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Abstract:

This thesis reports on the first steps towards the preparation of a mesoscopic de-
generate Fermi gas with tunable interactions, opening a new field of model systems;
intriguing prospects are the modelling of electrons in the atom or of nucleons in the
core, respectively. The work emphasised on the development of a Magneto Optical
Trap (MOT), in the course of which two aspects were crucial: Since a high loading
rate of the MOT is required, the first goal of the work was to find a suitable design
and implementation of the Zeeman slower as a source of slow atoms for the MOT.
Additionally, a long lifetime for the few atom system and therefore an undisturbed
environment of the atoms has to be guaranteed. Thus, the second goal of the thesis
was to set up the vacuum system. Finally, a validation of the setup was made. The
loading rate of the MOT was measured to L ≈ 109 atoms/s at oven temperatures of
T = 400 ℃ enabling short experimental duty cycles of few seconds which allows fast
optimisation of experimental parameters. The lifetime of the atomic sample due to
collisions with background gas atoms was determined to τ ≈ 15 minutes. According
to this result, a long lifetime for the mesoscopic model system can be expected.

Zusammenfassung:

Diese Arbeit befasst sich mit den ersten Schritten hin zur Bereitung eines mesos-
kopischen, entarteten Fermigases mit einstellbaren Wechselwirkungen, welches einen
neuen Bereich von Modellsystemen eröffnet; eine interessante Aussicht ist das Nach-
empfinden von Elektronen im Atom bzw. von Nukleonen im Kern. Der Schwerpunkt
dieser Arbeit lag auf der Entwicklung einer magneto-optischen Falle (MOT), im Zuge
derer zwei Aspekte entscheidend waren: Da eine hohe Laderate der MOT benötigt
wird, bestand das erste Ziel der Arbeit darin, einen angemessenen Entwurf sowie
eine Realisierung des Zeeman-Abbremsers als Quelle langsamer Atome für die MOT
zu erarbeiten. Zusätzlich ist eine lange Lebensdauer des Systems und damit eine
isolierte Umgebung der Atome sicher zu stellen. Daher war das zweite Ziel der Arbeit,
das Vakuumsystem aufzubauen. Abschließend wurde eine Validierung der Apparatur
vorgenommen. Für die Laderate der MOT wurde ein Wert von L ≈ 109 Atomen/s
bei Ofentemperaturen von T = 400 ℃ gemessen, was kurze Experimentierzyklen von
wenigen Sekunden und damit eine schnelle Optimierung experimenteller Parameter
ermöglicht. Die Lebensdauer der atomaren Probe belief sich unter Berücksichtigung
von Stößen mit Restgasatomen auf τ ≈ 15 Minuten. Hinsichtlich dieses Ergebnisses
kann eine lange Lebensdauer für das mesoskopische Modellsystem erwartet werden.
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1. Introduction

Every time one succeeds in the preparation of a fundamental quantum me-
chanical system, it opens a door to explore further underlying phenomena. A
prominent example is the Bose-Einstein condensation in the year 1995 [1]. Af-
ter the successful establishing of a “clean” quantum system, experimentators
used it more and more as a tool for the discovery of new fields such as matter
wave interferometry [2].

Another fundamental system pictured in most of standard physics textbooks
is the degenerate Fermi gas: Starting from the ground state, the energy levels
are subsequently filled up with one identical fermion per state according to the
Pauli principle until the Fermi energy is reached. This simple model successfully
describes the properties of many systems in nature. An intriguing example are
the nucleons in the core: Each nucleon occupies a single-particle state. Due to
the fermionic nature of the particles, energy shells are formed. When a shell is
filled, corresponding to a “magic number” of particles, the binding energy per
particle becomes maximal. The same phenomenon exhibit other few fermion
systems, e.g electrons of an atom trapped in the potential of the nucleus. An
example for a macroscopic fermionic system are the neutrons forming a neutron
star: Since they fill the energy states according to the Pauli principle, the
system gets incompressible and thus stable against a collapse due to the strong
attractive gravitational force. Having the fermionic nature in common, the
systems differ from each other mainly by three properties: Firstly, the character
of the potential holding the fermions together is different for each system. The
electrons in an atom are attracted by 1/r Coulomb potential of the nucleus while
the neutrons and protons in the nucleus are trapped by a potential according
to the density distribution of the core. Secondly, the interaction properties
between the fermions are different: In an atom, electrons interact via Coulomb
repulsion, whereas the interactions of nucleons in the core are mediated by the
strong force. Lastly, the particle number in different systems varies over many
orders of magnitude from a helium nucleus with 2 protons and 2 neutrons to a
neutron star consisting of a macroscopic number of particles.
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The experimental realisation of a fermionic model systems became possible,
when degeneracy of the Fermi gas could be reached via evaporative cooling of
fermions [3]. By tuning the interaction properties of the fermions in the gas us-
ing Feshbach resonances, fermions could be paired. Those pairs revealed bosonic
properties making molecular Bose-Einstein condensates possible [4][5][6]. Along
with the ability to tune the fermionic interactions over a wide range from at-
tractive to repulsive, model systems with macroscopic particle numbers were
developed. The benefit was a better understanding of many phenomena, e.g
superconductivity in solids [7]. The quality of a model system prepared in a lab-
oratory strongly improve with its adaptability to different environments. In the
recent past, techniques have been developed to provide the flexibility needed to
establish appropriate settings: Since the successful confining of neutral atoms
in optical dipole traps in 1986 [8], techniques have improved in various aspects:
Via a better control of the laser light parameters, the properties of the trapping
potential can be varied to a great extend. In the near future, nearly arbitrary
potentials are feasible.
Those tools in hand, the goal of our experiment is the preparation of a meso-
scopic degenerate Fermi gas with tunable interactions. This could open up a
new field of model systems consisting of few fermions. In contrast to other
experiments, one has not only the flexibility to simulate few fermionic systems,
but also to observe the transition between few body and many body behaviours,
such as BCS-like pairing, by increasing the particle number. The specific chal-
lenge in the preparation of such a sample is posed by the control of the small
atom number: Few and well separated energy levels in the trap are required.
Thus the level spacing has to be on the order of the Fermi energy. The trap-
ping potential providing those properties will be created with a tightly focused
optical dipole trap, which only allows a small numbers of fermionic states.

The thesis is structured as follows: The second chapter gives an introduction
into the fundamentals of laser cooling and trapping with the emphasis on 6Li.
Importance is attached to the experimental parameters which optimise the per-
formance of the Magneto Optical Trap. Subsequently, the experimental setup
is described in chapter 3. The two main design parameters for our setup are a
long lifetime of the trapped sample as well as a fast repetition rate for future
experiments. The measurements of the important magnitudes, i.e the loading
rate of the trap and the lifetime of the sample, are presented in chapter 4.
Chapter 5 summarises the work and discusses first steps towards a mesoscopic
model system.
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2. Ultracold atoms

This chapter contains two parts: The first part gives a bief overview of atom-
light interaction, in particular of neutral atoms in a laser field. The second
part describes the use of this interaction for cooling and trapping as well as
important design parameters for the Zeeman slower and the Magneto Optical
Trap.

2.1. Principles of lasercooling

2.1.1. Atom-light interaction

When an atom interacts with an external laser field, two fundamental different
absorption-emission cycles have to be distinguished:

1. Absorption of photons from the laser field and subsequent stimulated
emission into the laser field as a coherent process.

2. Absorption of photons and subsequent spontaneous emission as an inco-
herent process.

Both the coherent and the incoherent process lead to a different kind of force
acting on the atom, namely the spontaneous force and the dipole force. This
can be explained by means of the Lorentz’s model of the electon [10]: The
electron is regarded as an oscillator elastically bound to the core. Its oscillation
frequency ω0 corresponds to the optical transition frequency of the atom. An
electric field due to the laser

E(r, t) = êE(r) exp (−iωt) + c.c. (2.1)

drives the atom’s electron at frequency ω inducing a dipole moment on the
atom. The dipole moment oscillates at the same frequency as the driven electron
giving

p(r, t) = ê p(r) exp (−iωt) + c.c.. (2.2)

5



2.1. Principles of lasercooling

The oscillation amplitude p is related to the electric field via the complex po-
larisability

p = α(ω)E. (2.3)

The model is convenient to derive formulas for the two resulting forces: While
being accelerated by the laserfield, the oscillating electron looses energy due to
dipole radiation at a classical rate

γω =
e2ω2

6πε0mec3
.

This leads to a damping term in the equation of motion

ẍ+ γωẋ+ ω2
0x = −eE(t)/me. (2.4)

The integration of equation 2.4 yields the amplitude and the phase of the
oscillating dipole with respect to the driving field. This can be expressed in
terms of the complex polarisability α(ω)

α(ω) =
e2

me

1

ω2
0 − ω2 − iωγω

. (2.5)

Re(α) and Im(α) are related to the coherent process and incoherent process
respectively for following reasons:

1. Coherent Process: The electric field drives the atomic transition coher-
ently. The result is an interaction potential between the induced dipole
moment p and the electric field E

Udipole = −1

2
〈pE〉 = − 1

2ε0c
Re(α)I (2.6)

with laser intensity I.
Re(α) describes the strength of the in-phase oscillations of the dipole mo-
ment with the oscillations of the electric field. The related force, referred
to as dipole force, is found by regarding the potential energy:

Fdipole(r) = −∇Udipole(r) =
1

2ε0c
Re(α)∇I(r). (2.7)

Due to its dependence on the gradient of intensity, the dipole force can be
used to trap neutral atoms in laserfields as briefly mentioned in section 5.
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2. Ultracold atoms

2. Incoherent Process: In the classical picture, the oscillator looses energy
by dipole radiation leading to the damping term in equation 2.4. The
power emitted by the oscillator and absorbed by the field is given by

Pabs = 〈ṗE〉 = 2ωIm(pE∗) =
ω

ε0c
Im(α)I. (2.8)

The resulting scattering rate

γ(r) =
Pabs

~ω
=

1

~ε0c
Im(α)I(r) (2.9)

can be interpreted in terms of the rate of photons being spontaneously
emitted into the laser field. The fact that the spontaneous emission hap-
pens isotropically, can be used to decelerate moving atoms. This is re-
ferred to as spontaneous force and will be discussed in the next section.

In general, the scattering rate γ depends on the detuning of the laser from the
atomic resonance

δ0 = ω − ω0

and the coupling strengths between the energy levels. To take this into account,
a quantum mechanical approach has to be used: The atom’s energy levels are
quantised and coupled to the electric field. The resulting energies are eigenval-
ues of the total system, that is atom plus field. The corresponding eigenstates
are referred to as Dressed States[11]. This leads to a set of coupled differential
equations, the Optical Bloch Equations. Their solution yields the population
probability ρee of the excited state

ρee =
s0/2

1 + s0 + (2δ0/γ)2
(2.10)

where

s0 =
2 |Ω|2

γ2
=

I

Is
(2.11)

is called saturation parameter [12]. With the saturation intensity

Is =
πhc

3λ3τ
, (2.12)

a scale for the laser intensity is introduced. For Intensities I >> Is, one gets

ρee = ρgg = 1/2
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2.1. Principles of lasercooling

so that the maximum occupation number for the excited state can be reached.
For 6Li,

Is = 2.54
mW
cm2

which can be easily achieved with standard diode laser systems.

2.1.2. The spontaneous force

The absorption of a photon from the laserfield results in a momentum transfer

∆patom = pphoton = ~k (2.13)

to the atom. The subsequent spontaneous emission is isotropic, therefore the
average momentum transfers of many cycles cancel each other out and the
resulting momentum transfer is zero. Hence, the spontaneous force acting
on an atom can be written as

〈F〉 = ~kγP (2.14)

with the scattering rate
γP = γρee (2.15)

proportional both to the natural linewith γ and the population of the excited
state ρee. The higher the occupation probability of the excited state is, the
more photons can be exchanged with the ground state in an equilibrium and
vice versa.

The dependence of ρee on the detuning is shown in figure 2.1 for several
saturation parameters s0. At higher intensities, not only the transition at δ = 0
is saturated, but also the wings of the distribution are strengthened. This
yields a high scattering rate for slightly detuned atoms as well. For a typical
experimental value

s0 = 6,

which is obtainable with standard laser systems, the spectral distribution has
a width of

FWHM(s0 = 6) ≈ 2.6 γ.

The maximum force achievable is given by

Fmax =
~kγ
2
. (2.16)
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2. Ultracold atoms
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Figure 2.1.: Power broadening of the spectral profile. The maximum of the scat-
tering rate γp = 1

2
γ is obtained in the high intensity limit. Because the wings

of the distribution saturate for higher intensities, high scattering rates can not
only be reached at δ = 0: The atoms can be decelerated although they are not
entirely on resonance. For a robust decelerating process, high saturation param-
eters are needed. In our Zeeman slower, the saturation parameter amounts to
s0 ≈ 4.

For 6Li, γ/2π ≈ 5.87 MHz, so a maximum deceleration

amax =
~kγ
2m

≈ 2 · 106 m
s2
≈ 200000 g

can be obtained.

2.1.3. Optical molasses

So far, only atoms at rest have been considered. To extend the concept to
atoms moving with velocity ±v in a laserfield with wave vector +k detuned by
δ0 = ω − ω0, the atom’s effective detuning is shifted via the Doppler shift to

δv± = δ0 ∓ kv. (2.17)

The absolute value of the wave vector k can be expressed in terms of the laser
frequency ω

|k| = 2π

λ
=
ω0

c
. (2.18)
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2.1. Principles of lasercooling

For a counterpropagating laser beam, the Doppler shift is positive:

δv− = δ0 +
v

c
ω. (2.19)

In the case of two laserbeams with k-vectors ±k, the spontaneous force of
both beams adds up to

〈F〉 = ~kγ1 − ~kγ2 =
~kγs0

2

 1

1 + s0 + (2δv+

γ
)
2 −

1

1 + s0 + (2δv−
γ

)
2

 (2.20)

For small Doppler shifts, equation 2.20 can be linearised to

〈F〉 ∼=
8~k2δ0s0

γ(1 + s0 + (2δ0
γ

)
2
)2

v ≡ −βv (2.21)

The net radiation force on an atom caused by two propagating laserbeams is
shown in figure 2.2. For δ0 < 0, the force is directed in opposite direction of
the atomic motion and since F ∝ v, the motion of the atom is damped. For
large detunings

δ0 >> γ

the force has two maxima at
v = ±δ0

k
giving a maximum capture velocity.

Equation 2.21 is unphysical in so far as the atom will decelerate to v = 0
meaning T = 0. Considering a physical situation, a nonzero temperature can
be explained in the following way: With every absorption of a photon, the atom
is heated at least by the amount of the recoil energy

Er =
~2k2

2m
= ~ωr.

When the atom emits one photon spontaneously, the same amount of energy is
transferred to the atom. Within every cycle with two laser beams, the heating
rate amounts to

2 · 2~ωrγp.

The temperature of the system can be estimated by equating the cooling rate
F (δ) · v [energy/s] with the heating rate 4~ωrγp [energy/s] resulting in a tem-
perature

kBT =
~γ
4

1 + (2δ/γ)2

(|δ| /γ)
(2.22)
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2. Ultracold atoms

Figure 2.2.: The addition of the spontaneous force from two counterpropagating
laser beams results in a force F = −βv forming an optical molasses. The
maximum capture velocity is defined by the detuning vc = δ0

k
. Taken from [12].

of an optical molasses. It has a minimum for

δ = −γ
2
,

which sets a lower limit in temperature for this cooling method: the Doppler
temperature

TD =
~γ
2kB

. (2.23)

For Lithium, the Doppler temperature has a value of

TD ≈ 140µK.

For larger detunings, the gradient β becomes smaller, so the cooling rate F ·
v decreases. This leads to an increase of the minimum temperature in the
molasses. There exist methods for cooling below the Doppler temperature,
e.g polarisation gradient cooling. Because of the low mass of Lithium, it has
the largest recoil energy of all elements used for laser cooling. Its momentum
spread at Doppler temperature

√
〈pz〉 is just as large as 5 recoil momenta and

not much above the smallest momentum spreads achievable with sub-Doppler
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2.2. Applications of the light force

cooling techniques [13]. For that reason, this thesis deals solely with the Doppler
cooling technique.

With 6 counterpropagating laser beams, an optical molasses in 3 dimensions
can be realized. It is referred to as optical molasses since the spontaneous force
resembles the viscous drag on a body moving through molasses.

2.2. Applications of the light force

Both the Zeeman slower and the Magneto Optical Trap make use of the spon-
taneous force and the linear Zeeman effect for cooling, respectively trapping of
atoms. For that reason, the Zeeman shift for 6Li and the corresponding energy
scales are briefly described before the concepts of Zeeman slower and MOT are
explained.

Laser cooling of 6Li

A closed transition of spontaneous emission and absorption is needed for pop-
ulating the excited state continuously. Atoms with simple level schemes, well
separated energy levels and few allowed dipole transitions are preferred. For
atoms with more than one electron the dipole transition rule

∆j = ±1

changes to
∆
∑

li

li = ±1.

That means, more dipole transitions with similar energies are allowed. Having
only one valence electron and transitions in the visible range, alkalis are ideal
candidates for lasercooling. Their number of dark states, i.e. hyperfine states
outside the cooling cycle, is small.

Figure 2.3 shows the level scheme of 6Li: The transitions from the ground
state 2S 1

2
to the first exited states 2P 3

2
, 2P 1

2
are known as the D1 and D2 line

respectively with
λ ≈ 671 nm.

For laser cooling, the D2 line is used. Because of the large hyperfine splitting

∆Es
HFS/h = 228 MHz ≈ 40 γ

12



2. Ultracold atoms
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Figure 2.3.: Levelscheme of 6Li. Taken from [16].

of the ground state and the small splitting of the excited state

Ep
HFS = O(1)MHz < γ,

there exist two resolveable dipole transitions, from each energy level in the
ground state to all energy levels in the excited state. To avoid atoms being
emitted into the dark state with

∣∣∣2S 1
2
, F = 1/2

〉
, a repumper for this transition

is needed.

2.2.1. Zeeman shifts and magnetic field regimes

As already mentioned in chapter 2.1.3, an atom moving in a counterpropagating
laser beam has an effective detuning of

δv = δ0 + kv.

To excite the atom, the laser has to be red detuned

δ0 < 0.
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2.2. Applications of the light force

For a decelerating atom, the effective detuning decreases and has to be com-
pensated by some means.

One possibility is to shift the atom’s energy levels via the linear Zeeman
effect. The potential energy of an atom with total angular momentum

F = I + J

in a magnetic field is given by

V HFS = −µB (2.24)

with the atom’s total magnetic moment

µF = µJ + µI (2.25)

where µJ is the total spin orbit angular momentum and µI is the nuclear spin.
Since both ground and excited states are shifted, the interesting energy shift is
the difference

∆EHFS = −(µex
F − µgnd

F )B (2.26)

Two regimes can be distinguished depending on the strength of the external
magnetic field: In the low field regime, the coupling energy between nuclear
spin I and spin-orbit J to

F = J + I

is large compared to the energy of the atom in the external field B. Hence, the
energy shift between ground and excited state can be written as

∆EHFS
B, weak = µBB(gex

F m
ex
F − ggnd

F mgnd
F ) (2.27)

with Landé factor

gF = gJ
F (F + 1) + J(J + 1)− I(I + 1)

2F (F + 1)
+O(10−3gJ). (2.28)

This is referred to as the Zeeman effect of the hyperfine splitting. The dipole
transition rules are

∆mF = 0, (for σ-light: ∆F = ±1), (2.29)
∆mF = 1, (for π-light: ∆F = 0,±1). (2.30)
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2. Ultracold atoms
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Figure 2.4.: Zeeman splitting of ground and second excited state of 6Li. When
the external magnetic field is large compared to the coupling F = I + J, the
high field regime is reached. The ground state is in the high field regime for
B ' 100Gauss whereas the high field regime for the second excited state already
begins for values B ' 3Gauss. In the high field regime, the transitions used for
laser cooling are closed, so no repumper is needed (see text). Taken from [16].

In the high field regime, i.e. when the energy of the atom in the external
field is large compared to the coupling

F = I + J,

good quantum numbers are I and J and the energy shift is given by

∆EHFS
B, strong = µ′B + (Aexmex

I m
ex
J − Agndmgnd

I mgnd
J ) (2.31)

with
µ′ = µB(gex

J m
ex
J − ggnd

J mgnd
J ).

A is the magnetic dipole constant of excited and ground state respectively.
This behaviour can be treated as the hyperfine structure of the Zeeman effect.
For this regime, the dipole transition rules are

∆mJ = ±1,∆mI = 0 (2.32)
∆mI = ±1,∆mJ = 0 (2.33)
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2.2. Applications of the light force
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Figure 2.5.: Zeeman splitting of the ground state 2S3/2 and the second excited
state 2P3/2 of 6Li. The energy level spacing between the magnetic sublevels with
equal mJ is on the same order as the natural linewidth and not resolveable with
our laser system. The three labelled transitions are used for cooling in the high
field regime.

Both regimes can be seen nicely in picture 2.4: The field strength required
for the excited state to be in the high field regime is already reached at

Bhigh,ex ' 3 Gauss.

The required magnetic field strength for the ground state can be extracted from
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2. Ultracold atoms

figure 2.4 to

Bhigh,gnd ' 100 Gauss.

One can also see from the selection rules 2.33 and figure 2.5, that the allowed
dipole transitions from the ground state

∣∣∣2S 1
2
,mJ = 1/2

〉
to the second excited

state∣∣∣2P 3
2
,mJ = 3/2

〉
are closed for fields Bhigh ' 100 Gauss.. That means for 6Li ,

all three hyperfine sublevels |mI = +1, 0,−1〉 can be used for cooling providing
higher atomic fluxes in the MOT as described in chapter 2.2.2.

In the intermediate regime, the behaviour of the energy levels is more
complicated. In the special case where F = I + 1

2
, the energy shift can be

described over the whole range of the magnetic field with the Breit-Rabi-formula

E =
−A
4

+mFgIµKB ±
∆E0

2

√
1 +

4mF

2I + 1
x+ x2 (2.34)

with

x =
gJµB − gIµI

∆E0

, ∆E0 = A(I +
1

2
).

In the case of 6Li, the range of intermediate magnetic fields reaches from

3 Gauss ' B ' 100 Gauss.

Since neither F nor J and I are appropriate quantum numbers here, possible
transitions are hard to predict. For efficiently cooling of the atoms with a
Zeeman slower, it is desirable to work in a regime where the transitions are
known to be closed as it is the case in the high field regime. This will be
discussed in the following section.

2.2.2. The Zeeman slower

A Zeeman slower is used to decelerate thermal atoms from thermal velocities
v ≈ 1000 m/s to a few m/s. Atoms with velocity −vinitial are slowed down
by the spontaneous force imposed by a red detuned counterpropagating laser
beam with k-vector +k.
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2.2. Applications of the light force

Magnetic fields

Including the atom’s potential energy in the magnetic field results in the atom’s
effective detuning from resonance

δeff = δ0 +
v

c
ω − ∆EHFS

~
≈ δ0 +

v

c
ω − µ′B

~
. (2.35)

To maintain a scattering rate high enough to keep the atom in the cooling cycle,
the value of δeff should be on the same order as the full width half maximum
(FWHM) of the spectral intensity shown in figure 2.1. The decreasing velocity
with respect to the position of the atom is given from kinematics:

v2(z) = v2
initial − 2amaxz. (2.36)

Combining equations 2.35 and 2.36 shows the spatial dependence of the mag-
netic field

B(z) =
~
µ′

(δ0 +
ω

c

√
v2

initial − 2amaxz). (2.37)

Possible Zeeman slower configurations

Our main design goal for the Zeeman slower is a high atomic flux at a sim-
ple design. The free parameters of formula 2.37, namely the combination of
magnetic fields/detuning and length, are chosen according to the mentioned
prerequisite. In the following, the influence of these parameters on the flux are
discussed. The highest atomic flux can be reached, when the end of the slower
coincides with the centre of the MOT as shown in figure 2.7. This requires
the magnetic field of the Zeeman slower to overlap smoothly with the MOT
field. In principle, 3 different combinations of magnetic field configurations and
detunings are possible as shown in figure 2.6.

1. An increasing field Zeeman slower has its highest magnetic fields near
the centre of the MOT and the laser is resonant with atoms at velocities
v = vmax. The advantage of this setup is, that the laser can be detuned
very far from the atomic transition. In the given example in figure 2.6,
values reach from

δ0 = −1.3 GHz ≈ 36 γ.

By that means, scattering of the atoms in the MOT by the Zeeman slower
laser beam is strongly suppressed, so dissipative heating processes are
reduced. At the same time, the high magnetic fields (up to 800 Gauss in
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Figure 2.6.: Possible Zeeman slower configurations. Depending on the magnetic
fields and detuning, the three configurations shown are possible. To prevent the
atoms from being accelerated into the Zeeman slower again, they have to be
nonresonant to the laser light at the end of the slower. Therefore, the magnetic
field has no zero crossing in the decreasing field configuration.

the example) close to the MOT cause two disadvantages: First of all, a
compensation coil is needed to ensure an abrupt drop-off of the Zeeman
slower towards the centre of the MOT. An overlap with the magnetic
field of the MOT is hardly achievable. Secondly, as most of the heat is
produced near the experimental chamber, this may increase the pressure
in the vacuum chamber without an involved cooling mechanism.

2. A spin flip configuration has several advantages: smaller total magnetic
fields are needed than in the other configurations and high detunings
from the MOT lasers are possible. From equation 2.35, it is clear that
the position of the zero crossing of the magnetic field is determined by
the value of the detuning δ0. For larger detunings, the atoms are required
to pass the zero crossing of the magnetic field at higher velocities. This
leads to a disadvantage of a spin-flip Zeeman slower: In the high field
regime

B ' 100 Gauss,

the cooling transitions are always closed as discussed in the last section.
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2.2. Applications of the light force

In the intermediate regime

|B| < 100 Gauss,

one cannot expect the transitions to be closed, so atoms can possibly fall
into the dark state

∣∣2S1/2, F = 1/2
〉
. As mentioned in above, a repump

laser is used to bring the atoms from the state
∣∣2S1/2, F = 1/2

〉
back into

the cooling cycle. When the repump laser frequency is chosen according
to the hyperfine splitting of the ground state, i.e. 228 MHz larger than the
cooling frequency, the concept of repumping only works for small magnetic
fields where the repumper is still resonant. To estimate the magnetic field
range, within repumping is still possible, one has to consider the spectral
profile of the repump laser. At experimental values for the intensity of
the Zeeman slower laser of s0 = 6, the width of the spectral profile can
be extracted from figure 2.1 to

FWHM(s0 = 6) ≈ 2.6 γ ≈ 15 MHz.

Let us assume, the repump laser can still excite enough atoms detuned
by an amount of ±15 MHz. From the equations for the low field 2.27 and
from figure 2.5, one can determine the magnetic field range, where the
repumper still works to

B < 5 Gauss.

Only within this regime, atoms in the dark state
∣∣2S1/2, F = 1/2

〉
can be

repumped into the cycling process. In the intermediate regime, the re-
pumper is not on resonance with the atoms. In addition, the intermediate
regime for a spin-flip configuration is double as large as for a decreasing
field configuration:

|B| / 100 Gauss.

That means, that over a range of 200 Gauss, there is always a certain
possibility for the atoms to fall into the dark state. When the atom
falls into the dark state at too high velocities, it cannot be decelerated
further and is not trapable by the MOT anymore. Even an increase in
intensity by a factor of 10 would broaden the magnetic field regime to
B < 20 Gauss << Bstrong. For those reasons, we decided in favour of a
decreasing field configuration:
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2. Ultracold atoms

3. In a decreasing field configuration, the detuning from the atomic reso-
nance is small:

δ ≈ 100 MHz ≈ 16 γ.

To avoid the acceleration of already slow atoms into the slower, the decel-
erated atoms have to get off resonance with the decelerating laser beam
after leaving the Zeeman slower. This is realised by a decrease of the
magnetic field to zero towards the centre of the MOT instead of changing
the sign of the magnetic field. At fields

B > 100 Gauss,

the cooling transitions are closed due to the selection rules for the high
field regime 2.33, so no repump laser is needed here. In the intermediate
regime, a repumper can help, but this is not obvious, since the selection
rules are complicated. In the low field regime, where the repumper would
be resonant, the magnetic field range is as small as B < 5 Gauss. In this
regime, the atoms are already so close to the MOT centre

d ≈ 5 mm,

that they interact with the MOT repumpers. The amount of heat pro-
duced by the magnetic field coils can be conducted with some effort, but
this is uncritical since the distance between experimental chamber and
hottest coil is large. In a decreasing field configuration, small detunings
are possible

δ ≈ 100 MHz ≈ 16 γ,

but figure 2.1 shows that the scattering rate with

γp(δ = 100 MHz) = 10−3 γ

can be neglected at a typical saturation parameter

s0 = 6.

Dependence of the flux on the length

In a Zeeman slower, the atom has to be decelerated until

vfinal < vMOT
c
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2.2. Applications of the light force

with vc being the capture velocity of the MOT. From equation 2.36, we get the
maximum capture velocity of the Zeeman slower

vmax =
√
v2

final + 2aL. (2.38)

A longer slower increases the number of slowed atoms but decreases the solid
angle of trappable atoms for the MOT. Following the ideas of the John Thomas’
group[17], one can estimate this effect: The atomic flux of atoms leaving the
oven is limited by the oven’s aperture with surface A and can be estimated to

Ioven =
nvA

4
(2.39)

where
n =

p

kT
is the atomic density at vapour pressure p and the atom’s mean velocity v =√

2kT
m

. With typical values for the temperature T = 400℃, the mean velocity
for 6Li becomes v = 1540 m

s . In our case, the large aperture of the oven

A = (5mm)2π

leads to an atomic flux of

foven = 4 · 1016 atoms
s

. (2.40)

The Maxwell Boltzmann distribution describes the velocity distribution of
the escaping atoms both in longitudinal and transversal direction. The number
of atoms leaving the oven with directions given by θ and φ with velocity v is
[18]

dṄv,θ,φ =
nA

π3/2v3v exp

(
−v2

v2

)
cos θv2 sin θdvdθdφ. (2.41)

Only atoms with axial velocity vz < vz,max can be trapped in the MOT. The
atoms are cooled in the longitudinal direction only. This leads to a divergence
of the atomic beam after a certain time of flight. When the divergence is larger
than the capture radius of the MOT, the flux of trappable atoms is reduced:
Only atoms with a small transversal velocity can be trapped. The maximum
transversal velocity vr depends strongly on the atoms time of flight in the
apparatus:

vr ≤ vr,max =
r0

tbefore + tduring + tafter
(2.42)
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2. Ultracold atoms

with the MOT’s capture radius r0 ≈ 1cm, the atom’s time of flight before the
slower tbefore, in the slower tduring and after tafter the slower into the centre of
the MOT. The atom’s time of flight after the slower into MOT is given by

ta =
da

vend

where da is the dead space between the end of the Zeeman slower and the centre
of the MOT. The atom’s time of flight in the slower td can be calculated from
kinematics to

td =
1

a
(
√
v2

final + 2aL− vfinal). (2.43)

At thermal velocities, tb can be neglected, while ta is critical: While vz ≈ 50 m/s,
the atoms longitudinal velocity is small compared to nearly thermal transversal
velocities vr ≈ 1000 m/s. That means for a dead space da = 1 cm the atom
already needs ta = 0.2 ms to reach the centre of the MOT. During that time,
the atom travels r = 0.2 m in radial direction and is therefore untrappable by
the MOT. This leads to a drop in atomic flux.
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Figure 2.7.: Dependence of the loading rate on the distance between Zeeman
slower and centre of the MOT calculated for experimental values of our slower.
After leaving the Zeeman slower, the atom’s longitudinal velocity is reduced to
vl ≈ 50m/s while its transversal velocity is still comparable to thermal velocities.
The longer the atom’s time of flight after the Zeeman slower is, the more atoms
escape the MOT’s capture radius.
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2.2. Applications of the light force

For those reasons, it is crucial that the end of the Zeeman slower is located
as close as possible to the centre of the MOT.

The total number of atoms/second trappable by the MOT can be calculated
by performing the integrals of equation 2.41 over angles and velocities using
the limits for vrmax and vzmax [17].

f = foven(1− e−
v2
rmax
v2 )(1− e−

v2
zmax
v2 ). (2.44)

The expected flux for our parameters is plotted in figure 2.8. A slower with
l = 40 cm operating at T = 400 ℃ is long enough to provide maximum atomic
fluxes on the order of f ≈ 1012 atoms

s . Higher fluxes can be reached by transversal
laser cooling during the deceleration stage of the atoms (2-D MOT).
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Figure 2.8.: Dependence of the loading rate on the length of the Zeeman slower.
A longer slower allows higher capture velocities and increases the atomic flux.
At the same time, the solid angle of trappable atoms gets smaller with a longer
slower. Neglecting transversal heating and other loss processes, a slower with
l = 40 cm and T = 400 ℃ is long enough to provide atomic fluxes on the order
of f ≈ 1012 atoms/second. Parameters used: vend = 50m/s, dead space after
the slower da = 0 cm (should be as small as possible, see figure 2.7), effective
deceleration a = 1/2 amax, capture radius of the MOT rc = 1 cm

In this approximation transversal heating due to spontaneous emission during
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2. Ultracold atoms

the deceleration process is completely neglected. Including this effect spreadens
the atomic beam even more. According to this approximation and for our
experimental parameters, the ratio

IL=1m

IL=0.4m

≈ 1.

This is an argument for a short slower. When transversal heating is included,
the ratio is expected to be even better, because the divergence of the atomic
beam is larger for a longer slower. In summary, the advantage of an easy to
implement 0.4 m long Zeeman slower with moderate magnetic fields outweights
the disadvantage of a longer setup.

2.2.3. The Magneto Optical Trap

A Magneto Optical Trap (MOT) combines confinement in velocity space pro-
vided by an optical molasses with confinement in real space: A linearly rising
magnetic field creates a spatial dependence of the scattering rate and therefore
a spatial dependence of the spontaneous force. To address only atoms moving
away from the trap centre, counterpropagating circular polarised laser beams
are used. Figure 2.9 explains the details.

Figure 2.9.: Atoms at a position z’ scatter more photons out of the σ− beam
than the σ+ beam because the effective detuning δ− for the Me = −1 state is
smaller than the effective detuning δ+ for the Me = 1 state. Therefore the δ−
beam drives the atom to the centre of the trap. Taken from [12].
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2.2. Applications of the light force

The atom’s effective detuning including the magnetic field

δeff± = δ0 ± kv ∓ µ′B

~

has already been introduced in section 2.2.2. With the expression for δeff , the
spontaneous force acting on an atom for small Doppler and Zeeman shifts is
proportional both to the velocity and the position of the atom

〈F〉 ∼= −βv − κr (2.45)

with damping coefficient

β =
8~k2δ0s0

γ(1 + s0 + (2δ0
γ

)
2
)
2

and spring constant

κ =
µ′A

~k
β

where A = ∂B
∂z

is the gradient of the magnetic field.
The trajectories caused by force 2.45 are a damped harmonic motions of the

atoms towards the centre of the trap at oscillation frequency

ω0 =
√
κ/m.

For a Lithium MOT, the damping rate typically amounts

γ =
β

m
= O(104) Hz,

which is larger than the typical oscillation frequency ω0 of the atoms in the
MOT. That means the atomic motion is overdamped. Typical restoring times
are in the range of

τ ≈ 0.1ms.

A good overview over the dynamics in a MOT is presented in the PhD Thesis
of Jochen Steinmann [15].
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2. Ultracold atoms

Loading rate and total atom number

The total atom number N in a MOT is determined by the equilibrium of atoms
loaded from the Zeeman slower and loss mechanisms. For that reason, the atom
number in the MOT can be described with following rate equation

dN

dt
= L−RN − β

∫
n(r)2 d3r (2.46)

where L is the loading rate in atoms/s and R is the one-body loss rate per atom
due to collisions with background gases. The term proportional to n2 describes
the losses due to inelastic collisions of the trapped atoms. When a gaussian
shape of the atomic cloud is assumed, the two-body loss term in equation 2.46
can be simplified to

β′N2 =
β

(π/2)
3
2σzσ2

r

N2 (2.47)

with 1/
√
e width in radial σr and axial σz direction. The two main two-body

loss processes are [21]:

1. Radiative escape: A radiative escape can occur when an atom in the
ground state S collides with an atom in the excited state P . During the
collision process, a quasi-molecule S − P with an attractive potential

V (r) ∝ −1/r3

is formed. The atoms are accelerated towards each other until the excited
atom emits a redshifted photon spontaneously. The two atoms end up
in the flat ground state potential S − S, but still have the kinetic en-
ergy gained from the attractive potential. By that means energy from
the lightfield is converted into kinetic energy of the atoms leading to an
radiative escape of the atoms from the trap.

2. State changing collisions: When two atoms collide and the electronic
structure of one or both atoms is changed during the collision, the energy
difference between initial and final state is converted into kinetic energy.
At energy differences higher than the trap depth, the atom can escape
from the trap.

For our setup, the losses due to atom-background collisions are only visible
at low densities where the two-body losses can be neglected. In this limit,
equation 2.46 can be solved to

N(t) =
L

R
(1− e−Rt) (2.48)
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2.2. Applications of the light force

with the initial conditions N(T = 0) = 0. The atom number increases and
saturates at a maximum atom number

Nmax =
L

R
.

At higher densities, two-body collisions are clearly the dominant loss process in
the MOT limiting its density. Solving equation 2.46 in the high density limit,
the number of atoms is calculated to

N(t) =

√
L2 + 4Rβ′

2β′
tanh

(√
L2 + 4Rβ′t

2β′
+ arctanh

(
L√

L2 + 4Rβ′

))
− L

2β′

(2.49)
When the atomic beam is blocked, i.e L = 0, the decay curve becomes

N(t) = N0
Re−Rt

R +N0β′(1− e−Rt)
. (2.50)

As already discussed in chapter 2.2.2, the loading rate L is predominantly
determined by the properties of the Zeeman slower. But here are still some
parameters left for optimisation that will be discussed in the next section.

Capture range and velocity

The capture range rc is defined by the maximal distance an atom can have
from the centre of the MOT so that it is still captured. The radius can be
extracted from figure 2.9 to

rc =
~δ0
µ′ ∂B

∂z

. (2.51)

An increase in capture radius allows lower densities, reducing the two-body
losses in the MOT. Secondly, the solid angle of trappable atoms coming out of
the oven is enlarged. This increases the loading rate of the setup. For a high
maximum atom number in the MOT, rc should be as large as possible.

Analogue, the MOT’s capture velocity vc is defined as the maximal atomic
velocity still capturable. With a higher capture velocity vc, a higher atomic flux
can be achieved. This can be understood by considering following arguments:

1. With higher capture velocities of the MOT, higher end velocities for atoms
leaving the Zeeman slower are allowed. Recalling equation 2.36 for the
end velocity of the atoms after the slower

vmax =
√
v2

final − 2aL
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2. Ultracold atoms

shows, that the benefit of an increase in the end velocity is an increase of
the slower’s capture velocity. More atoms of the Boltzmann distribution
can be slowed. In addition, the time of flight for the atoms from the end
of the slower to the centre of the MOT is reduced. This decreases the loss
of atoms due to the spread of the atomic beam (see section 2.2.2).

2. The MOT is able to recapture atoms which have gained kinetic energy
via inelastic collisions. So the two-body loss factor can be decreased.

In summary, following parameters increase the capture performance of the
MOT:

• Larger magnetic field gradients improve vc.

• Larger detunings δMOT increase the rc and vc.

• Larger beams allow a larger capture volume. This plays an important
role when rc is limited by the size of the beams.

Temperature

The temperature of the MOT is expected to be in the same range as the tem-
peratures in an optical molasses already discussed in chapter 2.1.3. Recalling
the equation for the temperature of an optical molasses

kBT =
~γ
4

1 + (2δ/γ)2

|δ| /γ
,

one sees, that larger detunings lead to an increase in temperature. Lower
temperatures are needed to transfer as many atoms as possible into the optical
dipole trap. The optimisation of the temperature will be discussed in section
4.
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Figure 2.10.: Dimensions of the complete setup. With l ≈ 1.2m, the design is rather compact. By means of
the gate valve between oven section and UHV chamber, the Lithium oven can be refilled without breaking the
vacuum in the UHV chamber.
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3. Experimental setup

This chapter describes the vacuum system and setup for cooling and trapping.
The following design goals have been realized within the experimental setup:

• Ultra high vacuum in the trapping chamber: The group of John
Thomas demonstrated, that the storage time of neutral atoms in a far
detuned dipole trap can be limited by collisions with background gas
atoms [22]. In a system with few fermions, trap losses due to collisions
are even more critical: Depending on the total number of atoms, the loss
of one atom cannot be regarded as a small perturbation to the system.
The energy levels of the whole system will change and the experimentator
looses control over the system. Therefore, collisions with background
gas atoms have to be suppressed as well as possible by means of a low
background pressure on the order of p ≈ 10−12 mbar.

• High repetition rate of the experimental cycle: This characteristic
is crucial for a fast optimisation of parameters later on. One bottleneck
is the loading rate of the MOT which strongly depends on the atomic
flux of trappable atoms provided by the oven and the Zeeman slower. A
realistic aim for the loading rate are a few seconds.

• Simplicity of the setup: A simple layout is fast to set up, less error-
prone, better to debug and has fewer parameters.

3.1. Vacuum system

The vacuum system should provide high atomic fluxes and an ultra high vacuum
in the experimental chamber at the same time. This poses a challenge since the
atomic flux is provided by an effusive Lithium oven heated up to 400 ℃. The
raising partial pressures of outgasing materials lead to an increasing pressure in
the system. To overcome this problem, the vacuum system, as shown in figure
3.1, has been divided into two main parts:
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Figure 3.1.: Complete vacuum system.

1. Oven chamber: Contains the heated lithium oven, therefore operates
at higher pressures p ≈ 10−10 mbar.

2. Experimental chamber: UHV chamber where experiments are per-
formed.

A differential pumping section with low conductance l between the two cham-
bers is needed to maintain the desired pressure ratio between oven chamber
and experimental chamber. The differential pumping section is realized with a
300 mm long conical tube opening up from

rin = 2.5 mm

to
rout = 8 mm

corresponding to a capture radius of the MOT

rMOT ≈ 11 mm.
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This value was chosen to be a bit smaller than the diameter of 1” MOT beams.
With the value for rin = 2.5 mm and the average velocity

v =

√
8kBT

πm
,

a conductance
l =

πr2
inv

4

1

(1 + rin+rout

4r2
out

l)
≈ 0.7 l/s

can be obtained [19].
The pressure aimed on the oven side

poven ≈ 10−10 mbar

is a realistic value as it can be seen in section 3.1.1. The pumping speed needed
for a final vacuum in the experimental chamber

pexp ≈ 10−12 mbar

can be estimated to
Sexp ≈ l · pexp

poven

≈ 70l/s.

As shown in the next section, this is also a realistic number for our experiment.

Figure 3.2.: Zeeman slower mounted on differential pumping tube. A CF40
flange (left) connects the differential pumping section to the experimental cham-
ber. A groove within the flange supplies a mount for the aluminium tube of the
Zeeman slower. The tube is just large enough to fit over the CF16 flange (right)
leading to the oven section. A short bellow inserted into the CF16 flange pro-
vides the flexibility needed for the assembly.

The conical tube is connected to the experimental chamber with a machined
CF40 flange. A groove in the flange provides a simple mount for the aluminium
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3.1. Vacuum system

tube of the Zeeman slower as shown in figure 3.2. Towards the oven chamber,
a short bellow of a few millimetres has been inserted into the CF16 flange. By
that means small deviations in the angle due to construction and assembly can
be compensated.

We set the hole in the CF16 flange for the atomic beam not in the centre of
the flange, but shifted it 0.5 mm downwards since the height of the additional
aperture in front of the Zeeman slower tube was 0.5 mm too low. One reason
for this discrepancy could be an accumulation of deviations still lying within
the tolerances of the individual parts. The all metal gate valve (VAT) between
the two sections has been inserted for two reasons:

1. The Lithium oven can be refilled without breaking the vacuum in the
experimental chamber.

2. To obtain the UHV in the experimental chamber, the conductance of
the differential pumping tube can be defined by chosing an appropriate
diameter after one has made sure that the desired vacuum in the oven
section can be reached.

For maintaining an UHV, low outgasing rates of the parts in the vacuum cham-
ber are essential. The gate valve was chosen all metal, because its outgasing
rate is small compared to a (cheaper) valve containing viton gaskets.

3.1.1. The oven chamber

Vacuum

A high vacuum requires high pumping speeds for all gases. For that reason,
the vacuum in the oven chamber is maintained by means of a combination of
two pumps:

1. A titanium sublimation pump (TSP) (VARIAN) connected to a 6-way
CF100 cross (TRINOS, custom made) is used to pump all reactive gases
like H2. The TSP coats nearly the whole surface of the CF100 cross with
titanium. In a chemical reaction, gases can be gettered into the surface,
so the pumping speed of a TSP is proportional to the surface used. As
listed in table 3.1, typical values for the pumping speed of the surface
used in our experiment A ≈ 1000 cm2 reach up to S = 3100 l/s for H2.

2. Non-reactive gases, especially noble gases, can be pumped with an ion
pump (VARIAN StarCell 40 l/s for H2,15 l/s for Ar, CF40). Compared
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3. Experimental setup

H2 O2

typical pumping speed [l/(s cm2)] 3.1 9.3

Table 3.1.: Pumping speeds of a titanium sublimation pump. The pumping speed
is proportional to the area coated with titanium. The more reactive the gases
are, the more efficient they can be pumped by the titanium film. The values are
taken from the VARIAN website and valid for a temperature of T = 20℃.

to other ion pumps, the StarCell model reaches lower pumping speeds
for H2, but explicitly high pumping speeds for noble gases like Argon.

The height of the atomic beam is defined by the height of the two CF16 flanges
and set to

h = 60 mm

measured from one end of the CF100 tube. A TSP has to be placed such
that nearby viewports are not coated with titanium. To protect the two CF40
viewports from the emission angle of the TSP, the length of the cross is set to

l = 300 mm.

A conservative estimation for the combined pumping speed of both pumps
for H2 adds up to

Soven ≈ 200 l/s.

This means for an aimed vacuum of

poven ≈ 10−10 mbar

a leak rate of

Qleak = Soven · poven ≈ 2 · 10−8 mbar l
s

is acceptable. The leak rate is dominated by the partial pressures of the outgas-
ing materials in the oven filled with Lithium. It has been known from previous
experimental experience that this rate is lower than the pumpable leaking rate.

When the oven is heated, the final vacuum reaches

poven ≈ 10−10 mbar.
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Effusive lithium oven

One of the most important parts of the experimental setup is the effusive
Lithium oven:

• High atomic flux is provided by the rather large aperture r = 5 mm of
the oven. At Toven ≈ 400 ℃, the aperture enables an atomic flux of

f =
nv

4πr2
≈ 4 · 1016 atoms

s
.

• UHV vacuum in the experimental chamber requires a vacuum of

p ≈ 10−10 mbar

in the oven section. Since this pressure is limited by outgasing materials
in the oven, the large aperture of the oven has a high conductance and
therefore allows very efficient pumping of all gases during the bakeout of
the chamber. By this means, the outgasing rate after the bakeout can be
reduced to a minimum.

The oven’s capacity of 0.6 g = 1 cm3 of Lithium should ensure about 2500
hours of operation at Toven ≈ 400 ℃.

The emission angle is merely defined by the oven’s dimensions to

tanα =
d

l
=

10 mm
45mm

leading to
α ≈ 12◦.

As shown in figure 2.10, an additional aperture with a diameter of d = 5 mm is
needed in order to prevent the lithium atoms from coating the valve. The sharp
edges of the coated area on the plate of the aperture confirm the estimated beam
divergence experimentally.

Atomic beam shutter

A beam shutter consisting of a rotatable, stainless steel plate polished on both
sides serves for three purposes, depending on its orientation (see figure 3.3:

1. Blocking the atomic beam.

2. Enabling the view into the Lithium oven.
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3. Experimental setup

3. Adjustment of the position and power of the Zeeman slower laser beam
through one of the CF40 flanges. For that reason, we measured the plate’s
reflection coefficient to

R ≈ 0.5 atλ = 671 nm.

Figure 3.3.: Atomic beam shutter. Depending on its orientation, it can not only
be used for blocking the atomic beam. By using it as a mirror, it provides views
into the oven. In addition, the Zeeman slower laser beamed can be aligned from
outside the chamber.

The beam shutter is connected to a rotatable vacuum feedthrough (MDC)
which can be controlled electronically via a servo motor. The time between
open/close position does not exceed 0.5 s. When the atomic beam is blocked,
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3.1. Vacuum system

one side of the shutter gets coated with Lithium which destroys its reflectivity.
This is not a serious problem since the other side can still be used for viewing.
For the technical drawing, see A.8. Another possibility to clear the coated
mirror plate again is to evaporate the Lithium coating with a fibre laser: the
absorption coefficient of the mirror for a wavelength λ = 1070 nm is roughly
20 %. So with the 200 Watt fibre laser, one can deposit a large amount of heat
in the mirror, leading to an evaporation of the lithium coating.

3.1.2. The experimental chamber

Geometry

Figure 3.4.: Octagon with reentrant viewports. On the one hand, they provide
optical access under a large solid angle. This allows a high numerical aperture
NA ≈ 0.65 for detection of the atoms and for focusing the microtrap beam
to a waist w0 ≈ 1µm. One the other hand, the reentrant windows provide a
mounting for the Feshbach coils to bring them together as close as possible. By
that means, the power needed for the high magnetic fields is minimised.

In the following, the two basic prerequisites on the experimental chamber for
an experiment with few ultracold atoms are discussed:

1. The main tools for the preparation and manipulation of samples of ul-
tracold atoms are lasers. Thus, the chamber has to provide plenty of
optical access. A spherical octagon (KIMBALLPHSICS) suites our
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3. Experimental setup

needs with 8 CF40 flanges and two CF100 flanges providing access from
all directions. In addition, one more issue has to be taken into account
for the preparation of a mesoscopic sample of fermions: A small waist
w0 ≈ 1µm of the dipole trap is needed to keep the number of allowed
states small. On the other hand, the detection signal of photons emitted
by few atoms is very weak, so a large solid angle of detectable photons
is crucial. To obtain both a minimised waist w0 and a maximised solid
angle, a lens with high numerical aperture will be used. To keep flexi-
bility, the lens will be mounted outside the chamber. So the numerical
aperture is limited by the geometry of the viewports. For that reason,
two CF100 custom made reentrant viewports (special techniques group
of the UKAEA) have been designed as shown in figure 3.4: They supply
a viewing angle through the windows into the octagon of

θ . 45◦

and enable a numerical aperture of

NA ≈ 0.65.

2. A further point to be considered are the high magnetic fields needed
for tuning the scattering length: The Feshbach coils should be able to
supply up to 1500 Gauss. The larger the distance between the pair of
coils, the larger is the amount of produced heat. The reentrant viewports
solve this problem since they provide a mount for the Feshbach coils as
shown in figure 3.5.

Thus, it is possible to reduce the distance between the pair of coils to

dFeshbach = 31 mm,

so the power needed for the rather high magnetic fields is mangageable.
Details on the Feshbach coils are given in chapter 3.2.3.

Vacuum

The vacuum in the experimental chamber is maintained by means of the same
combination of pumps used in the oven section: An ion pump (VARIAN Star-
Cell Vaclon Plus75, 20 l/s for Ar) together with a titanium sublimation pump
(VARIAN) in a CF100 tube reach pumping speeds from 100-1000 l/s. In spite of
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3.1. Vacuum system

3

4

5

22

3

MOT coils

Reentrant viewports

Feshbach coils

Zeeman Slower

Gate valve

Figure 3.5.: The experimental chamber. The reentrant viewports provide not
only optical access but also a mount for the two different pair of coils creating the
Feshbach fields and the fields for the Magneto Optical Trap. The gate valve can
be used for introducing detection and manipulation tools into the experimental
chamber without breaking the vacuum.

the high pumping speeds, the vacuum in the octagon is limited by the conduc-
tance of the CF40 tube. Thus, a third pumping technique is used in addition to
the two conventional pumps: The walls of the octagon have been coated with
a NEG (Non Evaporable Getter coating) at GSI [23]. Developed at CERN,
the TiZrV alloy prevents not only outgasing of the underlying substrate, but
also pumps similar to a titanium sublimation pump residual gas molecules. Its
pumping speed reaches 0.5 l/(s cm2) for H2. The coating gets activated after 24
h at 180 ℃ and can be reactivated several times.

It has some striking advantages over a titanium sublimation pump:

1. No extra space has to be used and the pumping happens directly where it
is needed. Therefore, the pumping speed is not limited by the conductance
of a CF40 connecting tube.

2. The coating can be applied before the system gets evacuated. So surfaces
inaccessible for titanium sublimation pumps can be used for pumping.
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In our case, almost the whole surface of the octagon is used for pumping directly
the experimental chamber.

With those three pumps, a vacuum on the order of

p ≈ 10−12 mbar

is reached experimentally.

Flexibility

To have the possibility to upgrade the trapping chamber later without breaking
the vacuum, a CF40 gate valve (VAT) is connected to the octagon via a closed
coupler (KIMBALLPHSICS). One possible application could be a multi channel
plate for ionisation imaging of the atoms.

3.2. Cooling and trapping setup

A Zeeman slower is used to precool as many atoms as possible out of the atomic
beam to velocities smaller than the MOT’s capture velocity. In the following
chapter the final design of Zeeman slower and MOT as well as the laser system
will be discussed.

3.2.1. Laser system

Our requirements on the laser system for an experiment with ultracold lithium
atoms are the following:

1. For laser cooling, the bandwidth of the laser has to be small compared to
the natural linewidth of Lithium γ/2π = 5, 87 MHz.

2. The frequency stabilisation should be implementable with a rather simple
scheme. For imaging in high fields, it should be tunable over a range of
1− 2 GHz.

3. Sufficiently high output powers should be available at comparable low
costs.

For those reasons, our choice is a diode laser system from (TOPTICA) con-
sisting of:
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3.2. Cooling and trapping setup

• Two single mode diode lasers with output powers of 20 mW each

• One tapered amplifier (TA) with an output power of 500 mW.

Figure 3.10 represents a sketch of the laser system. One of the diode lasers is
used as a reference laser. Its grating forms a resonator with the back side of the
diode and can be adjusted via a piezo. A coarse selection of the wavelength can
be done by turning the grating, the finetuning of the frequency is realized by
moving the grating back and forth. This changes the length of the cavity and
thus the frequency ωref . To stabilise the reference laser on an atomic transition,
a signal controlling the piezo, called feedback signal, has to be generated. The
method of Doppler-free RF-spectroscopy is used since the atomic hyperfine
structure can be resolved, which is needed for laser cooling.

The laser frequency ωref is modulated with a radio frequency ωRF leading to
a carrier frequency ωref and mainly two sidebands at frequencies

ω± = ωref ± ωRF.

This can be realized by modulating the current on the laser diode with a voltage
controlled oscillator (VCO). The light passes a spectroscopy cell filled with
Lithium, is retro reflected to cancel out the atom’s Doppler shift and is finally
recorded with a fast photodiode. To get information about ωref with respect to
an arbitrary transition ω0 of Lithium, the idea is to observe the difference in
transmission

∆T = T+ − T−

and phase shift
∆ψ = (ψ+ − ψref) + (ψ− − ψref)

of the two sidebands in the spectroscopy cell.
If e.g.

1. ∆T = 0, the two sidebands experience the same absorption meaning
ωref = ω0

2. ∆T > 0, the absorption for sideband ωref − ωRF is stronger so ωref > ω0

3. ∆T < 0, the absorption for sideband ωref + ωRF is stronger so ωref < ω0

For that reason, a signal depending on ∆T and ∆ψ is needed and can be
prepared in the following way: With a modulation amplitude M and a trans-
mission coefficient T0 for the carrier frequency ωref , the signal on the photodiode
is given by

UPD ∝ T 2
0 +MT0∆T cosωRFt+MT 2

0 ∆ψ sinωRFt

42



3. Experimental setup

[20].
The signal of the photodiode is demodulated with ωRF again and higher

frequency components are cut out with a low-pass filter. The final final signal
now depends on the desired parameters:

Ufinal ∝ ∆T cosφ−∆ψ sinφ.

The phase shift φ between the modulated signal before the spectroscopy cell
and the demodulated signal after the spectroscopy cell can be adjusted via a
tunable delay of the VCO. So the dependence of the signal can be smoothly
tuned from pure absorption to pure dispersion of the sidebands. For small
deviations ωref − ω0 the signal is proportional to ωref − ω0.

The power for the MOT beams and the Zeeman slower beam is provided by
the tapered amplifier. Its frequency is stabilised relative to the frequency of the
reference laser. The idea of the stabilisation follows the paper of Zielonkowski et
al. [13]: The light of the reference laser and the tapered amplifier are overlapped
and their beating signal

∆ω = ωTA − ωref

is recorded with an amplifying photo diode. Then, the beating signal is mixed
with the output of an VCO producing a sum and a difference frequency of the
beat and the VCO

∆ω ± ωvco.

The signal is split into two equal parts. After delaying one part with a 2m coax
cable, the signals are mixed again in a phase detector. Since only the difference
frequency ∆ω − ωvco is used, the sum frequency is suppressed via a low-pass
filter. The phase shift

Φ = (∆ω −∆ωvco)τ

between the two signals introduced by the cable gives rise to an output signal

U ∝ cos Φ.

A zero crossing of the signal can be used as error signal for adjusting the
frequency ωTA via the diode laser’s grating.

As described in section 2.2, the hyperfine splitting of the ground state de-
mands two frequencies for keeping the atoms in the cooling cycle: the repump-
ing and the cooling transition. So the light of the tapered amplifier is split
into two parts. The cooler frequency is shifted ∆ν = −114 MHz whereas the
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3.2. Cooling and trapping setup

repumper is shifted ∆ν = +114 MHz via two acousto optic modulators (AOMs)
corresponding to the hyperfine splitting

∆E/h = 228 MHz

of the ground state of 6Li. The two beams are superposed again such that
the resulting beam contains both frequencies. Afterwards, it is subsequently
divided into four beams: three MOT beams and one beam for the Zeeman
slower.

The light for the Zeeman slower has to be shifted another few linewidths with
a third AOM. All of the beams are then coupled into fibres for three reasons:

1. Beam profile: The beam profile is clean after the fibre with a nearly
perfect gaussian intensity distribution.

2. Space: A fibre outcoupler combined with an intergrated λ/4 plate for
circular polarisation only occupies a small part of the rare space near the
experimental chamber.

3. Alignment: The fibre outcouplers are easy to align since only three
degrees of freedom have to be adjusted.

4. Flexibility: The complete laser system can be built up on an additional
table.

So the advantages of fibres outweigh the disadvantage of loosing 30-40% of the
total laser power. After the fibres, the 3 MOT beams are retro reflected to
confine the atoms in three dimensions.

Experimental values for the laser intensities after the fibres are listed in table
3.2

Cooler mW/cm2 Repumper mW/cm2

MOT beams (incl. retro reflected) 36 18
Zeeman slower beam 10 5

Table 3.2.: Available laser intensities. The laser intensities in the MOT reach
≈ 20·s0, so the atomic scattering rate is expected to be close to the on resonance
scattering rate γ/2.

The second diode laser is needed for absorption and fluorescence detection of
the atoms. Therefore, a beat offset lock with respect to the reference laser is
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3. Experimental setup

planned. Since the detection should be possible in high magnetic fields up to
1500 Gauss, its tunability should be in the range of

∆ω ≈ 1− 2 GHz.

3.2.2. Zeeman slower
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Figure 3.6.: Simulated and measured magnetic fields of the Zeman slower. Zero
position indicates the centre of the MOT. To minimise the atom’s time of flight
before they reach the capture radius of the MOT, the last part of the Zeeman
slower field is created by the radial MOT field. Both the simulated and the
measured fields are smooth over the whole range and show good agreement with
the theoretical field. At the beginning, the field of the built Zeeman slower
is larger than the theoretical field providing a higher capture velocity of vc ≈
800 m/s.

The important design parameters have already been discussed in chapter
2.2.2. Calculations of the magnetic fields were performed with a modified ver-
sion of a MATHEMATICA notebook from John Thomas’ group [24]. An in-
crease in atomic flux of a factor of three can be archieved, when the slower
is able to decelerate all of the three possible hyperfine states shown in figure
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3.2. Cooling and trapping setup

2.5. Therefore the optimum slope of the field was determined in an iterative
process:

1. The slope of the theoretical field for a decreasing field configuration was
calculated neglecting the atom’s hyperfine structure of the Zeeman effect.
This approximation is only reasonable in the high field regime as seen
in chapter 2.2. The field of a virtual slower consisting of 8 coils was
calculated such that the deviations from the theoretical field were as small
as possible.

2. The resulting magnetic field was imported into a MATLAB simulation,
where the atom’s effective detuning during the deceleration was calculated
at each timestep. For that purpose, the exact Zeeman shifts of the ground
state including the magnetic hyperfine sublevels were calculated via the
Breit-Rabi-Formula.

3. In the case of too large effective detunings at certain sections of the mag-
netic field, the atom could not be decelerated further. In this case, the
magnetic field was adapted and simulated again.

The iteration finished when the calculated magnetic field could decelerate all
three hyperfine states in the simulation. The most critical part of the magnetic
field turned out to be the section where the field of the 8th coil is merged with
the radial MOT field. To provide a smooth overlap of the fields, the 8th coil
is powered individually. Table 3.3 gives an overview over the final parameters
chosen for the Zeeman slower. The setup consists of 8 individual magnetic coils.
On the one hand, this minimises the damage in case of a short circuit, on the
other hand it provides the flexibility to vary the current in the individual coils.
For coils 1− 7, the same currents

I1−7 = 6.4 A

are planned, coil 8 gets
I8 = 5.6 A.

The windings for the coils can be taken from table 3.4 The magnetic fields
measured with a hall sensor are plotted against the position in figure 3.6. The
agreement between calculated magnetic field (blue) and simulated field (green)
is good over almost the whole range.

The holder for the coils is provided by an aluminium tube machined on a
lathe. 8 grooves were cut into the aluminium tube to serve as a mount for the

46



3. Experimental setup

configuration decreasing field
length 40 cm including MOT field
coils 8
current coil 1− 7 6, 5 A
current coil 8 5, 6 A
max magnetic field 754 Gauss
maximum capture velocity 800 m/s
expected flux ≈ 1011 atoms

s
detuning −125 MHz
total power 370 W
saturation parameter s/s0 4

Table 3.3.: Parameters of the Zeeman slower. 8 individual coils provide the
flexibility to overlap the Zeeman slower field with the radial MOT field smoothly.
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Figure 3.7.: Relative deviation of simulated and measured magnetic fields from
the theoretical field. Zero position indicates the centre of the MOT. The atoms
are on resonance within a long area of deceleration: From z ≈ −37 cm to
z ≈ −6 cm, the relative deviations are smaller than 10%. The larger deviations
near the MOT centre result from the gradient of the linear radial MOT field.
Simulations show that the atoms are still enough resonant in the area z > −6 cm
so that they can be decelerated up to z ≈ 1 cm. With an end velocity vend ≈
60m/s, they are slow enough to be captured by the MOT.
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coil windings in simulation real windings deviation (%)
1 128 125 -2.3
2 192 194 +1
3 224 224 0
4 256 244 -4.7
5 288 283 -0.3
6 320 321 +0.3
7 352 363 +3.1
8 416 416 0

Table 3.4.: Windings for the simulated and the built Zeeman slower. Reaching
the exact number of windings was difficult in practice. Nevertheless, the devia-
tions from the simulated windings are smaller than 5%. This was confirmed by
the good results in the simulation of the measured field.

coils. Between two grooves, a 1 mm thick spacer has been left over to enable a
homogeneous winding. The inner diameter of the aluminium tube

din = 35 mm

is just large enough so that the tube fits over the CF16 flange of the differential
pumping tube. Because of the rather large amount of heat produced by the
slower, P ≈ 370 W, a water cooling system is connected to 8 of the spacers.
Details on the water cooling system can be found in the appendix (figure A.2).
With the water cooling running, the temperature of the coil producing the
highest field amounts to 100 ℃.

3.2.3. Magneto optical trap and Feshbach fields

MOT

As figure 3.5 shows, the coils for the MOT are wound around the CF100 flanges
of the reentrant viewports. The distance between the two coils is just large
enough to provide a radial magnetic field which extends to the end of the
Zeeman slower. By that means an optimum overlap betwen the field of the
Zeeman slower and the radial MOT field can be found.

The properties of the coils producing the MOT fields are listed in table 3.5.
The calculated radial and axial magnetic fields are plotted in figure 3.8 The

water cooling of the MOT coils is realized with a copper plate flooded with
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Bmax 200 Gauss
wire dimensions 5 x 1 mm
windings axial 4
windings radial 24
current 32 A
total power each coil 200 W

Table 3.5.: Properties of the coils producing the fields for the MOT. The dimen-
sions of the flat wire are chosen such that both a high fill factor copper/area
and a simple layout can be realized: 4 windings in axial direction just fit over
the CF100 flange of the reentrant viewports.

water on top of each coil. Details on the water cooling system can be found in
the appendix A.1.

Feshbach fields

The fields for tuning the atomic scattering length are created with a pair of coils
in Helmholtz configuration. Their design is more challenging than the setup of
the MOT fields, because the requirements differ:

• The coils have to produce high fields up to 1500 Gauss to tune the scat-
tering length over a wide range.

• The fields has to be as homogeneous as possible to ensure a homogeneous
scattering rate within the atomic sample.

• The layout has to be as simple as possible and has to operate at a mini-
mum of power.

The appropriate wire dimensions play a key role: To ensure a homogeneous
field, an exact Helmholtz configuration is needed. That means the dimensions of
the wire have to be chosen such that they support the Helmholtz configuration
as well as possible. At the same time, the fillfactor

f =
amount of copper
total cross section

of the wire has to be as large as possible to minimise the power produced. A
flat wire with a large aspect ratio meets the requirements best. For our setup,
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Figure 3.8.: Calculated axial and radial MOT fields. Zero position indicates
the centre of the MOT. The measured field is consitent with the calculations.
A radial magnetic field gradient of ∂B

∂z
= 20Gauss/cm is needed to overlap the

fields of the Zeeman slower and the MOT.

Bmax ≈ 1500 Gauss
wire dimensions 5x1 mm
windings 15
maximum current 400 A
total power per coil ≈ 2000 W
max amount of heat per area 44W/cm2

Pentium 4 Prescott 61W/cm2

Table 3.6.: Properties of the Feshbach coils. The high magnetic fields lead to an
enormous amount of produced heat. The maximum amount of heat/cm2 reaches
the same order of magnitude as a Pentium 4 Prescott.

we use a 1 mm thick wire with the largest aspect ratio available: 5x1 mm. Table
3.6 gives details on the planned magnetic fields.

The calculated magnetic fields are plotted in figure 3.9. In spite of the small
distance between the coils and the large fillfactor, the amount of heat produced
by one coil adds up to 2000 W. Thus a simple cooling system is being tested at
the moment. Similar to the cooling of the MOT coils, it will be realized with a
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Figure 3.9.: Planned fields for tuning the scattering range. To tune the atomic
scattering length over a wide range, the magnetic fields have to be as large as
Bmax ≈ 1500Gauss. They also have to be as homogeneous as possible to enable
homogeneous atom interactions. Therefore, the dimensions of the wire have to
be such that an exact Helmholtz configuration is reached within the coils. With
wire dimensions of 5 x 1mm, the magnetic field only varies within a range of
a few mGauss over the trap size of a few micrometer. The current needed to
produce such high fields is minimised by the short dimensions of the coils, but
still amounts to I = 400A.

water flooded copper ring glued on top of each coil. The system works well for
I = 200 A in continuously operation and has some reserves for up to I = 350 A
for short times.
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4. Properties of the magneto
optical trap

The characteristics of our MOT are described in this chapter. A good overlap
between the cold atomic cloud and the volume of the optical dipole trap is
needed to transfer as many atoms as possible into the dipole trap. For that
reason, the loading procedure is performed within two stages:

1. Loading stage: Parameters are optimised to collect a high total number
of atoms. Especially large detunings allow many atoms in the trap (see
2.2.3).

2. Compression stage: For a good overlap with the dipole trap and low
temperatures, the atomic cloud is compressed by decreasing the detuning:
At small values for the detuning, higher number densities can be reached
and the temperature decreases (see also section 2.2.3) leading an increase
in phase space density. As a rule of thumb, the kinetic energy of an atom
within the cloud should not be larger than Ekin ≈ 1

10
Udipole where Udipole

is the depth of the optical dipole trap.

In the following, the tools necessary for detection are described. Furthermore,
measurements of the atom number and temperature are reported.

Computer control

To time events on a microsecond timescale, a realtime computer control system
(ADwin) is used. It provides 8 analogue outputs and 32 digital channels that
can be used both as as in- and outputs. At the moment, the channels are used
to control following devices:

1. Laser beam shutters (digital out)

2. Atomic beam shutter (digital out)
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chip size (binned) 375x240 pixel
pixel size 8.4 x 9.8µm
effective pixel size after binning 16.8 x 19.6µm
minimum exposure time 50µs
resolution depth 8 Bit

Table 4.1.: Properties of the Guppy F-038 B NIR CDD camera. At comparable
low costs, the camera’s sensitivity is high enough to take fluorescence images of
the atomic cloud.

3. Detuning of the MOT beams via the input voltage for the VCO of the
beat offset lock (analog out)

4. Intensities of MOT and Zeeman slower beams via a variable attenuator
before the RF input of the AOMs (analog out)

5. Camera trigger (digital out)

6. Magnetic fields of the Zeeman slower (digital out)

Detection system

For the characterisation of the MOT, the fluorescence light of the atom was
detected. For this kind of measurement, the requirements on a camera are as
follows:

1. High sensitivity at λ = 671 nm to detect small fluorescence signals

2. Short exposure times to resolve dynamics of the atomic cloud

The camera used for this purpose is a GUPPY F-038 B NIR (AVT) with
specifications listed in table 4.1.

The camera is placed in front of a CF40 viewport of the experimental cham-
ber. To project an image of the atomic cloud with a diameter d ≈ 1mm onto
the camera’s CCD chip, the picture has to be scaled down. Therefore the col-
lected light passes a telescope setup of two standard lenses (f1 = 150 mm, f2 =
60 mm), providing a scale factor of f1/f2=2.5 before it is detected with the
CCD chip. To eliminate noise coming from stray light, a background offset is
subtracted from each image. The offset is calculated from the average pixelsum
of ten dark ground images. To image the atomic cloud with a delay as short as
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4. Properties of the magneto optical trap

possible, the camera is triggered electronically via our ADwin computer con-
trol system. After having a trigger event, the camera has a short delay of 10µs
before the picture is taken.

Calibration

For the determination of the atom number, the counts on the camera have to be
calibrated to the number of photons emitted from the atomic cloud. Therefore,
the following fact has to be taken into account: The camera covers only a
fraction

Ω =
r2
apertureπ

4πd2
lens

≈ (4± 0.8) · 10−4

of the solid angle of emitted photons. The large error is due to the fact, that
both the radius of the aperture r = (6±0.5)mm and the distance of the first lens
to the atoms dlens = (150± 5)mm are not known more precisely. To determine
the number of emitted photons per count, the camera’s CCD chip is illuminated
with a light source of known power P for a known period of time texposure. The
number of emitted photons is then given by

Nphotons =
1

Ω

Ptexposure

~ω
.

Exposing for texposure = 250µs, one gets 43000 counts leading to a a conversion
factor

ηphotons ≈
1

4 · 10−4

7.7 · 106

43000

photons
counts

≈ (4.5± 0.9) · 105 photons
count

.

ηphotons is a property of the camera settings and does not depend on the exposure
time.

To convert the number of photons into the number of atoms, the photon
emission rate of the atom has to be known. Assuming saturated transitions,
i.e I >> Is, the maximum photon scattering rate per atom amounts to Γsc =
γ
2
2π ≈ 18 MHz. Due to the different coupling strengths between the magnetic

hyperfine sublevels, the effective saturation intensity can be larger than Is,
thus the scattering rate can be lower by a factor of 2. Apart from errors
in the measurement discussed above, the absolute atom number can only be
determined within that uncertainty, which is accurate enough to get a coarse
estimation for the lower limit of the atom number. The fluorescence signal was
measured at at maximum scattering rate, i.e δ0 ≈ 0. For texposure = 250µs, this
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leads to a conversion factor for the number of atoms per count

ηatoms =
1

Γsctexposure

ηphotons ≈ 100
atoms
count

.

In contrast to ηphotons, ηatoms depends on the particular exposure time. The
uncertainty in the solid angle of the light collection elements leads to an relative
uncertainty in the atom number of 20% which is represented by the errorbars
in the plots. To be able to measure larger atom numbers, the camera must not
be saturated by the signal. For that reason, further measurements of the atom
number were performed at a detuning δ = −20 MHz, where the fluorescence
signal is smaller for the same atom number. The conversion factor for texposure =
250µs has a value of

ηatoms,δ = 310
atoms
count

.

Most of the measurements were performed at texposure = 750µs with the corre-
sponding conversion factor

ηatoms,δ = 103
atoms
count

.

Measurements

Two types of measurements are performed: To count the total atom num-
ber, the sum over all pixels is calculated after each shot. The pixelsum is
proportional to the atom number provided that two assumptions are made:

1. The CCD chip’s response is linear with photon number.

2. The fluorescence signal is proportional to the atom number, i.e the atomic
cloud is transparent for the emitted photons even at higher atom numbers.

To find a set of parameters where the atom number is largest, one has to be
careful: It is not sufficient to optimise the MOT with respect to the highest
fluorescence signal of the atoms since their scattering rate and thus their bright-
ness changes with experimental parameters, making statements about the atom
number impossible. To compare the atom number after each optimisation step,
the experimental parameters are switched to a set of default values, e.g the
detuning is ramped to

δMOT = −20 MHz

within 3 ms. Then, a variation within the signal at a fixed scattering rate allows
the comparison of absolute atom numbers.
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4. Properties of the magneto optical trap

To determine the temperature of the MOT, a series of time of flight images
is taken after the ballistic expansion of the cloud. The hotter the atoms are, the
larger is the distance they fly before the image is taken. To resolve the dynamics
of the expansion, the atoms have to be illuminated for a period which is small
compared to their time of flight and to the relaxation time in the MOT. This
can be realized by setting a time window with a camera exposure time of

tcamera = 500µs

and turning on the MOT beams via the AOMs for

texposure ≈ 10µs

within that time window. To make sure that the AOMs can be swiched fast
enough, we measured the illumination period with a photodiode: texposure ≈
10µs is realistic number for our AOMs.

4.1. Loading rate and total atom number

As described in chapter 2.2.3, the MOT’s loading rate and the maximum to-
tal atom number are equivalent properties since the total number of atoms is
determined by the equilibrium of atoms loaded into the trap and atom losses.
In the following, the measured loading rate as well as its dependence on two
experimental parameters is discussed:

1. Parameters of the cooling laser beams: detuning of the MOT lasers δMOT

and Zeeman slower δSlower and intensity of the Zeeman slower beam.

2. Oven temperature.

Loading curves

The total atom number versus the loading time is shown in figure 4.1 for T =
300℃ and in figure 4.1 for T = 400℃.

One can see, that the loading rate of the MOT reaches values of

L ≈ 107 atoms
s

for an oven temperature of T = 300℃ and

L ≈ 109 atoms
s
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4.1. Loading rate and total atom number

 0

 5e+07

 1e+08

 1.5e+08

 2e+08

 2.5e+08

 0  2  4  6  8  10  12  14  16

at
om

 n
um

be
r

time [s]

Figure 4.1.: Loading curve of the MOT at T = 300℃. The saturation of the
atom number is not reached within t > 15 s loading time. The black fit assumes
the rate equation 2.48 for the atom number in the MOT taking losses due to
background collisions into account. Two-body losses are neglected. The green
line is a linear fit to determine the loading rate to L ≈ 1.5·107atoms/s. Without
two-body losses, the maximum atom number in the MOT is expected to reach
Nmax ≈ 2 · 108atoms. The data points for longer loading rates already indicate,
that the atom number saturates earlier. This shows that the maximum atom
number is limited by two-body losses (see also figure 4.2).

for a temperature of T = 400℃. Compared to an expected flux of

L ≈ 5 · 1011 atoms
s

of trappable atoms for T = 400℃, the value of the measured flux is one order
of magnitude smaller. This can be attributed to the fact that only about half of
the atoms entering the Zeeman slower are in the trappable mJ = +1/2 ground
state while the others are in the mJ = −1/2 state (see figure 2.5). Another loss
factor of atoms is the effect of transversal heating in the Zeeman slower: During
deceleration of the atoms, they gain velocity in the transversal direction. This
leads to an additional spread of the atomic beam. As a consequence, a larger
number of atoms cannot be trapped by the MOT anymore.

The atomic flux is still large enough to realize an experimental cycle of a few
seconds. The loading curves plotted in figure 4.1 and 4.2 show typical signs
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4. Properties of the magneto optical trap
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Figure 4.2.: Loading curve of the MOT at T = 400℃. The atom number sat-
urates already after t > 2 s at a maximum value Nmax = 109 atoms. When
the one body loss rate R is assumed to be similar to the one body loss rate
R ≈ 10−3 1/s in the case when the atomic beam is blocked (see figure 4.6), the
maximum atom number in the MOT considering only one-body losses would
yield Nmax = L/R ≈ 1012 atoms. The saturation already at N = 109 atoms
shows the strong domination of two-body losses over trap losses due to back-
ground gas atoms.

of dominant loss factors in the MOT: Both at T = 300℃ and T = 400℃the
maximum atom number saturates at values much lower than predicted by the
one-body model, where the maximum atom number is given by N = L/R with
one-body lossrate R.

Laser detunings and beam intensities

The detuning of the Zeeman slower with respect to the detuning of the MOT
beams depends on the frequency of the sound wave propagating in the Zeeman
slower AOM. In our experiment, it has a fixed value of

δSlower = δMOT − 70 MHz,

because the angle of the beam leaving the AOM in the first refraction order
depends on the frequency of the sound wave: After changing its frequency, the
Zeeman slower beam has to be coupled into the fibre again. Before the MOT
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4.1. Loading rate and total atom number

was loaded, it was completely cleared by closing the Zeeman slower beam and
the cooler beam for a short time. Then, the MOT was loadet for 0.5 s at an
oven temperature of T = 300℃ and a detuning δMOT. To compare the absolute
atom numbers for the different detunings, the MOT detuning is ramped to a
default value of

δimage = −20 MHz

where the pictures are taken. Figure 4.3 shows the dependence of the atom
number on the detuning. The increase in atom number for larger detunings
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Figure 4.3.: Dependence of the atom number in the MOT on the detuning of
the MOT beams at T = 300℃ and tload = 0.5 s. The loading rate increases with
larger detunings since the detuning of the Zeeman slower beam is shifted by the
same amount. By that means higher capture velocities of the Zeeman slower
can be reached providing an increase in the atomic flux. The optimum value
for the detuning is found to be −11γ < δ < −13γ. When the detuning gets
too large, the atom number drops abruptly. This indicates a too large effective
detuning of the Zeeman slower at some point. As a consequence, the atoms
escape the deceleration process at too high velocities and are not capturable by
the MOT anymore.

can be explained according to the remarks in section 2.2.3:

1. Larger detunings of the Zeeman slower allow an increase in capture ve-
locities and increase in atomic flux since the slower’s capture velocity is
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4. Properties of the magneto optical trap

given by:
vSlower

c ∝ −δSlower + const ·B.

2. As explained in section 2.2.3, larger detunings allow a higher capture
velocities of the MOT. By that means the time of flight between the
Zeeman slower and the centre of the MOT decreases. Thus the spread of
the atomic beam after the Zeeman slower is decreased. This leads to a
higher number of trappable atoms.

When the detuning is increased over a certain value, the atom number drops
abruptly. This can be explained by the following effect: When the detuning
of the Zeeman slower deviates too much from the design value, the scattering
rate at critical positions within the slower is likelely to be too low for further
deceleration of the atoms. When this happens at too high velocities, the atoms
cannot be trapped by the MOT anymore.
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Figure 4.4.: Dependence of the MOT loading rate on the power in the Zeeman
slower beam at Toven = 300℃. An increase in intensity of the Zeeman slower
laser beam would lead to a higher loading-rate.

The dependence of the loading rate on the power in the Zeeman slower laser
beam is plotted in figure 4.4. The linear dependence suggests, that not enough
photons are available to slow all the atoms. To check this for Toven = 400℃,
the photonic flux can be estimated. To decelerate one atom from

vinitial = 1000
m
s
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4.1. Loading rate and total atom number

to
vend = 10

m
s

at half of the maximum scattering rate

a = amax/2 ≈ 100000 m/s2

can be estimated in the following way: The time to decelerate one atom is
calculated to

t =
vinitial − vend

a
≈ 10−3 s.

With a conservative estimation for the scattering rate

γeff = 1/2γp = 1/4γ = 1/4 · 2π · 5.87 · 106 1/s ≈ 9 · 106 1/s,

it takes approximately N = 9 · 103 photons to stop one atom. With available
laser power P = 45mW, a photonic flux of

fphotons =
~ω
P
≈ 1.5 · 1017photons/s

can be reached. With that value of the photonic flux, an atomic flux of

fatoms =
fphotons

9 · 103
≈ 1016 atoms/s

should be trappable. Hence, the linearity in the loading rate with laser power
in the Zeeman slower beam has to be attributed to another effect. The real
reason is unknown at the moment.

Oven temperature

The temperature of the effusive lithium oven is the parameter which influences
the loading rate strongest: The dependence of the atom number on the oven
temperature is plotted in figure 4.5 for a loading time tload = 0.5 s. The ex-
ponential increase in the partial pressure in the oven leads to an exponential
increase in number densities providing a higher atomic flux. For our setup, this
behaviour can not be extrapolated to higher temperatures due to the following
reasons:

1. Higher densities in the MOT lead to an increase in two-body losses. So
the maximum atom number saturates earlier for higher temperatures.
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4. Properties of the magneto optical trap

2. As described in chapter 2.2.2, higher oven temperatures lead to higher
transversal velocities of the atoms. So a smaller amount of atoms leaving
the oven is trappable by the MOT.

For 450 ℃, a saturation effect is already visible at a rather short loading time
tload = 0.5 s of the MOT.
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Figure 4.5.: Dependence of the atom number on the oven temperature at a
loading time tload = 0.5 s. Due to the exponential increase of the number density
of atoms in the oven with increasing temperature, the loading rate also increases
exponentially up to a temperature of 400℃. At higher temperatures T ≈ 450℃,
higher densities are reached and loss channels like two-body collisions dominate.

It can be clearly seen in figure 4.6, that the maximum atom number in the
MOT is limited by two-body losses. After loading the MOT, the Zeeman slower
laser beam is blocked and the atomic beam shutter is closed. The remaining
atoms are imaged after several storage times reaching up to 700 s. Two regimes
can be distinguished: During shorter storage times t < 150 s, a strong non-
exponential behaviour is visible. Within that time, the sample decays more
than exponentially (“super-exponential”). This indicates the presence of two-
body losses which scale according to equation 2.46 with n2. This model is
confirmed by the the fit to the super-exponential decay 2.50

N(t) = N0
Re−Rt

R +N0β′(1− e−Rt)
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4.2. Temperature

which agrees well with the measured data. The fit parameters are listed in
table 4.1.

Initial atom number N0 (3± 0.3) · 108atoms
Two-body loss coefficient β′ (5± 0.5) · 10−10 1

s atom
Decay rate super exponential decay R (1.1± 0.3) · 10−3 1

s =̂ (900± 250) s
Decay rate exponential decay R (2.6± 0.5) · 10−3 1

s =̂ (500± 100) s

Table 4.2.: Fit parameter of figure 4.6. A lower limit for the lifetime of the
sample is given by the fit parameter for the exponential decay. A more realistic
value can be determined by the fit parameter of the super-exponential decay
(equation 2.50): τ ≈ 15minutes.

The lifetime of the sample is limited by high densities during the time of mea-
surement. In the regime t > 300s, the decay behaviour is still not exponential,
but the influence of background collisions becomes visible. The fit parameter
for the exponential decay neglecting two-body losses

N(t) = N0 e
−R·t

gives a lower limit for the lifetime τ = 1/R, whereas the fit parameter for
the decay 2.50, which is stronger than exponential, is expected to be closer to
the real lifetime of the sample with

τ ≈ (900± 250) s.

4.2. Temperature

After having optimised the parameters such that a high atom number is ob-
tained, the next optimisation goal is a low temperature to trap as many atoms
as possible in the optical dipole trap. The two main parameters to control the
temperature of the atomic sample are the following:

1. Detuning: Recalling equation 2.22, in an optical molasses the temperature
scales linearly for large detunings :

kBT =
~γ
4

1 + (2δ/γ)2

(|δ| /γ)

and has a minimum for δ = γ/2. To take this effect into account, the
detuning is ramped from large values to δ = γ/2.
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4. Properties of the magneto optical trap
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Figure 4.6.: Atom number in the MOT after closing the atomic beam shutter
at Toven = 400℃. The lifetime of the atomic sample at high densities is limited
by two-body losses indicated by the strongly non exponential behaviour for short
times. For longer storage times, the lifetime is limited by collisions with the
background gas resulting in an exponential decay. This regime is not yet reached.
The black curve is a fit to the decay which is stronger than exponential 2.50. An
estimation for the lifetime can be given from the decay rate of the exponential
fit curve τ > (500± 100) s, but it is expected to be as long as the time constant
of the super exponential decay τ ≈ (900± 250) s. This shows an extremely good
background pressure of the setup.

2. Laser intensities: As discussed in section 2.1.3, the minimum temperature
TD can only be reached when the heating rate is equal to the cooling rate.
This is only given when δ = γ/2, but the heating rate can be reduced
by decreasing the laser intensities. While ramping the detuning closer to
resonance, the laser intensities of cooler and repumper are ramped down
simultaneously. To prevent cooler atoms from taking part in the cooling
cycle again, they are transferred into the

∣∣∣2S 1
2
, F = 1/2

〉
dark state by

ramping down the repumper faster than the cooler leading to a decrease
in heating rate.

The atom number is very sensitive to the ramping speeds of detuning and
laser intensities. In particular, too high end values of cooler and repumper
intensities at small detunings force the atoms to escape the trap in an uncon-
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4.2. Temperature

trolled manner and too early. Nevertheless, parameters for low temperatures
and good signal to noise ratios have been found: The MOT loads at an oven
temperature of T = 350℃ for t = 3 s to collect enough signal for a good signal-
to-noise ratio. The cloud is released from the trap by ramping down the MOT
laser beams within 2.7 ms and decreasing the detuning at the same time. After
a time of flight ranging from 20µs ≤ ttof ≤ 2000µs, the camera exposures for
500µs. Within that time window, the atomic cloud is illuminated for 10µs by
switching the MOT laser beams with the aoms. The time of illumination has
to be as short compared to the time of flight of the atoms, because otherwise
the light would alter the spatial distribution of the atoms. To check where this
effect plays a role, the time of illumination could be increased up to 100µs
before seeing the influence of the light.

The size of the atomic cloud at that point in time is determined by a gaussian
fit to its density distribution. As seen in section 2.2.3, the trapping potential
in a MOT is harmonic. The energies of the thermal cloud in the trap obey
Boltzmann statistics so the density distribution forms a gaussian:

n(r) = n0e
− U(r)

kBT = n0 exp−
3∑

i=1

x2
i /(2σi) (4.1)

with 1/
√
e width σi = 1

√
kBT/κi. When the trap is switched off, the atoms

begin to expand ballistically.
The energies of the atoms in the expanding cloud also obey Boltzmann statis-

tics:

P (p)dp ∝ e
−

p2

2m
kBT dp (4.2)

An atom starting from position r0 and arriving at position r after a time of
flight t has a momentum

p = m(r− r0)/t.

So equation 4.2 can be rewritten as the probability for the atom to arrive at
fixed position r when it started at position r0

P (r0)dr0 ∝ e
−

m2(r−r0)2

2mt2
kBT dr0. (4.3)

To obtain an expression for the density distribution after a time of flight t,
one has to weight the initial spatial distribution of the atoms n(r0) with the
probability for the atom to arrive at position r

P (r0)dr0
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4. Properties of the magneto optical trap

and integrate over all possible initial positions r0

n(r, t) =

∫
P (r0, t)n(r0)d

3r0 =

∫
e
−m2(r−r0)2

2mt2kBT e
− r20

2σ2
0 d3r0. (4.4)

The convolution of the two Gaussians forms a gaussian and its 1/
√
e width is

just the inverse sum of the convoluted Gaussians:

σi =

√
σi(t = 0) +

kBT

m
t2 (4.5)

To get a better signal to noise ratio, the sum over all single columns of the time
of flight pictures has been taken. A gaussian is fitted to the density distribution
of each image. The fit is performed in realtime within the LABVIEW user
interface of the computer control. This has the advantage that optimisations
of the parameters with respect to temperature can directly be controlled. The
expansion of the atomic cloud versus its time of flight is plotted in figure 4.7.

To determine the temperature of the atoms, equation 4.5 is fitted to the data
points in figure 4.7 over the whole time of flight (green line). The temperature
has been determined from the fit parameter to

T ≈ 470µK.

For an estimation of the error, following effect has to be taken into account:
The magnetic fields of the MOT cannot be switched off on a timescale which
is short compared to the time of flight of the atoms. The influence of the
magnetic potential on the expansion of the cloud can be estimated as follows:
The acceleration due to the magnetic potential in the axis with strong field
gradient is given by

a =
F

m
=
mFgFµB

∂B
∂z

m
. (4.6)

For the F = 3/2,mF = 3/2 state, the acceleration in the strong axis of the
magnetic field gradient is largest:

a ≈ +
3

2
·
(
−1

3

)
gJµB

∂B

∂z
m ≈ −9.3−28J/Gauss · 40 Gauss/cm

10−26kg
≈ −370 m/s2

The influence of the acceleration on the flight distance of the atoms is given by
kinematics:

x(t) = v0t+ 1/2 a · t2 (4.7)
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Figure 4.7.: Temperature measurement of atoms in the MOT. The width of the
atomic cloud is plotted versus its time of flight: After their release from the trap,
the atomic cloud expands according to its initial velocity which is a measure for
the temperature of the atoms. To record their expansion, the atomic cloud is
illuminated for 10µs by the MOT laser beams for several time of flights. Each
data point represents the width of a gaussian fit to the density distribution of
the cloud. The green line is a fit to equation 4.5. over the whole x-axis. To
reduce the systematic error in the measurement (see text), the black curve takes
only values for short time of flights 0 < t < 1ms into account. A lower limit for
the temperature is determined within a factor of three (conservative estimation,
see text) by the fit parameter to T = 410µK.

Inserting the values of our measurement v0 = 0.7m/s at T = 470µK and
t = 2 ms, one gets for the flight distance

x = 1.4 mm− 0.8 mm.

Hence, the magnetic field introduces an error of 130% for the velocity if just
one data point at t = 2 ms was taken. In this case, only an upper limit for the
temperature of the sample can be estimated within a factor of 4.

One expects, that the measured value is more precise than the error suggests,
since the deceleration for the other hyperfine states F = 3/2mF = +1/2 and
F = 1/2mF = −1/2 is a factor of two smaller.

In addition, the error becomes smaller for shorter time of flights. At t = 1ms

x = 0.80 mm− 0.40 mm,
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4. Properties of the magneto optical trap

reducing the error to 200% for one single data point. To get an estimation
for the temperature as precisely as possible, the best strategy is to take as
many data points as possible for shorter time of flights t < 1 ms. For those
reasons, a second fit (black line) in figure 4.7 accounts only for values 0 < t <
1 ms. According to the discussion for the error above, the temperature could
determined within a factor of three to

T = 410µK.
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4.2. Temperature

(a) 20 µs (b) 500 µs

(c) 750 µs (d) 1000 µs (e) 1250 µs

(f) 1500 µs (g) 1750 µs (h) 2000 µs

Figure 4.8.: Expansion of the atomic cloud for several times of flight. The scale
of the axes is adjusted to map the aspect ratio of the cloud 1:1. The total width
of an image measures 2.5mm.

70



5. Conclusion and outlook

The aim of this thesis was the setup of a Magneto-Optical-Trap as a step to-
wards the preparation of a degenerate Fermi gas. The work focusses on two
main subjects: the design and implementation of a Zeeman slower providing
a source of slow atoms for the MOT and the setup up of a vacuum chamber
according to the specific prerequisites for experiments dealing with a small num-
ber of ultracold fermions. The following experimental goals for the apparatus
could be reached:

1. The constructed Zeeman Slower provides the capacity to load≈ 109 atoms
into the MOT within 1 second at an oven temperature of 400℃. Since the
MOT loading rate is a bottleneck for the whole experimental cycle, a total
duration of a few seconds finally seems to be reachable.

2. The vacuum in the experimental chamber meets the demands in so far,
that losses of the ultracold atomic sample due to background collisions
limit the lifetime to ≈ 15minutes. This is much longer than the planned
duty cycle of the experiment promising a long living mesoscopic fermionic
system.

After optimisation, the temperature of the atoms in the MOT was measured to
T ≈ 410µK. This value is low enough to reach high transfer efficiencies for the
atoms from the MOT into the optical dipole trap. Following steps towards the
preparation of a degenerate mesoscopic Fermi gas have to be taken: To reach
degeneracy in a Fermi gas, i.e every state is occupied by one identical fermion,
the phase space density defined as

nλ3
De Broglie

with De Broglie-wavelength λDe Broglie =
√

2π~
mkBT

has to become on the order
of 1.

With lowest temperatures and highest densities in the MOT reachable, only
phase space densities on the order of nλ3

DeBroglie ≈ 10−4 can be obtained. Thus
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5.1. Towards a model system

another cooling method has to be applied: the atoms are cooled evaporatively
by lowering the trap depth of the optical dipole trap. Evaporative cooling of
fermions and the preparation of molecular Bose-Einstein condensates are es-
tablished techniques today to reach highly degenerate macroscopic Fermi gases
[4][5][6]. The challenge in the preparation of a few atom gas is posed by the
control on the atom number. Once a large degenerate Fermi gas is prepared,
unwanted atoms can be poured out of the trap by means of a magnetic field
gradient. The more the energy levels are separated in the trap, the better is
the control on the number of remaining atoms. Large dipole traps make the
pouring process difficult: The shape of a typical dipole trap becomes very shal-
low after the evaporation process, similar to a plate. Thus the atom number in
the trap becomes too sensitive to applied magnetic field gradients. In contrast,
the potential formed by a tightly focused optical dipole trap (waist w ≈ 1µm)
has well separated energy levels. Here, the energy level spacing is on the order
of the Fermi energy. Spilling of the trap leads to a well defined number of
remaining atoms. For those reasons, an optical microtrap is the appropriate
tool to prepare a mesoscopic system. In first experiments one would test, how
precisely the atom number can be defined by the spilling method. Furthermore
the minimum number of atoms in the sample has to be determined.

5.1. Towards a model system

As adumbrated in the introduction, an idea for first experiments towards a
model for few fermion systems will be discussed shortly in the following. A
degenerate Fermi gas consisting of only few atoms is expected to show typical
properties: In analogy to the electrons of an atom, the trapped fermions in the
gas occupy single-particle states. Due to the fermionic nature of the particles,
energy shells develop. When the number of particles in the system is just large
enough to fill a shell, a “magic number” is reached: Then the binding energy
per particle is expected to become maximal. The formation of energy shells can
be observable, when a sample with a small, well defined atom number can be
prepared: The energy of the sample can be determined similar to the time-of-
flight measurements for the temperature in the MOT. The energy of the sample
depending on the atom number should unveil the shell structure: Adding atoms
to the sample where all shells are closed could lead in a measureable increase
in energy of the sample. A theoretical approach demonstrated by the group
of Chris Greene[25] suggests this: According to their calculations, the motion
of the gas can be described via a single coordinate R, i.e the extension rms
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5. Conclusion and outlook

radius of the sample. The problem can be reduced to a 1-D linear Schrödinger
equation with an effective potential

Veff(R) =
(3N − 1)(3N − 3)

8MR2
+
λ(λ+ 3N − 2)

2MR2
+

1

2
ω2R2 + Vint (5.1)

with the appropriate hyperangular momentum quantum number λ and trap
frequency ω. The energy term Vint accounts for two-body s-wave interactions.
The radius of the sample can be determined from the minimum of the effective
potential 5.1. In the non-interacting case, one obtains for the rms radius〈

R2
〉

=

(
λ

N
+

3N

2

)
l20 (5.2)

with oscillator length l0 =
√

~/mω and for the energy

ENI = (λ+
3N

2
)~ω. (5.3)

The magic numbers for the first 5 shells are listed in table 5.1.

filled shells atom number λ
1 2 0
2 8 3
3 20 60
4 40 90
5 70 210

Table 5.1.: Magic numbers for the first 5 energy shells. The appropriate quan-
tum number is the hyperangular momentum λ.Taken from [25].

Including interactions, the behaviour of the system becomes even more inter-
esting: Then the interaction term in the effective potential 5.1 has to be taken
into account. After the renormalization of the two-body s-wave interaction [9],
the effective potential has the shape plotted in figure 5.1 (dashed curves). As
expected, the radius of the atomic cloud shrinks with increasing attraction.
The system is predicted to be stable even in the limit of maximum attraction
(s-wave scattering length a→ −∞).

In contrast, a Fermi gas consisting of 3 or more components is expected to
behave completely different: The effective potential for a 3 component Fermi
gas has a weak hyperradial barrier, similar to the dotted curve in figure 5.1.
Such a gas is predicted to collapse in the limit of strong attractive interactions,
which has to be proved experimentally.
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5.1. Towards a model system

Figure 5.1.: The dimensionless ratio of the effective potential to the non inter-
acting energy is plotted as function of the rescaled rms radius. The solid curve
shows the noninteracting case whereas the dashed curves include attractive in-
teractions. Calculations were performed for a degenerate Fermi gas consisting
of two species (hyperfine states). Top to bottom increasing attraction. Taken
from [9].
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Figure A.1.: Water cooling system for the MOT coils.
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Figure A.5.: Details on the bellow of the conical Zeeman Slower tube. Drawing: Mallinger.
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