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To my friends.





Contents

Introduction 1

1 Theory 9

1.1 Theory of quantum gases . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.1.1 Properties of a classical gas . . . . . . . . . . . . . . . . . . . . 10

1.1.2 Properties of a fermionic gas . . . . . . . . . . . . . . . . . . . . 11

1.1.3 The effect of interactions on the degenerate Fermi gas . . . . . . 18

1.1.4 Pauli blocking . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.1.5 Detection of a degenerate Fermi gas . . . . . . . . . . . . . . . . 21

1.1.6 The degenerate Bose gas . . . . . . . . . . . . . . . . . . . . . . 23

1.1.7 The effect of interactions and the Gross-Pitaevskii equation . . . 24

1.1.8 BEC with attractive interactions . . . . . . . . . . . . . . . . . 25

1.1.9 One-dimensional degenerate gases . . . . . . . . . . . . . . . . . 26

1.1.10 The 1D condensate . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.1.11 The bright soliton . . . . . . . . . . . . . . . . . . . . . . . . . . 28

1.1.12 The effects of Bose statistics on the thermal cloud . . . . . . . . 30

1.1.13 Boson-fermion mixtures . . . . . . . . . . . . . . . . . . . . . . 31

1.1.14 The BCS transition . . . . . . . . . . . . . . . . . . . . . . . . . 34

1.2 Evaporative cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

1.2.1 Sympathetic cooling . . . . . . . . . . . . . . . . . . . . . . . . 42

1.2.2 The Limits of sympathetic cooling . . . . . . . . . . . . . . . . . 44

1.2.3 The Boltzmann equation . . . . . . . . . . . . . . . . . . . . . . 47

1.2.4 Simulation of rethermalization including Pauli blocking . . . . . 49

1.2.5 Simulation of sympathetic cooling . . . . . . . . . . . . . . . . . 50

1.3 Collisions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

1.3.1 Energy dependence of the cross section . . . . . . . . . . . . . . 54

1.3.2 Mean field potential . . . . . . . . . . . . . . . . . . . . . . . . 56

i



ii CONTENTS

1.3.3 Resonance enhanced scattering . . . . . . . . . . . . . . . . . . 56

2 The experimental setup 59

2.1 Overview of the experiment . . . . . . . . . . . . . . . . . . . . . . . . 60

2.2 Properties of lithium . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

2.2.1 Basic properties . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

2.2.2 Confinement in a magnetic trap . . . . . . . . . . . . . . . . . . 61

2.2.3 Elastic scattering cross sections . . . . . . . . . . . . . . . . . . 63

2.3 Other strategies to a degenerate Fermi gas . . . . . . . . . . . . . . . . 65

2.4 The vacuum system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

2.4.1 The atomic beam source . . . . . . . . . . . . . . . . . . . . . . 67

2.4.2 Oven bake-out procedure . . . . . . . . . . . . . . . . . . . . . . 68

2.4.3 The main chamber . . . . . . . . . . . . . . . . . . . . . . . . . 70

2.5 The Zeeman slower . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

2.6 The laser system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

2.7 The magnetic trap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

2.7.1 Theory of magnetic trapping . . . . . . . . . . . . . . . . . . . . 78

2.7.2 Design parameters of the magnetic trap . . . . . . . . . . . . . . 80

2.7.3 Realization of the magnetic trap . . . . . . . . . . . . . . . . . . 82

2.8 The optical dipole trap . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

2.8.1 Principle of an optical dipole trap . . . . . . . . . . . . . . . . . 89

2.8.2 Trapping of an alkali atom in a dipole trap . . . . . . . . . . . . 90

2.8.3 Setup of the optical trap . . . . . . . . . . . . . . . . . . . . . . 91

2.9 The radio frequency system . . . . . . . . . . . . . . . . . . . . . . . . 94

2.10 Detection of the atoms . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

2.10.1 Principle of absorption imaging . . . . . . . . . . . . . . . . . . 96

2.10.2 Imaging optics . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

2.10.3 Probe beam preparation . . . . . . . . . . . . . . . . . . . . . . 97

2.10.4 Two isotope imaging . . . . . . . . . . . . . . . . . . . . . . . . 100

2.10.5 Detection parameters . . . . . . . . . . . . . . . . . . . . . . . . 101

2.10.6 Using absorption images . . . . . . . . . . . . . . . . . . . . . . 103

2.11 Experiment control and data acquisition . . . . . . . . . . . . . . . . . 104

3 Experimental results 107

3.1 On the road to evaporative cooling . . . . . . . . . . . . . . . . . . . . 108

3.1.1 The two isotope MOT . . . . . . . . . . . . . . . . . . . . . . . 108



CONTENTS iii

3.1.2 Optical pumping . . . . . . . . . . . . . . . . . . . . . . . . . . 111

3.1.3 Transfer and capture in the Ioffe trap . . . . . . . . . . . . . . . 112

3.1.4 First trials of evaporative cooling . . . . . . . . . . . . . . . . . 115

3.1.5 Doppler cooling in the Ioffe trap . . . . . . . . . . . . . . . . . . 116

3.2 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

3.2.1 Measurement of the trap oscillation frequencies . . . . . . . . . 121

3.2.2 Temperature measurements . . . . . . . . . . . . . . . . . . . . 122

3.2.3 Measurements of other parameters . . . . . . . . . . . . . . . . 129

3.3 Experiments in the higher HF states . . . . . . . . . . . . . . . . . . . 130

3.3.1 Evaporative cooling of 7Li . . . . . . . . . . . . . . . . . . . . . 130

3.3.2 Sympathetic cooling of 6Li by 7Li . . . . . . . . . . . . . . . . . 135

3.3.3 Detection of Fermi degeneracy . . . . . . . . . . . . . . . . . . . 137

3.3.4 Detection of Fermi pressure . . . . . . . . . . . . . . . . . . . . 138

3.3.5 Thermalization measurement . . . . . . . . . . . . . . . . . . . 141

3.4 Experiments in the lower HF states . . . . . . . . . . . . . . . . . . . . 143

3.4.1 State transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

3.4.2 Evaporative cooling of 7Li . . . . . . . . . . . . . . . . . . . . . 146

3.4.3 Sympathetic cooling of 7Li by 6Li . . . . . . . . . . . . . . . . . 147

3.4.4 A stable lithium condensate . . . . . . . . . . . . . . . . . . . . 150

3.4.5 The Fermi sea . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

3.5 Loss rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

3.6 Experiments with the optical trap . . . . . . . . . . . . . . . . . . . . . 157

3.6.1 Adiabatic transfer . . . . . . . . . . . . . . . . . . . . . . . . . . 157

3.6.2 Detection of the 7Li |F = 1,mF = 1〉 Feshbach resonance . . . . 158

3.6.3 Condensation in the 7Li |F = 1,mF = 1〉 state . . . . . . . . . . 159

3.6.4 A condensate with tunable scattering length . . . . . . . . . . . 162

3.6.5 The bright soliton . . . . . . . . . . . . . . . . . . . . . . . . . . 162

Conclusion and outlook 167

Thanks 171

A Article : Multiple-frequency laser source 177

B Article : Simultaneous magneto-optical trapping ... 183

C Article : Sympathetic cooling ... 189



iv CONTENTS

D Article : Quasipure Bose-Einstein Condensate ... 195



Introduction

All particles, elementary particles as well as composite particles such as atoms,
belong to one of two possible classes: they are either fermions or bosons. Which class
a particle belongs to is determined by its spin. If the spin is an odd multiple of ~/2,
the particle is a fermion. For even multiples it is a boson. Examples of fermions are
electrons or 6Li atoms. 7Li and photons are bosons. The quantum properties of a
particle are influenced by its bosonic or fermionic nature. For a system of identical
particles the many particle wavefunction must be symmetric under the exchange of
two particles for bosons and anti-symmetric under the exchange of two particles for
fermions. A direct consequence of this (anti-)symmetrization postulate is that it is
impossible for fermions to occupy the same quantum state. This is called the Pauli
exclusion principle. No process can add a fermion to an already occupied state. The
process is inhibited by Pauli blocking. For bosons it is favorable to occupy the same
state and the more bosons that are already in this state, the higher the probability
that another boson is transferred to it. This property is called Bose enhancement.
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2 INTRODUCTION

Bose enhancement leads to a phase transition at high phase-space densities, corre-
sponding to low temperatures and/or high densities. When the phase-space density
is increased past a certain critical value, the occupation of the ground-state rapidly
becomes macroscopic. This effect, called Bose-Einstein condensation was predicted in
1924 by S. Bose and A. Einstein [1, 2, 3]. In cold atom experiments, the temperature
of a harmonically trapped, weakly interacting gas is lowered until the phase transition
occurs at a critical temperature TC

TC =
~ω̄

kB

(

N

1.202

)1/3

, (1)

where ω̄ is the geometrical mean of the trap oscillation frequencies, kB the Boltzmann
constant and N the number of trapped atoms. Below this temperature a macroscopic
fraction of the atoms occupy the ground state of the trap [4]. The behavior of each
of these atoms can be described by the same wavefunction. Thus a gas under these
conditions is called a degenerate gas. The atoms in the ground state are called the
Bose-Einstein condensate (in the following called condensate or BEC). Atoms in higher
energy levels belong to what is termed the thermal cloud. For temperatures below
the temperature corresponding to the harmonic oscillator energy level splitting Tω̄ =
~ω̄/kB, even a classical gas would occupy the ground state macroscopically. But the
critical temperature can be much higher than this temperature (Tc > Tω̄). Therefore
the phenomenon is not a classical one.

The first experiments involving Bose-Einstein condensates were performed with liq-
uid 4He [5]. Below 2 K, the liquid becomes superfluid. Low-temperature supercon-
ductivity can be explained similarly by the condensation of paired electrons [6]. In
these liquid and solid systems the bosons interact strongly with their neighbors, mak-
ing a theoretical description much more complicated than Einstein’s first work. In
1995 the group of C. Wieman and E. Cornell at JILA and the group of W. Ketterle
at MIT succeeded in producing condensates of ultracold dilute rubidium and sodium
gases [7, 8]. In 2001 they received the Nobel prize for their work. The interaction
between the atoms gives rise to a mean field energy which depends on the scattering
length and the density of the gas. This energy can easily be included in the theoretical
description of the gas [9, 10]. The mean field gives rise to interesting phenomena. For
positive scattering length, the condensate becomes bigger than the ground state wave
function of the gas. For negative scattering length, a density larger than a critical
value can provoke collapse of the gas [11, 12]. Since the production of the first con-
densates, a tremendous variety of experiments have been performed, testing different
aspects of the physics of Bose-Einstein condensation. A few of the most important
ones are briefly mentioned in the following. Initial studies investigated the properties
of the phase transition, the influence of the mean field on the shape of the wavefunc-
tion, and its free expansion after release from a trap [13, 14]. Interference experiments
showed the phase coherence of the condensate [15]. A coherent atomic beam, called
the atom laser, was produced by quasi-continuously releasing atoms from the trapped
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condensate [16, 17]. The frequency and damping of vibrational excitations such as the
quadrupole mode or the scissors mode (a response to a sudden change in an axis of the
trap) were measured [18, 19]. The interaction of condensates with light were used to
construct interferometers or matter wave amplifiers [20, 21]. The existence of a critical
velocity, typical for superfluidity, was found [22]. Spinor mixtures of condensates were
studied [23, 24]. Dark solitons, vortices and vortice lattices were generated and studied
[25, 26, 27, 28, 29, 30]. Recently, condensates restricted to lower dimensions and in op-
tical lattices have been studied [31, 32, 33]. Another research direction is to simplify the
method of production of condensates, which led to condensation in an optical trap [34]
or in microtraps [35, 36]. Condensates have the possibility to improve high precision
measurements; some groups are testing interferometers to this end [37]. Today more
than 30 research groups have produced condensates in hydrogen, metastable helium,
lithium, sodium, potassium and most often in rubidium [7, 38, 39, 40, 41, 42, 43, 44, 45].
Several machines capable of producing condensates are under construction. This re-
search field will certainly be fascinating for several years to come.

Figure 1: Comparison of a Bose-Einstein condensate with a Fermi sea, both at zero
temperature and trapped in a harmonic potential. a) All bosons occupy the ground state
wave function of the potential. b) The fermions fill up in the lowest energy states up
to the Fermi energy EF .

Fermionic systems behave in a radically different manner from bosonic systems (see
figure 1). At zero temperature the fermions fill up the lowest energy states of the
system, since only one fermion can occupy each state. This situation is called a de-
generate Fermi gas or a Fermi sea. It was first described theoretically in 1926 by E.
Fermi [46, 47]. The energy of the highest occupied state is the Fermi energy EF . All
states above this energy are empty. At finite temperature this rectangular energy dis-
tribution is smeared out around the Fermi energy with a characteristic width of the
order of kB T . In order to be significantly different from a classical distribution, the
temperature must be lower than the Fermi temperature TF = EF /kB. The degeneracy
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parameter T/TF is a measure for the deviation from a classical distribution. For a
harmonically trapped gas the Fermi temperature is

TF =
~ω̄

kB

(6N)1/3 , (2)

a factor 1.7 higher than the critical temperature for a bosonic gas under the same
conditions [48]. No phase transition between the classical and the quantum degenerate
regime occurs. By decreasing T/TF the system transitions smoothly from classical to
non-classical behavior.

Degenerate fermionic systems are very common in nature. Examples are electrons
in metals or atoms, neutron stars, and liquid 3He. Many properties of these systems
are governed by the Pauli exclusion principle. Its effect in neutron stars, called Fermi
pressure, counterbalances attractive gravitational forces and stabilizes the star. It
guarantees the stability of atoms and requires that only two electrons with opposing
spin can occupy each orbit. An intriguing phenomenon in degenerate Fermi systems is
the Bardeen-Cooper-Schrieffer (BCS) transition [49, 50]. Here two fermions are coupled
by an attractive interaction. The pair of fermions, called a Cooper pair, behaves like
a boson, since its spin is a multiple of ~. Thus Cooper pairs can Bose condense and
form a superfluid phase in a degenerate Fermi gas. This is the basis of low temperature
superconductivity in metals and superfluid 3He. Metals and 3He have been extensively
studied, but the systems are complicated because of the strong interaction between the
fermions.

Creating a degenerate Fermi gas in a dilute atomic vapor opens new possibilities. In
comparison with 3He or metals it is much easier to change the environment in which
the fermions reside. The properties of the Fermi sea can be observed in a more direct,
visual way. Because of the diluteness of the gas, a theoretical description is easier.
The interaction between the atoms can often be approximated by a mean field. The
fermionic properties of the gas influence not only the experimental results, but also
the cooling method with which a degenerate gas is produced. Up to now the only
known cooling method, capable of producing degenerate gases is evaporative cooling.
It cools by removing the atoms with the highest energy from a trapped sample. Elastic
collisions thermalize the gas and produce again new high energetic atoms that can be
removed. A problem occurs when applying this cooling scheme to fermions. Because of
the requirement of anti-symmetry for the many particle wave function, collisions with
zero angular momentum are forbidden. Only these kind of collisions can take place
at very low temperatures. This means that particles in a gas of identical fermions
do not collide with each other at low temperatures. This makes evaporative cooling
impossible.

The solution to this problem is to cool a mixture of distinguishable particles. Then
the anti-symmetrization of the wave function is not required and the atoms can collide
even at low temperatures. This cooling scheme is called sympathetic cooling and was
first proposed for two-component plasmas [51]. It was often used for cooling ions
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confined in electromagnetic traps [52, 53]. Neutral atoms and molecules have been
cooled via cryogenically cooled Helium [54, 55, 56]. Sympathetic cooling using 87Rb
atoms in two different internal states has led to the production of two overlapping
condensates [57, 58, 59]. For fermions, the s-wave scattering limitation was overcome
by using two distinct Zeeman substates, both of which were evaporatively cooled.
D. Jin’s group used this method in 1999 to reach temperatures on the order of ∼
300 nK∼ 0.4 TF in a gas of 40K atoms [60]. In our experiment, we use sympathetic
cooling of 6Li fermions via collisions with evaporatively cooled 7Li bosons and reach
temperatures of ∼ 1 µK∼ 0.2(1)TF , which are among the best reached worldwide.
The same approach was chosen by the group of R. Hulet, achieving similar results
[61]. One of the main differences between the lithium and the potassium experiments
is the following. The potassium experiment uses two Fermi gases to provide elastic
collisions. In this way, two degenerate Fermi gases are produced together. We used a
bosonic and a fermionic component and produced a condensate immersed in a Fermi
sea. This has important consequences for the efficiency of the cooling process in the
regime of quantum degeneracy. In this regime most of the lowest energy states are
occupied. Because of Pauli blocking this reduces the number of possible final states
after a collision and thus the number of possible collisions. By using two Fermi gases,
the Pauli blocking occurs twice. Using a Fermi and a Bose gas, it acts only once, which
is unavoidable since one degenerate Fermi gas is the goal of the experiment. Thus,
sympathetic cooling should work better for a boson-fermion mixture.

During the last year new experiments using sympathetic cooling have been success-
ful. 85Rb was cooled by 87Rb [58], Potassium condensed by sympathetic cooling with
Rubidium [43] and 7Li was cooled by 133Cs in an optical trap [62]. Fermionic 6Li was
cooled to degeneracy by 23Na [63] or by mixing two different states in an optical trap
[64].

Interesting experiments can now be performed with these degenerate Fermi gases.
First of all the degeneracy of the Fermi gas must be shown. One method is to observe
the slight change in the spatial distribution between a classical and a degenerate gas.
We can also compare the behavior of fermions and bosons, in the case that both species
coexist, as in our experiments. The size of a harmonically trapped degenerate Fermi
gas is determined by its Fermi energy, as a result of Fermi pressure. The size of a
non-degenerate Bose gas by contrast is determined by its temperature. When both
gases are in thermal equilibrium the difference in size gives a measure for the fermionic
degeneracy T/TF . A study of this effect is presented in the result section (3.3.4). Other
experiments can be performed to detect the effects of Pauli blocking on scattering of
atoms or light. The suppression of collisions described above can be detected and even
used to determine the temperature and degeneracy of the Fermi gas [65, 66]. The
same mechanism modifies the scattering of light off a degenerate Fermi gas, resulting
in a reduction of the line width of the atomic transition and a change in the spatial
distribution of scattered light [67, 68, 69]. One of the most fascinating effects to be
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observed would be a BCS transition. For this a degenerate Fermi gas with attractive
interaction between the fermions must be prepared. To do this, we can prepare atoms
in our experiment in two different hyperfine states and use a Feshbach-resonance to
tune the interaction due to elastic collisions to the desired value [70]. One of the open
questions is if it is experimentally possible to reach conditions under which the phase
transition occurs. Predictions for the BCS transition temperature TBCS range from
TBCS/TF = 0.025 to TBCS/TF = 0.4 [71, 72]. Trying to reach the BCS phase transition
is one of the main motivations for our work.

Because of the boson-fermion mixture we choose for sympathetic cooling, we also
have the possibility to study degenerate Bose gases of 7Li. This atom has interesting
scattering properties (see figure 2). In the |F = 2,mF = 2〉 state, the scattering length
is negative: a = −27 a0 (where a0 = 0.53×10−10 m is the Bohr radius). Because of this
the condensate collapses, if the number of condensed atoms is higher than a critical
number. The scattering length of the |F = 1,mF = −1〉 state is positive and small:
a = +5.1 a0 [73]. We have used this to produce condensates which do not collapse
for any number of atoms, which is new for Lithium. In our very elongated trapping
potential, the mean field energy does not change the shape of the wavefunction in the
radial directions, which thus stays. This situation is called a quasi-one-dimensional
condensate. Furthermore a Feshbach resonance exists in the |F = 1,mF = 1〉 state,
which made it possible to produce a condensate with tunable scattering length in an
optical trap. This in turn was used to produce bright solitons. To this end, a trap
which harmonically confined the condensate in the radial directions only was used. The
confinement in the axial direction was provided by the attractive mean field, resulting
from a slightly negative scattering length. Also the regime of large positive scattering
length is interesting. When the scattering length becomes bigger than the harmonic
oscillator ground state, the scattering cross section is modified [74].

Mixtures of degenerate fermionic and bosonic gases are also of interest. We have
used a mixture of Lithium isotopes not only to perform sympathetic cooling, but also
to determine the degree of degeneracy of the Fermi sea and to measure the collision
cross section between the two species. In the future the interaction of the two gases
due to the mean field might be observable as a spatial phase separation [75].

Several types of evaporative and sympathetic cooling schemes have been employed
during this work, first in a magnetic trap, and later in an optical dipole trap. A
magnetic trap confines atoms in a magnetic field minimum. Only states which have
an energy which increases with the magnetic field can be trapped. By contrast, an
optical trap can trap all states. The first series of experiments was performed in
a magnetic trap using the stretched hyperfine states 7Li |F = 2,mF = 2〉 and 6Li
|F = 3/2,mF = 3/2〉 (see figure 2). Here the 7Li and the inter-isotope scattering
lengths are relatively high (−27 a0 and 40 a0, respectively) and enable evaporative and
sympathetic cooling. In addition, both states can be trapped up to arbitrary energies in
a magnetic field minimum. In these experiments, a degenerate Fermi gas together with
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Figure 2: Energy levels of 7Li and 6Li ground states in a magnetic field. Relevant
scattering lengths, a, and magnetic moments, µ, are given. µb is the Bohr magneton
and a0 = 0.53× 10−10 m the Bohr radius. The |1,−1〉 state (resp. |1/2,−1/2〉) is only
trapped in fields weaker than 140 Gauss (resp. 27 Gauss). Light balls: states used
in first sympathetic cooling stage, the condensate becomes unstable for too high atom
numbers; dark balls: states used in second cooling stage, enabling the production of a
condensate stable for any number of atoms. Black ball: state used for evaporation in
the optical trap, resulting in a condensate with tunable scattering length and a bright
soliton due to a Feshbach resonance.

a non-degenerate Bose gas was produced and Fermi pressure was visible by comparing
the spatial extension of the two clouds.

The next series of experiments was performed in the lower hyperfine states 7Li |F =
1,mF = −1〉 and 6Li |F = 1/2,mF = −1/2〉, still in a magnetic trap. The advantage
of these states is that the 7Li scattering length is positive. But it is impossible to start
evaporative cooling in these states, because the maximum trap depth is kB×2.4 mK for
7Li and kB × 330µK for 6Li, which is insufficient to confine the gas before evaporative
cooling which has a temperature of > 3 mK. Thus it is necessary to cool the gas first in
the higher hyperfine states and then transfer the atoms to the lower hyperfine states.
The 7Li |F = 1,mF = −1〉 scattering length is positive but five times smaller in
magnitude than in the |F = 2,mF = 2〉 state. This makes evaporative cooling in the
lower state impossible. We circumvent this problem by using the inter-isotope collisions
to thermalize the gas during evaporative cooling. In this manner a condensate, stable
with 104 atoms, immersed in a Fermi sea was produced. This is new in ultracold
atomic gases. Before, mixtures of bosonic and fermionic degenerate gases existed only
in mixtures of liquid 3He with 4He.

After precooling in the higher states to ∼ 10 µK we can transfer the atoms to
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an optical trap. Here all states can be trapped. We can transfer the atoms to the
|F = 1,mF = 1〉 state, for example, for which the scattering length can be tuned by
using a Feshbach resonance. By using a scattering length of ∼ 40 a0 we performed
evaporative cooling by lowering the depth of the optical trap. In this way we produced
a condensate with a tunable scattering length. We chose a scattering length of ∼ −4 a0

and released the cloud in the axial direction. The gas remained confined by its mean
field attraction. It slid axially, guided by the radial confinement while maintaining its
form. This was the first matter wave soliton ever created.

The presentation of my thesis is divided into three chapters. In the first chapter,
I introduce some theoretical background on degenerate fermionic (1.1.2) and bosonic
(1.1.6) gases and their mixtures (1.1.13). I discuss evaporative and sympathetic cooling
(1.2) and the physics of elastic collisions (1.3). The second chapter is dedicated to the
description of the experimental setup. As introduction, it also contains a discussion of
the properties of lithium (2.2) and other approaches to producing a degenerate Fermi
gas (2.3). The third chapter presents our experimental results. In the first section I
discuss the experimental steps that prepare a gas sample for evaporative cooling (3.1).
In three sections the results of experiments in the higher (3.3) and lower (3.4) hyperfine
states and in the optical trap (3.6) are presented.



Chapter 1

Theory

In this chapter some of the theory related to our experiment is introduced. It is
divided into three parts. In the first section, properties of fermionic and bosonic gases
relevant for the experiment are presented. The next section explains the principle and
behavior of evaporative and sympathetic cooling, the cooling methods used to produce
degenerate quantum gases. Since these methods rely on elastic collisions the third
section is dedicated to this topic. Special attention is payed to the possibility of tuning
the scattering length by applying a magnetic field and to the suppression of scattering
under certain conditions for 7Li.

9
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1.1 Theory of quantum gases

Every particle falls into one of two categories: if its spin is ~/2 it is called a fermion; if
it is ~ it is called a boson. This is as true of composite particles such as atoms as it is of
elementary particles like electrons. The quantum mechanical properties of both classes
are very different: the many-particle wavefunction of identical fermions must be anti-
symmetric under the exchange of two particles, while the bosonic wavefunctionmust
be symmetric. For fermions, this leads to the Pauli exclusion principle: two fermions
may never occupy the same quantum state. This can be seen in the following way.
Let φ,χ be single particle wavefunctions. Two identical particles in these states are
described by Ψ

+/−
1,2 = (φ1χ2 ± φ2χ1)/

√
2. The +(-) makes the wavefunction symmetric

(anti-symmetric) and describes bosons (fermions). The wavefunction Ψ−
1,2 describing

two fermions in the same state φ = χ vanishes: Ψ−
1,2 = (χ1χ2 − χ2χ1)/

√
2 = 0 and is

thus unphysical. Two fermions can not occupy the same state. The link between the
spin and the statistics of a particle is the spin-statistics theorem, which can be derived
using relativistic quantum mechanics.

The statistical and the scattering properties are dominated by this (anti-) symme-
trization requirement. At zero temperature, trapped fermions occupy, one by one, the
lowest energy states, forming a Fermi sea, whereas (non-interacting) bosons are con-
densed in the lowest state as a Bose-Einstein condensate (see figure 1). The scattering
of distinguishable particles is possible in all angular momentum orders. But only the
even angular momentum orders (s,d,...), which correspond to symmetric wavefunctions
are permitted for identical bosons. Only odd orders (p,f ,...), corresponding to anti-
symmetric wavefunctions, are permitted for fermions. In the following, the properties
of fermionic and bosonic gases relevant for the described experiment such as density
distributions, heat capacities etc. are briefly derived. For a more detailed description
see [76].

1.1.1 Properties of a classical gas

Before describing the properties of gases of identical particles, we will briefly recall
the properties of a gas of distinguishable particles, for which (anti-) symmetrization of
the wavefunction is not required. In the limit of low phase-space densities, a fermionic
gas, a bosonic gas and a gas of distinguishable particles all behave in the same manner.
This limit is called a classical gas. We consider N non-interacting particles with mass
m trapped in a cylindrical harmonic potential with trapping frequencies ωrad radially
and ωax = λωrad axially. The energy distribution is the Boltzmann distribution

f(ǫ, T, C) = Ce−βǫ , (1.1)
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where β = 1/kBT , kB the Boltzmann constant and C a normalization constant. The
hamiltonian describing the gas is

H (−→r ,
−→
k ) =

~
2−→k 2

2m
+

mω2
rad

2
ρ2 ; ρ = (x2 + y2 + λ2z2)1/2 . (1.2)

The constant C is determined using the normalization

N =

∫

dr3dk3 f(ǫ = H (−→r ,
−→
k ), T, C) (1.3)

and yields C = Nλ/(2π)3σ3
xσ

3
k with σx =

√

kBT/mω2
rad and σk =

√
2π/λdB where

λdB = h/
√

2πmkBT is the de Broglie wavelength. The distribution in momentum and
in real space decouple and are both gaussian:

f(−→r ,
−→
k , T ) =

Nλ

(2π)3σ3
xσ

3
k

exp

(

−β
~

2−→k 2

2m

)

exp

(

−β
mω2

rad

2
ρ2

)

. (1.4)

The momentum distribution is isotropic with the RMS size σp = ~σk. The spatial

distribution follows the anisotropy of the trap and has the RMS size σi =
√

kBT/mω2
i .

For ωrad > ωax the gas is distributed in a cigar shape and has the aspect ratio λ.

A property which is very important for sympathetic cooling (see section 1.2.2) is
the specific heat capacity of the gas. It is defined as CF ≡ ∂E

∂T

∣

∣

N
and is a measure for

the amount of energy that must be dissipated, to cool the sample by ∆T . The heat
capacity of a classical gas is Ccl = 3NkB [76].

1.1.2 Properties of a fermionic gas

Now we will discuss the properties of N identical non-interacting fermions with mass
m trapped as above in a cylindrical harmonic potential with trapping frequencies ωrad

radially and ωax = λωrad axially. At zero temperature, fermions occupy one by one
the N lowest lying energy states due to the Pauli principle. The energy of the highest
occupied state is called the Fermi energy EF . This energy, together with the energy
corresponding to the temperature kBT and the two oscillator energies ~ωrad and ~ωax

are the four energy scales of the system. In the following we will always assume kBT
and EF ≫ ~ωrad, ~ωax. Then the energy distribution has no structure on the scale of
the energy level splitting and effects due to the discreteness of the energy level spectrum
are negligible. Thus we are left with two energy scales EF and T . We may define a
parameter T/TF called the degeneracy parameter, with TF = EF /kB being the Fermi
temperature.

In the case T/TF ≫ 1 the occupation probability of the quantum states is low and
thus it is very improbable that two particles occupy the same state, independent of the
particle statistic. Thus a Fermi gas will behave classically.



12 CHAPTER 1. THEORY

We are here more interested in the case T/TF < 1, in which case the gas is called
degenerate. This term is used in analogy with the degenerate Bose gas, but without
the notion of having all the atoms in the same energy level, a notion that is normally
associated with the word degenerate. For a classical or bosonic gas at low temperature,
the probability to find several particles in the lowest states is high. This is forbidden
for fermions and thus the properties of the fermionic degenerate gas are nonclassical
and differ also from the bosonic case. The shape of the cloud is no longer gaussian. Its
characteristic size is given by the Fermi radius RF which corresponds to the maximum
distance from the trap center, that a particle with energy EF can reach in the radial
direction

RF ≡
√

2EF

mω2
rad

. (1.5)

This size exceeds the size of a classical gas, which means that by cooling a gas from
the classical to the degenerate regime, its size will stop shrinking when degeneracy
is reached. This is the effect of the Fermi pressure, a direct consequence of the Pauli
exclusion principle. Its observation is one of the main results of this work. The momen-
tum distribution is position dependent and the heat capacity is reduced in comparison
to a classical gas.

In the following the discussed properties will be exactly derived in the case of zero
temperature and finite temperature results are cited. The complete treatment and a
discussion of the approximations applied may be found in the useful article by Butts
and Rokhsar [77].

Energy distribution

From the Pauli principle it is easy to derive the energy distribution of fermions, the
Fermi-Dirac distribution

f(ǫ) =
1

eβ(ǫ−µ) + 1
, (1.6)

where µ is the chemical potential (see e.g. [76]). The latter is determined by the
normalization condition

N =

∫

dǫ f(ǫ)g(ǫ) , (1.7)

where g(ǫ) is the density of energy states which, for a harmonic potential, is g(ǫ) =
ǫ2/(2λ(~ωrad)

3). The Fermi-Dirac distribution never exceeds 1, reflecting the Pauli
exclusion principle. At zero temperature the energy distribution f(ǫ) = 1 below the
Fermi energy EF ≡ µ(T = 0, N) and 0 above. For lower degeneracies, this step function
is smeared out around EF with a width of the order of EF T/TF (figure 1.1a).
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Figure 1.1: Behavior of the Fermi-Dirac energy distribution. a) Dependence on the de-
generacy: T/TF = 0, 0.1, 0.3, 1 (solid, dashed, dotted, gray, calculated for 3D harmonic
potential). The step-function for T/TF = 0 is smeared out around EF with lowering
degeneracy and approaches a classical distribution. b) Comparison of a Fermi-Dirac
distribution for T/TF = 0.5 (dotted) with a classical distribution (solid) and a Bose-
Einstein distribution (dashed) having the same asymptotic behavior.

For high temperatures or energies higher than the Fermi energy, f(ǫ) can be approx-
imated by the classical Boltzmann distribution, f(ǫ) = e−β(ǫ−µ). The same is true for
the bosonic energy distribution function (see 1.1.6). The three distribution functions
are compared in figure 1.1b). This behavior leads to a simple detection scheme for
quantum degeneracy. A classical gaussian distribution is fitted to the high energy part
of the spatial or momentum distribution and to the whole distribution. For quantum
degenerate gases the resulting width differ, in contrast to a classical gas (see section
1.1.5 and figure 3.20).

By integrating equation (1.7) for T = 0 the Fermi energy is found to be

EF = ~ωrad(6Nλ)1/3 . (1.8)

To obtain a high Fermi energy it is necessary to use a strongly confining trap and to
cool a large number of atoms. The Fermi energy corresponds to a wave number

kF ≡
√

2mEF

~2
= (48Nλ)1/6σ−1

r , (1.9)

with σr =
√

~/(mωrad) the radial width of the gaussian ground state of the trap. ~kF

is the maximum momentum reached in the Fermi gas.
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Spatial and momentum distribution

To derive the spatial and momentum distributions it is convenient to apply the
semiclassical, also called the Thomas-Fermi, approximation. Particles are distributed
in phase-space according to the Fermi-Dirac distribution. The density of states is
(2π)−3 and sums over states are replaced by integrals. The number density in phase-
space is

w(−→r ,
−→
k ; T, µ) =

1

(2π)3

1

eβ(H (−→r ,
−→
k )−µ) + 1

, (1.10)

with the Hamiltonian

H (−→r ,
−→
k ) =

~
2−→k 2

2m
+

mω2
rad

2
ρ2 ; ρ = (x2 + y2 + λ2z2)1/2 . (1.11)

The chemical potential is determined using the normalization

N =

∫

d−→r d
−→
k w(−→r ,

−→
k ; T, µ) . (1.12)

After determination of µ the spatial and momentum densities can be calculated by
integrating over the momentum or spatial degrees of freedom, respectively:

n(−→r , T ) =

∫

d
−→
k w(−→r ,

−→
k ; T, µ) , (1.13)

ñ(
−→
k , T ) =

∫

d−→r w(−→r ,
−→
k ; T, µ) . (1.14)

This method gives solutions for all temperatures, but can only be applied numeri-
cally. For T = 0 it is easy to calculate the distributions analytically. For each spatial
point in phase-space we can determine the local Fermi wave number using

~
2kF (−→r )2

2m
+ V (−→r ) = EF , (1.15)

with V (−→r ) = 1
2
mω2

rρ
2 being the potential. All momentum states corresponding to the

position −→r are filled up to the momentum ~kF (−→r ). This expresses the fact that all
states up to EF are occupied according to the definition of the Fermi energy. EF is
constant over the sample since any position dependence would provoke a flow of atoms
in phase-space and the sample is already defined to be in equilibrium. Equation (1.15)
shows that position and momentum distributions do not decouple. At the outer edges
of the cloud, the atoms have a lower momentum then in the middle, in contrast to
a classical distribution. The density at each point is the number of states that fit in
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the Fermi sphere with radius kF in k space, which is the volume of the Fermi sphere
multiplied by the density of states (2π)−3

n(−→r , T = 0) =
4πkF (−→r )3

3(2π)3
=

1

6π2

(

2m

~2
(EF − V (r))

)3/2

(1.16)

=
Nλ

R3
F

8

π2

(

1 − ρ2

R2
F

)3/2

(1.17)

for ρ < RF and 0 else. Here the definition of the Fermi radius (1.5) has been used. The
distribution of the cloud is a cigar shaped ellipsoid with length 2RF /λ and diameter 2
RF (for ωrad > ωax). The same aspect ratio λ is also obtained for a classical gas.

Measuring the spatial and momentum distribution

In the experiment, the density distribution is probed by sending a probe beam
through the gas cloud and measuring the absorption. The measured quantity is the
optical density

Dopt = −ln

(

I(y, z)

I0(y, z)

)

= σ0

∫

dxn(x, y, z) = σ0n
2D(y, z) , (1.18)

where I0(y, z) is the initial probe beam intensity, I(y, z) the intensity after passage
through the cloud and σ0 the absorption cross section. This quantity is proportional to
the column density n2D(y, z). Normally it is not possible to resolve the radial direction
and a second integration is necessary, leaving only n1D(z) =

∫

dy n2D(y, z). These
distributions take the form

n2D(y, z) =
3Nλ

πR2
F

(

1 − y2 + λ2z2

R2
F

)2

, (1.19)

n1D(z) =
48Nλ

15πRF

(

1 − λ2z2

R2
F

)5/2

. (1.20)

These distributions are non-gaussian, but the difference from the classical gaussian
distribution is always small and diminishes with more integrations, as demonstrated in
figure 1.2.

By suddenly switching off the trap and allowing an expansion of the gas, it is also
possible to observe the momentum distribution of the cloud. It can be derived, for
T = 0 analogous to equation (1.17) and is

ñ(
−→
k , T = 0) =

N

K3
F

8

π2

(

1 − k2

K2
F

)3/2

, (1.21)
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Figure 1.2: Comparison of density profiles of a degenerate Fermi gas at zero tempera-
ture. A cut through the 3D density distribution n3D (black solid line) is compared to a
cut through the one (n2D, dashed line) or two (n1D, dotted line) times integrated distri-
bution. For comparison a gaussian fit to n1D, corresponding to a classical distribution,
is plotted in gray. With more integrations the density profile becomes more “classical”.
Only integrated distributions can be recorded in the experiment, making it more difficult
to detect the effects of degeneracy.

with formulas analogous to (1.19) and (1.20) for the integrated distributions. The
distributions have the same functional form because position and momentum enter both
quadratically in the Hamiltonian. However, the momentum distribution is isotropic,
similar to that of a classical gas, unlike the momentum distribution of a BEC. Again
the difference between the classical and the quantum degenerate solution is small.

Finite temperature distributions

To study the dependence of the position and momentum distributions on degeneracy,
one must solve equation (1.7) and calculate (1.13) or (1.14) numerically. For T/TF ≫ 1
the classical gaussian distributions are obtained. As T/TF → 0+, where T/TF < 1, the
distributions approach the parabolic distributions (1.17) and (1.21). In the degenerate
but finite temperature regime, the center of the distribution is well approximated by
the T = 0 solution, whereas the wings are better approximated by a gaussian (figure
1.3a).

To characterize the effects of the Fermi pressure quantitatively we fit gaussian dis-
tributions to the spatial distributions n1D(T/TF ) and trace σ2/R2

F over T/TF , where
σ is the root mean square size of the gaussian fits (figure 1.3b). For a classical gas
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Figure 1.3: a) Density profiles n1D(z) for T/TF = 0, 0.2, 0.5, 1 (solid line). A classical
distribution (gaussian) has been fitted to the wings of the density profiles (dotted line),
showing the effect of Fermi pressure. b) Variance of gaussian fits to Fermi distributions
normalized by the Fermi radius squared traced over the degeneracy (solid line). Dotted
line: same treatment for Boltzmann gas.

this treatment results in a straight line, with slope 0.5, which has a y-intercept of
zero. Taking the correct fermionic distributions, one obtains asymptotically the same
behavior in the high temperature regime. For T = 0 the curve turns upwards to inter-
cept the y axis at a constant value of 0.15 instead of 0, which is a result of the Fermi
pressure. Inbetween these limits one may interpolate. This has also been applied to
experimental data (see figure 3.22 in section 3.3.4). In addition to the gaussian fit to
the fermionic distribution for the determination of σ, a good method of measuring the
temperature and the atom number must be used in order to determine T/TF and RF

experimentally.

Heat capacity

The heat capacity CF ≡ ∂E
∂T

∣

∣

N
can be calculated using the expression

E =

∫

dǫ ǫf(ǫ)g(ǫ) (1.22)

for the total energy. For the high temperature region the classical result CCl =
3NkB is obtained, whereas for low temperatures the heat capacity is smaller, CF =
π2NkB(T/TF ). This is due to the fact that at high degeneracies most atoms are al-
ready at their T = 0 position. Only in a region of size kBT around EF will the atoms
still change their energy levels. For a power law density of states the fraction of atoms
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in this region is proportional to T/TF , leading to the T/TF suppression in CF . The
dependence of the heat capacity on degeneracy is an interpolation between these two
cases.

The effect of the discreteness of the harmonic oscillator states

If the temperature is smaller than the level spacing and the number of atoms stays
small enough, the parabolic density distribution of the degenerate Fermi gas is slightly
modified and shows a modulation pattern. This comes from the population of discrete
energy shells in the Fermi sea. It also shows up in the heat capacity, which is strongly
modulated in dependence of the particle number [78].

1.1.3 The effect of interactions on the degenerate Fermi gas

Until now we have considered a gas of noninteracting fermions. In our system this
accurately models the experiment at low temperature, when all fermions are in the
same internal state (see section 1.3), since then elastic collisions are suppressed. With
respect to the phenomenon of Cooper pairing it is interesting to consider an interacting
Fermi gas ([79] ,[80]). Mediated through an attractive interaction, the fermions pair,
forming bosonic quasiparticles, which may then undergo a BEC transition. This will be
discussed in section (1.1.14). Here we are interested in the shape change of a degenerate
Fermi gas at zero temperature due to interactions. In experiments this interaction can
be due to the magnetic dipole-dipole interaction or the s-wave interaction between
fermions in different internal states. This case is particularly interesting in lithium,
since the s-wave scattering length may be arbitrarily tuned using a Feshbach resonance.

We consider fermions in two different spins states | ↑〉 and | ↓〉. The | ↑〉 state
experiences a mean field potential gn↓(

−→r ) from the interaction with the | ↓〉 atoms,
which have the density distribution n↓(

−→r ). g is the coupling constant which is linked
to the scattering length a↑↓ through g = 4π~

2a↑↓/m. The mean field potential must be
added to the external potential in equation 1.16, resulting in

n↑ =
1

6π2

(

2m

~2
(EF↑ − Vext − gn↓)

)3/2

(1.23)

or

~
2

2m
(6π2n↑)

2/3 + Vext + gn↓ = EF↑ (1.24)

and similarly

~
2

2m
(6π2n↓)

2/3 + Vext + gn↑ = EF↓ (1.25)
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since the situation is symmetric. This coupled set of equations must be solved numer-
ically by iteration. It can be simplified by assuming N↑ = N↓. Then EF↑ = EF↓ and
n↑ = n↓ = n and we obtain a single equation

~
2

2m
(6π2n)2/3 + Vext + gn = EF . (1.26)

The result of this calculation is shown in figure 1.4. The shape of the integrated
distribution is compared for negative (a) and positive (b) values of the interaction
strength. Experimentally the interaction strength can be arbitrarily tuned using a
Feshbach resonance (see section 1.3.3). A trap with frequencies ωax = 2π × 70 s−1 and
ωrad = 2π×5000 s−1 was used in the calculation and 105 atoms at T = 0 were assumed
to be in each state. For negative values the mean field potential confines the atoms
more strongly than in the case of an ideal gas, leading to higher densities and a more
peaked distribution. If the scattering length approaches a↑↓ = −2100 a0, a very small
change in a↑↓ provokes a strong change in the size. For slightly smaller values the gas
becomes unstable: the strong mean field potential leads to an increase in density which
in turn increases the mean field potential, without the increase in kinetic energy being
able to counterbalance the collapse.

For positive scattering length the size of the cloud increases. If a↑↓ > 4000 a0 it
is energetically favorable to introduce a boundary and form two distinct phases. One
state forms a core surrounded by a mixed phase consisting of both states. For high
enough mean field the | ↑〉 and | ↓〉 states separate completely. A pure phase of one state
forms a core surrounded by a pure phase of the other state. This should be observable
experimentally. The experimental signal, distributions integrated in two dimensions, is
shown in figure (1.4b). At first glance it might be astonishing that the outer component
in the doubly integrated distribution has a completely flat profile in the region of the
central component. This can be understood analytically by calculating the doubly
integrated density of a hollow sphere, for which the central part of the profile is also
flat.

The same calculation has been performed for a trap with frequencies ωax = 2π ×
1000 s−1, ωrad = 2π × 2000 s−1, corresponding to our crossed dipole trap. The collapse
appears at a↑↓ < −1800 a0 and the phase separation occurs at about a↑↓ > 4000 a0.

Until now the calculation has been performed at zero temperature. This does not
correspond to the actual experiment where typically degeneracies of T/TF = 0.2 are
reached. To obtain an estimate for the uncertainty of the result, the same calculation
can be performed for a classical gas by solving

n(−→r ) = C exp(−β(Vext + gn(−→r ))) with N =

∫

dr3 n(−→r ) . (1.27)

The results are qualitatively the same but the collapse and phase separation appear
at more extreme values of a↑↓. For T/TF = 1 they occur at a↑↓ < −10000 a0 and
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Figure 1.4: The effect of interactions on a two component Fermi gas at zero tem-
perature. Shown are the doubly integrated density distributions, which correspond to
the experimental signal. The calculation is done for N = 105 atoms in each state and
trap frequencies ωax = 2π × 70 s−1, ωrad = 2π × 5000 s−1. a) For negative scattering
length a↑↓ the mean field is attractive and the gas contracts with decreasing a↑↓. Above
a↑↓ = 2100 a0 the gas becomes unstable and undergoes a collapse. b) For positive a↑↓

the mean field expands the cloud. At a↑↓ ≈ 4000 a0 the two states start to separate in
order to reduce the mean field energy. The distributions of both states are shown. For
a↑↓ = 10000 a0 the separation is complete: one state occupies the center while the other
forms a sphere around it. Only a small region inbetween contains both states. Since
doubly integrated density distributions are shown, the density in the inner part of the
state forming a shell is not zero, but finite and constant.

a↑↓ > 40000 a0 respectively when the other parameters are held fix. These values are
extreme and would in an experiment probably be accompanied by strong losses.

1.1.4 Pauli blocking

The Pauli exclusion principle leads to a suppression of scattering of light or particles
from a degenerate Fermi gas. Consider a scattering process that produces a fermion
with less than the Fermi energy. For a zero temperature Fermi gas, all states with
this energy are occupied. Thus the scattering process is forbidden by the quantum
statistics. This effect is called Pauli blocking [66, 65]. The degree of suppression of
collisions depends on the degeneracy of the Fermi gas and on the energy of the incoming
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particle or photon, called the test particle in the following. If the energy of the test
particle is much greater than the Fermi energy, also the majority of scattered fermions
will have an energy above EF , where the occupation of states is low. In this case no
modification of the scattering probability is observed, independent of the degeneracy of
the Fermi gas. If the energy of the test particle is below the Fermi energy only atoms at
the outer edge of the Fermi sphere can participate in the scattering, since these atoms
can obtain an energy higher than EF during the scattering process. For a test particle
with zero energy, the scattering rate decreases in proportion to T 3 when compared to
the classically expected rate (see figure 1.10a). This effect can be used to measure the
degeneracy of the Fermi gas. It is detailed by G. Ferrari in [65], employing a static
integration of the Boltzmann collision integral in phase-space. In the experiment the
rethermalization of a cold test cloud of impurity atoms in the Fermi gas is observed
(see section 3.3.5). This is a dynamic process that has been simulated by solving the
coupled energetic Boltzmann equations of the two clouds, as detailed in the section on
evaporative cooling (1.2.3). The inhibition of elastic scattering also becomes important
at the end of sympathetic cooling as it slows down the cooling process. This is especially
true if both components participating in sympathetic cooling are fermionic as is the
case in [60].

To observe the effect of Pauli blocking on scattered light, a two-level cycling tran-
sition must be used. After the absorption process, the atom undergoes spontaneous
emission to its initial state. Atoms in the Fermi sea are in the same state and thus Pauli
blocking can occur. Pauli blocking can increase the lifetime of the excited state and
thus lead to a narrowing of the linewidth. This effect is analogous to the enhancement
of the excited state lifetime in cavity experiments [81], but the enhancement comes
from the reduction of atom, not photon, final states. A second effect is the reduction
of the scattering rate. Both effects depend on the recoil transmitted to the atom during
the scattering process. Since the occupation in a degenerate Fermi gas is highest for
low energies, scattering at small angles, corresponding to small momentum transfer, is
altered most severely. These effects also depend also strongly on the degeneracy of the
Fermi gas. Several articles have been published on this subject: see [67, 68, 69] and
references therein.

1.1.5 Detection of a degenerate Fermi gas

Since there is no phase transition from a classical to a degenerate Fermi gas, there
is no striking experimental signal for the onset of quantum degeneracy. The system’s
behavior transitions gradually between that of classical and quantum statistics. Several
different methods can be used to measure the degeneracy of a Fermi gas.

The simplest is to look for the change in shape of the spatial or momentum distribu-
tions. The easiest way to do this is to fit gaussian distributions to both the wings of the
cloud and the whole cloud (see figure 1.3a) and figure 3.20). For a classical distribution



22 CHAPTER 1. THEORY

the measured RMS sizes are the same. For a degenerate fermionic cloud, less atoms
occupy the central part of the cloud due to the Pauli principle. The distribution is
slightly flattened in the central part, which shows up in a decrease of the RMS size
when fitting less and less of the central part. For a bosonic degenerate gas the opposite
is true, due to the Bose-enhanced occupation of low lying states. This dependence of
the RMS size with the fit region gives a first indication for quantum degeneracy. To be
quantitative, the degeneracy T/TF has to be determined. Since the high energy wings
of the distribution are independent of the statistics, a fit with the classical gaussian
distribution to the outer parts of the cloud still gives the correct temperature T . TF is
calculated from the measured trapping frequencies and the atom number. This method
is accurate down to degeneracies of T/TF = 0.3 and is demonstrated in section (3.3.2).
Below this limit the experimental noise does not allow for an accurate determination
of the temperature.

In our experiment there is a bosonic cloud present with the fermionic cloud and we
can reach situations in which we know that both distributions are in thermal equilib-
rium. Both experience the same potential. The size of the degenerate fermionic cloud
is related to the Fermi energy, whereas the size of the bosonic cloud depends on tem-
perature. For T/TF < 1 the fermionic cloud thus exceeds the bosonic in size. This is
the result of Fermi pressure. As will be demonstrated in the results section (3.3.4), the
degeneracy can be seen directly by comparing the bosonic and fermionic distributions,
without making a fit. To determine it more precisely, the temperature can be measured
from the thermal component of the bosonic distribution. This allows the determina-
tion of the degeneracy as long as the bosonic component is not too degenerate and the
thermal cloud is visible, which in our experiment currently sets a limit at T/TF = 0.2.

For higher degeneracies the measurement of the rethermalization of a cold test cloud
of bosonic atoms which has initially been put in thermal non-equilibrium with the
fermionic cloud could be applied. This was discussed in section (1.1.4) in more detail.
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1.1.6 The degenerate Bose gas

In the following we will discuss some of the properties of degenerate Bose gases. More
detailed information can be found in [76], [82] and [83]. The difference between a Fermi
gas and a Bose gas comes from the fact that at most one fermion can occupy a quantum
state, whereas an arbitrary number of bosons can exist in the same state. From this
fact, the energy distribution function for bosons fB(ǫ) can be derived, yielding

fB(ǫ) =
z

eβǫ − z
, (1.28)

where z = eβµ is the fugacity [76]. By examining equation 1.28 it is clear that z must
be between 0 and 1. For any other value the occupation f(ǫ = 0) becomes negative,
which is unphysical. The ǫ = 0 ground state plays a special role. Its occupation

f0 =
z

1 − z
(1.29)

can grow arbitrarily large when z goes to 1. The total occupation of all the other states
is bound by a finite value for fixed T . This means that if the number of atoms exceeds
a critical number, all atoms added to the system go to the ground state. This effect
has the character of a phase transition. The atoms in the ground state are called the
Bose-Einstein condensate.

Consider an ideal gas, i.e., a gas without interactions. For a harmonically trapped
ideal gas, a phase transition to a Bose-Einstein condensate occurs under the condition

n0λ
3
dB = ζ(3/2) = 2.612... , (1.30)

where n0 is the peak density and λdB = h/
√

2πmkBT the de Broglie wavelength. One
may interpret this result as follows. When the atomic de Broglie wavelength becomes
larger than the particle distance, the wavepackets describing the atoms overlap and
interfere. The behavior of a macroscopic fraction of atoms can then be described by a
single wavefunction, the wavefunction of the ground state. Bose-Einstein condensation
occurs at a critical temperature kBTC ≫ ~ω, which shows that it is not a classical
effect. For kBT ≪ ~ω even a classical gas would macroscopically occupy the ground
state. The critical temperature for an ideal gas of N atoms in a harmonic trap with
mean frequency ω̄ is

TC =
~ω

kB

(

Nλ

1.202

)1/3

, (1.31)

0.6 times the Fermi temperature of an equivalent Fermi gas. The occupation of the
ground state changes with degeneracy T/TC as

N0

N
= 1 −

(

T

TC

)3

, (1.32)
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while holding the other parameters constant. The latter is only correct in the limit
N → ∞. For finite atom number the result

N0

N
= 1 −

(

T

TC

)3

− 3(λ + 2)ζ(2)

6λ1/3[ζ(3)]2/3

(

T

TC

)2

N−1/3 (1.33)

is obtained [82]. The phase transition occurs at a lower temperature. An anisotropic
trap (λ 6= 1) lowers the critical temperature further.

1.1.7 The effect of interactions and the Gross-Pitaevskii equa-

tion

The wavefunction of a non-interacting condensate is the ground state wavefunction.
For an interacting Bose gas this is no longer true. In addition to the external potential,
the mean field potential g n(−→r ) has to be taken into account, analogous to the treat-
ment in the fermionic case. The coupling constant g is linked to the scattering length
a by g = 4π~

2a/m. The Schrödinger equation with this mean field potential is called
the Gross-Pitaevskii equation (GPE) [9, 10]. Expressing the density n(−→r ) in terms of
the wavefunction Ψ(−→r ) the time dependent GPE reads [83]

i~∂tΦ(−→r , t) =

(

−~∇2

2m
+ Vext(

−→r , t) + g|Φ(−→r , t)|2
)

Φ(−→r , t) . (1.34)

When the gas is at thermal equilibrium, the only time dependence of Φ(−→r , t) is a
global phase. The simplest choice is to assume Φ(−→r , t) = Ψ(−→r ) exp (µt/i~). This
ansatz simplifies the time dependent GPE to its time-independent form

µΨ(−→r ) =

(

−~∇2

2m
+ Vext(

−→r ) + g|Ψ(−→r )|2
)

Ψ(−→r ) . (1.35)

It can be shown that µ is the chemical potential [83]. If the mean field energy is
much greater than the kinetic energy one may neglect the latter. This is called the
Thomas-Fermi approximation. One then finds the solution

|Ψ(−→r )|2 = n(−→r ) =
µ − Vext(

−→r )

g
. (1.36)

The chemical potential µ can be found from the normalization condition

∫

d−→r |Ψ(−→r )|2 = N . (1.37)

The spatial distribution of the condensate is determined by an equilibrium between
the confining potential and the repulsive interaction of the atoms. For an harmonic



1.1. THEORY OF QUANTUM GASES 25

potential V = m
2

∑

α=x,y,z ω2
αr2

α it is an inverted parabola

Ψ(−→r ) =

(

µ

N0g

)1/2
(

1 −
∑

α

r2
α

R2
α

)1/2

, (1.38)

where the Thomas-Fermi radius

R2
α =

2µ

mω2
α

(1.39)

has been introduced. The chemical potential is

µ =
1

2
~ω̄

[

15
N0a

(~/mω̄)1/2

]2/5

, (1.40)

where ω̄ is the geometrical mean of the trap frequencies ω̄ = (ωxωyωz)
1/3. The mean

field interaction expands the condensate to be larger than the size of the harmonic
oscillator ground state σHO =

√

~/(mω).

The mean field interaction also plays an important role during the ballistic expansion
of the condensate, during which it is converted to kinetic energy. It can be shown
[14, 7, 84] that the shape of the wavefunction stays the same. Only the radii Rα

change with time:

Rx,y(t) = Rx,y(0)
√

1 + τ 2 (1.41)

Rz(t) = Rz(0) (1 + λ2[τ arctan τ − ln
√

1 + τ 2 ]) , (1.42)

where τ = ωrad t. The expansion is faster in the direction of the initially stronger con-
finement. If the trap was initially cigar shaped, then after expansion the BEC becomes
pancake shaped. Viewed from the side, this appears as an inversion of ellipticity, a
signature for the appearance of a BEC. A classical gas can also show such an inversion,
but only if it is in the hydrodynamic regime, which requires that the mean free path
between collisions is much smaller than the size of the cloud [85]. This regime is difficult
to attain. A classical gas normally shows an isotropic distribution after expansion. If
some atoms are not condensed, it is possible to compare the behavior of the condensate
with the behavior of these atoms. The latter, called the thermal cloud, expand like
a classical gas. The condensate shows the inversion of ellipticity. This contrast is an
even clearer signature for the condensate.

1.1.8 BEC with attractive interactions

If the interaction between the atoms is attractive the density can become so large,
that no stable solution is possible. The BEC collapses onto itself and its atoms form
molecules due to three-body recombination, or undergo dipolar relaxation and are
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lost. In free space this always occurs before a condensate can be formed [86]. In
a trap the kinetic energy which occurs due to the Heisenberg uncertainty principle
can counterbalance the attractive interaction up to a certain number of atoms in the
condensate and stabilize the BEC. The maximum number of atoms can be found by
numerically searching for stable solutions of the GPE with varying number of atoms.
In the calculation of [87] no stable solution was found for N0 > N c

0 with

N c
0 |a|

√

~/mω
≃ +0.57 . (1.43)

1.1.9 One-dimensional degenerate gases

One-dimensional trapping configurations have received a great deal of attention re-
cently, since several types of quantum gases beyond the mean field description employed
above are predicted. A radially trapped gas behaves like a one dimensional gas provided
that it is not excited radially. This requires that the temperature and the mean field en-
ergy are below the radial level spacing: kBT ≪ ~ωrad and Umean1D = n1Dg1D ≪ ~ωrad.
Here n1D is the linear density and g1D the 1D interaction strength which depends on
the 3D interaction strength g and the radial confinement ωrad [88]. Within the region
of quantum degeneracy n1DλdB > 1 three different types of trapped degenerate gases
can be distinguished ([89] and figure 1.5). For high enough atom numbers the mean
field description is valid in the axial direction and the condensate has a Thomas-Fermi
shape in this direction (equation 1.38). In a wide temperature region below the criti-
cal temperature, the density fluctuations are suppressed, but the phase still fluctuates
across the sample. In this regime the condensate is called a quasi-condensate. Quasi-
condensates can also exist in 3D for very elongated trap geometries and have recently
been observed [90, 91]. To increase the phase coherence length above the size of the
sample, the temperature has to be further decreased below a characteristic temperature
Tph. Then both density and phase fluctuations are suppressed in the axial direction, as
they are for a normal condensate. The third regime is the Tonks gas of impenetrable
bosons. It appears when the probability of transmission in boson-boson scattering is
low. The bosons remain in their initial order in the one dimensional chain of particles.
This is equivalent to the behavior of fermions: there is a one to one mapping between
the Hamiltonian describing a fermionic system and a bosonic system under these con-
ditions. For this reason the transition to the Tonks regime is called fermionization.
The Boson-Fermion duality is a consequence of the breakdown of the spin-statistical
theorem in low dimensions. The condition of low transmission probability can be trans-
lated into a condition on the density of atoms. For an infinite waveguide the condition
is n1D ≪ 1/π|a1D|, where a1D is the one dimensional scattering length corresponding
to the interaction strength g1D [88].

In our experiment, the production of one dimensional condensates is natural due
to the elongated trap geometry and the scattering properties of lithium. This will be
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Figure 1.5: Diagram of states for a trapped 1D gas [89].

discussed in the next section. The MIT group of W. Ketterle has also recently realized
one- and two-dimensional condensates [31].

1.1.10 The 1D condensate

The Thomas-Fermi approximation is only valid if the chemical potential is larger
than the level spacing of the harmonic oscillator [83]. The chemical potential (1.40)
depends on atom number and scattering length. In some of our experiments the scat-
tering length is very small in comparison with most other experiments, making it easy
to obtain a low chemical potential. Together with a strong confinement in the radial
directions, our experiment can produce condensates for which the Thomas-Fermi ap-
proximation is only valid in the axial direction. The mean field energy in the radial
directions is not sufficient to significantly alter the shape of the wavefunction, which
remains as the harmonic oscillator ground state wavefunction, a gaussian (see section
3.4.4).

To test this prediction and to calculate the remaining deformation of the radial
wavefunction, we minimize the energy of a test wavefunction. Axially we use the
parabolic Thomas-Fermi profile obtained above. In the radial directions we retain the
gaussian shaped ground state of the harmonic oscillator, with a σ-size that is slightly
larger than the one particle ground state size because of the mean field [92]. The ansatz
for the wavefunction normalized to 1 is

Ψ(x, y, z) = exp

(

−x2 + y2

4σ2

)

√

1 − z2

R2

√

8

3πσ2R
. (1.44)
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We minimize the energy regarding the two free parameters σ and R

E =

∫

~
2

2m
|grad Ψ|2 + U |Ψ|2 +

Ng

2
|Ψ|4 . (1.45)

The result of this is

σ4 =
~

2

4m2ω2
⊥

[

1 +
σ

5

NA

R

]

(1.46)

and

R3σ2 =
3

8π

Ng

mω2
ax

. (1.47)

This coupled system of equations can be solved iteratively. We will see in the results
section (3.4.4) that the radial σ size is increased by only 3% due to the mean field with
our experimental parameters. This proves that the ansatz is justified, our BEC is one
dimensional. It behaves as an ideal gas in the radial directions. The chemical potential
is smaller than the radial level splitting, but the transition temperature is still larger
than ~ωrad. This means that excitations retain their three-dimensional character and
that the calculation of TC is still valid. However, the ballistic expansion is modified.
The radial mean field energy is nearly zero. Instead, the expansion is driven by the
Heisenberg uncertainty principle. The radial shape of the wavefunction stays gaussian
and expands like a free gaussian wavepacket. The RMS size of the density profile
expands like

σrad(t) =

√

~

2mωrad

+
~ωrad

2m
t2 . (1.48)

1.1.11 The bright soliton

A fascinating behavior may be observed for waves propagating in a nonlinear dis-
persive medium, the formation of solitary waves which travel without changing their
form [93]. Normally dispersion changes the shape of a wavepacket since its constituting
frequency components travel at different velocities. This can result in a chirped pulse,
where the low frequency part of the pulse arrives before the high frequency part, or
the inverse. (One can hear this effect when listening to the noise of ice skates which
have travelled through the ice on a lake.) Nonlinearity makes the phase of a wave
dependent on the wave’s intensity. It can also produce a chirped pulse. Under certain
circumstances these effects counterbalance each other and a solitary wave travels with-
out changing its form. This phenomenon was first observed 1834 by J. S. Russell when
he followed a water wave in a canal near Edinburgh for eight miles on horseback (read
his account of the first sighting in the bibliography section under [94]). These waves



1.1. THEORY OF QUANTUM GASES 29

are called solitons. They can also exist as light pulses in nonlinear optical fibers where
they can be used to transmit information.

Solitons can also exist in one dimensional condensates (see Y. Castin in [83] or [95]).
The dispersion is the normal matter wave dispersion ω(k) = ~k2/2m. The nonlinearity
comes from the mean field. One distinguishes two types of solitons: dark and bright.
Dark solitons are localized intensity minima in a condensate with repulsive interactions.
The speed of a dark soliton depends on its depth. A soliton which forms a node is
stationary. Its speed increases up to the speed of sound as its depth decreases to zero.
Dark solitons were first produced 1999 by the groups of W. Ertmer and B. Phillips
and later on by the group of L. Hau, among others [25, 26, 27]. A bright solitons is a
localized density maxima which can undergo interactions with other solitons without
changing its form. Such solitons can be produced from one dimensional condensates
with an attractive mean field. In the non-confined axial direction the soliton is held
together due to the mean-field attraction. The attraction is counterbalanced by the
kinetic energy, which increases after the Heisenberg uncertainty principle when the
wavefunction gets smaller. This phenomenon has not been observed in matter-waves
until the work presented in section (3.6.5). A nice property yet to be observed is that
solitons can travel through each other and reappear after the collision without having
changed their speed or form, but having acquired a phase-shift and a displacement [93].

In the following some of the properties of bright solitons are derived. The start-
ing point is the Gross-Pitaevskii equation (1.34) which we simplify with the ansatz
Φ(x, y, z, t) = Ψ(z, t)χ(x)χ(y). Here χ is the gaussian radial harmonic oscillator ground
state wavefunction. For an axially open trap (ωax = 0) one obtains a one-dimensional
Gross-Pitaevskii equation for Ψ(z, t):

i~∂tΨ(z, t) = − ~
2

2m

d2Ψ

dz2
+ N0g1D|Ψ(z)|2Ψ(z) , (1.49)

with the effective 1D interaction strength g1D = 2aωrad~. The solution of this equation
normalized to N is a soliton moving with speed v [96]

Ψ(z, t) =

√

N

2l
sech

(

z − vt

l

)

e−i2mvz/~e−ig1DNt/~2l , (1.50)

with the length l of the soliton

l = −σ2
HO

Na
, (1.51)

where σHO =
√

~/(mωrad) is the radial harmonic oscillator ground state size. The
length l is the result of the competition between the kinetic energy per atom ~

2/(ml2)
and the interaction energy g1DN/l. The density profile is shown in figure (1.6). The
chemical potential is

µ = −(Naωrad)
2m/2 , (1.52)
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which must be smaller than ~ωrad to fulfill the 1D condition. From this condition the
maximum number of atoms can be calculated to be Nmax = −

√
2σHO/a. The size of

a soliton with this atom number is l = σHO/
√

2, but for the numerical factor just the
radial ground state size. Using equation (1.50) one obtains the maximum density,

nmax
1D =

Nmax

2l
=

1

a
, (1.53)

which is independent of the radial trap frequency and the atom number. In the center
of the soliton the distance of the atoms is the scattering length. Our soliton is produced
in the 7Li |F = 1,mF = 1〉 state whith a scattering length of ∼ −4 a0 = 0.2 nm in a
trap with ωrad = 2π700 Hz. The maximum atom number is Nmax = 104 and the length
under these conditions l = 1 µm. Pictures of the travelling bright soliton are shown in
figure (3.36) and compared to the behavior of an ideal gas in figure (3.37).
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Figure 1.6: Density distribution of a soliton n(z) = |Ψ(z)|2 = 1/(cosh(z)
√

2)2 (solid
line). For comparison a gaussian has been fitted to this shape (dotted line).

1.1.12 The effects of Bose statistics on the thermal cloud

The thermal cloud is also effected by the Bose statistics. The shape of the thermal
component in the temperature region near and below the critical temperature is no
longer gaussian but behaves as

n(−→r ) =
1

λ3
dB

g3/2[z exp(−βmω2
radρ

2/2)] , (1.54)
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where g3/2 is a Bose-Einstein function and ρ2 = x2 +y2 +λ2z2. Again, to compare with
the experiment, the distribution must be integrated along one or both of the radial
directions, yielding

n2D(y, z) =
σx

λ3
dB

√
πg2[z exp(−βmω2

rad(y
2 + λ2z2)/2)] , (1.55)

n1D(z) =
σ2

x

λ3
dB

πg5/2[z exp(−βmω2
axz

2)/2)] , (1.56)

where σx =
√

kBT/mω2
rad. These functions are fitted to the experimentally measured

density distributions to determine the temperature and the number of non-condensed
atoms. Below TC the integrated density distribution of the condensate is simply added,
with the condensed fraction N0/N as an additional fit parameter.

1.1.13 Boson-fermion mixtures

In a mixture of interacting ultracold gases, the phenomenon of phase separation
can occur. For certain values of the interaction constants, the atom numbers and the
trap frequencies a spatial separation of the different components of the gas can be
energetically favorable in comparison with a single mixed phase. This occurs if the
gain in mean field interaction energy overweighs the kinetic energy introduced by the
boundary. Such phenomena have been experimentally studied in spinor condensates
[97, 98].

Our system consists of a mixture of bosonic and fermionic lithium. An analytical
calculation in [99] for homogenous gases at zero temperature shows the possibility
of phase separation. In a numerical calculation for zero temperature and trapped
gases [80], Mølmer predicted phase separation of the two components for extreme
interaction parameters. In our system, we actively cool only one component and rely
on thermalization between the two components to cool the other. A demixture of
the gases would severely limit the thermal contact between them. A reduction in
thermal contact can pose a limit on the achievable degeneracies of the passively cooled
component. It was important for us to know if a significant phase separation could
occur under our experimental conditions, which was not considered in the work of
Mølmer. To answer this question, a numerical simulation was carried out using his
method, which is analogous to the calculation performed in section 1.1.3 to determine
the effect of interactions on a non polarized Fermi gas. Very recently, the group of
M.P. Tosi also analyzed the conditions for phase-separation in our experiment [75].

The above approach is valid for zero temperature. The distribution of the bosonic
cloud can be computed with the Gross-Pitaevskii equation in the Thomas-Fermi ap-
proximation (1.36). In addition to the boson-boson mean field, the mean field potential
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of the fermions must be taken into account. Similarly, equation (1.26) with an addi-
tional boson-fermion mean field term is used to calculate the fermionic distribution.
The two equations are as follows:

Vext(
−→r ) + gBBnB(−→r ) + gBF nF (−→r ) = µ , (1.57)

~
2

2m

[

6π2nF (−→r )
]2/3

+ Vext(
−→r ) + gBF nB(−→r ) = EF , (1.58)

where gBF is the boson-fermion and gBB is the boson-boson interaction strength, nB

the bosonic and nF the fermionic density distribution. The chemical potential µ and
the Fermi energy are found from the normalizations

∫

dr3 nB = NB and
∫

dr3 nF = NF ,
with NB and NF the total number of bosons and fermions. The computation is iterative.
First the bosonic distribution is calculated in absence of the fermions. This bosonic
distribution adds an extra mean field term to the external trap potential experienced
by the fermions. The fermionic distribution is calculated in this total potential. The
fermionic mean field on the bosons is added to the external potential to give the total
potential for the bosons. The process is repeated starting from the calculation of the
bosonic distribution. These iterations continue until the calculated chemical potential
and Fermi energy change by less than 10−10 during one iteration.

Phase separation is a self-amplifying effect, in which the bosons expel the fermions,
creating a potential which confines the bosons more strongly, leading to an even
stronger repulsion of the fermions. This is shown in figure (1.7a) for extreme pa-
rameters of the atomic interactions (aBF = 2000 a0, aBB = 1000 a0) and 106 atoms
of both species in a trap corresponding to our magnetic trap (ωax = 2π × 80 Hz,
ωrad = 2π × 5000 Hz for 7Li). Two different equilibrium distributions can be found, a
fermionic sphere around a bosonic core or the inverse. For a smaller interspecies scat-
tering length the phase separation becomes incomplete, and a mixed phase coexists
with a pure phase.

The parameters used above are too extreme to be easily reached in our experiment.
They were chosen to demonstrate the possibility of phase separation. In figure (1.7c)
the case of a more experimentally realistic parameter set is shown (NF = NB = 104,
aBF = 38 a0, aBB = 5.1 a0, same trap). No phase separation occurs: the fermionic
density distribution is only slightly diminished where it overlaps with the condensate.
The correct distributions are already well approximated by the undisturbed bosonic
distribution and the fermionic distribution calculated with external potential plus the
BEC mean field. The back action of the fermions on the bosons is negligible since the
fermionic cloud is less dense and more homogenous than the bosonic distribution. Thus
no real phase separation takes place. For the fermions to be expelled from the space
occupied by the condensate the potential of the boson mean field on the fermions has
to be bigger than both the Fermi energy and the temperature of the fermionic cloud

UBF =
gBF

gBB

µ > EF , kBT . (1.59)
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Figure 1.7: Density profiles of boson-fermion mixtures in our magnetic trap (ωax =
2π× 80Hz, ωrad = 2π× 5000Hz for 7Li). a) A phase separation occurs for the extreme
parameters aBF = 2000 a0, aBB = 1000 a0, NF = NB = 106. The fermionic component
forms a shell outside a bosonic core. The fermionic mean field strongly affects the shape
of the condensate. b,c,d) The experimentally reached atom numbers NF = NB = 104

and bosonic scattering length aBB = 5.1 a0 are used. The interspecies scattering is
varied. b) aBF = −95 a0. For a slightly smaller interspecies scattering a collapse would
occur. The profiles are already strongly modified by the attraction. c) aBF = 38 a0. This
is the experimental situation. The fermionic density is slightly diminished in presence
of the condensate. The bosonic component is not changed noticeably. d) aBF = 100 a0.
The repulsion is strong enough to expulse nearly all fermions from the region of the
condensate. Note that the experimental signal does not actually consist of the density
profiles shown here, but the one- or two-times integrated density profile, thus decreasing
the measurable effect.

To reach these conditions it is favorable to use a small number of fermions and a large
number of bosons at low temperature and if possible, a strong boson-fermion coupling
constant. In figure (1.7d) this is demonstrated by increasing the interspecies scattering
length to aBF = 100 a0, while holding the other parameters fix.
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Another effect, a collapse of the gas, can occur for negative interspecies scattering
length. The distributions at the border to a collapse are shown in (1.7b).

1.1.14 The BCS transition

At low temperatures, degenerate Fermi gases can undergo a phase transition and
build up a superfluid phase, i.e., frictionless flow. This is well known for metals, where
superconductivity is the consequence, or for 3He. One of the goals of our experiment is
to search for this Bardeen-Cooper-Schrieffer (BCS) transition [50]. The fundamental
idea explaining this observation was introduced in 1956 by Cooper [49]. For an ideal
Fermi gas in a box, the ground state is the Fermi sea and all states up to the Fermi
energy are occupied. In momentum space this corresponds to the Fermi sphere, with
all states up to k = kF occupied. However, if an attractive interaction exists between

the fermions it is energetically favorable to form bound pairs which have momentum
−→
kF

and −−→
kF . This pairing occurs for arbitrarily weak interactions which is a consequence

of the presence of the degenerate Fermi sea. Such pairs, called Cooper pairs, have a
bosonic character, since their spin is integer, and can Bose condense. They have long
range correlations and show superfluidity.

Cooper pairing

The principle of Cooper pairing can be understood with a simple model [6, 100].
Consider a Fermi sphere and add two fermions with opposite momentum of equal
magnitude. The Fermi sphere blocks access to all states having a momentum lower
than kF . Interactions with fermions outside the Fermi surface may be neglected. The
wavefunction of any pair of fermions is a superposition of all possible plane waves with
opposite momenta,

Ψ(−→r1 ,−→r2 ) =
∑

−→
k

g(
−→
k )ei

−→
k ·−→r1e−i

−→
k ·−→r2 , (1.60)

where all probability amplitudes g(
−→
k ) with k < kF are equal to zero because of the

Pauli exclusion principle. The Schrödinger equation for the two fermions is

− ~
2

2m
(∇2

1 + ∇2
2)Ψ(−→r1 ,−→r2 ) + V (−→r1 ,−→r2 )Ψ(−→r1 ,−→r2 ) =

(

E +
~

2k2
F

m

)

Ψ(−→r1 ,−→r2 ) , (1.61)

where E is the energy shift of the fermions relative to two fermions at the surface of

the Fermi sphere. By inserting (1.60) into (1.61) one obtains an equation for the g(
−→
k )

~
2k2

m
g(
−→
k ) +

∑

−→
k

′

g(
−→
k

′

)V−→
k
−→
k

′ = (E + 2EF )g(
−→
k ) , (1.62)
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where

V−→
k
−→
k

′ =
1

L3

∫

V (−→r )e−i(
−→
k −

−→
k

′

)−→r d−→r (1.63)

is the matrix element of the interaction between the fermions. L3 is the volume of
the system. In order to simplify the calculation, an attractive constant interaction

V−→
k
−→
k

′ = −V/L3 between
−→
k states in an energy band between EF and EF + ~ωD and

no interaction for other momentum states is assumed

V−→
k
−→
k

′ =

{

−V/L3 for ~
2k2/(2m) , ~

2k
′2
/(2m) < EF + ~ωD

0 otherwise .
(1.64)

Then equation (1.62) becomes

(

−~
2k2
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+ E + 2EF
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k ) = − V

L3
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′

g(
−→
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with EF <
~

2k
′2

2m
< EF + ~ωD . (1.65)

By dividing both sides by the term in parenthesis, summing over all
−→
k with EF <

~
2k2/2m < EF + ~ωD and canceling

∑

g(
−→
k ) with

∑

g(
−→
k

′

) one obtains

1 =
V

L3

∑

−→
k

1

−E + ~2k2

m
− 2EF

, (1.66)

with EF < ~
2k2/2m < EF + ~ωD. This sum can be calculated by approximating it

as an integral. To do so, the density of states N(ξ) = (2π)−34πk2dk/dξ is introduced,
where ξ = ~

2k2/2m − EF . Then equation (1.66) becomes

1 = V

∫

~ωD

0

N(ξ)
1

2ξ − E
dξ . (1.67)

If ~ωD ≪ EF , N(ξ) can be considered constant and replaced by its value N(0) at the
Fermi energy. The integration can be performed analytically and yields

1 =
N(0)V

2
ln

E − 2~ωD

E
. (1.68)

For weak interactions,i.e., N(0)V ≪ 1 this equation has the solution

E = −2~ωDe−2/N(0)V . (1.69)

E was defined as the energy that the two fermions added to the Fermi sphere acquire in
addition to the 2EF that would be expected in the case of no interactions. When this
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energy is negative it follows that a bound state of the two fermions exists, mediated
by the interaction. This is a Cooper pair.

In this simple model only two fermions were added to a Fermi sphere. In general
many Cooper pairs can be formed. It can be shown that the size of a Cooper pair is
much larger than the average distance between nearest neighbor particles, giving rise
to correlations between them. The energy spectrum of a Cooper paired gas shows a
gap above the ground state of the system, which corresponds to the energy E needed
to break up a Cooper pair.

BCS state in a gas of neutral atoms

The principle of Cooper pairing was explained in the case of a zero temperature
Fermi gas and an idealized interaction. Cooper pairing can also occur for finite tem-
peratures and scattering between neutral atoms. A BCS phase transition between
a normal degenerate Fermi gas and a Fermi gas with a Cooper paired phase is pre-
dicted to occur when the temperature decreases below a critical temperature TBCS.
The critical temperature depends on the nature of the attractive interaction. Several
coupling mechanisms can be considered, such as p-wave scattering [101, 102], exchange
of phonons (density fluctuations) and s-wave collisions [103, 71, 104, 105]. Of all these,
s-wave collisions are the most promising since the predicted critical temperature is the
highest. The critical temperature can be calculated and is [105, 101]

TC ≃ TF exp(−π/2kF |a|) , (1.70)

where a is the s-wave scattering length. Although this equation is only valid for
kF |a| ≪ 1. In the extreme case kF |a| = 1, TBCS ≃ 0.2 TF , which suggests what the
upper bound might be for the transition temperature.

Consider how the necessary attractive interaction can be obtained for 6Li. A conse-
quence of the anti-symmetrization postulate for the wavefunction of identical fermions
is that s-wave collisions are suppressed (see section 1.3). By using fermionic atoms in
different internal states, the fermions become distinguishable and s-wave collisions are
possible. In 6Li the states |F = 1/2,mF = 1/2〉 and |F = 1/2,mF = −1/2〉 are espe-
cially well suited for this task. Since they are the states with the lowest energy, their
mixture should be more stable against inelastic collisions than any other mixture. Even
more important is the s-wave scattering length in collisions between these states. For
magnetic fields higher than ∼ 1000 G the electronic and nuclear spins are decoupled.
In the case of the two states mentioned above, both electronic spins are parallel. The
states are distinguished by different orientations of the nuclear spin. It follows that
the scattering length is the triplet scattering length of 6Li, aT = −2160 a0, which is
large and attractive. Furthermore, a pronounced and wide Feshbach resonance exists
around 800 G, making it possible to tune to even more extreme values (see section
1.3.3). This makes it easy to enter the regime of strong coupling, kF |a| ≃ 1.
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A new question arises in this strong coupling regime: is the gas still stable against
collapse? As we have seen in section (1.1.3), for a strong attractive interaction a col-
lapse of the gas can occur. The subject was treated in greater detail in [71]. In the
vicinity of the collapse, density fluctuations occur easily. This can lead to an additional
attractive interaction due to phonon exchange, as it is the case in low TC supercon-
ductors. Including this effect, the critical temperature TBCS has a more complicated
dependence on the experimental parameters as given by equation (1.70). It has been
calculated numerically in [71]. The maximum value TBCS = 0.025TF is reached for
λ = 0.98, shortly before the collapse.

A different type of BCS transition was proposed by M. Holland et al. in [72]. A pair-
ing transition in the vicinity of a Feshbach resonance is considered (see section1.3.3).
Near a Feshbach resonance, the scattering length becomes very large, because the col-
liding atoms can enter a quasibound molecular state during their collision, in which
they can remain for a long time compared to the time a normal collision takes. Instead
of calculating an effective scattering length and developing BCS theory with this, Hol-
land treated the quasibound state separately. Cooper pairs appear as a population of
this state. The calculation was performed for the case of 40K. A high critical temper-
ature of TC = 0.5 TF is found. A maximum of 1.5% of the atoms form quasibound
molecules, which here play the role of Cooper pairs.

Detection of the BCS state

In superconductors the BCS phase transition is evident in several macroscopic prop-
erties. The resistance drops to zero due to the frictionless flow of the superfluid. The
material becomes a perfect diamagnet, which is the basis for the striking experiment
of floating a superconductor over a magnet. The heat capacity has a discontinuity at
the phase transition.

In neutral atomic gases, the detection of a Cooper paired phase is more difficult. The
fermions are neutral, which means that measurements of electric or magnetic properties
can not show signs for Cooper pairing. The spatial and momentum distributions are
only slightly modified in comparison with a degenerate Fermi gas, since only a small
fraction of atoms in momentum states around kF are involved in the pairing.

Over the last few years several methods of detecting the BCS state have been sug-
gested. The following types of experiments have been proposed: the detection of the
correlated Cooper pairs; to measure the energy gap or, more generally, the excitation
spectrum; to measure the heat capacity [106]; and finally, to measure changes in the
density profile due to the superfluidity.

The first set of proposed experiments considers the scattering of light off a normal
versus a BCS phase. The spatial distribution of off-resonance light scattered from a
BCS state is calculated in [107]. It is found that light is scattered into a large angle
by the Cooper pairs, due to their small spatial extension. This angle is larger than
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the angle in which light from a degenerate Fermi gas without pairing is scattered.
In [108] an increase in the intensity of off-resonance light scattered at small angles is
calculated. Line shift and increase in the line width of a resonant transition is predicted
in [109, 110].

The energy gap can be measured by spectroscopic means [111]. One of the atoms
forming a Cooper pair is transferred to an different internal state via a Raman tran-
sition. This process breaks up the Cooper pair and therefore the laser must provide
the pairing energy. This can be seen as a shift in the transition in comparison with a
normal phase.

The excitation spectrum can be measured with Bragg spectroscopy [112] or by scat-
tering of test particles [113, 65]. The dynamic structure factor which describes the
outcome of these experiments has been calculated for a normal Fermi gas and a BCS
gas in [114] and it has been shown that clear signatures of the superfluid phase exist.

Several proposals have been made to study the response of the superfluid phase on
collective excitations. These can be density oscillations under periodic modulations
of the trap frequency [115, 106]. For scissor modes, where one axis of the trap is
rotated, transverse modes of excitation are suppressed for the superfluid but not for a
collisionless normal fluid [116]. These modes have already been studied theoretically
[117] and experimentally [19] for Bose-Einstein condensates of bosonic atoms. The
moment of inertia is predicted to change with the appearance of a superfluid phase
[118].

Lastly, for a BCS transition induced by a Feshbach resonance the density near
the trap center should increase [119], which could be an experimentally observable
signature.
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1.2 Evaporative cooling

Evaporative cooling is to date the only cooling method by which quantum degener-
acy can be reached. It was originally proposed by Hess for the cooling of magnetically
trapped hydrogen [120] and soon afterwards experimentally implemented [121, 122].
Later it was used to cool alkalis and led to the first BECs in dilute vapors of alkali
metals [7, 123, 8].

The mechanism of evaporative cooling is the following (figure 1.8a): particles with
an energy higher than the mean energy are removed from the system. The remaining
particles rethermalize by elastic collisions and the system thereby acquires a lower tem-
perature. This principle occurs commonly in nature, e.g., during evaporative cooling
of water or during the cooling down of an excited nucleus by the ejection of neutrons.

In a typical BEC experiment evaporative cooling is implemented in the following
manner (figure 1.8b): The atoms are in a low magnetic field seeking internal state.
They are kept in a magnetic field which has a minimum at the center and increases in
all directions. For small enough temperature this potential can be well approximated
by an anisotropic harmonic potential. Neglecting gravity, surfaces of equal magnetic

field modulus correspond to the potential energy U = mF gF µB|
−→
B | (where mF is the

magnetic sublevel, gF the Landé factor and µB the Bohr magneton). Selective removal
of high energy atoms is achieved by driving transitions to high field seeking states
(mF gF < 0) which are ejected from the trap, using Zeeman or hyperfine radio frequency
transitions. The selectivity comes from the fact that these transitions are frequency
shifted proportional to |B| due to the Zeeman effect. For a given radio frequency ν,
atoms at a spatial position corresponding to a given potential energy Ecut are removed.
One commonly speaks of a radio frequency knife which “cuts” atoms out of the trap
at the cut energy Ecut.

Because of the motion of the atoms this means that after a time which is long in
comparison with the trap frequencies all atoms with a total energy higher than Ecut

are lost. To characterize the cut energy one introduces the cut parameter η, which
links Ecut and the temperature: Ecut = ηkBT . Typical values for η range from 5 to 10.

This simple picture breaks down when the earth’s gravitational potential energy
becomes comparable to the intended cut energy. In this case the confining potential
can be shifted so strongly with respect to the |B| field equipotential surfaces that
only atoms in the lower part of the trap are removed. This effect can be harmful,
since removal takes longer. However, it can also be helpful, for example if only atoms
with low horizontal angular momentum should be removed, in which case the average
angular momentum per particle increases [124].

The evaporation cooling process decreases temperature and thus, for constant elastic
collision rate, decreases the rate of atoms generated by collisions with an energy above
the cut energy. This effect slows down the cooling process and must be counterbalanced
by a continuous decrease in the cut energy such that η is kept approximately constant.
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Figure 1.8: The principle of evaporative cooling. a) Particles with an energy above Ecut

are removed from the initial distribution, which has a temperature Ti. After thermaliza-
tion due to elastic collisions the temperature has decreased to Tf . b) Implementation of
the selective removal of high energy atoms. Shown is the energy of the hyperfine ground
state triplet |F = 1, mF = −1, 0, 1〉 of 7Li versus the distance from the magnetic trap
center. Atoms in the mF = −1 state are trapped, while in the mF = 0, 1 states they
are untrapped. A radio frequency wave is resonant with atoms having the potential
energy Ecut. These atoms are transferred to nontrapped states and thus removed from
the trap. After several trap oscillation periods, all atoms with a total energy superior
to Ecut have been removed due to motion in the trap.

This kind of evaporative cooling is called forced evaporative cooling.

Evaporative cooling relies on elastic collisions. The elastic collision rate Γ = n̄σv,
where n̄ is the mean density , σ the elastic scattering cross section and v the mean
velocity, depends on the atom number N and on the temperature: Γ ∝ N/T . This
means that the temperature has to decrease at a rate at least proportional to the atom
number, in order for the evaporative cooling not to slow down. This regime is called
runaway evaporation. The quantity of interest in evaporative cooling is the phase-
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space density ρ = nλ3 ∝ N/T 3 ∝ Γ/T 2, which can increase even if Γ decreases due to
its stronger dependence on temperature. But under these conditions the evaporation
process will slow down drastically. At the border to runaway evaporation the elastic
collision rate stays constant and ρ ∝ T−2. This is exactly the case in our experiment
(see section 3.3.1). It can be shown that the number of elastic collisions must exceed
the number of inelastic collisions by a factor of about 200 (Γel/Γin > 200) to be in the
runaway regime [125].

A further complication to evaporative cooling are loss processes. They hinder the
cooling by removing atoms which have an energy below Ecut. If atoms with an energy
below kBT are removed the sample is even heated. In addition some loss processes
lead to the conversion of internal energy to kinetic energy.

There are five types of loss processes:

• Collisions with the background gas. During a collision an atom can acquire
an energy higher than the depth of the trapping potential. This leads to loss of the
atom. During a glancing incidence collision, only a fraction of the total collision
energy is transferred to the atom. The atom stays trapped, rethermalizes and
thus heats the sample. Loss due to background gas collisions does not depend on
the density of the cloud. It can be reduced by reducing the residual gas pressure
in the vacuum chamber.

• Spin-exchange collisions. Atoms can exchange angular momentum during a
collision. For example, two atoms in the |2, 1〉 state can produce one atom in the
|2, 2〉 state and one in the untrapped |2, 0〉 or |1, 0〉 state. In the latter case the
hyperfine energy is released, which leads to heating. Fortunately these collisions
are subject to strict selection rules: the orbital angular momentum quantum
numbers l and ml, as well as the total spin projection MF = mF1

+ mF2
must be

conserved. Thus it is easy to avoid this kind of loss by making the proper choice
of internal state. Stretched states (states of maximum F and mF ), for example,
are always stable.

• Dipolar collisions. The magnetic dipole-dipole interaction has less severe se-
lection rules: only ml + MF is conserved and |∆l| is required to be 0 or 2. Thus
atoms that would be stable against spin relaxation can end in an untrapped state.
The dipole-dipole interaction strength depends on the internal state. According
to the Fermi golden rule, the transition probability also depends on the number
of accessible internal and momentum endstates and thus on the internal energy
converted to kinetic energy during the collision. For this reason, states in the
lower hyperfine multiplet are potentially less vulnerable to dipolar decay. Dipolar
collisions can eventually be reduced by tuning the magnetic field. Although they
depend on density Γin ∝ βn, a decrease in trap confinement is useless since the
important parameter Γel/Γin is proportional to

√
T . Instead, the confinement

must be increased to adiabatically increase the temperature.
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• Three body recombination. The absolute ground state of an ultracold gas
is a solid. However, the gas is metastable because of energy and momentum
conservation which prevents the formation of a molecule during a simple two-
body collision. Only in a three-body collision can a molecule be formed and
excess energy and momentum absorbed by the third atom. This type of collisions
leads to loss and heating. But since it is proportional to n2 it can be reduced by
lowering the density by an adiabatic expansion of the gas.

• Majorana spin flip. Atoms are trapped in a magnetic field minimum if their
magnetic moment is antiparallel to the local magnetic field line, since then their
energy increases with higher B-field modulus. While the atom is moving in the
trap the direction of the local B-field vector changes. Normally an atom’s spin
follows the field adiabatically. But if the rate of change of the direction of the

B-field vector ∂Θ
∂t

is greater than the Larmor frequency ωl = 2π 1.4MHz
G |B|, then

the spin can not respond adiabatically and transitions to other states occur. If
these states are trapped, further loss is induced by spin relaxation collisions; if
not, the atom is simply lost. This loss mechanism is important for quadrupole
traps which have a B-field zero at the center. Its rate is Γ = ~/(ml2). It can
be prevented by using a trap type which has a nonzero and high enough B-field
minimum, e.g., a Ioffe-Pritchard trap.

In all of the above cases, when the gas is near the hydrodynamic regime, i.e., when
the mean free path is shorter than the trap diameter, or equivalently, when the collision
rate is higher than the trap oscillation frequency, further heating and loss are induced.
In this case an atom in an untrapped state will gain energy while escaping the trap
and distribute this energy to other trapped atoms in collisions or expel other atoms.
This can even have the character of an avalanche [126].

1.2.1 Sympathetic cooling

Evaporative cooling relies on the existence of elastic collisions. If the atomic species
of interest does not have a sufficiently high elastic collision cross section to allow evap-
orative cooling, it may still be possible to cool it by bringing it in contact with a
thermal bath that is actively cooled. This sympathetic cooling was originally imple-
mented with two species ion traps, where sideband cooling was performed on one ion
species [127, 53]. Due to the electrostatic interaction between the ions, the ions of the
other species were also cooled. This could be an interesting cooling scheme for quan-
tum computation or optical clocks, since it leaves the internal state of the Q-bits or
clock ions untouched but cools them all the same. Neutral atoms and molecules such as
europium, chromium, and lead monoxide have been cooled sympathetically by thermal
contact due to collisions with a cryogenically cooled Helium buffer gas [54, 55, 56].
Sympathetic cooling in combination with evaporative cooling was first demonstrated
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using two different internal states of 87Rb and produced two overlapping Bose-Einstein
condensates [57].

The importance of sympathetic cooling for Fermi gases is that s-wave collisions
are forbidden in a polarized sample of fermions, due to the necessary antisymmetry
of the wavefunction. Higher order partial angular momentum waves freeze out with
decreasing temperature if the interatomic potential decreases faster than 1/r3 (n > 3
for 1/rn), which is the case for the usual long-range Van der Waals interaction (n = 6)
(see section 1.3). The p-wave cross section, for example, decreases as T−2 and is by
far too small to sustain evaporative cooling in the temperature region of interest for
degeneracy. An exception to this is the magnetic or electric dipole-dipole interaction
which has an 1/r3 dependence and thus allows p-wave collisions also at T = 0. This
might be important in chromium, which has a high magnetic momentum [128]. An
electric dipole moment could be induced in lithium by applying an electric field, giving
rise to collisions [129]. Another exception are p-wave shape resonances, which are
discussed in section 1.3.3.

The most straightforward approach to overcome this lack in elastic collisions is
to mix the fermions with distinguishable atoms. Then s-wave collisions are allowed
and evaporative cooling is possible. The first implementation of this was done by
mixing equal amounts of two internal states of fermionic 40K. Evaporative cooling was
performed on both states simultaneously resulting in two degenerate Fermi seas with
a maximum degeneracy of T/TF = 0.5 [60]. At high degeneracies this cooling scheme
slows down, because of Pauli blocking of the collisions.

This approach is impossible for lithium, since spin relaxation between two different
internal states has a particularly large cross section. Our method consists of mixing
the fermionic with the bosonic isotope in about a 1:1000 ratio. Evaporative cooling
is performed only on the bosonic isotope, and s-wave collisions between the isotopes
mediate sympathetic cooling of the fermionic isotope. In our experiment this results
in a Fermi gas with a degeneracy of T/TF = 0.2(1) (see section 3.4.5). One advantage
of this method is that Pauli blocking occurs only for the fermionic component.

Sympathetic cooling is a general scheme and appears several times in different fla-
vors in our experiment. In a preparation stage for evaporative cooling, the bosonic
component is cooled optically in the magnetic trap, which sympathetically cools the
fermions due to collisions (see section 3.1.5). For the production of a condensate in the
|F = 1,mF = −1〉 state we can evaporatively cool the fermionic component and allow
the bosons to be cooled sympathetically. For a faster evaporation, both components
can be evaporatively cooled, using mainly the collisions between the components for
rethermalization (see section 3.4.4).

Several other groups plan to sympathetically cool fermions, e.g., 40K by 87Rb [43,
130, 131] or the fermionic by the bosonic isotope of Ytterbium [132] (see discussion in
section 2.3). The group of W. Ketterle recently produced a 6Li Fermi sea by sympa-
thetically cooling with 23Na [63] and J.E. Thomas at Duke university cooled a mixture
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of the two lowest states of 6Li in a dipole trap to degeneracy [64]. Sympathetic cooling
of bosonic 7Li by 133Cs in a CO2 optical trap was also shown [62].

1.2.2 The Limits of sympathetic cooling

The goal of sympathetic cooling of fermions by bosons is to reach the highest possible
degeneracy T/TF of the fermionic component. Several limits hinder the achievement
of arbitrary high degeneracies. In the following we will discuss some of these limits.

Heat capacities

The first limit involves the heat capacities of the actively cooled component A, CA,
and the sympathetically cooled component S, CS. During sympathetic cooling, the heat
capacity of A is continuously lowered since atoms are evaporated. Shortly after the
heat capacities of both components become equal (CA = CS), the cooling stops. Once
CA is smaller than CS, an initial reduction in the temperature of A due to evaporation
over an imposed cut energy does not cool S. On the contrary, S will heat A up to nearly
the same initial temperature. Thus, still more atoms of A will be evaporated with the
same cut energy, which reduces the heat capacity of A and amplifies the effect. At the
end, all atoms of A are lost, with only a minor temperature reduction of S.

For classical gases the heat capacity is Ccl = 3NkB and the condition of equal heat
capacity becomes a condition of equal atom number. To lower the temperature at
which the decoupling occurs, the number of sympathetically cooled atoms has to be
reduced.

In the quantum regime the heat capacities behave differently. The heat capacity of
a bosonic (fermionic) gas with T < TC (T < TF ) is [133, 134]

CB = 12
ζ(4)

ζ(3)
NBkB

(

T

TC

)3

, (1.71)

CF = π2NF kBT/TF . (1.72)

To check if the sympathetic cooling breaks down, one has to compare the heat capac-
ities during the whole evaporative cooling process. In the following we will limit the
discussion to the interesting regime T ≤ TC , TF . Other cases can be checked along the
same lines.

In our experiment we can enter the region of quantum degeneracy with two different
schemes, for each of which we have to continue the discussion separately.

In the first scheme, the fermions (component S) are sympathetically cooled by evapo-
rative cooling of the bosons (component A) (see section 3.3.2). The number of fermions
stays nearly constant during the evaporation. The condensate produced in this scheme
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is unstable, which means it can not exceed a maximum number of atoms Nmax. Thus
the temperature must remain high enough that less than Nmax atoms are in the con-
densate, in practice not much lower than TC . Below this temperature the condensate
collapses, leading to a reduction in TC because of the reduced number of bosons (see sec-
tion 1.1.8 and 3.3.1). The heat capacity of the bosons at T = TC is CB = 10.805NBkB.
By equating this quantity to the fermionic heat capacity eq. (1.72), expressing NB and
NF in terms of TC and TF , and setting T = TC , the limit in the achievable fermionic de-
generacy T/TF = 0.3 is found [61]. In the experiment we could obtain T/TF = 0.25(5),
in good agreement with this prediction.

The second scheme uses the atoms in their lower hyperfine states (7Li : |F =
1,mF = −1〉, 6Li : |F = 1/2,mF = −1/2〉). The bosons (now component S) are
sympathetically cooled by evaporation cooling of the fermions (now component A).
As explained in section 3.4.3, only inter-isotope collisions are used to rethermalize the
system. To optimize the collision ratio, a 1:1 boson-to-fermion number ratio is kept
during the entire evaporation. The condensate is stable for arbitrary atom numbers
because of the positive boson-boson scattering length, giving access to temperatures
below TC . This cooling scheme would break down if the heat capacity of the bosons
exceeded by far the heat capacity of the fermions. To check if a fundamental limit
exists, we can calculate the ratio of these two heat capacities below TC and TF . With
the expressions (1.71) and (1.72) for the heat capacities and the expressions for TC and
TF we obtain

CB

CF

=
4

5
π2

(

ωB

ωF

)3
NB

NF

(

T

TF

)2

= 5.4
NB

NF

(

T

TF

)2

, (1.73)

where ωF and ωB are the mean trap oscillation frequencies for the fermions and the
bosons. To calculate the prefactor 5.4, the masses and magnetic moments of lithium
in the used hyperfine states were taken into account. As we can see, the ratio of the
heat capacities becomes lower for higher degeneracy, and thus there is no fundamental
limit. The worst ratio is obtained at T = TC when the bosonic heat capacity reaches
its maximum. At this point T/TF = TC/TF = 0.59 which yields CB/CF = 1.86 NB/NF

which is too small to provoke a breakdown of sympathetic cooling for NB = NF , a fact
that we also observe experimentally.

The relative heat capacities will not give a limit in the degeneracy for this case,
but there are other considerations which have to be taken into account. Sympathetic
cooling is governed by three different types of timescales: the rethermalization of the
thermal bath component(s) on which evaporation is performed, the rethermalization
between the components, and the lifetimes of the different components. For successful
sympathetic cooling the rethermalization timescales should be at least a factor 200
shorter than the lifetime. This can be a problem, especially at high degeneracies. First
of all the density in the Bose condensate becomes big, thus giving rise to increased
two- and three-body loss, and limiting the lifetime.
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Pauli blocking

Next there are three processes reducing the inter-component collisions. The Pauli
blocking will lower the number of possible scattering processes. This is unavoidable,
since we are interested in producing a degenerate Fermi sea.

Phase separation

Next, the mean field interaction between the components can lead to a spatial phase
separation. Collisions can occur only in the overlap of the clouds, which might be small
and thus reduce thermal contact. As discussed in section (1.1.13), phase separation
does not play a role for our current experimental parameters.

Superfluidity

Finally the Bose-Einstein condensate is superfluid for impurity atoms moving at a
speed less than the speed of sound. If the Fermi velocity is below the sound velocity
only the thermal component contributes to the collisions, leading to a slowdown in
rethermalization [135]. For our experimental parameters this effect does not play a
role.

Hole heating

A different kind of limit comes from the creation of holes in the degenerate Fermi gas
by particle loss [136]. Consider a Fermi gas with N atoms at zero temperature, having
a total energy E(N). All energy states up to the Fermi energy EF are occupied. A loss
process would create a hole in the Fermi distribution with an energy Eloss < EF . The
energy of a zero temperature Fermi gas with N−1 atoms is E(N−1) = E(N)−EF , since
one atom is removed from the surface of the Fermi sphere. But with the loss process,
the gas would have an energy E

′

= E(N)−Eloss = E(N −1)+EF −Eloss > E(N −1),
greater than the energy of a zero temperature gas with N − 1 atoms. Thus the gas
has been heated by the hole creation. By similar considerations at finite temperature,
and by converting the energy gain to a temperature increase using the heat capacity of
the gas, a differential equation for the increase in temperature is obtained [136]. The
solution of this equation is

T = T0

√

1 +
3t

τ2

; τ2 =
15π2

8

[

T0

TF

]2

τL , (1.74)

where T0 is the initial temperature, TF the Fermi temperature of the initial cloud and
τL the lifetime of the system due to losses. The system doubles its temperature after
a time τ2, which is proportional to the square of the ratio between initial and Fermi
temperature. The more degenerate the gas is, the faster hole creation will heat. For
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our system the initial degeneracy is T/TF = 0.2 resulting in τ2 = 0.8τL. The system
doubles its temperature in 0.8 lifetimes.

This effect becomes important at the end of the evaporation. When degeneracy is
highest, hole heating is strongest and cooling by rethermalization is most prohibited by
Pauli blocking. This has been simulated by T. Bourdel using a simulation analogous
the one described in section (1.2.3). The equilibrium temperature of a Fermi gas in
presence of losses was calculated with a Bose condensed gas at zero temperature as
heatsink. The result is shown in figure 1.9.
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Figure 1.9: The equilibrium degeneracy of a fermionic gas, heated by trap loss and
cooled by a condensate at zero temperature versus the ratio of loss rate and elastic
collision rate (figure courtesy of T. Bourdel).

Degeneracy can also be limited by more trivial effects, such as heating by a trap
with fluctuating potential due to technical noise or other technical imperfections such
as a fluctuating cut energy. In the experiment we could measure degeneracies down to
T/TF = 0.2(1). The exact determination of the degeneracy requires a more sophisti-
cated method of determination of temperature (see section 3.4.5).

1.2.3 The Boltzmann equation

To understand quantitatively the evolution of temperature and atom number dur-
ing processes such as sympathetic cooling, a simulation was written. The simulation
is based on the numerical solution of two coupled Boltzmann equations describing the
bosonic and fermionic distributions and is a generalization of the method proposed
in [137]. The Boltzmann equation describes the evolution of the phase-space density
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distribution due to the motion of the particles in the potential and due to collisions.
To simplify the calculation, the assumption of ergodicity is applied. It states that
volumes in phase-space belonging to the same total energy have the same occupation.
The validity of this assumption depends on the mixing of trajectories and thus on the
potential shape and the collision rate. Even if this mixing is not fast enough, the er-
godicity assumption is still valid if all processes bringing the cloud out of equilibrium
are symmetric in energy. Under the ergodicity condition no information is lost when
integrating the Boltzmann equation over equi-energy surfaces in phase-space. Further-
more, the assumption is made that bosons and fermions have the same mass m and thus
the same energy density of state ρ(E) in the trap (for justification see section 1.2.4).
For the numerical solution of the differential equation the energy scale is discretised in
steps of width ∆E up to a maximum energy Emax. The bosonic and fermionic energy
distributions are given by bi and fi, where i indicates the energy interval Ei = i ∆E.
The resulting set of coupled equations is the following.

ρiḃi =
mσBB

π2~3
(∆E)2

∑

k,l

ρh [bkbl(1 + bi)(1 + bj) − bibj(1 + bk)(1 + bl)] +

mσBF

π2~3
(∆E)2

∑

k,l

ρh [bkfl(1 + bi)(1 − fj) − bifj(1 + bk)(1 − fl)] , (1.75)

ρiḟi =
mσBF

π2~3
(∆E)2

∑

k,l

ρh [fkbl(1 − fi)(1 + bj) − fibj(1 − fk)(1 + bl)] , (1.76)

where ρi = ρ(Ei), j = k + l − i and h = min(i, j, k, l). These equations are easy to
understand. Change in the occupation of an energy interval Ei comes only from colli-
sions, since motion in the trap conserves total energy. Collisions can happen between
bosons with the scattering cross section σBB and between bosons and fermions with
the cross section σBF . No collisions are allowed between fermions. This gives rise to
the two collision sums for the change in the bosonic distribution and one sum for the
fermionic distribution. To calculate the change in occupation of an energy interval
Ei, each sum goes over all possible energies of the collision partners, observing energy
conservation. Now the probability of collisions that scatter particles into and out of
the considered energy interval are calculated. Here the energetic density of state of the
lowest energy collision partner, which is limiting the collision probability, is multiplied
with the occupations of the initial states and terms involving the occupations of the
final states. The latter depend on statistics, and describe Bose enhancement with 1+bi

and Pauli blocking with 1 − fi instead of 1. This amplifies for bosons the scattering
into already occupied states, ultimately giving rise to Bose-Einstein condensation in
the ground state. For fermions, it prevents the occupation to exceed one atom per
state. When solving the equations for the equilibrium distributions, these terms give
rise to the Bose-Einstein and Fermi-Dirac distributions. Without them the classical
Boltzmann distribution is obtained.
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Figure 1.10: Suppression of collisions due to Pauli blocking. a) The elastic collision
rate of a zero-energy test particle in a Fermi gas versus degeneracy, normalized by the
classical expectation. b) Rethermalization of a 7Li cloud with 5 × 103 atoms and an
initial temperature of 1µK with a Fermi gas of 5 × 105 atoms at 2.5µK corresponding
to a degeneracy of T/TF = 0.3 (solid line). An exponential fit gives a timescale of 75
ms. The same calculation assuming classical particles shows a rethermalization on a
timescale of 27 ms (dashed line). The final temperatures differ because of the different
heat capacities of a fermionic and a classical gas. The trap oscillation frequencies are
ωax = 2π × 82Hz and ωrad = 2π × 4340Hz.

1.2.4 Simulation of rethermalization including Pauli blocking

We first calculate the collision rate of a zero energy test particle in presence of
a Fermi sea with varying degeneracy. The result is normalized by the collision rate
of such a test particle in presence of a classical gas of the same temperature. The
result is shown in figure (1.10a). For a degeneracy of T/TF = 0.2 the collision rate is
suppressed by a factor 10. The result of this calculation is the same as the result of the
calculation involving the phase-space Boltzmann equation done in [65]. This justifies
the assumptions of ergodicity and equal mass.

In the experiment, the zero energy test particle is replaced by a finite temperature
bosonic cloud with an initial temperature below the temperature of the fermionic gas.
The change in temperature with the rethermalization time of the bosonic cloud is
observed. The fact that the initial temperature is finite reduces the suppression of
collisions, since there are more collisions for which the final energy of the fermion is
well above the Fermi energy, where Pauli blocking plays no role. Since the temperature
of the bosonic test cloud increases with time, the suppression of collisions decreases
continuously. Because of these two facts, the observable change in the timescale of the
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rethermalization is smaller than the change in the collision rate of a zero energy test
particle. For this reason, a dynamic simulation was also done, using the experimental
parameters achievable with our setup (NF = 5 × 105, T = 2.5µK, T/TF = 0.3, NB =
5 × 103, TBinit

= 1µK, ωax = 2π × 82 Hz and ωrad = 2π × 4340 Hz). The temperature
at each time step was determined by fitting a Boltzmann distribution to the bosonic
energy distribution. The result is shown in figure (1.10b) for a fermionic degeneracy of
T/TF = 0.3 and compared to a calculation assuming classical particles. As expected,
the rethermalization takes longer for a fermionic than for a classical gas. Exponential
fits give rethermalization times of 75 ms and 27 ms respectively. This suppression of a
factor 2.8 is lower than the suppression of the collision rate of 5 for a zero energy test
particle under the same conditions because of the reasons explained above.

In the experiment a measurement has been performed for a degeneracy of T/TF =
0.5, where in the simulation a factor 1.7 change in the rethermalization timescale is
found. This change was unfortunately smaller than the measurement uncertainty,
so that the effect of Pauli blocking could not be verified experimentally. But the
measurement determined the rethermalization timescale and gave an estimate for the
elastic scattering cross section (see section 3.3.5).

1.2.5 Simulation of sympathetic cooling

The same simulation has been used to simulate the sympathetic cooling process.
After each time step in the evaluation of the Boltzmann equation, other effects are taken
into account by modifying the energy distributions. Particle loss due to background
gas, and two- and three-body collisions are simulated by removing atoms independent
of energy. The evaporation is performed by putting the occupation of all states above
the cut energy to zero for the component(s) on which evaporation is performed. From
time to time the energy interval size ∆E and the maximum energy are reduced by
a factor two to take into account the reduced energy spread of the clouds due to the
cooling process. The result of this simulation for our experimental parameters is shown
in figure (1.11).
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Figure 1.11: Simulation of evaporative cooling. The development of temperature (a)
and atom number (b) during sympathetic and evaporative cooling is shown. The solid
lines describe sympathetic cooling of 3×106 6Li fermions by evaporative cooling of 3×108

7Li bosons. The number of fermions stays nearly constant during sympathetic cooling.
The dashed line shows the behavior of 7Li without 6Li. It differs from the behavior with
6Li present mainly in the region where the 6Li and 7Li atom numbers are comparable.
The parameters for the simulation are ωax = 2π×81Hz, ωrad = 2π×2.8 kHz, an initial
temperature of 1.5mK and a dipolar loss rate of β = 5× 10−19 cm3s−1. The qualitative
features are the same as in the experiment. Only when the heat capacities of 6Li and
7Li become of the same order of magnitude, the evaporation of 7Li is affected by 6Li.
6Li and 7Li always stay in thermal equilibrium. The experimental behavior could not
be quantitatively reproduced.
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1.3 Collisions

Elastic collisions drive evaporative and sympathetic cooling, give rise to the mean
field potential which determines the properties of the condensate, and lie behind phe-
nomena such as bright solitons. The theory of elastic collisions is well documented in
textbooks [138]. For this reason only a brief summary will be given.

The scattering problem of two atoms can be reduced to the scattering of a particle
with reduced mass in the molecular potential between the two atoms. The correspond-
ing Schrödinger equation can be solved by the ansatz

Ψk(
−→r ) = ei

−→
k −→r + f(k,−→n ,−→n

′

)
eikr

r
. (1.77)

The first term describes an incoming plane wave with momentum
−→
k and the second

term a scattered outgoing spherical wave. The scattering amplitude is f(k,−→n ,−→n ′

),

where −→n and −→n ′

are the directions of
−→
k and −→r ′

. The measurable quantities are the
differential and total scattering cross section, defined as the flux of particles going into
the spherical angle dΩ or the total flux of scattered particles, both normalized on the
incoming flux. Their relation with the scattering amplitude is

dσ

dΩ
= |f(k,−→n ,−→n ′

)|2 , (1.78)

σ(k,−→n ) =

∫

|f(k,−→n ,−→n ′

)|2 d2n
′

. (1.79)

The scattering amplitude is to first order given by the Fourier transform of the potential
(Born approximation).

The solution of the scattering problem is simplified considerably if the scattering po-
tential is isotropic. In this case the scattered wave is also isotropic around the direction
of the incident wave. The wavefunction can be expanded in terms of angular momen-
tum partial waves (named s, p, d, f for L = 0, 1, 2, 3~). The scattering amplitude
acquires a phase factor eiδl for each angular momentum order l. When plugging this
ansatz into the Schrödinger equation, a one dimensional Schrödinger equation for the
radial wavefunction is obtained. In addition to the scattering potential, a centrifugal
potential ~

2l(l + 1)/(mr2) depending on the angular momentum appears. Solutions of
this Schrödinger equation, giving the dephasing δl and thus the scattering properties,
can easily be obtained numerically.

The centrifugal potential has far-reaching consequences. For angular momenta l > 0
it leads to the formation of a centrifugal barrier if the molecular potential decreases
faster than r−3 (see figure 1.13). If the collisional energy E is less than the height of the
barrier Ec, the wavefunction will mainly probe the adiabatically varying outside of the
potential hill and is thus reflected without phaseshift. This means that scattering at
nonzero angular momentum becomes suppressed for sufficiently low energies. This can
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Figure 1.12: Two scattering processes leading to the same final state for indistinguish-
able particles.

Figure 1.13: The potential entering the 1D Schrödinger equation. a) s-wave scattering
b) p-wave scattering, a centrifugal term is added to the interatomic interaction and leads
to a centrifugal barrier with height Ec.

also be understood in the particle picture. Angular momentum for very slow atoms
requires a large distance between the two atoms even at their closest point to each

other (since
−→
L = −→p × −→r ). But at large distances the interatomic potential is weak

and does not scatter. Only isotropic s-wave scattering is possible at low energies. It
can be described by a single quantity, the s-wave scattering length a. The cross section
can be written as

lim
k→0

σl=0(k) = 4πa2 (distinguishable particles) , (1.80)

where the scattering length is defined as

a = − lim
k→0

tan δ0(k)

k
. (1.81)

It can be shown that the cross sections for scattering with angular momentum go to 0



54 CHAPTER 1. THEORY

with decreasing k as

σl 6=0(k) ∝ k4l . (1.82)

Until now, we have considered the scattering of distinguishable particles. The two
scattering processes shown in figure (1.12), corresponding to f(k, Θ) and f(k, π − Θ),
can then be distinguished in principle. For identical particles, this is not the case and
the two scattering amplitudes interfere. It can be shown that for bosons (fermions)
this interference doubles the contribution for even (odd) angular momentum waves and
cancels the contribution of odd (even) waves to the total scattering cross section. This
implies that fermions do not scatter at low energies, where only s-waves can contribute,
whereas the bosonic scattering cross section doubles in comparison with distinguishable
particles. The suppression of collisions for identical fermions at low temperature is the
principal obstacle for evaporative cooling of fermions. Remedies for this have been
discussed in section (1.2.1).

1.3.1 Energy dependence of the cross section

The scattering cross section depends on the collision energy. Taking as a simple
model potential the delta potential, the s-wave cross section can be obtained analyti-
cally and yields

σ(k) =
8πa2

1 + k2a2
. (1.83)

For large k the scattering saturates at the so called unitary limit σ = 8π2/k2.

To obtain a more realistic idea of this dependence the Schrödinger equation is solved
numerically. As model potential a Van der Waals potential with hard sphere core is
chosen

{

V (r) = +∞ , for r < rc ,
−C6/r

6 , for r ≥ rc .
(1.84)

The C6 coefficient is often known from photoassociation measurements [139]. The
hard core radius rc is chosen to produce the scattering length a at zero energy. It is
convenient to introduce the range of the Van der Waals potential ac = (2mrC6/~

2)1/4.
Using this potential, the radial Schrödinger equation is solved numerically for different
momenta of k, which delivers the phase shift δ0 and thus the scattering cross section.
For a > 0 the result of this calculation is well approximated by the analytic result
obtained for the delta function (1.83). For a < 0 by contrast, the scattering cross
section goes to zero for kac ≈ 1. The explanation for this is found in [140] by calculating
the first order correction to the phase shift which yields

tan δ0(k) ≈ −ak − 1

2
aca

2k3 . (1.85)
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For negative a, the first term (which dominates at low momenta k) is positive, while
the second (dominating at high momenta) is negative. There is a momentum k at
which the phase shift is zero and thus no scattering is possible.

Figure 1.14: Energy dependence of the scattering cross section of the 7Li |F = 2,mF =
2〉 state, which has the negative scattering length a = −1.4 nm (a/ac = −0.38). a) The
scattering cross section (solid line) has a zero crossing at kac = 1.25 corresponding to
6.6mK. For a positive scattering length with the same magnitude a = +1.4 nm the cross
section decreases only slightly with energy (dashed). b) Effective scattering cross section
normalized by the cross section at zero temperature versus the temperature, calculated
by averaging curve a) over the occurring collisions.

This absence of interaction plays an important role in lithium and was the main
obstacle to overcome before evaporative cooling could start (see section 3.1.5). The
result of a calculation done by J. Dalibard is shown in figure (1.14a). It uses the C6

coefficient of lithium C6 = 1.328 × 10−76Jm−6 [139] and the scattering length of the
7Li |F = 2,mF = 2〉 state (a = −27 a0 = −1.4 nm from [141] where a0 = 0.5 nm). The
zero crossing appears at an energy of kB×6 mK, which corresponds to the temperature
of our atoms in the magnetic trap. For comparison, the result for a positive scattering
length of same magnitude is plotted after equation (1.83). The cross section decreases
only slightly for the considered energy region.

To calculate the suppression of collisions in a cloud of temperature T , an average
over the occurring collision energies has to be taken. The reduction in collision rate in
comparison with a constant cross section σ0 is given by

γ

γ0

=
1

8σ0v4
0

∫ ∞

0

dvr v3
rσel(vr) exp

(

v2
r

4v2
0

)

, (1.86)

where v0 =
√

kBT/m. This is plotted in figure (1.14b). For a temperature of 2 mK the
collisions are suppressed by a factor 5. This effect was a significant obstacle for us to



56 CHAPTER 1. THEORY

start the evaporative cooling and could finally be overcome by Doppler cooling in the
magnetic trap.

1.3.2 Mean field potential

An atom submerged in a cloud of scatterers experiences an effective potential, re-
sulting from the scattering with all other particles. For low temperatures this mean
field potential depends only on the scattering length and not on the exact shape of
the scattering potential. It can be shown that the mean field potential in 3D for
distinguishable particles has the magnitude

U =
4π~

2an

m
(1.87)

and takes twice this value for identical bosons in a thermal cloud. For a positive value
of the scattering length, the mean field leads to a repulsion of the atoms in the cloud,
leading to a growth in size. If the mean field exists between two different components, a
phase separation can be the consequence (see section 1.1.13). For a negative scattering
length, the mean field is attractive and leads to a shrinking of the cloud size. This can
lead to the collapse of the cloud or to the formation of a bright soliton (see section
3.3.1 and 3.6.5).

1.3.3 Resonance enhanced scattering

The scattering cross section depends on the phase shift between the incoming and
outgoing wavefunction of the interatomic potential. If a bound state lies close to the
energy of the colliding atoms, then the atoms can enter this bound state during the
collision, which corresponds to the formation of an excited molecule. The molecule
decays back into the free atoms, which will have accumulated a phaseshift, that can
be large. Thus the scattering cross section is resonantly enhanced.

Feshbach resonances in collisions of ultracold atoms have been first predicted in
[70]. They have been first observed in a Na BEC by the group of Ketterle [142] and
shortly afterwards in 85Rb by Cornell and Wieman [143, 144]. This resonance was
used to condense 85Rb [145]. Many resonances have been measured in 133Cs and lead
to better knowledge of the scattering potential, which in turn was useful to determine
the collisional frequency shift of Cs fountain clocks [146, 147, 148].

Several different situations can lead to a bound state at the collision energy (see
figure 1.15). The simplest is a bound state of the s-wave scattering potential at zero
energy, a zero-energy resonance as it exists in Cesium.

For a polarized fermionic sample, s-wave collisions are forbidden, but p-wave scat-
tering plays a role. At collision energies below the centrifugal potential hills height,
a quasi bound state with the collision energy can exist confined by the potential hill.
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Figure 1.15: Different types of resonance enhanced scattering. Shown are molecular
potentials playing a role for the scattering process. Energy levels are marked with solid
lines. The collision energy is Ekin. a) Zero-energy resonance. A (real or virtual)
bound state lies near the dissociation limit. During a collision the atoms can enter this
bound state and accumulate a phase shift. b) p-wave shape-resonance. The scattering
potential has a centrifugal barrier. For some energies, the wavefunction is resonantly
enhanced in the potential well (symbolized by dotted lines and the wavefunction for
Ekin). Again, this leads to an increase in the time the atoms stay together and thus
to an increased phaseshift. c) Feshbach resonance. The collision energy coincides with
the boundstate of a molecular potential different from the scattering potential. The
atoms can form a molecule in this state for some time and accumulate a phase shift.
If the magnetic moments of the two molecular potentials are different, there relative
energy can be shifted by applying a magnetic field and a bound state can be brought into
resonance.

Under these conditions the wavefunction has a large amplitude inside the potential hill,
due to tunnelling.

Experimentally, the most useful type of resonance is a Feshbach resonance. Here
the atoms are coupled to a bound state of a molecular potential belonging to different
internal states of the atoms and having a higher dissociation energy (see figure 1.15c).
An example of this situation are two colliding atoms in their lower hyperfine states.
The Feshbach state could be a bound state of the molecular potential belonging to both
atoms in the higher hyperfine state. This molecular potential may also have different
angular momentum to conserve angular momentum during the coupling. The bound
state is normally an excited state of the corresponding molecule. The importance
of Feshbach resonances lies in the fact that the energy of the bound states can be
shifted relative to that of the incoming atoms if the two molecular states have different
magnetic moment, simply by applying a magnetic field. Even if at zero magnetic field
the resonance condition is not fulfilled for any bound state, it is often possible to shift
a bound state to resonance by applying a magnetic field with a reasonable strength.
Thus the scattering length can be tuned experimentally to high positive and negative
values. These big scattering length can give rise to fascinating phenomena such as phase
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separation, collapse or possibly Cooper pairing. Inelastic collisions usually accompany
a Feshbach resonance, since their probability increases with the elastic scattering length
a [149]. For three-body recombination the scaling is Γin ∝ a4 [150, 151]. This can limit
the available time to perform experiments or the accessible densities. Furthermore, the
Feshbach resonance has a finite width, both in magnetic field strength and collision
energy. For a Feshbach resonance to be experimentally useful, this width has to be
bigger than the achievable stability of the magnetic field. And to affect all atoms
equally, the width should be much larger than the kinetic energy spread of the cloud.

For lithium several Feshbach resonances are predicted for different mixtures in our
experimentally attainable magnetic field range from 0 to 1200 Gauss [152, 153]. In
the experiment, we use a resonance in the 7Li |F = 1,mF = 1〉 state to produce a
condensate by evaporative cooling in the optical trap. Another resonance between a
6Li |F = 1/2,mF = 1/2〉 and a |F = 1/2,mF = −1/2〉 atom could be useful to obtain
a Cooper paired gas. The dependence of the scattering length with magnetic field is
given in figure (1.16).

Figure 1.16: Feshbach resonances in lithium (courtesy of V. Venturi and C. Williams).
Shown is the scattering length versus the magnetic field. a) Feshbach resonance in the
7Li |F = 1,mF = 1〉 state. b) Feshbach resonance between the 6Li |F = 1/2,mF =
1/2〉+|F = 1/2,mF = −1/2〉 states.



Chapter 2

The experimental setup

In this chapter I will describe our experimental setup and compare it to other ma-
chines built with the goal to produce a degenerate Fermi gas. The thesis of my pre-
decessor, G. Ferrari, describes the setup in its form as of spring 2000 [154]. In the
following, I will give an overview of the machine and explain in detail especially the
subsystems that have been added or modified. I will leave out the detailed description
of the construction of the magnetic trap and the performance of the Laser system,
which may be found in [154].

59



60 CHAPTER 2. THE EXPERIMENTAL SETUP

2.1 Overview of the experiment

The layout of the machine is similar to many machines used to produce Bose-Einstein
condensates of alkali metal gases. A lithium gas jet is produced in a vacuum chamber
by heating lithium in an oven and letting the gas escape through a tube. The beam is
slowed down by a counter-propagating laser beam in a Zeeman slower configuration.
Slow atoms are collected and cooled in a magneto-optical trap (MOT). After transfer
of the atoms to a strongly confining magnetic trap, sympathetic cooling is applied.
Fermionic lithium is cooled by thermal contact with an evaporatively cooled bosonic
cloud. Measurements are performed by recording absorption images of the resulting
clouds on a CCD camera. An optical dipole trap is used to explore the properties of
gases and mixtures of gases in states that cannot be trapped in a magnetic trap. The
dipole trap is used especially to study and use Feshbach resonances in lithium.

The whole system was designed to obtain a reliable and performant research tool.
New concepts were introduced especially in the laser system and the magnetic trap.
In the following sections I will first describe the properties of lithium and explain our
decision to use this atom. Our approach will be compared to other machines which
have the goal of producing degenerate Fermi gases. The rest of the chapter is dedicated
to the description of every subsystem.

2.2 Properties of lithium

The first step in the construction of an experiment, which has the goal to study
degenerate atomic Fermi gases, is the choice of the element. Several fermionic isotopes
can be laser cooled and have stable fermionic isotopes, including 3He, 6Li, 40K, 171Yb,
43Ca, 87Sr, 25Mg and 53Cr and the artificial 88Rb. We choose lithium for reasons
explained later. In the following its properties are presented and their consequences
for the experimental setup are discussed.

2.2.1 Basic properties

There are two stable lithium isotopes, the bosonic 7Li and the fermionic 6Li. The
natural abundance of 6Li is rather high, 7.5%. A natural source is sufficient to deliver
a fermion and a boson, which is very useful for sympathetic cooling. In addition it is
easy to obtain enriched 6Li, probably because of the high 16% mass difference between
6Li and 7Li (and also because it is used in hydrogen bombs to breed tritium [155]).

For laser cooling it is important to have an optical transition frequency that is easy
to produce. With 671 nm, this is the case for lithium. Diode lasers are reliable light
sources at this wavelength. The bright red color helps when it comes to aligning beams
or optimizing the shape of the MOT.
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Lithium becomes liquid at 180.54 ◦C. To capture atoms in a MOT, their velocity
must be below the capture velocity vcap ∼ 50 m/s. The high liquification temperature
together with the small mass of 6mp (6Li) or 7mp (7Li) makes the relative population
of slow atoms (v < vcap) in the Boltzmann distribution small. This makes loading from
a vapor pressure cell extremely difficult and demands the construction of a Zeeman
slower.

2.2.2 Confinement in a magnetic trap

Trapping in a static magnetic field confines atoms in a magnetic field minimum. For
this, the magnetic field dependence of the internal energy is important. Only states for
which energy grows with increasing magnetic field, low field seekers, can be trapped.
The energy of the lowest atomic states versus the magnetic field is plotted in figure (2.1).
For low magnetic fields, the electronic and the nuclear magnetic moment are coupled
and give rise to the two hyperfine levels, depending on their relative orientation. The
resulting magnetic moments can take a finite number of angles relative to an external
magnetic field. Depending on this orientation, the state is high- or low-field-seeking for
weak magnetic fields. If the magnetic field energy becomes larger than the hyperfine
splitting, the electronic and nuclear magnetic moments decouple and take individual
orientations relative to the external magnetic field. For even stronger fields, the stronger
electronic magnetic moment dominates the interaction energy, and some of the initially
low-field-seeking states become high-field-seeking and vice versa. This is especially
important for the |F = 1,mF = −1〉 and the |F = 1/2,mF = −1/2〉 states of 7Li and
6Li. They are only trappable to 140 G and 27 G, respectively. The energy difference
between zero magnetic field and the turning point is a limit for the maximum trap
depth. They are 2.4 mK and 0.2 mK in the considered cases, which is not deep enough
to confine the atoms of the magneto optical trap (for which a typical temperature is
1mK).

Therefore states from the higher hyperfine state have been used for initial magnetic
trapping. Spin-relaxation (see section 1.2) further limits the choice of possible states.
Consider a collision of two atoms in the 6Li(F = 3/2,mF = 1/2) state. During a
spin-relaxation collision only the total MF = mF1 + mF2 is conserved. This means
that the atoms can change their state and be after the collision for example in the
6Li(3/2,3/2) and the 6Li(3/2,-1/2) state. The latter is lost from the trap. In testing
all combinations one realizes that only the highest states of each hyperfine manifold
(6Li(3/2,3/2), 6Li(1/2,-1/2), 7Li(2,2), 7Li(1,-1)) are immune against spin-relaxation
collisions. We can also consider mixtures of 6Li and 7Li. Only mixtures with both
atoms in the upper or both in the lower hyperfine state can avoid spin-relaxation
collisions (6Li(3/2,3/2)+7Li(2,2) or 6Li(1/2,-1/2)+7Li(1,-1)). As a counterexample,
consider a collision of a 6Li(3/2,3/2) fermion with a 7Li(1,-1) boson, which can produce
a 6Li(3/2,1/2) fermion and a 7Li(1,0) boson, which is lost. The spin-exchange decay
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Figure 2.1: Energy levels of the 7Li and 6Li ground states in a magnetic field. Relevant
scattering lengths, a, and magnetic moments, µ, are given. µb is the Bohr magneton
and a0 = 0.53 × 10−10 m is the Bohr radius. The |1,−1〉 state (|1/2,−1/2〉) is only
trapped in fields weaker than 140G (27G). Light balls: states used in first sympathetic
cooling stage, the condensate will collapse for too high atomnumbers. Dark balls: states
used in second cooling stage, enabling the production of a condensate which does not
collapse for any atomnumber. Black ball: state used for evaporation in the optical trap,
resulting in a condensate with tunable scattering length and a bright soliton due to a
Feshbach resonance.

rates were calculated in [153] and are reproduced in table (2.1). They are in the range
of 10−11 cm−3/s. To evaluate if these losses are too high to permit evaporative cooling,
the inelastic collision rate Γin = Gn has to be compared to the elastic collision rate
Γel = n0 σ v, where n0 is the peak density, v =

√

kBT/m and σ = 4π a2 the scattering
cross section. To be in the runaway regime, the rate of elastic collisions has to exceed
the rate of inelastic collisions by at least a factor 200, i.e., Γel/Γin = σv/G & 200 (see
section 1.2). The temperature at the beginning of evaporative cooling is about 1mK,
corresponding to v = 1 m/s for lithium. Taking the best values for a and G for unstable
mixtures from table (2.1), a scattering length of a = 40 a0 and G = 0.1× 10−11 cm−3/s
the ratio is Γel/Γin = 50. For these conditions evaporative cooling will not work. The
case of a 6Li(3/2, 3/2)+6Li(1/2, -1/2) mixture is special since a and G depend on
magnetic field and temperature and have more extreme values, but an analysis analog
to the example given shows, that runaway evaporation can not be reached. Thus
evaporation has to be performed with mixtures which are inherently immune against
spin relaxation (6Li(3/2,3/2)+7Li(2,2) or 6Li(1/2,-1/2)+7Li(1,-1)).

All these considerations place severe constraints on the possible mixtures for sym-
pathetic cooling in the magnetic trap. Since it is not possible to trap two different
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Channel a (a0) G (10−11 cm3/s)
7Li (2, 2)+6Li (3/2, 3/2) 40.8 ± 0.2 stable
7Li (1, -1)+6Li (1/2, -1/2) 38.0 ± 0.2 stable
7Li (2, 2)+6Li (1/2, -1/2) 34.9 ± 0.4 2.7 ± 0.3
7Li (1, -1)+6Li (3/2, 3/2) 38.5 ± 0.2 0.15 ± 0.01
6Li (3/2, 3/2)+6Li (1/2, -1/2) −(17 ± 6) × 102 → 0
7Li (2, 2)+7Li (1, -1) −(14 ± 1) 2.4 ± 0.2

Table 2.1: Scattering length a at zero temperature and zero magnetic field and spin-
exchange decay rate constant G for several different magnetically trappable mixtures of
lithium. For 6Li(3/2, 3/2)+6Li(1/2, -1/2), G rises to 10−8 cm−3s−1 for 100mG or to
10−10 cm−3s−1 at 10nK. These values are taken from [153].

fermionic states, the thermalizing s-wave collisions must be inter-isotope collisions.
Initially the atoms have to be in the |F = 2,mF = 2〉 and |F = 3/2,mF = 3/2〉 states,
called stretched states because electron and nuclear spin are aligned. At temperatures
of a few micro Kelvin a passage to a |F = 1,mF = −1〉, |F = 1/2,mF = −1/2〉 mixture
becomes possible. To study different states or mixtures beyond these few, the atoms
must be confined in an optical trap.

2.2.3 Elastic scattering cross sections

The scattering length plays an essential role in ultracold atom experiments. A high
enough absolute value of the scattering length is required for successful evaporative
and sympathetic cooling (section 1.2). The sign of the scattering length decides of the
stability of a condensate (section 1.1.8). The mean field due to the interaction can lead
to phase separation or the formation of bright solitons. Finally, an attractive interaction
between fermions is required for Cooper pairing. In table (2.2) the singlet and triplet
scattering length for both isotopes and the inter-isotope scattering length is given. Here
singlet and triplet refers to the electronic spin wavefunction of the combined state of the
colliding atoms. The scattering length in the stretched state (|F = 2,mF = 2〉 for 7Li
or |F = 3/2,mF = 3/2〉 for 6Li) is the triplet scattering length since both electronic
spins are parallel. For the other states, the electronic spin wavefunction has to be
decomposed into its singlet and triplet components. To calculate the scattering length
the dephasing of each of these components is calculated separately. The resulting
wavefunction is projected on the initial state, giving the effective dephasing. The
resulting scattering length for the states used in the experiment are given in figure
(2.1).

The triplet scattering length for the bosons of −27 a0 (a0 = 0.53 × 10−10 m is the
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6Li 7Li 6Li /7Li

aT −2160 ± 250 −27.6 ± 0.5 40.9 ± 0.2

aS 45.5 ± 2.5 33 ± 2 −20 ± 10

Table 2.2: Triplet and singlet scattering length for the two isotopes of lithium after
[141]. The scattering length are given in units of the Bohr radius a0 = 0.53× 10−10 m.

Bohr radius) is not very high in absolute value, 87Rb for instance has a four times
longer triplet scattering length. To obtain the required ratio of Γel/Γin & 200 for
runaway evaporative cooling, one can use a steeply confining trap to provide a high
elastic collision rate, as it is the case in our experiment. An alternative is to reduce the
background gas pressure in the vacuum chamber to obtain long lifetimes (> 600 s), as
it is the case for the experiment of R. Hulet, who observed the condensation of lithium
in 1995 [123]. Since the sign of the scattering length is negative, the condensate is
unstable above a critical number of atoms. The scattering cross section has a zero point
at 6.6 mK collision energy (see section 1.3.1), which means attention has to be paid not
to start the evaporative cooling at temperatures above ∼ 1 mK. The scattering length
between the two isotopes in the stretched states has a higher magnitude of 41 a0. But
because of the Bose enhancement in the scattering cross section between 7Li atoms
(σ = 8πa2 instead of σ = 4πa2), the scattering cross sections are nearly the same
(σ67/σ77 = 1.1). This guarantees that the thermalization between isotopes is as fast as
the thermalization of the bosonic thermal bath, a favorable condition for sympathetic
cooling.

The scattering length in the 7Li |F = 1,mF = −1〉 state is a = 5.1 a0: very small,
but positive [73]. Condensates formed in this state are stable and have a very small
mean field (see section 3.4.4). But we could never achieve evaporative cooling with
this state alone because of the small scattering length. Instead we used the 6Li-7Li
scattering length of a = 38 a0 with the 6Li |F = 1/2,mF = −1/2〉 state, which is
nearly the same value as in the higher hyperfine states, to thermalize the gas during
the cooling process.

Interesting possibilities are opened when working in an optical trap. Then Feshbach
resonances can be used to tune the scattering length (see figure 1.16). Several reso-
nances have been predicted in lithium [152, 141, 156]. For a |F = 1/2,mF = ±1/2〉
spin-mixed fermionic gas a Feshbach resonance is predicted for 800 G, which could
possibly be used for the observation of a BCS transition (see section 1.1.14). Another
experiment using these states would be the observation of a phase separation between
them using the Feshbach resonance enhanced coupling. We measured a resonance in
the bosonic |F = 1,mF = 1〉 state and used it to perform evaporative cooling in an op-
tical trap, which resulted in the production of a Bose-Einstein condensate with tunable
scattering length and a bright soliton. A Feshbach resonance is also predicted between
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7Li |F = 1,mF = −1〉 and 6Li |F = 1/2,mF = −1/2〉, which could be used to observe
a phase separation between a BEC and a Fermi sea.

2.3 Other strategies to a degenerate Fermi gas

Several other groups are building or have built experiments to study degenerate
Fermi gases. They distinguish themselves mainly in the mixture of atoms or atomic
states used to make sympathetic cooling work.

• 6Li + 7Li: Besides our group, the group of R. Hulet has built a lithium machine
with the same sympathetic cooling approach and the same goals as ours [61].
The main technical differences between our machines are that they use a dye
laser system in contrast to our all-diode laser system, and that their magnetic
trap is not as strongly confining as ours, but they have a longer lifetime. Both
groups achieved the production of degenerate Fermi gases in the year 2000.

• 6Li: The group of J.E. Thomas has confined the 6Li |F = 1/2,mF = ±1/2〉
states in a CO2 dipole trap. They tuned the scattering length to a ≈ −100 a0

using a magnetic field of 130G (see figure 1.16). They could perform evaporative
cooling by lowering the confinement and reach a degeneracy of T/TF = 0.5 [64].
A somewhat similar approach is undertaken by the group of R. Grimm. They
can capture lithium in a resonator enhanced optical trap and intend to use the
Feshbach resonance to perform evaporative cooling [157].

• 40K: The first experiment to obtain evidence for a degenerate Fermi gas was the
experiment of B. de Marco and D. Jin [60]. They use 40K for which the hyperfine
state with the greater spin has a lower energy (inverted hyperfine structure).
For this reason it is possible to trap two different internal states without spin
relaxation, the |F = 9/2,mF = 9/2〉 state together with the |F = 9/2,mF = 7/2〉
state. This means only one isotope has to be laser cooled. Potassium has a low
melting point of 63.38 ◦C and can be loaded into a MOT from a vapor cell.
These two points simplify the experimental setup. A Feshbach resonance is also
predicted, which gives hope for the detection of Cooper pairing. One disadvantage
of this approach is, that by sympathetically cooling one fermion by another, the
effect of Pauli blocking at the end of evaporation is doubled.

• 40K + 87Rb: To overcome this problem, to my knowledge at least three groups
are building mixed 40K/87Rb machines: the group of M. Inguscio [43], D. Jin’s
group [130] and J. Close’s group [131]. This mixture has the advantage, that
both atoms have very similar properties. For example the cooling and trapping
transitions are only 13 nm apart. This makes an amplification of both frequencies
in one tapered amplifier possible (see section 2.6). These machines can also be
used to study condensates of 41K as has been recently demonstrated [43].
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• 6Li + 23Na: Another mixture being tested is 6Li with 23Na. The effort for such a
machine is somewhat bigger than for the machines discussed until now, since the
trapping transitions are at frequencies far apart (red for Li and yellow for Na),
requiring two different laser systems, one of them a dye laser. As in our system
a Zeeman slower has to be used to load the MOT. It is a logical extension to an
existing 23Na machine and pursued in the group of W. Ketterle. They were able
to sympathetically cool 6Li to quantum degeneracy recently [63].

• 3He + 4He: The next possibility is to perform sympathetic cooling on a mixture
of metastable 3He∗ and 4He∗. 4He∗ machines have been built by our colleagues at
LKB and by the group of A. Aspect. Both recently produced BECs of metastable
4He∗ [41, 42]. For the moment, at least, the group at LKB does not plan to pursue
the direction of fermions, but rather to study the properties of the condensate.

• 53Cr: An effort to produce a degenerate Fermi gas of 53Cr is pursued by the
group of T. Pfau in Stuttgart [128]. They plan to use the high magnetic dipole-
dipole interaction to overcome the suppressed s-wave problem (see section 1.3).
A disadvantage with Cr is its trapping transition in the blue. The loading of the
magnetic trap from the MOT can be done continuously by using intercombination
transitions to magnetically trappable metastable states [128].

• 171Yb + 172Yb: T.W. Mossberg in Oregon has demonstrated simultaneous
multi-isotope trapping of ytterbium in a MOT [132]. One of the trapped mixtures
contains 171Yb, a fermionic isotope.

• He cryostat: Neutral atoms and molecules such as europium, chromium, and
lead monoxide have been cooled sympathetically by thermal contact due to col-
lisions with a cryogenically cooled Helium buffer gas and loaded into a magnetic
trap [54, 55, 56]. In combination with evaporative cooling this technique could
lead to degenerate quantum gases of atomic or molecular bosons and fermions.

Of all these approaches we choose a mixture of fermionic and bosonic lithium. One
reason was that at the time of our decision the scattering lengths were well known
and it had been shown that bosonic lithium can be condensed. This was a difference
especially to 40K. And the predicted Feshbach resonance in 6Li gave a good perspective
for the observation of a BCS transition. A machine mixing two different atoms seemed
more complicated than a machine based only on lithium.
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2.4 The vacuum system

Figure 2.2: Scheme of the vacuum chamber. To the left the oven is shown. The atomic
beam passes through collimation and differential pumping tubes and is slowed down in
a Zeeman slower of which the coils are shown. The MOT and the magnetic trap reside
in a glass cell. Ion pumps are used in the oven chamber and at the end of the main
chamber.

After the decision which strategy we would apply to produce a degenerate Fermi
gas, a machine was designed appropriate for lithium. In this section we will discuss
the different subsystems of the setup. We start with the vacuum chamber, a scheme
of which is shown in figure (2.2). It consists of two chambers, the oven chamber and
the main chamber, that are separated by a differential pumping tube of 3.5 mm inner
diameter and 12 cm length. Each chamber is pumped by an ion pump, the oven chamber
by a 50 l/s pump (MECA 2000 PID 50 N) the main chamber by a 100 l/s pump (MECA
2000 PID 100 N, both with noble gas electrodes). In addition a titanium sublimation
pump is installed in each chamber, though the pumps are not used at the moment.
To improve further the vacuum, graphite disks (5 cm diameter, 5 mm thickness) are
placed in the main chamber. The disks are outgassed during the bake-out procedure
and work afterwards as a getter. As discussed before, a vapor cell can not be used as
source for the lithium MOT. So an oven plus Zeeman slower was constructed.

2.4.1 The atomic beam source

A sketch of the oven is shown in figure (2.3a). Its design is modified from the
oven used a year ago. It consists of a reservoir chamber made of a vertically oriented
steel tube with 2 cm diameter and 12 cm length. The tube was closed at the lower
side by soldering a steel disk into the opening. In the old oven, this side was used to
fill the reservoir and closed only by a vacuum flange with a nickel gasket. After one
year of operation the oven developed a leak, probably because liquid lithium corroded
through the gasket. This already happened before when a copper gasket was used.
With copper, the gasket held only about one month. Now the reservoir chamber
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is filled from the top, where no liquid lithium can come into contact with the nickel
gasket. Around the reservoir a heating element (Thermocoax) and a temperature sensor
(Omega XICB-K-1-1-3) is soldered. At the midpoint of the reservoir, a collimation tube
with 4.5 mm inner diameter and 7.5 cm length is attached. Atoms hitting the walls of
the collimation tube are transported back into the reservoir by capillary forces, driven
by the temperature gradient along the tube. This process is improved by increasing the
inner surface of the tube by sliding a tube formed out of a steel mesh (Alfa Nō 13477)
into it. The diameter of the collimation tube was thus decreased to 3.5 mm. The other
end of the collimation tube is soldered to a flange (Caburn CFB114) which is attached
to a cubic chamber with openings to all six faces. In the chamber, a mechanical shutter
moved by a stepper motor through a mechanical feedthrough (MDC HTBRM-275) can
block the atomic beam. The titanium and ion pumps, a surveillance window, and a
valve through which pumpdown is performed are also attached to the cubic chamber.
The connection to the main chamber can be blocked by a linear feedthrough valve
(MECA 2000 VUVD 6) that is a constant source of problems since it does not close
completely and since the mechanical CF16 connection to the oven chamber is too weak
to withstand the torque necessary to close the valve. The next time the main chamber
is under pressure, it will be exchanged against a stronger CF40 valve.

The oven chamber and the Zeeman slower are connected by a differential pumping
tube. In its initial design it had an inner diameter of 4.5 mm and a length of 10 cm,
corresponding to a differential pressure of 100. As it turned out, this was not sufficient:
the lifetimes obtained in the magnetic trap were only about 30 s. As a first solution,
the diameter of the differential pumping tube was reduced to 2.3 mm and its length
extended to 12 cm. This reduced the flux of atoms captured in the MOT by a factor
five (to 5×108 atoms/second), but since the MOT lifetime increased to over 2 minutes,
a longer charging time permitted us to obtain the same number of atoms in the MOT.
This decreased background pressure was an essential step to make evaporative cooling
work.

2.4.2 Oven bake-out procedure

Mass spectroscopic studies of the oven chamber pressure have lead to an under-
standing of our initial background pressure problems. The background gas in the oven
chamber consists only of hydrogen. During operation of the beam, we found the partial
pressure of H dominated by the oven: at 500 ◦C it was 1.3 × 10−8 mbar, and when the
oven was colder than 300 ◦C the pressure dropped to 1.2 × 10−9 mbar and saturated
there. Our interpretation of this was that LiH is present in our lithium sample. Since
the collimation tube has a conductivity of only 1 l/s the lithium is never well outgased
and the LiH stays there. This LiH dissociates at the operation temperature of the
oven, about 500 ◦C.

The next time we had to replace the oven because of the leak, we baked out the
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Figure 2.3: The atomic beam source. a) Lithium vapor is produced by heating a sample
in the reservoir chamber using a thermocoax heater. The temperature is controlled using
the temperature probe. The reservoir is isolated by glass fiber ribbon and aluminium
foil. The gas escapes through a collimation tube and forms the atomic beam. A metallic
mesh increases the inner surface of the collimation tube and helps transporting collected
lithium back into the reservoir by capillary action. b) To remove LiH, the lithium sample
is baked out before use. The vacuum chamber for this process is shown. Between
the heated reservoir and the pumps a cooler part of the vacuum chamber collects all
evaporated lithium.

lithium in the reservoir chamber. The apparatus used for this is shown in figure (2.3b).
In an argon environment, the reservoir was loaded (up to the collimation tube) with
lithium. A mixture of 80% natural lithium and 20% enriched 6Li was used. To work
under argon atmosphere, the vacuum chamber was placed in a transparent plastic bag,
which had two gloves attached, showing to the inside. After attaching the oven to the
bake-out chamber the reservoir was heated for one night to 600 ◦C, 70 ◦C above the
normal operation temperature and 80 ◦C below the melting point of the solder used to
construct the oven. The temperature was regulated by a thermostat (Newport-Omega
ref. CN76133) in the same way as done in the experiment. To pump the hydrogen a
titanium sublimation pump and a 25 l/s turbo pump were used. After the bake-out,
about half of the lithium was deposited at the walls of the vacuum chamber above the
reservoir. The remainder of the lithium stayed in the lower half of the oven, filling
the reservoir up to a height of 1.5 cm. The top of the reservoir was closed using a
CF16 flange with a nickel gasket. The oven was installed onto the oven chamber of
the experiment, again inside an argon filled glovebag. During the same operation, the
diameter of the differential pumping tube was increased to 3.5 mm. Unfortunately the
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valve between the oven and the main chamber could not be completely closed, so that a
10−6 mbar argon pressure existed during one hour in the main chamber. This provoked
an argon instability in the ion pump of the main chamber, which could luckily be solved
by baking the pump out at 150 ◦C for one day and pumping with a 25 l/s Turbo pump
on the main chamber. After this bake-out procedure, we no longer saw an increase
in the hydrogen pressure of the oven chamber, when heating the oven to 500 ◦C. The
lifetime of magnetically trapped atoms is about 70 s as before the leak in the oven,
and this with an in. But we could not measure any increase in the flux of captured
atoms, which we expected from the increase in diameter of the differential pumping
tube. This could be explained, if the collimation tube and the differential pumping
tube are slightly misaligned. The next time the oven chamber is opened, the diameter
of the differential pumping tube should be increased back to its initial value of 4.5 mm.
One additional positive result is that the flux of the oven is more stable than before
the changes.

2.4.3 The main chamber

Now we take a look at the main chamber. The atomic beam first travels through the
tube of the Zeeman slower, which will be described in the next section. The Zeeman
slower opens onto a glass vacuum chamber that is the central part of the experiment.
The glass chamber has two components: a MOT chamber (4 cm×4 cm×10 cm, Width
× Heights × Length) and a smaller appendage chamber (20 mm×40 mm×7 mm), used
for magnetic trapping. The wall thickness is 5mm for the lower chamber and 2mm
for the upper chamber (see figure 2.7). Around the appendage the Ioffe-Pritchard
magnetic trap is constructed (see section 2.7). The glass chamber is connected at both
sides with the steel chamber using glass-metal connections and bellows to reduce stress.
At the far side of the vacuum chamber a T-shaped end chamber is attached. It is closed
at the end by a window, through which the Zeeman slowing laser beams enter. The
non-slowed lithium atoms of the atomic beam hit this window. Since lithium and glass
react and form an opaque substance, the window is heated to 40 ◦C which helps prevent
this reaction. To prevent heating of the end chamber, which increases the pressure, it
is watercooled right at the side of the end window. To orthogonal ports, the 100 l/s
ion pump and the titanium sublimation pump are attached. The graphite getters are
placed in the end chamber.

2.5 The Zeeman slower

A thermal beam with a mean velocity of about 1000m/s is produced by the oven.
The MOT can capture only atoms with speeds less than the capture velocity of about
50m/s. To bridge the gap, we use a slowing stage that employs the radiation pressure
of a laser beam counter-propagating to the atomic beam [158]. Each absorption event
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reduces the momentum of an atom by the photons momentum ~k. The maximum
achievable deceleration is

amax =
~k

2mτ
, (2.1)

where τ is the lifetime of the excited level and m the mass of the atom. For finite
intensities of the laser beam, the maximum acceleration is lower than amax. For lithium
at a = 0.5 amax, I = 2.5 mW/cm2. Since the resonance frequency of the atoms depends
on their velocity by the Doppler shift (∆ν = ν0v/c) the resonance condition is only
fulfilled for one velocity. To slow down a thermal beam, each velocity class has to be
addressed. This can be done by changing the laser frequency to stay in resonance with
atoms as they are slowed (chirped slower), or it can be done by applying a magnetic
field and using the Zeeman effect (∆ν = µBB where µB is the Bohr magneton), hence
the name Zeeman slower. The magnetic field is changed spatially. At the entrance of
the Zeeman slower, the laser frequency and the field are chosen such that atoms with
the high capture velocity vc are in resonance. After a certain flight distance the atoms
have slowed down. At this point the field strength is chosen to put these slower atoms
in resonance. In this way the atoms can be slowed from vc to an arbitrary velocity
which is chosen to be below the capture velocity of the MOT. Atoms with an initial
speed lower than the capture velocity travel undisturbed down the Zeeman slower, until
their velocity class comes in resonance. This means that the whole thermal distribution
below vc can be slowed down. The necessary magnetic field dependence is given by

B(z) =
~kv(z)

µB

+ B0 =
~k

√

v2
c − 2az

µB

+ B0 , (2.2)

where B0 is an arbitrary offset field depending on the laser detuning. We choose to
implement this field using two field coils one after the other, producing fields parallel
to the atomic beam but with opposite directions. This approach, called a spin-flip
Zeeman slower has several advantages.

• The difference between capture and end velocity is proportional to the difference
in magnetic field. By choosing opposite field directions the maximum absolute
field strength necessary is reduced and thus the power consumption of the coils.

• The second magnetic field coil is rather small and can be placed very near the
MOT. It is only here that slow atoms are produced. This reduces the total time
of travel, and consequently reduces the spatial spread of the atomic beam due to
the transverse velocity.

• The laser is resonant with atoms all along the Zeeman slower, also in the weak
field region between the coils. Here the atoms have in our case a velocity of
285 m/s. This guarantees that the laser is far off resonance for the slow atoms in
the MOT, where the magnetic field is also weak.
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The atomic spin has to be antiparallel to the direction of the first magnetic field and
parallel to the second. This is the reason for the name spin-flip Zeeman slower. Of
course spatially the spin stays oriented in the same direction. In the region between
the two field coils, the direction of the magnetic field changes and the atomic spin will
either follow this change or, if the absolute magnetic field value gets too small to allow
adiabatic following, the spin orientation will get mixed up. The spin is again pumped to
the correct orientation by the σ polarized slowing laser beam. To prevent loss of atoms
which get transferred to the lower hyperfine state, a repumping beam is superimposed
with the slowing beam. This beam helps also for the initial preparation of the atoms
in a cycling transition. Since the excited state hyperfine structure of lithium is small,
the transition is not perfectly cycling and the repumper is also important during the
slowing process.

The construction of the coils has to fulfill several requirements. It has to be pos-
sible to heat the vacuum tube of the slower to 300 ◦C during the bake-out of the
vacuum chamber. The power dissipated in the coils during normal operation has to
be removed. And it is very convenient if the winding of the coils can be done on
a lathe. Our construction fulfills these requirements. The first coil with a length of
80 cm and a maximum field strength of 800 G is made out of glassfiber isolated heater
wire (Newport-Omega HTMG-ICU-3145) which resists easily the temperatures dur-
ing bake-out. The wire is wound around a steel tube and held in place using cement
(Sauereisen Nō 10) which also serves as heat conductor. To remove heat, water cooling
is used. The vacuum tube has a slightly smaller diameter than the tube around which
the coil is wound. Between these tubes cooling water is flowing. In addition after seven
and after fifteen layers of wire, a layer of copper tubes is wound. Cooling water is also
circulating in these copper tubes.

The second coil is much smaller and can be wound around the vacuum chamber
after bake-out. It is placed on a watercooled copper tube around the glass-metal
transition of the glass cell. A third coil of the same construction type is placed around
the glass-metal transition at the end of the glass cell in direction of the atomic beam.
It is put in a quadrupole configuration with the second slower coil and subtracts the
offset magnetic field of the Zeeman slower at the place of the MOT. Only a gradient
of ∼ 10 G/cm is left over.

The operation parameters of the Zeeman slower, as the laser detuning and the coil
currents, are optimized on the loading of the MOT. Of course these parameters depend
on the MOT parameters. This means the optimization has to be done iteratively for
both. We could obtain a maximum flux of 5 × 108 at/s. Out of unknown reasons, this
flux was sometimes increased by a factor ∼ 5 for some days before falling back to its
normal value. This behavior was attributed to the oven and did not appear anymore
after the oven had been changed.

In the laboratory of R. Hulet an increasing-field slower with a length of only 30 cm
is used. They reach loading times of the MOT about 10 times faster than we, with
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the same number of atoms in the MOT. Since the construction of the oven and the
parameters of the MOT are similar in both machines, this large flux could be due to
the construction of the slower or due to the fact that Hulet’s group uses higher laser
intensities for the slowing beams than we have at our disposal. In the latter case the
construction of a final amplifier stage for the slowing beam using a tapered amplifier
could increase our flux.

2.6 The laser system

The next subsystem at which we will take a closer look is the laser system. Near-
resonant laser beams are used in five phases of a typical experimental sequence: the
Zeeman slowing, the trapping and cooling in the MOT, the optical pumping to a mag-
netically trappable state, the Doppler cooling in the magnetic trap and the detection
using absorption images. In addition, near-resonant light can be used to detect effects
of quantum degeneracy, e.g., by studying the suppression of light scattering (see section
1.1.4) and is in general a very useful tool to manipulate the atoms. This wide field of
applications makes it clear that a reliable source of near resonant light is needed.

The wavelength of the lithium transition is 671 nm, in the red part of the spectrum.
Different types of lasers can produce this wavelength: dye lasers, argon ion pumped
titanium sapphire lasers and diode lasers. The first two types produce high power
beams but are expensive and need a lot of maintenance. Diode lasers are cheap and
reliable but have at our wavelength only typically 30 mW of power, which is barely
sufficient for the operation of a MOT. However, in combination with a diode amplifier,
such as a tapered amplifier or a broad area diode, powers of up to ∼ 500 mW can be
achieved. We choose this option for our laser system.

Let us consider now which frequencies are necessary for our experiment. In figure
(2.4) the lowest S and P states of both lithium isotopes are shown. Each isotope needs
a trapping and cooling laser on the D2 line, the 22S1/2 ⇒ 22P3/2 transition. For 7Li
(6Li) the transition from the F = 2 (F = 3/2) to the excited F

′

= 3 (F
′

= 5/2)
state is used. Since the excited hyperfine structure has a splitting of the same order
as the natural linewidth (6 MHz), also higher lying states (e.g. 22P3/2 F

′

= 2 for
7Li) can be excited. These states can decay to the lower hyperfine state (F = 1 or
F = 1/2). For this reason, a repumping laser from the lower state is essential. For
7Li the repumping is done on the D2 line from F = 1 to F

′

= 2. In a first version of
the laser setup the repumping for 6Li was also done on the D2 line using the F = 1/2
to F

′

= 3/2 transition. This transition is by coincidence resonant with the D1 line of
7Li at the F = 2 → F

′

= 1 transition. This is a non-trapping transition and adding
light at this frequency to a 7Li MOT can completely destroy the MOT. That is why
we choose to repump 6Li on the D1 transition, the 22S1/2 ⇒ 22P1/2 transition, using
the F = 1/2 → F

′

= 3/2 hyperfine states.
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Figure 2.4: Energy level diagram for the lower S and P levels of 7Li and 6Li. The
transitions used for the MOT are shown, the index P referring to the principal transition
and the index R to the repumping transition. Note that 6Li is repumped on the D1
(22S1/2 ⇒ 22P1/2) transition since the D2 (22S1/2 ⇒ 22P3/2) repumping transition
coincides with the D1 transition of 7Li.

The isotopic shift as well as the shift between D1 and D2 lines is 10 GHz. This
frequency gap could be spanned by creating sidebands on the light using an EOM,
or by a series of AOMs, but the latter has poor efficiency. In practice it is simpler
to use a separate master laser for each one of these lines. Since the 7Li D1 and the
6Li D2 lines coincide, only one master laser is necessary for both. From these three
basis frequencies, all other frequencies can easily be derived using AOMs, the biggest
frequency gap being the 803.5 MHz between the hyperfine ground states of 7Li.



2.6. THE LASER SYSTEM 75

OI

PD AOM -80

AOM -2*200 AOM +2*200

l/2

l/4

l/2 l/2

l/4

Li principal Li repump

Optical
fibers

Optical
fiber

a)

b)

Li  D2 master

=  Li  D1 master

Li  D2 master

6

7

7

6

7 7

OI

Lock

Lock

PD AOM -80

AOM -2*80

l/2

l/2

l/4

l/2

Li principal

Li cell

Li cell

l/2 l/4AOM -2*200

AOM 80

Zeeman slower slave

TA  slave

Zeeman
slower

Fabry-Perot

Fabry-Perot

TA

master

c)

d)

e)

Optical
fiber

Li  D1 master
6

6

OI

Lock

PD AOM -80

AOM +2*80

l/2

l/4

l/2

Li repump

Li cell

to optical pumping
and detection

Li p.slave

Li p.slave

6

7

to MOPA

Li r.slave

Li r.slave

6

7

TA OI

shutter
telescope

pinhole
to MOT

Figure 2.5: The laser system. Grating stabilized external cavity master lasers are
locked using Doppler free saturation spectroscopy. Three systems have been set up
giving access to the 7Li D2 transition (a), the 6Li D2 transition (coinciding with the
7Li D1 transition) (b) and the 6Li D1 transition (c). Required frequencies are derived
using AOMs. After transfer through optical fibers to the main optical table, each beam is
amplified with injection locked lasers. The beam for Zeeman slowing is frequency shifted
before amplification (d). All four MOT frequencies are mixed and further amplified in
a tapered amplifier (TA) (e). Fabry-Perot cavities are used to verify the mono mode
operation of the master lasers and to check the injection of the slave lasers.

Figure (2.5) shows the setup of the laser system. The optical system is split in two
parts. The master lasers with the necessary optics for locking their frequencies and
AOMs to derive the principal and the repumping light for both isotopes is placed on
an optical table of its own. This reduces the influence of electromagnetic radiation, air
currents and noise resulting from the use of radio frequency radiation and high current
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power supplies placed near the vacuum chamber of the experiment. The four resulting
frequencies are sent to the main optical table, on which the vacuum chamber is placed,
via polarization maintaining optical fibers. There, frequencies for the MOT and the
Zeeman slower are derived and finally amplified in one or two stages.

The master lasers are external cavity stabilized diode lasers in Littrow configura-
tion (Spectra Diode Laboratories SDL-7311-G1). Their frequency is stabilized using
Doppler free spectroscopy on lithium gas samples prepared in heated Li vapor cells.

These spectroscopy cells consist of a ∼ 30 cm long metal tube. They are heated
in the middle to about 300 ◦C by a two-wire thermocoax soldered on the pipe. The
current in the wires flow in opposite directions to avoid magnetic fields. At the ends the
pipe is water cooled and closed by windows (BK7). The pipe is filled with a sample of
lithium and argon. Argon is necessary to reduce the mean free path of lithium so that
no direct path to the windows is possible, to avoid that lithium covers the windows
and makes them opaque. The argon pressure was regulated by observing the spectral
linewidth and choosing a low enough value that no pressure broadening is apparent.
Lithium condenses on the walls at the end of the pipe and is transported back to the
center by capillary action. To increase the transport speed, a steel mesh covers the
inside of the pipe (Alfa type 304).

The Doppler free spectroscopy is done in a counter-propagating pump-probe con-
figuration. The pump frequency is modulated with an AOM and the probe intensity
observed at that frequency using a lock-in amplifier. The low frequency part of the
error signal is used to adapt the external cavity length by displacing the grating using
a piezo. The high frequency part is added to the diode laser current.

Three master laser systems exist which give access to the D1 and D2 lines of the two
isotopes. Using AOMs, frequencies about 120 MHz below the principal and repumping
transitions are derived and sent to the main optical table using fibers. Here each beam
is separated in two, for the Zeeman slower and for the MOT.

The Zeeman slowing beams are further frequency shifted to the red by a set of four
200 MHz double pass AOMs. The eight resulting beams are amplified using slave lasers.
The slave lasers consist of temperature stabilized 30 mW laser diodes of the same type
as the diodes used in the master lasers. The injection is done through the sideport
of isolators placed after each slave laser. The four beams for the Zeeman slower are
geometrically superimposed under a slight angle. A telescope expands the beam size
and a converging beam is sent through the vacuum chamber against the atomic beam,
and focused on the ovens collimation tube. The power in each frequency component is
about 20 mW and at the entrance window the beam size is about 4 cm.

The MOT beams are also amplified in a set of four slave lasers. The four beams
are carefully superimposed using polarizing beam splitters and halfwave plates. The
resulting four frequency component beam injects a tapered amplifier delivering typically
300 mW of light (Spectra Diode Laboratories SDL-8630). This method is described in
detail in [159], which is reproduced in appendix (A). A tapered amplifier consists of
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a waveguide with attached diode gain medium. The gain region has a tapered form,
hence the name. The beam expands and coherently fills the whole gain region, while
increasing in power. The frequency composition of the outgoing beam closely follows
that of the injecting beam. The nonlinearity of the amplification produces sidebands
at the frequency of the beatnote between the injecting frequency components. About
20% of the total output power is lost in these unwanted sidebands in our case. Luckily,
the frequencies of the sidebands do not disturb the working of the MOT or the Zeeman
slower. The 20% loss is not important since the total output power is high enough for
our needs. The outgoing beam is corrected for astigmatism by a cylindrical lens and
cleaned in a 30µm pinhole. After this procedure we are left with 180 mW of light in a
nearly gaussian beam, containing all four frequency components necessary for the two
isotope MOT. This approach simplifies the optical system a lot in comparison with a
system using superimposed slave laser beams. In the latter, the beam profile of each
frequency component would be different, making the optimization of the MOT very
difficult. The trick of using a tapered amplifier for several frequencies is very general
and is also used in the Rb/K experiments. Even with the wavelength difference of
13 nm between the two atoms it works well [43].

The beam passes a final AOM (used to switch-off quickly the light of the MOT), is
expanded in a telescope, and distributed to the six arms of the MOT using polarizing
beam cubes and halfwave plates. The MOT beams have a diameter of 2.2 cm an
intensity of 7 mW/cm2 at center, and an intensity of 4 mW/cm2 at the border.

The laser beams necessary for the imaging system are derived from the slave lasers
injecting the tapered amplifier (see figure 2.12). The power distribution between the
tapered amplifier and the imaging system can be changed during the experimental
sequence using electronic waveplates. In this way it is possible to use nearly all power to
inject the amplifier during the MOT phase and later on use all the power for absorption
imaging. Since the waveplates have a characteristic response time of 1 − 10 ms, this
works only for images taken more than this delay after the MOT phase. This is the
case for images taken from atoms in the Ioffe-Pritchard trap, but not for images of the
MOT itself. Thus a small but sufficient part of the slave laser power is always directed
to the imaging system. The repumping beam for the imaging system is identical to the
optical pumping beam. A beam exiting one of the two exit ports of the repump laser
mixing cube is used for this. The beam used for Doppler cooling in the Ioffe-Pritchard
trap is derived from the second order beam exiting the final AOM. The production
of these beams will be described in detail in the sections explaining the respective
systems.

During evaporative cooling, the atoms are trapped in a magnetic trap. This trap
works only for some internal states. Resonant stray light from the laser system could
induce transitions to untrapped states. To prevent this, the slave lasers and the tapered
amplifier are enclosed in boxes of card board. During the magnetic trapping phase,
shutters block all beams leaving these boxes. The other advantages of the boxes is the
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reduction of air currents, which leads to a more stabel injection of the slave lasers and
the protection of the optics from dust.

2.7 The magnetic trap

For alkali atoms, it is difficult to exceed phase-space densities of about 10−6 in a
magneto optical trap. The scattering of light imposes a limit on temperature and
density. This limit depends on the linewidth of the cooling transition. The highest
phase-space density obtained in a MOT could be achieved in strontium by cooling on
a narrow, spin-forbidden transition [160]. But it is still a factor 100 away from the
phase-space density necessary for condensation. In our experiment, the gap is bridged
by evaporative cooling. To use this technique, the atoms have to be trapped without
using resonant light. One method is to employ an optical dipole trap. The group of
M. S. Chapman recently achieved condensation of rubidium by evaporation in such
a trap [34]. We also produced a condensate by using a final evaporation stage in an
optical trap (see section 3.6.3). The more common approach is evaporative cooling in
a magnetic trap.

2.7.1 Theory of magnetic trapping

This kind of trap forms a potential well for atoms by the coupling energy between
the magnetic moment of the atom and a magnetic field

U(−→r ) = mF gF µBB(−→r ) , (2.3)

where mF is the magnetic quantum number, gF the Landé factor and µB the Bohr
magneton. To be a trap, the magnetic field has to possess an extremum of field ampli-
tude in which the atoms will be trapped. Maxwell’s equations forbid the formation of
a static field maximum, so field minima are used (see S. Chu in [161]). Only atoms in
states with the magnetic moment antiparallel to the field direction (low field seekers)
can be trapped with static fields. The direction of the magnetic field may vary around
the trap. The atom is moving in the trap, and sees the magnetic field direction change.
As long as the rate of change of the field direction ∂Θ

∂t
is smaller than the Lamor fre-

quency ωL = 2π× 1.4 MHz
G

|B| the magnetic moment follows adiabatically the magnetic
field direction. Thus only the field magnitude is important for the potential. If the
adiabaticity condition is not fulfilled, the magnetic moment changes its orientation and
the atom is eventually lost from the trap. Such Majorana spin flips occur in regions
with weak magnetic field and/or a fast rate of change of the field direction.

We use two types of field geometry to trap our atoms: a quadrupole field and a
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Ioffe-Pritchard field. The quadrupole field has the field geometry

−→
B (x, y, z) =





−0.5Gx
−0.5Gy

Gz



 , (2.4)

where G is the gradient of the magnetic field in z direction. The resulting adiabatic
potential is

U(−→r ) = mF gF µBG
√

x2 + y2 + 4z2/2 . (2.5)

Since the potential is linear, the oscillation frequency depends on the energy E (and is
given by ν = mF gF µBG/

√
32Em). Such a magnetic field can be created by two field

coils with currents in opposite directions (anti-Helmholtz configuration). Around the
center of this trap the magnetic field is low and changes its direction quickly. This
means that atoms can be lost by Majorana flips [162]. The rate of loss is given by
Γ = ~/(ml2), where m is the atomic mass and l the trap width. Remedies for this are
plugging the central region with a blue detuned repulsive light beam [8] or spinning
the central region faster around the cloud of atoms than the atoms can follow (time
orbiting potential (TOP) trap) [162]. This results in average in a harmonic potential.

Another approach is to trap the atoms with a 2D quadrupole field in two radial
directions. The magnetic field lines are all in the radial plane. The field zero, which is
in this case a line, can be plugged with an offset magnetic field B0 with a field direction
parallel to the line, in the longitudinal direction. Trapping along the axis of the field
is done by giving this longitudinal field a curvature Cax, creating a magnetic field
minimum. This kind of trap is called a Ioffe-Pritchard trap [163]. The total magnetic
field is then given by

−→
B (−→r ) =





Gx
−Gy

0



 +





−Caxxz
−Caxyz

B0 + 1
2
Cax (z2 − (x2 + y2)/2)



 , (2.6)

where the first term describes the 2D quadrupole field and the second term the longi-
tudinal offset field with curvature. The magnitude of the field is

B(−→r ) =

√

(

B0 +
1

2
Cax (z2 − (x2 + y2)/2)

)2

+ G2 (x2 + y2) (2.7)

≃ B0 +
1

2
Caxz

2 +
1

2
Crad(x

2 + y2) , (2.8)

where the second equation is the harmonic approximation, valid for excursions in the
potential smaller than x, y . B0/G. In this case the radial confinement is harmonic
with curvature

Crad =
G2

B0

− Cax

2
. (2.9)
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For greater excursions the radial potential is linear with gradient G. The trapping
frequency for an atom with mass m in a harmonic potential is

ν =
1

2π

√

mF gF µBC

m
. (2.10)

2.7.2 Design parameters of the magnetic trap

The Ioffe-Pritchard type potential is used by most BEC experiments, including ours.
There are different implementations of this field geometry: the cloverleaf trap [38], the
QUIC trap [164], microtraps [36], permanent magnet traps [165], iron core magnets
[166] or the classical Ioffe-Pritchard trap after which the field geometry is named. The
Ioffe-Pritchard trap (see figure 2.6) uses four parallel conductors placed vertically on
the corners of a square. The currents flow in alternate directions through these Ioffe
bars and create a two dimensional quadrupole field. Two field coils, called pinch coils,
are oriented with their axes parallel to the bars and create the offset field. Their
distance is chosen greater than it would be in a Helmholtz configuration. The field has
a minimum between the coils and two maxima at the center of the coils, confining the
atoms in the longitudinal direction.

Figure 2.6: Principle of the Ioffe-Pritchard magnetic trap. a) The radial confinement
is achieved by a two dimensional quadrupole field produced by four parallel electric
conductors, the Ioffe bars. b) Axial confinement is provided by a pair of pinch coils,
producing a field mainly orthogonal to the quadrupole field and having a field minimum
at mid-distance between the coils. These coils also provide a bias field, removing the
zero field region in the center of the quadrupole. A pair of Helmholtz coils (not shown)
compensates most of the uniform field of the pinch coils, thus increasing the radial
confinement (see formula 2.9).

When we choose the design of our magnetic trap we payed attention to four points.
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• Rapid switch-off. After a sudden release of the atoms from the trap, the
cloud will expand. In absence of collisions, each atom will follow a trajectory
given by its momentum at the instance of the switch-off. After a time of flight
sufficiently large to permit the atomic distribution to grow much bigger than the
initial distribution in the trap, the initial conditions can be neglected and the
spatial distribution corresponds to the momentum distribution. From this, the
temperature of the cloud is derived (see section 3.2.2). This time-of-flight (TOF)
technique is also very useful to measure the presence or properties of a condensate.
Due to the release of mean field energy, spatial distribution of a BEC after a time-
of-flight can be anisotropic, in contrast to the isotropic velocity distribution of a
classical gas, providing a clear signature for degeneracy (see section 1.1.7). It is
important that the atomic distribution not be modified during the switch-off of
the trap. This means that the switch-off has to be non-adiabatic with respect to
the oscillation frequencies of the trap (τswitch−off ≪ τosc = 2π/ωosc). We wanted
to be able to use the TOF technique and thus opted for an electromagnetic trap.
This stays in contrast to the permanent magnet trap used in the first experiment
to condense lithium [123]. Because it was not possible to switch off the trap, the
cloud had to be imaged in situ. The small size and high density made observations
sensitive to the aberations of the imaging system [39].

• Good optical access. Optical access to the trapped atoms has to be provided
for various reasons. The cloud is absorption imaged using a microscope. The
resolution depends on the open view angle to the atoms. Access is also needed
for the imaging probe beam, a repumping beam, the crossed dipole trap, and the
Doppler cooling beam. In the future, various other laser beams will be used to
manipulate the atoms.

• Tight confinement. The scattering length of 7Li is with a = −27 a0 not very
high. We compensated for this fact by constructing a tightly confining magnetic
trap (ωrad = 2π × 8000 Hz, ωax = 2π × 130 Hz for 7Li). Thus after capture of
the atoms in the magnetic trap, the cloud can be adiabatically compressed, in-
creasing the density and temperature and thus elastic collision rate. It is a bit
unfortunate, that the increase in temperature leads for 7Li to a drastic decrease
in the elastic scattering cross section. But we could compensate this by imple-
menting an optical cooling stage in the Ioffe trap (see section 3.1.5). Another
advantage of a steep confinement is that we can obtain high Fermi energies in the
degenerate Fermi gas. This can simplify experiments detecting the degeneracy,
for example with light scattering. And the high oscillation frequencies together
with the high anisotropy of our trap made it possible to create one dimensional
condensates.

• High atom number. The elastic scattering rate scales linear with the atom
number, and thus it is good for evaporative cooling to start with a high number
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of atoms. And of course having a high number of atoms at the end of the cooling
process in the degenerate quantum gas, simplifies every study of its properties,
and is sometimes essential for its formation.

2.7.3 Realization of the magnetic trap

Layout, transfer of atoms from the MOT to the Ioffe trap

Our magnetic trap is a Ioffe-Pritchard trap, following the design explained above
(figure 2.6). It uses high current electromagnets positioned outside a glass vacuum
chamber. One problem encountered when designing the trap was, that the design pa-
rameter high atom number contradicts the design parameter steep confinement. The
magnetic trap is loaded from a MOT. To obtain a large number of atoms in the MOT,
large diameter laser beams are advantageous. This means, that the glass cell should be
big to permit the entrance of the beams. To obtain a steeply confining magnetic
trap the conductors should be placed as close as possible to the atoms. Because
the conductors remain outside the vacuum chamber, the class cell should be small.
To resolve this contradiction without compromise, we separated the MOT and the
Ioffe-Pritchard trap regions spatially (see figure 2.7). The glass vacuum chamber con-
sists of a 4 cm×4 cm×10 cm MOT cell with a 2 cm×4 cm×0.7 cm appendage for the
Ioffe-Pritchard trap projecting from the top of it. The transfer between the two re-
gions is done magnetically. The MOT atoms are captured after optical pumping in a
quadrupole trap centered on the MOT. The coils for this quadrupole trap are identical
to the coils of the MOT (LQ). After compression of the quadrupole trap, a second
pair of quadrupole coils, the transfer coils (HQ), centered in the Ioffe-Pritchard trap
region, is ramped on. The center position of the resulting quadrupole field depends on
the current ratio in the two coil pairs. At equal current the atoms are approximately
midway between the two coil centers. Next the current in the MOT coils is ramped
off, transferring the atoms to the center of the Ioffe trap.

Since the appendage has an internal dimension of only 3 mm, it is very important
that the center of the quadrupole coil pairs corresponds to the center of the appendage.
To achieve this, the position of the MOT and the transfer coils has to be adjusted
to the glass cell with a precision of 0.1 mm, which is not easy. The position of the
center of the quadrupole field relative to the small dimension of the appendage can be
moved by applying a magnetic field orthogonal to this direction. We do so using the
compensation coil of the Zeeman slower. The transfer efficiency is optimized by varying
the orthogonal field applied during the transfer. If the optimum orthogonal field at the
end of transfer is found to be different from zero, the transfer coils are mechanically
moved in the direction indicated by the orthogonal field. It is mechanically impossible
to move the MOT coils. Thus a ramp with the orthogonal field is always applied during
the transfer to compensate for the misalignment of the MOT coils.
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Figure 2.7: The magnetic trap. Both lithium isotopes are collected from a slow atomic
beam (AB) in a magneto-optical trap (MOT) at the center of a glass cell. Atoms
are magnetically elevated using lower quadrupole (LQ) and upper quadrupole (UQ)
coils into a small appendage. At this site, a strongly confining Ioffe-Pritchard trap
consisting of 4 Ioffe bars (IB), two pinch coils (PC) and two compensation coils (CC)
allows evaporative cooling of 7Li to quantum degeneracy and sympathetic cooling of
6Li-7Li mixtures.

The loading of the Ioffe trap is done in two steps. First, only the Ioffe bars are
switched on with a gradient twice the radial gradient of the quadrupole coils. This
inverts the direction of the magnetic field in the vertical direction, taking already the
direction it will have in the Ioffe trap. Now the cloud is compressed adiabatically in the
radial directions while the axial confinement is weakened by increasing the current in
the Ioffe bars and decreasing the current in the transfer coils. Finally the transfer coils
are switched off and the pinch coils are switched on, taking over the axial confinement
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and creating an offset field to hinder Majorana spin flips. The offset field produced
by the pinch coils is bigger than necessary. Since the radial curvature increases with
decreasing offset field (see formula 2.9), the offset field is compensated by reusing the
transfer coils in a Helmholtz configuration with the magnetic field direction opposite
to the field direction of the pinch coils. An additional pair of Helmholtz coils is used
to finetune the offset field. This compensation of the offset field is done adiabatically.
The oscillation frequencies obtained with this trap are very high, 7 kHz in the radial
direction and 120 Hz in the axial direction for an offset field of 2 G and for 7Li. These
frequencies would be extremely difficult to obtain when building the magnetic trap
around a big glass cell, suitable for a MOT.

This approach however also has a drawback, as we will see in the result section.
Because of the relatively high temperature of the MOT sample, 90% of the atoms
trapped in the initial quadrupole trap are lost during the transfer. The spatial extent
of the cloud is larger than the inner size of the appendage. Second, the compression
of the cloud to these high oscillation frequencies leads to adiabatic heating of the
cloud. After the compression the cloud is at temperatures of 3 to 9 mK, exactly the
temperature range, in which elastic collisions are suppressed for lithium. Remedies for
this problem are explained in the section on Doppler cooling (3.1.5).

Construction of the trap

The coils are constructed out of rectangular copper tubes. The tubes are isolated
by a layer of glass fiber ribbon and held together in the shape of a coil with epoxy glue.
Each coil can carry a current of up to 500 A. The coils are cooled by water flowing
inside the tubes. For the Ioffe bars and the compensation coils water pressurized by a
pump (Sinatec HVX 2/18) to 15 bar is used, while for the other coils 3 bar is sufficient.
The construction of the Ioffe bars is different from the other coils. The shape of each
bar is given by the requirement that the bar has to fit into the space between the
pinch coil and the appendage, and that a large optical access to the trapped atoms is
required for imaging and optically manipulating the cold atoms (see figure 2.8). Each
bar consists of three tubes, specially deformed to give the required triangular shape,
when put together. To interconnect the bars, the ends of each tube is wound to a
neighboring bar. These end caps give rise to an offset magnetic field in the longitudinal
direction. To minimize this field one tube is connected to the left hand neighbor and
the next to the righthand neighbor. The two resulting end caps compensate their offset
fields. The connection of the third tube is not compensated. To minimize its effect, its
end cap has a greater distance from the trap center. The current in the bars can be
700 A in continuous operation and up to 1000 A for a few seconds.

It is extremely important that the magnetic trap and especially the magnetic trap’s
offset field is stable. To achieve this, first of all the coils and the conductors supplying
the coils have to be very well fixed mechanically. To stabilize the offset field further,
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Figure 2.8: Each Ioffe bar consists of three copper tubes. The tubes are deformed to
fit in the space between the appendage and the inner surface of the pinch coils, leaving
a 60◦ viewing angle to the atoms.

some tricks have to be applied. The main contribution to the offset field comes from
the pinch coils. This offset field is nearly completely subtracted by the transfer coils
operated in Helmholtz configuration, the compensation coils. The current flowing in
these coil pairs may fluctuate, since not very stable high power current supplies are
used. Independent fluctuations would provoke a fluctuating offset field. Thus the pinch
and compensation coils are installed in series in one electric circuit. The same current
passes through both coil pairs. Fluctuations in this current do not affect the offset
field, if the mutual compensation is perfect. In reality the compensation is not perfect
and an offset field of 23 mG/A is produced by these coils. The offset field produced by
the Ioffe bars is reduced to 3.1 mG/A, using the tricks described above. Fluctuations
in the Ioffe bars current thus do not affect the offset field much. To regulate the exact
value of the offset field a small field up to 26 G is added with a separate Helmholtz coil
pair. The power supply for this coil pair is a high precision low noise power supply
(Delta Elektronika SM 70-45 D).

The total power dissipated in this system can be as high as 45 kW. A failure of the
cooling system would have disastrous consequences, destroying at least the coils and
the glass cell. To exclude this as well as possible, a security system has been installed.
It compares the temperatures at the water exit of each coil with preset maximum tem-
peratures and it compares the waterflow through each coil with a minimum waterflow.
If one of these conditions is not fulfilled, the security system switches off the electric
currents. This system proved already very useful several times, and spared us many
tears.
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The electronic circuit

The electronic circuit used for the magnetic trap is shown in figure 2.9. The power
supplies are high current power supplies (Lambda EMI, Electronic Measurements Inc.,
ESS-30-500-10-D-TC-CE-0806 and similar). For the MOT a 500 A, 30 V supply is used,
for the transfer circuit two 500 A, 20 V supplies in series and for the Ioffe bars a 1000 A,
10 V supply. A MOSFET in parallel with each power supply can discharge the internal
capacitors and prepare the power supplies for a switch-on without current peak from
the capacitors. Varistors protect the power supplies against overvoltage. To configure
the circuit and switch the currents off quickly, IGBT switches are used. Each consists
of several 600 A, 1200 V voltage selected IGBTs in parallel (Powerex CM600HA-24H).
Since a 600 A IGBT module can only be used at currents up to 300 A in continuous
mode, two of them have to be used in parallel for 500 A and four of them for 1000 A. The
IGBTs are mounted for cooling on a water circulated copper box. To switch the IGBTs,
opto-isolated drivers have been constructed, giving peak currents of 20 A to charge and
discharge the IGBTs gate capacity in less than 10µs (see manuals [167, 168]). This
fast switching time is important, since the IGBT junction will behave as a load for the
current when the IGBT gate is not saturated, and heat up until destruction. IGBTs
block current in only one direction. A diode integrated in the IGBT module bypasses
current in the opposite direction. For some configurations of the electronic circuit this
is not wanted. Especially during the switch-off of the circuit, closed loops are formed
with induction current flowing for some milliseconds. For this reason the diodes D1,
D2, and D3 were added in series with IGBTs to the circuit. They are conducting in
the sense of operation of the IGBT and block current in the opposite direction. Diodes
D1 and D2 also protect the transfer and the MOT power supplies against currents in
counter direction. Each diode module consists of three voltage selected 250 A diodes
which are watercooled and can withstand up to 1200 V before breaking. To protect the
diodes against higher overvoltages, a 800 V varistor is put in series with them.

The electronic circuit can be operated in several configurations. During the MOT
and transfer phase IGBT 6, 3 and 1 are closed. Current in the MOT coil is applied
using the MOT power supply. The transfer coils are in a quadrupolar configuration
and supplied by the transfer power supply. Also during the MOT phase a small current
of 3 A is passed through the transfer coils to center the quadrupole field with the laser
beams in the vertical direction. After the transfer to the Ioffe-Pritchard trap region,
the MOT coils are completely switched off and IGBT 6 is opened. The Ioffe bars are
activated by closing IGBT 8 and switching on the Ioffe bar power supply. After the
adiabatic deformation, the transfer coils are switched off by opening IGBT 1 and 3.
Next IGBT 4 and 5 are closed simultaneously and the MOT power supply is used to
pass current through the pinch coils. For the compensation of the offset field, IGBT 2 is
closed and current is put through the compensation and pinch coils in series, while the
current added to the pinch coils using the MOT supply is reduced. When this current
reaches zero IGBT 5 is opened. The pinch and compensation coils are not switched
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on simultaneously because the resulting inductance is so high that the switch-on time
would be several milliseconds. During this time, the atom cloud would expand freely
in the axial direction resulting in a loss of phase-space density. This is also one of the
reasons why it is difficult to start with the atoms in the lower hyperfine state, where
the maximum field may not exceed 140 G (27 G) for 7Li (6Li).

Symbols:

=

=

MOT coils

offset coils

MOSFET

IGBT 1200 V   500 A / 1000 A
Protection diode
Varistor 800 V

Varistor
800 V

Ioffe barsMOT power
supply
30 V   500 A

70 V   45 A

Ioffe bars
power supply
10 V    1000 A

Transfer
power supply
40 V   500 A

D1

D3

D2

S1
S7

S2

S3

S4
S5
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S9

S8
pinch coilscompensation

coil comp1
comp2

Figure 2.9: The electric circuit used for the magnetic trap. The power supplies deliver
up to 1000A to the field coils. Different configurations can be achieved using IGBT
switches, thus enabling the magnetic transfer of the atoms from the MOT to the ap-
pendage region, the reuse of the transfer coils as compensation coils and the use of the
pinch or the compensation coils to produce the field necessary for Feshbach resonances.
The circuit is explained in detail in the text.

The offset field for the Feshbach resonance

An offset field up to 1200 G can be applied by either using the pinch or the com-
pensation coils. When using the pinch coils, IGBT 4 and 5 are closed and current is
provided by the MOT power supply. The compensation coils are active when IGBT’s 2
and 7 are closed and the “transfer” power supplies are on. The advantage of the pinch
coils is their smaller inductance and thus a faster response time than the compensation
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coils. Their eventual disadvantage is the inhomogeneity of the field. The compensation
coils provide a homogeneous field at the expense of a higher inductance. Their field is
oriented in the opposite direction of the offset field used in the magnetic trap. The field
direction has to be reversed adiabatically in order not to loose the polarization of the
atoms. For this a field orthogonal to the trap axis (which can be the earth magnetic
field, or the field of the Zeeman slower compensation coil) is applied during the time
when the offset field changes its direction. For the Feshbach field, the power supplies
are used in control current mode. The slope of the current increase has to be changed
smoothly. Otherwise the power supplies will not closely follow the programmed cur-
rent. This can result in uncontrolled loss of atoms due to inelastic collisions if the offset
field gets too close to the Feshbach resonance. In practice, the current is increased after
I(t) = Ifinal(1− exp(−t/τ))/(1− exp(−η)) for t < η τ and I(t) = Ifinal for later times.
τ is about 10 ms and η ∼ 5.

Switch-off

In order to avoid disturbing the atomic momentum distribution, the switch-off of
the confining potential has to be much faster than the oscillation frequencies. The
switch-off time depends on the allowed induction voltage since Uind = −Lİ where L
is the coils inductivity. The induction voltage falls off at the junction of the switch.
We choose IGBTs which can support 1200 V before breaking down. Varistors are
connected in parallel with the IGBTs. They are chosen to become conducting at a
voltage of 800 V and thus protect the IGBTs. The magnetic field’s energy is dissipated
in the varistors during switch-off. Attention has to be payed not to switch off several
IGBTs which are in series. The sum of the induction voltages can be greater than the
isolation provided by the opto-couplers that decouple the magnetic trap system from
the computer control. This effect already once destroyed part of the computer. After
the accident, additional 800 V varistors were connected between different points of the
circuit and the ground to prevent further accidental overvoltages.

Detection of magnetic sublevels

To separate the different magnetic momentum states during the time of flight, a
magnetic field gradient can be applied. The coil used to produce the field is made out
of thin, isolated copper wire and has 70 turn with a diameter of 1 cm. The coil is places
about 2 cm above the atoms and produces a gradient of 300 G/cm at a current of 150 A.
The current source are capacitors inside a power supply, charged to 80 V. The current
is switched by a MOSFET and typically left on for less than 1ms after switch-off of
the trap.
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2.8 The optical dipole trap

As we have seen above, only low-field seeking states can be trapped in a magnetic
trap (section 2.7.1). It can be of great interest to also trap other states in a conservative
potential. For instance, a Feshbach resonance exists for the 7Li |F = 1,mF = 1〉
state, which is a high-field seeking state (section 1.3.3). An optical dipole trap is
capable of trapping atoms regardless of their internal state, making it possible to
explore properties of states and mixtures of states which are not trappable in a magnetic
trap [169, 170]. A homogenous magnetic field can be applied without changing the
properties of the optical trap. This field can serve to tune the scattering length near a
Feshbach resonance. In a magnetic trap, the trapping frequencies depend on the offset
magnetic field. The Feshbach resonances in lithium require fields of several 100G,
which would result in a much weaker confinement than that obtained for the usual
offset field of 1.5G (see formula 2.9). Despite all these useful properties of the optical
trap, it does not make the magnetic trap obsolete, since the latter provides a deeper
and more spatially extended potential, capable of retrapping all the atoms from the
lithium MOT. In addition, the magnetic trap allows forced evaporative cooling to be
implemented by the use of radio frequency transitions to untrapped states. This allows
the tuning of the cut energy, essential for forced evaporative cooling. However, in
typical optical traps, the cut energy is equivalent to the potential depth. As we will see
below, the trap becomes weaker, when lowering the potential depth. This reduces the
elastic collision rate, which may stop evaporative cooling if the initial elastic collision
rate was to low. However, radio frequency evaporation can still be implemented in an
optical trap, e.g., by using a magnetic field gradient to tilt the potential in dependence
of the magnetic moment and thus creating untrapped states, see also section 3.6.3. In
the following the principle and the properties of an optical trap will be discussed. At
the end our implementation of the optical trap is presented.

2.8.1 Principle of an optical dipole trap

The simplest implementation of an optical trap is a focused gaussian laser beam,
with a frequency below the frequency of the atomic transition [169]. In this case the
atoms experience an attractive potential proportional to the laser intensity and are kept
in the focus of the laser beam. The origin of the potential can be thought of in a number
of different ways (see lectures of C. Cohen-Tannoudji, S. Chu, and B. Phillips in [161]).
In the dressed atom picture, the eigenstates of the combined atom, electromagnetic
field system are shifted in comparison to the energy states of the atom alone. This
energy shift is called the a.c.-Stark shift or light shift. Another way of thinking is

to consider the atom as a driven harmonic oscillator. The oscillating electric field
−→
E

induces an oscillating dipole moment −→m ∝ −→
E which is in phase with the driving field

when driven below resonance and out of phase when driven above resonance. The
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interaction energy between dipole and field is U ∝ −→m−→
E ∝ E2 ∝ I. The energy shift

depends on the intensity I of the light. Below resonance the energy is negative and
the oscillator will be drawn toward a more intense field, while above resonance it will
be pushed to regions of weaker field. Thus an atom can be trapped in the focus of a
gaussian beam with a frequency below the atomic resonance. This method of creating
a potential works with any particle possessing electric polarizability, not only atoms,
but also molecules or even cells and dust particles.

2.8.2 Trapping of an alkali atom in a dipole trap

Trapping potential

Now we will specialize our discussion to the case of an alkali atom, trapped in a
focused gaussian laser beam. The trapping potential is given by the gaussian shape of
the laser beam

U(r, z) = U0
exp [−2r2/w(z)2]

1 + (z/zR)2
, (2.11)

where r and z are the radial and longitudinal coordinates, w(z) = w0

√

1 + (z/zR)2

the beam radius as a function of longitudinal position, where zR = ω2
0π/λ is the beam

Rayleigh range, with λ being the wavelength. The depth of the potential is given for
an alkali atom by [171]

U0 =
~γI0

24IS

[(

1

δ 1

2

+
2

δ 3

2

)

− gF mF

√
1 − ǫ2

(

1

δ 1

2

− 1

δ 3

2

)]

, (2.12)

where γ is the natural line width, mF the Zeeman sub level of the atoms, gF the
Landé factor, IS the saturation intensity, defined as IS = 2π2

~cγ/(3λ3), I0 is the peak
intensity 2P/(πω2

0) in terms of the laser power P [172, 173]. The detunings δ 1

2

and
δ 3

2

are in units of γ and represent the difference between the laser frequency and the

D1 (22S1/2 ⇒ 22P1/2) and D2 (22S1/2 ⇒ 22P3/2) transition frequencies, respectively
(δ = 2πc(1/λtrap − 1/λatom)/Γ). The parameter ǫ depends on the polarization of
the laser beam. It is defined by writing the polarization vector of the light as ǫ̂ =
(x̂
√

1 + ǫ + iŷ
√

1 − ǫ)/
√

2. For linearly polarized light ǫ = 1 and all Zeeman sub levels
experience the same potential.

Photon scattering

Even if the laser frequency is far from the atomic transition, photons can be scat-
tered. As a result the trapped gas is heated and atoms can be lost. The scattering
rate is proportional to the laser intensity and can be expressed in terms of the optical
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potential

Γscat =
U(r, z)

~|δ| , (2.13)

where the detuning δ (in units of γ) has been assumed to be far from the D1 and the
D2 transition δ = δ 1

2

with |(δ 3

2

− δ 1

2

)/δ 3

2

| ≪ 1. Keeping the potential U constant (by

changing the laser power) the scattering rate decreases as 1/δ with the detuning. To
achieve a low scattering rate it is good to use a far detuned laser. The momentum
~k = h/λ is transferred to the atom, giving it a recoil energy of Erec = (~k)2/2m. The
heating rate in K/s resulting from this is hscat = ΓscatErec/kB.

Oscillation frequencies

For small excursions of the atoms from the trap center, the gaussian trapping po-
tential (2.12) can be approximated by a harmonic oscillator potential,

U(r, z) ≃ U0

(

1 − z2

z2
R

− 2r2

w(0)2

)

. (2.14)

For U0 < 0 the oscillation frequencies are obtained from this.

ωrad =

√

4|U0|
mw2

0

, (2.15)

ωax =

√

2|U0|
mz2

R

=
λ√

2πw0

ωrad . (2.16)

Both frequencies increase for a tighter waist w0. The axial frequency is usually much
smaller than the radial, since λ ≪ w0. For that reason, often two focused gaussian
laser beams propagating in orthogonal directions are superposed, with their focuses
coinciding. In comparison with a single beam, the potential depth U0 is doubled
for equal intensity in the two beams. The new potential has oscillation frequencies
ωcrossed

ax =
√

2ωrad and ωcrossed
rad =

√

ω2
rad + ω2

ax ≃ ωrad, where the last equality is true
for ωax ≪ ωrad. A gas trapped in a crossed dipole trap potential has a pancake shape.

2.8.3 Setup of the optical trap

Our optical dipole trap is a crossed dipole trap, consisting of two focused Nd:YAG
laser beams, with a wavelength of 1.064µm and a power of about 3W each. The focus
is about w0 = 40µm. The transition frequency of lithium is 671 nm. The D1 and D2
lines are separated by 10 GHz, making δ 1

2

and δ 3

2

nearly identical. The linewidth is
Γ = 2π× 6 MHz. For these parameters the potential depth of the crossed beam trap is
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U0 = 120µK, the oscillation frequencies are ωsingle
ax = 2π×11Hz, ωsingle

rad = 2π×2100Hz,
resulting in ωcrossed

ax = 2π × 3000Hz, ωcrossed
rad = 2π × 2100Hz and the scattering rate at

the center of the trap is 0.3 photons per second per atom.

Figure 2.10: Setup of the crossed optical dipole trap. A 9.5W Nd:YAG laser beam
is split in two beams. They pass through AOMs which are used to control the beam
intensities. Both beams are expanded using telescopes and focused under orthogonal
directions on the atoms in the Ioffe-Pritchard trap region. The 671nm pushing beam
and the Doppler cooling beam are coupled into the horizontal dipole trap beam by using
dichroic mirrors.

The setup is shown in figure (2.10). A 9.5W Nd:YAG laser beam (Spectra-Physics
T40-8SS(08T)) is passed through an AOM, which serves to control the intensity ratio
of the horizontal and the vertical dipole trap. The light in the first diffraction order
serves for the horizontal dipole trap. The light passing undiffracted through the AOM
is used for the vertical dipole trap. It passes a second AOM, used to control the ver-
tical beam intensity. Different diffraction orders are used for the two AOMs to avoid
interference between the two beams in the optical trap. The first AOM is not opti-
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mized for maximum intensity in the diffracted beam, as is usually the case. Such an
optimization would result in a zero order beam with intensity dip in the center. But a
nice gaussian zero order beam is needed for the vertical dipole trap. We operate this
AOM at 100 MHz instead of the frequency it is specified for of 80 MHz, which reduces
its efficiency and leaves the zero order beam gaussian. The beams for the horizontal
and vertical dipole traps are expanded using telescopes and focused along orthogonal
directions onto the atoms in the Ioffe-Pritchard trap region. The construction of this
optical system has to be done with great care. The mechanics have to be stable to pre-
vent trap vibrations. High quality achromatic lenses should be used to reduce spherical
abberation. For the same reason the laser beam should pass the lenses orthogonal in
their center. Mirrors are anti-reflection coated at 1.064µm for high intensity beams.
If not, the laser will locally heat up the mirror, leading to a deformation. This can
change the position of the focus. After passage through the trapping region, the beams
are dumped in curved copper tubes, which are closed at one end. Two 671 nm beams
are coupled into the horizontal beam using dichroic mirrors. One is used for Doppler
cooling in the Ioffe trap and counter-propagates with the dipole trap beam. The other,
the pushing beam is carefully superposed with the horizontal Nd:YAG laser, so that
the focus of the 671 nm and the 1064 nm beams coincide. The pushing beam is derived
from the probe beam for the MOT detection system.

Alignment of the optical trap

The alignment of the optical dipole trap is done using the following method. The
horizontal beam is extracted from the optical system after the focusing lens. Now
the position and the waist of the horizontal beam focus can be measured by blocking
the beam partially with a knife edge mounted on a two axis translation stage. By
changing the expansion of the telescope, the waist can be adjusted to the desired
size. The size of the waist is measured along two orthogonal axis to detect possible
astigmatism of the beam. The additional mirror is removed and the position of the
last lens is adjusted along the axis of the beam so that the longitudinal position of the
focus coincides approximately with the magnetic trap center. The beam is superposed
with the Doppler cooling beam, which we know to be superposed with the magnetic
trap with an accuracy of 1 mm.

Next, a cold cloud is prepared in the magnetic trap using evaporative cooling. The
pushing beam, which is resonant with the atomic transition, is switched on for ∼ 10 ms.
This pumps atoms to non trapped states and thus creates a loss of atoms. The loss is
the highest if the focus of the pushing beam coincides with the center of the magnetic
trap. The pushing beam together with the superposed horizontal Nd:YAG laser beam
are moved laterally to optimize this loss of atoms. Once an optimum has been found,
the pushing beam is blocked for all further experiments. Normally the effect of the
potential of the horizontal dipole beam can now be seen in the behavior of the atoms.
For this, the beam is ramped on after an evaporation. The magnetic trap is switched
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off and 10ms later an absorption image of the atoms is taken. Some atoms will be
guided in the optical potential. Now the position of the focus in all three directions is
adjusted to trap as many atoms as possible.

The alignment of the vertical beam follows the same scheme. By shifting the beam
orthogonally to the axis of the magnetic trap, a position can be found where an influence
of the beam on the atoms is visible. For this only one degree of freedom has to be
scanned. Hence a pushing beam is not necessary for the alignment of the vertical optical
trap. As soon as a signal has been found, the lateral position and the longitudinal
position of the focus can be optimized on the position of the optical trap with respect
to the magnetic trap and on the number of trapped atoms.

Finally, the intensity of the Nd:YAG beams was calibrated, making it possible to
perform controlled intensity sweeps, despite the strongly nonlinear response of the
AOMs.

2.9 The radio frequency system

Synth Li HF 230 MHz
6

Synth Li  Ze 1.3 MHz
6

Synth Li HF 806 MHz
7

Synth Li Ze 1 MHz
7

RF switch

RF switch

RF switch

RF switch

mixer

mixer

Ampli 1GHz 12W

Ampli 0.5 GHz 1W

50 W

50 W

antenna
1 turn

antenna
10 turns

Trigger

cont.on or

VCO

GPIB

Pulsgenerator

Figure 2.11: Scheme of the radio frequency system. For each isotope two synthe-
sizers produce frequencies resonant with the hyperfine or the Zeeman transition. The
frequencies given are for an offset field of 1.4 G. The output of each synthesizer is
transmitted to an amplifier and the antenna via a radio frequency switch. The switch
can be operated either in continuous mode (cont. on) or using a pulse generator. The
synthesizer is programmed via GPIB. For the adiabatic passage, it is put in the voltage
controlled oscillator (VCO) mode and programmed by an external voltage. The outputs
are grouped after the frequency range and transmitted after mixing to adapted amplifiers
and antennas.
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The radio frequency system is used for the evaporation, for measuring the energy
distribution of a cloud, for state transfer, and to put a cloud out of thermal equilibrium.
To achieve all these different tasks, the system has to be versatile. A scheme of it is
shown in picture (2.11). Four frequency synthesizer are used to produce frequencies
for the intervening four transitions: the hyperfine transition at 803.5 MHz (228.2 MHz)
and the Zeeman transition at 1 MHz (1.3 MHz) for 1.4 G offset field for 7Li (6Li). (The
synthesizers are: Rohde & Schwartz SMT03, Marconi Instruments 2030 and Stanford
Research SRS DS345) The two hyperfine frequencies are combined on a mixer (Mini-
circuits ZFRSC 2050) and put on a common amplifier (Mini-circuits TIA 1000-4) and
antenna, adapted for this frequency range. The same is done independently for the
two Zeeman frequencies (amplifier: Mini-circuits ZHL-1-2W). The antennas consist of
one (ten for the Zeeman frequencies) sphere of isolated 0.5mm diameter copper wire.
The antennas have one centimeter diameter and are placed at a distance of 1.5 cm from
the atoms. They are terminated by a 50 Ω 1 W resistance with a frequency range up
to 1 GHz. Each synthesizer has a radio frequency (RF) switch between them and the
amplifier. The RF switch consists of two RF switches (Mini-circuits ZYSWA-2-50DR)
in series to improve the attenuation. The switches are controlled both directly by a
TTL signal or, for very fast pulses, through an externally triggered, GPIB programmed
pulse generator (Quantum Composers 9300).

The system is used in different modes. For the evaporative cooling frequency ramps,
the switches are continuously on and the synthesizers frequency is reprogrammed every
70ms via GPIB. For the state transfer using Rabi oscillations (see section 3.4.1), the
synthesizers are programmed to the desired frequencies and intensities and the pulse
generator to the desired pulse duration. Then the pulses are emitted by triggering the
pulse generator. For the state transfer using an adiabatic passage (see section 3.6.1),
the synthesizers are put into voltage controlled oscillator (VCO) mode and the VCO
frequency range is programmed. Then the sweep is performed by switching the RF
switches continuously on and performing a voltage sweep on the VCO entry of the
synthesizers.

To verify the correct operation of the radio frequency system, it is very useful to
install a single loop pickup coil directly above the antennas and look at its signal on a
fast oscilloscope. Even if the oscilloscope is not fast enough to resolve the waveperiod,
a clearly visible signal will be available. If the exact behavior of a high frequency signal
has to be verified, a beat measurement is performed, by mixing the pick-up coil voltage
to a reference frequency near the frequency of the signal of interest on a mixing diode
and looking at the beat signal.

2.10 Detection of the atoms

Cold atomic gases or atomic beams can be detected in various ways.
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• An atomic beam can be detected by using a hot wire in combination with an
electric field. The atoms which come in contact with the wire get ionized and the
resulting flux of electrons is measured [174].

• Rydberg atoms can be detected one by one by ionization in an electric field and
measuring the flux of electrons (important for the experiment described in [175]).

• The atoms can be resonantly ionized using lasers and the flux of produced ions
measured (see for instance [176]).

• Metastable atoms, such as 4He∗, release their internal energy when they come
into contact with a surface. In a multi channel plate this is used to produce a
detectable signal. This was used to detect the He condensate in the group of A.
Aspect [41].

• The fluorescence of atoms in a resonant light field can be captured on a photo
detector or a camera.

• The absorption of light from a near resonant probe beam passing through the
atomic cloud can be measured using a photodiode or a camera.

• The phase-shift induced by the atoms in a far-resonant probe beam can be de-
tected using phase-contrast or dark field imaging techniques [177].

2.10.1 Principle of absorption imaging

The method we choose for its flexibility is a camera system for absorption images
of the cloud, which will now be discussed in detail. A laser beam is sent through the
region of the cloud. The width of the beam has to be as least as large as the spatial
region of interest. The beam is near resonant so that the atoms absorb light from it. A
lens system images the plane of the atomic cloud on a CCD chip. The resulting image
shows the shadow of the atoms in the laser beam. Since the laser beam profile is never
perfectly flat one has to normalize the picture to a reference picture without atoms
present. To subtract an eventual offset from background ambient light, a third image
without laser beam is taken and subtracted from the first two before further treatment.
The link between the images and the atomic density comes from the absorption law

A(x, y) =
I(x, y)

I0(x, y)
= exp

(

−σ

∫

dz n(x, y, z)

)

, (2.17)

where n(x, y, z) is the atomic density distribution, σ the absorption cross-section,
I0(x, y) the laser profile and I(x, y) the laser profile after passage through the atomic
cloud. The integration is done in the direction of the laser axis. It is convenient to
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work with the optical density, which is proportional to the integrated atomic density
and defined as

Dopt(x, y) = − ln

(

I(x, y)

I0(x, y)

)

= σ

∫

dz n(x, y, z) . (2.18)

This quantity is readily calculated from the recorded images.

2.10.2 Imaging optics

In our system we installed two camera systems working with this principle. The first
allows us to take images in the MOT region, whereas the second is used for images of
the Ioffe-Pritchard trap region. The MOT cameras optical system consists of a single
lens producing an image with a magnification of 0.4. The camera (i2S iMC500) uses a
video CCD chip working in interlaced mode. It can be externally triggered. To remove
stripes due to the interlacing, only the even lines are used, giving an image size of
384 × 256 pixels (horizontal × vertical) with a calibration of 33µm x 48µm per pixel.
The image is digitized with a dynamics of 8 bit. This very simple camera system is
sufficient to optimize the MOT, the optical pumping, and the capture in the magnetic
trap.

The “scientific” camera system centered on the Ioffe-Pritchard trap region is much
more sophisticated. It consists of a pair of achromatic 160mm lenses, used to trans-
port the image and an exchangeable third lens, defining the magnification (see image
2.12). Usually either a 50 mm lens or a 4× microscope objective is used, providing a
magnification of 0.4 and 4 respectively. The camera is a 16 bit slowscan camera with
512 pixels horizontally and 1024 pixels vertically (Andor Technologies V437-BV). The
CCD chip is back-illuminated giving a quantum efficiency of 90%. The pixels have a
size of 13 µm × 13 µm. The resolution of the imaging optics has been measured under
ideal conditions outside the experimental apparatus to be about 3.5 µm. This value
has not yet been reached in the experiment. The resolution for most of the data I will
present in the result section was about 10µm.

2.10.3 Probe beam preparation

The optics for the preparation of the probe beam is sketched in figure 2.12. The
beams are derived from the slave lasers injecting the tapered amplifier. Using electronic
retardation plates, the light of these lasers can either inject the amplifier or be directed
to the camera system. Before the 6Li and 7Li probe beams are mixed, each beam passes
an AOM which serves to switch the beams selectively on and off. After being mixed on
a polarizing beam cube, the light passes through an optical fiber. This serves to clean
the mode and give the same spatial mode to both beams. A shutter is installed directly
before the fiber, to completely block the light during the evaporation. After the fiber



98 CHAPTER 2. THE EXPERIMENTAL SETUP

AOM 1 AOM 2

spatial filter

telescopes

telescopes

fibershutter

shutter

to MOPA
a)

b)

to MOPA

Li p.slave

Li r.slave

Li p.slave

Li r.slave

6

6

7

7

AOM 3

AOM 4

Ioffe trap

Ioffe trap

x 4
Andor CCD

i2S CCD

electronic retardation plate

l/2 plate

MOT

MOT

Figure 2.12: The optical system for detection of the atomic cloud. (a) 6Li and 7Li
probe beams are derived from the slave lasers injecting the tapered amplifier. Electronic
retardation plates are used to switch the light from the tapered amplifier to the detection
system. The beams are superposed and cleaned in a fiber. Both beams can be used
independently and in fast sequences using AOMs. Two AOMs in series are used to
achieve a high attenuation. The absorption of the atoms is detected by imaging their
shadow on a CCD chip. (b) Beams on the repumping transition are used to optically
pump the atoms to the higher hyperfine state. They are used before capture in the
magnetic trap and during absorption imaging.

another AOM shifts the light to resonance. This AOM is also important to give a
higher attenuation when the beams are switched off since the slow scan camera is very
sensitive. Next the beams are split on a polarizing beam cube and are directed to the
two different camera systems. An electronic retardation plate chooses which frequency
component is directed to which system, or can be put to a state where equal ratios
of both beams are sent to both systems. Finally the beams are expanded and sent
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through the glass cell to the cameras. The slow scan camera beam is further cleaned
by a pinhole placed in the focus of the telescope.

To make the detection of atoms in the lower hyperfine state possible and to reduce
the loss in signal due to depumping, a repumping beam is used for both camera systems.
Its preparation is simpler than the preparation of the probe beams. First the light of
the repumping slave lasers is mixed on a beam cube. The light of one exit port injects
the tapered amplifier, while the light from the other exit port is used for the repumping
beams. It passes through a shutter and an AOM, is split on a beam cube, expanded
in a telescope and sent to the glass cell. The MOT repumping beam is mixed with
a horizontal MOT beam using a polarizing cube and is copropagating with the probe
beam. This beam is also used for optical pumping before capture in the magnetic trap.
The repumping beam for the Ioffe-Pritchard camera system is sent through the cell
approximately counter-propagating with the probe beam. This is the advantageous
direction since recoils from the probe and repump beam are in opposite directions.

The quality of the absorption images depends also on the smoothness of the spatial
profile of the probe beam. To realize this several things can be done. First the probe
beam is expanded to a size much larger than the size actually used. Only the nearly
flat center region of the gaussian profile is used. Next fibers and pinholes remove higher
spatial frequencies in the profile. To reduce interference fringes which are produced
by the parallel glass windows of the cell and the entrance window of the camera, the
probe beam is always sent at a slight angle through these windows, which makes the
interference period too small to be resolved. The most disturbing interference fringes
come from dust particles on the optics, especially if they are near a focal plane, for
example on the glass cell or on the entrance window of the camera. Careful cleaning
is a must to obtain good results.

Another problem arises when the position or the profile of the probe beam has
changed between recording of the absorption and the reference image. Such a change
can come from mechanic vibrations due to the switch-off of the magnetic trap. To
prevent this, the optics of the camera system have to be attached independently from
the magnetic trap in a very stable way, paying attention not to form loops for induction
currents which would give rise to strong mechanical forces. The absorption and the
reference images have to be taken with a time interval much smaller than any mechani-
cal oscillation period or with a time delay for which the vibrating position of the probe
beam coincides by chance with its initial position.

A severe problem is also the temperature dependence of the index of refraction of air.
The Ioffe bars can be up to 55◦C hot, which provokes a laminar air current around them.
Upon switch-off of the Ioffe bars the air current becomes turbulent. The distortions
induced in the probe beam by these air currents change on a ms scale, making it difficult
to take an absorption and a reference image with the same distortions. Luckily it takes
about 10ms for the air current to change from laminar to turbulent, giving some time
to take the images.
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2.10.4 Two isotope imaging

A special property of the slow scan camera helps to achieve this goal. The CCD
chip can be divided in several slices (typically five, then their size is 512× 204 pixels).
Only the uppermost slice is exposed to light, the rest of the chip is screened and serves
as analog image memory. After each exposure, the charges of the chip are displaced by
the number of lines each slice takes. This displacement can be fast, typically 16µs per
line. After the displacement is completed, the image is protected in the screened region
of the chip and the next picture can be taken until all storage regions are full. This
method for recording images is very versatile. We use it to take the reference image only
2 ms after the probe image, which prevents distortions due to changing air currents and
vibrations, which would occur for delays longer than ∼10 ms. Another usage is to take
images of both isotopes after one experimental run (see figure 2.13). To do this, four
pictures are taken. First the 7Li absorption image. This image taking process leaves
the 6Li distribution undisturbed. Next the 6Li absorption image is recorded. The next
two images are the reference images for the two isotopes. It is important that the probe
beam is undisturbed by the atoms for the reference images. For images of the MOT
this is obtained by waiting until the atoms have fallen out of the image area. This
takes more than 2ms and hence can not be used, since image distortions would occur
for longer waiting times. For this reason we put the atoms out of resonance for the
reference images, either by changing the offset magnetic field or by changing the probe
beams frequency slightly (by ∼ 20 MHz). Lager detunings can not be used since this
would partly disinject the slave laser producing the probe beam, which would strongly
affect the probe beam intensity. When the atoms are out of resonance, reference images
of both isotopes can be taken one after the other. The speed of transport within the
CCD depends on the charge in the well of the CCD chip. If the well is full it spills
to the next pixel during an overly rapid transport. Typically we charge the well to
∼ 1/5 of its capacity of 105 e−. This corresponds to a dynamics of 14 bit. Transport
time of 16µs per line are possible, giving a delay of 1 ms between the images of the
two isotopes and a delay of 2 ms between the absorption and the reference image.

Noise images are recorded afterwards. One noise image for 7Li is taken with the 6Li
exposures and the inverse, to include the effect of crosstalk between the two beams.
Since the noise images change only if the stray light around the camera is changed and
since the readout of the camera takes 15 s, the noise images are only recorded once in
a while and not after each experimental run.

Taking several images in each experimental run can be used for many purposes.
It allowed us to compare the behavior of the bosonic and the fermionic atoms after
the same experimental run, which was essential to detect the Fermi pressure. The
distribution of the bosons can be used to measure the temperature of the mixture. This
is not easy to do by knowing only the fermionic distribution. Without the two isotope
imaging technique the sequence used to obtain a stable Bose-Einstein condensate is
extremely hard to optimize because of fluctuations in the experiment. Another helpful
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Figure 2.13: Two isotope imaging. a) The CCD sensor is divided into five regions
with the same number of lines: one exposition region and four analog memory regions
protected against light by a screen. After the exposition of an image, all images are
transferred to the next region away from the exposure region. b) To take absorption
images of the two isotopes four pictures are taken: the 7Li and 6Li absorption picture,
and the 7Li and 6Li reference pictures. The absorption images are normalized by the
reference images.

trick using the two picture technique is to take two images of the same isotope, the first
without, the second with repumping beam. If the atoms have initially been prepared in
the higher hyperfine state, their image can be obtained already without the repumping
beam. If not they will appear only on the second image. Thus this is a nice method to
verify the quality of transfer between hyperfine states. If the cloud is dense and hot,
two images of the same isotope can be taken after slightly different times after release
from the magnetic trap.

Using a phase-contrast imaging technique it is possible to take many images of the
same cloud. Thus one can observe in situ the temporal development of the cloud,
e.g., after changing one parameter, such as the Feshbach magnetic field or the trap
oscillation frequencies [177, 39]. Without this capability, one must prepare multiple
clouds under exactly the same initial conditions, and allow them to evolve for different
amounts of time.

2.10.5 Detection parameters

The intensity of the probe and repumping beam and the exposure time determine
the quality of the images taken. We studied the dependence of the absorption images
on these quantities. Here I will discuss the dependence of the images on the exposure
time, when holding the probe and repumping beam intensities fixed at 90µW/cm2 and
2 mW/cm2 respectively.

For short exposure times, the noise is dominated by the shot noise of the probe
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laser beam. For long exposure times, other noise sources dominate, such as vibrations
which can change the intensity profile of the probe beam between the absorption and
the reference picture. In figure (2.14a) the signal to noise ratio is plotted versus the
exposure time. Here the signal is the total number of charges on the CCD chip (thus
proportional to the exposure time) and the noise is the RMS noise of the optical
density picture. The signal to noise ratio follows approximately a square root law,
demonstrating that the noise is predominantly shot noise in this region. The quantity
we are interested in is the measured number of atoms. Since the probe beam is resonant
with the higher hyperfine state, each atom will absorbe only a few photons before it
is pumped to the lower hyperfine state. To increase the number of scattered photons,
a repumping beam transfers the atoms back to the higher hyperfine state. If the
atoms are initially in the higher hyperfine state, they will absorb most strongly at the
beginning of the exposure. After a while an equilibrium will be established between
the population of the higher and lower hyperfine states, depending on the intensities
of the probe and repumping beams. The equilibrium can be shifted towards the higher
hyperfine state, when using a strong repumping and a weak probe beam. This is the
reason why we choose a repumping beam that has nearly the saturation intensity of
2.4 mW/cm2 for lithium.

The dependence of the measured atom number with the exposition time for atoms in
the higher hyperfine state is shown in figure (2.14b) for a cloud of 70µK and 2.5× 106

atoms in the Ioffe-Pritchard trap. If the atoms are initially in the lower hyperfine
state, the signal increases from zero with the exposure time to attain approximately
the same equilibrium value (not shown in the figure). Thus the atom number measured
in the lower states is always smaller than the one in the higher states. It is possible to
increase the signal of atoms in the lower state by first pumping all atoms to the higher
states before the exposure by switching the repumping beam on ∼ 100µs before the
probe beam. For exposure times longer than 100µs, the spatial shape of the atomic
distribution starts to change visibly in the radial direction. This is due to the free
expansion of the atomic cloud. Thus the probe beam must have a high enough intensity
to permit short exposure times, but smaller then that of the repump beam. The
expansion even increases due to the heating that the photon recoil from the detection
beams provokes. For very long exposure times, the atoms could even be accelerated so
much that they get out of resonance with the probe beam. These effects are all more
dramatic for atoms with light mass, such as lithium, in contrast to heavy atoms such
as rubidium.

To determine a good compromise between signal to noise ratio and the measured
atom number, the two quantities are multiplied and plotted versus the exposure time in
figure (2.14c). This quantity increases strongly up to around 20µs and saturates. Thus
we finally chose an exposure time of 30µs and worked with these detection parameters
for all experiments in the Ioffe trap discussed in the result section. This exposure time
is still in the region where the noise is dominantly shot noise.
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Figure 2.14: Optimization of the detection system. Signal to noise ratio S/N (a),
measured atom number NA (b) and NA S/N plotted versus the exposure time.

2.10.6 Using absorption images

At the end of this section, I want to discuss how the different physical parameters
such as atom number, temperature, collision rate and so on are obtained from time-
of-flight images. The atom number is obtained readily by integration over the optical
density (compare to formula 2.18)

N =

∫

dx

∫

dy

∫

dz n(x, y, z) =

∫

dx

∫

dy Dopt(x, y)/σ . (2.19)

The absorption cross section, σ = C2 λ2/(2π
[

1 + (4π∆/Γ)2]), depends on the wave-
length of the transition λ, its linewidth Γ, the detuning ∆ of the probe laser beam
from resonance and the Clebsch Gordon coefficient C of the transition. The lithium
wavelength is 671 nm and we usually probe at resonance ∆ = 0, thus σ = C2 λ2/(2π).
Ideally, the cycling transition |F = 2,mF = 2〉 → |F ′

= 3,mF
′ = 3〉 should be used

for detection, giving a Clebsch Gordon coefficient C = 1. For lithium this is difficult
to achieve, since the hyperfine splitting of the 22P3/2 excited state is 9.2 MHz or less,
comparable to the linewidth of 5.9 MHz (see figure 2.4). If the probe beam is not per-
fectly polarized σ+, the |F ′

= 2,mF
′ = 2〉 state is also excited. This state can decay to

the lower, F = 1 hyperfine state, from which atoms are repumped to any of the higher
states. Thus, very soon an equilibrium of the population of the F = 2 states is reached.
The F = 1 states are less populated since the repumping beam has a higher intensity
than the probe beam. As an approximation, we use the average of the squared Clebsch
Gordon coefficients of all possible transitions for a σ+ transition from the F = 2 state,
yielding C2 = 7/15. For 6Li we use C2 = 1/2. These results are the same for a linear
or σ− polarized probe beam. Thus they can be used for any probe beam polarization.
This approximation of the Clebsch Gordon coefficients is the main uncertainty in the
determination of the atom number, which was estimated to be about a factor of 2.

For the determination of the atom number by integrating over the optical density,
attention has to be payed to an eventual offset in the optical density resulting from
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a slight difference in the probe beam intensity between the absorption image and the
reference image. In practice this is taken into account by selecting a subregion of the
image in which no atoms are present and calculating the value of the offset from this
region.

The temperature can be measured in several ways (see section 3.2.2). The most
general is to suddenly release the atoms and take their picture after a time of flight large
enough so that the distribution is much larger than the initially trapped distribution.
In absence of collisions, the spatial distribution then displays the initial momentum
distribution and the temperature can be obtained with an appropriate fit, for example
a gaussian fit for a classical cloud. Other parameters, such as collision rate and phase-
space density, can be calculated from atom number, temperature and trap frequencies.
There are more measurement methods and more sophisticated ways to fit the data,
which will be explained in the results section.

2.11 Experiment control and data acquisition

Bose-Einstein condensation experiments go through a complicated experimental se-
quence each time a degenerate gas is produced. Afterwards an image is recorded on a
CCD camera and analyzed. In our experiment both tasks are accomplished by a dedi-
cated computer. The general layout of the system is shown in figure 2.15. The control
computer (an old 75 MHz Intel 486 PC) is running under MS-DOS and programmed in
Turbo Pascal. Due to this real time operating system a time stability can be reached
that would under Windows require an I/O card with integrated memory which stores
the whole sequence.

The digital and analog output system has been developed by us and constructed
by the LKB electronic technicians. A bus connects the computer with several output
boxes. The bus consists of a 16 bit data bus, a 7 bit address bus and a one bit strobe
signal. The latter is momentarily put to high when data and address are valid and
triggers the reading of the data by the addressed 16 bit latch or digital-analog converter.
We use three different types of boxes, one containing 16 TTL outputs, another with
four 16 bit analog outputs and yet another with four analog outputs, each having its
own floating ground. The boxes are opto-isolated from the bus so that an over-voltage
or short-circuit in the experiment does not destroy the computer, a feature that has
already proven useful. A box can have an error signal input that has to be on +5V
to enable the outputs. This is used together with the waterflow and temperature
monitoring system to switch off the magnetic trap upon malfunction.

Several other devices are connected to the computer using IEEE, especially the
synthesizers, signal- and pulse generators. The Nd:YAG laser and the data acquisition
computer are connected by serial ports.

The program system managing the control of the experiment has been written by
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Figure 2.15: The computer system consists of a control computer and a data aquisition
computer. The control computer operates shutters, AOMs, power supplies and so forth
by using a digital/analog output system and the IEEE bus and serial ports. It transfers
the experimental parameters to the aquisition computer which records, treats and stores
absorption images of the atoms.

us. It provides the user with a user-friendly way to program the experimental se-
quence. Output ports are managed and obtain names that are easy to understand.
Parameters describing the experimental sequence (about 700 at the moment) are han-
dled automatically. After declaration of a parameter, a menu entry is generated for
its modification. Parameters can be stored and recalled from disk and are sent to the
acquisition computer after each experimental run to be stored together with the ac-
quired images. Experimental series in which one or several parameters are varied from
one run to the next can be declared interactively. The order of the experimental runs
in a series is mixed pseudo-randomly to prevent drifts in the experiment from being
misinterpreted. Several series can be stored in a list and be executed in absence of
the experimentator. Each time the experiment is run, the experimental sequence is
executed twice. During the first execution, which takes less than a second, nothing is
written to the output ports. This execution serves to collect data over the experimen-
tal sequence to be executed. The most important of these parameters is the time the
sequence will take. And it serves to prepare some devices for the experiment to come.
During this pre-execution the order of the execution may get changed. This is used for
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example to give the command to a shutter earlier than it appears in the programmed
sequence, in order to anticipate the delay the shutter has. Only the second execution
actually writes to the output ports.

The data acquisition system, also written by us, fulfills several functions. At the
beginning of the experimental sequence the control and the acquisition computers are
synchronized. About 50 ms before the absorption image is taken, the CCD camera is
put into the mode in which it can be triggered externally. This cannot be done earlier,
since in this mode unwanted charge will accumulate on the chip. This is the reason
why the total time of the experimental sequence has to be calculated by the control
computer before the sequence is run and transmitted to the acquisition computer. After
the images are taken, they are stored on hard disk and the optical density is calculated.
The atom number is calculated and gaussian fits are done on the summed axial and
radial distributions. All experimental parameters and the fit results are stored on the
hard disk. For experimental series, data such as the atom number or the size versus
the varied parameter are already displayed graphically. Several series can be combined
and images contributing to a series are easily retrieved by clicking on the corresponding
data point. More complicated fits to the data, including two dimensional fits, can be
started by user action. Copies of the data acquisition program can also be run in
parallel on several other machines. These can be connected to the data acquisition
program on the experiment via ethernet, to display always the latest measurement
results and the status of the machine. In this way, measurement series can be taken in
the lab while other work is done in the office while continually checking the quality of
the recorded data and the correct operation of the machine.

We use two camera systems, one for the MOT region, one for the Ioffe-Pritchard
trap. Since the old frame grabber card of the MOT region camera produces a lot of
radiation it would severely disturb images taken with the slow scan camera, if the two
frame grabbers would be in the same computer. To solve this problem, we put the
old frame grabber in an extra computer which transfers the image data to the main
acquisition computer using TCP/IP on the local ethernet.

The control program and especially the data acquisition program are flexible and
easily adapted to many cold atom experiments. The acquisition program is used on
three BEC machines in Paris and several groups worldwide showed interest in using
it. The source code of both programs together with sample data and the user manuals
are ready for download on my personal homepage. I will be glad to provide anyone
interested in using these programs with additional information.



Chapter 3

Experimental results

In this chapter, I will present the experimental results obtained with our setup. It
is divided into four sections.

• The first part follows the steps necessary to prepare a gas of lithium atoms
for evaporative and sympathetic cooling. Special attention is payed to the two
isotope MOT and the Doppler cooling in the Ioffe-Pritchard trap.

• The second part describes experiments done with the atoms in the higher hy-
perfine states (7Li |F = 2,mF = 2〉, 6Li |F = 3/2,mF = 3/2〉). Evaporative
cooling of 7Li and sympathetic cooling of 6Li are discussed. The detection of the
degenerate Fermi gas is presented.

107



108 CHAPTER 3. EXPERIMENTAL RESULTS

• The third part is dedicated to experiments done with the atoms in the lower
hyperfine states (7Li |F = 1,mF = −1〉, 6Li |F = 1/2,mF = −1/2〉). The
transfer from the higher to the lower states is described. Sympathetic cooling
leading to a Bose condensate immersed in a degenerate Fermi sea is presented.
It is shown that the produced condensate is one-dimensional.

• In the last section, our first results using the optical trap are presented. We use
the Feshbach resonance of the 7Li |F = 1,mF = 1〉 state to rethermalize the
gas. Evaporative cooling is performed by lowering the optical trap potential. A
condensate with tunable scattering length is produced. By tuning the scattering
length negative and releasing the condensate in one direction, bright solitons have
been produced.

In independent sections our measurement methods are explained and measurements of
the lifetime and heating rate in the different states are given.

3.1 On the road to evaporative cooling

3.1.1 The two isotope MOT

The two isotope magneto optical trap (TIMOT) is loaded from a Zeeman slowed
atomic beam. The spin-flip Zeeman slower has a capture velocity of ∼ 1000 m/s and
operates at a detuning of −420 MHz from resonance (see sections 2.4 and 2.5). The 6Li
repumping transition has been changed since our last published work on the TIMOT
([178], appendix B). In the old configuration the D2 transition from 22S1/2 F = 1/2 to
22P3/2 F

′

= 3/2 was used (see figure 2.4). This transition is about 7 Γ to the blue of
the D1 22S1/2 F = 2 to 22P1/2 F

′

= 1 resonance of 7Li. Thus, use of this 6Li repumping
light significantly weakens the confinement of the 7Li MOT and reduces the number
of captured bosonic atoms. Since it is essential for sympathetic cooling to start with
a large number of bosons, we changed the 6Li repumping to the D1 22S1/2 F = 1/2
to 22P1/2 F

′

= 3/2 transition. Since the hyperfine splitting of the excited levels of
this transition is only 26.1 MHz, it is essential for a good operation of the 6Li MOT,
to reduce the detuning of the repumping laser to only about −1 Γ = −5.9 MHz (see
figure 3.1). Indeed for detunings around −3 Γ, which one would naively expect to be
good detunings, the light is blue to the resonance of the D1 22S1/2 F = 1/2 → 22P1/2

F
′

= 1/2 transition and leads to heating of the MOT and to a lower number of captured
atoms. Going to the red side of both transitions at about −5 Γ again results in a well
behaved MOT with a performance slightly worse than at −1 Γ.

After changing the 6Li repumping transition, no influence of the 6Li trapping light on
the behavior of the 7Li MOT could be detected any longer. This opened the possibility
of studying the influence of the presence of 7Li atoms on the behavior of the 6Li MOT.
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Figure 3.1: Number of 6Li atoms (a) and size after 1ms of free expansion (b) of
the 6Li single isotope MOT versus the repump detuning. For detunings around −3 Γ
(Γ = 5.9MHz), the repumper is near the D1 22S1/2 F = 1/2 → 22P1/2 F

′

= 1/2
transition. This results in a loss of atoms and heating of the gas. The uncertainty in
the x-axis is 1 Γ.

To do this, we measure the loading and the lifetime of the 6Li MOT in presence and
absence of 7Li atoms. To hinder the loading of bosonic atoms either the principal or
the repumping 7Li Zeeman slowing beam is blocked. None of the 7Li frequencies used
for the MOT or the Zeeman slower are observed to have any influence on the 6Li MOT.
The 7Li MOT used in this experiment containes ∼ 7 × 109 atoms at a temperature of
1.5 mK and a peak density of 2× 1011cm−3. The result is shown in figure (3.2). In the
absence of 7Li, the 6Li MOT loads to 9× 108 atoms within 50 s. In the presence of 7Li,
the equilibrium number is 4× 108 atoms. While loading both isotopes simultaneously,
the 6Li atom number reaches its maximum of 6×108 atoms after 30 s before decreasing
again with the increase in 7Li atom number. The lifetime of 6Li in absence of 7Li is
41 s while it is reduced to 21 s in presence of 7Li. We attribute this change in lifetime
to light assisted collisions between the bosonic and fermionic isotope.

The loading method of the TIMOT that we use for sympathetic cooling experiments
is the following. The intensities of all four beams injecting the tapered amplifier are
chosen to give equal intensities in all four frequency components of the beam leaving
the amplifier. This is checked using a Fabry-Perot cavity. Now the 6Li injection beams
are blocked. Since the tapered amplifier is operated in a highly saturated regime,
the total output power of the tapered amplifier drops less than a factor of 2, which
is the decrease in the total power of the injecting beams. This increases the power
for the 7Li frequency components by ∼ 50% and leads to a higher 7Li atom number
than achievable with the light equally distributed to all four frequencies. The loading
of the 7Li MOT is monitored by measuring the fluorescence. When a given level of
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Figure 3.2: Charging curve (a,b) and lifetime measurement (c) of the 6Li MOT in
presence (squares) and absence (stars) of 7Li atoms. a) The charging of 6Li and 7Li
is started at the same time. This leads to a maximum in the 6Li atom number around
30 s, when the 7Li MOT is not yet completely charged. b) The 7Li MOT is charged
before 6Li is added. c) The presence of 7Li decreases the lifetime of the 6Li MOT from
40 s to 21 s.

fluorescence is reached, the experimental sequence is started. First the 6Li injection
beams are unblocked to add about 107 fermions to the MOT. This takes a few seconds,
but much less time than the lifetime of 7Li under these conditions. By changing this
6Li loading time, the ratio of 6Li to 7Li can be finetuned in a much more reliable way
than would be possible by adjusting the relative MOT beam intensities and loading
continuously.

The parameters of the TIMOT are optimized on the number of atoms captured from
the atomic beam slowed to ∼ 50 m/s. After the completion of the loading process it
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is no longer necessary to capture atoms with more than a few m/s, thus the operation
parameters can be changed to values optimized for a high initial collision rate in the
magnetic trap. This phase is called a compressed MOT (CMOT) and takes 3 ms. The
light intensity is lowered by a factor 3, the principal detunings are moved towards
resonance, and the 7Li repumping detuning is shifted farther away from resonance.
This results in a slight compression and a cooling of a factor 2 in comparison with the
MOT. A summary of the operation parameters of the MOT and the CMOT and their
performances is given in table (3.1).

single isotope MOT two isotope MOT
7Li 6Li 7Li 6Li

N 6 × 109 1.6 × 109 7.3 × 109 2.7 × 108

n0 [cm−3] 1 × 1011 1.0 × 1011 2.0 × 1011 3.4 × 1010

T [mK] 1.5 0.7 1.0 0.7
δP7,6 [Γ] −6.4 −6.8 −6.4 −6.8
δR7,6 [Γ] −5.3 −1.0 −5.3 −1.0

single isotope CMOT two isotope CMOT
7Li 6Li 7Li 6Li

N 3.4 × 109 9 × 108 3.2 × 109 2.7 × 108

n0 [cm−3] 2 × 1011 2.7 × 1011 2 × 1011 5.9 × 1010

T [mK] 0.6 0.4 0.6 0.7
δP7,6 [Γ] −2.9 −2.0 −2.9 −2.0
δR7,6 [Γ] −9.8 −0.5 −9.8 −0.5

Table 3.1: Comparison of atom number N , peak density n0, temperature T and fre-
quency detunings for the single-isotope and two-isotope MOT and CMOT. The 7Li
MOT is charged to the atom number used in the experiment. The maximum atom
number in the single isotope 7Li MOT is > 2× 1010 atoms and 2.2× 109 for 6Li. The
atom number ratio for the two isotope MOT is fixed by choosing a 1.5:5 ratio for the
intensities of the 6Li and 7Li frequency components. The detunings are defined in figure
(2.4).

3.1.2 Optical pumping

After switch-off of the MOT, the atoms are pumped to the higher hyperfine state.
For both species this is done simultaneously with σ+ polarized repumping laser beams
parallel to a homogeneous magnetic guiding field of about 10 G. After 0.2 ms of optical
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pumping with a 600µW/cm2 beam, the atoms are captured in a magnetic quadrupole
field. During the first 200 ms after the capture, the atoms undergo spin relaxation
collisions until only atoms in the stretched states are left over (see figure 3.3). This
process leads to a loss of about a factor 2 in the number of trapped atoms for 7Li. The
transfer efficiency from the MOT to the spin polarized magnetically trapped cloud is
about 30% for 7Li and 20% for 6Li.

Figure 3.3: Lifetime measurement after capture in the magnetic trap. The 7Li atoms
have been transferred to the F = 2 state with a σ+ polarized optical pumping beam
resonant with the D2 F = 1 → F

′

= 2 transition. The steep decrease in atom number
during the first 100ms is due to spin relaxation of atoms trapped in the |F = 2,mF = 1〉
state. The timescale of this decrease is compatible with the exchange rate constant
predicted in [153] (τ = 100ms). The decrease in atom number for longer times is due
to background gas collisions (τ = 17 s).

3.1.3 Transfer and capture in the Ioffe trap

Next the quadrupole field is compressed and the trapped atoms are transferred
to the Ioffe-Pritchard region by changing the current ratio in the MOT and transfer
quadrupole coils as described in the setup section (2.7). The transfer is done with
constant acceleration and deceleration of the atoms, resulting in a parabolic flight
taking 100 ms. During this transfer 90% of the trapped atoms are lost because the
initial 1/e width of the cloud of about 6 mm exceeds the internal dimension of the
appendage which is only 3 mm in the smallest direction (see figure 3.4). This loss
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could be prevented if the initial clouds temperature were smaller. We tried evaporative
cooling in the lower quadrupole trap to achieve this. But we had no success because of
Majorana spin flips (see section 1.2). These losses are observed by measuring the time
dependence of the atom number in different spatial regions of the trap. To be able to
observe atoms in the central region, in situ images are taken with the quadrupole field
on. The Zeeman shift detunes atoms in regions outside the center from resonance. The
lifetime in the center is observed to be shorter than the lifetime in regions around the
center (see figure 3.5), as it is expected for Majorana losses. In addition the lifetime of
clouds with different temperatures are measured. Since colder clouds are smaller, they
are more vulnerable to Majorana losses. Therefore the observed lifetime is shorter.

a) b) c)

13 mm

N=3 10 N=1.5 10 N=3.8 10
899

Figure 3.4: Loss of atoms during the transfer to the appendage. a) 3 × 109 atoms
after capture in the lower quadrupole trap. b) 1.5 × 109 atoms are left after half of
the transfer to the appendage and a reversed transfer to the initial position. The glass
cell removes atoms mainly in the horizontal direction, resulting in an elliptic cloud. c)
3.8×108 atoms are left after the full transfer and a transfer back to the initial position.
Since mainly highly energetic atoms have been removed by collisions with the glass cell,
the temperature is decreased by about a factor 3.

To improve the transfer efficiency, perhaps an evaporation could be successful in a
TOP trap in the region of the MOT. After this precooling the atoms could be trans-
ferred without further loss to the Ioffe trap, if the lifetime given by Majorana flips in
the quadrupole trap used for the transfer is longer than the duration of the transfer.
Another possible approach to improve the transfer efficiency would be to increase the
internal size of the appendage. But this would also lead to an increase in the distance of
the Ioffe bars from the atoms and thus a decrease in the radial magnetic field gradient.
The parameter on which we want to optimize the transfer is the initial elastic collision
rate Γ in the Ioffe trap. We calculated Γ as a function of the internal size d of the
appendage (for energy independent elastic collision cross section). Γ has an optimum
in d, and it turned out that the chosen size of 3 mm is very near this optimum. The
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Figure 3.5: Observation of Majorana losses. Lifetime of atoms in the quadrupole trap
after capture from the MOT. The pictures are taken in situ, with the magnetic field on.
Due to the Zeeman shift, only atoms near the trap center are visible. The number of
atoms in the central region (squares) and of atoms around the central region (circles)
is plotted. The lifetime in the center is reduced to 15 s in comparison to 20 s outside the
center. In addition a loss on a shorter timescale is observed during the first seconds.
The reduction in lifetime is attributed to Majorana losses.

calculation predicts a maximum of Γ, which is only 20% higher than the Γ predicted
for our size. At the moment we continue to operate with 90% loss of atoms during the
transfer.

The loading of the Ioffe trap is done in several steps. Already during the last ten
percent of the transfer, the Ioffe bars are ramped to a gradient of 20 G/cm to improve
the centering of the atoms with the appendage. When the transfer is completed, the
Ioffe bars are switched to a gradient twice the radial gradient of the quadrupole coils.
This reverses the direction of the magnetic field in the vertical direction, making it the
same direction it will have in the Ioffe trap. Now the cloud is compressed adiabatically
in the radial directions while lowering the axial confinement by increasing the current in
the Ioffe bars and decreasing the current in the transfer coils. Finally the transfer coils
are switched off and the pinch coils are switched on, taking over the axial confinement
and creating an offset field to prevent Majorana spin flips.

During the transfer the power supplies’ programming mode is “constant voltage”
because in this mode they can react faster. After capture in the Ioffe trap, the mode
is changed to “constant current” because only in this mode can the magnetic trap be
stable even if the coils change their resistance while heating up.
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The initial number of atoms in the 7Li MOT of 6×109 is reduced to 3.8×108 in the
Ioffe trap, corresponding to a total transfer efficiency of 6%. The maximum number
of atoms possible at this stage is 6 × 108. The temperature is 0.7 mK, comparable to
the temperature of the CMOT. The current in the Ioffe bars is 320 A and the current
in the pinch coils 193 A. No offset field compensation is done. This corresponds to
oscillation frequencies of ωax = 2π × 73 Hz and ωrad = 2π × 200 Hz. The peak density
is 2.3 × 1010 cm−3, the peak phase-space density ρ0 = 3.5 × 10−7 and the collision rate
Γ = 0.7s−1 (see also table 3.2). The frequencies are given for the 7Li |F = 2,mF = 2〉
state and the collision rate is calculated for an energy independent collision cross section
of a = −27 a0. If not mentioned otherwise, this will be the case for all frequencies and
collision rates given in the next sections.

3.1.4 First trials of evaporative cooling

Now the magnetic trap is adiabatically compressed to increase the elastic colli-
sion rate. During an adiabatic compression the phase-space density is constant ρ0 ∝
n0λ

3
dB ∝ 1/(σ3T 3/2) = cst (when keeping the potential shape unchanged or in absence

of collisions; for a counter example see [179]). Here σ is the size of the harmonically
trapped cloud, which is linked to the temperature with kBT/2 = mω2σ2/2. From these
two relations it can be shown that the temperature is proportional to the oscillator fre-
quencies for an adiabatic compression: T ∝ ω. The elastic collision rate Γ scales as
Γ ∝ n0σelv ∝ T 1/2/σ3 ∝ ω2, where v is the mean velocity and the relations obtained
before have been used. This means that adiabatic compression can increase the elastic
collision rate (for energy independent elastic scattering cross section σel), but it also
heats the gas.

The adiabatic compression is done by increasing the gradient of the Ioffe bars and
the curvature of the pinch coils while decreasing the offset magnetic field. At maximum
compression with 500 A of current in the pinch and compensation coils, 700 A in the
Ioffe bars and an offset field of 2 G, the trapping frequencies are ωax = 2π×118 Hz and
ωrad = 2π × 7000 Hz. We capture 3.8× 108 atoms, which have a temperature of about
2.8 mK after compression. This is less than expected from the scaling law T ∝ ω. The
reason is that the cloud is far into the anharmonic region of the Ioffe-Pritchard trapping
potential. The density is 1.8 × 1011 cm−3, the phase-space density is still 3.5 × 10−7

and the collision rate is 6 s−1. The trap lifetime was about one minute, giving a ratio
of good to bad collisions of 360. This should lead to runaway evaporative cooling. We
tried to obtain this, but the “evaporation” was a pure selection of atoms. The reason
is the energy dependence of the elastic collision cross section as explained in section
(1.3.1) and shown in figure (1.14).

To diminish the effect of the decreasing cross section with increasing energy, the
temperature has to be lowered. This can be done by working with a less compressed
trap. On the other hand, this decreases the density and thus lowers the elastic collision
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rate. We tried to find a compromise between these two effects to make evaporative
cooling work, but we did not succeed.

3.1.5 Doppler cooling in the Ioffe trap

We could not start evaporative cooling because of the reduced elastic collision cross
section for collision energies around ∼ kB 6 mK. The solution to this problem was
to cool the atoms in the Ioffe-Pritchard trap using Doppler cooling. Doppler cooling
works by letting atoms interact with a laser beam red detuned from their resonance.
If an atom is counter-propagating the laser beam, it sees the beam frequency shifted
closer to resonance due to the Doppler effect and photons can be absorbed, slowing the
atom. In the opposite case, if the atom is moving away from the beam, the frequency
is even more red detuned and the probability of absorption diminishes. The limit
temperature of this process is attaint at low saturation for a detuning of δ = −Γ/2 and
is kBTDoppler = ~Γ/2, where Γ is the width of the resonance [180]. This temperature
is 140µK in the case of lithium. Doppler cooling is also the cooling mechanism in
the MOT. Why should it be advantageous to cool with the same cooling mechanism
again in the magnetic trap? The point is that the magnetic trap can be adiabatically
compressed, leading to higher temperatures than the initial temperatures in the MOT
(up to 4 mK in comparison with 0.7 mK after the CMOT). In addition, the transfer to
the magnetic trap is never completely adiabatic, leading to heating of the gas. Finally,
the Doppler limit is not reached in our MOT because of the high densities which lead
to multiple scattering and thus heating. This problem is less severe in the magnetic
trap for several reasons. We loose 94% of the atoms and thus there is less scattered
light. The geometry of the Ioffe trap has a cigar shape, letting scattered light escape
in the radial directions with less reabsorption. Atoms outside the center of the trap
are detuned away from the laser frequency by the magnetic field, and are thus less
susceptible to scattered light.

Implementation of a cooling mechanism involving light in a magnetic trap is not
completely obvious, since the light could induce transitions to untrapped states and
thus lead to a very short lifetime [165]. To prevent this, the Ioffe-Pritchard trap is
operated at a high bias magnetic field (150...600 G) and the cooling laser beam is σ+

polarized relative to this field and directed parallel to it. The frequency of the beam
is detuned about 1 Γ to the red of the 7Li D2 |F = 2,mF = 2〉 → |F ′

= 3,mF = 3〉
transition at this magnetic field. Only atoms in the center of the trap are nearly
resonant to this light. Atoms slightly outside the center region see a higher magnetic
field and are farther off resonance. That is important because for these atoms the light
field has also a σ− component since the magnetic field orientation is no longer parallel
to the beam. If these atoms could absorb light, they could easily be lost. The use of
only one on axis beam thus makes the use of a repumping laser unnecessary.

Only a single beam with one frequency component, a diameter of 1 mm and an
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Figure 3.6: Preparation of the beam used for Doppler cooling in the Ioffe trap. The ta-
pered amplifier is injected only with the 7Li repumping light. The output of the tapered
amplifier passes through an AOM. Light in the first diffraction order of this AOM,
operated at 80MHz is used for the MOT. Light in the second order of the AOM oper-
ated at 100MHz is used for Doppler cooling. The Doppler cooling beam is frequency
shifted by a second AOM, expanded to 1mm diameter, attenuated and directed onto
the atoms on axis with the Ioffe-Pritchard trap. A cube and a λ/4 wave plate serve
to polarize the light σ+. The Nd:YAG laser beam of the horizontal optical dipole trap
is counter-propagating to the Doppler cooling beam. To separate this 1064nm beam
from the 671nm Doppler beam, a dichroic mirror is used. The 5W optical trap beam
is afterwards dissipated in a beam dump.

intensity of 25µW/cm2 is used. It is derived from the tapered amplifier, injected
only with the 7Li repumping light. Thus the light is shifted by about the hyperfine
splitting of 803.5 MHz to the blue of the principal transition at zero magnetic field.
The magnetic field is chosen to overcompensate this shift slightly and puts the D2
|F = 2,mF = 2〉 → |F ′

= 3,mF = 3〉 resonance to the blue of the light. The exact
derivation of the beam is shown in figure (3.6). The second AOM compensates the
action of the first. It was used to try out a whole range of different offset magnetic
fields for the Doppler cooling. At the end it turned out that all offset fields between
150 G and 600 G work equally well and in principle we could operate without this
second AOM.

The Doppler cooling works with only one single beam. This is possible because the
atoms are trapped magnetically and oscillate toward and away from the beam. Atoms
are cooled when they are moving against the beam and absorb much less photons from
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Figure 3.7: Absorption pictures of the atomic cloud before (a) and after (b) Doppler
cooling. Both pictures are taken in the trap configuration of the first Doppler cooling.

it when they are copropagating with it. This cools the gas in the axial dimension. The
radial dimensions are cooled because of mixing of the atomic trajectories in the slightly
anharmonic trap. At the end of the cooling process the onsetting elastic collisions also
mix the degrees of freedom. When using only one cooling beam, its light pressure is not
compensated. Thus it is important to ramp its intensity down smoothly. Not doing so
results in a center of mass oscillation of the cloud, leading to heating. This center of
mass oscillation has been used for a first calibration of the axial trap frequency.

The exact sequence of the Doppler cooling is the following. First the atoms are
captured after the transfer into a trap with 320 A in the Ioffe bars and 193 A in the
pinch coils. This results in a trap with oscillation frequencies of ωax = 2π × 73 Hz and
ωrad = 2π × 200 Hz and an offset magnetic field of 480 G. An initial 130 ms Doppler
cooling stage with an intensity of 25µW/cm2 and an adiabatic switch off during 100 ms
is performed. This cools the gas only in the axial direction. Almost no atoms are lost
during the process.

To also cool the radial directions, a trap geometry with higher anharmonicities
has to be used, to allow ergodic mixing of the atomic trajectories. Furthermore, the
final temperature reached by Doppler cooling does not depend strongly on the trap
oscillation frequencies. Thus lowest temperatures are achieved by Doppler cooling in
a steep trap and then adiabatically decompressing. The compression before Doppler
cooling is done by increasing the current in the Ioffe bars and in the pinch coils to
850 A and 696 A respectively. The offset field has to be kept constant to keep the
atomic resonance near the laser frequency. For this reason, current through the pinch
coils is increased by 500 A from the transfer power supplies, which circulates through
the pinch coils and the compensation coils (see the circuit of the magnetic trap 2.9).
Since the offset field per unit of current has nearly the same magnitude but opposite
direction for these coil pairs, the offset field is unchanged. The current of 193 A coming
from the MOT power supplies and circulating only the pinch coils is slightly increased
to allow for the mismatch in the current compensation between pinch and compensation
coils. The current ramps are performed in 500 ms and lead to oscillation frequencies
of ωax = 2π × 140 Hz and ωrad = 2π × 537 Hz. Form the change in the oscillation
frequencies the increase in temperature can be calculated and is a factor 2 (2.7) in
the axial (radial) direction. Now a second Doppler cooling stage is applied, this time
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N T [mK] n0 ρ0 Γ0 Γ

Capture 3.8 × 108 0.7 2.3 × 1010 3.5 × 10−7 0.7 0.3
Compressed 3.8 × 108 2.8 1.8 × 1011 3.5 × 10−7 6 0.6
Doppler 3.2 × 108 0.2 1.3 × 1011 1.2 × 10−5 2.2 2
Doppler comp. 3.2 × 108 1.1 1.5 × 1012 1.2 × 10−5 33 13

Table 3.2: Effect of adiabatic compression and Doppler cooling on the cloud in the
Ioffe-Pritchard trap. Shown are the atom number N , the temperature T , the peak
density n0, the peak phase-space density ρ0 and the collision rate Γ calculated for energy
independent elastic collision cross section. The capture trap has oscillation frequencies
of ωax = 2π × 73Hz and ωrad = 2π × 200Hz (for 7Li |F = 2,mF = 2〉) and an
offset magnetic field of 480G. For the compressed trap ωax = 2π × 118Hz and ωrad =
2π × 7000Hz and the offset magnetic field is 2G. The collision rate Γ0 is calculated
with an energy independent cross section of a = −27 a0. Inclusion of the correction
given in figure (1.14 b) results in the effective collision rate Γ.

with an intensity of 35µW/cm2 and a duration of 1 second. Afterwards the beam is
ramped off in 100 ms. The cooling stage is long enough to let the ergodic mixing and
the collisions work to mix all degrees of freedom. This time the cloud is cooled in all
dimensions. After expansion to the initial trap parameters the axial temperature has
decreased by nearly a factor 4 from ∼ 700µK to ∼ 200µK. Only ∼ 15% of the atoms
are lost during the Doppler cooling process. The results of the two Doppler cooling
stages are shown in picture (3.7) and summarized in table (3.2).

When mixing 6Li to the sample, it can be observed that 6Li has been cooled to the
same temperature as 7Li after the second Doppler cooling, while it is unaffected by the
first. Since no light near a 6Li resonance is used, this cooling can only be sympathetic
cooling, mediated by collisions between 6Li and 7Li. The collision cross section for 7Li
collisions is only about a factor 0.5 lower than the inter-isotope collision cross section
for temperatures around 0.5 mK. This indicates that collisions between 7Li probably
play a role in the mixing of the axial and radial degrees of freedom.

It is not possible to leave out the first Doppler cooling stage. Without it, atoms are
lost during the compression, perhaps because of an insufficient trap depth.

After Doppler cooling, the atoms are prepared for evaporative cooling. It is no longer
necessary to keep the offset field at 480 G; it can be reduced down to 1.5 G before
Majorana losses become important. This strongly increases the radial confinement
(see formula 2.9). The reduction is done by ramping off the part of the current flowing
through the pinch coils that comes from the MOT power supply. This reduces the
axial confinement slightly. The mutual compensation of the bias fields of the pinch
and compensation coils is not perfect. An extra pair of Helmholtz coils powered by
a low current, high precision power supply provides an additional offset field. This
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compensates the imbalance and gives us the possibility to choose arbitrary offset fields
up to ∼ 26 G. The offset field could in principle also be chosen by adding current to
the pinch coils using the MOT power supply, as it is done during the Doppler cooling
stage, but the stability of the offset field is then not sufficient for evaporative cooling,
since the MOT power supply is relatively unstable. The current in the Ioffe bars is
reduced from its value of 850 A, which it had during Doppler cooling, to 700A. This
is done because at a current of 850 A the Ioffe bars overheat after ∼ 10 s. In the new
trap configuration the frequencies are ωax = 2π × 118 Hz and ωrad = 2π × 7000 Hz
for an offset magnetic field of 2 G. The gas has now a temperature of 1.1 mK and a
collision rate of 13 s−1, where the energy dependence of the collision cross section has
been taken into account (see table 3.2). With a lifetime of about one minute, the ratio
of elastic to inelastic collisions is now 780, which is sufficient for runaway evaporative
cooling.
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3.2 Measurements

Before describing in detail how the evaporative cooling worked after the Doppler
cooling was optimized, I want to describe which methods we use to determine the
physical parameters of the gas, such as temperature, collision rate and so on.

3.2.1 Measurement of the trap oscillation frequencies

To measure the trap oscillation frequencies we used two methods, one which works
for hot clouds, before evaporative cooling is applied and another which works best for
very cold clouds, well confined in the harmonic region of the trap. A coarse check of
these measurements is given by the comparison with the calculated values for our trap
geometry.

The first method measures the axial oscillation frequencies by displacing the cloud
axially from its equilibrium position by using the light pressure of the Doppler cooling
beam and then suddenly switching off the beam. This leaves the cloud oscillating. By
taking images after different delay times after switch-off, the movement can be followed.
By measuring out one oscillation period and again another oscillation period, a dozen
periods later, the oscillation frequency can be determined with high precision (see figure
3.8).

The radial oscillation frequency could not be determined using this method because
of the lack of a pushing beam in the radial direction. But here the resonant character
of ergodic mixing helped. We capture the atoms in the Ioffe trap after the transfer.
The temperature of the cloud in the axial direction is then much higher than the
temperature in the radial direction, because in the axial direction the appendage is large
and no selection of the coldest atoms has taken place. After a while the trajectories
of the atoms oscillating in the axial direction have turned to a radial oscillation due
to anharmonicities in the trapping potential. Now the hot atoms are lost by collisions
with the appendage. This can be observed as a loss of atoms and as a decrease in axial
size. The timescale of this ergodic mixing depends on the amount of anharmonicities
and on the ratio of the radial and axial trapping frequencies. If these frequencies are
multiples of each other, small trajectory distortions sum up in phase each oscillation
period and lead to a fast ergodic mixing [181]. We measure the axial size of the cloud
a given time after capture in the Ioffe trap, and vary the current in the Ioffe bars. A
clear resonance can be observed when the oscillation frequencies are multiples of each
other (see figure 3.9). Using the known axial oscillation frequency, the radial frequency
can be calculated.

These measurements were essential for us to know the oscillation frequencies before
the evaporative cooling worked. After we achieved evaporative cooling we improved
our measurements, by using parametric heating and shaking of the trap (see picture
3.10). A cloud with a temperature of 6µK is produced, which guarantees that the gas is
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Figure 3.8: Determination of the axial oscillation frequency. The atomic cloud is
pushed out of its equilibrium position using the Doppler cooling beam. After a sudden
switch off of the beam, the cloud oscillates in the trapping potential. In this example
the oscillation frequency is ωax = 2π × 72Hz.

well in the harmonic region of the trap. To measure the axial frequency we modulated
the position of the trap center in the axial direction by adding a sinusoidally varying
quadrupolar field with its axis parallel to the Ioffe-Pritchard trap axis. Heating is
observed, when the axial trap oscillation frequency is used as modulation frequency.
The radial frequency is determined by modulating the offset magnetic field using a
sinusoidal homogeneous magnetic field on axis with the trap. In this way, the radial
oscillation frequency is modulated. Parametric heating is observed if the modulation
frequency is twice the radial trap frequency. To add the necessary oscillating magnetic
fields, the output of a sine wave generator is amplified by a 100 W audio amplifier and
put on a coil pair in either Helmholtz or quadrupole configuration. To protect the
audio amplifier, a 50 Ω inductance is put in series with the coils.

3.2.2 Temperature measurements

We use three different methods to determine the temperature of the gas. The first
uses the free expansion of the cloud after release from the trap. The second involves
measuring the energy spectrum and the third consists of fitting in situ images of the
trapped cloud.



3.2. MEASUREMENTS 123

140 142 144 146 148 150 152 154
1,0

1,5

2,0

2,5

3,0

s
x
[m

m
]

f
rad

[Hz]

Figure 3.9: Cross dimensional rethermalization. A cloud with higher axial than radial
temperature is prepared. After a delay of 400ms, the axial size is measured. A strong
reduction in the axial size is observed if the radial oscillation frequency is the double
of the axial frequency. Here the axial oscillation frequency was measured as shown in
figure (3.8) and is 72Hz.

Time of flight

The most universal measurement is the so called time-of-flight temperature mea-
surement. It consists in releasing the atoms suddenly from the trap. If the gas is in the
collisionless regime, which means that the elastic collision rate is much smaller than the
trap oscillation frequencies, the cloud expands freely. Each atom flies in the direction
of the momentum it had when the trap was switched off. During the expansion the
spatial distribution of the cloud is a convolution of the initial spatial distribution and
the momentum distribution. When the cloud has grown much larger than the initial
distribution, the spatial distribution is well approximated by the momentum distribu-
tion n(−→r ) = np(m

−→r /t). In the case of a classical gas the momentum distribution is a
Boltzmann distribution np(

−→p ) = exp(−p2/(2mkBT )). Thus a gaussian fit to the spa-
tial distribution after a long time of flight gives the temperature T = mσ2/kBt2, where
σ is the size of the gaussian fit. If the initial spatial distribution is also a gaussian with
the size σ0 then the distribution stays gaussian during the whole expansion with the size
σ(t) =

√

σ2
0 + (vt)2, where v =

√

kBT/m is the mean velocity. Since it is not always
possible to expand the cloud to sizes much larger than the initial size, e.g., because of
a limited field of view or a too severe drop in signal to noise, the temperature is often
determined by fitting the time evolution of the size of the cloud using this law. The
assumption of an initial gaussian distribution is exact for a classical gas in a harmonic
trap and is also well fulfilled for not too dense clouds trapped in a MOT. One condition
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Figure 3.10: Measurement of the trap oscillation frequencies. The increase in axial
size of the trapped gas, reflecting the increase in temperature, is observed after 10 s of
modulation of the trap. The gas is initially at a temperature of 6 µK. a) Measurement of
the axial oscillation frequency by moving the trap center axially. b) Measurement of the
radial oscillation frequency by modulating the radial oscillation frequencies. The trap
oscillation frequency is half the value of the modulation frequency at resonance. Lorentz
curves are fitted to the data to extract the trap frequencies of ωax = 2π × 71.1(5)Hz
and ωrad = 2π × 4.05(1) kHz.

has to be fulfilled for this method to work: the trap has to be released on a timescale
shorter than the oscillation period. If this is not the case, the gas will experience an
adiabatic expansion during the switch-off and cool down before it is released, giving an
underestimate for the temperature measurement. This condition is easy to fulfill for
the MOT and for the dipole trap, but much more difficult for the magnetic trap, since
the energy of the magnetic field has to be dissipated. In our case we solve the problem
by using high current low inductance coils and permitting a switch-off induction volt-
age of 800 V. The energy is dissipated in varistors parallel to the IGBT switches (see
section 2.7.3). The time-of-flight temperature measurement method is very universal
since it works for all types of trap. But it often requires several images after different
times of flight.

Energy spectrum

The next method probes the energy distribution directly, but can only be applied in
a magnetic trap when the gas is collisionless. The high energy tail of the distribution
is removed from the trap by a constant radio frequency knife (see section 1.2). The
number of remaining atoms is measured in dependence of the radio frequency. Below a
certain frequency, no atoms are removed, because the radio frequency knife is below the
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trap bottom (see figure 1.8). This frequency corresponds to zero energy. The frequency
scale can be converted into an energy scale with the known parameters of the transition.
With the knife at the trap bottom, no atoms remain trapped. When increasing the cut
energy, atoms below the cut energy stay trapped. Thus one is recording the integral
of the energy distribution

N(Ecut) =

∫ Ecut

0

dǫ ρ(ǫ)f(ǫ) , (3.1)

where ρ(ǫ) is the density of states, f(ǫ) the energy distribution and Ecut the cut energy.
The shape of the magnetic trapping potential enters through the density of states
(see [137] for the density of states of a Ioffe potential). The temperature determines
the energy distribution. A fit to the experimental data determines the temperature.
The advantage of this method is, that it requires only measurements of relative atom
numbers, which are easy to perform. A limitation of the method is that it works only
if the collision rate is much smaller than the trap oscillation period. This is the case
for the bosonic gas before Doppler cooling and for a pure polarized fermionic gas at all
temperatures. If the condition is not fulfilled, evaporation leads to a higher loss in the
number than expected from the removal of the high energy tail.

In situ spatial distribution

The third temperature measurement method in the magnetic trap is measuring the
in situ spatial distribution of the cloud. It is not completely trivial to record this
distribution. When taking images of the cloud with the magnetic trap on, the Zeeman
effect can shift atoms in the wings of the cloud out of resonance. This effect was used to
see the Majorana losses (figure 3.5). This effect can hinder the recording of the correct
spatial distribution. If the energy corresponding to the temperature of the gas is lower
than the energy corresponding to the linewidth of the transition used for detection
T ≪ 5.9 MHz h/kB = 280µK, this effect is small and in situ absorption images show
the correct spatial distribution. For clouds at higher temperatures or for clouds in
magnetic traps with high offset magnetic field, the trap has to be switched off, before
the image is taken. The switch-off has to be done in a way that the spatial distribution is
not significantly changed. In our magnetic trap, the radial confinement can be switched
off in 18µs, due to the low inductance of the Ioffe bars. The axial confinement needs
600µs for switch-off because of the high inductance of the compensation coils. Thus
we switch first the axial confinement off and after 700µs we also switch the radial
confinement off. The change in spatial size during these switch-off times is negligible.
The longer time of flight in the axial direction is not important because of the bigger
size of the cloud in this direction. This method of switch-off works only for traps with
small offset magnetic field. If it is performed for clouds in a trap with high offset field,
the offset field, which comes from the pinch coils, will decrease during the 600 µs of
axial switch-off time. This increases the radial oscillation frequencies and compresses



126 CHAPTER 3. EXPERIMENTAL RESULTS

and excites the gas radially. Still some information about the radial temperature is
contained in the radial size of the cloud, but the extraction of the exact temperature is
difficult. But these images are still useful to compare temperatures of clouds prepared
under different conditions and were the kind of measurements on which Doppler cooling
was optimized.

After successful recording of the in situ spatial distribution, the temperature can be
extracted from its form. For classical gases the density profile is linked to the potential
U and to the temperature by the Boltzmann law n(−→r ) = n0 exp(−U(−→r )/kBT ). For a
harmonic trap with trapping frequency ω the distribution is gaussian with size σ and the
temperature is T = mω2σ2/kB. In a Ioffe trap the potential is very well approximated
by a harmonic potential if the temperature is much lower than the energy corresponding
to the offset magnetic field divided by kB: kBT ≪ mF gF µBB0. When this is not the
case a two-dimensional fit is performed including the correct Ioffe trapping potential.
For temperatures below ∼ 200µK and a typical radial oscillation frequency of 7 kHz,
the radial size of the cloud is smaller than the resolution of our imaging system of about
10 µm. In this case a two-dimensional fit does not make sense any more. We integrate
the optical density along the radial direction and fit the resulting axial distribution to
determine the temperature. In the classical regime this is done with a gaussian fit.
In the quantum degenerate regime the effect of quantum statistics has to be taken
into account (see section 1.1) and the correct fit functions have to be used. For a
degenerate Fermi gas the three-dimensional spatial distribution is calculated using
equation (1.13) and numerically integrated twice. The resulting 1D distribution is fitted
to the experimental data. For a bosonic gas near the phase transition the temperature
can be determined from the thermal cloud, if it is visible. The theoretical distribution
used as fit function is given by equation (1.56). When no thermal cloud is visible
the determination of the temperature using this method becomes impossible. The
determination of the temperature of a degenerate Fermi gas is even more difficult. Only
the wings of the distribution contain information about the temperature and can be
fitted with a gaussian distribution. This method works approximately to degeneracies
of T/TF = 0.3. Below that, the temperature has to be deduced from the bosonic gas,
thermalized with the fermionic one.

Comparison of the three methods

To cross check our three temperature measurement methods, all three of them have
been performed on atomic clouds prepared under the same conditions. The energy
spectrum method works only for collisionless clouds. This is the case for a bosonic
cloud after capture in the Ioffe trap or for a pure fermionic cloud after sympathetic
cooling. This is why we used these conditions for a comparison of all three methods.
The time-of-flight method and the method using fits to the in situ spatial distribution
were compared often under various other experimental conditions. In figure (3.11), the
three measurements performed on a bosonic cloud after capture in the Ioffe trap are
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Figure 3.11: Comparison of three different temperature measurement methods per-
formed with atomic clouds under the same conditions. a) Time of flight measurement.
The free expansion of the cloud is observed for 1.5ms. The extracted temperature is
Tax = 620µK and Trad = 640µK. b) Integrated energy spectrum determined by ejection
of high energy atoms with a radio frequency knife of varying frequency. The temper-
ature is T = 620 ± 30 µK. c) Two-dimensional fit of the distribution after an axial
time of flight of 700µs and a radial time of flight of 30 µs. Under these conditions
the spatial distribution is still very near to the distribution in the trap. In (1) the
measured distribution is shown. (2) displays the fit and (3) the 10 times magnified
residue of the fit. For comparison the optical density summed over the radial direc-
tion is given (solid) and compared to the fit (dashed). The temperature obtained is
Tax = 500µK and Trad = 780µK. The trap oscillation frequencies for all measure-
ments were ωax = 2π × 75Hz and ωrad = 2π × 1160Hz with an offset magnetic field of
6G.

presented. The first two measurements agree within their level of accuracy of 5%. The
fit to the initial spatial distribution agrees to a precision of 10% when averaging the
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temperatures obtained for the axial and radial direction. Treated separately, the error
is 20%.

By measuring the temperature with the time-of-flight method, and measuring the in-
situ size of the cloud, the trap oscillation frequencies can be approximately calculated.
This was useful for a first estimation of the confinement of our optical trap.
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3.2.3 Measurements of other parameters

The atom number can be determined as discussed in the section on absorption
images (2.10) with an uncertainty of less than a factor of 2. After measurement of the
number, the temperature and either the size for a MOT or the trap parameters for a
magnetic trap, all the other important quantities such as peak density n0, peak phase-
space density ρ0 and collision rate Γ can be calculated. The collision rate has also been
measured directly as explained later in section (3.3.5). To determine if the condition
for runaway evaporative cooling Γelastic/Γinelastic ≥ 200 is fulfilled, the trap lifetime has
to be measured. This is done by preparing always the same sample and measuring
the remaining number of atoms after a varying storage time. The difficulty in this
measurement is the reproducibility with which always the same initial atom number
can be prepared. If background gas collisions are dominant, the loss is described by
an exponential decay. In our case the 1/e lifetime is between one and two minutes. To
obtain a good background gas collision limited lifetime measurement, the gas has to be
much colder than the trap depth to prevent evaporation, but not too dense to prevent
dipolar relaxation and three-body collisions. Good results are obtained after Doppler
cooling and storing the atoms in a rather weak trap to reduce density. An example of
a lifetime measurement is shown in figure (3.12).

Figure 3.12: Background gas collision limited lifetime of a gas after Doppler cooling.
The gas is stored in a trap with oscillation frequencies of ωax = 2π × 73Hz and ωrad =
2π × 200Hz and an offset magnetic field of 480G. The lifetime is 55(2) s. The best
observed lifetime under these conditions has been 140 s, due to a lower background gas
pressure.
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3.3 Experiments in the higher HF states

3.3.1 Evaporative cooling of 7Li

After optimization of the Doppler cooling, evaporative cooling worked immediately.
In the following I will discuss in detail the properties of our evaporative cooling process.
In the next section the sympathetic cooling will be explained.

Two different transitions can be used to remove atoms during evaporative cooling.
The Zeeman transition |F = 2,mF = 2〉 → |F = 2,mF = 0〉 and the hyperfine
transition |F = 2,mF = 2〉 → |F = 1,mF = 1〉 (see figure 2.1).

The frequency range of the first depends on the offset magnetic field, and on the
initial temperature. For the chosen offset field of 2 G and an initial temperature of
1 mK, the radio frequency sweep used for evaporation goes typically from 50 MHz down
to 1.5 MHz. This transition can be considered as consisting of two transitions, |F =
2,mF = 2〉 → |F = 2,mF = 1〉 and |F = 2,mF = 1〉 → |F = 2,mF = 0〉. If the offset
magnetic field is too large the second order Zeeman effect lifts the degeneracy between
the two transitions, making the evaporation harder [182]. But the real disadvantage of
this transition becomes apparent when trying to use it for sympathetic cooling. Due
to the level structure of 6Li and 7Li, a given radio frequency corresponds for 6Li to
a lower cut energy than for 7Li, see figure (3.13). Thus 6Li is removed from the trap
before it can be sympathetically cooled by 7Li and sympathetic cooling does not work.

The hyperfine transition |F = 2,mF = 2〉 → |F = 1,mF = 1〉 has none of the
listed disadvantages (see figure 3.14). It is selective for 7Li and a simple one photon
transition. The cut energy and the radio frequency are linked by the law Ecut =
~(ν − νhf )/1.5 − µBB0. The factor 1.5 comes from the level structure of the used
transition, B0 is the offset magnetic field and νhf = 803.504 MHz the hyperfine splitting
[183]. The used frequency range is 1 GHz down to νhf , corresponding to energies of
kB 6 mK to zero.

The optimization of the radio frequency ramp was done in several steps. The prin-
ciple is the following. As a first starting point the frequency of 1 GHz was chosen,
which was both, a reasonable value taking into account the absence of collisions around
6.6 mK and the limit of our microwave amplifier. The initial temperature of the gas in
the compressed trap is about 2 mK, so that 1 GHz corresponds to a rather small value
of η = 3 (Ecut = ηkBT ). Now a final cut energy was chosen about 3 to 5 times smaller
than the initial cut energy. A linear ramp was performed between these two energies
and the duration of the ramp was varied. The measurement parameter on which the
evaporation was optimized is the collision rate. This is the parameter driving the evap-
orative cooling. The higher it becomes, the better the cooling will work. It turns out
that at low temperatures the elastic collision rate has the same dependence on atom
number N and temperature T as the peak optical density. This can be seen in the
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Figure 3.13: Zeeman radio frequency transition in the higher hyperfine states. Shown
is the magnetic field dependence of the mF substates of 6Li and 7Li for weak magnetic
fields. B0 is the offset magnetic field of the trap. A radio frequency wave with frequency
ν corresponds to a lower cut energy Ecut for 6Li than for 7Li. This makes sympathetic
cooling of 6Li by 7Li with a Zeeman transition impossible.

following way.

Γ = vn0σel ∝
√

TN/(σxσyσz) ∝ N/T , (3.2)

Dopt(x = 0, y = 0) =

∫

dz n(x = 0, y = 0, z) ∝ σzn0 ∝ σzN/(σxσyσz) ∝ N/T ∝ Γ ,

where σi =
√

kBT/mω2
i has been used. The peak optical density is determined with a

simple in situ measurement of the density distribution. Thus no calculation is needed
and the optimization process becomes relatively simple.

Normally the optical density rises steeply to a maximum and falls off rather slowly
with the duration of the radio frequency sweep. If a choice had to be made between
durations with equivalent results, the shorter duration was chosen. After the optimiza-
tion of a linear sweep, a new end cut energy, again 3 to 5 times lower than before was
chosen and another linear sweep segment to this end frequency was added to the ex-
isting sweep. This piecewise linear segment method was pursued until the evaporation
stopped working or quantum degeneracy was reached. In a second iteration the whole
sweep was optimized globally. The whole evaporation was performed and stretched in
time. Also the frequency or the time of the starting point of one of the linear ramps
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Figure 3.14: Evaporation on the hyperfine transition of 6Li and 7Li. Due to the
difference in the hyperfine splitting νhf6 = 228.205MHz and νhf7 = 803.504MHz of the
two isotopes the evaporation is isotope selective. B0 indicates the offset magnetic field
of the trap.

out of which the sweep consists was varied. It turned out, that it is not useful to
start the evaporation above a frequency of ∼ 920 MHz. This is probably due to the
lack of collisions for higher energies. An attempt has been made to overcome this lack
in the following way. The trap was initially not fully compressed, to keep the initial
temperatures lower. Now a constant radio frequency knife of for example 920 MHz was
used during a slow final compression stage. Another strategy was to optimize part of
the ramp in a shallower trap, then the trap was compressed and a new evaporation
sweep optimized. Both attempts produced the same results as the first method. Since
this method is simpler, we stayed with it.

The characterization of the evaporative cooling process is shown in figures (3.15) and
(3.17). The initial conditions are a bosonic gas with 2 × 108 atoms at a temperature
of 2 mK in a trap with oscillation frequencies of ωax = 2π × 71.17(5) Hz and ωrad =
2π × 4050(8) Hz. This is not the steepest possible trap, but a further increase in the
trapping frequencies did not improve the result. The initial collision rate is about
13 s−1. This value was calculated including the temperature dependence of the elastic
collision cross section. With the lifetime of one minute, the elastic to inelastic collision
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Figure 3.15: 7Li temperature and number as a function of the cut energy during
evaporative cooling. Uncertainty in the x-axis is about 0.01 mK.

ratio is 780, sufficient to start evaporative cooling. A fast evaporative cooling sweep
is performed between 1 GHz and 920 MHz during 2.5 s to remove the hottest atoms,
which can not participate in the evaporative cooling because of their vanishingly small
elastic collision rate. The whole evaporation sweep takes 35 s and is shown in figure
(3.16). The result is not strongly dependent on the exact shape of the radio frequency
sweep.
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Figure 3.16: The typical evaporative cooling sweep for a trap with oscillation frequen-
cies ωax = 2π × 71.17(5) s−1 and ωrad = 2π × 4050(8) s−1. The initial number of 7Li
atoms for this sweep is between 2 × 108 and 4 × 108 and the initial temperature is
∼ 2mK. For the first experiments with evaporative cooling slightly longer ramps were
used.

The collision rate increases during this ramp to about 50 s−1. The ratio between
the measured temperatures and the microwave cut energy is η = 4. At the end of the
evaporation, when the density exceeds 1012 cm−3 dipolar losses start to limit density
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and lifetime. The evaporation is on the border of runaway evaporative cooling. This
can be seen in figure (3.17a), where the peak phase-space density is plotted on a log-log
plot versus the atom number. The data points are nearly on a line with slope -2. In
section (1.2) it was derived that this is the slope expected for constant collision rate.

Figure 3.17: a) 7Li peak phase-space density versus number of atoms N during single-
species evaporation of duration 40 s. At the end of the evaporation, the peak phase-space
density exceeds 2.6, the critical value for Bose-Einstein condensation. The phase-space
density is calculated using the measured trap frequencies, atom number and size of the
gas in the trap. The uncertainty is a factor 2, coming mainly from the uncertainty in
the atom number. b) Indirect signature of the unstable 7Li condensate. The bosonic
degeneracy T/TC is plotted versus the critical temperature, proportional to the cubic
root of the atom number during evaporative cooling. The degeneracy never reaches
values below 0.9 as a result of the instability of the condensate.

The peak phase-space density is calculated from the measured trap oscillation fre-
quencies, atom number and axial size of the cloud in the magnetic trap. The uncer-
tainty of a factor 2 comes mainly from the uncertainty in the determination of the
atom number. The calculated phase-space density exceeds 2.6 at the end of the evap-
oration, which means, that a Bose-Einstein condensate should be present. Since the
scattering length is negative, the maximum atom number for a metastable condensate
under these conditions is about 300 (see section 1.1.8). Our signal to noise ratio is
not good enough to resolve such a small condensates on a background of 105 thermal
atoms. In principle it is possible to construct a sufficiently good detection system,
but it takes quite an effort [184]. One of the difficulties is to overcome the spherical
abberation resulting from the passage of the probe beam through the wall of the glass
vacuum chamber. Without directly seeing the condensate we can still detect its pres-
ence indirectly. When the temperature is decreased below the critical temperature, a
condensate is created. If the temperature is decreased slightly, the condensate atom
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number will grow beyond the critical atom number and the condensate will collapse
and decay in dipolar relaxation collisions and three-body recombination. This has been
extensively studied experimentally and theoretically in [184, 12, 185, 186, 187, 188].
Thus the condensate is the origin of a new loss process appearing slightly below TC .
This can be seen in figure (3.17b), where the degeneracy T/TC is plotted versus the
critical temperature (which is proportional to N 1/3) during the evaporation. The tem-
perature is determined from the axial size of the distribution and ωax. The critical
temperature is calculated from the trap oscillation frequencies and the atom number
using formula (1.31). The error in the determination of T/TC comes mainly from the
error in the measured atom number and is about 15%. T/TC never goes below ∼ 0.9,
a signature of an additional loss process appearing at TC . We will see in section (3.3.4)
that the fact that the condensate is unstable for N0 & 300 limits the fermionic degen-
eracies achievable in a boson-fermion mixture with sympathetic cooling. Later on we
found ways to produce condensates stable for arbitrary atomnumbers. How this was
done is explained in section (3.4.4).

Figure 3.18: Images of 6Li and 7Li atom clouds at various stages of sympathetic
cooling (b,c) and during single-species evaporation (a) with identical initial numbers of
7Li atoms. Top images are 1 cm long, the others 3mm. Temperatures of 7Li (resp. 6Li
alone) are given on the left (right).

3.3.2 Sympathetic cooling of 6Li by 7Li

After optimization of the 7Li evaporative cooling method, we added 2.5 × 106 6Li
atoms to the trap. An evaporative cooling ramp lasting 40 s is performed. In situ
images of both isotopes during the evaporation are shown in figure (3.18). In column
a) the behavior of 7Li alone is shown. Sympathetic cooling is shown in columns b) (7Li)
and c) (6Li). The initial 7Li atom number is chosen to be the same when cooling both
the pure bosonic cloud as well as when cooling the mixture of the bosons and fermions.
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The first feature that can be observed is that the cloud’s axial size shrinks with ongoing
evaporation. This reflects the decrease in temperature. The sizes of all clouds are equal
at each stage of the cooling process, showing that the temperatures are the same and
that 6Li is in thermal equilibrium with 7Li. The number of 6Li atoms stays roughly
constant since evaporation is only performed on 7Li. Thus with lowering temperature
the density increases strongly. During the first three stages shown, 7Li behaves the
same with or without 6Li present. This is expected as N7 ≫ N6: the thermal capacity
of 7Li is then much bigger than the thermal capacity of 6Li. But at the last stage, when
cooling a mixture, no 7Li remains having been completely evaporated. As explained in
section (1.2.2) this is because the fermionic thermal capacity has become larger than the
bosonic. The bosons were no longer able to cool the fermions significantly. Since bosons
and fermions are in thermal equilibrium, this also prevents the temperature of the
bosons from decreasing further, and since the radio frequency knife is still lowered, all
bosons are lost. For the example shown in figure (3.18) this breakdown of sympathetic
cooling is reached already in the classical regime, for T ∼ 3 TC . In this regime the
heat capacities are equal, when equal number of atoms are reached. Without the 6Li
present, 7Li could be cooled under the same conditions to 18µK which is below the
temperature of 35 µK reached for 6Li at the breakdown.

Figure 3.19: 6Li (crosses) and 7Li (open circles) temperatures and numbers as a
function of the 7Li cut energy. During sympathetic cooling, temperatures of 6Li and
7Li are the same down to a limit below which 6Li is no longer cooled. Black squares
show 7Li alone with identical parameters. Uncertainty in the x-axis is about 0.01 mK.

More quantitatively, temperatures and numbers of 6Li and 7Li atoms as a function of
the microwave cut energy are plotted in figure (3.19). Above 40µK, the temperatures of
all three clouds are nearly identical, indicating that the collision cross-section between
7Li |F = 2,mF = 2〉 and 6Li |F = 3

2
,mF = 3

2
〉 is not significantly smaller than that

of 7Li |F = 2,mF = 2〉 with itself. This is consistent with the prediction that the
inter-isotope scattering length is (40.8 ± 0.2) a0 [153]. The initial evaporation of 7Li
behaves the same with or without 6Li present, as expected because the 6Li number is
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a very small fraction of the 7Li number. At a temperature around 35µK, the number
of 7Li atoms (N7) has been reduced to the number of 6Li atoms (N6). As a result the
6Li cloud is no longer cooled and remains at 35µK.

The temperature and atom number at different steps during the experimental se-
quence is summarized in table (3.3).

7Li 6Li

N T [mK] N

Compressed MOT 6 × 109 0.8 1.6 × 108

Lower Quadrupole 2.5 × 109 1 8 × 107

Capture I-P trap 3.8 × 108 0.7 1.3 × 107

Compressed I-P 3.2 × 108 2 2.5 × 106

End symp. cool. 1.7 × 106 0.03 1.2 × 106

Table 3.3: Typical atom numbers and temperatures before and during sympathetic cool-
ing

3.3.3 Detection of Fermi degeneracy

For classical gases, the temperature, TS, at which sympathetic cooling stops is
reached when N7 ≈ N6. In the case of 7Li alone, the final temperature obtainable,
T7, is approximately proportional to N7 and so TS ∝ N6. Since TF ∝ N

1/3
6 , the degen-

eracy parameter TS/TF ∝ N
2/3
6 , and Fermi degeneracy can be approached by reducing

the number of 6Li. After having improved the resolution of the imaging system this
was done. The first signs of a degenerate Fermi sea were seen in time-of-flight measure-
ments of the fermionic distribution. For these images, a simple method to detect the
degeneracy consists of fitting gaussians to the wings of the distribution. In figure (3.20),
the size of the Gaussian fit, σ, is plotted versus the fitting interval, parameterized by
r. The center up to a distance of r σ0 is not fitted, only the wings outside are. σ0 is
the size of a complete gaussian fit (r = 0). For a classical cloud, the resulting fit size
does not depend on the fit region. A fermionic cloud, by contrast, has a suppression
of population at low energies. Thus, when fitting a gaussian distribution to the whole
cloud the size is overestimated. It goes down when fitting only the wings. The opposite
is true for the bosonic cloud, produced under the same conditions. For the bosonic and
the fermionic cloud the sizes are the same for r = 1, reflecting that they are thermal-
ized. For larger values for r the signal to noise is too low to provide a reliable fit. The
fit of the wings for r = 1 gives the temperature and together with the atom number
and the trapping frequencies the degeneracy can be calculated. The highest observed
degeneracy using this method was T/TF = 0.3. Using the fermionic distribution to
determine the temperature, it is not possible to obtain a higher degeneracy as a result.
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Indeed, when doing the same treatment for a theoretically calculated distribution with
T = 0, the degeneracy obtained with this method using r = 1 is T/TF = 0.3 and not
T/TF = 0. Clearly a better method to measure the temperature is needed.

Figure 3.20: Detection of quantum degeneracy. Gaussians are fitted to the momentum
distributions of a degenerate bosonic (square) and fermionic (disks) cloud and the tem-
perature is deduced from the found size. A gaussian fit to the whole distribution over
(under) estimates the temperature for the fermionic (bosonic) distribution, because of
the non-gaussian distributions in the regime of degeneracy. By excluding the central
part {-r,r} from the fit, only the more classical high energy regions of the distribution
are probed and the temperatures deduced from the fit approach their real values. Here
r is given in units of the RMS size σ of the gaussian fit to the whole distribution.
The dependence of the fit result of the fit region is characteristic for distributions of
degenerate gases. For comparison the same fit procedure is applied to a non-degenerate
bosonic gas (triangles) giving nearly no change in the temperature with r.

3.3.4 Detection of Fermi pressure

The solution is to measure the temperature of the bosonic component. To be sure
that this temperature is the same as the temperature of the fermionic component, the
thermalization rate between the two was measured (see section 3.3.5) and the clouds
are left to thermalize for a 7 times longer timespan (1 s) than the thermalization time
(150 ms) after the end of the evaporation, before the images are taken. It was also
essential to modify the imaging system to be able to take images of the fermionic and
bosonic component after the same experimental run (see section 2.10).
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First the system was studied using time-of-flight images and a degeneracy of better
than T/TF = 0.3 was found. The disadvantage of the time-of-flight technique is, that
the spatial extension depends on mass and the time of free flight. And both are different
for 6Li and 7Li. The time of flight is different because the camera needs at least 0.5 ms
to prepare itself for a new exposure. Thus the degeneracy is not evident, but has to
be extracted by fits and calculation.

Much more direct visual information can be obtained, when in situ images of both
isotopes are taken. The imaging of one component does not disturb the distribution
of the second in the axial direction, which is used to determine the degeneracy. This
is because the delay of 1 ms between the two images is shorter than the period of the
axial oscillation, which is 13 ms. This was verified by exchanging the isotope sequence
during the imaging process. Later on the image of 7Li was always taken second, just to
make sure that if a heating occurred it could only decrease the measured degeneracy.
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Figure 3.21: Observation of Fermi pressure. Absorption images in the trap and spatial
distributions integrated over the vertical direction of 8.1 × 104 6Li and 2.7 × 104 7Li
atoms in their higher hyperfine states. The temperature is 1.4(1)µK corresponding to
1.1(2)TC for the bosons and 0.33(5)TF for the fermions. Solid lines are the expected
Bose and Fermi distributions.

This method has the advantage that it requires simply two images of each cloud
under the the same conditions. Since the magnetic moments µ of both isotopes, each



140 CHAPTER 3. EXPERIMENTAL RESULTS

in the stretched state, are the same, they experience the same trapping potential.
If the gases are in the classical regime and if they are in thermal equilibrium, their
spatial distributions are gaussians with the same width σ =

√

kBT/(µC) (where C
is the magnetic field curvature). The mass does not enter, contrary to momentum
distributions. The detection of degeneracy is now very simple. If a difference in the
axial distribution is detected between two well thermalized clouds, the only reason for
this comes from their different quantum statistics. Typical images are shown in figure
(3.21). Axial profiles of the distributions summed up in the radial directions are shown.
The fermionic distribution is clearly broader than the bosonic distribution, indicating
the effect of Fermi pressure. Here the fermionic degeneracy can be seen directly without
any calculation or fit involved. For the shown example the temperature measured
from the bosonic distribution is 1.4(1)µK and T/TF = 0.33(5), where TF is again
calculated from the fermionic atom number and the trap oscillation frequencies. Both
distributions are well described by theory (the twice integrated bosonic distribution
(1.56) and a double integral over the fermionic distribution (1.13), shown in solid lines.

Our highest degeneracy achieved in the 6Li F = 3/2 state is T/TF = 0.25(5) with
TF = 4 µK, very similar to [61]. This limit is set by the fact that the condensate
is unstable as discussed in section (1.2.2). By going to the highest trap oscillation
frequencies (ωax = 2π × 112 Hz and ωrad = 2π × 7101 Hz for 7Li |F = 2,mF = 2〉)
and with 2.5 × 105 fermions, Fermi temperatures of TF = 11µK are reached with a
degeneracy of T/TF = 0.36(5). This Fermi temperature is 3 times higher than the
photon recoil of 3.5 µK, a situation favorable to the observation of modifications of the
scattering of light of this quantum gas (see section 1.1.4).

The behavior of bosons and fermions is compared in figure (3.22a). The axial bosonic
and fermionic distributions were fit to Gaussians, and the ratio of their RMS sizes is
plotted versus the fermionic degeneracy T/TF . The data is compared to a theoretical
curve. In the classical regime, both sizes are the same. Below the degeneracy of
T/TF = 1 the fermionic cloud stays bigger than the bosonic cloud due to the Fermi
pressure, but also due to the bosonic degeneracy. To extract the action of just the
Fermi pressure, the RMS size of the fit to the fermionic distribution is compared to the
Fermi radius RF =

√

2kBTF /mω2
ax in figure (3.22b). The ratio of the two sizes squared

is plotted versus the degeneracy T/TF . Again the data is compared to a theoretical
curve. The straight line going through the origin describes the behavior in the absence
of Fermi pressure. In the quantum regime, the Fermi pressure makes the size saturate
at a nonzero value (σ2/R2

F = 0.15 instead of zero, see section 1.1.2). This is also
apparent in the experimental results, but the data points are not in perfect agreement
with the theoretical curve. At the moment we can not explain this difference. We did
check, however, that it does not come from a bad calibration of the imaging system,
nor from the uncertainty in the atom number or the trap frequencies. It might be due
to the effect of the bosonic mean field on the fermions which was excluded from the
numerical calculation described in section (1.1.13) and from [75].
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Figure 3.22: Fermi pressure versus the degeneracy parameter T/TF . Squares: data,
dashed line: classically expected behavior, solid line: theory including quantum effects.
a) The ratio of the RMS sizes of gaussian fits to thermalized fermionic and bosonic
distributions is plotted versus the fermionic degeneracy. In the classical region T/TF >
1 the distributions have the same size. In the degenerate region T/TF < 1, the fermionic
distribution exceeds the bosonic in size. b) The same data, but here the RMS size of
a gaussian fit to the fermionic distribution is normalized by the Fermi radius RF =
√

2kBTF /mω2
ax and the square of this ratio is plotted versus the fermionic degeneracy.

3.3.5 Thermalization measurement

For the results discussed above, it is essential to know that the bosonic and fermionic
gases are in thermal equilibrium. To ensure this, we let the system thermalize for 1 s
after the end of the cooling ramp and before taking the images. To determine if this
is sufficient, the thermalization timescale was measured for a fermionic cloud with a
degeneracy of T/TF = 0.5. Initially a mixture of a bosonic gas with 105 atoms and a
fermionic gas with 1.5×105 atoms and a common temperature of 2.6 µK was produced.
A radio frequency knife was switched on during 10 ms to remove suddenly the hottest
80% of the bosonic atoms. As will be shown, this cut is 15 times faster than the
thermalization timescale. After the cut the bosons are not in thermal equilibrium,
neither with themselves, nor with the fermions. The axial profile is non-gaussian, the
high energy wings are missing. This distribution has no well defined temperature since
it is not thermalized. For simplicity a gaussian fit is also performed on it and used
to determine an effective temperature, which is slightly lower than the temperature
of 1 µK reached after some 100 ms of thermalization without fermions present. In the
presence of fermions, the bosons thermalize to a final temperature of 2.4 µK with an
exponential timescale of 150 ms as is shown in figure (3.23). This temperature is slightly
lower than the initial temperature of the fermions, since these are cooled during the
thermalization by about 0.2 µK. The whole process has been simulated as described
in section (1.2.4). Two theoretical curves are shown in the figure, one including Pauli
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suppression, the other without. The parameters entering the simulation are the trap
oscillation frequencies, the atom numbers and the cut energy of the radio frequency
knife. The initial temperature of the Fermi gas is adapted to obtain the measured
temperature after thermalization. The expected difference in the initial slope is only
20% which is below the signal to noise ratio of the experiment. That is why this
measurement gives no indication for Pauli blocking. But it can be interpreted as a
measurement for the inter-isotope scattering cross section. The calculation is done
with the value 41 a0 from reference [153] and agrees well with the experimental data.
The uncertainty in this value is certainly less than

√
2 corresponding to a change in

the elastic scattering cross section by a factor 2. This would change the initial slope of
the rethermalization curve by a factor 2, which is incompatible with the experimental
data. For a degeneracy of T/TF = 0.25, the difference in initial slope is also a factor
2, which should be observable (see section 1.1.4). But it will also be more difficult to
do the measurement in these conditions, since the number of atoms will be lower, if
the experimental setup is not improved. Even at the highest degeneracy reached in
the higher hyperfine states, the thermalization time is with 300 ms still 3 times shorter
than the time we allowed for thermalization in the experiment. All this proves that
the assumption of thermal equilibrium is justified for all measurements.

Figure 3.23: Rethermalization of a bosonic cloud immersed in a Fermi sea at T/TF =
0.5. The temperature of the bosonic cloud is plotted versus the rethermalization time.
The theoretical predictions for thermalization with a classical gas (dashed) and with a
degenerate Fermi gas (solid) are given.
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3.4 Experiments in the lower HF states

3.4.1 State transfer

As we have seen before (sections 1.2.2 and 3.3.4), the best achievable Fermi de-
generacy in the higher hyperfine states is limited because the intrinsic instability of
the condensate prevents any cooling below the critical temperature. To overcome this
limitation we searched for a situation where the Bose gas has a positive scattering
length a > 0. As discussed in section (2.2.2), only the 7Li |F = 2,mF = 2〉 and
|F = 1,mF = −1〉 states are immune to spin relaxation in a magnetic trap. And
of those the |F = 1,mF = −1〉 state has a small but positive scattering length of
a = 5.1 a0. When using this state for the bosons, the fermions have to be in the
|F = 1/2,mF = −1/2〉 state to obtain a stable mixture at the densities of interest
[153]. The disadvantages of the lower hyperfine states in comparison with the stretched
states are their smaller magnetic moments, the limited trap depth (2.4 mK for 7Li and
330µK for 6Li) and the small bosonic scattering length. For these reasons it is not
possible to start evaporation in the lower hyperfine states. But after a precooling stage
using evaporation in the stretched states, the atoms can be transferred to the lower
states and evaporation cooling can be continued.

Thus, we searched for a method to transfer the atoms to the lower hyperfine states.
To understand the transfer, take a look at the level scheme of the ground states of
lithium figure (2.1). We start with both atoms in the stretched state (|2, 2〉 and
|3/2, 3/2〉). It is then necessary to precool to at least 50µK before executing the
transfer to the lower states. This corresponds to η = Ecut/kBT = 4 for 6Li after the
transfer. If less precooling is performed, the 6Li atoms are lost without significant
cooling effect. We choose radio frequency transitions to change the internal states.
For 7Li the transfer requires a three photon transition. For the first series of experi-
ments presented in the following, resonant π pulses are used. Later on the method of
adiabatic transfer is applied (see section 3.6.1). A first π pulse is applied on the hy-
perfine transition |2, 2〉 → |1, 1〉. Then a two photon π pulse on the Zeeman transition
transfers the atoms to the |1,−1〉 state. The intermediate |1, 1〉 state is an untrapped
state. The atom could gain energy or even be ejected from the trap if it stayed in
this state for a significant fraction of the trap oscillation period. Fortunately these can
be made very long by opening the trap adiabatically without loosing in phase-space
density, giving more time for the π pulses. We open from ωax = 2π × 75.0(1) s−1 and
ωrad = 2π × 4000(10) s−1 to frequencies of ωax ≈ 2π × 5 s−1 and ωrad = 2π × 100 s−1.
The adiabatic opening is done in two steps, each taking 500 ms. Two steps have been
chosen, to slow down the opening at the end when the oscillation frequencies are al-
ready low. So the opening is always adiabatic. It has been verified that the process
is adiabatic by recompressing with the same scheme and measuring the temperature.
The adiabatic opening has two other beneficial effects. The temperature of the gas
is decreased by a factor 40 from initially 10µK to 0.25 µK. This reduces the energy
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spread of the resonance. Since the width of the transition is linked to the duration
of the π pulse with ∆ν = 2π/∆t resulting from the Fourier transform of the pulse,
a smaller energy spread allows for longer pulses. For a π pulse the pulse area, the
amplitude integrated over time, has to be conserved, thus a longer pulse time weakens
the demands on the amplifier and antenna, thus simplifying the system. The second
advantage is that the trap bottom becomes very stable, since the trapping coils are run
at a current of 1 A (pinch coils) or 10 A (Ioffe bars) and the main contribution to the
offset field comes from the very stable coils installed for this purpose. Transformers and
other electronic equipment may produce a fluctuating magnetic field in phase with the
line current which is oscillating with 50 Hz in Europe. To remove those fluctuations,
the emission of the pulse sequence is synchronized to the phase of the power lines of
the lab.

Transition ν [MHz] t [µs]
7Li |2, 2〉 → |1, 1〉 806.335 17
7Li |1, 1〉 → |1,−1〉 0.951 12
6Li |3/2, 3/2〉 → |1/2, 1/2〉 230.740 7
6Li |1/2, 1/2〉 → |1/2,−1/2〉 1.268 12

Table 3.4: The pulse sequence used to transfer the atoms from the higher to the lower
hyperfine state. A maximum delay of 70 µs with no radiation exists between pulses.
The pulse power is adapted to achieve π pulses. If the pulse sequence is run backwards,
atoms are transferred from the lower to the higher hyperfine states.

The exact pulse sequence is shown in table (3.4). For optimization of the parameters
of the pulses, it is essential to use a Stern-Gerlach separation of the internal states
during a time-of-flight measurement. After the last radio frequency pulse, the trap is
switched off and a field gradient in the vertical direction is switched on using a special
Stern-Gerlach field coil (see section 2.7.3). The states with different magnetic moment
are accelerated differently, resulting in a separation of these states after 0.7 ms time
of flight. From these images, the reason of a badly working transfer is immediately
apparent. If for example the frequency of the pulse is too high, the resonance condition
is only fulfilled for atoms in the wings of the distribution. The images show that atoms
are mainly transferred at the the outer rims of the cloud in the axial direction. If the
duration of the pulse is not correct, not all atoms are transferred. If the energy spread
of the cloud is too large, only the central part of the cloud is transferred.

The Rabi oscillation of the optimized transition using the Stern-Gerlach method is
shown in figure (3.24). Graph a) shows the hyperfine transfer of 7Li. The transfer
efficiency is nearly 100%. Graph b) shows the Zeeman oscillation between the three
|F = 1,mF = 1, 0,−1〉 levels. One can see that the population is not first completely
transferred to the mF = 0 state and than to the mF = −1 state. Instead at each
moment the rotated spin 1 decomposes into a superposition of all three mF states. On
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Figure 3.24: Rabi oscillations. The population of different states is detected by using
a magnetic field gradient during a free expansion. a) Rabi oscillation between the 7Li
|F = 2,mF = 2〉 and the |F = 1,mF = 1〉 states. b) Rabi oscillation between the 7Li
|F = 1,mF = −1, 0, 1〉 states.

the images one has the impression, that the total atom number has been reduced, when
going to the mF = −1 state, but since all atoms reappear after one Rabi oscillation, this
can not be true. Presumably the absorption of the probe beam by atoms in different
states is just different. In figure (3.25) the whole transfer process is shown. The total
transfer efficiency depends on the initial temperature of the gas and is better than 75%
for an initial temperature of 10µK.

When changing to the lower hyperfine states, the magnetic moments of the atoms
stay no longer µ = 1 µB. They become µ = 1/2 µB for 7Li and µ = 1/3 µB for
6Li. This results in a nonadiabatic change of the trapping potential. It is possible
to compensate for this for one isotope by increasing the confinement of the trap after
the state transfer faster than the oscillation period. Doing this does not improve the
conditions of the gas after the transfer, so we do not use this option anymore. After the
transfer, the trap is recompressed adiabatically. This time, we compress to the steepest
possible confinement resulting in trapping frequencies of ωrad = 2π × 4970(10) s−1 and
ωax = 2π × 83(1) s−1 for 7Li |1,−1〉, compensating for the reduced magnetic moment.

Finally I would like to mention a nice trick which permits in everyday life a fast
verification of the transfer process. Two images of the same isotope are taken after the
same experimental run, the first without, the second with repumping laser present. If
the atoms are in the higher hyperfine state, they show up on the first image. If they
are in the lower state they are only visible after having been optically pumped to the
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Figure 3.25: Population of the 7Li ground states during the transfer from the |F =
2,mF = 2〉 to the |F = 1,mF = −1〉 state. The states are separated by applying a
magnetic field gradient during the free expansion. A first π pulse resonant with the
hyperfine transition transfers the atoms to the |F = 1,mF = 1〉 state. A second π pulse
resonant with the Zeeman transition transfers the atom to the final state |F = 1,mF =
−1〉.

higher state by the repumper and thus show up only on the second image.

3.4.2 Evaporative cooling of 7Li

After optimization of the transfer to the lower hyperfine state for 7Li we tried to pro-
duce a condensate by continuing the evaporation. Now the |1,−1〉 → |2,−2〉 transition
is used for evaporation, resulting in a radio frequency ramp increasing from 795 MHz
to 799 MHz for an offset field of 2G (see figure 3.26). The ramp is optimized with the
method described above (section 3.3.1) and the peak phase-space density of the result-
ing cloud depends clearly on the duration of the ramp. Thus collisions are present. But
the optical density and collision rate always decrease during the evaporation, making
it impossible to reach the transition temperature.

This is due to two facts. First the scattering length in the |1,−1〉 state is with
5.1 a0 = 0.27 nm very small. The cross section is decreased by a factor 27 in comparison
with the higher hyperfine state and is over 400 times smaller than for 87Rb. In addition
the lifetime does not increase significantly when going to the lower hyperfine state.
Initially we expected this. The lifetime in the higher state is limited by the dipolar loss
rate. The dipolar loss rate depends on the density of energy states accessible after the
loss process (Fermis golden rule). The density of states depends on the released energy,
which is the hyperfine energy for the higher hyperfine state, but only the Zeeman energy
for the lower state. Thus the dipolar loss rate should decrease if the coupling matrix
element stays constant. Apparently this is not the case.

In the end, the ratio of good to bad collisions is slightly too small to permit the
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Figure 3.26: Evaporation out of the lower hyperfine states of 6Li and 7Li. The cut
energy increases with decreasing radio frequency. B0 is the offset magnetic field of the
trap and νhf6 = 228.205MHz and νhf7 = 803.504MHz the hyperfine splittings of the
two isotopes.

continuation of evaporative cooling.

3.4.3 Sympathetic cooling of 7Li by 6Li

The solution to this problem is to use the elastic scattering between the bosons
and the fermions in the lower hyperfine states to rethermalize the gas during evap-
orative cooling. Indeed the 6Li - 7Li scattering cross section is nearly the same in
the higher and lower hyperfine states (σ67high = 4π(41a0)

2 = 6724π a2
0 and σ67low =

4π(38a0)
2 = 5776π a2

0) and close to the 7Li - 7Li cross section in the higher state
(σ77high = 8π(−27a0)

2 = 5837π a2
0). How do we have to choose the isotope ratio to

make optimum use of this situation? In the experiment the total number of atoms
NB + NF is more or less fixed. Between the fermions no s-wave collisions are possi-
ble and the collisions between the bosons are negligible. Thus the optimum ratio of
NB : NF for collisions is a 1 : 1 ratio. It is adjusted by changing the initial isotope
ratio in the TIMOT by changing the 6Li loading time.

The optimum ratio has to be kept during the whole evaporation. One way to achieve
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this is with a dual evaporation ramp in parallel on both isotopes. The two ramps on the
|1/2,−1/2〉 → |3/2,−3/2〉 transition for 6Li and the |1,−1〉 → |2,−2〉 transition for
7Li have to be balanced to maintain roughly equal numbers of both isotopes. After 10 s
of evaporative cooling, Bose-Einstein condensation of 7Li occurs together with a 6Li
degenerate Fermi gas. Surprisingly, a single 25 s ramp performed only on 6Li achieves
the same results (figure 3.27). In this case the equal number condition is fulfilled
because of the reduced lifetime of the 7Li cloud that we attribute to dipolar collisional
loss [153]. The duration of the RF evaporation ramp is matched to this loss rate.

In the following we concentrate on this second evaporation scheme, sympathetic
cooling of 7Li by evaporative cooling of 6Li. This cooling scheme is simpler for several
reasons. First, there is no need to balance two ramps, which can be difficult. Next,
since the bosons are cooled by the fermions, the bosonic temperature is never lower
than the fermionic one. Thus a temperature measurement of the thermal bosonic cloud
in the worst case leads to an underestimation of the quantum degeneracy of 6Li. The
last advantage I point out here is somewhat technical, but in the daily work with the
experiment it is a very important point and concerns the fine tuning of the isotope
ratio. The error signal for a too high or too low fraction of 6Li is a completely missing
bosonic or fermionic cloud at the end of the experimental sequence. If the fraction of
6Li is too high, a breakdown of sympathetic cooling appears during the first cooling
ramp in the higher hyperfine states, and no 7Li is left. During the second ramp on
6Li, no collisions are present and we are left either with a very dilute 6Li cloud or no
cloud at all. If too few 6Li atoms have been present, the second ramp will not work
and we are left with no 6Li and a hot 7Li cloud. These signals are simple to interpret
and give a clear idea of the direction in which the isotope ratio has to be changed. But
if a double ramp on both isotopes were used, an error as those described above could
also have originated from a misbalance of the two evaporation ramps. Thus it is much
less complicated to diagnose and optimize the isotope ratio with a single evaporation
cut of the bosonic cloud. The regulation of the isotope ratio is something that has to
be done continuously because of the insufficient stability of our lasers (which has been
improved since the data presented here was taken).

Now we will discuss the outcome of the evaporation in the lower hyperfine states.
In figure (3.27) in situ absorption images of bosons and fermions at the end of the
evaporation are shown. The bosonic distribution shows the typical double structure:
a strong and narrow peak forms the condensate at the center, surrounded by a much
broader distribution, the thermal cloud. As the Fermi distribution is very insensitive
to temperature, this thermal cloud is a very useful tool for the determination of the
common temperature. To determine NB, NF , the condensate fraction N0/NB, and the
temperature, the distributions are fitted appropriately (see section 1.1). From this and
the measured trap frequencies ω̄, we determine the quantum degeneracy of the Bose
and Fermi gases. In figure (3.27 top), the temperature is just below TC , T = 1.6 µK
=0.87TC = 0.57 TF . In figure (3.27 bottom) on the contrary, the condensate is quasi-
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Figure 3.27: Mixture of Bose and Fermi gases. Top: In situ spatial distributions after
sympathetic cooling with NB = 3.5×104 and NF = 2.5×104. The Bose condensed peak
(8.5 × 103 atoms) is surrounded by the thermal cloud which allows the determination
of the common temperature. T = 1.6µK= 0.87 TC = 0.57 TF. The Fermi distribution is
wider because of the smaller magnetic moment and Fermi pressure. Bottom: profiles
with a quasi-pure condensate, with NB = 1.5×104, NF = 4×103. The barely detectable
thermal cloud indicates a temperature of ≃ 0.28 µK ≃ 0.2(1)TC = 0.2(1)TF.

pure; N0/NB = 0.77; the thermal fraction is near our detection limit, indicating a
temperature of ≈ 0.28 µK≤ 0.2(1)TC = 0.2(1)TF with N = 8.2 × 103 bosons and
4 × 103 fermions. Note that the fermionic distribution is wider because of both, the
smaller magnetic moment and the Fermi pressure. For degeneracies T/TF < 0.2 no
bosonic thermal cloud is visible. A more sensitive method to determine the temperature
is needed to investigate this regime. This could be a thermalization measurement
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detecting the Pauli blocking as described in section (1.1.4).

3.4.4 A stable lithium condensate

In this section we discuss the properties of the condensate. The condensate frac-
tion N0/N as a function T/TC is shown in figure (3.28). With the strong anisotropy
(ωrad/ωax = 59) of our trap, the theory including anisotropy and finite number effects
differs significantly from the thermodynamic limit (see section 1.1.6), and is in good
agreement with our measurements. TC is determined by measuring the trap oscillation
frequencies and the atom number. The error in the first quantity is below 1% but
the atom number is known only to a factor 2 (see section 2.10.6). Since the atom
number enters with the cubic root in TC ∝ ω̄N 1/3, TC has a systematic uncertainty of
about 20%. The uncertainty in the determination of the temperature from the spatial
extension of the thermal cloud and the axial trap frequency is less. Since the critical
temperature determined with our data is well in accordance with the theoretical pre-
diction, the error in the determination of the atom number is possibly even less than
the conservative estimation of a factor 2.

Figure 3.28: Normalized BEC fraction as a function of T/TC. Dashed line: theory in
the thermodynamic limit. Solid line: theory including finite size and trap anisotropy
[82].

Because of the small scattering length, this 7Li condensate has special properties.
Figure (3.29) shows images of a condensate with 104 atoms after 0 − 10 ms expansion
time after the release from a trap with frequencies ωrad = 2π × 1.4 kHz and ωax =
2π× 37 Hz. These images reveal that the condensate is one-dimensional. Gaussian fits
to the radial distribution agree to better than 5% with the time development of the
radial ground state wavefunction in the harmonic magnetic trap. The wavefunction
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Figure 3.29: Signature of 1D condensate. Radial size of expanding condensates with
104 atoms as a function of time of flight. For short times, the size is given by the
resolution of our imaging system. The straight line is the expected behavior for the
expansion of the ground state radial harmonic oscillator (3.3). The dashed line shows
the theoretical prediction using the Thomas-Fermi approximation after formula (1.41).
The trap oscillation frequencies for the initial trap are ωrad = 2π × 1.4 kHz and ωax =
2π × 37Hz.

stays gaussian during the expansion and its RMS size changes as

σrad(t) =

√

~

2mωrad

+
~ωrad

2m
t2 . (3.3)

This is in contrast to the expansion of a typical condensate in the Thomas-Fermi
regime, where the release of interaction energy leads to a faster increase in radial size
(formula 1.41). The condensate is one dimensional, when its radial wavefunction is
well approximated by the radial one-particle harmonic oscillator wavefunction. This is
the case when the chemical potential µ1D is not sufficient to populate excited states,
µ1D ≪ ~ωrad [89]. The axial wavefunction of our condensate can still be described with
the Thomas-Fermi profile. To verify the validity of these approximations, we minimize
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in section (1.1.10) the energy of an ansatz for the wavefunction with gaussian profile
in the radial and TF shape in the axial direction, parametrized by the RMS size of
the gaussian and the Thomas-Fermi radius. We find that the mean field interaction
increases the size of the Gaussian by ≈ 3% for our parameters (formula (1.46)). The
calculated TF radius in the axial direction (formula (1.47)) is 28µm or 7 times the axial
harmonic oscillator size and is in good agreement with the measured radius, 30 µm in
figure (3.27). Also the relation µ1D = 0.45 ~ωrad for our parameters shows, that we are
in the 1D regime. This 1D regime was also realized about the same time in sodium
condensates, by going to low atom number and extreme aspect ratios [31]. Since µ1D

is proportional to a2/3, the 1D regime is much easier to reach with 7Li (small a) than
with Na or 87Rb which have much larger scattering length.

3.4.5 The Fermi sea

In figure (3.27 bottom) the degeneracy factor is T/TF = 0.2(1), which is the best
degeneracy we could measure. The size of the Fermi gas as a function of T/TF is shown
in figure (3.30) in analogy with figure (3.22b) for the higher hyperfine states. Again
the data points show a saturation of the size for high degeneracies due to the Fermi
pressure. Data and theory are again slightly offset.

Figure 3.30: Fermion cloud size: variance of gaussian fit divided by the square of the
Fermi radius R2

F = 2kBTF/Mω2
ax as a function of T/TF. Solid line: theory as explained

in section (1.1.2). Dashed line: Boltzmann gas.

The limit in the degeneracy is not imposed by a limit in the cooling mechanism,
but due to the limitation of the temperature measurement method. Each of the limits
discussed in section (1.2.2) slow down the cooling process at much higher degeneracies.
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Although the fermionic distribution is predicted to be slightly modified by the bosonic
mean field, no phase separation between the condensate and the Fermi sea has been
detected as expected (see section 1.1.13). The sound velocity of our pure condensate is
≈ 0.9 cm/s, corresponding to a temperature of 100 nK, a factor of 10 below our typical
Fermi temperature of ≈ 1 µK.
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3.5 Loss rates

The loss rate often determines the failure or success of evaporative cooling. We have
measured loss rates for 6Li and 7Li for each of the trapped states for mixtures and
for pure gases under various conditions of temperature and density. The background
gas limited lifetime was measured after Doppler cooling to increase the ratio between
trap depth and temperature. An open trap (ωax = 2π × 73 Hz and ωrad = 2π × 200 Hz
with an offset magnetic field of 480 G) is used to reduce density and thus two and
three-body collisions. The lifetime was found to be between 50 s and 140 s, depending
on the vacuum quality (see figure 3.12). All the sympathetic cooling experiments have
been done with a background gas limited lifetime of about 70 s.

A further measurement compares the lifetimes and heating rates of 6Li and 7Li under
the conditions of sympathetic cooling in the higher hyperfine states and is shown in
figure (3.31). The decay of 105 fermions at 3.7 µK with a peak density of 6×1012 cm−3

is well described by an exponential decay on a timescale of 50 s. No heating could
be observed with a measurement uncertainty less than ∼ 50 nK/s. This is due to the
lack of collisions for a polarized fermionic gas. This measurement proves also, that the
heating due to fluctuations in the potential is very weak.

Under the same conditions as the 6Li measurement, the decay of 3.3 × 105 bosons
at a temperature of 11.7 µK and a density of 3.7 × 1012 cm−3 is measured. A heating
rate of 110 nK/s is detected. If the decay is interpreted as an exponential decay, the
lifetime is only 25 s, much shorter than the background gas limited lifetime. This and
the heating can be explained by the existence of dipolar loss described by the decay
rate constant β defined by the differential equation

Ṅ(t) = − βn0√
2N(0)

(N(t))2 − ΓN(t) . (3.4)

This equation has the solution

N(t) =
ΓN(0)

(Γ + bN(0)) exp(Γt) − bN(0)
, (3.5)

with b = βn0/(
√

2N(0)), where n0 is the peak density at t = 0. By fitting the data
with this equation we find a rate constant of β = 1.6(5) × 10−14cm3s−1 when as back-
ground gas limited lifetime 1/Γ = 50 s is chosen, as measured with the fermions. This
measurement is in accordance with the theoretical prediction of 1.6×10−14 cm3s−1 [189]
and measurements in high magnetic fields [190].

We searched for interspecies losses by recording the 6Li trap lifetime in the presence
and absence of 7Li atoms at a peak density n0(

7Li) = 2 × 1011 at/cm3 and a com-
mon temperature of 530µK. With n0(

7Li) = 4.6 n0(
6Li), the lifetimes are respectively

73(10) s and 73(8) s, showing no significant difference. We deduce an upper limit for
dipolar decay rates β6−7 ≤ 10−13 cm3s−1 and β6−6 ≤ 4.6 × 10−13 cm3s−1.
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Figure 3.31: Atom number and temperature of 6Li |F = 3/2,mF = 3/2〉 (a,b) and
7Li |F = 2,mF = 2〉 (c,d) as a function of the storage time in the magnetic trap. The
parameters at t = 0 are: 6Li: atom number N6 = 105, temperature T = 3.7 µK, peak
density n0 = 5.9 × 1012 cm−3, Fermi temperature TF = 4.8 µK; 7Li: N7 = 3.3 × 105,
T = 11.7 µK, n0 = 3.7 × 1012 cm−3, critical temperature TC = 3.6 µK. The lifetime
of 6Li is exponential with a decay constant of τ = 50(4) s. The heating rate is below
the measurement uncertainty of less than ∼ 50nK/s. The loss of 7Li can be better
approximated by including two-body losses. By fixing the background gas limited lifetime
to 50 s, the value measured for 6Li, the two-body decay rate β = 1.6(5)× 10−14 cm−3s−1

is obtained. The heating rate is 110 ± 20nK/s.

We performed a lifetime measurement for the 7Li |1,−1〉 state which is shown in
figure (3.32). An exponential fit to the data gives a lifetime of 20 s, which is too short to
be explained by background gas collisions. Fitting with formula (3.5), gives a dipolar
decay rate constant of β = (3.8 ± 1.6) × 10−14s−1, when fixing the background gas
limited lifetime at 50 s.
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Figure 3.32: Lifetime of 7Li |F = 1,mF = −1〉 in a trap with frequencies ωax =
2π × 84 s−1 and ωrad = 2π × 4970 s−1. The initial density is n0 = 2 × 1012cm−3.
An exponential fit (dashed) gives a lifetime of 20(5) s, which can not be explained by
background gas collisions. Fixing the background gas collisions to the independently
measured 50 s−1, the dipolar decay rate constant is β = (3.8±1.6)×10−14cm3s−1 (solid
line).

The decay of 6Li in the |1/2,−1/2〉 state was not measured, but is longer than that
of 7Li under the same conditions, which can be seen by the fact, that 6Li has to be
evaporated to compensate the dipolar loss of 7Li to keep the equal number condition
during the second cooling ramp.

The lifetime of the condensate was not measured precisely, but we could observe
condensates after a ∼ 1 s storage time after the radio frequency knife was switched off.
Thus the lifetime should be at least of this order of magnitude.
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3.6 Experiments with the optical trap

During the time I was mainly writing this thesis, the work on the experiment did
not stop. The other members of our group, Thomas Bourdel, Julien Cubizolles, Lev
Khaykovich and Gabriele Ferrari who was visiting during three months, pursued new
experiments. A first optical trap, with only one, horizontal beam had already been
installed. The confinement in the axial direction is weak (ωax ∼ 2π × 20 Hz), and is
weaker than the magnetic trap which can confine with up to 130 Hz. A vertical dipole
trap was added to increase the confinement in this direction and to make evaporative
cooling in the dipole trap easier. In the following I will describe the results obtained
with this dipole trap. First, a more reliable method of state transfer, an adiabatic
passage, was implemented. Next the Feshbach resonance in the 7Li |1, 1〉 state was
detected and then exploited to produce a condensate. Due to the Feshbach resonance
the condensate has a tunable scattering length. It was possible to produce a bright
soliton by using a negative scattering length and removing the confinement in the axial
direction.

3.6.1 Adiabatic transfer

In the magnetic trap, radio frequency π pulses were used to transfer the atoms
between different hyperfine states (see section 3.4.1). For a two-level system of a
ground state |g〉 and an excited state |e〉, the states are coupled by the radio frequency
pulse with the matrix element ~ΩR/2, where ΩR is the Rabi frequency. During the
pulse with duration τ , the ground state evolves into a superposition state t|g〉 + r|e〉
with t = cos(ΩRτ/2) and r = sin(ΩRτ/2). For ΩRτ/2 = π the population is transferred
to state |e〉. This method has the advantage of being very fast (∼ 20 µs), much faster
than the oscillation period of the trap of 10 ms. Thus the atoms can easily pass through
untrapped states. The drawback is that the transfer depends crucially on the detuning
of the radio frequency from the atomic transition. And this in turn depends on the
value of the magnetic field, which depends on the position of the atoms in the magnetic
trap and which may fluctuate in time.

A more reliable way to transfer the atoms is an adiabatic passage between the energy
states by sweeping the radio frequency over the resonance (see figure 3.33). For a sweep
with constant rate dωrf/dt, the population is distributed to the two states with |r|2 =
1 − e−2πΓ and |t|2 = e−2πΓ, with the Landau-Zener parameter Γ = Ω2

R(4dωrf/dt)−1

[16, 191]. All atoms will be transferred as long as the sweep is slow enough and as long
as the transition frequency is well within the frequency sweep. Thus, fluctuations in
the offset magnetic field are less important. Incoherent processes, mainly collisions, can
hinder the adiabatic passage. For this reason, the adiabatic passage is experimentally
done in a rather weak trap to reduce density. The parameters used in the experiment
for the adiabatic transfer in the optical trap are a 10 ms sweep over an 1 MHz interval
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across the transition.

Figure 3.33: Dressed atom picture of the energy states versus the radio frequency.
Represented are the ground state in presence of N+1 photons |g,N +1〉 and the excited
state in presence of N photons |e,N〉. The energy difference of these states and the
|e,N〉 state is plotted around the transition frequency (dashed lines). For an adiabatic
sweep of the radio frequency the crossing of the energy levels is avoided and the |g,N+1〉
state is transferred to the |e,N〉 state.

3.6.2 Detection of the 7Li |F = 1, mF = 1〉 Feshbach resonance

The first goal when working with atoms in the optical trap was to detect the Fesh-
bach resonance in the 7Li |F = 1,mF = 1〉 state (see section 1.3.3). For this, a sample
of 7Li atoms is evaporatively cooled in the magnetic trap down to a temperature of
10 µK. Next the intensity of the crossed dipole trap is increased from 0 W to ∼ 1 W
per beam by a linear 200 ms ramp. In the next 200 ms, the magnetic trap is ramped
off. Only a bias magnetic field of 7.5 G is left on. Now the adiabatic passage from the
|F = 2,mF = 2〉 to the |F = 1,mF = 1〉 state follows, using a radio frequency sweep
from 819 MHz to 820 MHz and a duration of 10 ms. This transfer has an efficiency of
∼ 95%. Afterwards the optical trap is ramped to its full power of ∼ 3 W per beam.
The next step is the increase of the offset field to the desired value using the pinch
coils as described in section (2.7.3). The pinch coils produce a magnetic field with
curvature in the axial direction. For atoms in the |F = 2,mF = 2〉 state, this cur-
vature produces an additional axial trapping potential. For atoms in the strong field
seeking |F = 1,mF = 1〉 state, the potential is “anti-trapping”, it reduces the axial
confinement coming from the dipole trap. The magnetic field spread experienced by
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the atoms across the cloud is about 10 mG. This is small in comparison with the width
of the Feshbach resonance, so that all atoms obtain the same scattering length.

The first signal of the Feshbach resonance was an enhanced loss of atoms in the
vicinity of a specific magnetic field. Since the |F = 1,mF = 1〉 is the absolute ground
state, two-body relaxation can be excluded as loss mechanism. Three body recombi-
nation is the dominating loss process. The result is shown in figure (3.34). A sample
of atoms is prepared in the optical trap and left 200 ms at constant magnetic offset
field. The number of remaining atoms is recorded. The loss depends strongly on the
magnetic field value. In the range between 700 G and 725 G the lifetime is so short,
that no atoms can be detected after the experimental sequence. For values of the mag-
netic field above the Feshbach resonance, the number of atoms never regains its value
below the resonance. This is due to the loss during the passage through the resonance
when ramping to the final field value. The value of the magnetic field up to 90 G is
measured by searching for the frequency of the |F = 1,mF = 1〉 → |F = 2,mF = 2〉
transition for different currents in the pinch coils. Then the result is extrapolated to
higher fields. The resonance lays within our measurement uncertainty (∼ 20 G) on the
theoretically predicted resonance at 745 G (see figure 1.16).

3.6.3 Condensation in the 7Li |F = 1, mF = 1〉 state

Now the question arises if it would be possible to use the elastic collisions near the
Feshbach resonance to perform evaporative cooling in the dipole trap and produce a
condensate in the |F = 1,mF = 1〉 state. Two problems arise. In the dipole trap all
internal states are trapped. Thus it is not possible to selectively remove atoms by using
radio frequency transitions to untrapped states as in the case of a magnetic trap. One
method for performing evaporative cooling is to reduce instead the potential depth,
in order to remove energetic atoms over the potential barrier of the dipole trap. But
this results in a decrease in the confinement, reducing the density and thus the elastic
collision rate. This loss has to be compensated by an efficient evaporation, meaning a
good ratio of elastic to inelastic collisions.

The second problem is that loss through three-body collisions increases strongly
near the resonance. In a simple approximation the three-body recombination rate
scales with the elastic scattering cross section squared [150]. In order to make the
evaporation work, a compromise between the elastic and the inelastic collision rate has
to be found by choosing the right value of the magnetic field. It is not a priori clear
that a regime exists in which evaporation will work.

To find this out, an offset field of 665 G is applied for which a reasonable scattering
length of about 40 a0 is theoretically predicted and the measured lifetime is about
1 s. The intensity of the horizontal dipole trap beam is lowered in two consecutive
linear ramps. In this case, the evaporation is caused mainly by atoms falling out of
the trap along the weak direction of the vertical beam. The potential barrier here is



160 CHAPTER 3. EXPERIMENTAL RESULTS

600
 625
 650
 675
 700
 725
 750
 775
 800
 825


0


1


2


3


4


5


N
 [1

0

4
 ]


Offset field [G]


Figure 3.34: Loss of atoms near the 7Li |F = 1,mF = 1〉 Feshbach resonance. 5× 105

atoms are kept during 200ms at a magnetic field value near the Feshbach resonance.
Three body collisions reduce the number of atoms. The magnetic field is reduced in
50ms and the atom number recorded. The atom numbers at the right hand side of
the resonance are systematically smaller, since the sample passed through the magnetic
field region of the resonance, when ramping on and off the magnetic field.

lowered because of gravity. In addition this method only slightly changes the horizontal
confinement, which is determined mainly by the unchanged vertical beam. Because of
this it is possible to extract the change in temperature from the axial size of the trapped
cloud. The duration and the final intensity of the evaporation ramps are optimized
on the increase in phase-space density, determined by measuring the number of atoms
and the size of the cloud in horizontal direction. After some optimization the typical
double structure of the thermal cloud with condensate is detected (see figure 3.35).

The evaporation ramp is afterwards further optimized by changing also the inten-
sity of the vertical beam and the offset magnetic field. As expected, the timescale
for successful evaporation becomes shorter when approaching the Feshbach resonance
because of the increasing collision rate. It turns out, that the atom number of the
resulting condensate is more stable for short evaporation times, probably due to the
feedback on the atom number, that three-body recombination provides. If the initial
number is higher than usual, the density becomes higher during the evaporation and
more atoms are lost because of three-body recombination. If the number is smaller,
less losses take place. The atom number at the end of the evaporation fluctuates less
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Figure 3.35: Integrated density profile of a condensate produced by evaporation in the
optical trap. The double structure of the condensate and the thermal cloud is clearly
visible.

than at the beginning. This is the reason, why for the following experiments a short
evaporation ramp was chosen. The optimized ramp consists of two consecutive linear
ramps of the power of both beams. After the creation of the condensate, the scattering
length is adapted as necessary by changing the offset field and then further experiments
are done with the sample prepared in this way.

In the following I will summarize the typical operation conditions. First a sample
of 5 × 105 7Li atoms at 10µK is prepared by evaporation in the magnetic trap. After
transfer to the optical trap and change of the internal state to the |F = 1,mF = 1〉
state, an offset field of 665 G is applied. The initial Nd:YAG intensities are lowered
during 100 ms in a linear ramp to 20% (35%) of the initial value for the horizontal
(vertical) beam. A second ramp is executed during 150 ms, lowering the intensities to
4% (8%) of their initial values. This procedure results reliably in the production of a
condensate with 2×104 atoms. The lifetime of the condensate under these conditions is
a few 10 ms. This time is sufficient to reduce the offset field which lowers the scattering
rate and results in a longer lifetime.

We observe that the |F = 2,mF = 2〉 atoms left over from the not 100% efficient
adiabatic transfer, thermalize with the |F = 1,mF = 1〉 atoms and are sympathetically
cooled by them. This is possible because the |F = 2,mF = 2〉, |F = 1,mF = 1〉 mixture
is stable against spin relaxation. The ratio of F = 2 to F = 1 atoms increased during
the evaporation, which means that the F = 2 atoms are not as effectively removed as
the F = 1 atoms. This is probably due to the magnetic potential coming from the
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pinch coils, which is confining for the F = 2 atoms and reduces the axial confinement
for the F = 1 atoms. We did not look for a condensate in the F = 2 state yet. Since
the scattering length between the F = 2 atoms is −27 a0 only a limited number of
atoms is permitted in the F = 2 condensate. Since the final oscillation frequencies in
the optical trap are lower than in the magnetic trap used for evaporation, the critical
number of atoms is higher and the condensate might be observable.

Since the F = 2 atoms are an unnecessary thermal load for the cooling of the F = 1
atoms, we remove as many of them as possible after the adiabatic passage. To do this, a
magnetic field gradient produced by the compensation coils is ramped on and off in the
0.5 s following the adiabatic passage. The atoms experience a potential consisting of
the optical potential and a linear magnetic potential. The resulting trap has a reduced
depth in comparison with the optical trap alone. The reduction in trap depth depends
on the slope of the magnetic potential which depends on the magnetic moment of the
atom. The magnetic moment is twice as high for the mF = 2 atoms than for the
mF = 1 atoms. Thus the trap depth is reduced more for the F = 2 atoms than for the
F = 1 atoms. In reducing the trap depth for the mF = 2 atoms to zero, these atoms
can be removed while keeping nearly all mF = 1 atoms.

3.6.4 A condensate with tunable scattering length

One of the special properties of the condensate produced in this manner, is that
the scattering length can be easily tuned. For this, the value of the offset field is
changed right after the end of the intensity sweeps. Again, an exponential current
ramp I(t) = Iinit + (Ifinal − Iinit)(1 − exp(−t/τ))/(1 − exp(−η)) for t = 0...ητ is
used to avoid oscillations of the current as a reaction of the stabilization electronics
of the power supply to fast changes of the programmed current. The lifetime of the
condensate for different offset fields can be measured, giving the inelastic collision rate.
The elastic collision rate can possibly be determined by measuring the release of mean
field energy during a time-of-flight expansion. It is important that the offset magnetic
field is applied during the whole time of flight, since the scattering length should not
be changed while the mean field energy is being released.

3.6.5 The bright soliton

For magnetic field values between 150 G and 510 G the scattering length in the
|F = 1,mF = 1〉 state is negative and as low as −4.4 a0. This is used to produce a bright
soliton (section 1.1.11 and figure 3.36). The offset field is tuned between 100 G and
600 G. After switch-off of the vertical dipole trap beam, the F = 1 atoms are confined
in the radial directions by the horizontal dipole trap beam. In the axial direction, they
experience a repulsive harmonic potential, resulting from the superposition of the weak
confining potential of the dipole trap and the “anti-trapping” potential from the pinch
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coils used to produce the offset magnetic field. We observe the change in position and
size of the atomic cloud under these conditions. For zero scattering length, the cloud
behaves as an ideal gas, expanding due to the curvature of the potential (see figure
3.37). As the scattering length is made negative, the expansion rate decreases due to
the attractive mean field. For scattering length below a =∼ −3 a0, the cloud does not
change its size while it is sliding in the radial potential given by the horizontal dipole
trap beam (figure 3.36). This is the signature for a bright soliton. Further information
on this experiment and a theoretical model describing the region of stability of the
soliton can be found in [192].
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Figure 3.36: A soliton travelling in the horizontal optical trap. Shown are absorption
images of the soliton and axial profiles of the integrated optical density. The soliton
travels to the left, driven by the curvature of the magnetic field provided by the pinch
coils. The scattering length has been tuned to −4 a0, producing an attractive meanfield
which holds the soliton together. The size does not change during the time of flight. The
cloud of atoms visible at the right hand side around 7ms are atoms in the F = 2 state
which stay confined in the axial direction by the pinch coils and in the radial direction
by the horizontal dipole trap beam. Due to the non-adiabatic switch-off of the vertical
dipole trap beam, they oscillate with a frequency of 65Hz. Their oscillatory movement
brings them in and out of the focal plane of the imaging system. This is perhaps one
reason, why they are not visible before 6ms.
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Figure 3.37: The same experiment as shown in figure (3.36) but performed for a
scattering length a ∼ 0. The cloud expands due to the curvature of the magnetic field.



166 CHAPTER 3. EXPERIMENTAL RESULTS



Conclusion and outlook

During the last four years, we have planned and constructed a machine, capable of
producing degenerate gases of fermionic and bosonic lithium. During the construction,
we encountered various challenges and solved them in original ways. Some of them,
for example the construction of the strongly confining magnetic trap and the laser
system for a two isotope MOT (which was simplified by the use of one amplifier for all
the necessary frequencies), had a more technical nature. One of the most important
fundamental challenges was the reduction of the elastic collision cross section of 7Li
at just the temperature that the cloud had in the magnetic trap. This prevented the
success of a straight forward evaporative cooling scheme. The problem was overcome
by implementing a Doppler cooling stage in the magnetic trap. After surmounting this
obstacle, the evaporative cooling and also the sympathetic cooling of 6Li by 7Li worked
and was studied in detail. This result was obtained about one year ago, in October
2000. During the next months, the performance of the system was improved. The
stability of the laser system and the mechanical and electrical stability of the magnetic
trap were enhanced. A better version of the detection system was constructed, featuring
especially a two isotope imaging method. This imaging method was essential for all
further work with 6Li, 7Li mixtures. An immediate result due to the new detection
system was the evidence for Fermi pressure by the comparison of the behavior of
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fermionic and bosonic gases in the region of degeneracy. The best fermionic degeneracy
that we could reach at that point was T/TF = 0.25(5). We were not able to see the
condensate, since it was unstable for atom numbers exceeding a few hundred. There was
hope to improve the fermionic degeneracy when working with a stable condensate. And
also a stable lithium condensate was itself interesting. To achieve this, the scattering
length of 7Li had to be positive as it is the case in the |F = 1,mF = −1〉 state. We
developed a method to achieve the transfer from the initial |F = 2,mF = 2〉 state to
this state in a magnetic trap. Now evaporative cooling in this state was optimized. As
it turned out, the evaporation required some 6Li atoms in the the lower hyperfine state
to drive thermalization via the collisions between the two isotopes. Finally a stable
Bose-Einstein condensate immersed in a degenerate Fermi sea could be produced. The
fermionic degeneracy achieved was at least T/TF = 0.2(1). This time, the degeneracy
was limited by our detection method. The condensate was one dimensional due to
the small scattering length. The next step was the installation of the optical dipole
trap. This enabled us to first observe and then use the Feshbach resonance in the 7Li
|F = 1,mF = 1〉 state to produce a condensate with tunable scattering length. By
tuning the scattering length negative and releasing the condensate in the horizontal
dipole trap beam, we were able to produce and observe bright solitons.

A lot of physics of degenerate lithium can now be explored with the machine as it
is.

• Bright soliton. Now that we know how to produce bright solitons in a reliable
way, we can study their properties. First we will try to observe them on a longer
timescale than the 8 ms that we have done until now, by trapping them in a
waveguide without axial curvature. This will also permit to produce solitons
with a weaker mean-field attraction giving rise to a higher number of atoms in
the soliton and an axial size above our resolution limit. An exciting and relatively
simple experiment is the creation of two solitons in a crossed dipole trap with
two vertical beams. By confining the solitons in a waveguide with a slight axial
confinement, the solitons will oscillate against each other and we will hopefully
be able to verify that they cross each other without disturbance.

• Feshbach resonance in 6Li. Just around the corner lays the detection of the
Feshbach resonance in the |F = 1/2,mF = ±1/2〉 states of 6Li. All technical
requirements are given. The losses accompanying the resonance can be measured
and the change in spatial size of the fermionic sample due to the mean field can
probably be observed. The resonance enhanced elastic scattering cross section
can be used to perform evaporative cooling in the optical trap as was done with
7Li. This method produces two interacting degenerate Fermi gases, a prerequisite
for Cooper pairing. The 7Li can serve as a probe to measure the properties of
the fermionic gas.

• BCS transition. These two interacting Fermi gases can possibly undergo a
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BCS transition. The production, detection and study of this transition is a great
challenge, but there is reason to hope that this may be possible with this machine.
Eventually new techniques to increase the phase-space density have to be used,
for example an adiabatic deformation of the trap as proposed in [193].

• Phase separation. A Feshbach resonance is predicted between the 6Li |F =
1/2,mF = −1/2〉 and the 7Li |F = 1,mF = −1〉 state. Spin exchange decay
is allowed for this mixture for magnetic fields above 150 G. But the rate is pre-
dicted to be low at the positive scattering length side of the Feshbach resonance
[153]. This resonance could not only be used to drive evaporative cooling, but
possibly also to produce a phase separation between the bosons and the fermions
as described in section (1.1.13).

• Low dimensional systems. We have already produced a one dimensional
condensate. Also in the optical trap this should be possible by using an extreme
ratio of the oscillation frequencies and tuning the scattering length to a low value.
Two dimensional condensates could be produced by using a standing optical
wave. These low dimensional condensates are interesting study objects in their
own right [89]. Their phase coherence properties or the influence of the mean
field on their vibration frequencies could be studied. An especially interesting
domain would be reached, if the scattering length is bigger than the harmonic
oscillator length in one or two directions. The scattering length is then reduced
in comparison with the scattering length for non confined atoms [74].

These are only the research topics which appear to be interesting at the moment. It
would be astonishing if there would be no surprises or new ideas on the way to reach
some of these goals. These surprises and ideas can lead to new directions for our
research. It seems reasonable to assume, that work with the machine that we have
built will provide new insights into fascinating physics for several years to come.
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We confine 43108 fermionic 6Li atoms simultaneously with 93109 bosonic 7Li atoms in a magneto-
optical trap based on an all-semiconductor laser system. We optimize the two-isotope sample for sympathetic
evaporative cooling. This is an essential step towards the production of a quantum-degenerate gas offermionic
lithium atoms.

PACS number~s!: 32.80.Pj

The observation of Bose-Einstein condensation in atomic
vapors@1# has made dilutebosonic quantum gases experi-
mentally accessible and the study of these systems has thus
been very fruitful. Quantum degenerate gases of fermions
also offer novel physical properties. At temperatures below
the Fermi temperature, energy and momentum transfer is
modified by Fermi statistics@2,3#. One striking prediction is
the partial suppression of spontaneous emission@4#. Also, a
Fermi gas of atoms in a mixture of different hyperfine~HF!
states might undergo a BCS pairing transition and exhibit
long-range coherence and superfluid behavior@5#. Recently
the onset of quantum degeneracy of a gas offermionic 40K
atoms has been observed by DeMarco and Jin, and a tem-
perature half of the Fermi temperature has been reached@6#.

Evaporative cooling of polarized atoms has so far been
essential for the production of quantum degenerate gases@7#.
It is driven by elastic collisions. At ultralow temperatureT,
i.e., below a few millikelvin for lithium, collisions between
bosons or distinguishable particles are predominantlys-wave
collisions, while Pauli exclusion prohibitss partial waves of
polarized fermions. In an ultracold gas of indistinguishable
fermions the elastic collision rate diminishes proportionally
to T2, as recently confirmed in@8#. Fermionic atoms can be
cooledsympathetically by collisions in a mixture of different
internal states@6,9# or of different species, which are yet to
be implemented.

We intend to sympathetically cool fermionic6Li with the
bosonic7Li isotope. This could produce not only a quantum
degenerate Fermi gas but also a Bose-Einstein condensate of
7Li in both HF ground states as well as a mixture of quantum
degenerate gases of fermions and bosons@10#. One can also
employ ultracold bosons to probe collisional properties of a
degenerate Fermi gas@3#.

Previously several groups have studied samples of two
atomic species in a magneto-optical trap~MOT! @14#. In this
article we describe realization of a MOT containing both
fermionic and bosonic lithium and its optimization for sym-
pathetic cooling. 43108 6Li atoms and 93109 7Li atoms
are simultaneously confined. These numbers together with
the density and temperature achieved should be sufficient to
produce a Fermi gas with a Fermi temperature on the order
of 10 mK in a harmonic magnetic trap of frequencyv̄/2p
5400 s21. The phase-space densityD5n0L3/ f of unpolar-
ized atoms (f internal states! with a peak densityn0 and
temperatureT is the number of identical atoms per cubic

thermal De Broglie wavelengthL5(2p\2/mkBT)1/2. The
achieved phase-space density in the two-isotope magneto-
optical trap is 431026 for 7Li( f 53) and 0.831026 for
6Li( f 52). In single-isotope traps, the number of fermions
(1.53109) exceeds the best previous realization of laser-
cooled fermions by one order of magnitude@6,11#. The num-
ber of trapped7Li (1.831010) is also a factor of 10 improve-
ment @12#.

In future experiments, this two-isotope sample will be po-
larized and transferred into a magnetic trap. Bosonic lithium
will be evaporatively cooled. Fermionic lithium thermalizes
with the bosons via elastic collisions. Neglecting inelastic
losses for mixtures of7Li( F52,mF52)16Li( F53/2,mF
53/2) @and 7Li( F51,mF521)16Li( F51/2,mF521/2)],
as justified in @13#, all initially confined fermions should
reach the quantum degenerate regime, i.e.,T<TF . Note that
reachingT!TF might become difficult because Fermi block-
ing will slow down the thermalization process since only
fermions near the Fermi surface contribute@6,3,10#. In a
typical evaporative cooling sequence the phase-space density
D is increased by;106 by decreasing the atom number by
;100 @7#. For sympathetic cooling this implies thatN ini-
tially confined 7Li atoms can sympathetically cool a sample
of N/100 6Li atoms into the quantum degenerate regime. We
therefore aim to maximize the numberN of 7Li atoms in the
two-isotope trap while simultaneously confining on the order
of N/100 6Li atoms. It is equally crucial that atoms thermal-
ize quickly during the trap lifetime. Thus the initial elastic
collision rate G i between 7Li atoms in the magnetic trap
must be maximized. For a linear trapping potential in three
dimensionsG i can be related to quantities of the MOT as
follows:

G i}N4/9
D i

5/9}NT25/6s25/3, ~1!

whereN is the number of trapped atoms,T is the temperature
of the sample ands the width of the Gaussian density dis-
tribution n(r)5@N/(A2ps)3#exp(2r2/2s2) in the MOT.
We have optimized the laser-cooled sample of7Li with re-
spect toG i in the presence of6Li.

In the experiment, the MOT is loaded from a Zeeman
slowed lithium beam.6Li in the beam is enriched and has an
abundance of about 20%. Both isotopes are slowed and con-
fined in the MOT with 671-nm light that is near resonant
with the D2 line, the 2S1/2→2P3/2 optical transition. The
isotopic shift for this transition is 10 GHz. Each isotope re-
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quires two frequencies to excite from the two HF ground
states. The HF splitting is 803.5 MHz for7Li and 228.2
MHz for 6Li. Hence simultaneous laser cooling of both
lithium isotopes requireseight different laser frequencies:
four frequencies for Zeeman slowing and four frequencies
for magneto-optical trapping, as shown in Fig. 1.

All frequencies are derived with acousto-optical modula-
tors from two grating-stabilized external-cavity diode lasers
based on 30-mW laser diodes. The lasers are frequency
locked in saturated absorption to theD2 lines of 6Li and
7Li, respectively. The slowing light is produced by geometri-
cal superposition of the output of four injection seeded
30-mW laser diodes. Four trapping frequency components
are geometrically superposed and 15 mW of this light is in-
jected into a tapered semiconductor amplifier chip. After spa-
tial filtering, the chip produces up to 140 mW of trapping
light containing the four frequency components in a Gauss-
ian mode at an identical polarization, as described in@15#.
The intensity ratio of the frequency components in the trap-
ping beams can be adjusted. This light is split up into six
independent Gaussian trapping beams, each with a maximum
peak intensity ofImax56 mW/cm2, a 1/e2 intensity width of
3 cm, and an apertured diameter of 2 cm. The MOT is op-
erated in a 4cm3 4cm 3 10 cm Vycor glass cell of optical
quality l/2. Background gas collisions limit the 1/e MOT
lifetime t to about 25 s.

The trapped atom clouds of both isotopes are separately
observed in absorption imaging. For observation, the trap-
ping light and magnetic field are switched off abruptly. The
induction limited 1/e decay time of the magnetic field is less
than 50ms. After free ballistic expansion with an adjustable
time of flight between 150ms and 7 ms the sample is illu-
minated for 80ms by a probe beam. This probe excites either

7Li from the F52 ground state or6Li from the F53/2
ground state to the 2P3/2 excited-state manifold. The absorp-
tion shadow of the sample is imaged onto a charge-coupled
device ~CCD! camera. A separate repumping beam that is
not projected onto the camera excites atoms in the other HF
ground state to avoid hyperfine optical pumping. The density
distribution, atom number, and temperature of the sample are
obtained from absorption images for different ballistic ex-
pansion times.

Both isotopes are magneto-optically trapped in two steps:
In the first step,the loading phase, the capture volume and
velocity of the trap are large, such that the number of trapped
atoms is maximized. In the second step,the compression
phase, the already trapped atoms are compressed in phase
space, such that the initial elastic collision rateG i is maxi-
mized.

All four frequenciesnP7 , nR7 , nP6, andnR6 of the MOT
are exciting on theD2 line. We maximized the number of
7Li atoms and6Li atoms in separate MOTs as well as the
number of 7Li atoms in the two-isotope trap. The maximi-
zation involved the detuningsdP7 ,dR7 ,dP6 ,dR6 of the light
components from the cooling and repumping transitions of
the two isotopes~Fig. 1!, the intensities of all frequency
components, and the strength of the magnetic field of the
MOT.

First, the atom number was optimized in separatesingle-
isotope MOTs with only the two frequencies for the respec-
tive isotopes present. We were able to capture up to 1.8
31010 7Li atoms and 1.53109 6Li atoms. The atom number
N, peak densityn0, temperatureT, and the respective detun-
ings are listed in Table I. The atom number is accurate to
within a factor of 2, and this dominates the uncertainty in the
density determination. This uncertainty arises from a conser-
vative estimate for the absorption cross section because the
probe beam polarization is not well defined with respect to
the local magnetic field and the HF structure splitting in the
excited state is small. The temperature uncertainty is 0.2 mK.
For both isotopes the atom number is maximized at large
frequency detunings and equal intensities in both frequency
components. The optimum magnetic-field gradientB8 along
the symmetry axis of the magnetic quadrupole field of the
MOT is about 35 G/cm for both isotopes. The MOT was
operated at maximum intensityImax56 mW/cm2 in each of
the six beams.

In the 7Li trap, at low atom number (<109) the tempera-
ture is the Doppler temperature~1.1 mK atdP7528G), as
shown in Fig. 2. At large atom numbers, for 53109 to 2
31010 trapped atoms, the temperature is 1.5~2! mK and

FIG. 1. Frequencies employed to slow~dashed arrows! and
magneto-optically trap~solid arrows! both lithium isotopes. The
detunings of the frequencies from the respective resonances are
marked with a dotted line. The detuning of the slowing light from
the respective zero magnetic field transitions for7Li is 2426 MHz
and2447 MHz for 6Li.

TABLE I. Comparison of atom numberN, peak densityn0,
temperatureT, and frequency detunings for the single-isotope and
two-isotope MOT.

Single-isotope MOT Two-isotope MOT
7Li 6Li 7Li 6Li

N 1.831010 1.53109 93109 43108

n (cm23) 331011 1.031011 2.531011 531010

T ~mK! 1.5 0.7 1.0 0.7
dP7,6 ~units of G) 28.0 22.7 28.0 22.7
dR7,6 ~units of G) 25.8 25.1 25.8 25.1
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nearly constant, while the density typically saturates atn0
5331011 cm23. In this regime the number of trapped7Li
atoms is limited by loss due to inelastic radiative escape
~RE! or fine-structure~FS! changing collisions. In steady
state, the flux of slow atomsF523109 s21 is balanced by
the trap loss according to

F5N/t1bn0N/A8, ~2!

t525 s is the background-gas-limited lifetime of the MOT.
The two-body loss coefficientb56310213 cm3/s was ex-
perimentally determined and is consistent with previous
studies of trap loss in a7Li MOT @16#.

In 7Li the HF splitting between theF853 and theF8

52 excited states is 1.6G, and in 6Li, 0.5 G between the
F855/2 and theF853/2 excited states, whereG55.9 MHz
is the natural width of the lithiumD lines. Despite the in-
verted excited-state HF structure of both lithium isotopes, the
small HF splitting leads to off-resonant excitation of theF
52→F852 transition in 7Li, and the F53/2→F853/2
transition in 6Li and frequent decay into the lower HF
ground state. The repumping light component is therefore of
equal importance as the principal trapping light. In fact, we
only obtained a MOT with the repumping light also in a
six-beam MOT configuration. This is not required in MOTs
of other alkali metals with larger HF splitting, such as Cs,
Na, or Rb.

For the two-isotope trap, the6Li repumping transitionF
51/2→F853/2 is about 7G to the blue of theF52→F8

51 resonance in theD1 line of 7Li. If both lithium isotopes
are simultaneously confined, the6Li repumping light com-
ponentnR6 frequently excites thisnoncooling transition and
significantly weakens the confinement of the trap for7Li.
This leads to a smaller number of trapped7Li atoms in the
presence of6Li light. We reduce this harmful effect by de-
tuning towards theD1 resonance while reducing the6Li
repumping intensity. The coincidence could also be avoided
by repumping6Li on the D1 line instead. Aside from the
light-induced trap loss we do not observe mutual effects due
to the presence of both isotopes~such as collision-induced

trap loss, heating, or a modification of the spatial distribu-
tion!. With an intensity relation between the four frequency
componentsnP7 , nR7 , nP6, andnR6 of 8:8:2:1, we are able
to confine 93109 7Li atoms together with 43108 6Li at-
oms. This ratio of;20 between the two isotopes can obvi-
ously be increased without loss of7Li atoms.N, n0 , T, and
the respective detunings for the two-isotope MOT are listed
in Table I.

After loading the trap it is possible to further compress the
sample in phase space and maximize the initial elastic colli-
sion rateG i by changing the laser parameters for the duration
of a few milliseconds. From Eq.~1! follows that in the case
of no loss of atoms during compression a maximization ofG i
also maximizesDi . For the compression, we optimizeG i
with respect to the total laser intensity and the frequency
detuningsdP6 , dP7 , dR6 , dR7 while keepingB8 constant at
35 G/cm. We compress the single-isotope MOTs as well as
the two-isotope sample. For sympathetic cooling we are es-
pecially interested in maximizingG i for 7Li in the presence
of 6Li. As shown in Table II, decreasingdR7, i.e., detuning
nR7 further to the red of the transition, and approachingnP7
towards resonance while reducing the overall laser intensity
to 0.3Imax51.8 mW/cm2, results in a 40% drop in tempera-
ture and increases the density by 70%~see Fig. 3!. 30% of
the initially confined atoms are lost during the first 3 ms of
compression. This loss is probably due to FS- and RE-
collision-induced heating during the initial compression
stage. According to Eq.~1! compression increasesG i by
60%. After compressing the two-isotope trap for 3 ms, we

FIG. 2. TemperatureT, one-dimensional rms widths and peak
densityn0 in a 7Li MOT versus atom numberN. N was varied by
changing the loading time. In~b! the width along the symmetry axis
z of the magnetic field~solid data points! is ;40% smaller than in
the radial direction~hollow points! as expected from a simple MOT
model (1/A2).

TABLE II. Comparison of atom numberN, peak densityn0,
temperatureT, and frequency detunings for the single-isotope and
two-isotope compressed MOT.

Single-isotope CMOT Two-isotope CMOT
7Li 6Li 7Li 6Li

N 73109 53108 63109 33108

n (cm23) 431011 1.531011 431011 6.531010

T ~mK! 0.6 0.4 0.6 0.7
dP7,6 ~units of G) 23.0 22.7 23.0 22.7
dR7,6 ~units of G) 29.0 22.7 29.0 25.8

FIG. 3. Temporal dynamics of the compression phase of a7Li
MOT. Atom numberN, temperatureT, and rms widthsz after an
abrupt change of the laser parameters att50.
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obtain a maximum of 63109 7Li atoms at a peak density of
431011 cm23 and a temperature of 0.6 mK together with
6Li at a density 6.531010 cm23 and a temperature of 0.7
mK. Aside from the initial loss during the first few millisec-
onds, the 1/e trap lifetime also decreases to about 30 ms for
both isotopes.

Figure 3 shows the typical temporal dynamics of atom
number, width, and temperature of the7Li compressed MOT
~CMOT! for the first 6.5 ms of compression.G i andDi reach
a maximum after about 3 ms. The CMOT is rather insensi-
tive to the repumping frequencynR7: detuning by 2G above
and below the optimized value of 5.8G decreasesG i by less
than 25%. The CMOT is much more sensitive to the detun-
ing nP7 of the trapping light. We optimizedG i with respect
to the durationt of the compression phase and the detuning.
The maxima ofG i and Di remain at a constant value fort
>3 ms but shift to different detuning parameters with in-
creasing CMOT duration.

To summarize, we showed that it is possible to trap about
63109 7Li atoms together with 33108 6Li atoms in the

two-isotope MOT at at phase-space densities of;1026.
These results are comparable to results achieved with single
isotopes of Na or Cs in adark SPOT @17#. In combination
with a strong confining magnetic trap we expect an initial
elastic collision rate well above 10 s21, despite the small
triplet scattering length of 1.4 nm (7Li- 7Li) and 2.0 nm (6Li-
7Li) @18#. This can lead to the production of quantum degen-
erate Bose and Fermi gases of lithium by forced evaporation
and sympathetic cooling within a few seconds.
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~unpublished!.

@15# G. Ferrari, M.-O. Mewes, F. Schreck, and C. Salomon, Opt.
Lett. 24, 151 ~1999!.

@16# J. Kawanake, K. Shimizu, H. Tanaka, and F. Shimizu, Phys.
Rev. A 48, R883~1993!; N.W.M. Ritchie et al., ibid. 51, 961
~1995!.

@17# W. Ketterleet al., Phys. Rev. Lett.70, 2253~1993!.
@18# E.R.I. Abraham, W.I. McAlexander, C.A. Sackett, and R.G.

Hulet, Phys. Rev. A55, R3299~1997!.

RAPID COMMUNICATIONS

011403-4 61MEWES, FERRARI, SCHRECK, SINATRA, AND SALOMON



Appendix C

Sympathetic cooling of bosonic and fermionic lithium gases
towards quantum degeneracy

F. Schreck, G. Ferrari, K. L. Corwin, J. Cubizolles, L. Khaykovich,

M.-O. Mewes, and C. Salomon

Physical Review A,
Volume 64, page 011402(R), 8 June 2001.

189





Sympathetic cooling of bosonic and fermionic lithium gases towards quantum degeneracy

F. Schreck, G. Ferrari, K. L. Corwin, J. Cubizolles, L. Khaykovich, M.-O. Mewes, and C. Salomon
Laboratoire Kastler Brossel, Ecole Normale Supérieure, 24 rue Lhomond, 75231 Paris CEDEX 05, France

~Received 16 November 2000; published 8 June 2001!

Sympathetic cooling of two atomic isotopes is experimentally investigated. Using forced evaporation of a
bosonic 7Li gas in a magnetic trap, a sample of 1.33105 6Li fermions has been sympathetically cooled to
9(3) mK, corresponding to 2.2(0.8) times the Fermi temperature. The measured rate constant for two-body
inelastic collisions of the7Li u2,2& state at low magnetic field is 1.0

20.5
10.8

310214 cm3 s21.

DOI: 10.1103/PhysRevA.64.011402 PACS number~s!: 32.80.Pj, 05.20.Dd, 05.30.Jp, 05.30.Fk

In atomic physics, the combination of laser cooling and
evaporative cooling in magnetic traps has been successfully
used to reach Bose-Einstein condensation~BEC! in dilute
vapors@1,2#. These techniques, however, are not universal.
Producing laser light at appropriate wavelengths is some-
times difficult, and laser cooling of molecules remains a
challenge. Relying on elastic collisions@3#, evaporative cool-
ing fails for fermions at low temperature. Indeed nos-wave
scattering is allowed for identical fermions, and when the
temperatureT decreases, thep-wave cross section vanishes
asT2 @4#.

Sympathetic cooling allows one to overcome these limi-
tations. It uses a buffer gas to cool another species via colli-
sions and was first proposed for two-component plasmas@5#.
Often used for cooling ions confined in electromagnetic traps
@6,7#, it has been applied recently to cool neutral atoms and
molecules via cryogenically cooled helium@8#. Sympathetic
cooling using87Rb atoms in two different internal states has
led to the production of two overlapping condensates@9#. For
fermions, thes-wave scattering limitation was overcome by
using two distinct Zeeman substates, both of which were
evaporatively cooled. This method has been used to reach
temperatures on the order of;300 nK;0.4 TF @10#, where
TF is the Fermi temperature below which quantum effects
become prominent. Cold collisions between6Li and 7Li
were analyzed theoretically in@11# and it was predicted that
sympathetic cooling of6Li by contact with 7Li should work
efficiently.

In this Rapid Communication, we report on the experi-
mental demonstration of sympathetic cooling of6Li fermi-
ons via collisions with evaporatively cooled7Li bosons in a
magnetic trap. Both species were cooled from 2 mK to
;9(3) mK, corresponding toT;2.2(0.8)TF where TF

5(\v̄/kB)(6N)1/3, v̄ is the geometric mean of the three
oscillation frequencies in the trap, andN is the number of
fermions. For these experimental conditions,TF;4 mK.
This method represents a crucial step towards the production
of a strongly degenerate Fermi gas of6Li and the study of its
optical and collisional properties@12,13#. It also opens the
way to interesting studies on mixtures of Bose condensates
and Fermi gases@14–16#. Finally 6Li is considered a good
candidate for the observation of BCS transition@17–19#.

A sketch of our apparatus is shown in Fig. 1. First the7Li
and 6Li isotopes are simultaneously captured from a slowed
atomic beam and cooled in a magneto-optical trap~MOT! at

the center of a Vycor glass cell@20#. On top of this cell is
located a small appendage of external dimensions 2037
340 mm and a wall thickness of 2 mm. The small dimen-
sion alongy permits the construction of a strongly confining
Ioffe-Pritchard ~IP! trap using electromagnets. The two-
dimensional quadrupole field is created by four copper Ioffe
bars~IBs!, each consisting of three conductors running at a
maximum current of 700 A. Axial confinement is provided
by two pinch coils~PCs! in series with two compensation
coils ~CCs! at 500 A in order to reduce the bias magnetic
field. For these currents, the radial gradient is 2.38 kG/cm
and the axial curvature is 695 G/cm2. With a bias field of 15
G, the trap frequencies for7Li are v rad/2p52.57(4) kHz
andvax/2p5118(1) Hz. The background-limited trap life-
time is 130 s. Atoms are transferred from the MOT region to
the IP trap in a magnetic elevator quadrupole trap. The el-
evator consists of lower quadrupole~LQ! coils ~identical
with the MOT coils! and upper quadrupole~UQ! coils cen-
tered on the IP trap axis, 50 mm above the LQ trap center.
The current ratio between the two sets of coils determines the
center of the resulting quadrupole trap, allowing the atoms to
be lifted by adjusting this ratio.

This trap design allows for both large compression and
high atom numbers, two crucial parameters for evaporative
cooling. This is particularly important for lithium atoms,
since thes-wave cross sections at zero energy are at least 16
times smaller than for87Rb. The scattering length for7Li in
stateuF52,mF52& used in our experiments is227a0 @21#.
Finally, all coil currents can be switched off rapidly, allow-
ing the potentials to be turned off nonadiabatically for time-
of-flight absorption imaging. In contrast, early Bose-Einstein
condensation experiments with7Li used a permanent magnet
trap @22#.

We describe now the main steps of our sympathetic cool-
ing experiments~parameters are summarized in Table I!. 6
3109 7Li and 1.63108 6Li atoms are captured in;1 min
in the MOT. The relative numbers of7Li and 6Li can be
adjusted by changing the light intensity tuned to each isotope
with the laser setup described in@23#. Both isotopes are
cooled to;0.8 mK, optically pumped to the upper hyper-
fine state,F52 ~respectively,F53/2) and captured in the
LQ trap with an axial gradient of 400 G/cm. Characterization
of the LQ trap with 7Li revealed two time scales for trap
losses: a fast one~100 ms! that we attribute to spin relaxation
and a slow one~50 s! due to Majorana transitions near the
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trap center. Just before the magnetic elevator stage about
40% of both isotopes remain trapped.

The transfer to the UQ trap is done by increasing the
current in the UQ coils to 480 A in 50 ms and ramping off
the current in the LQ coils in the next 50 ms. Nearly mode-
matched transfer into the IP trap is accomplished by simul-
taneously switching on the IBs and the PCs while switching
off the UQ coils. The transfer efficiency from LQ trap to the
IP trap is 15% and is limited by the energy cut due to the
narrow dimension of the appendage~3 mm! in the radial
direction. High-energy atoms hit the glass cell and are lost. A
wider appendage would allow a higher transfer efficiency but
at the expense of a reduced radial gradient. Our simulation
shows that the chosen size is optimum with respect to the
initial collision rate in the IP trap for a temperature of 1 mK
in the LQ trap.

After compressing the IP trap to maximum currents and
reducing the bias field to 15 G, we obtain 2.53108 7Li at-
oms and 1.83107 6Li atoms at a temperature of 7~3! mK. In
these conditions, we have been unsuccessful in reaching run-
away evaporation~i.e., increase of collision rate! on 7Li in

the presence or absence of6Li. Because theu2,2& state of7Li
has a negative scattering length, as the collision energy in-
creases, the scattering cross section falls to zero. This occurs
at T058 mK, i.e., within thes-wave energy range@24#. To
overcome this limitation, we apply a stage of one-
dimensional Doppler cooling of7Li in the IP trap with a bias
field of 430 G using as1-s1 laser standing wave aligned
along thex axis. Each beam has an intensity of 25mW/cm2

and is detuned about one natural linewidth below the reso-
nance in the trap. In 1 s of cooling, the temperature in all
three dimensions drops by a factor of 4 and the loss of atoms
is 15%. In the compressed IP trap, the temperature is now
;2 mK, sufficiently belowT0. Thus at the start of the
evaporation, the collision rate is;15 s21, i.e., 2000 times
the background gas collision rate.

Absorption images are taken with 10-ms exposure time,
immediately after the trap is turned off and before the cloud
can expand. Independent laser systems provide isotope selec-
tive probe beams. From these images, the total number of
atoms is found, to an accuracy of a factor of 2. The tempera-
ture is then deduced from a fit of the cloud size in the axial
direction by a Gaussian of standard deviationsax and the
measured oscillation frequencyvax. This temperature mea-
surement agrees to within 15% with a time-of-flight mea-
surement of the kinetic energy.

Evaporation is performed exclusively on7Li. We apply a
tunable microwave field near the7Li hyperfine transition at
803.5 MHz to couple theuF52,mF52& trapped state to the
uF51,mF51& untrapped state. To verify the effectiveness of
the evaporation process, we first cool7Li alone in the trap
down to the regime of quantum degeneracy; after 15 s of
compression of the cloud with a microwave knife fixed at 5.4
mK, we have 23108 atoms at a temperature of 1.2 mK@25#.
We then lower the microwave cut energy from this value to
;5 mK in 45 s. The central phase-space density isr0
5n0L3 whereL5h(2pmkBT)21/2 andn0 is the peak den-
sity. In Fig. 2,r0 is plotted vs atom number at various stages
of the evaporation scan.r0(N) is well fitted by a line of
slope 22 on a log-log scale, indicating a nearly constant
collision rate during forced evaporation. We reached phase-
space densities exceeding 2.6 with 53104 atoms at 1.2mK,
meeting the condition for Bose-Einstein condensation. How-
ever, due to the effective attractive interaction, the trapped

TABLE I. Typical atom numbers and temperatures before and
during sympathetic cooling.

7Li 6Li
N T ~mK! N

Compressed MOT 63109 0.8 1.63108

Lower quadrupole 2.53109 1 83107

Capture IP trap 3.83108 0.7 1.33107

Compressed IP 3.23108 2 2.53106

End symp. cool. 1.73106 0.03 1.23106

FIG. 1. Experimental setup. Both lithium isotopes are collected
from a slow atomic beam~AB! in a magneto-optical trap~MOT! at
the center of a glass cell. Atoms are magnetically elevated using
lower quadrupole~LQ! and upper quadrupole~UQ! coils in a small
appendage. At this site, a strongly confining Ioffe-Pritchard trap
consisting of four Ioffe bars~IBs!, two pinch coils~PCs! and two
compensation coils~CCs! allow evaporative cooling of7Li to quan-
tum degeneracy and sympathetic cooling of6Li-7Li mixtures.

FIG. 2. 7Li peak phase-space density vs number of atomsN
during single-species evaporation.
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condensate is expected to be stable only for atom numbers
up to a critical value@26,27#, which, in our trap geometry, is
limited to a few hundred. Our current imaging system is
unable to detect such a small sample. We also observe that
the trap lifetime is reduced to 22~4! s at a peak density of
431012 at/cm3 and a temperature of 21mK, well above
BEC. We attribute this reduction to dipolar relaxation and
obtain a dipolar relaxation rate b727

51.0
20.5
10.810214 cm3 s21 in agreement with the theoretical

value 1.6310214 cm3 s21 predicted in@28# and comparable
to that measured in high magnetic field@29,30#.

Using a similar evaporation ramp lasting 40 s with 2.5
3106 6Li atoms and 3.23108 7Li atoms, sympathetic cool-
ing of fermionic 6Li is clearly shown in Fig. 3. The dis-
played images recorded at various stages of the evaporation
ramp for mixtures@~a! and~b!# or for 7Li alone with identi-
cal initial number~c!. In ~a!, the optical density of the6Li
cloud is seen to increase considerably because of the reduc-
tion in size without apparent loss of atoms, a signature of
sympathetic cooling. Comparisons of the cloud sizes be-
tween ~a! and ~b! indicate that6Li and 7Li are in thermal
equilibrium, except for the end of the evaporation. At 39 s,
6Li is at 40 mK, 7Li is not detectable~b!, while 7Li alone is
at 20 mK ~c!. This indicates that between 36 and 39 s, the
numbers of 6Li and 7Li have become equal. Beyond this
point, the temperature of6Li no longer decreases signifi-
cantly. The thermal capacity of6Li soon exceeds that of7Li,
resulting in heating and loss of7Li during the final stage of
forced evaporation~b!. Under the same conditions but with-
out 6Li, normal evaporative cooling of7Li proceeds to a
temperature of 18mK ~c! that is below that obtained for6Li
at 39 s, 35mK ~a!.

More quantitatively, temperatures and numbers of6Li
and 7Li atoms as a function of the microwave cut energy are
plotted in Fig. 4. Above 40mK, the temperatures of all three
clouds are nearly identical, indicating that the collision cross

section between the7Li u2,2& and 6Li u 3
2 , 3

2 & is not signifi-
cantly smaller than that of the7Li u2,2& with itself. This is
consistent with the prediction that the scattering length be-
tween these states of6Li and 7Li is (40.860.2)a0 @11#. In
addition, close thermal contact implies that the microwave
knife acts the same on the7Li cloud with or without 6Li
present, as expected because the6Li number is initially a

very small fraction of the7Li number. The ratio between the
measured temperatures and the microwave cut energy is 4.
At a temperature around 35mK, the number of7Li atoms
(N7) has been reduced to the number of6Li atoms (N6). As
a result the 6Li cloud is no longer cooled and remains at
35 mK.

For classical gases, the decoupling temperatureTD is
reached whenN7'N6. In the case of7Li alone, T7 is ap-
proximately proportional toN7 and soTD}N6. Since TF

}N6
1/3, the degeneracy parameterTD /TF}N6

2/3, and Fermi
degeneracy can be approached by reducing the number of
6Li. Doing this, the highest degeneracy reached after a com-
plete sympathetic cooling evaporation ramp wasT/TF
52.2(0.8) at a temperature of9(3)mK with 1.33105 6Li
atoms. At this stage we are limited by the detection effi-
ciency of our imaging system.

FIG. 3. Images of6Li and 7Li atom clouds at various stages of sympathetic cooling~a!,~b! and during single-species evaporation~c! with
identical initial numbers of7Li atoms. Top images are 1 cm long, the others 3 mm. Temperatures of6Li ~respectively,7Li alone! are given
on the left~right!.

FIG. 4. 6Li ~crosses! and 7Li ~open circles! temperatures and
numbers as a function of the7Li cut energy. During sympathetic
cooling, temperatures are the same down to a decoupling region
below which6Li is no longer cooled. Black squares show7Li alone
with identical parameters. Uncertainty in thex axis is about 0.01
mK.
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Finally an important question for studies of mixtures of
these degenerate gases is the possibility of interspecies loss
mechanisms. We have searched for such losses by recording
the 6Li trap lifetimes in the presence and absence of7Li
atoms at a peak densityn0(7Li) 5231011 at/cm3 and a
common temperature of 530mK. With n0(7Li)
54.6n0(6Li), the lifetimes were, respectively, 73~10! s and
73~8! s, showing no significant difference. We deduce an
upper limit for dipolar decay rates,b627<1310213

cm3s21,b626<4.6310213 cm3s21.
In summary we have demonstrated sympathetic cooling

of fermionic lithium via evaporation performed on the
bosonic Li isotope and obtained temperatures of 2.2(0.8)TF .
Recently, we have achieved Fermi degeneracy and tempera-

tures of 0.3 TF . This work will be the subject of a future
publication.
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We report the observation of coexisting Bose-Einstein condensate (BEC) and Fermi gas in a magnetic

trap. With a very small fraction of thermal atoms, the 7Li condensate is quasipure and in thermal contact

with a 6Li Fermi gas. The lowest common temperature is 0.28 mK � 0.2�1�TC � 0.2�1�TF where TC is

the BEC critical temperature and TF the Fermi temperature. The 7Li condensate has a one-dimensional

character.

DOI: 10.1103/PhysRevLett.87.080403 PACS numbers: 05.30.Fk, 03.75.–b, 05.30.Jp, 32.80.Pj

Bose-Einstein condensation (BEC) of atomic gases has

been very actively studied in recent years [1,2]. The di-

lute character of the samples and the ability to control the

atom-atom interactions allowed a detailed comparison with

the theories of quantum gases. Atomic Fermi gases, on the
other hand, have only been investigated experimentally for

two years [3–5]. They are predicted to possess intriguing

properties and may offer an interesting link with the be-

havior of electrons in metals and semiconductors, and the

possibility of Cooper pairing [6] such as in superconduc-
tors and neutron stars. Mixtures of bosonic and fermionic

quantum systems, with the prominent example of 4He-3He

fluids, have also stimulated intense theoretical and experi-

mental activity [7]. This has led to new physical effects

including phase separation, influence of the superfluidity
of the Bose system on the Fermi degeneracy, and to new

applications such as the dilution refrigerator [7–9].

In this paper, we present a new mixture of bosonic and

fermionic systems, a stable Bose-condensed gas of 7Li

atoms in the internal state jF � 1, mF � 21� immersed
in a Fermi sea of 6Li atoms in jF � 1�2, mF � 21�2�
(Fig. 1). Confined in the same magnetic trap, both atomic
species are in thermal equilibrium with a temperature of
0.2�1�TF ø TC. All previous experiments performed with
7Li in jF � 2, mF � 2� had condensate numbers limited
to N # 1400 because of the negative scattering length,
a � 21.4 nm, in this state [10,11]. Our condensate is pro-
duced in a state which has a positive, but small, scattering
length, a � 10.27 nm [12]. The number of condensed
atoms is typically 104, and BEC appears unambiguously
both in the position distribution in the trap and in the stan-
dard time of flight images.

Because of the symmetrization postulate, colliding fer-
mions have no s-wave scattering at low energy. In the low
temperature domain of interest, the p-wave contribution
vanishes. Our method for producing simultaneous quan-
tum degeneracy for both isotopes of lithium is sympathetic
cooling [4,5]; s-wave collisions between two different
atomic isotopes are allowed and rf evaporation selectively
removes from the trap high energy atoms of one species.
Elastic collisions subsequently restore thermal equi-
librium of the two-component gas at a lower temperature.

Our experimental setup has been described in detail in
[4,13]. A mixture of 6Li and 7Li atoms is loaded from
a magneto-optical trap into a strongly confining Ioffe-
Pritchard trap at a temperature of about 2 mK. As de-
picted in Fig. 1, this relatively high temperature precludes
direct magnetic trapping of the atoms in their lower hy-
perfine state because of the shallow magnetic trap depth,
2.4 mK for 7Li in jF � 1, mF � 21� and 0.2 mK for
6Li in jF � 1�2, mF � 21�2�. Therefore we proceed in
two steps. Both isotopes are first trapped and cooled in
their upper hyperfine states. The 7Li jF � 2, mF � 2�
and 6Li jF � 3�2, mF � 3�2� states have no energy maxi-
mum as a function of the magnetic field (Fig. 1). Thus
the trap depth can be large. Evaporation is performed se-
lectively on 7Li using a microwave field near 803 MHz
that couples jF � 2, mF � 2� to jF � 1, mF � 1�. When
both gases are cooled to a common temperature of about
9 mK, atoms are transferred using a combination of mi-
crowave and rf pulses into states jF � 1, mF � 21� and
jF � 1�2, mF � 21�2� with an energy far below their re-
spective trap depths. Evaporative cooling is then resumed
until 7Li reaches the BEC threshold.

In the first series of experiments, both Li isotopes
are trapped in their higher hf states. 6Li is sympatheti-
cally cooled to Fermi degeneracy by performing 30 s of

FIG. 1. Energy levels of 7Li and 6Li ground states in a mag-
netic field. Relevant scattering lengths, a, and magnetic mo-
ments, M , are given. mb is the Bohr magneton. The j1, 21� state
(respectively, j1�2, 21�2�) is trapped only in fields weaker than
140 G (respectively, 27 G). Open circles: first cooling stage;
black circles: second cooling stage.
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evaporative cooling on 7Li [4]. Trap frequencies for 7Li are

vrad � 2p 3 4000�10� s21 and vax � 2p 3 75.0�1� s21

with a bias field of 2 G. Absorption images of both
isotopes are recorded on a single CCD camera with a

resolution of 10 mm. Images are taken quasisimultane-

ously (only 1 ms apart) in the trap or after a time of flight

expansion. Probe beams have an intensity below satu-

ration and a common duration of 30 ms. Typical in situ

absorption images in the quantum regime can be seen

in Fig. 2. Here the temperature T is 1.4�1� mK and

T�TF � 0.33�5�, where the Fermi temperature TF is

�h̄v̄�kB� �6NF�1�3, with v̄ the geometric mean of the

three oscillation frequencies in the trap and NF the number
of fermions. For images recorded in the magnetic trap,

the common temperature is measured from the spatial

extent of the bosonic cloud in the axial direction since

the shape of the Fermi cloud is much less sensitive to

temperature changes when T�TF , 1 [14]. The spatial

distributions of bosons and fermions are recorded after a
1 s thermalization stage at the end of the evaporation. As

the measured thermalization time constant between the

two gases, 0.15 s, is much shorter than 1 s, the two clouds

are in thermal equilibrium [15]. Both isotopes experience

the same trapping potential. Thus the striking difference
between the sizes of the Fermi and Bose gases [5] is

a direct consequence of Fermi pressure. The measured

axial profiles in Fig. 2 are in excellent agreement with

the calculated ones (solid lines) for a Bose distribution at

the critical temperature TC. In our steepest traps, Fermi
temperatures as high as 11 mK with a degeneracy of

T�TF � 0.36 are obtained. This TF is a factor of 3 larger

than the single photon recoil temperature at 671 nm,

opening interesting possibilities for light scattering experi-

ments [16].

FIG. 2. Observation of Fermi pressure. Absorption images in
the trap and spatial distributions integrated over the vertical di-
rection of 8.1 3 104 6Li and 2.7 3 104 7Li atoms in their higher
hyperfine states. The temperature is 1.4�1� mK � 1.1�2�TC for
the bosons and 0.33�5�TF for the fermions. Solid lines are the
expected Bose and Fermi distributions.

Our highest Fermi degeneracy in 6Li jF � 3�2, mF �

3�2�, achieved by cooling with 7Li jF � 2, mF � 2�,
is T�TF � 0.25�5� with TF � 4 mK, very similar to
Ref. [5]. We observe that the boson temperature cannot be

lowered below TC. Indeed, because of the negative scatter-

ing length in 7Li jF � 2, mF � 2�, for our trap parameters,

collapse of the condensate occurs when its number reaches

�300 [10]. Since sympathetic cooling stops when the heat
capacity of the bosons becomes lower than that of the fer-

mions, this limits the Fermi degeneracy to about 0.3 [5].

In order to explore the behavior of a Fermi sea in the

presence of a BEC with a temperature well below TC, we

perform another series of experiments with both isotopes
trapped in their lower hf state where the positive 7Li scat-

tering length (Fig. 1) allows the formation of a stable BEC

with high atom numbers. To avoid large dipolar relaxation,
6Li must also be in its lower hf state [17]. First, sympa-

thetic cooling down to �9 mK is performed on the 7Li

jF � 2, mF � 2�, 6Li jF � 3�2, mF � 3�2� mixture as
before. Then, to facilitate state transfer, the trap is adiabati-

cally opened to frequencies vrad � 2p 3 100 s21 and

vax � 2p 3 5 s21 (for 7Li, F � 2).

The transfer of each isotope uses two radio frequency p

pulses. The first pulse at 803 MHz for 7Li (228 MHz
for 6Li) transfers the bosons from j2, 2� to j1, 1� (the fer-

mions from j3�2, 3�2� to j1�2, 1�2�). These states are

magnetically untrapped states (see Fig. 1). The second p

pulse at 1 MHz for 7Li (1.3 MHz for 6Li) transfers the

bosons to j1, 21�, a magnetically trapped state (the fermi-
ons to j1�2, 21�2�). Adiabatic opening of the trap cools

the cloud. It decreases the energy broadening of the reso-

nance and gives more time for the passage through un-

trapped states. The durations of the p pulses are 17 and

13 ms and more than 70% of each isotope is transferred.

Finally the trap is adiabatically recompressed to the steep-
est confinement giving vrad � 2p 3 4970�10� s21 and

vax � 2p 3 83�1� s21 for 7Li jF � 1, mF � 21�, com-

pensating for the reduced magnetic moment.

Because of the very large reduction of the 7Li s-wave

scattering cross section from the F � 2 to the F � 1

state (a factor �27 [17]), we were unable to reach run-

away evaporation with 7Li atoms alone in F � 1. In con-

trast, the 6Li�7Li cross section is �27 times higher than

the 7Li�7Li one [12,17]. We therefore use 6Li atoms as a

mediating gas to increase the thermalization rate of both

gases. Two different methods were used to perform the
evaporation. The first consists of using two rf ramps on the

hf transitions of 6Li (from j1�2, 21�2� to j3�2, 23�2�) and
7Li (from j1, 21� to j2, 22�), which we balanced to main-

tain roughly equal numbers of both isotopes. After 10 s

of evaporative cooling, Bose-Einstein condensation of 7Li
occurs together with a 6Li degenerate Fermi gas (Fig. 3).

Surprisingly, a single 25 s ramp performed only on 6Li

achieved the same results. In this case the equal number

condition was fulfilled because of the reduced lifetime of

the 7Li cloud that we attribute to dipolar collisional loss
[17]. The duration of the rf evaporation was matched to
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FIG. 3. Mixture of Bose and Fermi gases. Top: In situ spa-
tial distributions after sympathetic cooling with NB � 3.5 3

10
4 and NF � 2.5 3 10

4 . The Bose condensed peak (8.5 3

10
3 atoms) is surrounded by the thermal cloud which allows

the determination of the common temperature: T � 1.6 mK �

0.87TC � 0.57TF . The Fermi distribution is wider because
of the smaller magnetic moment and Fermi pressure. Bot-
tom: profiles with a quasipure condensate, with NB � 10

4,
NF � 4 3 10

3. The barely detectable thermal cloud indicates a
temperature of �0.28 mK � 0.2�1�TC � 0.2�1�TF.

this loss rate. In the following we concentrate on this sec-

ond, and simpler, evaporation scheme, sympathetic cooling

of 7Li by evaporative cooling of 6Li.
In Fig. 3 in situ absorption images of bosons and fermi-

ons at the end of the evaporation are shown. The bosonic

distribution shows the typical double structure: a strong

and narrow peak forms the condensate at the center, sur-

rounded by a much broader distribution, the thermal cloud.

As the Fermi distribution is very insensitive to temperature,
this thermal cloud is a very useful tool for the determina-

tion of the common temperature. Note that, as cooling was

performed only on 6Li atoms, the temperature measured

on 7Li cannot be lower than the temperature of the fermi-

ons. Measuring NB, NF, the condensate fraction N0�NB,
and v̄, we determine the quantum degeneracy of the Bose

and Fermi gases. In Fig. 3 (top), the temperature is just

below TC, T � 1.6 mK � 0.87TC � 0.57TF. In Fig. 3

(bottom) on the contrary, the condensate is quasipure;

N0�NB � 0.77; the thermal fraction is near our detectivity
limit, indicating a temperature of �0.28 mK # 0.2TC �

0.2�1�TF with NB � 10
4 bosons and 4 3 10

3 fermions.

The condensate fraction N0�NB as a function of T�TC is

shown in Fig. 4(a), while the size of the fermi gas as a
function of T�TF is shown in Fig. 4(b). With the strong

anisotropy (vrad�vax � 59) of our trap, the theory in-

cluding anisotropy and finite number effects differs sig-

nificantly from the thermodynamic limit [2], in agreement

with our measurements even though there is a 20% sys-
tematic uncertainty on our determination of TC and TF.

We have also obtained samples colder than those presented

in Fig. 4, for which the 7Li thermal fraction is below our

detectivity floor, indicating T , 0.2TC � 0.2TF. Clearly

a more sensitive thermal probe is required now to inves-
tigate this temperature domain. An elegant method relies

on the measurement of thermalization rates with impurity

atoms including Pauli blocking [18,19].

Because of the small scattering length, this 7Li conden-

sate has interesting properties. Time of flight images, per-

formed after expansion times of 0–10 ms with N0 � 10
4

condensed atoms, reveal that the condensate is one dimen-

sional (1D). In contrast to condensates in the Thomas-

Fermi (TF) regime, where the release of interaction energy

FIG. 4. Temperature dependence of mixtures of quantum
gases: (a) normalized BEC fraction as a function of T�TC.
Dashed line: theory in the thermodynamic limit. Solid line:
theory including finite size and trap anisotropy [2]; (b) fermion
cloud size: variance of Gaussian fit divided by the square of
Fermi radius R

2

F
� 2kBTF�Mv2

ax
as a function of T�TF. Solid

line: theory. Dashed line: Boltzmann gas.
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leads to a fast increase in radial size, our measurements

agree to better than 5% with the time development of the

radial ground state wave function in the harmonic mag-
netic trap (Fig. 5). This behavior is expected when the

chemical potential m satisfies m , h̄vrad [20]. Search-

ing for the ground state energy of the many-body system

with a Gaussian ansatz radially and TF shape axially [20],

we find that the mean field interaction increases the size
of the Gaussian by �3%. The calculated TF radius is

28 mm or 7 times the axial harmonic oscillator size and

is in good agreement with the measured radius, 30 mm in

Fig. 3. Thus with m � 0.45h̄vrad, the gas is described as

an ideal gas radially but is in the TF regime axially. This
1D situation has also been realized recently in sodium con-

densates [21].

What are the limits of this BEC-Fermi gas cooling

scheme? First, the 1�e condensate lifetime of about 3 s

in this steep trap will limit the available BEC-Fermi gas

interaction time. Second, the boson-fermion mean field
interaction can induce a spatial phase separation [8] that

prevents thermal contact between 7Li and 6Li. Using the

method of [8] developed for T � 0, we expect, for the

parameters of Fig. 3 (top), that the density of fermions

is only very slightly modified by the presence of the
condensate in accordance with our observations. Third,

because of the superfluidity of the condensate, impurity

atoms (such as 6Li), which move through the BEC slower

than the sound velocity yc, are no longer scattered [9,22].

When the Fermi velocity yF becomes smaller than yc,
cooling occurs only through collisions with the bosonic

thermal cloud, thus slowing down drastically. With 104

condensed atoms, yc � 0.9 cm�s. The corresponding

temperature where superfluid decoupling should occur is

�100 nK, a factor of 14 lower than TF.

In summary, we have produced a new mixture of Bose
and Fermi quantum gases. Future work will explore the

degeneracy limits of this mixture. Phase fluctuations of the

1D 7Li condensate should also be detectable via density

fluctuations in time of flight images, as recently reported

FIG. 5. Signature of 1D condensate. Radial size of expanding
condensates with 104 atoms as a function of time of flight. The
straight line is the expected behavior for the expansion of the
ground state radial harmonic oscillator.

in [23]. The transfer of the BEC into jF � 2, mF � 2�
with negative a should allow the production of bright soli-

tons and of large unstable condensates where interesting
and still unexplained dynamics has been recently observed

[11,24]. Finally, the large effective attractive interaction

between 6Li jF � 1�2, mF � 11�2� and jF � 1�2,

mF � 21�2� makes this atom an attractive candidate for

searching for BCS pairing at lower temperatures [6].
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[135] E. Timmermans and R. Côté. Superfluidity in Sympathetic Cooling with
Atomic Bose-Einstein Condensates. Phys. Rev. Lett., 80, 3419, (1998).

[136] E. Timmermans. Degenerate Fermion Gas Heating by Hole Creation. Phys.
Rev. Lett., 87, 240403, (2001).

[137] O. J. Luiten, M. W. Reynolds, and J. T. M. Walraven. Kinetic theory
of evaporative cooling of a trapped gas. Phys. Rev. A, 53, 381, (1996).

[138] C. Cohen-Tannoudji, B. Diu, and F. Laloë. Mécanique Quantique. Her-
mann, (1973).
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du lithium
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Abstract: This thesis presents studies of quantum degenerate atomic gases of fermionic 6Li and
bosonic 7Li. Degeneracy is reached by evaporative cooling of 7Li in a strongly confining magnetic trap.
Since at low temperatures direct evaporative cooling is not possible for a polarized fermionic gas, 6Li
is sympathetically cooled by thermal contact with 7Li. In a first series of experiments both isotopes
are trapped in their low-field seeking higher hyperfine states. A Fermi degeneracy of T/TF = 0.25(5)
is achieved for 105 fermions. For more than ∼ 300 atoms, the 7Li condensate collapses, due to the
attractive interatomic interaction in this state. This limits the degeneracy reached for both species.
To overcome this limit, in a second series of experiments 7Li and 6Li atoms are transferred to their
low field seeking lower hyperfine states, where the boson-boson interaction is repulsive but weak. The
inter-isotope collisions are used to thermalize the mixture. A 7Li Bose-Einstein condensate (BEC) of
104 atoms immersed in a Fermi sea is produced. The BEC is quasi-one-dimensional and the thermal
fraction can be negligible. The measured degeneracies are T/TC = T/TF = 0.2(1). The temperature
is measured using the bosonic thermal fraction, which vanishes at the lowest temperatures, limiting
our measurement sensitivity. In a third series of experiments, the bosons are transferred into an
optical trap and their internal state is changed to |F = 1,mF = 1〉, the lowest energy state. A
Feshbach resonance is detected and used to produce a BEC with tunable atomic interactions. When
the effective interaction between atoms is tuned to be small and attractive, we observe the formation
of a matter-wave bright soliton. Propagation of the soliton without spreading over a macroscopic
distance of 1.1mm is observed.

Keywords: Bose-Einstein condensation, Fermi sea, degenerate quantum gases, soliton, lithium,
cold atoms, magnetic trapping, optical trapping, magneto-optical trapping, evaporative cooling, sym-
pathetic cooling

Cette thèse décrit l’étude des gaz de fermions 6Li et de bosons 7Li dans le régime quantique
à très basse température. Le refroidissement est obtenu par évaporation du 7Li dans un piège
magnétique très confinant. Puisque le refroidissement évaporatif d’un gaz de fermion polarisé est
quasiment impossible, le 6Li est refroidi sympathiquement par contact thermique avec le 7Li. Dans
une première série d’expériences, les propriétés des gaz quantiques dans les états hyperfins les plus
élevés, piégés magnétiquement, sont étudiées. Un gaz de 105 fermions a une température de 0.25(5)
fois la température de Fermi (TF ) est obtenu. L’instabilité du condensat pour plus de 300 atomes
condensés, à cause des interactions attractives, limite la dégénérescence que l’on peut atteindre.
Pour s’affranchir de cette limite, une autre série d’expérience est menée dans les états hyperfins
bas, piégeable magnétiquement, où les interactions entre bosons sont faiblement répulsives. Les col-
lisions inter-isotopiques permettent alors la thermalisation du mélange. Le mélange d’un condensat
de Bose-Einstein (CBE) de 7Li et d’un mer de Fermi de 6Li est produit. Le condensat est quasi
unidimensionnel et la fraction thermique peut être négligeable. La dégénérescence atteinte corre-
spond à T/TC = T/TF = 0.2(1). La température est mesurée à partir de la fraction thermique des
bosons qui disparâıt aux plus basses températures, et limite notre précision de mesure. Dans une
troisième série d’expérience, les bosons sont transférés dans un piège optique, et placé dans l’état
interne |F = 1,mF = 1〉, l’état fondamental pour les bosons. Une résonance de Feshbach est repérée
puis exploitée pour former un condensai où les interactions sont ajustables. Quand les interactions
effectives entre les atomes sont attractives, on observe la formation d’un soliton brillant de matière.
La propagation de ce soliton sans dispersion sur une distance de 1.1mm est observée.

Mots clés: condensation de Bose-Einstein, mer de Fermi, gaz quantiques dégénérés, soliton,
lithium, atomes froids, piégeage magnétique, piégeage optique, piège magnéto optique, refroidissement
évaporative, refroidissement sympathique


