonical
potential with respect to the chemical potential u, we get the distribution function
[53]

1

f(el’) = e(GV*M)/kBT _ 1 ’ (28)

Here, ¢, denotes the single-particle energy in state v of the trapping potential and T’
the temperature. The chemical potential i fixes the total particle number N. On the
basis of equation (2.8), a macroscopic occupation of the ground state for T — 0 had
been predicted in 1924 by Bose and Einstein [1, 2, 3]. But it took another 70 years to
experimentally achieve this quantum state, named after its inventors Bose-Einstein
condensate.

If one is interested in the exact temperature T, below which a macroscopic occu-
pation of the ground state takes place, one introduces the density of states and gets
after a simple integration (|54, 55]):

kpT, ~ 0.94hwN3, (2.9)

Equation (2.9) is valid in the three-dimensional case, where N atoms are trapped in a
harmonic oscillator potential, characterized by @ = (wjwows)'/?, the geometric mean
of the three oscillator frequencies.

To get an estimate for 7. in cold atom experiments, we pick some typical values:
For a trap frequency @ ~ 100 Hz and atom number N =~ 1-10°, we get for the tran-
sition temperature according to (2.9) T, ~ 100 nK. We see that the temperature in
the MOT (2.7) is not suffieciently low to reach BEC. Thus, an additinal cooling step,
the evaporative cooling has to be done: By lowering the trap depth at a rate which
still allows for thermalization between the atoms, the tail of the Maxwell-Boltzmann
distribution is constantly cut off, i.e. hot atoms whose energy is bigger than the trap
depth are spilled. As their energy exceeds the average energy of the trapped atoms,
cold atoms are left behind and hence the temperature constantly decreases. This way,
BEC was experimentally achieved in 1995 [4, 5, 6].

For fermions, there is due to the Pauli principle no macroscopic occupation of
the ground state possible, but nevertheless there is the possibility to reach quantum
degeneracy in those gases, as we will explain in the following.
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2.3. Degenerate Fermi Gases

With a derivation done analog to the one leading to the Bose-Einstein distribution
(2.8), the Fermi-Dirac distribution for fermions reads |53]

1
e(ev—ﬂ)/kBT +1 ’

fle,) = (2.10)
In the classical limit kg7 >> (¢, — u) both distributions converge towards the
Maxwell-Boltzmann distribution f(e,) = e~ (v=#/ksT,

Because of the Pauli principle, a macroscopic occupation of the ground state is not
possible for fermions, what can also be seen from equation (2.10). Although there is
thus no critical temperature 7., a characteristic energy scale is given by the Fermi
temperature

kpTe = h(6N)/3 (2.11)

for fermions in a harmonic trap. Remarkably, it is within a factor of two the same as
the critical temperature 7, for bosons (equation (2.9)).

For fermions, two experimental procedures to reach quantum degeneracy, i.e. a
temperature T' < Tr are common. In order to cool via evaporative cooling, the par-
ticles must thermally equilibrate via scattering, which can due to the Pauli principle
not happen among fermions in the same state. Thus, one puts the fermions in two
different spin states, in the following labeled as | 7) and | |). Due to their different
magnetic moment, the depth of a magnetic trap is different for atoms in | ) and | |).
Thus, one puts the fermions in an optical dipole trap based on the dipole potential
(2.1). By decreasing the laser power, the trap depth is lowered and the atoms are thus
evaporatively cooled. The method we use to reach quantum degeneracy in lithium
is to sympathetically cool them with sodium: When they are both put together in a
magnetic trap and its depth is lowered, the bosonic atoms serve as a refrigerator for
the fermionic ones and can cool them to quantum degeneracy.

For interaction processes in ultracold quantum gases, which are crucial for evapo-
rative cooling as well as sympathetic cooling, there is one important parameter, the
s-wave scattering length a. In the next section, we will show how we can control this
parameter and thus get access to a lot of new physics.

2.4. Feshbach Resonances

From scattering theory it is well known that low-energy interactions between atoms
can be described by a single parameter, the s-wave scattering length a. A way to tune
this parameter in ultracold atom experiments is to use a Feshbach resonance [21]: Two
atoms scattering in e.g. the triplet potential are coupled to a singlet potential via the
hyperfine interaction. Due to the difference in their magnetic moments, a molecular
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Interatomic distance By Magnetic Field

Figure 2.1.: Atoms scattering in the triplet state (red, open channel) can be
brought into resonance with a vibrationally excited state of the singlet state
(blue, closed channel) by tuning the magnetic field B around By (picture
taken from [57]).

bound state of the singlet potential can be brought into resonance with the energy
of the atoms in the triplet potential by tuning an external magnetic field, as to be
seen in figure 2.1. It is known from scattering theory |56| that the scattering length
a diverges when a bound state appears in the interatomic potential, which happens
when tuning the magnetic field in the vicinity of this socalled Feshbach resonance.

A detailed analysis [57, 21] yields for the form of the Feshbach resonance

AB
a = Qpg (1— B—BO) (212)

with ay, being the background scattering length, B, the location and AB the width
of the Feshbach resonance. In °Li a broad! Feshbach resonance around B, = 834G
has been discovered experimentally (see figure 2.2).

In condensed matter theory, the s-wave scattering length a plays a crucial role in
the theory of superconductivity: BCS theory [22| predicts that interactions lead to
pairing below a critical temperature

T, ~ 0.28Tpe™ kra (2.13)

with a < 0 being the scattering length between | 7) and | |). Studies of Feshbach
resonances in degenerate Fermi gases lead to excitement among condensed matter
theorists and thus triggered many fundamental experiments: Tuning the scattering

'In this context, broad means kp |R*| < 1 with R* being the effective range of the interactions
and kp the Fermi wavevector. In case of a broad FR, the gas near resonance can be described
by means of kra only (unitarity regime) [58].
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Figure 2.2.: Broad s-wave Feshbach resonance of °Li atoms in the lowest
hyperfine states |1) and |2). The vertical line shows the exact location of the
broad Feshbach resonance (834G), the narrow resonance at 543G can not be
resolved. The qualitative evolution of the interaction potentials of the open
(red) and closed (blue) channel are shown in the insets (picture taken from
|59, 60]).

length a, one can explore the physics of the so-called BEC-BCS crossover. With the
dimensionless inverse coupling constant 1/kra, one can distinguish three different
regimes:

e 1/kra < 0: By tuning the interactions so that kra < —1, pairing can be
reached according to equation (2.13) and the gas is described by BCS theory
[22].

e 1/kra = 0: This is the so-called unitarity regime; as the s-wave scattering
amplitude f(k) for a — oo behaves as f(k) = i/k, the only relevant energy
scale of the problem is given by the Fermi energy Er. One important example
of this universal behaviour is the relationship between chemical potential p and
the Fermi energy Fp, which reads p = (1 + ) EF; here, 8 is a parameter being
investigated both theoretically and experimentally [58, 61].

e 1/kra > 0: Starting on the BCS-side (1/kra < 0) with Cooper pairs, one
can transfer them via a magnetic field sweep into repulsively bound dressed
molecules® on the BEC-side (1/kra > 0). Those weakly bound dimers have a

2These molecules are not equivalent to two atoms being in the singlet state shown in figure 2.1.

10
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binding energy of Ep = —h?/ma? and due to their bosonic character, they have
the ability to bose condense as shown experimentally in [24, 23, 25].

By ramping the applied magnetic fields and thus tuning the scattering length, one
can adiabatically go from BCS to BEC regime and vice versa. In our experiment,
Feshbach resonances are an essential tool to explore the phase diagram of fermions
in optical lattices: Being able to tune the interaction strength between the atoms is
essential to control the parameters of the Hubbard model [62], which will be explained
in the next section.

2.5. Ultracold Quantum Gases in Optical Lattices

As already indicated in the introduction, research in ultracold quantum gases can
provide insight into systems considered in condensed matter physics. For the expla-
nation of a lot of phenomena in this field of physics, an underlying periodic structure,
i.e. the existence of a lattice is crucial. Optical lattice potentials for ultracold atom
experiments can be created using the dipole force (2.1): By retroreflecting a laser
beam onto itself and thus forming a standing wave, a one-dimensional chain of two-
dimensional ’pancakes’ is being formed. Extending this scheme to three orthogonal
laser beams, one can create an ’optical crystal’ this way, e.g. three standing waves
with mutually orthogonal polarizations yield a simple cubic lattice structure.

The first proposals for experiments with ultracold atoms in optical lattices [63]
opened the way for a completely new field of research: Whereas parameters like e.g.
lattice depth or the force between the electrons (whose role is in an optical lattice
taken by atoms) can not be tuned dynamically in ’real’ condensed matter systems,
in ultracold atom systems this is easily possible via changing the laser intensity ac-
cording to equation (2.1) or using a Feshbach resonance (see section 2.4), respectively.

Fermionic atoms in the lowest band of an optical lattice are nearly perfectly de-
scribed by the fermionic Hubbard model [40]

H=—J > (&, 610 +hc)+UD fighiy + > €itig. (2.14)

<’i,j>,U 7 i,O’
Here, i denotes the lattice site, 0 = | 1),| |) the spin, ¢;, the fermion annihilation
operator, n;, = éjvaéw the number of atoms with spin o on lattice site ¢ and ¢;

the energy offset on lattice site ¢ due to an external harmonic confinement. In a
D-dimensional optical lattice potential V (r) = Vj Z£1 sin® (kpr;) with k7 being the
wavevector of the laser, we can express the hopping amplitude J in terms of the recoil

Instead, the molecular state is a superposition of triplet and singlet state. Surprisingly, for a
broad Feshbach resonance the dressed molecular wave function can have an overlap of far less
than 1% with the singlet molecular wavefunction [57].

11
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energy Ep =

3/4
J_ 4 (&) e (2.15)
Er 7 \ER

Here, V) > ERr so that the second band is not populated. The hopping amplitude J
induces tunneling of atoms between adjacent lattice sites: The higher J, the shorter
the timescale on which these tunneling processes take place. If we can model the
interatomic interaction by a contact pseudopotential, an analysis involving Wannier
functions yields for the onsite interaction

U 8 Vo \ >
B \/;akzL (E—;> . (2.16)

To put two atoms with different spins onto the same lattice site, the onsite interaction
energy U is needed. Depending on the sign of the scattering lenght a, U can describe
attractive or repulsive interactions.

With ultracold atoms in optical lattices, one has an excellent control over the most
important characteristical parameters of the fermionic Hubbard model (2.14), J and
U. According to equation (2.15) the hopping amplitude J can be tuned by changing
the laser intensity. Subsequently, the interaction energy U (2.16) can be adjusted
independently by varying a with a Feshbach resonance.

With the parameters which will be used in our experiment, equation (2.14) serves
as a precise description of ultracold fermionic atoms in an optical lattice. We have
an almost perfect simulation of the fermionic Hubbard model [34], which can hardly
be realized in a ‘real’ condensed matter system. The rest of our discussion will thus
focus on investigating the physics of hamiltonian (2.14) disregarding the small effects
of the external harmonic confinement (¢; = 0).

For U/zJ > 1, where z denotes the number of next neighbours, and (n;) = 1,
fermions in the lowest band of an optical lattice form a Mott insulator (MI). As
critical lattice depth for this quantum phase transition, recent theoretical calculations
[65] yielded (U/J). = 5z for fermions confined in an optical lattice with an additional
harmonic potential, which has been experimentally verified by experiments with °K
[39]. Reaching the MI phase in 9Li is still a big challenge: By combining equations
(2.15) and (2.16), one gets for the critical lattice depth

(Vo Er)e = (“ <U/J>) , (2.17)

where d denotes the lattice spacing. Due to its high recoil energy, %Li requires large
lattice depths Vj. So far, superfluidity of °Li in an optical lattice has been inver-
stigated [38], but the MI phase has not been reached yet. This is one goal of our
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2.5. Ultracold Quantum Gases in Optical Lattices

experiment and thus gives us an important design criteria for one possible setup of
our science chamber, which will be discussed in chapter 4 in detail.

The MI phase is not the ground state of hamiltonian (2.14). In a bipartite lattice,
this paramagnetic insulator becomes an antiferromagnet below the Néel temperature
Tx. The underlying mechanism is the socalled superexchange interaction: At filling
(n;) = 1, U > J and low enough temperature, the only way for fermions to lower
their energy is a virtual tunneling process to a neighbouring lattice site and back.
This tunneling process requires an antiferromagnetic ordering, as the Pauli principle
does not allow two fermions with the same spin to be in the same state. With the
above mentioned premises, we get by treating the hopping term in hamiltonian (2.14)
in second order perturbation theory the quantum Heisenberg model [66]

Hy = Jar > Si-S; (2.18)
<iyj>
Here, Jap = % is the superexchange interaction term, whose numerator o J - J is

reminiscent of the virtual tunneling process. Experimentally, reaching temperatures
on the order of Ty =~ 0.017%...0.03TF in an optical lattice is facilitated by adiabatic
cooling, which is supposed to take place when the lattice is ramped adiabatically
[67]. Here, the choice of ®Li instead of K could prove very useful: At a certain
J/U, the hopping constant .J is higher for ®Li than for “°/K due to its higher recoil
energy (see equation (2.15)). The resulting shorter timescales for tunneling facilitate
an adiabatic ramping of the optical lattice. Recent calculations |68] yield a necessary
initial temperature of the DFG of T ~ 0.059TF for *°K, which is very close to the
values already reached in ®Li [27].

The Néel state can be detected using for example Bragg scattering [69]. With a
thermometry for low temperatures given, we will be able to map the phase diagram
of fermions in optical lattices. Theoretical predictions are shown in figure 2.3: The
three-dimensional phase diagram shows the expected transition from a paramagnet
to an antiferromagnet. In two dimensions, a d-wave superfluid phase is predicted to
show up for a filling fraction (n) < 1 [37]. This phase, which is supposed to give rise to
superconductivity in the cuprates [70], could according to recent theoretical proposals
also be reached by using a superlattice |43, 44, 45|, which has been experimentally
realized recently for bosonic atoms |71, 72]. With our science chamber, we can choose
to pursue either of these approaches: By increasing the strength of one lattice beam,
we can form a two-dimensional lattice. By adding a second laser color with the correct
characteristics, we can create a superlattice together with the original lattice beams.
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Figure 2.3.: Phase diagrams for fermions with repulsive interactions in an
optical lattice; instead of the notation J used for the hopping term in the
text, these pictures use ¢, commonly used in condensed matter physics. Left:
The transition temperature from paramagnetism to antiferromagnetism cal-
culated with a dynamical mean field theory approximation (solid black line)
and a Quantum Monte Carlo simulation (dot-dashed curve). The isentropic
curves (dotted) show the adiabatic cooling effect taking place when the lat-
tice is ramped, i.e. U increased. Right: Predicted phase diagram of a fermi
gas in a two-dimensional optical lattice (pictures taken from [67] and [37],
respectively).
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3. Experimental Setup

In the following sections, I will describe the experimental tools needed to cool down
BNa and °Li to quantum degeneracy. The focus will be on the parts of the apparatus
designed by myself. This chapter includes parts of the setup which have already been
finished and tested succesfully as well as parts where the experimental realization is
still in progress.

3.1. General Concept of our Experiment

As we want to create our BEC and DFG from a dilute gas, we first have to get an
atom vapour from our alkali metals, which are solid at room temperature. For sodium
and lithium, whose vapour pressure at room temperature is very low, an oven has
to be built, which provides a gas of hot atoms. When they escape through a nozzle,
an atom beam is formed. This beam is slowed down by a Zeeman slower, so that it
arrives with a low speed (and thus a low temperature) in the main chamber. There,
the atoms are slow enough to be trapped in the MOT and precooled. Due to the atom
beam passing a differential pumping section, the pressure in the main chamber is on
the order of 107 mbar and thus low enough to make collisions of the cold atoms
with the background gas irrelevant. Hence, after loading the atoms from the MOT
into a magnetical trap for evaporation, a quantum degenerate gas can be created.
Using a (magneto-)optical transport, the atoms are subsequently transferred into the
science chamber. Due to the excellent optical access, a wide variety of designs for
different experiments is possible there.

3.2. The Vacuum System

This section will summarize the most important features of our vacuum system de-
signed by W. Setiawan.

Parts of our vacuum system are designed according the setup which is being success-
fully used for sodium-lithium (NaLi) experiments in the group of Wolfgang Ketterle
[73, 74]. Thus, I will focus on the differences of our system compared to the already
existing ones used for Nali experiments. Starting from left to right, the components
of our system shown in figure 3.1 are:
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3. Experimental Setup

Figure 3.1.: The vacuum system in from the side and from the top. For
explanations, see the text below.

. Oven section: The two cups with solid sodium (left) and lithium (right) are

heated to 350°C. The therby generated atom vapours are mixed in the mix-
ing chamber and an atom beam containing both sodium and lithium atoms is
generated after a nozzle. For a more detailed description, see |74, 75].

. Atomic beam shutter (right next to cold plate): Our design makes use of a

rotary feedthrough!; welded to the M5 tread in the vacuum is a threaded rod
with a bent stainless steel plate. The atomic beam shutter can be opened and
closed via an externally attached servo motor.

. Differential pumping section

. Bellow: In order to align the oven chamber and thus the atomic beam in respect

to the Zeeman slower and the main chamber, those two sections are connected
by a flexible bellow. Not shown in the picture is the experimental table, which
is located right from the bellow, and the 80-20 mounts for the oven section.

. Zeeman slower: A detailed description is given below in 3.3.
. Main chamber: A detailed description is given below in 3.4.

. Dump chamber: In the bottom of the chamber, titanium sublimation pumps

are located. The slowing beam enters through the viewport on the right.

. All-metal gate valve: This valve separates the main chamber from the transport

and cavity section, which will be described in chapter 4.

'Kurt J. Lesker MagiDrive RMD16
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3.3. Zeeman Slower

As already mentioned above, the following three components of the system will be
described below in detail: The Zeeman slower, the main chamber and one possible
design of the science chamber (latter is not shown in the picture, as we are still in an
early stage of planning with this part of our setup).

3.3. Zeeman Slower

3.3.1. Theoretical Considerations

As the velocity distribution of the atom beam coming out of the differential pump-
ing section has a mean velocity of Tyeam = /97kpT/8m 2 the atoms need to be
slowed down actively so that a sufficient flux of atoms with a velocity smaller than
the capture velocity of the MOT v, arrives at the main chamber. A typical value for
ve in a dark spot sodium MOT [77], which can hardly be calculated analytically, is
ve &~ 25 m/s [78].

The deceleration of the atomic beam coming out of the differential pumping section
of the oven is done using a Zeeman slower [76]: Whereas the atoms are already
sufficiently slow in the radial direction after passing the differential pumping tubes,
they are flying towards the main chamber with the speed Upegn. In order to slow
those atoms down, one uses a combination of the Zeeman shift in a magnetic field,
the Doppler shift and the light force: With a magnetic field B(z) oriented against the
direction of the velocity v of the atoms, we can apply equation (2.5) and thus get for
the laser detuning necessary to excite the atoms resonantly

do(z) =k-v+uB(z)/h (3.1)

Here, k is the wavevector of the slowing light and p = pp(m;.g;, — m;,g;,) the
difference between the magnetic moments of the atom’s excited and ground state
used for slowing. In our experiment, we do not want to sweep the laser frequency and
thus choose §y(z) = dp. To slow the atoms down, we make use of the spontaneous
force (2.4); the maximal deceleration, which is provided for sy — oo reads

hkT’ (3.2)
Umaz = 7 - .
2m
We make an ansatz for a constant deceleration a = na,,4, With 0 < 1 < 1 being is
safety factor, which is explained in detail in the design criteria section below. The
solution yields the magnetic field profile

B(z) = Bo\/1 — z/2 + B, (3.3)

2This value differs by some factor on the order of one from the typical velocity of a Maxwell-
Botzmann distribution. The difference is due to us considering an atomic beam and not an
enclosed gas [76].
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3. Experimental Setup

where By = hkTpeam /11, B. = hdg/p are parameters of the B-field and zy = Mvz.,,, /nhky
is the length of the Zeeman slower. A graphical representation of the resulting field
can be found in figure 3.2. For our design, we have 3 free parameters Upeam, 0o and
209, which have to be determined by the experimentalist so that the Zeeman slower
can be reasonably integrated into the experiment. The resulting design criteria are:

oven atomic beam main
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Figure 3.2.: Schematic of spin-flip Zeeman slower and MOT chamber with
their magnetic fields (blue and green, respectively). For the quadrupole field,
a typical gradient of 50 G//em was chosen.

3.3.2. Design Criteria

e As the velocity Upeqn is different for sodium and lithium due to their different
masses, the Zeeman slower can not be optimized for both atomic species at the
same time. Getting a DFG of %Li via sympathetic cooling with 2*Na requires
a lot of sodium for evaporation, and thus we optimize our slower for sodium?:
Given the temperature of the sodium atoms, this fixes Upeq,, and thus By.

e The light force (2.4) can only provide us with a finite deceleration @,,q;, which
imposes an upper limit on the gradient of the magnetic field. Thus, we want
to design our Zeeman slower so that our gradient is by a safety factor n < 1

smaller than the maximally possible value. Innserting a,,.. > a = le_: = U%
into (3.1), one gets
dB hkamae 1
21 - mas 2 (3.4)
dz |, poov(z)

By designing the magnetic field with a safety factor n, we get ‘%‘ =n |% e

Now we can see why a safety factor n < 1 is required: On the one hand, due to
a saturation factor sy < oo the maximum possible deceleration a,,,, can never

3A slower designed for sodium works still well for lithium, as described in detail in [79]
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3.3. Zeeman Slower

be provided by the slower light. Moreover, a safety factor n < 1 makes the
Zeeman slower less sensitive against deviations of the magnetic field from the
ideal shape, i.e. too high magnetic field gradients, which can be produced during
the winding process. The safety factor should still be reasonably bigger than 0
to keep the length of the slower z; small and thus the transversal expansion of
the atomic beam low.

e There are several magnetic field configurations which can be used to slow atoms;
each of them requires a different laser detuning 0, as we will explain in the
following.

1. Choosing B, = 0 yields a zero of the Zeeman slower magnetic field at its
end, which minimizes the influence on the magnetic field of the MOT. But
the slowing light required has a detuning 0y = 0, so it is resonant for B =0
and thus pushes atoms out of the MOT.

2. With By = —B,, the laser is far offresonant from the atoms in the MOT,
but the field profile of the Zeeman slower ends with a maximum at the
MOT position.

3. A spin-flip Zeeman slower combining the advantages of the previously ex-
plained solutions is used in most recent experiments: We make use of a far
red detuned laser and let our magnetic field have a zero crossing in its last
quarter. Atoms in the atomic beam are slowed down by ot light, which
changes to o~ as the orientation of the magnetic field is opposite after the
zero crossing. The disadvantage of this type of slower is that in this optical
pumping process taking place at B(z) = 0, atom loss is likely to occur. In
figure 3.2, it can be seen that the field of our Zeeman slower is just a small
perturbation of the MOT-field with a typical gradient of 50 G//cm.

e As the current to create magnetic fields on the order of several hundred gauss
dissipates heat which can be as high as almost 1 kW, the coils creating the field
have to be cooled appropriately. We decided to make use of hollow-core-wire?,
which solves the cooling problem easily, but could give rise to unwanted slopes
in the magnetic field if it is not wound tightly enough. In section 3.3.4, we will
show on the basis of our measurements that we were able to avoid this problem.

The first three design criteria fix the laser detuning dp and the magnetic field
parameters By and B.. The next subsection will give an overview about the slower
design, the winding procedure and present measurements of the magnetic field inside
the Zeeman slower tube.

*Wire produced by Small Tube Products (814-695-4491), insulated by SW Wire Co

(www.swwireco.com)
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3. Experimental Setup

3.3.3. Experimental Realization

Figure 3.3 shows the form of the Zeeman slower coils according to a calculation done
by W. Setiawan. The different colors indicate the currents flowing through each layer.

Figure 3.3.: Design of the Zeeman slower coils. The colors indicate different
currents (grey: —44 A, orange: —25 A, green: —15 A, red: 44 A, blue: 91 A,
pink: 15 A).

The parameters of our Zeeman slower are By = 1180 G, B, = —430 G and
2o = 0.95 m, which corresponds to a laser detuning 69 = —600 M Hz, an atom
beam velocity Upean, = 973 m/s ° and a safety factor n = 0.54.

The winding is done as follows: We mount the square wire in a teflon holder (see
figure 3.4), which helps to keep the wire straight during the entire winding procedure.
After mounting the Zeeman slower tube in the lathe, we wind 3-4 windings by hand
and tighten them with a hose clamp (the wire insulation is protected with rubber,
which is temperature stable at least up to 200°C' for baking). While the lathe is
spinning at low speed, the tight fitting of the wire is ensured by gently knocking it
with a piece of wood. When one layer is finished, the stopping wheel at the end of the
tube helps to go up to wind the wire from right to left. The double layer is completed
by tightening the wire with a hose clamp. The result of this process can be seen in
figure 3.4.

For each layer, we made about 10 spare windings in order to give us some more

flexibility: Length mesurements of the single layers showed that the winding densities
can vary by as much as 4% between different layers. Therefore, some corrections in
the design were necessary before unwinding the overflow windings and connectorizing
the wire properly.
Unfortunately, in the lack of time this work could not be finished. Nevertheless, some
experimental data could be taken anyway: After every two layers, we measured the
magnetic field profile in order to recognize possible shorts. Those measurements will
be presented and disussed in subsection 3.3.4.

Worthwhile being mentioned is also the integration of the slower into the whole
experimental apparatus: As it represents a topological problem to mount the Zeeman
slower onto an existing closed vacuum chamber, it has to be mounted there before
the assembly. To keep the setup modular, we wind the coils over a tube of 1" outer

>Theoretically, we get for an oven temperature of T'= 100°C a beam velocity of Upeam = 913.4 m/s
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Figure 3.4.: The Zeeman slower after winding in the lathe of the machine
shop. The begin and end of each layer is tightened with a hose clamp (1);
moreover, the teflon holder (2) straightening the wire and giving control
about its position as well as the stopper wheel (3) is shown.

and 0.87" inner diameter, which we slide after completion of our work over the actual
vacuum tube. This one is afterwards connected to the rest of the system via a custom
made 1-1/3" rotatable flange.

3.3.4. Measurements of the Magnetic Field

During the winding process, the wire insulation can be damaged. Thus, after each two
layers we made a measurement of the magnetic field in the slower in order to recognize
possible shorts. In the following, our data will be presented and a quantitative analysis
be given.

Homogeneity of the Magnetic Field

In section 3.3, we derived that the slope of the B-field should not excess some critical
value given by equation (3.4). In our case, taking into account that the capture ve-
locity of our Zeeman slower is around 973 m/s (see section 3.3), we get as the limit
for |dB/dz|,, . = 1.13 kG/m for sodium and 2.27 kG /m for lithium. In figure 3.5, a
zoom in the 'noisiest’ two layers of our Zeeman slower can be seen: Because of their
small radius, irregularities in the coil density can be seen much easier than in the
upper layers.

Looking at the part of the graph with the highest slope, the region between 550 mm
and 600 mm, one gets |dB/dz| ~ 1.1 G/m. Making the worst case assumption, that
all layers would have this slope at the same position, one gets by scaling the mea-
sured value with the maximal magnetic field of B,,,, = 750 G for the maximal slope
|dB/dz| ~ 150 G/m. This means, the additional slope produced by winding imper-
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Figure 3.5.: Zoom into the measured magnetic field of the first two layers
of the Zeeman slower.

fections is still a factor of 7.5 below the maximally tolerable value.

Verification of our Model for the B-Field Structure

On the basis of our measured magnetic field shape, we can verify the model which
the magnetic field has been calculated with: We approximate the hollow core wire
with the well-known formula

R?I

B(z) = %m, (3.5)

which describes the magnetic field of a wire loop with radius R and current [ on its
symmetry axis. Integrating the contributions from all loops, one gets for the magnetic
field of two layers at position z

B(z)zﬁz Z— 8 e—z
2d \/R2 (s1— 2)? \/R2 (e —2) a6
Z — 8o e—z (3.6)

VRS + (55— 2)? \/R2 (e — 2)2

Here, I denotes the current, d = 4mm the width of the square wire, R; the radius of
each layer and s; and e their starting and end position, respectively.
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Figure 3.6.: Output of our program to measure the magnetic field of the
Zeeman slower; in the last graph, an additional fit (red line) to the data has
been added.

Figure 3.6 shows the measurement of our software, which we will explain in the
following in detail. Our measurement device® provides us with the position of the
Hall-probe and the measured B-field versus time, as to be seen in the upper two
plots. After applying a median filter, which takes care of the wrong values produced
by the Hall-probe readout device changing its range (in the graph at —30 G), the
B-field is plotted versus position.

The last graph compares our measurement with the model for the magnetic field.
Using a nonlinear least sqares fit, we fitted equation (3.6) to the data, using I, R;,
s; and e as fitting parameters. We can see that our model equation describes the
B-field perfectly. Quantitatively, we get for the radii R; = (47.76 &+ 0.10) mm and
Ry = (52.71 £ 0.14) mm, which is very close to the values expected from considering
a 1”7 diameter tube with tightly wound hollow-core wire of thickness d = 4mm giving
us Ry = 46.7 mm and Ry = 50.7 mm. The deviations might come from us not
winding the wire tightly enough and from the fit procedure itself: The only feature
of the graph, which R; and Ry can be determined from, is the slight change in slope

5We use a hall probe, which is pulled through the Zeeman slower tube by a servo motor. The
position is determined with four photoreflectors (Hamamatsu P5587) spaced by 0.02".
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around z = 350 mm. Also the layer lengths fitted, IJ" = 254 mm and IJ{' = 362 mm
are in good agreement with the measured values g™ = 251 mm and ;" = 359 mm.

In conclusion, the preliminary results from the Zeeman slower measurements have
shown that the use of hollow-core wire produces the theoretically predicted magnetic
fields with deviations from the ideal shape which the atoms will tolerate.

3.4. Main Chamber

Unlike the experiments described in |74, 75|, our BEC will be made in a steel chamber
instead of a glass cell. The reason is that the actual experiment is not planned to take
place in our main chamber, but in the cavity chamber described below in chapter 4.
This means that the main chamber does not require the perfect optical access one
wishes to have in an experiment, and so a steel chamber serves our purposes.

Using a steel chamber, the variety in coil designs is limited. Thus we decided to
produce our BEC using the 'plug technique’ which has already been successfully ap-
plied in the production of sodium BECs [6]: Instead of preventing majorana spin flips
at the zero of the quadrupole field by applying an offset, one uses the dipole force
provided by a blue detuned laser beam. In this configuration, it should as well be
possible to cool the °Li down to Fermi degeneracy using sympathetic cooling with
sodium.

The quadrupole field for the evaporative cooling will be provided by coils wound
around the weldable windows shown in figure 3.1 on top and bottom of the main
chamber. Here, we will make use of hollow-core wire again: After producing BEC
and DFG, the current direction of one of the coils can be switched, quadrupole coils
become Feshbach coils” and a molecular BEC can already be produced in the main
chamber.

3.5. The Laser Systems

The following section will describe the laser systems used to cool lithium and sodium
down to degeneracy. The focus will be on the more demanding lithium system, which
has already been built, thus power and frequency characteristics of the laser system
will be reported. The sodium system, for which every component except from the dye
laser has been purchased and tested, has not been finished yet, but we will nevertheless
explain the laser frequency scheme.

"For producing the necessary magnetic fields, a high current and thus a good cooling is required.
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3.5.1. Lithium Laser System
Frequencies

To get a DFG, several laser frequencies are necessary to cool, optically pump and
image the atoms. Figure 3.8 gives a schematic overview about our scheme how to
create those various frequencies. The lasers of our system are arranged in a hierarchi-
cal structure: A grating stabilized diode laser serving as master laser is used to seed
a tapered amplifier (TA) chip (described in detail in section 3.5.1). Its light is used
to get a spectroscopy signal, the light for the Zeeman slower, the offset-locking signal
for the imaging laser and to seed the two TAs producing MOT and repump light.
The purpose of these different frequencies will be described in detail in the following.

F=1/2

fF:3/z ¢

A

g,= 4/3
(1.866 MHz/G)

670.977 nm

cooling transition
repump transition

F=32 ¥

25, — %2
1/2 228 MHz (2.799 MHz/G)

=12 Y

Figure 3.7.: D, transition line of °Li. Using AE ~ ppg;m B, the shifted
transition frequencies in high magnetic fields can be estimated.

Spectroscopy

We use a lithium spectroscopy cell (for details see below) to lock our laser to the
crossover of the two transitions in the Dy-line of SLi. Before going into the spec-
troscopy cell, we let the beam pass a double-pass AOM shifting its frequency by
2-165 M H z; that results in the master laser being offset locked by —330 M Hz from
the crossover or —216 M H z from the cycling transition |F' = 3/2,mp = 3/2) — |F =
5/2,mp = 5/2) used to cool the atoms in the MOT.

Slower light
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As the cycling transitions in lithium and sodium are both shifted by +1.4 MHz/G
in an external magnetic field, the detuning dy of the light used for Zeeman slowing
must be the same for both. With our Zeeman slower design described in section 3.3,
we need to shift the light from —216 M Hz detuning to —600 M H z detuning, which
can be done with a 384 M Hz AOM. So far, a repump has not been installed in our
setup yet, which will lead to atom loss in the spinflip-section of our slower. As this
effect might turn out to be limiting the atom number in our MOT, our design allows
for the integration of a 228 M Hz EOM, which would produce the necessary sideband
at —372 M Hz repumping the atoms in the region of zero magnetic field.

MOT light

A short introduction to the theory of Doppler cooling and magnetooptical traps
has been given in chapter 2. But even a more detailed calculation can not precisely
predict which detuning to choose to get a MOT of both reasonable size and tem-
perature. The optimal detuning § = —I'/2 for reaching the temperature minimum
of Doppler cooling Tpoppier = 22—1; (2.7)% does not yield a big atom number, whereas
big atom numbers on the other hand do not allow for the lowest temperatures any
more. Thus it is desirable to have the frequency of the MOT light tunable over sev-
eral linewidths, which can be done using a double-pass-AOM: Before seeding the TA
(for details see below), we shift the light by 2 - 150 M Hz and thus end up with light
being 84 M H z blue detuned with respect to the cycling transition. This is corrected
after the TA with an AOM at —114 M Hz, shifting the light to the final detuning
of =30 M Hz. The double pass gives us the possibility to change this detuning dy-
namically in a range of approximately +30 M H z, so that the MOT can be optimized.

Repump light

As to be seen in figure 3.7, Li can essentially be treated as a three-level system,
because the excited states can not be resolved within the transition linewidth I'. The
theory of light forces derived for a two-level system is apart from some minor modifi-
cations still valid. We just have to take care that atoms leaving the cycling transition,
i.e. the two-level system, will be brought back into it. This can be done with a so-
called repump laser bringing atoms, which were excited into the |F" = 3/2) hyperfine
state and decayed to |F = 1/2), back into the cycling transition. Experimentally, we
create the repump light the same way as the MOT light, with the only difference that
we shift after the TA by +114 M Hz. With this scheme, MOT and repump frequency
can be varied independently to yield the optimal atom number and temperature.

Experiments have shown that a ®Li MOT needs repump light in each of the 6 trap-
ping beams [18]. In order to make an alignment of the MOT beams easier, we couple
cooling and repump light into the same fiber: By overlapping them on a nonpolarizing
beam splitter cube, two fibers each containing 50% cooling and 50% repump light go

8This formula is only approximately valid because it doesn’t take into account the effect of polar-
ization gradient cooling, which is always present in a MOT.
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from the laser setup to the experimental table.

Optical molasses

In order to achieve some additional cooling of the atoms before they are loaded
into the magnetic trap for evaporative cooling, one makes use of an optical molasses:
Using a sub-doppler cooling mechanism [80], atoms can reach temperatures on the
order of approximately 10F,...;- Conveniently, the red detuned MOT and repump
light can be used.

Imaging light

A convenient way to image atoms is to use absorption imaging: A laser beam at res-
onance with a (cycling) transition is shone onto the atom cloud; from the absorption
image recorded with a CCD camera, one can infer the optical density of the atoms.
Useful information, e.g. the temperature of the thermal cloud surrounding the BEC
or the atom number of the condensate can be infered from it (for more details, see

[81]).

As we want to explore phenomena in the BEC-BCS crossover, we have to be able
to image atoms at a magnetic field on the order of up to 1 kG. With a frequency shift
of £1.4 M Hz/G for the cycling transition, we have to be able to scan the frequency
of our imaging laser over a range of up to £1.4 GH z, which can be hardly done with
AOMs. Thus, we make use of frequency-offset-locking |82]: As explained below in
detail, this way we are able to scan the frequency of our imaging laser dynamically
over the desired frequency range.

Due to %Li behaving as a three-level system at low magnetic fields, a repump is
also needed for imaging (at high magnetic fields, transitions are closed due to a big
Zeeman splitting and thus no repump is required any more); it can either be offset
locked to the master laser or the main imaging laser.

Optical pumping

After the MOT stage, we want to have the atoms in the stretched state |F' =
3/2,mp = 3/2) in order to allow for an efficient sympathetic cooling with sodium in
state |F' = 2, mp = 2) [83, 84|. Thus, we optically pump the lithium atoms into this
level, which can be done by using the light of a MOT beam with zero detuning. All
later following transfers between hyperfine states are done via rf-transitions.

The descriptions given above are summarized in figure 3.8, where a schematic of
the lasers and frequencies can be found.
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Figure 3.8.: Schematic of our lithium laser setup. The frequencies on the
right give the detuning in respect to the cooling transition. For a detailed
description, refer to the text.

Tapered Amplifier Laser

Our laser system is based on three self-built TA lasers providing us with power to get
a huge lithium MOT. In the following, I will describe step by step what is needed to
build a TA and how to assemble it.

Electronics

A tapered amplifier is a very sensitive device: Electrically, it shows like usual laser
diodes sensitivity to electrostatic discharge and reverse voltage. Moreover, current
spikes are also likely to destroy it. In order to prevent that, a protection circuit has
been designed and (so far) used successfully. It can be found in appendix A.3.

Mechanics

Unlike laser diodes, a TA chip can also be easily destroyed mechanically: In order
to prevent this from happening, a mount to put the TA chip easily and safely into
operation has been designed and tested? (details about the design can be found in
appendix A.3). After preparing the mount by attaching two peltiers, the heatsinks
and the cage mount, the TA chip delivered on a bone mount has to be put in as follows:
For better heat contact between TA chip and copper mount, we put flat indium foil

9 After the first test, which resulted in a mechanical destruction of the TA chip connections, some
changes were made in the design.
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3.5. The Laser Systems

Figure 3.9.: Left: Parts for the TA assembly, 1: Incoupling lens holder,
2: TA mount, 3: Output lens; right: assembled TA integrated in the laser
setup

on the mounting surface. The bone mount is then screwed in with two mounting
screws; one of them has to clamp the terminal tag for the ground connection. The
connection pin sticking out at the bottom of the bone mount has to be soldered
to the connection wire, which should be glued afterwards to protect the chip from
mechanical destruction.

After this is done, the optics for input and output collimation have to be added.

Input coupling

The input coupling for the TA chip is done with an f = 4.51 mm Geltech aspheric
lens (Thorlabs C230TME-B) mounted with a modified lens adapter (SITM09) in a
z translation mount (SM17Z). Tt is important to have the holder movable in the x-y-
plane, because although the TA chip mount is designed so that the chip itself is right
in the center of the cage mount, having the lens adjustable gives us the possibility to
correct for small deviations. After gluing the lens adapter in the right position, one
needs to measure the beamshape coming out of the input facet of the TA and mode
match the seed beam to that shape. Usually, one has to use lenses and prism pairs,
as aspect ratios of 10 : 1 are not unusual.

Output mode collimation

As the output mode of the TA is highly divergent, the lens for collimation has to be
chosen with care so that no parts of the beam are clipped. We use a lens with a focal
length of f = 6.5 mm and a numerical aperture of NA = 0.62 (Melles Griot 06 GLC
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001), which is mounted in an aluminum ring and positioned in the same way as the
input coupling lens. With the output mode of the TA being highly astigmatic, one
can only collimate the beam in one direction and has to make use of a cylindrical lens
for the other one. After testing several possibilities, we achieved reasonable results
with a cylindrical lens of f = 70 mm for the vertical direction followed by a 4 : 1
prism pair for the horizontal direction to give the beam an aspect ratio of roughly 1 : 1.

Figure 3.10 gives the characteristics measured on our repump TA. With our mode
matching, we were even able to exceed the specifications given in the datasheet:
Whereas Toptica needs 23 mW seed power and a TA current of I = 970 mA to get
500 mW out, we get the same result with just 16 mW seed power and I = 853 mA.
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Figure 3.10.: The TA output power versus current exhibits the usual diode
behaviour. Plotting the output power versus the seed power, one can check
whether the input coupling is good: With increasing seed power, the curve
should start to become flat. The red lines serve as a guide to the eye.

Reference Cell

The atom-light interactions explained in chapter 2 require laser light (nearly) reso-
nant with an atomic transition. By doing Doppler-free spectroscopy, we can resolve
the cooling and repump transitions of the ®Li ground state. By frequency modulating
the spectroscopy light, we can create an error signal and thus lock the laser to an
atomic transition [85]. Whereas spectroscopy cells for almost all alkalis can be easily
purchased and used for spectroscopy without (Rb) or just a bit (Na) of effort, this is
not the case for lithium: Due to its low vapour pressure, a special spectroscopy cell
has to be built, which will be described in the following.

In figure 3.11, the schematic drawing of our spectroscopy cell according to the MIT
design [74] can be seen. The cell is made of 316 stainless steel, has a cup for the
lithium chunks in the middle and is closed at its ends with quartz viewports. At the
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Figure 3.11.: Lithium spectroscopy cell (picture taken from [74]). Expla-
nations can be found in the text.

top, an all-metal angle valve is attached to enable evacuation and sealing.

The procedure to get spectroscopy is as follows: We put some pieces of lithium?!°
into the cup, close the cell with blanks'!, evacuate the system and bake the cup
at 350°C' — 400°C' until the pressure in the cell stays constant. Through a needle
valve, we flush the vacuum system with argon so that we can exchange the blanks
with viewports without the lithium oxidizing. At high argon pressure (starting from
10~ Torr), we heat the cup to 330°C. Subsequently, we lower the pressure in order
to minimize the pressure broadening [86] on the spectroscopy signal. When the flu-
orescence from the atoms inside the cell starts to change its shape from a spherical
cloud to a longstretched line, the argon pressure is kept constant and we close the
valve.

The argon serves as a buffer gas: Having just hot lithium vapour inside the cell
would lead to coating of the viewports. Thus we have to add some buffer gas to
reduce the mean free path of the lithium atoms. In our setup, we stopped at an
argon pressure of 4 - 1072 Torr, which translates in a mean free path on the order of
centimeters. This is in agreement with our observation of the fluorescence line inside
the cell. Due to not careful enough adjustment of the argon pressure, for a short time
the mean free path of the lithium became too long and thus hot atoms arrived at
the viewports, which resulted in coating and left us with a transmission of < 50%.

19Q0ur tests showed that it does not have an effect on the quality of the spectroscopy signal if those
chunks have already been cleaned commercially or just came out of oil and were cleaned with
acetone and cooled methanol.

11 This is necessary, as viewports would become opaque during baking due to coating by the lithium.
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Thus, our current spectroscopy is being done with 2.6 mW pump and 0.6 mW probe
power, which exceeds the saturation intensity for a beam with waist w ~ 0.5 mm by
far; another reason for the need of such high powers might be that the spectroscopy
is done with a longstretched atom cloud.
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Figure 3.12.: Spectroscopy (orange) and error (violet) signal from the
lithium reference cell.

In figure 3.12, the Doppler free spectroscopy inside the Doppler valley of width
Av = yy/kT/mc* =~ 1 GHz can be seen. From the distance between the hyperfine
peaks dv = 228 M Hz, we can see that it is possible to scan our laser by about 2 GHz
just adjusting the piezo and leaving the current constant. This will be important be-
low for frequency offset locking. In the right graph, the spectroscopy signal is shown
together with the error signal created by a pump-probe scheme with the pump beam
being modulated with an EOM at 23.17 M Hz. The big slope at the crossover loca-
tion enables a very stable lock.

One remarkable feature about the %Li spectroscopy signal is the shape of the
crossover. As SLi is without a magnetic field applied essentially a three-level sys-
tem, the absorption of the probe beam is enhanced at the crossover frequency w., =
(w1 +wsy)/2: Atoms with a certain velocity class v are optically pumped by the pump
beam from one hyperfine groundstate into the other; thus the absorption of the coun-
terpropagating probe beam is enhanced. Looking at the degeneracy of the hyperfine
states involved, one can predict that the F' = 3/2 line should be twice as strong as the
F = 1/2 line, and the crossover should have thrice the strength of the F' = 1/2 line
as all six hyperfine ground states contribute to it. All the features predicted above
are experimentally verified in figure 3.12.

Frequency Offset Locking

As already mentioned above, our imaging laser needs a high frequency tunability.
Thus we make use of frequency offset-locking [82]: Following the schematic in figure
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3.13, we take the light of two lasers and record their beating signal at frequency Av'2.
After this signal has been amplified, it is subsequently mixed with the signal from
a VCO with frequency vyco. The resulting signal oscillating at v, = |Av — vy ool
is split into two and after phase-delaying one of them by v... - 7 (here, 7 ~ 5 ns
when a 1 m cable is used) recombined on a mixer serving as phase detector: Using
Sin (27Verpt) - SIN (270 (E+ 7)) = 1/2 - (cOS (2TVery T) — €08 (270 (28 + 7))) and fil-
tering out the second term with a 10 M H z low-pass filter, we end up with the error
signal shown in figure 3.13.

¢from TA A -
P '/ \ diode laser
- 1 |’.'
photodiode ulllls +
+ Bias-Tee servo s
()]
amplifier @
o
high pass T power phase .
100 MHz splitter ~ detector
VCO X L
mixer =+ =
low pass low pass
100 MH - 10 MHz o
Z  delay line frequency imaging laser -

Figure 3.13.: Left: Frequency offset locking schematic. Right: Error signal
as measured on oscilloscope.

The cos-like oscillation of the signal is easily recognizable, the envelope of the curve
being given by the bandwidth of the circuit. In our setup, two filters were added: One
high-pass filter (100 M Hz) behind the photodiode amplifier to filter out a possible
offset which could show up on the error signal, and an additional low-pass (100 M H z)
behind the first mixer in order to reduce the number of slopes shown in figure 3.13.
This way, one can easily always lock the laser onto the same slope without having to
count them in order to get the right one.

With our current setup using a VCO with a frequency range from f = 300 M Hz to
f =750 M H z, we could offset lock the laser with a beat frequency of Av = 330 M Hz
and by increasing the VCO voltage scan it to Av = 780 M H z without the laser get-
ting out of lock. The beat frequency, which was measured with a spectrum analyzer,
gives us additional information about the linewidth of our grating stabilized diode
lasers: Making the assumption that their lineshape and linewidth is both the same,
one can infer from the measured beat linewidth of 2 —3 M Hz that each single diode
laser has a linewidth of (1.5 — 2) M H2z"3.

12The photodiode used to do that is Hamamatsu G4176-03 attached to a Bias-Tee Minicircuits
7X85-12G+.

13To get this result easily, we assumed that the lineshape is gaussian and made use of the fact that
the convolution of two gaussians both having the same width ¢ has a resulting width of v/20.
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As measured above, the laser can be scanned over a range of 2 GHz at a fixed
current without mode jumps, thus with an appropriate DDS replacing the VCO in
our current setup we might be able to scan the laser even without changing the current
so that °Li atoms can be imaged at both high and low magnetic fields.

laser offset to cooling transition | power fibercoupling efficiency
Slower | —600 M H z 75 mW | 38%

MOT —60 MHz...0 MH~z 215 mW | 65%

Repump | 168 M Hz...228 M H=z 200 mW | 66%

Imaging | = 1.4 GHz enough | good enough

Table 3.1.: Frequencies and powers (after fiber) reached in the lithium laser
setup (the imaging repump has due to delivery delays not been set up yet).

Table 3.1 is summarizing the characteristics of each laser. The power has already
been corrected for the lossy waveplates (only 90% percent transmission) which will
have to be exchanged. The MOT and repump TAs have their maximal output power
for —30 M Hz detuning from their respective transitions; for 0 M Hz and —60 M H z
detuning, their power decreases to 2/3 due to the characteristics of the double-passes
used to frequency shift their seed beams.

3.5.2. Sodium Laser System

For sodium, cooling is usually done on the cycling transition of the D, line at 589 nm.
Unfortunately, laser diodes do not exist for this wavelength and so the only option
available providing enough power is a dye laser. This means that all the necessary
frequencies have to be created from one single main frequency, as I will describe in
the following.

We set up our experiment on two different tables: On the optical table, the laser
light is being prepared and sent via optical fibers to the experimental table. There,
our vacuum chamber is set up and the actual experiment takes place. The sodium
setup is spread over those two tables: As the dye laser is pumped with a Verdi laser,
those two have to be on the same table'*. Due to our current plan to do evaporative
cooling using the plug technique (see section 3.4), we need the green light on the
experimental table to make our BEC. Thus, in our current scheme we are planning to
have the dye laser itself and the pump on the experimental table, but all the resonant
light on the other table.

The sodium level scheme can be seen in figure 3.14: Unlike in ®Li, the four states
in the 32 P/, hyperfine manifold with a transition linewidth of I' = 10 M Hz are well
resolved. Again, we take the cycling transition, in our case |F =2, mp =2) — |F =

14 Another option would be to pump the dye with light coming from a fiber, but as a power of 10W
is needed those would have to be very special high-power fibers and thus not desirable.

34



3.5. The Laser Systems

3,mpr = 3), for cooling. It is obvious that due to the level structure the repump is
for sodium not as important as for lithium.
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Figure 3.14.: D, transition line of 2 Na. Using AE =~ upgym;B, the
shifted transition frequencies in high magnetic fields can be estimated.

Spectroscopy

The spectroscopy for sodium is less complicated than the one for lithium: The
setup we use is similar to the one described in [87], with the difference that we use an
EOM to modulate the pump light instead of a B-field applied directly to the atoms
to get our error signal. For locking, the most prominent feature of the error signal,
the crossover between the |F' = 2) — |F' = 2) and |F = 2) — |F’ = 3) transitions
is used. Before going into the spectroscopy, we frequency shift our laser beam with a
double pass AOM of 2-110 M H z, which makes our laser be locked with a frequency
offset of —249 M Hz in respect to the cooling transition |F' = 2) — |F' = 3).

Slower

Our Zeeman slower design requires for sodium as well as for lithium a laser light
detuning of 6o = —600 M H z, which is reached by shifting the light from the dye laser
with a —351 M Hz AOM. As explained in detail in [79], for sodium it is crucial to
have repump light in the slower in order to prevent high losses in the spin-flip section.
We are planning to do that using a self-built EOM at a frequency of 1.713 GHz: As
we do not need a very strong sideband, using the design of [88, 89| should give us
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enough repump light for our purposes.

MOT

As already mentioned above, we use the cycling transition |F' = 2, mp = 2) —
|F" = 3,mp = 3) as our cooling transition. Thus, we shift the dye laser frequency
with a double-pass AOM by 2-112 M Hz, so that we can vary the MOT frequency
detuning from —50 M Hz to 0 M Hz around a central detuning of —25 M Hz. Worth-
while being mentioned is that for the MOT light, the zeroth diffraction order of the
AOM doing the —351 M Hz shift for the slower light is recycled, as can be seen in
figure 3.15.

Repump

Although for sodium the repump is not as critical as for lithium, it is nevertheless
needed, because offresonant excitations from |F' = 2) — |F’ = 2) are still possible
as this transition is only about six linewidths detuned from the |F' = 2) — |F’ = 3)
transition (considering the lorentzian lineshape of the transition, this happens for zero
magnetic field about once in 150 excitations). Thus, we shift the dye laser frequency
by +400 M Hz with an AOM, then modulate sidebands with a 1.452 GHz EOM?'®
and finally have a 110 M Hz AOM for switching the light on and off. We avoid putting
directly a 1.852 GHz EOM, because a carrier with a detuning of only —139 M Hz
from the cooling frequency might influence our imaging at certain magnetic fields.

In our MOT beam setup, we plan to apply the dark spot technique [77| giving us
high densities and numbers of cold atoms. Instead of just blocking the peak intensity
of the repump beam, the ring-like beam shape could also be created using a hologram.

Imaging

For imaging, the dye laser light has to be shifted back to resonance, which is done
using 2 AOMs at 125 M Hz each; the use of two single components instead of e.g. a
double-pass has the advantage of higher suppression of imaging light when the AOMs
are turned off. As already indicated above, the imaging repump is created exactly
the same way as the repump for the MOT.

Optical pumping

As BECs are usually produced in magnetic traps, they must be in a low-field seeking
state, as due to Maxwell’s equations a local magnetic field maximum is not possible.
Thus the only sodium states possible are |F' = 2, mp = 2), |F' = 2, mp = 1) and
|F'=1,mp = —1). The biggest DFGs have been produced using |F' = 2, mp = 2), as
this state is the only one both stable against intra- and inter-spin exchange collisions.
Due to the nature of the spot trap, most of the atoms in the center of the MOT are

15 A5 the sidebands must be really strong in this case, we use a commercial EOM (Newfocus Model
4441) instead of the self-built one. With a 5 W amplifier, we are able to modulate sidebands
reaching the theoretically maximal possible power of 34% of the total power.
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in the |FF = 1) state. Thus ot polarized repump light (without a dark spot) and
additionally a beam resonant with the |FF = 2) — |F’ = 2) transition have to be
applied to transfer atoms to the |F' = 2,mp = 2) state; due to the choice of the
optical pumping transitions, this is a dark state and thus heating is minimized'®. To
get the additional optical pumping light, we have to shift the dye laser light with an
AOM at 191 MHz.

AOM Double pass
Dye laser 351 MHz 42 %112 MHz MOT: -50MHz...0MHz
A 249 MHz
Lock-box EOM )
1.713 GHz Slower: -600MHz / +1113MHz
A - - - . T -
AOM )
AOM +110 MHz Repump: 1.713 GHz
400 MHz

AvM | i :1.713 GH

oM +110 MHz maging repump: 1. z

1.452 GHz
AOM . .
+110 MHz Optical pumping repump: 1.713 GHz
AOM . N
+191 MHz Optical pumping: -58 MHz

AOM AOM .

+125 MHz +125 MHz Imaging master: OMHz

Double pass Spectros-

+2 %110 MHz| copy

|

Figure 3.15.: Schematic of our sodium laser setup. The dashed line indi-
cates the separation between experimental (above) and optical (below) table.
The frequencies on the right give the detuning in respect to the cooling tran-
sition. For a detailed description, refer to the text.

16With laser light on the |F = 2) — |F’ = 1) transition, |F = 2, mp = 2) would even be darker and
thus heating might be minimized even more. The optimal frequency shift will have to be figured
out, experimentally.
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Optical cavities have a fundamental meaning for physics: In lasers, they are used to
surround the gain medium and thus to provide optical feedback (e.g. in dye lasers
or grating-stabilized diode lasers). For fundamental research in the field of quantum
optics, cavities are used to explore the physics of cavity QED [90].

In our science chamber, we can implement a cavity for several purposes. The use of
a high-finesse cavity gives us the possibility to create and probe anyonic excitations
in ultracold fermions [41]. But even the use of a cavity in its most 'classical’ way,
i.e. as a simple Fabry-Perot interferometer, can give us access to a lot of new physics
as explained in the following. Depending on the frequency of the incoming light, its
intensity can be enhanced between the cavity mirrors, as explained in detail in section
4.1. The standing light wave formed between the mirrors can serve as an optical lat-
tice for atoms. Due to its high recoil energy, for Li deep lattices are needed to explore
the superfluid - Mott insulator transition (see equation 2.17). According to equation
(2.1), arbitrarily deep lattices can be created by choosing the detuning § = w — wy
small enough. But a lattice created by three standing wave TA laser beams would
produce too much heating of the atoms according to equation (2.2) when providing
the required depth. Thus, it is desirable to have a large detuning ¢, as hl'y. = %Udip
for 6 — oo. As for a large detuning more laser power is needed according to equation
(2.1), we enhance the intensity of a standard infrared (IR) laser with a cavity.

In our measurements, we investigated how to get a stable light intensity between
two cavity mirrors. This way, we could figure out how a cavity has to be designed to
keep its intensity noise so low that we can finally trap atoms in the resulting optical
lattice. In the following, we will first summarize the most important theoretical results
and then use them to explain the design criteria which have to be considered when
constructing the science chamber with a cavity, henceforward called cavity chamber.
Some minor but nevertheless for the design criteria very important results of the test
measurements will already be mentioned in section 4.2, but most of them will be
shown separately in section 4.3.

4.1. Theoretical Background

As the aim of this section is just to give an overview and not a derivation of all the
formulas presented here, the reader might always refer to [91, 92, 93] for more details.
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Starting with planar-mirror resonators and ray optics, we get for the frequency
spacing vr between two adjacent modes of this type of cavity

C

= 0 (4.1)

Vp

with ¢ being the speed of light and d the distance between the two mirrors. In-
troducing r» < 1 as the reflectivity! of one single mirror, one can make use of the

finesse
/T

F = 4.2
1—r (42)
to express the width of the cavity’s resonance for F > 1 as
Vp
ov=—. 4.3
y=" (1.3
Its inverse is called the resonator or photon lifetime
1
= 4.4
P orew (44)

as it gives the 1/e decay time of a photon inside the cavity. On resonance, the light
intensity stored in the cavity can be expressed for F > 1 as

T (15)
T
with [I;, being the intensity of the incoming light. The above introduced expressions
are summarized in figure 4.1.

In order to have a cavity stable against slight misalignment of the mirrors, one has
to make use of curved mirrors. The ratio of the mirror distance d and their radius
of curvature R (R < 0 means a concave mirror) can be expressed in the so-called
g-factor

d
g=1+4. (4.6)

In the following, we will focus on a symmetric cavity made of two concave mirrors.
Performing an analysis with Gaussian beam optics instead of ray optics, one gets for
the waist of the light beam wg in the middle of the cavity

wgzﬁ 2@

2 -1 (4.7)

and for the waist w,, at the mirror positions

2 _ Ad/m (4.8)

Om = RDR - (@ 1R

'We use the convention I,.. flected = T + Ijn, which means our reflectivity refers to the intensity and
not the amplitude of the light beam reflected.
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Figure 4.1.: Typical picture when scanning a confocal cavity (for this plot,
F =10 was used). For explanations, refer to text.

A generalized treatment of the cavity mode structure yields as stable solutions of the
resonator the whole set of Hermite-Gaussian modes with resonance frequencies

arccos

) (49)
where ¢ denotes the axial and (m,n) the radial mode numbers. In the case of the
simple Gaussian beam T, (4.9) simplifies to (4.1). Worthwhile mentioning is also
the confocal? case where g = 0: Additionally to the Hermite-Gaussian modes, the
socalled bow-tie-mode exists in this configuration, where the light reflected between
the mirrors follows the shape of a bow-tie. This mode sees an effective cavity length
of 2d and thus the free spectral range is reduced by a factor of two. On a cavity
scan, this would result in additional peaks showing up in the middle between the
ones shown in figure 4.1.

™

4.2. Design Criteria

Given the theoretical background from section 4.1, we will explain now what to take
into consideration when designing the cavity chamber.

Radii of the cavity mirrors
The radii of the cavity mirrors have to be chosen so that the resulting waist
(4.7) yields a reasonably flat potential. For testing, we used concave mirrors with

2The name confocal comes from the fact that a mirror with radius R has a focal length f = —R/2
and thus for g = 0, i.e. d = |R|, the focal ponts of both mirrors are coincident. One can see, that
in this case the waist in the middle of the resonator wg(d) has for fixed R a minimum according
to (4.7).
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|R| = 1.50 m leading for an experimentally feasible d = 10 ¢m and X = 1024 nm? to
waists of wg = 296 pm and w,, = 301 wm, which represents lattice sites of almost
constant depth in the axial direction. Thus, the overall harmonic confinement of a
lattice formed by three orthogonal cavities is only given by the waist wg of the light
trapped inside the cavity.

Cavity Finesse

Preferably, one wants to have a high cavity finesse in order to amplify the laser
light going into the cavity optimally, so that deep potentials are created. When dif-
ferent reflectivities r; and ry for incoupling and outcoupling mirrors are chosen, a
proper impedance matching is crucial: Depending on the losses inside the cavity,
the power enhancement is maximal for one certain value of rq, if 9 is fixed. A too
high cavity decay time (4.4), which would limit the ramping speed of the lattice, will
not become an issue in our case. With our values given above, 7p becomes on the
order of ps for a finesse F > 10°, which is definitely not needed to reach the MI phase.

Cavity length

As already indicated above, we want to use the pure Gaussian mode Ty, to create
the optical lattice. The cavity can help us to get a pure Gaussian beam between the
mirrors: If we choose the length d and thus the parameter g so that according to (4.9)
no other radial mode (g, n,m) is degenerate with the chosen mode (¢’,0,0) (within
its width dv), then a pure Gaussian beam will be present inside the cavity.

Mode matching

To get a pure Gaussian beam into the cavity, additionally to the design step ex-
plained in the previous item, one should mode match the incoming laser beam to the
cavity mode, i.e. one should try to maximize the overlap integral of the Gaussian
mode inside the cavity with the incoming beam. Due to the orthogonality relation-
ship of the Hermite-Gaussian modes, the incoming beam will couple to no other mode
if it is perfectly matched with Tyy. Experimentally speaking, one should try to adjust
the waist and divergence of the laser beam to the parameters given by the cavity;
this can e.g. be done using a telescope to adjust the beam waist and a lens in front
of the cavity to fix the divergence. Experimentally, using this method incoupling
efficiencies of more than 85% could be reached. Additionally to boosting the light
intensity inside the cavity, a proper mode matching also increases the signal to noise
ratio of the locking signal described in the next item.

Locking

In order to provide stable optical lattices, either the laser has to be locked to
the cavity or vice versa. Both requires an error signal, which can be created using
rf-modulation: But instead of modulating the current of the laser, which leads addi-

30ur tests were done at A = 780 nm, which does not make a difference for the following consider-
ations.
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4.2. Design Criteria

tionally to frequency modulation (FM) also to amplitude modulation (AM), we create
sidebands using an electro-optic modulator (EOM?) [85]. The error signal recorded
experimentally (figure 4.2) is in excellent agreement with the theoretically expected
shape [94].

error signal
J )

%y

transmitted intensit

cavity length

Figure 4.2.: Light transmitted through cavity (green) and error signal
(lilac) as monitored on the oscilloscope. Knowing the modulation frequency
of the EOM, one can extract from this picture a calibration to determine
e.g. the finesse of the cavity given that the scanning piezo is working in the
linear regime, i.e. where its extension is proportional to the applied voltage.

But locking is not as easy as in a spectroscopy setup. A very important issue is
residual amplitude modulation (RAM): If the polarization of the light is not properly
aligned to the axis of the EOM used to create the sidebands, any polarizing element
after the EOM will give an amplitude modulation in the beam. This results in a
fluctuating offset of the error signal, which makes locking unstable or even impossible.

In out test setup, we filtered the spatial mode of our laser with an optical fiber
to achieve better mode matching. This can result in light reflected from the cavity
travelling back and forth between incoupling mirror and fiber facet, which leads to
even more RAM. After many tests, we found that a good way to get rid of AM is
to put the EOM in front of the fiber and have additionally a faraday isolator behind
the fiber. Having a proper mode matching and a reasonable modulation depth, a big
error signal is produced which makes the remaining very small amounts of RAM, i.e.
offset fluctuations of the error signal less important.

One last step, which has not been performed in our tests, is to make use of a bal-
anced detection scheme: The (in magnitude roughly equal) signals of PD1 and PD2
in figure 4.3 are substracted and thus in the difference signal the RAM should vanish.

4A simple design can be found in appendix A.4.
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Figure 4.3.: Optics setup for a reliable cavity lock. Explanations can be
found in the text.

Ezxperimental realization of locking

By scanning the voltage applied to a piezo which is connected to one of the cavity
mirrors, the cavity length and thus its resonance frequencies change (this way, the
signal in figure 4.2 was recorded: We did not scan the laser frequency v, but the free
spectral range vp). It is possible to lock the cavity this way, but as the bandwidth
of the locking circuit with the piezo attached is just on the order of 1 kHz, a device
to get rid of noise in the kHz — M Hz regime is desirable, as this is the order of
magnitude of typical trap frequencies. An easy way to do it is to filter the error
signal using a high-pass-filter with cutofffrequency on the order of 1 kHz and drive
with this signal a voltage-controlled oscillator (VCO) adjusting the frequency of a
double-pass AOM (see figure 4.3): Taking the mean p and standard deviation o of
the intensity transmitted through the locked cavity, this way the relative noise o/
could be reduced by a factor of up to two.

Noise

To make life for the locking circuit easier, there are several ways to reduce (me-
chanical) noise a priori, which results in a much more stable cavity lock. The first
experience we made was that one should not place the cavity near a turbopump, as
the cavity is badly influenced by the pump vibrations. Moreover, electronic boxes on
a table together with the cavity can produce mechanical noise as well: The cavity
can even feel the 7" (!) harmonic of the 60 Hz vibrations coming from the power
supply. A monolithic mount for the cavity mirrors yielded great improvements in
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4.3. Measurements

noise reduction: By simply putting the cavity mirrors into a lens tube, it was possible
to reduce the relative intensity noise by a factor of more than 10 in comparison to the
case of the two mirrors mounted on separate mirror mounts. The relative intensity
noise was then as low as o/p = 0.1%.

Cavity piezo

Although our mesurements were performed with a piezo being only able to ex-
pand in the axial direction, for alignment purposes it might be necessary to have a
tiltable piezo in the final setup. Doing fizeau interferometry, we were able to verify
the specifications of the piezo which could be used in our final setup®: We measured
an expandability of 3.7 um in the axial direction and a tiltability of 0.4 mrad. The
highest possible movement speed of the piezo was determined to be about 1.5 kH 2.

This section has given an overview about the measurements done to characterize
the design criteria for the cavity chamber. Experimental data showing our control
over the cavity can be found in the next section.

4.3. Measurements

In this section, the results of some measurements with the cavity test setup will be
presented and discussed. First, the mode structure measured when scanning a non-
confocal cavity will be shown and analyzed; later, pictures taken of different modes
will be presented, compared to a simulation and explained.

4.3.1. Characterizing the Cavity on the Oscilloscope

In the upper part of figure 4.4 we can see the light intensity transmitted through
a non-confocal cavity: By applying a voltage on the piezo, its length and thus the
cavity’s free spectral range vp is changed according to (4.1). In a well incoupled
cavity, we only see even® modes, as the overlap of our Gaussian laser beam with an
odd cavity mode is zero. Thus, we can attribute the Ty mode to the big peak in the
middle, the T3, T3, and T5; mode, which are degenerate in their frequencies, to the
peak left next to it and the 77, mode to the right big peak.

With a frequency calibration obtained from measuring the distance beween side-
bands and carrier, we can determine the two frequencies shown in the picture and

Physikinstrumente PI 130.24

6 A mode characterized by the three numbers (g, m,n) is called even if m+n is even, otherwise odd.
This notation is suggestive when investigating the symmetry properties of the Hermite-Gaussian
polynomials.
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Figure 4.4.: Experimentally measured and simulated cavity lenght scan.
Further information is provided in the text below.

thus end according to (4.9) up with the two equations

1783 MHz = vp - 2 - arccos (g) /7 (4.10a)
11.0 MHz = vg - (1 — 4 - arccos (g) /7). (4.10b)

Solving them provides us after application of equations (4.1) and (4.6) with the length
of the cavity d = 40.8 em and the radius of curvature of the mirrors R = 1.48 m.
Those values are in excellent agreement with the measured value d.,, = 41 ¢m and
the one provided by the manufacturer R,, = 1.50 m, respectively.

But the picture provides us with even more information. For simulating the cavity
peak structure, the function

o—(n+m)/9.86

[(n’m) (l/) = ]

1+ (2F/m)?sin® (- v/vy — (n + m)arccos (g)) (4.11)

was used with a measured finesse of 7 = 150. The factor in the numerator is due to
the fact that for higher n 4 m, the incoupling efficiency is lower; the decay factor 9.86
has been determined from an exponential fit to the heights of peaks with n+m < 14.
The denominator is the well-known textbook formula for the transmission shape of
a cavity additionally taking into account the shifts of the resonance frequency for
higher modes. The agreement between the experimentally measured and simulated
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4.3. Measurements

data in figure 4.4 is remarkable.

Making the assumption that all the laser power is in even modes and dividing the
power of the Ty, peak by the total power stored in all 7, ,, modes, one gets for the
incoupling efficiency of the Gaussian 33.3%. This is in good agreement with the ex-
perimentally measured value of 35%.

4.3.2. Characterizing the Cavity with a Beam Profiler

Figure 4.5.: Measurement and simulation of the pure Gaussian mode Tg
(exposure time 7 ms)

Being able to resolve the mode structure of the non-confocal cavity, one can selec-
tively lock the cavity to each of the peaks, given a zero crossing and a sufficient slope
of the error signal”. Choosing the biggest peak for locking and monitoring the light
transmitted through the cavity with a CCD camera, one ends up with the Gaussian
to be seen in figure 4.5. As expected, measured (left) and simulated (right) picture
look very similar.

To simulate the transmitted intensity distribution, we used as representation for
the amplitude

UlG(z,y) = N - Hy(V22)e™™ /2 - H,\(v2y)e v/ (4.12)
Here, H,(z) are the well-known Hermite polynomials used to describe the cavity
mode 75, .

"In the transmission curve shown in figure 4.4, adjacent peaks are very close. The error signal (not
shown) did not even have a zero crossing at the peak positions, as error signals from different
peaks overlapped
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Figure 4.6.: Measurement and simulation of the cavity mode T} (exposure
time 20 ms)

Considering the structure of the cavity scan shown in figure 4.4, where no odd
modes show up, it might seem difficult to adress an odd cavity mode, e.g. T}y, with a
Gaussian laser beam. Although the circular symmetry of the beam makes the overlap
integral of odd and even modes vanish, a coupling to T}y can be reached by slighty
misaligning one of the incoupling mirrors in the horizontal direction. The result can
be seen in figure 4.6 and is described theoretically by equation (4.12) with n = 1 and
m = 0.

With a stable cavity and a good locking signal, it was no big issue to adress even
higher modes. Figure 4.7 shows the 7140 mode. Irom the exposure times given in
the captions, we can see how the overlap of our Gaussian laser beam with the cavity
modes is decreasing for higher modes.

One can see that the simulation using equation 4.12 is still good, but not describing
the measured beamshape precisely away from the center. In this region, the paraxial
Helmholtz equation, which yields the Hermite-Gaussian beams as eigenfunctions, is
not valid any more and thus the observed beamshape is different from the simulated
one making simplifying assumptions.

Since the Hermite-Gaussian modes are not the only complete set of solutions to the
paraxial Helmholtz equation, one expects to be able to see also beamshapes which
can be easily described by e.g. the complete set of Laguerre-Gaussian beams. Using
cylindrical coordinates (p, ¢, z), the expression

m 2 2 2 2 )
.0 =N (5)" 1 (3 ) e (4 ) - e )

describes the amplitude of a Laguerre-Gaussian beam for a fixed position z. Here,
N is a normalization factor, L;" the generalized Laguerre polynomial function, w the
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Figure 4.7.: Measurement and simulation of the cavity mode T4 (expo-
sure time 82 ms)

beam waist, k the wavevector, R the beam curvature and ¢ the Gouy phase. In the
following, I will explain formula (4.13) on the basis of two measurements.

Knowing that for m # 0, the Laguerre polynomial functions have the property
L(p =0) =0 ¥ we can attribute to the measurement shown in figure 4.8 a mode
with m = 0. As [ is representing the number of radial nodes for p > 0, it is easy to
simulate the measured data using equation (4.13) with [ = 1.

Equation (4.13) is a solution of a linear differential equation; thus, a linear superpo-
sition of several UG (p, ¢) with different (I, m) provides a solution as well. E.g., if we
add the solutions with (I, +m), we get an azimuthal intensity dependence o sin® (mg).
Figure 4.9 obviously involves a superposition of the modes with (I = 0, m = +3). So
far, the intensity pattern would show a symmetry under a rotation of 7/3, which
is clearly not the case in our measurement. The symmetry can be broken by the
presence of other resonant modes in the cavity, e.g. from the set of Hermite-Gaussian
modes: Looking at the Gouy phase in equation (4.13) and comparing it with the
one acquired by a Hermite-Gaussian beam characterized by (k,n), one sees that if
any Hermite-Gaussian modes are resonantly involved, they must fulfil the condition
k +n = 3. With the ansatz

Ulx,y) = p°Ly (207) - €7 - sin (3¢) + €1 - UgE (x,y) + e2 - UL (2, y), (4.14)

8This can be intuitively understood considering the fact that a photon in a L™ mode carries mh
of orbital angular momentum along its direction of propagation [95].
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Figure 4.8.: Measurement and simulation of the cavity mode described by
equation (4.13) with [ =1 and m = 0 (exposure time 84 ms)

making use of the amplitude defined in (4.12) and the relations x = pcos(¢) and
y = psin(¢), we can try to fit the shape of our simulation to our measurements.
First, we get ¢, = —0.02 by roughly adjusting the intensity ratios of the peaks. Look-
ing more closely, we can see that of the two right (left) peaks the lower (upper) one
is slightly more intense and account for that with e; &~ —0.04; this gives additionally
the slight tilt of the whole intensity pattern.
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4.3. Measurements

Figure 4.9.: Measurement and simulation of the cavity mode described in
detail in the text (exposure time 290 ms)
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5. Conclusion and Outlook

Almost one year ago, our experiment started with measurements on a cavity: We fig-
ured out how to handle experimental challenges like residual amplitude modulation,
noise etc., which gave us finally a very stable lock. This way, we developed the most
important design criteria for a possible design of our science chamber, which will be
the heart of our new apparatus. The planning of our actual experiment finally started
in March. With our main goal to study the fermionic Hubbard model in mind, we
decided to choose %Li as our workhorse, cooled by 2>Na to degeneracy. After weeks
of planning and filling a so far empty lab, the lithium laser system was one of the first
things to be finished. Due to the use of TA chips, our setup combines the advantages
of diode and dye lasers: We get the laser power of a dye laser with the stability of a
diode laser. Our Zeeman slower has been made of hollow-core wire, which is an easy
solution for heat dissipation and will also be applied to manufacture the Feshbach
coils.

After the experimental table arrived some weeks ago, one of the next tasks will be
to assemble the vacuum chamber, build the optics around and finally get a MOT. Af-
ter the sodium laser system will have been set up, one of the first milestones, getting a
BEC, can be aimed for. Having ultracold atoms, some further tests on the cavity sys-
tem can be carried out in order to refine the design criteria for a possible realization of
the science chamber. In the limited time frame of this thesis and lacking atoms, it has
not been possible to perform those measurements yet. Even without the (magneto-
) optical transport and science chamber being designed or built, some experiments
are already possible in the main chamber: One could start creating molecules, be it
homonuclear bosonic Lis or heteronuclear fermionic NaLi molecules. The integration
of a high-resolution objective in combination with a three-dimensional optical lattice
will be a technical challenge. If the cavity approach would prove feasible, we would
be able to create deep optical lattices with a purely gaussian beam, which has a big
waist leading to a small overall harmonic confinement.

With the transport working and cold atoms being in the science chamber, the ex-
ploration of a great variety of new physics is possible. One of the first goals of our
exeriment will be to observe the quantum phase transition from a superfluid to a
Mott insulator in an ultracold gas of 9 Li atoms; definitely, a lot of tests with the final
lattice setup will be necessary before questions considering e.g. noise and ramping of
the optical lattice can be answered. With the broad Feshbach resonance of lithium,
a great variety of experiments is possible: After the observation of the MI phase, it
is possible to investigate this quantum state in detail. Theoretical predictions about
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5. Conclusion and Outlook

the phase diagram [96] have to be experimentally verified. A detailed investigation
of the fermionic Hubbard model with lithium in optical lattices is an exciting goal.
One of the advantages of lithium is that due to its high recoil energy, tunneling rates
are higher and thus it allows for a bigger lattice spacing, which makes a single-site
resolution easier achievable. A high resolution quantum gas microscope might thus
reveal valuable details about the quantum phase of fermionic atoms in optical lattices.

After exploring the MI phase with our setup, there is a big variety of subsequent
experiments: One possibility would be to try and reach the Néel state in an optical
lattice [40]. As very low temperatures are needed to reach this antiferromagnetic
state, our high MOT laser power, which was achieved in this work, might prove use-
ful here: Having more atoms in the beginning, we are able to evaporate longer, i.e.
to reach lower temperatures and still have a reasonable amount of atoms left. For
an investigation of the phase diagram, techniques to determine the temperature as
well as to prove the antiferromagnetic state have to be developed: Noise correlations
have proven to be useful to determine 7'/Tr in an optical lattice [97], but have to be
extended to lower temperatures. A way to prove antiferromagnetic order of the atoms
in the lattice is Bragg spectroscopy, a technique which has been used in condensed
matter for a long time and has already sucessfully been applied in ultracold quantum
gases [69)].

More complicated experiments could involve an optical lattice in a high-finesse cav-
ity, which might enable us to observe anyonic excitations [41]. Another interesting
extension of our lattice setup could involve two different colours: Using two lattice
lasers with wavlengths A and \/2, respectively, we could create a superlattice, a sys-
tem where the observation of d-wave superfluidity should be possible [43, 44, 45]. Even
without a two-color scheme, this state being supposedly essential for high-temperature
superconductivity in the cuprates [70] might be observable in a two-dimensional op-
tical lattice [37].

A different research topic with atoms in optical lattices could involve polar molecules
[98]: A heteronuclear molecule of sodium and lithium will have a permanent electric
dipole moment in its ground state and thus show long range dipolar interactions. The
observation of the resulting quantum phases will be an interesting topic of research.
Moreover, with a large induced dipole moment, NalLi molecules might serve useful
for quantum computing [99], which can also be done in combination with an optical
lattice [100, 101].

With the realization of some of the experiments mentioned above being rather
unlikely, one is for sure: In the near future, a lot of exciting physics is going to be
done with our novel experimental apparatus.
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A. Appendix

A.1. °L; Data

The table below provides information about the data of ® Li which are of high relevance
for our experiment. The level scheme shows the transitions in the $Li Ds-line.

total electronic spin S 1/2

total nuclear spin I 1

transition wavelength (vacuum) A 670.977338 nm
natural linewidth r 21 - 5.8724 M Hz
atomic recoil velocity VUpec 9.886776 cm/s
recoil temperature Tee 3.53581152 puk
doppler temperature Tp 14091 puK
total nuclear g-factor gr —0.0004476540
total electronic g-factor ground state gJ(2251/2) 2.0023010
total electronic g-factor excited state | g;(2°Ps/2) | 1.335
saturation intensity Lot 2.54 mW/ cm?

Table A.1l.: Characteristical data of the Dy-line of °Li (values taken from
[102]).

F=1/2
F=32
4.4 MHz
2°P,,, s A
2 A — g,=4/3
(1.866 MHz/G)

670.977 nm

cooling transition
repump transition

<

F=3/2 Y

\/ 9,=2
2°s ;
172 228 MHz (2.799 MHz/G)
4

F=12

Figure A.1.: D, transition line of ®Li. Using AF =~ ugg;m B, the shifted
transition frequencies in high magnetic fields can be estimated.
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A. Appendix

A.2. 3Nqg Data

The table below provides information about the data of 2 Na which are of high
relevance for our experiment. The level scheme shows the transitions in the 2Na
D2—1ine.

26

total electronic spin S 1/2

total nuclear spin I 3/2

transition wavelength (vacuum) A 589.1583264 nm
natural linewidth r 2m-9.7946 M H =z
atomic recoil velocity Upee 2.9461 ¢cm/s
recoil temperature Tree 2.3998 uK
doppler temperature Tp 235.03 uK

total nuclear g-factor gr —0.00080461080
total electronic g-factor ground state 97(3%512) | 2.00229600
total electronic g-factor excited state 95(3°P3)0) | 1.33420
saturation intensity (cycling transition) | Igu 6.2600 mW /cm?

Table A.2.: Characteristical data of the Dy-line of 2 Na (values taken from

[103]).
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Figure A.2.: D, transition line of 2 Na. Using AE =~ uggym;B, the
shifted transition frequencies in high magnetic fields can be estimated.



A.3. TA Mount and Protection Circuit

A.3. TA Mount and Protection Circuit

In the following, the TA mount and the TA protection circuit will be described.

Figure A.3.: TA mount. Explanations can be found in the text below.

In figure A.3, the mount for the TA can be seen. Labeled are:

1. a hole for gluing a thermistor

2. 4 holes for mounting the peltiers and heatsinks

3. 3 holes making the TA mount compatible with a Thorlabs 30 mm cage mount
4. 4-40 tapped holes for bolting cage rods

5. 6-32 tapped holes for mounting screws

6. close-fit hole for dowel pin

7. hole for cathod connection wire

For good heat conductivity, the mount is made of copper.

o7



A. Appendix

to

sup

current / S T = 1-7? 7" SZ\

— 1 W=

ply

Figure A.4.: TA portection circuit. Explanations can be found in the text
below.

Figure A.4 shows the TA protection circuit. Its components starting from the right

are:

1

2.

8.
9.

The

. TA chip

Zener diode against too high forward voltage (1N5817)
Schottky diode (fast) against reverse voltage (1N5223)
100 pF' tantalum capacitor

1 pF foil capacitor

0.1 pF' ceramic capacitor

0.47 ), 3 W resistor

ferrite

switch for shorting TA chip

capacitors and the resistor form an RC-low-pass, which should due to the use of

three different kinds of capacitors filter out voltage/current spikes of every kind. The
ferrite serves the same purpose.
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A.4. EOM for Pound-Drever-Hall Lock

To create the error signal for locking our laser as well as for locking the cavity, we
modulate the light using an EOM. This section gives a short overview about our
design.

RF in )l

oA RF noise N Coupler P2 FOM circuit
EOM

— coupla
=T crystal

Spect. Anal.

Figure A.5.: Left: EOM tank circuit. Right: Setup to measure the circuit’s
resonance frequency.

In order to phase modulate the laser light, we make use of an electro-optic crystal
[91]: When an external electric field E.,; is applied on the crystal, its index of refrac-
tion changes. This induces a phase shift of the light field, which translates to side-
bands on the laser light at frequencies (wjgser £w), if Feyy is oscillating at frequency w.

To reach a reasonably strong electric field E.,; at a frequency of w ~ 50 M Hz,
the amplitude of the RF-signal coming from a conventional RF amplifier is not high
enough. So we resonantly enhance it with a tank circuit (figure A.5): The combina-
tion of a trim capacitor (C' =~ 10 pF’) and an inductance (hand-wound coil, diameter
d ~ 1 c¢m, length [ &~ 3 ¢m) serves as a resonant circuit enhancing the voltage on the
EOM crystal for a certain frequency wys.

An easy way to find w,., and to tune the trim capacitor for impedance matching of
the tank circuit to the 50 €2 input line is given by the schematic in figure A.5. When
sending RF' noise into a directional coupler and monitoring the coupled RF with a
spectrum analyzer, we will see a dip at the resonance frequency w,.s: There, the
RF is resonantly coupled to the tank circuit and thus its amplitude on the spectrum
analyzer is reduced. By tuning the trim capacitor, we can maximize the depth of the
peak and thus impedance match our tank circuit!.

With the setup explained above, we were able to reach the maximal possible side-
band strength (34% of the peak power) using a commercial broadband EOM? and
a 1 W rf-amplifier. To modulate sidebands for laser locking on the light, we use a
crystal from RedOptronix® with a tank circuit driven by a 2 W rf-amplifier.

!Tuning the capacitor also leads to a slight change in the value of the resonance frequency wyes

2NewFocus model 4002

33mm - 3mm - 20mm LiNbOj3 crystal, y-cut (for high efficiency phase modulation), gold plated on
both sides in z-direction, AR-coated
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