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Ultracold neutral atoms in optical lattices are a perfect toy model to simulate and study

new physics that appears in the context of high temperature superconductivity. In this

work I present the design and construction of a novel apparatus to study these exciting

condensed matter systems. Besides this I also investigate a new proposed magneto-optical

transport scheme to transport a quantum-degenerate Fermi gas of ultracold lithium atoms

into a science chamber.
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1. Introduction

1.1. Quantum Simulation

Understanding how the matter that surrounds us is composed and why it has certain prop-

erties has always been of great interest. But it does not necessarily need to be the hunt for

the Higgs boson — even on a larger atomic scale, many effects present in solid state sys-

tems have not been well understood or are nowadays still not understood although they

are more applicable.

Often a simple theoretical model can be proposed, but it cannot be solved due to the

huge number of degrees of freedom. Thus in 1947 Bragg and Nye[1] developed the bubble

raft, where they used a two dimensional lattice of small bubbles (< 2mm in diameter, up

to 100,000 bubbles) as a toy model. They could experimentally study defects, dislocations,

grain boundaries and even apply external forces to compress and shear the lattice. At that

time it was neither possible to numerically simulate the many-body problem (computers

were just being developed) nor to directly observe defects in a crystal (electron microscopes

did not have the required resolution yet).

Today the focus is shifted towards the electronic structure of condensed matter systems,

for example the high-temperature superconductors, but also other electronic and magnetic

(a) Bragg bubble raft[1]: Condensed matter
simulation in 1947. . .

(b) . . . and today, the quantum gas
microscope[2], 2009

Figure 1.1. Development of condensed matter simulation
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1. Introduction

materials. Current in a superconductor in general is carried by pairs of electrons (fermions)

forming bosonic Cooper pairs. In the BCS theory[3] electron-phonon interaction leads to

an effective attractive long-ranged interaction between a pair of electrons that intrinsically

repell each other due to the Coulomb interaction.

However this theory cannot explain the existence of superconductors with critical tem-

peratures Tc above 30K. The process leading to high-Tc superconductivity is still one of

the unsolved problems in modern physics. In contrast to s-wave symmetry for the conven-

tional phonon-mediated superconductors it is believed that the pairing-wavefunction has

d-wave symmetry[4] in high-Tc superconductors like the “famous” yttrium barium copper

oxide YBCO. The pairing there is supposed to happen because of electron-electron interac-

tion.

Following Bragg’s approach of building a toy model and combining it with Feynman’s

idea to simulate a quantum system by using another quantum system[5], the field of quan-

tum simulation uses atomic physics methods to model and investigate many-body con-

densed matter systems. Ultracold atoms[6] with temperatures on the nanokelvin scale

which represent the electrons, are embedded into one, two or three-dimensional optical

lattices. Atomic, molecular and optical physics provides countless different tools to ma-

nipulate and observe the model electrons thus making ultracold atoms the ideal choice to

study new physics.

We are building a novel apparatus for experiments with ultracold fermions with excep-

tional optical access in a dedicated science chamber. Besides trying to simulate and study

the high-Tc superconductivity described in detail below, our apparatus also enables us to

study new in-lattice cooling mechanism[7] or to perform single-site resolution with the

quantum gas microscope demonstrated by [2].

1.2. d-Wave Superfluidity in a Hubbard Model and

in Plaquettes

The simplest theoretical model that is supposed to be able to describe high-Tc supercon-

ductivity (amongst other effects) is the Fermi-Hubbard model (see figure 1.2), governed by

the Fermi-Hubbard Hamiltonian[8]

Ĥ =−J
∑

〈i , j〉,σ

(
ĉ†

i ,σĉ j ,σ+ ĉ†
j ,σĉi ,σ

)
+U

∑
i

n̂i ,↑n̂i ,↓+
∑
i ,σ
εi n̂i ,σ. (1.1)
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1.2. d-Wave Superfluidity in a Hubbard Model and in Plaquettes

Figure 1.2. Predicted phase-diagram for the Fermi-Hubbard model. It exhibits, depend-
ing on the spin imbalance, both anti-ferromagnetic Néel order and the d-wave superfluid,
believed to be the mechanism of high-Tc superconductivity.

This model describes fermionic particles in two spin states σ ∈ {|↑〉 , |↓〉} in the lowest band

of a periodic lattice potential. The atoms can tunnel between the sites with a tunnel matrix

element J . A higher J leads to more delocalized atoms and thus can lower the energy of

the system due to the Heisenberg uncertainty principle: ∆x∆p ≥ ~/2. In addition there is

the on-site interaction energy U for two atoms with opposite spins on the same lattice site.

Any external confinement typically present in the experiments described in the following is

accounted by the energies εi . The operators ĉ†
i ,σ and ĉi ,σ in 1.1 are fermionic creation and

annihilation operators, n̂i ,σ = ĉ†
i ,σĉi ,σ the operator counting the number of fermions on a

lattice site i .

Up to now this model cannot be solved in general and for example it is still unclear if its

ground state really can exhibit d-wave superfluidity. Neutral atoms in an optical lattice have

proven to be ideal to simulate such a Hamiltonian. For example the Mott insulator phase,

where all atoms are localized on the lattice sites, has been achieved in this systems[9, 10, 11].

Complete control over the parameters of the Hamiltonian (1.1) is possible: the tunneling

J can be controlled by tuning the depth of the lattice, the on-site interaction U by mag-

netic Feshbach resonances[12] (scattering resonances with one atomic and one molecular

channel) and the external confinement energies εi by changing the focusing of the lattice

laser light. The initial properties (filling factor, temperature) of the atoms in the lattice are

controlled by the way they are prepared prior to loading them into the lattice.

Instead of cooling a imbalanced spin-mixture in Fermi-gas far below the degeneracy

temperature TF, then ramping up the lattice and hoping for the best, we pursue a different

9



1. Introduction

J ′σ

J ′σ

Figure 1.3. Depending on the filling factor, the plaquettes created can exhibit both s-wave
and d-wave symmetry.

plan to investigate d-wave superconductivity in ultracold atoms in a bottom-up approach.

With the scheme proposed by [13] it is possible to start with small, well-understood systems

similar to double wells demonstrated in [14].

In this case the small system, called plaquette, is a 2×2 isolated mini-lattice. The intra-

plaquette tunneling is denoted by J and the interaction by U . It can be shown that the

ground state for two repulsive fermions (on four available sites) |2〉 in the plaquette shows

s-wave symmetry while for four fermions |4〉 it exhibits d-wave symmetry (figure 1.3). If one

now couples two plaquettes with a weak, positive inter-plaquette tunneling J ′ it turns out

that states with three fermions on a single plaquette |3i 〉 can be energetically suppressed as

long as the tunneling is smaller as the binding energy of a hole-pair on a single plaquette.

0 < J ′ <∆b = 2E0(N = 3)−E0(N = 4)−E0(N = 2)

Thus the atoms preferably tunnel pairwise between the states |4,2〉 and |2,4〉. States with

three atoms per plaquette can only be virtual intermediate states mediating a superex-

change interaction.

By treating the states with four |4〉 ≡⇑ and two atoms |2〉 ≡⇓per plaquette as pseudo spins,

adding a spin-dependency to the inter-plaquette tunneling J ′ → J ′σ and extending the pla-

quette to two-dimensional lattice the system effectively can be described by a Heisenberg

XXZ Hamiltonian

Heff =
∑
〈i , j〉

∑
u=x,y,z

J uσu
i σ

u
j −µz

∑
i
σz

i ,

where the coupling J x = J y ≡ J⊥, J z depend on the inter-plaquette tunneling and µz de-

notes the energy necessary for adding a pair of atoms to a plaquette. For J z /J⊥ < 1 this

system can exhibit a d-wave superconducting phase - exactly what we want to study.

10



1.3. Next Generation Fermi-Hubbard Quantum Simulator

1.3. Next Generation Fermi-Hubbard Quantum

Simulator

In this thesis I am going to present the design and construction of a new apparatus that will

serve as a next generation quantum simulator. It will enable us to study Fermi-Hubbard

physics with neutral atoms in optical lattices.

We have chosen Lithium 6
3Li for our experiment. This species has a broad Feshbach res-

onance at an easily achievable magnetic field strength of around 830G[15] making control-

ling of interaction between the atoms feasible, an important ingredient for the study of the

Fermi-Hubbard model. Another fact, both advantage and disadvantage, is its light mass of

only 6amu, which leads to a large recoil energy

Erec =
~kL

m
.

On one hand this increases the tunneling rate in a lattice and thus reduces the time constant

for dynamic processes in the lattice compared to heavier species. But on the other hand

this also requires high-power lasers to freeze out the tunneling by making the lattice very

deep, for example in order to go to the Mott-insulator phase. Thus we are planning to use

enhancement cavities (similar to [16]) to increase the effective laser intensity of the optical

lattice.

One problem inherent to cooling all fermions is that once temperatures on the order

of the Fermi temperature TF are reached evaporative cooling does not work properly any-

more. The atoms cannot thermalize because the Pauli exclusion principle forbids s-wave

scattering between two atoms in the same state, the only scattering process that still would

possible for atoms at such ultracold temperatures. To overcome this limitation in our ex-

periment lithium will be sympathetically cooled with bosonic sodium 23
11Na Bose-Einstein

condensate. Sodium is evaporated and thermalizes with the lithium cooling it further be-

low TF. This way we can achieve bigger atom numbers than single-species lithium machine

that are using a spin-mixture for sympathetic cooling instead.

One of the outstanding features of our apparatus (figure 1.4) will be the large optical ac-

cess that is granted by a dedicated science chamber. All preparation of the atoms including

the magneto-optical trap and further cooling to quantum degeneracy will be shifted to a

main chamber, so that the science chamber itself is “clean” meaning that there is no op-

tics that is not going to be used for the actual experiment. This enables us to implement

a three-dimensional optical lattice and even put enhancement cavities inside the chamber

11



1. Introduction

science
chamber

main
chamber

oven
Zeeman slower

Transport

Figure 1.4. Simplified schematic of our apparatus.

to create deep lattices. With this setup we are also able to create the necessary superlattices

to study the d-wave superfluidy as described in the previous section.

In order to transport the ultracold quantum gases between the two chambers, we pro-

pose a novel magneto-optical transport scheme described in detail in chapter 6. It promises

larger atom numbers than existing methods due to a larger trapping volume and better

mode matching with other traps.

Together with my co-workers I designed and built this novel apparatus during the last

year. In the time of my diploma thesis we managed to achieve trapped sodium atoms in a

magneto-optical trap. In addition to that I investigated the heating that could be caused by

magnetic field disturbances in the magneto-optical transport in detail.

1.4. Structure of this work

This work is structured as follows:

• The next chapter gives an introduction into the light-matter interaction that is re-

quired to understand the principles of the Zeeman slower and the magneto-optical

trap and mostly follows [17].

• In the third chapter the path of the atoms from the source into the main chamber is

sketched together with a detailed description of the machine. Wherever necessary

additional theory will be introduced.

• The forth chapter deals with magneto-optical trap, the related loss mechanisms and

ways to avoid them.

• Chapter five very briefly describes the missing parts to get a sodium Bose-Einstein

condensate and a degenerate Fermi gas of lithium atoms.

12



1.4. Structure of this work

• The sixth chapter explains a novel magneto-optical transport scheme for degenerate

quantum gases and shows how we studied the technical feasibility of this approach.

• In the seventh chapter a method to control the beam pointing of our dye laser is pre-

sented.

• The last chapter concludes this work and gives a brief outlook of the next milestones

of the experiment.

13



2. Light-Matter-Interaction

2.1. Motivation

The following sections provide a brief overview of the theoretical foundations of light-matter

interaction. This is required to understand Zeeman slowing and the magneto-optical trap-

ping in the next chapters.

2.2. Density Matrix Formalism

The quantum mechanical treatment of a quantum system that is coupled to the environ-

ment is different formalism than the Schrödinger equation. The state of the system is de-

scribed using the density matrix

ρ̂ =
∑

i
pi |Ψi 〉〈Ψi | ,

where |Ψi 〉 denotes a pure state of the ensemble and pi the probability to find the system is

this state.

The density matrix formalism expectation value of an observable Ô of the system is given

by: 〈
Ô

〉=∑
i

pi 〈Ψi |Ô |Ψi 〉 = tr
(
ρ̂Ô

)
In general the time evolution of the density matrix is simply given by the von-Neumann

equation

i~
∂

∂t
ρ̂ = [

Ĥ , ρ̂
]

(2.1)

For example the density matrix of a two-level atoms with ground state
∣∣g〉

and excited

state |e〉 is represented by a 2×2 hermitian matrix

ρ̂ =
(
ρee ρeg

ρge ρgg

)
. (2.2)

14



2.3. Optical Bloch Equations

The diagonal elements are the probabilities to find the atom in these states and the off-

diagonal elements (ρeg = ρ∗
ge) are the coherences between the two states.

2.3. Optical Bloch Equations

Applying this formalism to the atom-field-interaction with a simplified Hamiltonian

Ĥ = ĤA + ĤL + V̂ c
AL

explains several important effects necessary to understand laser cooling. ĤA is the Hamil-

tonian for a two-level atom at rest with the ground and excited state
∣∣g〉

and |e〉 with the

energy difference ~ω0:

ĤA = ~ω0 |e〉〈e| .

The light field Hamiltonian ĤL can be neglected in this context as we assume that we are

not in the single-photon regime, i.e. taking one photon out of the light field approximately

does not change the total number of photons. The semiclassical light-matter interaction

Hamiltonian in dipole and rotating wave approximation V̂ c
AL is given by

V̂ c
AL =−eE(r, t ) · r̂,

where the electric field of the laser is given by E(r, t ) = E0e i (k·r−ωt ) and the operator r̂ defines

the Rabi frequency by its matrix element

Ω≡− e

~
E0 〈e| r̂

∣∣g〉
.

This gives rise to following differential equations describing the time evolution of the

two-level density matrix:

ρ̇gg = − i

2

(
Ωρge −Ω∗ρeg

)
ρ̇ee = i

2

(
Ωρge −Ω∗ρeg

)
ρ̇ge = iδρge + i

Ω∗

2

(
ρee −ρgg

)
ρ̇eg = −iδρeg + i

Ω

2

(
ρee −ρgg

)
If one now also takes the spontaneous emission with the excited state lifetime 1/γ as the

15



2. Light-Matter-Interaction

only relaxation process (no dephasing due to scattering in the ensemble, etc.) into account,

this equations lead to the optical Bloch equations:

ρ̇gg = γρee −
i

2

(
Ωρge −Ω∗ρeg

)
ρ̇ee = −γρee +

i

2

(
Ωρge −Ω∗ρeg

)
ρ̇ge = −

(γ
2
+ iδ

)
ρge + i

Ω∗

2

(
ρee −ρgg

)
ρ̇eg = −

(γ
2
− iδ

)
ρeg + i

Ω

2

(
ρee −ρgg

)
The steady state solution for the excited state population shows power broadening. Its

dependence on the detuning δ=ωL −ω0 of the laser light is

ρee =
s0/2

1+ s0 + (2δ/γ)2 , (2.3)

where the saturation parameter s0 is defined as

s0 ≡ 2 |Ω|2 /γ2. (2.4)

This in turn also defines the saturation intensity Is by s0 = I /Is, which also depends on the

atom species. One can see that even for infinite laser power s0 →∞ the maximum excited

state population is 50%.

2.4. Radiation Force

An atom described by the optical Bloch equations can absorb photons with the scattering

rate

γs = γρee.

Every time it absorbs a photon it gets kicked with the photon momentum ~kL. This mo-

mentum transfer leads to the radiation force

Frad = ~kLγρee. (2.5)

The spontaneous emission afterwards does not lead to a momentum transfer on average,

because the emission has uniform probability distribution over the whole 4π solid angle.

16



2.4. Radiation Force

Despite this force there is another light force that depends on the intensity gradient in-

stead of the absolute intensity, the so called dipole force. This force is exploited in optical

dipole traps or optical lattices, but it is not important for the understanding of the Doppler

cooling mechanisms.

17



3. From the Source to the Main

Chamber

3.1. Motivation

This chapter describes to path of the not-yet-ultracold atoms from the oven source through

the Zeeman slower, where the already get slowed down to velocities equivalent to a few

Kelvin, into the main chamber. In addition an overview over our whole vacuum setup is

given together with our experiences during the back-out.

3.2. Vacuum Setup

3.2.1. Overview

One challenge that all Bose-Einstein condensate experiments have in common is that the

fragile BEC phase requires extreme conditions. The phase transition happens when the

thermal deBroglie wavelength

λT =
√

2π~2

mkBT

of an ensemble of bosonic atoms with mass m and temperature T becomes comparable

with the interparticle spacing n−1/3, where n denotes the density in the ensemble. For

typical densities achieved in an experiment the critical temperature TC is on the order of

100nK[18]. Besides having “unconventional” cooling mechanisms described in section 4.2,

to be able to achieve this temperatures the atoms also have to be very well isolated from

the environment. This requires the vacuum chamber to have an extremely low pressure

on the order of 10−11 Torr in the ultra-high vacuum (UHV) regime, because collisions with

the background gas are the main source for external heating1. In addition to using effective

1Thermal radiation can be neglected for cold atoms, because there is only little energy in the thermal spectrum
within the narrow absorption lines of the atoms.
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3.2. Vacuum Setup
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Figure 3.1. Three-dimensional model of the vacuum chamber.

pumps suited for such pressure, the chamber has to be baked to reduce the outgassing from

the metal parts (see section 3.2.2).

The whole system is roughly 2.75m long (figure 3.1). The atoms start on the right side in

the two-species sodium/lithium oven (section 3.3) at a temperature of 450◦C and a pres-

sure of about 10−3 Torr[19]. This equals velocities of 700 m/s for sodium and 1400 m/s for

lithium with densities of around 1010 1/mm3 compared to 1016 1/mm3 at atmosphere. After the

nozzle inside the oven chamber the background pressure is at 5 ·10−8 Torr with densities of

106 1/mm3. To isolate this section from the actual UHV in the main chamber it is followed

by a differential pumping tube (0.18in ID, 5.65in long) and another intermediate chamber

(“differential pumping chamber”) with another ion pump. We already achieve a pressure

below 10−9 Torr there. This section in turn is separated with another differential pumping

tube (0.18in ID, 3.36in long) from the Zeeman slower (see section 3.4), where the atoms

inside the atomic beam are slowed down by more than one order of magnitude.

The slow atoms are then loaded into a magneto-optical trap inside the main chamber,

where additional cooling is performed (see chapters 4 and 5). The atoms that are not cap-

tured from the atomic beam hit the heated Zeeman slower window on the very end of the

chamber, before they eventually get pumped away inside the dump chamber. In addition
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Figure 3.2. Schematic representation of our vacuum system. The forevacuum is omitted.

to the ion pump there, the main pumping is done by a Titanium sublimation pump that

uses the whole dump chamber surface area to pump. This provides us a pressure of the

order of 10−11 Torr, which is equivalent to a density of only 300 atoms of background gas

per 1mm3.

The main sections of our vacuum system are all separated by gate valves to be able to

vent the sections independently. This for example is necessary when the alkali atoms in the

oven are used up and has to be replaced. A detailed schematic of the apparatus is given in

figure 3.2. The gate valve separating the yet to be designed science chamber from the main

chamber is a non-magnetic all-metal gate valve from VAT. All the other gate valves are Viton

sealed gate valves with pneumatic actuators from LESKER.

3.2.2. Baking

3.2.2.1. Temperatures

In order to achieve the desired vacuum pressures in the UHV regime of around 10−11 Torr

it is crucial that the vacuum chamber is heated to temperatures of about 200◦C for an ex-

tended period of time. The higher temperatures exponentially speed up the outgassing of

gasses that had been absorbed by the stainless steel under atmosphere (e.g. Hydrogen, Ni-

trogen) or that are coating the stainless steel (like water). This is due to the temperature

dependence of the diffusion constant[20]. From our baking curves one can defer an im-

provement of one order of magnitude in the final pressure with roughly every 40◦C increase
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in temperature (see section 3.2.2.4 and especially figure 3.5)

At even higher temperatures (400◦C) it would even be possible to decompose possible

hydrocarbon oils that could have remained on some parts from the machining process

when not properly cleaned.

However the some of the vacuum components restrict the maximum possible tempera-

ture. The vacuum tubes and the CF flanges are usually rated to 400◦C and higher and thus

are not a problem, except that one should use nickel or silver plated copper gaskets to pre-

vent the gasket fusing to the flange. Also electrical feedthroughs with ceramic insulation

could be baked at this temperature.

In our case the temperature was limited by the non-magnetic viewports on the main

chamber. The lead alloy used to seal the glass to the flange can only sustain 200◦C. After

one viewport started to leak in the early baking process (probably due to local overheating),

we decided to limit the temperature on all viewports to 180◦C.

In addition to that the Viton sealed gate valves that are used in three places in the ma-

chine are also rated to 200◦C, but a KURT J. LESKER engineer strongly recommended baking

below 150◦C even in the opened position. Other sources[21, 22] indicate that it is possible

to bake Viton up to 290◦C for a limited time before the plastic starts decomposes. Trying to

maintain temperatures at around 160◦C to 170◦C seemed to be a good compromise for us.

It also does not make sense to have other areas significantly hotter, because otherwise va-

por could condense again on the colder spots and is not pumped away. Having this in mind

we tried to achieve a temperature of 180◦C everywhere. The actual achieved temperatures

are given in table 3.1 and the zones correspond to figure 3.3.

3.2.2.2. Zones

Controlling the temperatures was achieved using TEMPCO TEC9300 PID temperature con-

trollers that were doing pulse width modulation on OMEGA silicone insulated heater tapes

(maximum temperature 260◦C) by driving a CRYDOM D2425 solid state relay. For the feed-

back a K-type thermocouple was attached between two windings of the heater tape on top

of the first aluminum foil layer using high temperature Kapton tape with silicone adhesive

backing (MCMASTER 7648A34).

The whole chamber was divided into 17 (+1 spare) such zones that each had separate

feedback. In order to monitor the temperatures we added 70(!) additional K-type thermo-

couples, especially one for each viewport. Their temperatures were measured using five

OMEGA CN612 controllers, which also where used as emergency interlock and would have
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3. From the Source to the Main Chamber

Table 3.1. Temperatures achieved during the initial bake-out of our vacuum chamber in
the various zones.

# Description Wattage (W) Average Temp (◦C)

1 Zeeman slower window 313 160

2 Dump chamber 630 170

3 Dump chamber elbows 261 175

4 Main chamber 313 170

5 Transport 313 170

6 Zero field chamber 156 195

7 TiSub 209 190

8 Zeeman slower decreasing 104 195

9 Zeeman slower start 208 170

10 Differential chamber 313 165

11 Oven (around cold plate) 417 160

12 Oven (under ion pump) 313 175

13 Oven (“Turbo T”) 206 155

14 Bypass 313 195

15 Dump chamber ion pump 313 180

16 Differential chamber ion pump 313 185

17 Oven chamber ion pump 261 180
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Figure 3.3. Different temperature zones during the bake-out. Each of these zones has its
own temperature controller. The numbers correspond to table 3.1.

should down all heaters in case a temperature limit was exceeded2. All temperatures have

been logged to the computer.

The reason why we had such a large number of thermocouples is that we found that there

were some fairly large temperature gradients (up to 25◦C) even within one zone. This in

turn could cause local overheating of some components. We believe that this effect caused

by a leaking viewport due to a partially molten seal in an earlier baking-out attempt.

With the finer grained temperature monitoring, we also could reduce the gradients by

adding or removing more insulation and adding some smaller variac controlled constant

power heater tapes. However this is not trivial. Adding more insulation close to the feed-

back thermocouple, for example, will actually reduce the temperature elsewhere in the

zone. Only small adjustments should be made in order to keep the system close to equi-

librium.

Each of the three ion pumps was a separate zone. The new design of the decreasing

section of the Zeeman Slower allowed us to directly heat the vacuum tube from the inside

2Note that there is a ≈ 5s delay in those controllers before the interlock trips. This makes them useless for time
critical interlock applications where fast heating rates are expected such as monitoring the temperature of
the quadrupole coils.
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Figure 3.4. Pressures during the bake-out in different sections of the vacuum chamber.

of the tube on which the coil is wound. The remaining zones where distributed over the

chamber as depicted in figure 3.3.

3.2.2.3. Wrapping the chamber

In order to heat the chamber to the desired temperature the chamber has to be wrapped

with the heater tapes and then insulated. We first added a single layer of aluminum foil

that tightly wraps the vacuum parts. The reason was to have a more uniform heating and

suppress possible temperature gradients. To protect the viewports from scratching Kapton

tape was attached to the foil in those areas.

After adding the heater tapes an additional tight layer of aluminum foil is attached, before

adding multiple layers of crumpled aluminum foil as thermal insulation. We found that it

is important that the insulation layers do not leave big air pockets. The convection inside

would heat the parts on the top significantly hotter than those on the bottom.
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Figure 3.5. Temperature dependence of the pressure in the main chamber during the cool
down.

3.2.2.4. Actual Baking

The temperature was ramped up with roughly 20 ◦C/h in two steps to the final temperature.

Those temperatures given in table 3.1 were kept through the whole 36 days of baking. The

initial pressures were already between 10−7 Torr and 10−8 Torr due to a previously failed

baking attempt (leaking viewport).

After one week of baking the VARIAN titanium sublimation pumps where continuously

degassed at 32.5A according to the specs. The pressure almost spiked up to 10−3 Torr, when

we started to run current through them. It is important to degas the titanium rods during

the bake-out, because they contain a lot of contamination. But we suspect that this current

was too high and that we actually fired the pumps the whole time. Having this suspicion the

degassing was ended on day 27. Until now it is not obvious if we used up all the titanium

during the degassing procedure.

Because the ion pumps were wrapped with the magnets assembled, we also turned them

on for a couple of days in the second week of the baking in order to degas. The ion pumps

are not supposed to saturate at this high temperature, even though the pressure is pretty

high.

Before the final cool down the ion pumps have been turned on again. The turbo molec-

ular pumps stayed on almost until the very end of the cool down. We experienced that they

only start to have some backflow below 10−10 Torr.

From the change of the pressures during the cool down (figure 3.5), one can deduct that

once the temperature dependence of the pressure in the steady state (outgassing rate =

pumping) is described by an exponential function. The pressure improves by one order of

magnitude by cooling down the system by 40◦C.

25



3. From the Source to the Main Chamber

3.2.2.5. Leak checking

Searching for small leaks is done by connecting the leak checker (LEYBOLD PhoenixXL 300)

to the forevacuum side of the turbo molecular pumps. It has a mass spectrometer built in

that can detect helium-4. If one sprays some helium onto a leak the helium-4 rate detected

in the leak checker immediately increases.

It is important to know that the rubber O-rings used in QuickFlange/KF connections have

high helium permeability. Buna-N rings are slightly better in this respect than Viton gaskets.

In any case this limited the time we could do leak checking on a reasonably low background

to roughly ten minutes, because the leak checker was connected via several KF-flanged

bellows to the chamber. After that it took roughly six to twelve hours to recover the saturated

gaskets at room temperature.

For larger leaks one can also drop methanol or acetone onto the suspected leaking parts.

The methanol/acetone vapor inside the chamber changes the reading of the ion gauge. In

our case the pressure increased by a factor of 4 with methanol when there was a leak. The

problem with this method is that the liquid can actually seal the leak for a couple of hours

(especially smaller leaks). In this case no more helium leak checking is possible. A quick

re-bake this area helped in our case to open the leak again.

3.3. Two-Species Atomic Beam Oven

In comparison to most BEC experiments working with Rubidium, it is not feasible to cap-

ture sodium and lithium from the background gas at room temperature, because the vapor

pressure of the lighter alkali elements is lower. Thus it is required to heat those to higher

temperatures inside an oven.

We are using an oven design based on [19]. In order to prevent one species diffusing into

the other species oven, it is crucial that the temperatures of the different sections of the oven

(figure 3.8) are correct. Besides loosing atoms from the atomic beam, this could change the

vapor pressure compared to a “pure” reservoir and stopping the oven from working prop-

erly. In addition the backflow of lithium into the sodium reservoir is suppressed by the

particular design of the nozzle such that the lithium gets pushed out of the nozzle by the

sodium. In our setup the temperature of the reservoirs is 360◦C for sodium and 380◦C for

lithium. The two species are then mixed in the mixing chamber at 450◦C. This high temper-

ature prevents them from forming an alloy, but also requires taking additional precautions

such as using 316 stainless steel flanges and nickel gaskets.
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perature of 450◦C.

The generated sodium/lithium two component atomic beam has a temperature of 450◦C.

The coldplate collimates the beam and therefore cuts the transverse velocity distribution in

the beam, i.e. all atoms already have low velocity in that direction. In the longitudinal di-

rection the initial velocity is about 890 m/s for sodium and 1700 m/s for lithium respectively

(figure 3.7). Note that these velocities differ by a factor of
p

3/2 from the most probable ve-

locities from a Maxwell-Boltzmann distribution, because the aperture only selects a partic-

ular direction and thus gives rise to a different velocity distribution in the atomic beam[23].

In addition to the collimation the coldplate can also act as a pump if it is cooled. The

peltier cooling is going to be added in the next upgrade of our experiment. In our design

the coldplate is made out of 0.125in thick copper with a 0.4in bore. It is connected to a

high-power copper feedthrough as depicted in figure 3.8. The plan is to heat the coldplate

from the air side in order to melt away all the accumulated sodium and lithium, before it

can clog the bore. Before it was put under vacuum the copper plate and the adapter had

been etched in 30% hydrochloric acid. This step removed the porous oxide layer from the

copper.

Following the coldplate there is the atomic beam shutter constructed from a magnetic

rotary feedthrough that rotates the shutter out of the beam. It is actuated by an external

27



3. From the Source to the Main Chamber

Figure 3.8. A strong flourescence from the sodium atoms on the oven side (right) of the
coldplate (center) can be seen. There is also flourescence in the colimated atomic beam
(left) that is passing the opended shutter.

servo motor to have reproducible fast actuation times. The function of the shutter is to

unblock the atomic beam to load the MOT in the main chamber and to block it after that. A

continuous flux of atoms would cause heating during the evaporation step and prevent the

BEC from being formed.

The atomic beam oven with coldplate and shutter can be seen in operation in figure 3.8.

3.4. Spin-Flip Zeeman Slower

3.4.1. Theory

3.4.1.1. Magnetic Field Profile

As mentioned in section 3.3 the atoms exiting the oven have high velocities in the longi-

tudinal direction (positive z direction) and the vast majority of them are far to0 fast to be

captured in a magneto-optical trap. The idea of a Zeeman slower[24] is to use a laser beam

propagating in the opposite direction to slow down the atoms by scattering photons.

On one hand each photon that is absorbed by an two-level atom transfers an momen-

tum of pL = ~kL (≈ 0.03 m/s ·23amu for sodium, ≈ 0.1 m/s ·6amu for lithium) in the opposite

direction of the atom’s velocity vector. On the other hand the direction spontaneous emis-

sion back to the ground state is uniformly distributed over the whole solid angle of 4π, so

that there is a net force acting on the atoms in the atomic beam. The limiting factor for

the strength of force is the time it takes for the atom to decay to the ground state before

28



3.4. Spin-Flip Zeeman Slower

it can absorb another photon. In the high intensity limit for a (approximately) closed cy-

cling transition at most half of the atoms are in the exited state at any given time due to the

competition between absorption, spontaneous and stimulated emission. The expression

for the radiation force was already introduced in section 2.4 and is given by

Frad = ~kLγρee ,

whereρee is the population inversion or the probability for an atom to be in the excited state

also defined in section 2.3. Thus the maximum possible deceleration that can be achieved

is

amax = lim
s0→∞

|Frad|
m

= ~kLγ

2
. (3.1)

Because the Doppler-shift∆ω=−kL ·v the fast atoms experience on the order of 1GHz is

a lot larger than the natural linewidth of the atomic transition (γ= 2π ·9.8MHz for sodium,

γ = 2π · 5.9MHz for lithium), after a few hundred scattering events into the excited state

the light of the slowed down atom is not resonant with the atomic transition anymore. Due

to this velocity dependence of the light force, this force is dissipative (like simple velocity

dependent friction in mechanics) and can actually slow down.

To compensate for this a Zeeman slower uses the Zeeman shift of the atomic levels∆EZ(z) =
−µ ·B(z)/~ in a spatially varying magnetic field B(z). The magnetic moment µ here is the

different in the magnetic moments of the ground and excited state

µ= (ge me − gg mg )µB (3.2)

of the closed cycling transition and especially its sign depends on the polarization of the

laser light (giving ∆mF =±1). When the slowed down atom travels further along the beam

and experiences a different magnetic field, the laser light is resonant again. This leads to

following condition for the atoms to stay resonant for a fixed laser detuning δ = ωL −ω0

from the atomic transition ω0:

− 1

~
µ ·B(z)−kL ·v(z)+δ= 0 (3.3)

If one now assumes a constant deceleration a < amax and a initial velocity v0, the position

dependent velocity can be written as

v(z) =
√

v2
0 −2az, (3.4)
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Figure 3.9. Different types of Zeeman slowers.

which in turn makes it possible to solve equation (3.3) for the magnetic field

B(z) = ~
µ

(δ+kLv(z)) = ~δ
µ

+ ~kLv0

µ

√
1− 2az

v2
0

. (3.5)

We can introduce the length of the Zeeman slower z0 = v2
0/(2a) required to completely stop

an atom with the initial velocity v0, the magnetic field at the end B0 ≡ B(z0) = ~δ/µ and the

difference of the magnetic fields at the beginning and the end Ba = ~kLv0/µ. Using this the

field profile can be parameterized as follows:

B(z) = B0 +Ba

√
1− z

z0
(3.6)

It is worth mentioning that even the sign both B0 and Ba can be independently controlled

by choosing the sign of detuning δ and µ (dependent on polarization of the laser).

3.4.1.2. Different Types of Slowers

There are mainly three different types of Zeeman slowers. They all have their particular

advantages and disadvantages and are all used in different experiments.

Probably the most obvious implementation for a slower is to choose the final field B0 = 0

such that the magnitude of the magnetic field is gradually decreasing (figure 3.9a). The pro-

file gives this slower the name decreasing field slower. One problem with this type is that for

a zero final velocity the laser beam is tuned to resonance and thus can disturb a magneto

optical trap located further downstream. This is of course less severe for a finite final veloc-

ity. The small magnetic field at the end also makes it possible to place the slower closer to
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3.4. Spin-Flip Zeeman Slower

a magneto optical trap, because there are less disturbing fields and gradients compared to

the following slowers.

The opposite approach would be to choose an increasing magnetic field profile (figure

3.9b) with Ba = −B0 6= 0. Accordingly this type is called increasing field slower. This con-

figuration leads to a farther detuned laser beam, which doesn’t perturbate trapped atoms

downstream. However the fields at the end are large compared to the decreasing field

slower and can again disturb the quadrupole field of a magneto optical trap. This can be

circumvented by having a larger distance to the trap at the cost of a reduced flux.

Another design that combines the advantages (and disadvantages) is the so-called spin-

flip Zeeman slower, which first starts with a decreasing section |B0| < |Ba|where the atoms

are already slowed down in a first step (figure 3.9c). At the zero crossing of the slower this

section stops and turns into a (ideally) zero field section. The following section is an in-

creasing field slower. As the magnetic field changes sign, i.e. flips direction, the quantiza-

tion axis changes. Thus the spin of the atoms effectively gets flipped and also the polar-

ization of the slowing beam changes from σ+ to σ− or vice-versa. This transition has to be

reasonable slow that the atoms can follow, which increases the length of the slower.

There is no “best” Zeeman slower. It is always a tradeoff between flux (length), magnetic

field perturbations and final velocities and the optimum slower is different for different

experiments and different species. Our system inspired from the MIT design from Wolfgang

Ketterle is using also the spin-flip Zeeman slower, because it is used to produce very large

sodium MOTs in their system.

3.4.1.3. The Optimum Beam Waist

The radial intensity of a Gaussian beam with a certain total power of P0 and a waist of w is

given by

I (r, w) = 2P0

πw2 exp

(
−2

r 2

w2

)
.

All atoms feeling an intensity of at least Imin = s0Is are slowed down in the Zeeman slower,

where Is is the saturation intensity given in section 2.3. The exact factor s0 depends on the

design of the Zeeman slower and is of the order of O (1). The radius within the beam where

the intensity is equal to the minimum required intensity

I (r = rcap, w) = Imin = s0Is, (3.7)

31



3. From the Source to the Main Chamber

1 1.2 1.4 1.6 1.8 2
0.8

1

1.2

1.4

1.6

1.8

2

Available Power P0/Pmin

W
a
is
t
w

/r
cl
ip

Figure 3.10. Optimum waist w to overfill
an aperture with radius rclip for a given
power P0.

0 0.5 1 1.5 2 2.5 3

0

0.5

1

1.5

2

2.5

Radius r/rclip

In
te
n
si
ty

I/
(n
S
I S

) w= 1.05rclip
w= 2.40rclip

Figure 3.11. Intensity profile of a gaus-
sion beam that fulfills equation (3.7) for
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defines the capture radius rcap of the Zeeman slower beam. Ideally (for enough power) the

waist w is chosen such the radius is identical with radius of any aperture rclip that clips the

beam (e.g. the vacuum tube itself, differential pumping tubes, etc.).

rclip = rcap

If one attempts to solve for the ideal waist, the general solution of this equation involves

the product logarithm. But important properties can already be seen by solving the equa-

tions for the power P0(w). It becomes apparent that P0(w) has a minimum, meaning that

there is a minimum power required to fulfill condition (3.7). Additionally it is continuous

for w > 0. Thus for any power greater than the minimum power

minP0(w) = Pmin = e1s0Isr 2
clipπ (3.8)

there will be two solutions3 as depicted in figure 3.10. One will minimize the amount of

wasted power and having a high intensity in the center. The other one will produce a flatter

profile, but also wastes a lot of power as the available power increases (figure 3.11)

As there is the minimum in P0(w) there might be no real solution to (3.7), if the laser

power in that beam is limited. In this case the capture radius rcap has to be less than rclipin

order to get the best performance. The maximum covered cross section/maximum capture

radius can be achieved by choosing the waist wopt such that the minimum Pmin equals the

3There is always also one solution with a negative waist, which is equivalent to the one with positive waist.
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available laser power P0. This leads to

wopt =
√

2P0

πe1s0Is
≈ 0.484

√
P0

s0Is
(3.9)

and a capture radius of

rcap = woptp
2

< rclip.

3.4.2. Experimental Realization

3.4.2.1. Coils

At the time I joined Markus’ group the (first) Zeeman slower was already built[25]. But

during the assembly of the vacuum chamber it turned out that the 1in OD 316 stainless

steel tube the decreasing section was wound on had bent under the weight of the copper.

This caused the vacuum tube to touch the slower, which would have transferred vibrations
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Figure 3.14. Photo of the decreasing
field section mounted on a lathe after a
few windings.

from the water cooling to the vacuum chamber. In addition the 4mm outer and 2mm inner

edge square Kapton insulated hollow core wire had almost been used up.

Thus a major redesign of the decreasing section of the spin-flip slower was necessary. The

new decreasing section is shorter, is wound on an 2in tube that even can fit a CF16/1.33in

flange and has fewer layers, but is also using doubly-spaced windings to keep the field

smooth. As already for the existing increasing section the magnetic field profile was sim-

ulated and manually optimized using a self-written software. The design goal was rather

to keep the acceleration constant and lower than 2/3amax than to exactly follow the “ideal”

profile.

The whole Zeeman slower is optimized for sodium. The efficiency for lithium is less, but

as we need a lot more sodium atoms to sympathetically cool the fermionic lithium atoms

later this is fine. The magnetic field the reaches from −500G to 380G with a laser 620MHz

red detuned from the cycling transition. The final velocity of the atoms after the slower

was designed to be 50 m/s, slow enough to be captured inside the magneto optical trap. Us-

ing (3.3) one can estimate the maximum captured velocity to be vmax = 1090 m/s (figure

3.13), which results in a capture efficiency of the our slower of 66% for sodium and 12% for

lithium (without adjusting the currents).

The new decreasing section was wound onto the 2in OD 316 stainless steel tube that was

mounted in a lathe (photo 3.14). During the process the windings where glued in place

using PERMABOND 919/920 high-temperature super-glue. In order to make the doubly-

spaced windings at the end of each layer three comb-like PFTE spacers had been con-
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3.4. Spin-Flip Zeeman Slower

structed and hold in place with hose clamps, before the wire was again glued in place. After

the windings where finished the whole slower was coated with high-temperature epoxy to

give more structural stability.

To connect the cooling water to the coil a copper blocks with a round bore on one side

with a short piece of pipe and a square bore on the other side for the hollow core wire was

machined. This block also has a tapped hole for the electrical connection. In order to make

sure the slower can sustain baking temperatures above 200◦C the connections were brazed

together and the connector blocks were mounted to a hybrid PTFE/aluminum structure.

But it turned out that even during the baking the leads and the connectors stay reasonable

cold so that the easier to handle normal “low-temperature” solder could have been used.

3.4.2.2. Slower Light and Optics

Our Zeeman slower operates 620MHz red-detuned of the sodium D2 (32S1/2 → 32P3/2) cy-

cling transition |F = 2,mF = 2〉 →
∣∣F ′ = 3,mF = 3

〉
. Due to off-resonant excitation followed

by decay into the “wrong”/“dark” hyperfine ground state |F = 1〉 a repump light, pumping

the atoms back into the bright |F = 2〉 ground state.

Because of the different g j of the dark state the Zeeman shift of the repump transition

differs from the one of slowing transition. Hence it is repump detuning compared to the

slowing beam effectively varies along the Zeeman slower. In our design the repump is res-

onant to the |F = 1〉→
∣∣F ′ = 2

〉
transition only in the zero field section with a detuning from

the cycling transition (in a field free region) of 1.713GHz.

To be able to achieve the proposed deceleration of a = 2/3amax = s0/(s + 1) · amax a sat-

uration parameter of at least s0,min = 2 is required, but as a precaution s0 = 3 was chosen.

Altogether our laser power budget allows the Zeeman slower beam to have at most a power

of 60mW.

Using geometric optics approach for the atomic beam it turns out that the limiting aper-

ture is the inner diameter of the Zeeman slower vacuum tube close to the main chamber.

But equation (3.8) shows that the available power is not enough to overfill the aperture

enough to fulfill condition (3.7). Instead the beam waist is chosen according to formula

(3.9) wZS = 6mm. For the first tests we have been using a collimated beam with this waist,

but we plan to use a beam that still has this waist at the MOT locating but is focused towards

the nozzle. Together with the end of the second differential pumping tube (0.18in ID) as the

second defining aperture and waist of wdpt = 1.7mm there, we have to start with a waist on

the Zeeman slower window of wwnd = 10mm and focus it 2.6m away (which coincidentally
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3. From the Source to the Main Chamber

is roughly the location of the nozzle). The focusing is done with a defocused ×10 telescope

build from achromatic lenses (10mm and 100mm from THORLABS) to have good perfor-

mance both for the sodium and lithium beams. The optics for slowing the lithium atoms

will be designed once we gained more experience with sodium.

The vacuum window through which the Zeeman slower beam enters the chamber is di-

rectly exposed to the atomic beam. It turned out [26] that the coating of the alkali atoms can

be prevented by heating the glass continuously to 200◦C. In our experiment this is achieved

by an oven constructed from an aluminum tube that is clamped to the CF40/2.75in flange

of a Housekeeper sealed (glass-to-metal transition) viewport from LARSON. The open end

is sealed with an AR-coated 2in BK7 window from CVI/MELLESGRIOT mounted to a proper

adapter piece. The whole assembly is heated from the outside using an OMEGA heater tape

and temperature stabilized using the same system as our oven heaters. Six thermocouples

monitor the temperature on the inside of the oven in different places.

The outgassing of heated vacuum parts increases our pressure inside the dump chamber

by about 2 · 10−11 Torr. Probably a coldfinger or just cooling the chamber slightly further

upstream might help. In addition the atomic beam also increases the pressure by the same

amount, but it drops back immediately when the beam shutter is closed.

Another problem that we experience is that some outgassing inside the viewport oven

condenses on the AR coated (outer) window and coats it with a very thin sticky layer. The

most probably candidate is the silicone glue of the high-temperature Kapton tape used to

hold the thermocouples in place. This will be addressed the next time the atomic beam

oven is shut down completely.

3.5. Main Chamber

3.5.1. Body

The design goal for this main chamber was to have an inexpensive vacuum chamber opti-

mized for fast evaporation in a quadrupole trap. Optical access is not of great importance

as the actual experiment is going to happen in the science chamber.

In order to create strong magnetic field gradients in the quadrupole trap the distance

between the coils d should ideally be equal to the radius (anti-Helmholtz configuration).

This can be seen by the fact that the gradient of the on-axis magnetic field in the center

between to current loops with radius R and spacing d carrying to opposite currents I± =
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3.5. Main Chamber

Figure 3.15. Three dimensional model of the main chamber.
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around its optimal value of dopt = R.

In our design the lower boundary for the distance is given by outer diameter of the MOT

and transport tubes. Those, in turn, are supposed to have a sufficient inner diameter not

to clip the MOT beams. Having this in mind a possible solution was to use CF40/2.75in

flanges together with 1.5in OD/1.35in ID. The resulting outer diameter of the main body

of the chamber of 4.5in is convenient because this size is also a standard size for vacuum

tubes and thus reasonably cheap.

3.5.2. Pumping

As there is no pump directly attached to the main chamber, it was important to have a high

conductance connection to the dump chamber, where the actual pumping is happening.

The conductance of a tube with diameter of d and length l scales with

C ∝ d 4

l

in the molecular/ballistic regime. Thus it is important to keep the connection short and

with a large cross section. The biggest inner diameter with a reasonable flange size was

found to be a conical reducer, reducing from 3in down to the 1.5in tube that is welded to

the main chamber body. This leads to the rather unconventional flange size of CF 4.625in.
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3. From the Source to the Main Chamber

3.5.3. Viewports

For optical access along the vertical direction the top and bottom have welded non AR

coated viewports. All the other viewports are CF flanged viewports from LESKER with AR

coating for 532nm, 589nm, 670nm and 1064nm. Except those horizontal viewports having

304 flanges, the whole main chamber was welded from 316 stainless steel parts only. The

reasons for that are the superior magnetic properties, which are crucial for the magneto

optical transport. The downside of keeping everything non-magnetic is that the viewports

have lead alloy seals, which limits the maximum bakeout temperature to 200◦C compared

to Kovar sealed viewports.

If I was to redesign this chamber, I would use Housekeeper sealed viewports for the ver-

tical direction to have the possibility to pre-bake to 400◦C.

3.5.4. Antennas

An additional challenge was to get the microwave and rf required for the evaporative cool-

ing into a steel chamber that acts to some extend as a faraday cage. At the desired frequen-

cies (1.77GHz for sodium and 228MHz for Lithium respectively) the TEM modes are not

even supported by the dimensions of the chamber. Our approach is to have two anten-

nas inside the vacuum chamber close to the atoms. The leads should be kept as short as

possible to avoid self-resonances below the 1.77GHz.

Some quantitative preliminary test showed that having a single loop antenna with ≈ 1in

diameter for the microwave and double loop antenna of the same diameter for the radio fre-

quency should be able couple enough power to the atoms. The antennas consist of 50mil

copper wire that has been etched in 30% hydrochloric acid. They are connected with in-

vacuum barrel connectors (LESKER FTAIBC058) to a separate 2-pin electric feedthrough

(LESKER EFT0123052). The wire is insulated with 0.10in OD ceramic beads. Inside the

0.75in OD vacuum tube there was one additional layer of 0.26in OD ceramic beads neces-

sary to prevent the barrel connectors from shorting to the chamber walls. The feedthroughs

are mounted on CF16/1.33in flanges that are sitting on 0.75in OD vacuum tubes welded in

45◦ from transport and Zeeman slower axis repectively (see figure 3.15).

The 1in diameter loops cannot be inserted through the 0.75in vacuum tubes. Hence the

have to be inserted through a viewport or the large reducer. Then the leads can be pulled

out from the CF16 flanges and connected to the feedthrough. This procedure is a bit tricky

and it took as several tries to have the antennas where we wanted without shorting it to the

chamber.
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3.5. Main Chamber

Figure 3.16. Three dimensional model of the main chamber quadrupole coil including the
mounting clamp.

3.5.5. Quadrupole coils

Our design goal was to generate a magnetic field gradient of approximately 500 G/cm allow-

ing us to do a fast RF evaporation in the trap. As already mentioned in section 3.5.1 the

minimum distance between the coils is given by the size of the chamber. In addition the

total height of the coil pair should be as small as possible, because otherwise the distance

between the transport coils (see chapter 6) would require a large current for reasonable

confinement during the transport. This limits the total number of layers for the quadrupole

coil.

In order to effectively cool the coil, it is made out of square 4mm lateral length and a

2.5mm diameter bore hollow core copper wire with fiberglas insulation. Two layers with

7 windings each are wound from a single wire each to a “two layer pancake”. Each coil

consists of three such pancakes and is molded into a single block with epoxy together with

thermocouples to monitor the temperature of the coils. As each pancake has separate leads

and the cooling water is connected in parallel, the coolant flow is higher than just all layers

in series. Winding such pancake pattern with a hollow core wire is hard, because of its

tendency to twist by 45◦ for smaller radii. To safe us some trouble we had our coils made

by OSWALD in Germany. The overall quality was good, but the winding itself could as well

been done by us. Another disadvantage is that they used ARALDITE F epoxy which cannot

be baked.

To mount the coils we designed a C shaped clamp that is epoxied to the molded coil

blocks. The slotted design reduces eddy currents that are created by fast switching of the

currents and thus limiting the turn-on/off time of the magnetic fields. On the inside there

are milled grooves to facilitate a strong bond between the clamp and the epoxy.

39



3. From the Source to the Main Chamber

3.6. Laser and Optics Setup

3.6.1. Sodium Laser

3.6.1.1. Source

At the time of this work they only reliable way of getting resonant light for the sodium D2

transition at 589nm with sufficient power (> 1.5W) is using a dye laser. Dye lasers are

known to be “care intensive”. But at the time of this work the only alternative, the solid state

laser using sum frequency generation from two Nd:YAG lasers at 1064nm and 1319nm[27],

was not yet working reliable enough for us to consider it as an alternative. Another option

might be a frequency doubled fiber laser that is currently developed by TOPITICA.

We used a SIRAH Matisse Dye Laser (converted from a Matisse Titanium Saphire Laser)

to produce the 589nm light for sodium. It’s pumped by a Coherent Verdi V18 at 15W. As dye

we are using 3.2g EXCITON Rhodamine 590 Chloride dissolved in 4l of ethylene glycol.

The cooling that is provided by the heat exchanger dye tank of the Sirah pump was not

sufficient to keep the dye temperature low enough. Thus we first could not use a higher

pressure than 15bar without having bubbles in the dye return line. This was most likely

caused by the higher viscosity of the warm glycol and our cooling water alone (18◦C) was

not able to cool the dye enough.

So we designed two water cooled Peltier cooling blocks consisting of four TE TECHNOLO-

GIES HP-199-1.4-08PR TECs each. In addition we insulated the dye tank and the overflow

reservoir using foam. Especially the insulating the tank made a great improvement as the

pump itself sitting directly below the tank created a lot of heat (≈ 400W heat dissipation),

which again heated the dye.

With the cooling block running at full power we were able to cool the dye below 10◦C. In

the experiment we found that 350W resulting in a temperature of 15◦C is sufficient to reli-

ably allow higher pressure of 16.5bar without overloading the pump due to the low viscosity

of cold dye. All the dye temperatures have been measure inside the overflow dye reservoir

with an OMEGA infrared thermometer.

In future we hope to reduce the dye concentration in order to reduce the thermal lensing

in dye and thus making even higher output powers possible.
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Figure 3.17. Energy levels of sodium and the
transitions used in our experiment. The detun-
ings are in respect to the cycling transition |F= 2〉→∣∣F′ = 3

〉
. (Sodium data from [28])
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Figure 3.18. Measured dispersive
spectroscopy signal from our sodium
FM spectroscopy setup.
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3.6.1.2. Locking

Our dye laser is frequency locked 249MHz red-detuned from the sodium D2 (32S1/2 →
32P3/2) cycling transition |F = 2〉 →

∣∣F ′ = 3
〉

. To achieve the lock it is first locked to tem-

perature stabilized cavity from SIRAH with a Pound-Drever-Hall lock[29]. This lock has a

high-bandwidth and activley reduces the laser bandwidth to several 100kHz. The cavity in

turn is locked by a slow software PID servo loop to a sodium spectroscopy setup.

The frequency modulation (FM) spectroscopy[30] is done with the usual double-pass

setup in a sodium reference cell heated to 170◦C. Higher temperature give better signal-to-

noise ratio (especially in the Doppler-free DC signal), but the pressure broadening prevents

resolving the hyperfine states in the spectrum. The crossover resonance of the |F = 2〉 →∣∣F ′ = 2
〉

and |F = 2〉 →
∣∣F ′ = 3

〉
lines is chosen for the lock, because it gives the strongest

signal in the dispersive (AC) signal (figure (3.18)).

3.6.2. Lithium Laser

The laser light for the Lithium transitions is generated by two 670nm laser diodes. One of

them seeds a tapered amplifier that again seeds two tapered amplifiers with a maximum

output power of 500mW each. A detailed description of the laser system for Lithium can be

found in [25].
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4.1. Motivation

Although the atoms are already cooled a lot compared to the initial temperature, they still

have a temperature of about 3K in the beam direction1. In order to reduce the tempera-

ture by about six more orders of magnitude to the critical temperature of the Bose-Einstein

condensation, additional cooling mechanisms are necessary. The first step for this is (in al-

most all BEC experiments) the magneto optical trap (MOT). The magneto optical trap first

discovered in 1987 by [31] is the workhorse of cold atom experiments. It even solves two

problems at once: trapping and cooling.

4.2. Theory

4.2.1. Trapping and Cooling

The MOT, similar to the Zeeman slower, uses the radiation pressure in combination with

magnetic field gradients to push the atoms towards the center of the trap and cool them.

The principle of the MOT can best be understood in the one dimensional case for a atom

with total angular momentum Jg = 0 in the ground state and Je = 1 in the excited state (but

works for all J → J+1 transitions in a similar fashion). The magnetic field is to be assumed to

have a constant gradient: B(z) = Az. This leads to a position dependent Zeeman shift of the

magnetic sublevels (figure 4.1) and thus introduces a position dependent detuning δ±(z) of

the two counterpropagating red detuned laser beams ωL from the atomic transisiton fre-

quency ωA. In addition the two circularly polarized beams also have opposite polarization

σ± with respect to the quantization axis (z axis in this case). So an atom at z < 0 will feel the

force of the radiation pressure F± from bothσ+ andσ− beams, but theσ+ is closer detuned

δ+(z) < δ−(z)

1Strictly speaking one cannot define a temperature as the slowed down atoms are not in a thermal equilibrium.
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Figure 4.1. One dimensional configura-
tion of a magneto optical trap for a fic-
tional two-level atom with Jg = 0 in the
ground state and Je = 1 in the excited
state.

Figure 4.2. Helicity of the MOT beams
in a three dimensional configuration. The
coils are in anti-Helmholtz configuration
and produce a quadrupole field.

and thus pushes it towards the center of the trap. Note that the confinement is dominated

by the light forces. Magnetic confinement can be neglected at the typical magnetic field

gradients.

This trapping and cooling scheme can easily be extended into three dimensions. The

magnetic field gradient then is produced by a pair of coils in anti-Helmholtz configuration

(figure 4.2). The confinement is generated of six pairwise counterpropagating laser beams

with opposite polarization (same helicity) in respect to their common axis.

If one now takes the Doppler shift of the finite velocity into account, it follows from equa-

tion (2.5) that the forces are given by

F± =±~kLγ

2

s0

1+ s0 +
(
2δ±(x,v)/γ

)2 , (4.1)

where the effective detuning is given by

δ±(x,v) = δ∓kL ·v± µ

~
B(x).

As already for the theory of the Zeeman slower µ is the effective magnetic moment (see

equation (3.2)). In the limit of small displacements from the trap center (µAx/(~δ) ¿ 1)
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and small velocities (kLv/δ¿ 1) in the form

F = F++F− =−κx−αv (4.2)

with

κ= µA

~kL
α

and

α=−8~k2
L

s0(δ/γ)(
1+ s0 + (2δ/γ)2

)2 .

As already for the Zeeman slower the combination of Zeeman and Doppler shift leads to a

dissipative force.

The point where this approximation breaks down, i.e. the force is not linear in the veloc-

ity, also defines the capture velocity of the magneto optical trap.

vc ∼
δ

kL

This is in rather bad agreement with the real capture velocity that only can be found in

numerical simulations. For sodium and a detuning δ = −2γ this velocity would be vc,Na =
12 m/s.

The corresponding equation of motion of equation (4.2) is a classical damped harmonic

oscillator governed by following differential equation:

ẍ+2βẋ+ω2
0x = 0 (4.3)

with the frequency ω0 ≡
p
κ/m, damping β ≡ α/(2m) and the mass m of the atom. For

typical trapping parameters of a sodium MOT with dB/dz = 10 G/cm, δ=−2γ and s0 = 1 this

motion is overdamped with ω0 = 3.6kHz, β= 7.8kHz and a corresponding time constant of

τ= 2β/ω2
0 = 1.2ms.

Equation (4.3) implies that one can reach absolute zero temperature with Doppler cool-

ing. But the used model lacks a small detail: although the spontaneously emitted photon is

uniformly distributed over 4π, it kicks the atom with a recoil momentum ~kL and thus leads

to a random walk through the phase space. This in turn broadens the velocity distribution.

It can be shown that for low intensities this gives rise to a lower temperature limit of

kBT = ~γ
4

1+ (2δ/γ)2

−2δ/γ
.
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The smallest temperature in this model can be achieved with δ = −2γ. This defines the

so-called Doppler temperature TD

kBTD = ~γ
2

(4.4)

For the sodium D2 line this results in a temperature of 240µK. Additionally it can also

been show that this diffusion also leads to a Maxwell-Boltzmann distribution inside the

trap making defining a temperature possible.

In experiments the temperature often is found to be lower than this theoretical limit. This

is due to a sub-Doppler cooling mechanism called optical molasses. It is a Sisyphus-type

cooling scheme that uses the polarization gradient produced by the counterpropagating

MOT beams and doesn’t rely on the scattering of photons, but uses the dipole force instead.

Usually BEC experiments do optical molasses cooling in a separate step after loading the

MOT by switching off the magnetic fields and changing the detuning of the lasers. But

Wolfgang Ketterle’s experiments at MIT have found that for a sodium BEC with a huge atom

number the optical density is too high and molasses cooling doesn’t work very well. Because

of this optical molasses cooling won’t be discussed further in this work.

Repumping Because the magneto-optical trapping beams are detuned from resonance

there is some mixing with other excited states. This leads to a non-zero probability to end

up in the “wrong” hyperfine state of the lower state of the cooling transition. Atoms in this

state are not resonant to the MOT beams and would accumulate in this dark state. To pre-

vent this an additional laser (or just side bands on the trapping beam) is tuned in such a

way that the atoms get pumped back into the correct “bright” hyperfine state.

4.2.2. Losses and the Dark-SPOT

There are several factors that limit the maximum density (around 1011 atoms/cm3 for conven-

tional MOTs[31]) and thus the total number of atoms captured inside a magneto optical

trap.

First at higher densities two-body losses start to occur due to the increasing scattering

rate. For alkali in a magneto optical trap the main contribution comes from inelastic col-

lisions of atoms in the excited state and atoms in the ground state. The collision can be

finestructure-changing for the excited state (P3/2 → P1/2) and thus release a energy on the

order of 10K per atom[32].

A+ A+~ω→ A+ A(P3/2) → A+ A(P1/2)+∆EFS
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Figure 4.3. Potential curves for different combination of ground state (S) and excitate
state (P1/2, P3/2) collisions. The released energy for both finestructure changing (∆EFS)
and radiative escape (∆Ekin,RE) loss processes is visualized[32].

The atoms cannot be trapped anymore and escape the trap. The hyperfine-changing colli-

sions between two ground state atoms release less energy than the trap depth and are not

of great importance in a MOT.

In addition to those two state-changing collisions, energy can also be released in a pro-

cess called radiative escape. Because of the low temperatures the collision time can be on

the order of the lifetime of the spontaneous emission. When the emission happens during

the scattering (the two atoms form a long-ranged quasi-molecule due to attractive dipole-

dipole interaction) the emitted photon is red detuned from the atomic transition and hence

releases kinetic energy of ~(ω−ω′)/2 per atom (visualized in figure 4.3)[33].

A+ A+~ω→ A∗
2 (P3/2) → A+ A+~ω′+Ekin

The total two-body loss rate of these three processes is proportional to the density βn,

where the constant β is on the order of 10−11 cm3/s[34].

The second limitation to the maximum density is the reabsorbtion of spontaneously

emitted photons inside the MOT (radiation trapping)[35, 36]. This leads to an outwards

directed radiation pressure that is in competition with the radiation pressure of the trap-

ping beams. If one loads more atoms in the trap, the density stays constant. Intuitively one

would expect Gaussian density distribution assuming an ideal gas in a harmonic trapping

potential, but this is only true for low density MOTs, when the reabsortion can be neglected.

This effect can be estimated in a simple model[37]. Instead of assuming a simple two-

level atom, one introduces an additional dark state that can only be pumped by an addi-

tional repump beam back into the bright state. With the probability pbright that an atom
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4. Making the two-species MOT

resides in the bright state, the steady-state trapping force is given by

Ftrap(r ) =−kpbrightr ,

where k denotes the spring constant (related to κ in the previous section) of the trap and

r the distance from the trap center. The outwards directed radiation pressure is accounted

by

Frad(r,n) =+k
n

n0
p2

brightr .

It is quadratic in pbright because there are two absorption processes involved, n0 is some

normalization constant. For the MOT to be stable it is required that

Ftrap > Frad

and hence

n < n0/pbright.

So in order to increase the density in the MOT the amount of time in the bright hyperfine

state has to be reduced. But there also certain limitations to choosing pbright too small, like

an increasing volume due to a decrease in the confining force. The ideal value is predicted

to be around ≈ 0.01[37].

Ketterle’s approach is to have a dedicated repump beam with a circular area in the center

with zero intensity, the so called dark-SPOT. Thus atoms in the center of the trap are not

being repumped back to the bright state and effectivley stay dark. Active depumping into

the dark state was shown by [38] for rubidium.

Another loss mechanism in MOT that has not been mentioned yet, collisions with the

hot (room temperature) background gas. The rate is independent und thus shows as an

exponential decay of the atom number. It only depends on the vacuum pressure. With a

10−11 Torr pressure lifetimes of many 100s are possible.

In general the figure of merit for a magneto optical trap is the product of the density and

the trap lifetime nτ. In order to have a higher absolute atom number one “just” has to

increase the size of the MOT beams while keeping the intensity constant.
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4.3. Experimental Realization

Sodium The laser light for the MOT setup is transmitted through polarization main-

taining single mode fibers to the two vertical 24×18×0.75in aluminum breadboards. Every

single fiber exit port has a polarizing beam splitter to clean up the polarization and is has a

feedback photo diode in order to servo the intensity. We tried several different solutions to

get a beam with 0.5in waist (1in diameter) without (especially spherical) abberrations. An

acceptable solution was obtained by using THORLAB’s fixed focal length fiber outcouplers

F240-TME-A/B and a 1 : 2 telescope to pre-expand the beam to 2.5mm diameter, before the

two colors get mixed on a dichroic mirror and get expanded to the final beam size using a

1 : 10 telescope. Our setup is especially space efficient as always cross/overlap two MOT

orthogonal 1 : 10 telescopes. The large diameter MOT beams will allow us to trap a larger

number of sodium atoms even if we reach the density limit.

A difference to a lot of other MOT setups is that we do not retro-reflect the beams. The

transmitted beam has a hole due to the high optical density of the sodium MOT. Thus we

are using six separate beams for trapping for each species. In order to combine the beams

with other beams like imaging, optical pumping and dark-SPOT repump, each of this six

beam paths has a 2in polarizing beamsplitter cube, where an orthogonal polarization can

be mixed. One such path is shown in figure 4.4.

The initial alignment of the magneto-optical trap will be done in a “bright” MOT, where

the repump light is mixed as sidebands onto the cooling light by an EOM. The detunings

are given in figure 3.17. At the time of this work we’ve just trapped our first sodium atoms in

the MOT (figure 4.5)! On this picture one can also see the fluoresence of the atomic beam.

The atoms in the beam can absorb the photons from the vertical MOT beams, because the

beam is cold in the radial direction. After the “bright” MOT is optimized, we are going to

implement the dark-SPOT by having a dedicated repump beam that casts a shadow at the

center of the trap.

Lithium An additional challenge will be to add the second species MOT, lithium, to the

setup. The laser setup is already described in [25]. The main difference for lithium is that

the difference between cooling and repump light vanishes, because the hyperfine states

overlap due to the small splitting compared to the natural linewidth. Thus the cooling and

repump beams have almost equal intensity.

The problem with having a two-species MOT is that light assisted interspecies collisions

can increase the loss rate [39, 40]. To reduce this effect the two traps are going to be spa-
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4. Making the two-species MOT
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Figure 4.4. A part of the optics setup for two-species MOT. All horizontal trapping beams
are omitted.

Figure 4.5. The reward for all the hard work: the first glimpse on our sodium MOT sitting in
the flourescing atom beam. The coil in the background is the antenna for RF evaporation.
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4.3. Experimental Realization

cially separated by displacing the lithium MOT a few millimeters from the magnetic field

center[41]. At the end it will be a compromise between atom number in both MOTs and

transfer efficiency into the magnetic trap for evaporation. For example if the MOT is too far

off-centered from center the magnetic trap heating due to center of mass motion (sloshing)

can occur.
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5. Towards the Sodium BEC and

the Lithium DFG

Once the two-species MOT is going to be set up a few more things have to be implemented

in order to achieve quantum degeneracy both in sodium and lithium. The two clouds in

the magneto-optical trap are loaded into a plugged magnetic quadrupole trap. Magnetic

quadrupole traps have a field zero in the center. Atoms could change their spin-state there

and thus jump from a trapped low-field seeking state into the anti-trapped high-field seek-

ing state (Majorana losses). This gets more and more severe as the atoms get colder. In order

to prevent the Majorana spin-flips we focus a blue-detuned (532nm) laser beam into the

center of the magnetic trap[42, 43]. The repulsive dipole force will prevent the atoms from

entering the zero field region. Because of its lighter mass and smaller linewidth lithium

requires higher power (around 8W) than in a pure sodium experiment.

To cool the atoms further down in a single species experiment usually RF induced evap-

oration is applied. The fast atoms that can reach regions with higher magnetic fields get

“evaporated”, i.e. spin flipped into the non-trapped state, by an external RF field (see figure

5.1). The gas then thermalizes again by elastic collisions in the trap. What might not be

obvious first is that one actually gets two separated condensates for a nicely aligned plug

Figure 5.1. Potential created by RF induced evaporation in an optically-plugged quadrupole
trap.[42]
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beam along the radial direction of the quadrupole coil pair. For a plug beam along the axis

of the coils one would get a ring shaped condensate.

This method does not work in a two-alkali-species machine because it only relies on the

Zeeman splitting, which is the same for lithium and sodium in the s state. So in order to

only evaporate the sodium the ground-state hyperfine-transition has to be driven with a

1.77GHz microwave. The lithium is not evaporated at all, but only sympathetically cooled

by collisions with the sodium. A good description together with the choice of the correct

spin states is given by [26].
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6. Magneto-Optical Transport

6.1. Introduction

The optics required for trapping and cooling the atoms in a magneto-optical trap together

with the gradient coils for magnetic trapping and RF evaporation obstruct a lot of the op-

tical access. This restricts the possible experiments and for example hinders adding a 3D

optical lattice (although it can be still possible).

Different methods to circumvent these limitations have been established. One is to me-

chanically move the MOT optics away (translation stage, flipper mirror, etc.) and then

use the MOT axis for lattice beams. In addition the gradient coils for evaporation can be

avoided by performing all optical trapping and evaporation with focused high power laser

beams. The disadvantage of this method is that it is limited to lower atom numbers due

to a smaller trap volume compared to magnetic traps and worse mode overlap with the

magneto-optical trap. Our approach is to have a dedicated UHV chamber for the actual

experiment that requires no MOT optics and/or no coils for magnetic trapping at all.

The challenge now is to transport the atoms from one vacuum chamber into another.

Several approaches have been followed. The probably most obvious way is to transport

the atoms in a moving magnetic trap. For example this can be achieved by mechanically

moving quadrupole coils[44] or generate a moving quadrupole field by switching several

quadrupole coils in a row[45]. This method only works for “hot” atoms, because otherwise

the Majorana Spin flip losses in the zero field point of the quadrupole field would lead to

significant atom loss and heating. Thus it is only possible to transport atoms from a MOT

in a low-field seeking state and not a BEC or degenerate Fermi gas (DFG). In addition this

method would still need closely placed coils for magnetic trapping in the science chamber.

Hence in order to optimize for a large number of cold atoms one has to already evaporate

in the main chamber and then transport the BEC or DFG. This approach bears additional

challenges as both are really sensitive to heating. Any fast acceleration on the order of the

trap frequency of whatever transport trap violates adiabaticity and increases the temper-

ature. For this ultracold samples with temperatures on the order of 1µK and below the
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6.2. Novel Transport Scheme

Figure 6.1. Three dimensional depiction of the magneto-optical transport scheme pro-
posed in the text. At least three coil pairs have to carry current in order to keep a constant
trap frequency and constant magnetic field.

relative change in temperature is of course more drastic than for example heating of 1µK in

a 300µK cloud in a quadrupole transport.

A group in Innsbruck [46] moved a BEC in a standing wave optical conveyor belt. But

loading a BEC into multiple sites and recombining it afterwards is not trivial and leads to

losses. A more common approach is to transport a BEC/DFG in an optical dipole trap by

moving its focus[47]. The problem here is that in order to have high trap frequencies even in

the longitudinal (transport) direction, the beam has to be tightly focused to several 10µm.

This greatly reduces the trapping volume and thus the total number of atoms, especially for

a DFG as it is rather big due to the Fermi-pressure.

6.2. Novel Transport Scheme

We propose a novel magneto-optical transport scheme that could overcome these limita-

tions of the purely optical transport. For the transverse confinement we still use a far red

detuned (1064nm) laser beam. But it does not need to be focused anymore. Ideally it is

collimated all the way along the transport.

The longitudinal confinement is provided by a magnetic field. In contrary to the existing

quadrupole transport schemes the coils are in symmetric configuration (currents flowing

in the same direction) and the atoms re in the high-field seeking state. Maxwell equations

forbid a field maximum in three dimensions, but a maximum in two dimensions is allowed.

In fact the field in the center between the two coils has a saddle point, i.e. minimum in

the axial direction and a maximum in the radial direction of the coils. But that is alright as
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6. Magneto-Optical Transport

we have the laser beam to provide the confinement in that direction. In order to push the

ultracold cloud along the “tube of light” one has to place several coils along the transport

and switch them on and off one pair after each other (or even more sophisticated transport

ramps). The proposed geometry is depicted in figure 6.1.

6.3. Heating due to Magnetic Corrugations

6.3.1. Overview

Any acceleration that is too fast for the trapped atoms to follow adiabatically can lead to

heating. For that reason we studied the influence of magnetic field disturbances caused by

surrounding vacuum components. First measurements of the magnetic fields were carried

out, which then were used to estimate the heating during the magnet-optical transport.

6.3.2. Magnetic field measurements

For a quadrupole field offset B-fields lead to a shift of the center position. But in our field

geometry the center position is sensitive to external gradients. This can easily be seen by

assuming a magnetic field

B(x) =−1

2
cx2 +B0

with a given curvature c and some maximum value B0 and superposing it with a external

disturbance field

δB(x) = ax +δB0

with a constant gradient a and some arbitrary offset. The new maximum is shifted by

xmax =
a

c
. (6.1)

This shows how important it is to avoid any disturbances in the magnetic transport field.

In general one can keep the corrugations small by using non-magnetic materials, i.e. with-

out permanent magnetization and magnetic susceptibility χ close to 0 like 316 stainless

steel. But most machining processes like milling or welding disturb the crystalline struc-

ture of the metals and thus also change their magnetic properties.

We measured these shifts of the field maximum along the transport direction due to the

presence of vacuum parts (main chamber and all-metal gate valve). For this purpose we

mounted the parts onto a non-magnetic rail out of extruded aluminum rail, where they
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6.3. Heating due to Magnetic Corrugations

could slide freely along one direction on PTFE sliders. The position was measured using a

rack-and-pinion drive with a ten-turn potentiometer. In addition a pair of transport coils

was mounted stationarily on the sides of the rail.

In order to measure the magnetic fields a magnetic field sensor was placed in the center

of the coils mounted on a long titanium rod. It was oriented such that its sensitive axis

was perpendicular to the coil axis and thus measuring a field maximum. To map out the

field around this center position we could “wobble” the probe along the tail direction with

a stepper-motor. Again the absolute position was resistively measured.

6.3.3. Simulation

Based on these measurements we estimated the heating using a simplified classical model.

We considered the one-dimensional movement of a single atom of mass m, magnetic mo-

ment µ and is sitting in a harmonic trap produced by the Zeeman shift due to parabolic

magnetic field. These assumptions are reasonable as long as the interactions within the

actual transported atoms can be neglected. This is especially true for a spin-polarized de-

generate Fermi gas.

To simulate the transport process, the maximum of the magnetic field/minimum of the

confining potential is following a given transport ramp xt(t ). In addition to that a position

dependent perturbation δB(x) in the magnetic field is introduced. This gives rise to the

time and position depended magnetic field

B(x, t ) = 1

2
cB (x −xt(t ))2 +δB(x),

where cB = ω2m
µ denotes the curvature. Under this circumstances the equations of motion

of our model atom is governed by following differential equation:

ẍ(t )+µ ∂

∂x
B(x(t ), t ) = 0 (6.2)

This equation can easily be integrated numerically using MATHEMATICA.

After the transport is finished, i.e. xt(t ) is constant a temperature is estimated from the

maximum kinetic energy the atom has during the oscillations, which is equal to the total

energy for any time greater than the total transport time tt: t ′ À tt. If one starts with zero
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6. Magneto-Optical Transport
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Figure 6.2. Measurement of the magnetic properties of the main chamber.

temperature, the final temperature gives approximately the total heating

kB∆T = 1

2
mẋ(t ′)2 +µB(x(t ′), t ′).

6.4. Results

6.4.1. Magnetic field measurements

Main chamber We mapped out the field maximum in presence of our main chamber

near the weld where the tubes with the CF flanges are connected to its 4.5in OD body. This

relates to the point of x ≈ 30mm in plot 6.2a. The flange itself is located at around x ≈
100mm. The field profile was fitted to a parabola in order to determine the center. This

procedure was repeated for different currents in the magnetic field coils.

The center shift follows roughly the expected 1/cB dependence (the current I is just a

scaling factor in the Biot-Savart law and hence magnetic field, gradient and curvature are

linear in I ):

x0(I ) = 28(2) mm/A

I
+20.7(2)mm

The deviation from the ideal curve in plot 6.3b can be explained by a shift of the field max-

imum transverse to the transport/wobble direction such that the probe does not hit the

absolute maximum anymore.

We could also show that the disturbance is dominated by ferromagnetic and not param-
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Figure 6.3. Mapping out the magnetic field maximum in the transport direction by “wob-
bling” a magnetic field probe around the maximum position.

agnetic contributions. The magnetic field probe was moved through the chamber while no

external field from the field coils was present (I = 0) and the profile was recorded. The cen-

ter of the chamber resides at x = 0. This magnetization could be reversed by “de-gaussing”

the weld by driving an additional coil close to the weld with an exponentially decaying AC

current. Although the absolute field (plot 6.2a) is small compared to the earth’s magnetic

field of Bearth,⊥ ≈ 0.5G, the gradients (plot 6.2b) are still big enough to cause heating. Our

second-generation main chamber was also quickly checked later and the gradients were of

the same order of magnitude.

All-metal gate valve In a next experiment we also measured the magnetic proper-

ties of our VAT all-metal gate valve, which separates the main and the later science chamber.

We decided to perform slightly different measurements instead of the tedious wobble scan.

This time we only moved the gate valve while keeping the probe centered in the magnetic

field. This is actually closer to the real transport procedure in the experiment.

Again, we saw permanent magnetization on the order of 100mG in the zero-field case

(plot 6.4a). But when we increased the magnetic field (I =±50A) additional peaks appeared

(plots 6.4b and 6.4c). This peaks gave rise to field gradients (plot 6.4d) exceeding the main

chamber by one order of magnitude.

59
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Figure 6.4. Measurement of the magnetic properties of the VAT all-metal gate valve.
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6.5. Discussion

6.4.2. Simulation

For the simulation of the transport the measured magnetic field disturbances were mod-

eled as a smooth function depicted in figure 6.6. The transport ramp xt(t ) was constructed

by interpolating the start point (xt(0) = 0, t = 0) and the end point (xt(tt) = 0.5m, tt) with a

vanishing first (velocity) and second (acceleration) derivative at both points. The trap fre-

quency for the real transport geometry was determined using our BLASTIA TRAPSIMULATOR

program. For lithium with m = 6amu and µ=µB in the |3〉 state in a 70G field (see [48]) the

trap frequency is ωB = 2π ·6Hz. This gives a curvature in the trapping direction of the mag-

netic field

cB =
ω2

B m

µ

of 1.5 G/cm2.

With all this values plugged in the equation of motion (6.2) is integrated up to t∞ = 1.2tt.

One can see in figure (6.7a) the trap frequency is the crucial parameter for the transport as

the heating drastically increases forω< 2π ·5Hz, whereas a variation of the transport speed

(by changing tt) only does smaller changes. Both plots show resonant-like features. This is

probably happens when the deceleration is “synchronized” with the oscillation frequency

such that the kinetic energy caused by the heating is partially removed again.

For finite initial temperatures/velocities the plot does not change quantitatively. The

heating is almost not affected at all. The plots 6.7a and 6.7b just get a small higher-frequency

modulation. This would supposably lead to smearing out of the resonance feature for a re-

alistic initial velocity distribution.

6.5. Discussion

Trap frequency The transport frequency of ωB = 2π ·6Hz that could be achieved in

our system is very low. Nevertheless the simulations showed that careful design and selec-

tion a materials could limit the heating to about 1µK. These results caused us to upgrade

our gate valve to the highest grade of non-magnetic gate valves VAT has to offer.

Another problem arouses when one tries to transport a spin-mixture of lithium instead of

a polarized gas in the |3〉 state. Spin-mixtures have the advantage that they evaporate them-

selves during the transport. Other groups recently managed to transport lithium mixtures

in an ODT transport. In order to avoid loss due to hyperfine changing inelastic collisions a

mixture of the lowest two states|1〉+|2〉 should be used[48], but then the effective magnetic
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Figure 6.7. Heating under variation of different parameters.
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Figure 6.8. Proposed setup to move a focused beam over larger distances by moving one
lens only very slightly with a piezo.

moment at 70G and thus the trap frequency would even be lower.

Focusing A problem becomes apparent when one actually calculates the dipole force

that is holding the atoms against gravity. It turns out that the radial intensity gradient of a

Gaussian beam, where the Rayleigh range zR is equal to the transport distance of 0.5m and

thus having a waist of w0 =
√

zRλ/π ≈ 400µm is too weak to hold even the lithium atoms

for reasonable (a few ten watts) laser powers. And for the same reason it is also not possible

to transport the sodium (m = 23amu) at all with an only weakly focused (100µm) beam.

To solve that problem one has to shift the focus for a few Rayleigh ranges. This could be

done by moving the focus of a tightly focused (nearly diffraction limited) beam by the same

multiple of the now shorter Rayleigh range and magnifying the shift using a telescope.

The most promising solution is two short focal length microscope objectives fm, where

the first one is mounted on piezo stage that can move by ε = −εmax/2. . .εmax/2 around the

2 f position. The second microscope builds a 4 f imaging system with another long focal

length focusing lens ff that projects the transport beam (figure (6.8)). Assuming a colli-
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6.5. Discussion

mated input beam with waist wi, ray-transfer-matrix (ABC D matrix) analysis gives a fol-

lowing intuitive formula for the distance of the focus after the last lens as a function of the

displacement of the first objective ε:

xf(ε) = x0 −
(

ff

fm

)2

ε,

where the central focus position

x0 = ff

(
πw2

i

)2 + fm( fm − ff)λ
2(

πw2
i

)2 + f 2
mλ

2

is just x0 = ff in the limit of λ¿ fm,f. The waist at the focus w0 is constant for small dis-

placements ε:

w0 =
ffλ

πwi
+ ffλ

fmπwi
ε+O

(
ε2) .

Realistic values are λ = 1064nm, fm = 10mm, ff = 300mm and a piezo travel range of

εmax = 400µm. The actual range of the focus shift can be preferably tuned by changing ff

and the focused waist by changing the initial beam size. But one should keep in mind that

by increasing the magnification mechanical vibrations are magnified, too.

If one could find an optical fiber with the correct mode-diameter, the first objective could

even be directly replaced with the fiber. Alternatively to the microscope objectives the focus

could also be achieved by using a deformable mirror in a double-pass setup.
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7. Outlook

With the recent achievement of the first trapped sodium atoms in the MOT our apparatus

eventually made the step from only existing as a SOLIDWORKS CAD drawing to producing

real cold atoms. Now the machine has to be extended so that we can proceed to get the

Bose-Einstein condensate and later the degenerate Fermi gas. More electronics and soft-

ware has to be developed to deal with the increasing complexity. When the transport is also

mastered, we can start implement the actual experiment in our science chamber.

One big milestone on the way to the quantum simulator described in the introduction

will be the Mott insulator with lithium, which has not been achieved by any group. In order

to get the necessary lattice depth we plan to have a cavity-enhanced three-dimensional

optical lattice, as realized in [16] for the one-dimensional case. By using a standing wave

inside a cavity we also could benefit from the clean mode profile of the cavity. Disorder in a

lattice is a limiting factor for many experiments.

A completely different direction of experiment would be the creation of hetero-nuclear

NaLi molecules, which exhibit long-ranged dipolar interactions useful for quantum com-

putation.

Whatever might come, we’re well prepared - our flexible science chamber design lets

us adapt to new questions and challenges that might come up in the fast evolving field

of quantum simulation.
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A. Technological Side Projects

A.1. Beam Steering

A.1.1. Overview

The daily realignment of our dear dye laser changes the beam pointing slightly every time.

This misalignment is enough to significantly lower the fiber coupling efficiency into the

multiple fibers. It is not enough to recouple a random fiber using a periscope that is placed

directly after the laser beam exiting the dye laser. The optical setup with all its AOMs etc.

is far too complex to conclude the beam alignment just by optimizing one single fiber cou-

pling efficiency. For example it can happen that under a different angle the efficiency of an

AOM is higher, thus compensating for a worse fiber coupling.

To overcome this limitation an independent and accurate measure of the beam pointing

is required. The pointing of the laser beam has four degrees of freedom, two angular (pitch,

yaw) and two spatial (horizontal and vertical offset). Ideally those could be (almost) inde-

pendently measured in a setup given in figure A.1b. The position on the sensor 1 provides

the offset. Due to the fact that a lens transforms angles into transverse position in the focus,

sensor 2 measures the angle in respect to the “ideal” optical axis.

to experiment
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50:50
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Figure A.1. Different implementations for the beam steering. AM1 and AM2 are two piezo-
motor actuated automated mirrors.
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It has turned out that measuring the position of the beam on two sensors at different

positions “downstream” is easier to implement (figure A.1a), sacrificing the decoupling of

the mentioned four degrees of freedom. This is a minor drawback as the alignment will

be performed by a computer program anyway. In addition if one uses cameras as sensors,

one will also get information about the mode profile and collimation of the beam. On the

contrary if the mode profile is deviating from a perfect Gaussian, the Fourier transformation

of it that would be produced by the lens is not a Gaussian any more and thus harder to find

a suited fit function.

A.1.2. Theory

This section will try to link the problem to control theory, especially to the state space for-

malism of linear control theory. But it should still be understandable without a background

in this field.

The following method relies on the fact the system’s response (angle and offset of the

beam) is linear in the excitation or at least linearizeable around the operating point. This

assumption applies to this problem very well, because the changes in the angle of the mir-

rors are very small, so that higher orders can be neglected.

The positions of the beam on both sensors (independent of which setup is used in detail)

are combined into the state vector

x =
(

x1 y1 x2 y2

)T
,

which equals the output vector (y) in this particular case. The input vector

u =
(

h1 v1 h2 v2

)T

describes the position of the horizontal and vertical mirror actuators. The response of the

state vector to the input vector is ... in the input matrix B . For this specific problem the

state vector is always in steady-state, because the position will only be updated after the

mirrors are in their new position and have stopped moving. Thus the state matrix A is zero.

In general this development of such discrete-time time-invariant system is described by
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A.1. Beam Steering

following equations:

x(k +1) = Ax(k)+Bu(k)

y(k +1) =C x(k)

The second equation is only for the sake of completeness, it has no deeper meaning for the

beam steering problem, i.e. C = 1, feed forward D is completely omitted.

B has to be determined once using a separate step, the system identification. From the

response x(k + i +1) to four orthogonal test excitations (e.g. move only one mirror axis at a

time, u(k + i ) =
(

0 . . . 1 . . . 0
)
) its elements can be calculated. Technically only the

relative change δu can be used, because the absolute position of the mirror actuators is

unknown unless a position sensor/encoder is used. Hence

B = δx(k +1)

δu(k)

looks like a Jacobian, but is strictly speaking only a difference quotient version of it.

Eventually one can calculate the required absolute mirror positions u(k) or relative move-

ment δu(k) respectively to bring the laser beam to back the desired positions x(k+1) on the

two sensors, to the set point.

u(k) = B−1x(k +1)

The inverse input matrix B−1 has decoupled the degrees of freedom.

It turns out that it’s not favorable to jump the set point directly, because even small

model-mismatches (noise during the system identification, etc.) can cause instability. Worst

case the positions oscillate around the setpoint and diverge. Thus one should approach the

setpoint in several steps along a so called reference trajectory1. The simplest form is an ex-

ponential function: one tries to jump only a given percentage 0 <λ<1 towards the setpoint

and consequently adds damping to the process. The optimum value for λ has to be found

experimentally, but 0.75 should be a good starting point.

A.1.3. Experimental realization

Our system is designed to provide offline beam steering in contrary to active continuous

beam stabilization. I.e. The mirrors keep their alignment once the beam is steered to the

desired location and angle. Thus we chose to use mirror mounts that are motorized using

1Strictly speaking we only have a reference point as only a single step in the future is considered.
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a piezo motor rather than a “pure” piezo. Active stabilization could more easily be imple-

mented using piezo mirrors and four-quadrant photodiodes, stabilized using a controller

of your choice (analog, digital).

Piezo motors exploit the difference between static and dynamic friction (slip stick ef-

fect) to move an actuator. By applying a sawtooth-like voltage on a piezo crystal it con-

tracts/expands slowly in one direction sticking to the part that is supposed to be moved

(static friction). The expansion/contraction motion is performed as fast as possible so that

the piezo virtually doesn’t move the part (dynamic friction).

In our experiment we are using two kinds of motorized mirror mounts. For automatized

fiber coupling we are working with NEWPORT’s AGILIS mirror mounts, which have a linear

piezo motor simply moving the mirror directly. However for the beam steering of the high-

power dye laser beam NEWFOCUS’ 8807 motorized mirror mounts have proven more suited.

The piezo motor is acting on a usual threaded mirror mount adjuster. This makes it more

robust against accidentally bumping (I don’t want to have a 2W laser beam suddenly shoot-

ing randomly across the lab) and makes an additional pair of manual actuated mirrors for

initial alignment obsolete.

The algorithm described in section A.1.2 is embedded into the BLASTIA framework, our

experiment control software. The angle and position of the laser beam is determined by

measuring its position on two CMOS cameras. In our case we’re using two MIGHTEX BTE-

B050-U CMOS cameras with 5Mpx1/2.5 in sensor. A small amount of laser beam is picked

up at a single position in the beam, but travels different distances to each camera und thus

decouples the angle and offset position.

A.1.4. Performance

With our setup we can reach sub-pixel resolution (< 2.2µm) and it usually takes about 5

steps from a slightly misaligned beam before the correct position is reached. The behavior

of the system for a strongly misaligned beam is show in figure A.2. It can be seen that the

vertical coordinate deviates from the expected curve due to some model-mismatch.

Because of the mode of operation of the piezo motors the actual change in position for

a given number of steps/clicks is different in forward and backward direction. We found

the ratio between the change in the angle in backward and forward direction with the same

number of steps to be around 1.08.

We also experimented with using a lens instead of a longer optical path length to extract

the angle information of the beam, but it neither saved us space nor was the decoupling
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Figure A.2. Approaching the setpoints for a strongly misaligned beam. Ideally the mea-
sured points should be on the solid lines representing the exponential transient response
with λ= 0.75.
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significantly better. Actually to have the same angular resolution the focal length of the lens

would have to be of the same distance as the path length of the just freely propagating laser

beam.

A.1.5. Possible Improvements

The main limitation of our current system is that the determination of the beam center on

the cameras by doing a 2D Gaussian fit (in a smaller range of interest) take about 10s per

camera. This slows down the whole beam steering process a lot. Smarter ways to find the

position could be implemented, for example only using the location of the peak as param-

eter and keeping width, height and background offset constant or even just find the center

of mass.

In order to account for non-linearities in the model one could also update the input ma-

trix on the fly by also taking the most recent points into account instead of a fixed matrix

that once was determined by the system identification. The singular value decomposition

and the pseudo-inverse would be a useful tool for this.

A.2. Other projects

Despite the beam steering that was explained in detail, countless other smaller and big-

ger software and hardware projects have been developed in the course of this work. Just

to mention a few, the projects ranged from a tiny usb-controlled three axis magnetic field,

over a box controlling our pneumatic gate valves to a FPGA-driven multi-channel DDS fre-

quency source working up to 400MHz (and even higher in the super-nyquist mode).
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