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Abstract

This thesis presents progress toward the production of ultracold CsYb

molecules. To this end, an apparatus capable of producing magneto op-

tical traps of Yb and Cs was designed, built and tested. Both atoms are

produced in a dual species oven and both slowed to low speeds by a single

Zeeman slower. From the Zeeman slower atoms are captured in a dual-

species magneto-optical trap.

To cool caesium the 852 nm D2 transition is addressed by two lasers for

cooling and repump. For ytterbium the 399 nm 1S0 ! 1P1 transition is

addressed for the Zeeman slower and the 556 nm 1S0 ! 3P1 transition is

addressed for the magneto-optical trap. The 399 nm light is produced by

two homebuilt diode lasers in an injection-seeding setup, which can produce

up to 100mW. The 556 nm light is produced from a commercial frequency

doubled fiber laser, which can produce up to 260mW.

The Zeeman slower is characterised experimentally for both Cs and Yb,

and the results compared to those of a numerical simulation of the slower

for Yb. The velocity distribution exiting the slower is very sensitive to the

exact magnetic field profile, the laser power and detuning of the laser light.

The number of atoms loaded into the magneto-optical trap was investi-

gated as a function of the magnetic field gradient, the laser power and the

laser detuning. The capture velocity of the Yb MOT is small because the

linewidth of the MOT transition is narrow, and so we investigated the in-

fluence of broadening the laser linewidth by adding multiple finely-spaced

sidebands to the laser light. After optimisation the caesium MOT trapped

5.5⇥108 atoms at 125±4µK. The ytterbium MOT trapped 4.7⇥109 atoms

at 81± 2µK. Lastly we demonstrate that both MOTs can be produced in

the same vacuum chamber simultaneously.
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Chapter 1

Introduction

Cold molecules have been proposed and used in a wide variety of experiments serv-

ing very di↵erent purposes. They have already been successfully used in a number of

high precision experiments. Several microwave and millimetre wave transitions of CH

radicals have been measured to a high precision, in order to test the hypothesis that

the fundamental constants may be varying, which is significant for astrophysics [3, 4].

Similarly, OH molecules have been used to search for a possible time variation of the

fine-structure constant [5]. Ultracold molecules on a lattice were used to measure vari-

ous molecular parameters, which can give insights to the fundamental physics involved

in molecular binding energies [6]. Furthermore Cs2 molecules have been investigated

as sensitive probes of a variation in the electron-to-proton mass ratio[7, 8]. Molecules

have been used for many years in determining the electron electric dipole moment

(EDM) to high precision [9, 10, 11]. Such a measurement is especially important as

di↵erent fundamental particle theories predict di↵erent values for the EDM. A definite

measurement of the EDM could therefore eliminate or confirm some possible theories.

The most recent experiment uses a cold beam of ThO molecules and finds an upper

bound for the electron EDM of 8.7⇥ 10�29e cm [12].

Other tests of fundamental physics also can be conducted with cold molecules.

Molecules can be used to measure parity violations [13]. Studies with lithium molecules

have also revealed that molecular collisions do not follow the universal predictions of

long-range van der Waals interactions. These e↵ects can be explained through careful

analysis of the vibrational states, but were not observed previously [14, 15]. Lechner et

al. have also proposed using cold molecules to investigate quantum glass phases [16].

When Feynman introduced the idea of a computer based on the fundamental prin-
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1.1. Producing Cold Molecules 1. INTRODUCTION

ciples of quantum mechanics [17], researches started to explore the possibilities of such

a system with ultracold atoms. This led to an increased e↵ort to understand strongly-

interacting systems [18, 19] and placing ultracold atoms on an optical lattice [20, 21].

While building a universal quantum computer with atoms is still out of reach, an opti-

cal lattice could also be used to mimic condensed matter systems [22, 23, 24]. Such a

system, known as a quantum simulator, could give some insight into some unexplained

physics. Replacing the atoms for molecules allows for stronger long range interactions

[25] and should therefore resemble a condensed matter system more closely. Molecules

on neighbouring lattice sights are coupled through the dipole-dipole interaction. These

interactions can be manipulated and made spin dependent with a microwave field.

Such a lattice has been realised with KRb molecules and the spin dependent inter-

actions have been demonstrated [26]. Additionally a quantum computer using polar

molecules has been proposed by DeMille [27], which uses molecules on a 1D lattice

interacting with an electric field to tune interactions. There have also been proposals

to build a hybrid quantum processor where ultracold polar molecules are coupled to

superconducting microwave stripline resonators [28]. Here, the rotational state of the

polar molecules act as the qubits, while the exchange of quantum information between

qubits is via microwave photons in the resonator. All these systems require ultracold

molecules, often in an optical lattice. There are several ways to produce such molecules

through direct cooling methods or binding ultracold atoms together to form molecules.

The di↵erent methods are explored in section 1.1. Apart from quantum computing

and simulations cold molecules can be used for wide variety of other applications.

The CsYb molecule is especially of interest with respect to the scheme on an op-

tical lattice [25]. As it is a hetero-nuclear molecule it should exhibit a strong electric

dipole moment, which is important for engineering the dipole-dipole interactions. Fur-

thermore the ground state CsYb molecule will have a spin, which will allow for spin

dependent interactions. A more detailed discussion of why CsYb was chosen is given

in section 2.3.3.

1.1 Producing Cold Molecules

With the rising interest in molecular systems an ever increasing number of methods for

producing cold molecules have been developed. These methods usually fall in one of two

categories. Direct cooling starts with the molecule at room temperature and employs
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various techniques to reduce the temperature. Indirect cooling uses established atomic

cooling techniques to cool the atoms which will form the molecule. After the atoms are

cooled di↵erent methods can be employed to bind the atoms together. Direct cooling

is in principle more versatile than indirect cooling as many direct cooling methods

can be used for a large variety of di↵erent molecules. Indirect cooling is restricted

to molecules made up from atoms that can be cooled e↵ectively. However, as atomic

cooling methods have been developed for a longer time these methods have been able

to reach colder temperatures.

1.1.1 Direct Cooling

There are several direct cooling methods. A common way to produce cold molecular

beams is through Stark deceleration. Stark deceleration can slow down a molecular

beam through rapidly switching electric fields. This has been demonstrated for several

species, including YbF [29], H2CO [5], CO [30], NH3 [31], OH [32] and NH [33]. Sim-

ilarly a cold molecular beam can be produced with a multistage Zeeman slower [34].

Recently Chervenkov et al. demonstrated a continuous source of cold molecules which

exploited a decelerating force from a centrifuge [35]. Deceleration of di↵erent molecules

was achieved and in principle any molecule that can be guided by electrodes can be

slowed.

Significant progress has been made in cooling molecules directly through laser cool-

ing. The technique of laser cooling was first demonstrated by Wineland et al. in 1978

[36] with Mg ions and soon after applied to slow down and cool a beam of neutral

atoms [37]. In 1995 Cornell and Wieman used laser and evaporative cooling to create

the first Bose-Einstein Condensate (BEC) of neutral rubidium atoms [38]. Recently

this technique has been expanded to molecules. However, this is only possible for

molecules with favourable Franck-Condon factors as excited molecules can make tran-

sitions to many di↵erent vibrational states. Therefore even in molecules with favourable

Franck-Condon factors several repump transitions need to be addressed. Laser cool-

ing molecules directly has been demonstrated with CaF [39], YO [40] and SrF [41].

With YO and SrF magneto-optical traps have been constructed that are able to cool

molecules to milliKelvin temperatures. However, even with several repump lasers the

lifetime of these traps is still very short, and it is therefore important to transfer the

molecules into a di↵erent trap quickly after cooling is complete.

A method that has not yet been demonstrated is to cool molecules by bringing them
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in contact with cold atoms. This method is called sympathetic cooling. The principles

of it haven been discussed theoretically in many papers, for example the cooling of

NH molecules in a magnetic trap using ultracold Mg atoms [42], and using Li atoms

for cooling in a magnetic trap [43] and in a microwave trap [44]. A di↵erent form

of sympathetic cooling produces cold molecules by bringing them into contact with a

bu↵er gas, such as cold helium[45].

There is promise that direct cooling methods will lead to an ultracold molecular

ensemble that can be used for quantum simulations. Zeppenfeld et al. have demon-

strated Sisyphus cooling with CH3F molecules [46], and evaporative cooling has been

demonstrated with OH radicals [47].

1.1.2 Indirect Cooling

Indirect cooling produces molecules by binding together ultracold atoms. As laser

cooling has been achieved mainly for alkali and rare-earth atoms, the indirect cooling

methods are limited to a small range of possible molecules. The advantage however is

that atoms can be cooled to lower temperatures, which will result in colder molecules.

Indirect cooling is done through two main methods.

In photoassociation (PA) laser light is used to excite unbound atoms to an electron-

ically excited bound molecular state [48]. These loosely bound molecules can sponta-

neously decay to the electronic ground state. However as decay to a high vibrational

level is more likely, the molecules need to be transferred to the ro-vibrational ground

state, which can be achieved through laser excitations [49]. The spontaneous decay

can also be manipulated by careful selection of the excited state [50]. The PA rate can

be enhanced by exploiting a Feshbach resonance as demonstrated with LiRb [51, 52].

A list of photoassociated molecules is given in [48].

Magneto-association through a Feshbach resonance is the second commonly em-

ployed method for creating ultracold molecules. A detailed explanation of how Fesh-

bach molecules are created is given in section 2.3. There is a large selection of homo-

and hetero-nuclear bi-alkali molecules that have been associated; Li2 [53, 54], Na2 [55],

K2 [56], Rb2 [57, 58], Cs2 [59], KRb [60], LiK [61], NaLi [62], NaK [63], RbCs [64, 65],

NaRb [14]. However none of these molecules have a ground state spin. Therefore

several groups are working towards binding ytterbium with an alkali; LiYb [66, 67]

and RbYb [68]. In this experiment we are working towards associating caesium and

ytterbium with use of a Feshbach resonance.
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Stellmer et al. have formed Sr2 rare-earth molecules through stimulated Raman

adiabatic passage (STIRAP) association directly [69]. This was achieved by forming

an optical lattice with two Sr atoms on each lattice site so that a direct STIRAP

association was possible.

1.2 Thesis Outline

This thesis describes the progress made towards building a dual magneto-optical trap

of caesium and ytterbium. As the project started out with a trap for lithium and yt-

terbium the initial setup is described as well. However the lithium experiment was dis-

continued and the equipment for ytterbium was moved from Imperial College London

to Durham University to join with an existing caesium magneto-optical trap (MOT).

The thesis consists of 5 main chapters. Chapter 2 outlines the basic atomic physics

theory required to help understand the rest of the thesis. It outlines the basics of atom-

light interactions, as well as the Zeeman e↵ect. It discusses the relevant properties of

caesium and ytterbium. Furthermore we outline the origin of Feshbach resonances and

how they can be used to form molecules.

Chapter 3 describes both vacuum systems that were used in this project. We

begin by describing the vacuum system constructed at Imperial College London and

subsequently outline the vacuum system built at Durham University. For both systems

we describe the oven, Zeeman slower and MOT chamber, as well as the measurements

taken from the atomic beams. Furthermore we discuss the pumping systems and bake-

out procedures.

Chapter 4 discusses the lasers and the optics that were used in this project. Two

852 nm lasers are used, one for the cooling and one for the repump laser. They

are locked through modulation transfer spectroscopy and frequency modulation spec-

troscopy respectively. Both locking techniques are explained in detail. We also outline

the optics required for the magneto-optical trap and the absorption imaging. For yt-

terbium the 399 nm laser and 556 nm laser are discussed separately. The 399 nm laser

is based on a homebuilt diode system which uses injection seeding. It is locked via a

Transfer Cavity Lock (TCL). The 556 nm light is produced from a commercial fiber

laser. Several di↵erent locking techniques were attempted until it was finally locked

using fluorescence spectroscopy from an ytterbium beam. The MOT, Zeeman slowing

and absorption imaging optics are outlined.

22



1.2. Thesis Outline 1. INTRODUCTION

Chapter 5 explains the theory of the Zeeman slower and presents the experimental

results. We have developed a numerical simulation for the Zeeman slower, that follows

the basic theory and can predict di↵erent behaviours of the slower. The Zeeman slower

was optimised for caesium and ytterbium by changing the detuning and power of the

laser as well as the magnetic field. For ytterbium the results were compared to the

predictions of the numerical simulations.

Chapter 6 outlines the theory of the MOT and presents the results for Cs and Yb.

It derives the forces involved and the Doppler cooling limit of the MOT. For both

caesium and ytterbium the MOT parameters are optimised. The temperature and

atom number is measured using absorption imaging. We also demonstrate that the

experiment can trap ytterbium and caesium at the same time.

In the conclusion the main results of this work are outlined. Lastly some future

directions of this experiment are discussed.
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Chapter 2

Theory

The theory of ultracold atoms and molecules has been discussed and researched in

great detail. There are numerous review papers [25, 48, 70, 71, 72, 73] that explore the

field thoroughly. This chapter will therefore focus primarily on the theory needed to

explain the physics in this work. Section 2.1 outlines the basic atomic physics that is

required to understand the experiment and section 2.2 explores the properties of the

atomic species used. As we propose to associate the CsYb molecule using a Feshbach

resonance, section 2.3 explores the basic theory of Feshbach resonances and how to use

them to form molecules.

2.1 Atomic Physics

Some basic physics principles will be applied repeatedly in several chapters of this

thesis. It is therefore useful to include a detailed description of the principles. To

laser cool both species we use a Zeeman slower and a MOT, both of which use the

interaction of the atoms with laser beams (section 2.1.1) and the Zeeman shift induced

by a magnetic field (section 2.1.2). A more detailed description of these subjects can

be found in most atomic physics textbooks [74]. The specific theory of each piece of

equipment is discussed in the relevant chapter.

2.1.1 Atom-Light Interactions

For this discussion we imagine a simplified two level atom with state ground |gi with
energy E

g

and excited |ei with energy E
e

. The energy gap between the two states is
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~!
t

and the spontaneous emission rate is given by �. The wavefunction of the atom

can therefore be given as:

 = c
e

e�i!et|ei+ c
g

e�i!gt|gi , (2.1)

where c
e

and c
g

are normalised coe�cients and !
e,g

= E
e,g

/~. We are interested in the

interactions of this atom with light. The electric field of such a light wave with angular

frequency ! can be expressed as:

E =
1

2
E0

�

ei!t + e�i!t

�

, (2.2)

where E0 is the amplitude of the electric field. The energy of an atom with a dipole

�er in this electric field is given by the Hamiltonian:

HI(t) = er · E0
1

2

�

ei!t + e�i!t

�

. (2.3)

The strength of the interaction between the atom and the light is expressed by the

Rabi frequency ⌦:

⌦ = �ehe|r · E0|gi
~ . (2.4)

The dynamics of the two level system are governed by the Schrödinger equation, which

after making the rotating-wave approximation reduces to the optical Bloch equations

[74]. The steady solution of these equations yields a population in the excited state:

|c
e

|2 = 2⌦2/�2

2(1 + 2⌦2/�2 + 4�2/�2)
, (2.5)

where � is the detuning of the light angular frequency from the atomic angular fre-

quency, � = !�!
t

. We define the parameter s and the saturation intensity I
s

through

the relations

s =
I

Is
=

2|⌦|2

�2
, (2.6)

where I is the intensity of the light field. The saturation intensity provides an estimate

for the maximum power that can be absorbed by an area of the atomic cloud. Each

absorption event will need to followed by a spontaneous emission event, which occur

on a timescale 1/�. Assuming that on average 0.5 scattering events occur during this

timescale per scattering cross-section �, the saturation intensity can be written as [74]:
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Is =
�

2�

h c

�
=

⇡�hc

3�3
, (2.7)

where � is the wavelength of the transition and the cross-section is given by [74]:

� =
3�2

2⇡
. (2.8)

The steady state population |c
e

|2 multiplied by the decay rate � will give the scattering

rate of atom-light interactions:

R = �|c
e

|2 = �

2

s

(1 + s+ 4�2/�2)
. (2.9)

This scattering rate gives the number of photons scattered from a laser beam incident

on an atom. It is used for the theory of the MOT and the Zeeman slower.

2.1.2 Zeeman Shift

Both the MOT and Zeeman slower rely on a magnetic field to manipulate the atom light

interactions. The energy levels of an atom in a magnetic field are Zeeman shifted. We

assume a magnetic field in the ẑ direction, which interacts with the magnetic moment

of the atom µ:

HZE = �µ ·B , (2.10)

where B is the external magnetic field. Using the LS-coupling scheme the magnetic

moment can be expressed in terms of the orbital angular momentum L and spin S

operators:

µ = �µBL� g
s

µBS , (2.11)

where µB is the Bohr magneton and g
s

is the spin Lande-g factor. By introducing

J = L+S, and applying first order perturbation theory the energy shift can be written

as [74]:

�EZE =
hJM

J

|L · J|JM
J

i+ g
s

hJM
J

|S · J|JM
J

i
J(J + 1)

µBBhJM
J

|J
z

|JM
J

i , (2.12)

where J
z

is the projection of the total angular momentum onto the z-axis. This eval-

uates to:

EZE = g
J

µBBM
J

. (2.13)
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where

g
J

=
3J(J + 1)� L(L+ 1) + S(S + 1)

2J(J + 1)
. (2.14)

Hence the energy gap between two states will be shifted by:

�E = �µB (2.15)

where �µ = ((g
J

M
J

)
e

� (g
J

M
J

)
g

)µB where g and e stand for the ground and excited

state of the atom.

2.2 Atomic Species

This thesis describes two experimental setups; one for ytterbium and caesium and one

for ytterbium and lithium. For laser cooling a good understanding of the energy levels

is required, which therefore makes it important to investigate all species in detail. As

however the ytterbium lithium experiment was discontinued and lithium was never

used in the experiment, we will not discuss lithium here. A discussion of the relevant

lithium properties can be found in [75].

2.2.1 Caesium

Caesium (Cs) has atomic number 55 and belongs to the group of alkali metals, with the

only stable isotope being 133Cs. The relevant level structure is shown in Figure 2.1 (a).

We use the 6 2S1/2 F = 4 ! 6 2P3/2 F 0 = 5 transition as the cooling cycle. Due to o↵

resonant excitation to the F 0 = 4 level, a repump laser is needed on the 6 2S1/2 F = 3 !
6 2P3/2 F 0 = 4 transition. The repump laser ensures that any atom that spontaneously

decays to the F = 3 level is pushed back to the cooling cycle. The wavelength of

the transition is 852.3 nm with a natural linewidth of �Cs = 2⇡ ⇥ 5.234MHz and a

saturation intensity of Is = 1.1049mWcm�2. The Doppler temperature, which will be

explained in detail in chapter 6, sets a limit to the minimum temperature that can be

achieved by laser cooling without any other cooling e↵ects. It is given by the equation:

TD =
~�
2kB

, (2.16)

where kB is the Boltzmann constant. For the relevant transition this temperature is

TD = 126µK. However colder temperatures can be reached in a MOT due to sub-
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Figure 2.1: (a) The relevant level structure for caesium. Two transitions are addressed
by lasers. The F = 4 ! F 0 = 5 transition is used as the cooling transition. The
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cycle. The box outlines the wavelength �vac then natural linewidth �, the Doppler
temperature T

D

and the saturation intensity I
s

of the transition. (b) Spectrum of the
F = 4 ! F 0 transitions. The transitions and crossovers (CR) are labelled.(c) Spectrum
of the F = 3 ! F 0 transitions. The transitions and crossovers (CR) are labelled. [1]
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Isotope Mass [u] Abundance [%] Nuclear Spin Mag. Moment [µ
n

]
168 167.93 0.13 0
170 169.93 3.05 0
171 170.94 14.3 1/2 +0.4919
172 171.94 21.9 0
173 172.94 16.12 5/2 -0.6776
174 173.94 31.8 0
176 175.94 12.7 0

Table 2.1: The stable isotopes of Yb and their masses and abundances, nuclear spins
and magnetic moments in units of the nuclear magnetic moment µ

n

[76].

Doppler cooling. Figures 2.1 (b) and (c) show a spectrum of the hyperfine levels for

the transitions originating from F = 4 and F = 3 respectively.

2.2.2 Ytterbium

Ytterbium (Yb) has atomic number 70 and is a rare-earth metal belonging to the

lanthanide series. There are seven isotopes of ytterbium; 5 Bosons and 2 Fermions.

All have been successfully trapped in a magneto-optical trap [77, 78]. The isotopes

and their properties are outlined in Table 2.1. Figure 2.2 shows the relevant energy

levels for laser cooling Yb. The 1S0 ! 1P1 transition is used for slowing the beam in

the Zeeman slower. The transition has a wavelength �vac = 398.9 nm, which can be

obtained from a laser diode. It has a large natural linewidth �399 = 2⇡⇥29MHz, which

will lead to high scattering rate. This makes it ideal for Zeeman slowing, but also leads

to a large Doppler temperature T
D

= 673µK. There is also a 10�7 chance that an atom

in the 1P1 state decays to one of the 3D states, instead of the ground state. This would

result in losing the atom from the cooling cycle, which severely limits the lifetime

of a 399 nm MOT. The MOT is therefore loaded directly on the intercombination
1S0 ! 3P1 transition. This transition has a wavelength of �vac = 555.8 nm and a

natural linewidth of �556 = 2⇡⇥ 182 kHz. Compared to the 1S0 ! 1P1 transition, this

transition is more narrow by a factor of 160. This occurs since the optical field mainly

interacts with the angular moment of the dipole. The spin change only arises due to

the fine structure of the atom. The Doppler limited temperature is therefore 4.4µK.

Figure 2.2 (b) and (c) show the isotope shifts for the 399 nm and 556 nm transition

respectively. The spatial lines of the various isotopes are shifted due to their di↵erent

masses and volumes. A detailed explanation can be found in [74].
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Figure 2.2: (a) The relevant energy levels for laser cooling ytterbium. The 1S0 ! 1P1

transition is used in the Zeeman slower and the 1S0 ! 3P1 transition is used for the
MOT. The wavelength �vac, the natural linewidth �, the Doppler temperature T

D

and
the saturation intensity I

s

are listed for the two relevant transitions. Decay from the
1P1 level to the 3D states is possible. (b) Spectrum of the 398.9 nm transition of Yb.
The visible isotopes are labelled. (c) Spectrum of the 555.8 nm transition of Yb. The
visible isotopes are labelled. [1]
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Figure 2.3: (a) Schematic diagram of the molecular energy level varying with internu-
clear distance. The entrance and closed channel are labelled. (b) Schematic drawing
of the scattering around the Feshbach resonance. The scattering length varies between
�1 and 1 [1].

2.3 Feshbach Resonances

There are several methods to associate cold atoms to molecules (see section 1.1). For

this experiment we propose associating the atoms over a Feshbach resonance. Therefore

the following section will discuss the basic physics of Feshbach resonances and how they

can be used to form molecules.

2.3.1 Origin of Feshbach Resonances

Feshbach resonances were discovered by Herman Feshbach in 1958 [79] and occur when

the “the energy of a diatomic vibrational bound state becomes degenerate with the

threshold of the dissociation into an atom pair at rest” [80]. Figure 2.3 (a) illustrates

the molecular energy levels involved. The molecular potential curve for which the

atoms are free is called the entrance channel and the potential binding the atoms at

the same energy is the closed channel. A magnetic field can influence the energy level

Ec of the closed channel and thereby tune the level into resonance.

The interaction at a resonance is often characterised by the scattering length a.
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The scattering length is normally used for low energy 2-body collisions where s-wave

scattering dominates. As a slow particle will have a long de-Broglie wavelength, it

will not resolve the precise structure of the potential it is scattered o↵. The scattering

length a gives a scale at which the scatterer can feel the influence of the potential. For

a scattering channel that is just bound the scattering length will be large and positive.

While a channel that is just unbound will have a large and negative scattering length.

The scattering rate tends to infinity when a bound state is at the dissociation limit.

Due to the coupling of entrance and closed channel (see section 2.3.2) this is the case

at a Feshbach resonance and hence the scattering length a is given by [81]:

a(B) = abg

✓

1� �

B � Bres

◆

, (2.17)

where abg is the background scattering length, Bres is the magnetic field resonance

and � is the resonance width. Figure 2.3 (b) shows how the scattering length varies

between �1 and +1 around a Feshbach resonance, which allows for widely tuneable

atomic interactions. For positive values of a there exists a dressed molecular state with

an energy level that depends on the reduced mass of the atomic pair µ:

Eres =
~2

2µ a2
. (2.18)

This energy can be tuned so that free atoms are adiabatically transferred to a molecular

bound state, as outlined in the next section.

2.3.2 Molecule Association via a Feshbach Resonance

In 1999 Timmermans et al. [82] and van Abeelen and Verhaar [83] discussed the

possibility of creating molecules through a Feshbach resonance tuned by an external

magnetic field. If the entrance and closed channel are strongly coupled an avoided

crossing will occur at the Feshbach resonance. By ramping an external magnetic field

over the Feshbach resonances the atoms will adiabatically transfer from the entrance

to the closed channel. Mies calculated that this transfer occurs when the magnetic

field is ramped linearly and su�ciently slowly [84]. The resulting molecules will be in

an excited state and are commonly called Feshbach molecules.

As discussed in section 1.1 a number of bi-alkali molecules have been created using

this method [53, 54, 56, 57, 58, 59, 60, 85]. The reason many bi-alkali molecules were
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created is the strong coupling between the entrance and closed channels. As each alkali

atom has a spin of s = 1/2 due to its single valence electron, a pair of alkali atoms

can form either a singlet (S = 0) or triplet (S = 1) molecular bound state. These

states will be strongly coupled due to the spin-orbit coupling, which will lead to many

Feshbach resonances that can be used.

For alkaline rare-earth mixtures however this coupling does not exist. The two

valence electrons of the rare-earth atom will lead to a s = 0 spin in the ground state.

Hence pairing a rare-earth with an alkali metal will lead to doublet states (S = 1/2).

Crossing of energy levels will still occur, but they are not coupled through spin-orbit

interaction. However it has been predicted [86] that the hyperfine coupling of such

an atom pair will depend on the internuclear distance. This will e↵ectively create a

coupling if the alkali is in proximity of a rare-earth atom. This coupling will create

Feshbach resonances for Yb and Cs.

The lifetime of Feshbach molecules will be severely limited by inelastic collisions.

To improve this the molecule can be transferred to its rotational and vibrational ground

state through stimulated Raman adiabatic passage (STIRAP). The process transfers

molecules to a lower energy state through a sequence of laser pulses [87]. This has been

achieved for some Feshbach molecules [60, 88]. This ground state molecule is what this

experiment aims for, as it can be used in a number of interesting setups.

2.3.3 The CsYb Molecule

The caesium-ytterbium molecule is of interest due to a number of favourable aspects.

The hyperfine coupling in caesium is predicted to be large when another atom is brought

close [86]. This should lead to su�ciently wide resonances that will make magnetic

association easier. Ytterbium has seven stable isotopes that can be used. As di↵er-

ent isotopes have di↵erent masses, the reduced mass µ can be manipulated. This is

important as it is hard to predict the external magnetic field needed to find a Fesh-

bach resonance. For such predictions it is important to have an accurate measure of

the background scattering length. With seven di↵erent Yb isotopes the likelihood of

finding a Feshbach resonance that is accessible for our experiment increases.

As discussed in the Introduction the ground-state molecule will have a magnetic

dipole moment due to the unpaired valence electron. Additionally to that CsYb is

also expected to have an electric dipole moment. In diatomic molecules such a dipole

moment exists as the centres of the positive and negative charges do not overlap.
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However a preferred orientation of the dipole will need to be induced by an external

electric field. The electric dipole moment is predicted to be 0.24Debye at a critical

electric field 3.5 kV cm�1 [89]. The molecule can therefore be controlled by magnetic

and electric field, which is important for spin dependent dipole-dipole interactions as

proposed in di↵erent experiments. The CsYb molecules is also unstable as 2 CsYb

molecules will decay to 2CsYb!Cs2 +Yb2. Therefore it is necessary to associate the

molecule on a lattice.

34



Chapter 3

Vacuum System

Dual trapping and cooling experiments require large and complex vacuum chambers.

During this project two vacuum chambers were built one for lithium and ytterbium

at Imperial College London (section 3.1) and a second for ytterbium and caesium

at Durham University (section 3.2). The Imperial vacuum system was designed and

constructed by Michael Petersen and myself. While I contributed to the design of the

Durham vacuum system, it was mainly designed and constructed by Steve Hopkins

and Kirsteen Butler. Both systems are discussed in detail here as they are important

for the remainder of the work. Even though there are many similarities between these

vacuum systems I will describe each in turn to avoid confusion.

3.1 Imperial Vacuum System

Figure 3.1 shows an overview of the vacuum chamber constructed at Imperial Col-

lege London. It consists of several parts; an oven (section 3.1.1), a transverse cooling

stage, a Zeeman slower (section 3.1.2), a MOT chamber (section 3.1.2) and two pump-

ing stations (section 3.1.3). The oven emits ytterbium and lithium atoms through a

narrow aperture. This atomic beam passes through the first pumping station, which

is separated from the remaining vacuum chamber by a gate valve and a di↵erential

pumping tube of inner diameter 4mm and length 70mm. From there the atomic beam

is passed through two cubes that can provide the optical access for transverse cooling.

This however was never implemented and the cubes only served for spectroscopy of the

atomic beam. The atoms are decelerated by the Zeeman slower and finally trapped

inside the MOT chamber. Behind the MOT chamber there is a second pumping station
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Figure 3.1: Overview of the Imperial Vacuum System. The oven is shaded yellow. All
vacuum pumping is shaded green. The Zeeman slower is shaded blue. And the MOT
chamber is shaded in pink.

Figure 3.2: Two pictures of the Imperial Vacuum chamber. The first picture shows
the oven, the first pumping station, the transverse cooling section and the beginning
of the Zeeman slower. The second picture shows the end of the Zeeman slower, the
MOT chamber, and the second pumping station.
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water cooling jacket

Figure 3.3: Pictures of the di↵erent parts of the Imperial Vacuum system. (a) The oven
including the heating clamps. The aperture is located under the 1st heating clamp.
(b) The transverse cooling stage. (c) The MOT chamber. Atoms enter from the right.
(d) The Zeeman slower. Atoms are travelling from right to left. The magnetic coils
are numbered according to the description in section 5.2

that creates the ultrahigh vacuum (UHV) inside the MOT chamber. Pictures of the

system are shown in Figures 3.2 and 3.3.

Section 3.1.3 describes the bake-out process of the system. Finally section 3.1.4

explores some problems of the chamber and the reason no MOT was observed.

3.1.1 Oven and Spectroscopy

Figure 3.3 (a) shows a picture of the oven connected to the vacuum chamber. While

it was designed to operate with lithium and ytterbium at the same temperature, the

oven was never tested for lithium. It consists simply of a blocked o↵ stainless steel

tube. The side facing the Zeeman slower has a small aperture in the centre with 1mm

diameter. Two heater clamps are attached around the tube to provide the heating. To

prevent blocking the aperture with Yb, it needs to remain the warmest part throughout
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the heating process. The first heating clamp is therefore positioned directly over the

aperture. The second clamp is positioned next to it. We monitor the temperature of

the oven underneath the first heater clamp and the back wall of the oven. We can raise

the temperature of the oven up to 600 �C, which is more than su�cient to create an

ytterbium beam. The entire oven is wrapped in layers of “fibrefrax” insulation so that

it can reach the required temperature. As we want the rest of the vacuum chamber to

remain at lower temperatures, a water cooling jacket was attached to the flange of the

oven (see Figure 3.3 (a)).

To investigate the performance of the oven we are interested in the flux. The

expected flux after the di↵erential pumping tube from can be calculated. It is given

by [90]:

Qtheory =

Z 2⇡

0

d�

Z

✓t

0

novgA

4⇡
sin ✓ cos ✓ d✓ , (3.1)

where no is the number density of atoms inside the oven, vg is the most probable

velocity of the atoms, A is the area of the oven aperture and ✓ and � span the solid

angle through which the beam can be emitted. The angle ✓
t

is therefore given by the

maximum angle an atom can have with respect to the vacuum axis so it still pass

through the di↵erential pumping tube. The number density inside the oven is given

by:

no =
P

kBT
, (3.2)

where P is the pressure inside the oven, kB is the Boltzmann constant and T is the

temperature inside the oven. The oven pressure for ytterbium in Pascal is given by

[91]:

logP = 5.006 + 9.111� 8111

T
� 1.0849 log T . (3.3)

The most probable velocity inside the oven is given by [92]:

vg =

r

2kBT

M
, (3.4)

where M is the mass of an ytterbium atom. The red line in Figure 3.4 shows the

calculated atomic flux after the di↵erential pumping tube.

To test these calculations, the absorption of a laser beam on resonance with the
1S0 ! 1P1 transition is measured. The laser beam is passed through the first transverse

cooling cube at right angles with the atomic beam. The flux through a cross section
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Figure 3.4: Graph showing the atomic flux with varying oven temperature after the
di↵erential pumping tube. Red curve is calculated from the theoretical equation (3.1).
The measurements are deduced from absorption with a 399 nm beam. The uncertainty
in the measurements is large, because the exact temperature of the Yb cannot be
measured. Furthermore only a few percent were absorbed from the laser beam.

of the beam is given by:

QAbs = ⇡

✓

dB
2

◆2

nBvB , (3.5)

where dB is the diameter of the beam, nB is the number density of the beam and vB

is the most probable velocity inside the beam. The beam diameter dB can be deter-

mined by considering the constraints of the di↵erential pumping tube. It is therefore

approximated as:

dB =
ddi↵
zdi↵

zmeas , (3.6)

where ddi↵ is the diameter of the di↵erential pumping tube, zdi↵ is the distance between

the oven nozzle and the end of the di↵erential pumping tube and zmeas is the distance

between the point the beam is measured at and the oven nozzle. vB is given by [92]:

vB =

r

3kBT

M
. (3.7)

The number density can be calculated from the fractional absorption ↵ and the scat-
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tering cross-section of the atoms � [90]:

nB =
� ln (1� ↵)

� dB
. (3.8)

If the Doppler broadening is small compared to the natural linewidth, � just depends

on the laser wavelength � and is given as [93]:

� =
3�2

2⇡
. (3.9)

The Doppler broadening is given by v ddi↵/(� zdi↵), which is 15MHz. This is smaller

then the natural linewidth �399/(2⇡) = 28MHz and hence the calculations should be

approximately correct. Figure 3.4 shows the flux we measure for di↵erent oven tem-

peratures T . The theoretical curve shows reasonable agreement with the measured

points. There are several errors that need to be considered. The measurements were

taken while the oven was cooling down. The temperature was measured directly under

the heater clamp, but the ytterbium inside is not necessarily at the same temperature.

The error bars were obtained by repeating the measurements three times. The results

can be significantly improved by setting up a di↵erential photodiode. The tempera-

ture errors were estimated from measured temperature gradient across the oven. The

above calculations also assume a uniform laser beam perfectly on resonance with the

transition. This is hard to realise in practice. The experiment confirms that we get

a strong flux of atoms through the di↵erential pumping tube, which is vital for the

Zeeman slower and MOT.

3.1.2 Zeeman Slower and MOT Chamber

The Zeeman slower is there to slow down the atoms from the oven, so they can be

trapped in the MOT. It consists of a tube and several coils and is described in detail

in chapter 5. The tube is 530mm long and has a 16mm inner diameter. A heater

tape is wrapped around the tube, which is needed for the bake-out process (see section

3.1.3). We placed round spacers with 38mm outer diameter over the heater tape so

the Zeeman coils are not directly heated and can be moved over the tube. The Zeeman

slower is attached with DN16 flanges. As they are more fragile then the DN40 flanges

used for most of the system, the Zeeman slower was attached last to reduce the strain

on the connections. The coils for the Zeeman slower were wound over separate formers
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and slid in the right position before the entire assembled slower was attached.

The MOT chamber is the main part of the experiment in which the atoms are

trapped and investigated. The MOT is discussed in detail in chapter 6. The vacuum

part has an octagonal shape with 8 DN40 ports at the side and DN100 ports at the top

and bottom. Windows are attached to six of the side ports as well as to the top and

bottom. The windows are anti-reflection coated for 556 nm for the ytterbium MOT

and 671 nm for the lithium MOT. Four of the side viewports and the top and bottom

viewport are used for optical access for the MOT beams. The two remaining windows

can be used to investigate the MOT or for implementing a dipole trap. The other two

ports on the side of the chamber are used to connect the Zeeman slower and the second

pumping station.

3.1.3 Vacuum Pumping and Bake-Out Process

The vacuum chamber is separated into two parts by a di↵erential pumping tube and

gate valve. We will refer to them as the oven chamber and main chamber throughout.

The oven chamber is pumped by a turbo-pump (TMP151, Oerlikon Leybold). It is

backed by a scroll pump (IDP3A01, Varian) with 0.83 l s�1 pumping speed. In normal

operation these pumps continuously pump the oven section, which is separated from

the remaining vacuum chamber by the di↵erential pumping tube. Furthermore a gate

valve can separate the two chambers completely. An ion pump (919-1410, VacIon Plus

75 ) is used after the the di↵erential pumping tube to pump the transverse cooling stage

and the Zeeman slower. It has a pumping speed of 75 l s�1 and is mainly useful for H2

and H2O. A tube connected to a second valve connects the two parts of the chamber

and can be opened for initial pumping purposes. A pressure gauge (PKR261, Pfei↵er)

monitors the pressure of the oven chamber. The pumping for the main chamber is

located after the MOT chamber (see Figure 3.1). It is permanently pumped by an ion

pump (919-1410, Vaclon Plus 75 ) and a getter pump. The pressure is monitored by a

cold cathode pressure gauge (IKR 270, Pfei↵er).

To achieve good vacuum pressure all vacuum parts were cleaned thoroughly. Each

part was bathed in an ultrasound bath filled with water and detergent (Decon 90).

Subsequently they were rinsed with distilled water and wiped with acetone and iso-

propanol.

The entire chamber was covered with heater tapes and aluminium foil in order

to bake-out the vacuum chamber. This process is necessary to remove water and
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other unwanted molecules from the walls of the chamber. While a high bake-out

temperature is desirable the viewports can break at temperatures higher than 200 �C.

The entire system was baked out at the same time over the course of 10 days. The

Zeeman slower was built with a permanent heater tape underneath the coils, as it was

easier to attach the coils before assembling the vacuum chamber. After the bake-out

process was completed, we activated the getter pump. The final vacuum pressures

were 5 ⇥ 10�9mbar in the oven chamber and < 5 ⇥ 10�11mbar in the main chamber.

The exact pressure of the main chamber could not be determined as the cold cathode

pressure gauge cannot measure smaller pressures.

3.1.4 Fundamental Problems

When trying to trap atoms inside the MOT we discovered that the atomic beam was

not travelling through the centre of the MOT chamber. By shining a probe of blue

light through the MOT chamber the beam was observed about 2 cm away from the

centre of the MOT chamber. This occurred due to a misalignment of the di↵erential

pumping tube. While this is not a fundamental problem, it is important that the slow

atoms emerging from the Zeeman slower travel through the MOT region so they can

be trapped.

While this problem is mendable, we also need to ensure that the MOT is sitting at

a magnetic field zero. This is especially hard to accomplish in this system as no direct

measurement of the magnetic field in the closed vacuum system could be taken. For the

formation of a trap it is critical that the magnetic field zero is within the MOT beams.

As this was also the main challenge when looking for a Yb MOT in the Durham vacuum

system (see section 6.4.1), we believe this was the main reason no MOT was found at

Imperial. As the plan to create a lithium-ytterbium trap was already abandoned there

was little to be gained from continuing with the vacuum system.

3.2 Durham Vacuum System

The Durham vacuum system was designed to slow and trap caesium and ytterbium

simultaneously. Figure 3.5 shows a picture of the assembled vacuum chamber and two

schematic drawings.. It consists of a dual species oven (section 3.2.1), a dual species

Zeeman slower, the Science Chamber for trapping the atoms (section 3.2.2) and a

pumping station (see section 3.2.3).
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Figure 3.5: Picture and schematic drawings of the Durham vacuum system. The top
picture is a picture of the assembled vacuum chamber. The middle figure shows a
schematic of the full vacuum system from the side. The di↵erent sections are labelled.
The bottom schematic shows the vacuum chamber from the top [1].
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3.2.1 Oven

In contrast to lithium and ytterbium, caesium and ytterbium have very di↵erent vapour

pressures. Therefore we need an oven that is separated into two parts that can be kept

at di↵erent temperatures. However we do require the two atomic beams to travel

through the same Zeeman slower. Therefore the caesium and ytterbium beams need to

be combined. Figure 3.6 (a) shows a schematic drawing of the oven. The caesium was

emitted from dispensers (AS-3-Cs-250-S, Alvatec) mounted at the back of the oven. The

large spray of caesium from the dispensers was meant to coat the vacuum walls, which

could be reheated to 100 �C through a nozzle heater. The oven however was depleted

of caesium quickly and was therefore replaced by a caesium ampule. Furthermore a

valve was included to close o↵ the caesium oven when required. A water cooling clamp

over the flange reduces the heat transfer from the ytterbium part of the oven which

is significantly hotter. The Yb oven is loaded with three ytterbium ingots (261300-

5G, Sigma-Aldrich) and heated to around 400 �C by nozzle heaters (MB1J2AN1-X56,

Watlow). We initially chose a nickel gasket to seal the vacuum in the Yb oven to

avoid the ytterbium corroding an ordinary copper gasket [94]. However, similar to the

group in Washington [95], we found the nickel also reacted with ytterbium, so it was

eventually replaced with a silver-plated copper gasket.

Both the ytterbium and caesium are guided from their ovens through hemispherical

channels towards the capillaries. The oven was wire eroded by the mechanical work-

shop at Imperial College London and the two channels were separated by 0.4mm (see

Figure 3.6 (c)). The two atomic beams exit the oven through 55 capillaries (Coopers

Needleworks 20mm long, 0.58mm inner diameter and 0.89mm outer diameter). The

capillaries are mounted in a triangular shape in front of the two hemispherical channels.

A final nozzle heater (MB1J1N4-X36,Watlow) is attached above the capillaries to raise

their temperature to around 500 �C. This is done so that the capillaries are not clogged

with ytterbium. When the oven is turned on and o↵ care is taken to ensure that the

capillaries are always the hottest part of the oven.

There are several thermistors attached to the outside of the oven chamber to monitor

the heating process. This is done so the caesium and ytterbium ovens do not get too

hot. During normal operation we measure the caesium oven at 83 �C, the middle section

close to the water cooling flange at 238 �C, the Yb oven at 434 �C and the capillaries at

478 �C. All the values are outlined in Table 3.1. The design temperatures and operating

temperatures vary by large amounts as the cooling clamps did not work as e�ciently
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Figure 3.6: Diagrams and pictures of the dual species ytterbium and caesium oven. (a)
Schematic drawing of the dual species oven. The Cs is emitted from the Cs dispensers
at the back (left). Later the caesium was replaced by an ampule and a valve was
included to close of the Cs oven. The Yb oven is sitting below the main vacuum
axis. The two atomic species are combined through hemispherical channels through an
array of capillary tubes. (b) The Yb oven and the capillaries are heated by four nozzle
heaters. The heat transfer between the di↵erent sections of the oven is controlled with
water cooling clamps shown in (a). The capillary array is mounted to the front of
the hemispherical channels. (c) The two hemispherical channels for the ytterbium and
caesium beam. The small separation of 0.4mm allows them to overlap when exiting
the capillaries. (d) The capillary array forming the opening to the oven. It contains
55 tubes. [1].
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Location Design Temperature [�C] Operating Temperature [�C]
Cs Oven 100 83

Middle Section 390 238
Yb oven 400 434
Capillaries 570 478

Table 3.1: The design and operating temperatures of di↵erent parts of the oven.
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Figure 3.7: Ytterbium atom numbers in the MOT after loading for three seconds, versus
the temperature of the oven. Horizontal error bars are estimated from the temperature
gradient over the oven. The MOT disappears at temperatures below 420 �C. The graph
also shows that the captured MOT atom number plateaus at a temperature around
480 �C.

as predicted. The final temperatures are chosen so that the Yb oven is not heated too

much as this would lead to a rapid depletion of ytterbium. This however meant that

the remaining oven sections could not be raised to the design temperatures. These

temperatures however are su�cient for a good flux of both Yb and Cs.

As interference between atoms from di↵erent tubes can be neglected, the forward

intensity of the beam should scale linearly with the number of capillaries. However the

theoretical considerations in section 3.1.1 do not apply for this oven as it has multiple

capillaries instead of one aperture.

Figure 3.7 investigates the MOT load with varying oven temperatures for ytterbium.

A MOT is observable at temperatures above 420 �C. Until 480 �C the trapped atom

number rises continuously. After that however the atom number plateaus with rising

temperature. This seems counter intuitive as the exponentially rising vapour pressure
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(a) (b) 

Figure 3.8: The rotary shutter outside the oven. (a) Picture of the mounter rotary
shutter in the open position. The atomic beam is travelling from right to left. (b)
Picture of the unmounted rotary shutters. Two of the apertures can be seen at 90� to
each other [1].

should lead to an exponential increase in the atomic flux. Even though the fraction

captured by the Zeeman slower is getting smaller (see chapter 5), this e↵ect should not

stop the increase in atom number. The most likely cause is the atomic beam switching

from molecular to hydrodynamic flow. Molecular flow occurs when the mean free path

⇤ of an atom is longer than either the the length or the diameter of the relevant aperture

[90]. With higher pressure the mean free path of the atoms will decrease and the flow is

no longer molecular, which leads to a loss in the collimation of the beam. For ytterbium

the flow changes from molecular to hydrodynamic between 396  T  594 �C [1]. The

Beam Machine (see section 4.2.3.1), which uses a very similar oven design, showed a

large spread of ytterbium in the chamber behind the capillaries. Therefore we believe

that the atomic beam switches from molecular to hydrodynamic flow, which leads to

a smaller MOT load.

The oven section also includes a motorised rotary shutter (BRM-275-03, MDC

Vacuum) to block the atomic beams when required. Figure 3.8 displays two pictures

of the shutter. Two 5mm notches are cut through it at 90� to each other. This setup

allows a spectroscopy beam to interact with the atomic beam through the shutter.

Furthermore for ytterbium the blue Zeeman beam can be observed and aligned using

the fluorescence of the beam.

The oven section is separated from the rest of the vacuum chamber by a gate

valve (E-GV-1500M-11, MDC Vacuum) and a di↵erential pumping tube (5mm inner
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Figure 3.9: The Science chamber. (a) Drawing of the top and side view of the Science
Chamber. The viewports are labelled with their designed purposes. (b) The re-entrant
viewports mounted to the top and bottom of the Science chamber. There is space for
multiple sets of coils. (c) Photograph of the Science chamber mounted to the Pumping
Station [1].

diameter, 60mm long). This requires the oven section to have its own vacuum pumping.

It is pumped by a 55 l s�1 ion pump and a Non-Evaporable Getter (NEG) pump.

3.2.2 Zeeman slower & Science Chamber

The Zeeman slower is made of a DN16 pipe with 16mm inner diameter and 770mm

length (075-X, MDC Vacuum). Similarly to the Imperial Vacuum system the magnetic

coils for the Zeeman slower were wound separately and placed over the tube before it

was connected to the vacuum chamber. As the DN16 is the smallest connection of the

Vacuum chamber it was again connected last, so stress on the connections would be

kept to a minimum. In addition bellows were used at the end of the slower to relieve

the stress. As the Zeeman slowing tube is very long it is pumped from both sides (see

section 3.2.3).

The main experimental region of the vacuum chamber is the science chamber, pic-
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tured in Figure 3.9 (a). The vacuum part was custom built to meet the various re-

quirements on optical access and other connections. It has a DN16 connection for the

Zeeman slower, which is kept as short as possible to bring the end of the Zeeman slower

close to the centre of the chamber. A DN40 flange connects the Science chamber to

the pumping station (see Figure 3.9 (c)). The remaining ports are mounted with view-

ports. Eight viewports are used for the Cs and Yb MOT and are anti-reflection coated

between 730-1064 nm and 370-580 nm respectively. Two viewports are reserved for the

dipole trap and anti-reflection coated at 532 nm, 852 nm and 1064 nm. The top and

bottom of the Science Chamber are fitted with re-entrant viewports custom made by

the UK Atomic Energy Authority (UKAEA). Figure 3.9 (b) shows the design, which

provides the space to mount several coils close to the experimental region. They are

anti-reflection coated at 399 nm, 556 nm and 852 nm. The re-entrant viewports allow

for a greater control of the magnetic field inside the science chamber which will be

useful when investigating Feshbach resonances. A viewport at the end of the vacuum

system allows the optical access required for the Zeeman slowing beam.

3.2.3 Vacuum Pumping

Like the Imperial College vacuum system, this system is also separated into two parts

by a di↵erential pumping tube. Under continuous operation is maintained by two

Non-Evaporable (NEG) pumps (Capacitorr C400-2 DSK, SAES Getters), two 55 l s�1

ion pumps (VacIon 55, Agilent) and one 40 l s�1 ion pump (VacIon 40, Agilent). The

oven section is pumped by one NEG and one 55 l s�1 ion pump. The spectroscopy

section is pumped by the 40 l s�1 and the Science Chamber is pumped by a 55 l s�1

and a NEG pump. These pumps keep the Science Chamber at a pressure of around

5 ⇥ 10�9mbar, the spectroscopy section at around 10 ⇥ 10�9mbar and the oven at

around 10 ⇥ 10�8mbar. All vacuum measurements were deduced from the ion pump

currents, as no pressure gauges were included.

For initial pumping extra valves can be used to connect additional pumps. To reach

the final pressures the vacuum chamber was baked-out in several stages. Each part was

baked separately before assembling. Finally after the vacuum chamber was assembled

the entire system was baked-out with heater tapes and aluminium foil. Turbo pumps

were connected to both sections to assist the pump-out process. The final bake out

was conducted at 140 �C for 4 days and an additional 19 days at 110 �C.
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Chapter 4

Laser Systems

As in many cold atom experiments this experiment relies on laser cooling for the initial

cooling stage. For this it is necessary to develop several stable laser systems that can

address the relevant cooling cycle for each atomic species. When the cooling cycle is

not fully closed, a re-pump laser is required to optically pump the atoms back into the

cooling cycle.

The Caesium laser system was constructed by Kirsteen Butler and Stefan Kemp

at Durham University. As it was used to obtain the data in this thesis, I include a

full description of the system and its frequency locks. All the Ytterbium laser systems

were designed and constructed by myself.

We have outlined the relevant atomic transitions for this experiment in section 2.2.

For laser cooling we will need laser light at all the relevant frequencies and detunings.

This chapter describes the design of all the laser and optical systems used in this

experiment.

4.1 Laser System for Caesium

For caesium we will have to address two hyperfine components of 6s 2S1/2 - 6p 2P3/2

atomic transition. The F = 4 ! F 0 = 5 transition is used for cooling and F = 3 !
F 0 = 4 transition is addressed for re-pumping back into the cooling cycle (see Figure

2.1). Two laser systems are required for the transitions. The Cs laser systems is also

discussed in [1].
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4.1.1 Lasers and Optical Layout

The cooling light is produced by a Toptica DL 100 Pro extended cavity diode laser,

which is amplified through a Toptica BoosTA tapered amplifier (see section 4.1.1.1).

This arrangement produces 600mW of cooling light which is enough for the MOT, the

Zeeman slower and potentially for Degenerate Raman Sideband Cooling (DRSC) [96].

The di↵erent detunings that are required for laser cooling are produced by various

AOMs, which are outlined in Table 4.1.

The optical layout of the laser system is displayed in Figure 4.1. The light from the

DL 100 Pro is initially split into three separate arms using polarising beamsplitters.

The light double passed through AOM1 is coupled into a fiber and subsequently injected

into the BoosTA tapered amplifier. This amplified light is used to prepare the various

detunings needed for the experiment. Light passing through AOM4 is used for the

Zeeman slower. AOM5 prepares light for the DRSC and light through AOM6 is used

for the MOT. The second arm out of the DL 100 Pro is double passed through AOM2

and used for laser locking (see section 4.1.2.1). The third arm through AOM3 is used

for imaging atoms in the MOT (see section 4.1.3). Figure 4.2 shows how the light

frequency is shifted by each AOM to create the detunings required for the experiment.

The repump light is generated from a Toptica DL Pro. The light is split into 4 arms

using polarising beamsplitters. The light passing through AOM7 is used for locking as

outlined in section 4.1.2.2, light passing through AOM8 is used for repumping atoms

in the Zeeman slower, light through AOM9 is used for repumping atoms captured in

the MOT and light passing through AOM10 can be used as a polariser for DRSC.

4.1.1.1 Tapered Amplifier

The DL Pro 100 does not provide enough power alone for all the required laser cooling

tasks. Hence, in addition, some of the light from the DL Pro 100 is amplified by the

BoosTA tapered amplifier. A semiconductor chip inside the amplifier creates a gain

region that amplifies the incoming light. The output light will therefore be of the same

frequency and spatial mode structure as the seeding light.

The best alignment of the tapered amplifier is achieved when matching the input

beam to the weak output from the input facet of the BoosTA in the absence of any

seeding. We use anamorphic prisms and two steering mirrors to match the shape and

direction of the output beam as closely as possible, which maximises the amplification.

The output power of the amplification depends mainly on the seeding power and the
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Figure 4.2: Schematic illustration of the frequency shifts provided by the AOMs in the
Cs laser system. The frequencies f1 to f10 correspond to AOMs 1 to 10. a) Frequency
shifts for the cooling light. b) Frequency shifts for the repump light. The grey rectangles
indicate the relevant tuning range of each AOM [1].

supplied current. In order to increase the lifetime of the amplifier we are running it

below its maximum current (2150mA) at 1450mA. At this current we can expect an

output power of roughly 600mW with 25 to 30mW seeding power. This is enough

power for all applications desired in this experiment.

4.1.2 Frequency Stabilisation

To ensure the lasers remain on resonance with the relevant atomic transition it is

essential to frequency stabilise them. For this we use a spectroscopy signal obtained

from small caesium vapour cells. There are various techniques that can be employed

for laser locking, with each having advantages and disadvantages. The best techniques

often depends on the exact level structure of the atomic species in question. For caesium

we have chosen to employ a Modulation Transfer Lock [97, 98]. for the cooling laser

and a Frequency Modulation Lock [99] for the repump laser. Both techniques, as well

as their advantages and disadvantages, are described in detail below.
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4.1.2.1 Modulation Transfer Lock

Modulation Transfer is a spectroscopy technique that yields sub-Doppler lineshapes.

Bertinetto et al. showed that for the F = 4 ! F 0 = 5 Cs transition, this technique

produces good error signals suitable for locking [97]. This technique requires two

intense counter propagating beams, which we will call pump and probe beam even

though they carry about equal power. In our setup the light from the DL 100 Pro that

is passed through AOM2 is subsequently split by a polarising beam splitter to create

the pump and probe beam as outlined in Figure 4.3 (a). The pump beam is passed

through an electro-optic modulator (EOM) that will generate sideband frequencies !m

separated by 5.907 ± 0.008MHz from the main carrier frequency !c. This EOM is

made from a lithium niobate crystal (DÖHRER Elektrooptik) incorporated into an

LCR circuit [98]. This modulated pump beam is passed through a caesium vapour cell,

where it collinearly counterpropagates with the probe beam that was split o↵ before.

The two frequency components of the pump beam can be transferred to the probe

beam due to the nonlinearity of the atomic medium [100]. The probe beam is then

detected by a photodiode (Hamamatsu S5972), which can detect the beat between the

sidebands and the main carrier, if sidebands were transferred to the probe beam. Four

wave mixing can be observed at four di↵erent frequencies, !c±!m and !c±!m/2. The

phase of the generated sideband depends on the pump sideband that formed it. The

signal is passed to a frequency mixer (Mini-Circuits ZFDC-15-6+) where it is mixed

with the initial signal modulating the EOM. The output of the mixer is amplified and

filtered by a low pass gain filter, which leaves the relevant DC component that can be

used as the error signal.

Figure 4.3 (b) shows a very strong signal for the F = 4 ! F 0 = 5 transition.

The other transitions that can be observed are crossover transitions that will not be

discussed further [97]. The signal immediately reveals the advantages of using this spec-

troscopy technique for this particular transition. As the relevant transition is closed the

modulation transfer signal is strongly enhanced and therefore much bigger than for any

other transition as the atoms cannot relax into other ground states [100]. Furthermore

it produces sharp sub-Doppler features on a zero background as the modulation of the

probe beam only occurs with both beams on resonance within the natural linewidth of

the transition. This also produces the flat zero background which is a major advantage

of this technique. As the e↵ect however is only strong in closed transitions it is not a

suitable method for locking the repump laser.
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Figure 4.3: (a) Shows the relevant optical layout for the Modulation Transfer Spec-
troscopy. (b) Shows the transitions from F = 4 in Caesium. The largest signal corre-
sponds to the F = 4 ! F 0 = 5 transition [1].

4.1.2.2 Frequency Modulation Lock

The repump laser is locked using Frequency Modulation (FM) spectroscopy. Similar

to the Modulation Transfer it is based on two beams collinearly counter-propagating

through a caesium vapour cell. In this case however the two beams do not have equal

power, but we have a strongly saturating pump beam and a weak probe beam. In our

setup, light from the DL Pro passing through AOM7 is split on another polarising beam

splitter to create the pump and probe beams (see Figure 4.4 (a)). The probe beam

(around 55µW) is passed through an EOM that produces sideband frequencies !m

at 8.6437MHz from the main carrier !c. The pump beam (around 135µW) is passed

through the caesium vapour, where it is overlapped with the counter-propagating probe

beam. This pump beam strongly saturates the caesium transition. The probe beam

is detected on a fast photodiode (Hamamatsu avalanche photodiode, C5460) that can

detect a beat signal between the carrier frequency and the sidebands. If the laser is

perfectly on resonance, the transition is strongly saturated by the pump and the ab-

sorption from the probe beam is small. Hence both sidebands will create a beat with

the carrier. However, as the two beat frequencies are the same, but ⇡ out of phase,

no overall beat will be observed. If the laser is tuned out of resonance two things will
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Figure 4.4: (a) The optical layout for the Frequency Modulation spectroscopy. The
probe beam passes through the EOM. (b) Frequency Modulation Signal obtained for
several transitions from F = 3 [1].

happen. The pump laser will not be strongly saturating the transition, but one of the

sidebands will be closer to resonance and therefore is absorbed more strongly. This

means the beats from the two sidebands will not cancel on the photodiode and a beat

signal is observed. As before this beat signal is mixed with the original signal modu-

lating the EOM using a frequency mixer (Mini-Circuits, ZAD-3+) and subsequently

filtered and amplified.

The signals obtained with this technique are shown in Figure 4.4 (b). All the tran-

sitions and cross-overs from F = 3 can be observed. We lock the laser to this peak

corresponding to the F = 3 ! F 0 = 4 transition. However, compared to Modulation

Transfer spectroscopy the signal is imposed on a non-zero varying Doppler broadened

background, which has to be compensated. In practice this means that FM spec-

troscopy is more vulnerable to power fluctuations of the laser, which can be induced

by temperature change. These fluctuations can influence the signal strength of the

Doppler broadened background and the saturation peaks.
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Figure 4.5: Schematic overview of optical setup around the Science Chamber. Caesium
beams are illustrated in red, ytterbium beams are green for the MOT beams and purple
for the Imaging light. The dashed line indicates the cross-section that is displayed below
[1].
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4.1.3 MOT, Zeeman Slower and Imaging Optics

All light is transferred to the MOT through optical fibers. Each MOT beam is expanded

to a collimated beam of roughly 18.0mm1/e2 diameter with typically 30mW power.

As shown in Figure 4.1 the repump laser is already combined with the cooling light

before the fiber and 13.5mW is delivered to the MOT. The imaging light is transferred

to the MOT through a separate fiber. It is combined with one of the MOT beams via a

polarising beam splitter, and then separated again from the MOT beam using a second

beam splitter after the MOT chamber (see Figure 4.5). This makes e�cient use of the

optical access into the Science Chamber. The MOT beams are passed through quarter

wave plates to create the appropriate circular polarisation (see section 6.1). They are

retro-reflected and double passed through another quarter-waveplate to create the six

MOT beams required for trapping. The imaging beams are passed through the MOT

chamber and focussed by achromatic lenses to record absorption images on a CCD

camera. A photodiode for fluorescence detection is mounted at an angle above the

Science Chamber, to take continuous measurements of the MOT. This fluorescence

detector was used for most of the optimisation of the MOT and the Zeeman slower.

From the voltage measured on the photodiode we can obtain an approximate atom

number. The power scattered by N atoms is given by [1]:

P =
N hc

�

C2
1I/Is

1 + 4�2/�2 + C2
2I/Is

, (4.1)

where C1 and C2 are the Clebsch-Gordan co-e�cients, which are given as C1 = C2 =

0.73± 0.1 by Townsend et al. [101]. The percentage that will hit the photodiode will

depend on the diameter of the iris in front of the diode d and the distance between the

MOT and focussing lens L:

PPD =
d2

16L2
P . (4.2)

This power can be related to the voltage measured over the photodiode:

VPD = R(�)PPDR , (4.3)

where R is the load resistance over the photodiode and R(�) is the responsivity of the

photodiode to light at frequency �. Combining the above equations the atom number

59



4.2. Laser system for Ytterbium 4. LASER SYSTEMS

F 

f = -25mm 

f = -25mm f = -100mm 

f = 300mm 

f = 250mm 

Caesium 

Ytterbium 

λ/4 

λ/4 

Figure 4.6: Optics setup to create both the ytterbium and caesium Zeeman slower
beams. The caesium Zeeman beam is shown in red and the ytterbium Zeeman beam
is shown in purple [1].
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Unless otherwise indicated this equation was used to determine the atom number in

all Cs experiments.

The Zeeman slowing light has 6.0±0.1mW cooling light and 2.76±0.1mW repump

light, that are combined before the fiber. The light is shaped by a f = �25mm lens

and f = 300mm lens as displayed in Figure 4.6. This gives a beam that is focussed

down to a 89± 1µm waist, 2.09± 0.01 m away from the Zeeman slower viewport. The

focussing of the Zeeman beam is discussed in section 5.3. A dichroic mirror is used to

combine the two beams for Yb and Cs, and align them down the Zeeman slower.

4.2 Laser system for Ytterbium

For ytterbium we need light on resonance with the 1S0 ! 1P0 transition for the

Zeeman slower and with the 1S0 ! 3P1 transition for the MOT. The 399 nm light

needed for the 1S0 ! 1P0 transition is often produced using a frequency doubled laser

system [102, 103]. However the development of cheap 405 nm semiconductor diodes has

made it possible to build a more a↵ordable laser system at 399 nm [104, 105, 106]. We

therefore have chosen to build a diode based 399 nm laser system which is described in

detail below.

The 1S0 ! 3P1 transition is often produced using either a frequency doubled diode

[107] or fiber laser [108]. Such lasers are now available commercially and the Menlo

Systems fiber laser used in this work is described in section 4.2.3.
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4.2.1 Overview and Optical Layout

The 399 nm laser system is outlined in Figure 4.7. I will refer to it as the blue laser

throughout this thesis. It is based on two NDV4313 diode lasers from NICHIA. One

is in an external cavity diode laser (ECDL) (see section 4.2.2.1). The second diode

(Slave) is seeded by the first (see section 4.2.2.2). The light from the Slave is spatially

filtered through a 50µm pinhole and used for Zeeman slowing (see section 4.2.5). Some

light is passed through a fiber to a transfer cavity lock and a wavemeter (621 Series,

Bristol Instruments) (shown in Figure 4.8). The transfer cavity lock is explained

in section 4.2.2.3 and the wavemeter is required to determine the frequency of the

laser. Both the Slave and ECDL are injected into a Fabry-Perot spectrum analyser

(SA200, Thorlabs) so the mode structure can be investigated throughout running the

experiment. Furthermore some light from the ECDL is also passed to the oven for

spectroscopy.

The 556 nm light is generated from a Orange One fiber laser from Menlo Systems

(see section 4.2.3). Figure 4.8 shows the optical layout used to lock the laser frequency

and generate the MOT beams. The laser output is split in two, and each part is

passed through an AOM (46200-0.3-LTD, Gooch and Housego) with most of the power

passing through AOM11. This light is used to form the MOT beams and is therefore

split equally onto three fibers. The remainder of the light is passed through AOM12,

which is used for locking. The lock for the green laser is based on spectroscopy from

an ytterbium beam. Several di↵erent methods have been explored which are outlined

in section 4.2.3. Some light is also combined with the 399 nm ECDL light and coupled

into a Fabry-Perot spectrum analyser (SA200, Thorlabs) for the transfer cavity lock.

4.2.2 399 nm Laser system

4.2.2.1 Extended Cavity Diode Laser

Extended cavity diode lasers have become a standard tool for many laser applications

[109]. They are based on a laser with a grating, which is normally placed in the

Littrow configuration (see Figure 4.9). The 1st-order di↵raction from the grating is

aligned back into the diode so that the grating and the back facet of the diode form

an extended cavity. There are several factors influencing the frequency of the ECDL,

which are illustrated in Figure 4.10. The optical gain medium of the laser can typically

lase with a wide spread of frequencies. The laser must lase on a mode of the cavity,
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Figure 4.7: Layout of the 399 nm Laser system creating the Zeeman slowing light. The
polarisation in front of the slave laser is illustrated with little arrows. For clarity, over-
lapping laser beams are drawn parallel to each other. PBS 3 cleans up the polarisation
of the beam before it is coupled into the polarisation maintaining fiber. Not to scale.
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Figure 4.8: Layout of the 556 nm Laser system for the MOT light and the Transfer
Cavity Lock. The atomic beam is generated from a beam machine. The 399 nm ECDL
light is shown in red. For clarity overlapping laser beams are drawn parallel to each
other. Not to scale.
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Figure 4.9: Illustration of Extended Cavity Diode Laser (ECDL). The grating is in the
Littrow configuration so that the first order is reflected back. The mirror is there so
changes in the grating do not a↵ect the pointing of the output beam. Not to scale.

λ
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Figure 4.10: Illustration of the modes supported by the extended cavity diode laser.
The light red curve shows the gain curve of the optical gain medium inside the laser.
The purple curve shows the frequency distribution of light reflected back into the cavity
from the grating forming the extended cavity. The green lines show the lasing modes
supported by the cavity of the diode. The pink lines show the modes supported by the
external cavity. The laser can only lase on a mode supported by all four curves.
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is the length of the cavity and n can be any integer. The grating limits the

range of the possible lasing wavelengths. The first order reflection of the grating is

directed back into the laser, so that there are now two cavities, the short cavity of the

diode itself, and the much longer cavity formed with the grating. A strong lasing mode

only exists if the lasing wavelength is supported by both cavities.

There are several ways to tune the frequency of an ECDL. The angle of the grating

with respect to the laser directly controls the frequency of the light that is reflected

back into the diode laser. Only if there is enough light coupled back can the external

cavity have an impact. The modes supported by this cavity can be easily influenced

by moving the grating thereby extending or contracting the cavity length. The optical

length of the internal cavity can be tuned via the operating temperature, and the

refractive index of the gain medium can be tuned via the current of the laser. With all

these controls it is possible to tune the diode laser to a single lasing frequency that is

supported by the optical gain medium.

The NICHIA diode laser for the ECDL laser diode is used with a grating having

1800 grooves/mm (GR13-1850, THORLABS ). The grating is placed on an adjustable

mirror mount to roughly tune the angle of the grating and retro-reflect the light from

the laser. There is a piezo-element in the horizontal alignment of the mirror mount,

which allows for fine tuning of both the cavity length and the reflected frequency.

Furthermore we place a small mirror on the same mount to ensure that changing the

grating angle does not change the pointing of the output beam as outlined by Hawthron

et al. [110].

We investigated the single mode behaviour of the ECDL laser using a scanning

Fabry-Perot Cavity with free spectral range of 1.5GHz and a finesse of 250. For a

perfectly aligned beam the cavity therefore has a resolution of 7.5 MHz. The three

peaks seen in Figure 4.11 are separated by the free spectral range and represent the

same lasing mode. Fitting a Lorentzian to the peak gives a fullwidth at half maximum

of 22 ±1MHz. As we have not fully optimised the mode matching into the the Fabry-

Perot cavity, it is likely that this linewidth is broadened by excitations into transverse

cavity modes. As the measured linewidth is smaller than the natural linewidth of the

relevant transition the laser linewidth was not investigated further. An investigation
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Figure 4.11: Transmission peaks of ECDL laser light through a scanning Fabry-Perot
Cavity. The laser shows good single mode behaviour.

of linewidth narrowing for ECDL lasers can be found in [111] and [112]. Using the

piezo controlling the grating and the driving current of the diode, it is possible to

scan the frequency of the laser for several GHz without mode hop. This is most

easily demonstrated by scanning over several ytterbium isotopes and measuring the

fluorescence from the atoms. Figure 4.12 shows that the entire ytterbium spectrum

can be obtained in a single scan.

Since some of the laser power is reflected back in the ECDL configuration the total

laser power is reduced. At a typical current of 70mA we can obtain about 50mW.

Considering losses in the isolator and other optical components this is not enough for

both frequency locking and for the Zeeman slower. Therefore the light from the ECDL

is used to inject a slave diode.

4.2.2.2 Injection Seeding

Injection seeding is a technique commonly employed to force the output mode of a laser,

usually called the slave, to match that of a second laser, called the seed. This is done

by sending some light from the seed into the slave. This has previously been achieved

with 399 nm diodes with a similar setup to the one described here[104, 105, 106].
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Figure 4.12: Fluorescence spectrum of ytterbium isotopes obtained with a single scam
of the ECDL laser in the Beam Machine.

Overview To inject the slave laser we need to counter-propagate the seed light with

the slave laser output. If injection works the slave will copy the exact mode from the

seed beam. Since the polarisation will also be copied it is not trivial to separate the

slave light from the seed light. We use two wave plates, a polarising beam splitter and

Faraday rotator to achieve this. The scheme is shown in Figure 4.7, in which little

arrows indicate the polarisation of the seed and slave laser beams. A �/2 waveplate

rotates the polarisation of the seed light so that it is reflected by the polarising beam

splitter. The seed light is then vertically polarised. The seed beam passes through a

Faraday rotator which rotates the polarisation clockwise by 45�. Subsequently a second

�/2 rotates the polarisation to the angle which optimises the injection of the slave laser.

The slave output passes through the same waveplate and is therefore rotated back to

the same 45� polarisation. The polarisation is turned 45� counter-clockwise by the

Faraday rotator as the beam is travelling in the opposite direction. Hence the slave

laser beam will be horizontally polarised after the Faraday rotator, which means it is

passed through the polarising beam splitter (PBS1). This forms the output beam for

the Zeeman slower.

The full theory of injection seeding diode lasers is highly complex and goes beyond

the scope of what can be discussed here [113, 114]. In principle if the light that is

injecting the slave is supported by its cavity, the photon count of the injected light

67



4.2. Laser system for Ytterbium 4. LASER SYSTEMS

Figure 4.13: Scanning Fabry-Perot cavity spectrum of injected BALD laser. The small
peak corresponds to the injected mode.

should build up in the slave cavity. The e↵ective cavity length of the slave can be

controlled by changing the operating current of the slave laser and therefore can always

be matched to the incoming mode. With enough injected light in the slave cavity the

preferred stimulated emission of the optical gain medium will be on the same mode.

However too much light can lead to relaxation oscillations inside the slave laser, which

will lead to a modulated output [115].

Injection seeding of two di↵erent diodes was attempted in this project. A Broad

Area Diode Laser (HL40023MG, opnext) was used in the first attempts. The advantage

of this diode was that up to 400mW of power could be obtained. In a second attempt

we injected a second NDV4313 NICHIA diode. This allowed for the simple setup shown

in Figure 4.7. The results for both setups are presented below.

Broad Area Laser Diode The Broad Area Laser Diode (BALD) uses a larger

area optical cavity and gain medium, which allows it to lase simultaneously on several

cavity modes. It is therefore harder to bring to lase on a single mode. The BALD

was injected using the same scheme outlined above, however extensive reshaping of

the seed beam was required as the spatial modes of the two lasers was very di↵erent.

This made it complicated to achieve good injection. Hence single mode injection was
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only achieved at operating currents below 160mA giving a maximum output power

of 75mW. At higher slave operating currents it wasn’t possible to suppress all other

modes (see Figure 4.13), and therefore less than 30% of the light was emitted in the

injected mode. As this setup is also very fragile to vibrations and laser fluctuations,

the BALD was abandoned for a second NICHIA diode that was easier to inject.

Single-mode Diode Injecting a second NICHIA diode is less complicated as the

spatial output beam is the same as the ECDL diode. Therefore no reshaping of the

ECDL beam is required to achieve optimal injection. However the injection is still very

critical on the right operating current of the slave laser and the power of the seeding

light. Good injection can only be found at a few operating currents. These points

of good injection typically only span about 0.2mA current deviation. This occurs as

the slave current influences the refractive index of the gain medium and therefore the

cavity optical length, which has to be matched to the incoming mode. Furthermore,

relaxation oscillations modulating the output frequency can be observed with too much

injection power. These can be eliminated by tuning the input power and the slave

driving current. With this arrangement we obtain 100mW single mode light using an

injection power between 3 - 6.5mW. The injection can be stable for several hours, but

typically requires fine tuning after 30 minutes. The parameter that needs to be tuned

depends on the mode structure observed from the slave by the spectrum analyser. In

case the seed has drifted small regular additional modes are observed. They can be

corrected by tuning the piezo grating of the ECDL. A drift in the slave laser usually

results in stronger irregular modes. They can be corrected by either reducing the

injection power or tuning the current of the slave laser. While this is not ideal, it is

su�cient for loading a magneto-optical trap and obtaining consistent data.

4.2.2.3 Transfer Cavity Lock

Locking the blue laser at the right frequency could be achieved similarly to the caesium

setup, by using the fluorescence or absorption from an ytterbium vapour. This would

then require a subsequent shift of the frequency by several hundred MHz for the Zeeman

slower (see section 5), which can be achieved with an AOM setup. However such a setup

would require several double passed AOMs and allows for less control of the Zeeman

frequency. This makes it beneficial to lock the laser directly at the frequency that is

required for Zeeman slowing. We achieve this with help of the 556 nm laser, which
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is locked to a fluorescence signal (see section 4.2.3.4), and a Fabry-Perot spectrum

analyser. Such a lock is normally called a Transfer Cavity Lock (TCL) [116].

Overview The optical setup is shown in Figure 4.8. The 399 nm light and the 556 nm

light are combined on a dichroic mirror and coupled into a scanning Fabry-Perot cavity.

The light transmitted through the cavity is split on a second dichroic mirror and

detected by two separate photodiodes. The signal of both photodiodes is sent to a

computer that analyses the signal and controls the lock. It sends a voltage feedback to

the piezo and the operating currents of the slave and ECDL lasers. Some light from

the 399 nm ECDL is also passed to a wavemeter, which is required to have a rough

frequency reading.

Theory For this discussion we will assume that both lasers are single mode and that

the green laser can be used as an absolute frequency reference as it is locked separately.

As the length of the cavity is being scanned by applying a voltage ramp Vr(t) to the

cavity piezo, the photodiodes will register transmission peaks for each laser. We will

assume for now that there is just one cavity transmission peak for each laser. Each

peak will occur at a distinct time during the ramp, tb and tg for the blue and green

laser respectively. Those times can therefore be matched to a cavity voltage Vb = V (tb)

and Vg = V (tg). The transfer cavity lock software takes the di↵erence �V = Vb � Vg

and sends a feedback signal to the blue laser to keep this di↵erence constant. It is easy

to see why this is equivalent to stabilising the frequency of the blue laser. The cavity

length at the green peak and blue peak can be given as L0 + Lg,b. The length of the

cavity changes proportionally with the supply voltage to its piezo, hence:

Lb = ↵Vb , (4.6)

Lg = ↵Vg , (4.7)

where ↵ is some constant factor. Also for a transmission peak to occur the length of

the cavity needs to be an integer of half the wavelength of the laser:
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L0 + Lb = m
�b

2
, (4.8)

L0 + Lg = n
�g

2
. (4.9)

By subtracting the first from the second equation and converting to voltages:

�V = Vb � Vg =
1

2↵
(m�b � n�g). (4.10)

In this equation �g and n are fixed due to the green laser being locked and the cavity

length never drifting so far that n changes. m can be determined by using the waveme-

ter, which can determine the frequency of the laser to a few hundred MHz, which is

much smaller than the 1.5 GHz free spectral range of the cavity. Hence the above

equation gives a direct relation between �V and �b, therefore if �V is kept constant

by the TCL, �b will be fixed.

The above considerations all assumed L0 to be a constant, however the intrinsic

length of the cavity can vary with temperature. Ideally we want the start and end

length (L0 + Ls & L0 + Le) of the voltage ramp to remain constant. However small

temperature variations can lead to small variations in the length �L. Hence if a length

change like this occurs the transmission peak for the green laser will now occur at

Vg + �V = 1
↵

(Lg + �L). But �V can be measured as a deviation from where the green

peak was measured in the previous iteration. Therefore by adding ��V as an o↵set to

the voltage ramp Vr, the temperature drift can be corrected for.

Programming and Hardware The program was written in C#. The voltage inputs

and outputs are controlled through a PCI-MIO-16XE-10 from National Instruments.

The program reads in the voltages from the two photodiodes and the voltage ramp

supplied to the cavity. It outputs a voltage to lock the blue laser frequency and a

second voltage to stabilise the cavity from temperature drifts.

The first stage of the program reads in the voltage ramp and the signals from

the photodiodes simultaneously. This is important so that the ramp voltage can be

associated with the signals from the photodiode. The cavity transmission peaks can

then be plotted against the cavity voltage as shown in Figure 4.14. The program will

then attempt to find the peaks in the data for both the green and blue lasers. It will

do a preliminary analysis, by simply checking if there is any data above a certain set
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Figure 4.14: User Interface of the TCL program. The three panels show the inputs of
the cavity ramp, the photodiode for the green laser and the photodiode for the blue
laser in order. The controls for the program are on the right.

threshold. It also counts how many peaks are identified. If the requirement is fulfilled

it can fit the peaks using two di↵erent methods. The more accurate approach will fit

Lorentz distributions to all the observed peaks. This is time consuming, but does give

an accurate fit of the peaks. The second method will take all the points above a certain

noise level and use them to calculate an average position for each peak. This method

is less precise, but since the evaluation is quicker the repetition rate of the lock can be

improved. The program will record the voltages corresponding to all observed peaks

in two arrays. When the lock is engaged it will take the first entry of each array and

calculate the voltage di↵erence.

While the lock is engaged the program will continuously calculate this voltage

di↵erence and output a voltage to keep it constant. The voltage V
i

after iteration i of

the lock is simply given as:

V
i

= V
i�1 +G⇥ (�Vset ��Vmeas) , (4.11)

whereG is a gain that can be set in the program, �Vset is the set point voltage di↵erence

that needs to be controlled and �Vmeas is the measured voltage di↵erence after that

iteration. This voltage output is supplied to a simple voltage divider that produces

three voltages proportional to each other. These three voltages are passed to the piezo

control of the ECDL grating, the ECDL laser current control and the slave current
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control. By setting the ratios of these three voltages correctly the single mode laser

peak can be moved for several GHz without a mode hop and can be stabilised for

several hours.

When a mode hop occurs the previously set threshold becomes important. The

transmission peaks after a mode hop are typically significantly smaller than during

single mode operation. By setting the threshold carefully the laser lock stops when a

mode hop occurs. This is desirable as it makes it easier to regain the previous mode.

As discussed in chapter 5 the laser frequency will need to be controlled according

to the magnetic field o↵set. Even though the detuning can be calculated it is unlikely

that a MOT can be found without scanning the frequency of the Zeeman laser. The

frequency of the Zeeman laser can be controlled by simply changing the set voltage

di↵erence �Vset. For taking measurements however it is quite important to translate

this voltage di↵erence into an actual frequency scale. We can use the free spectral

range of the cavity, which can be measured out in terms of a voltage di↵erence, to get

a frequency calibration. This can be used to to vary the frequency in absolute steps.

Alternatively it is possible to calibrate the cavity by observing fluorescence from the

di↵erent ytterbium isotopes. For each isotope the movement of the cavity transmission

peak can be recorded, which can be related to the known spectrum of Yb.

4.2.3 556 nm Laser System

The Menlo Systems Orange One is a fiber laser, that uses a Yb3+-doped silica NKT

Photonics BASIK Module laser between 1020 and 1120 nm. It is frequency doubled

in this setup to generate the 556.8 nm needed to address the Yb transition. The

generated 1113 nm light is amplified in three stages and can generate up to 300mW of

power at 556 nm. We have not performed detailed measurements on the laser as it was

thoroughly tested by the manufacturer. It produces < 50 kHz linewidth and can be

tuned in frequency by changing the temperature of the fiber and the voltage applied

to a piezo, which applies strain to the fiber. The piezo can scan the laser over roughly

1 GHz. Below we discuss the techniques used to frequency stabilise the laser.

4.2.3.1 Spectroscopy Chambers

Several di↵erent spectroscopy sources were explored through this work. These include

an ytterbium dispenser cell, a vapour cell and a beam machine. The dispenser cell
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Figure 4.15: The Beam Machine used for ytterbium spectroscopy and locking. The
photo shows the ytterbium deposit on the back window [1].

uses a small source of ytterbium that is heated by supplying a large current to a thin

metal housing. As the ytterbium gets hot, it will spray out in a large cone. This source

releases a large amount of ytterbium and can therefore give a strong absorption and

saturated absorption signals. The drawback is that the ytterbium is quickly depleted

and has to be replenished frequently.

An ytterbium vapour cell was attempted briefly. It provides a good signal initially,

however needs to be kept at a high temperature. When the ytterbium cools down it

settles on the windows and blocks all optical access. This might be prevented by using

di↵erent window material, but was not further pursued.

The spectroscopy source that was used in the final setup was a beam machine.

It relies on a simple ytterbium oven with the exit aperture formed by 55 capillaries

that create a collimated ytterbium beam. The setup is very similar to the main oven

described in section 3.2.1. The final vacuum system is illustrated in Figure 4.15. The

oven is heated by a nozzle heater up to around 480 �C. The beam passes through a

narrow di↵erential pumping tube and a copper gasket with an 8mm hole drilled to

reduce the beam spread. Subsequently two 6 way crosses with viewports can be used

for optical access. The chamber is permanently pumped by a 55 l s�1 ion pump (Vac
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Figure 4.16: Locking setup for saturated absorption spectroscopy with a dispenser cell.
The frequency is modulated by an AOM. The intense pump is retroreflected by a glass
wedge to create the weak probe beam. Absorption signals from both pump and probe
are recorded and subtracted from each other. A Lock-In Amplifier generates an error
signal, which is then fed to a PID loop to lock the laser.

Ion Plus 55, Varian). This ion pump is surrounded by a mu-metal shield to minimise

stray magnetic fields in the spectroscopy section. A valve is included to connect a

roughing and turbo pump for initial pumping. This setup produces a significantly less

intense ytterbium source compared with the dispenser, but it lasts a lot longer.

4.2.3.2 Saturated Absorption Spectroscopy

The saturated absorption spectroscopy was mainly attempted using the dispenser cell.

As it releases ytterbium in a large cone, the obtained spectrum will be strongly Doppler

broadened. We therefore need to obtain a Doppler-free feature to lock the laser with

enough precision. Saturated absorption occurs when an intense pump beam is counter-

propagated with a weak probe from the same laser. The setup is shown in Figure 4.16.

If the laser is on resonance the atoms travelling perpendicular to the beam are strongly

saturated. The counter-propagating beam can therefore not interact with these atoms

and very little light is absorbed. This dip in absorption occurs only for those atoms

with zero velocity component in the direction of the lasers. For atoms with non-

zero velocity the pump and probe are oppositely Doppler shifted. When scanning the

laser over the transition this can therefore be observed as a peak inside the Doppler

broadened absorption feature (see Figure 4.17).
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Figure 4.17: Saturated absorption feature obtained from the dispenser cell. The peak
has a FWHM of 3.6MHz.

The saturated absorption peak shown in Figure 4.17 has a linewidth of 3.6MHz,

which is narrow enough to achieve good locking. To eliminate the Doppler broadened

background we measure the absorption of the pump beam, which does not have a

saturated feature and subtract this from the absorption of the probe beam. To lock

to this signal we are modulating the frequency of the AOM at around 3 kHz. The

saturated absorption signal is modulated at the same frequency and the amplitude of

this modulated output signal is proportional to the gradient of the saturated absorption

peak. This is zero on resonance, large at the sides of the peak and small again in the

wings. The output therefore has the typical dispersion shape, with a zero crossing at

resonance. This error signal can be used to lock the laser.

Even though the locking achieved this way was satisfactory, it was not chosen for

the final design as the dispenser depleted of ytterbium too quickly. It needed to be

refilled about every second week, which involved a lot of work and was therefore too

impractical.

4.2.3.3 Frequency Modulation Spectroscopy

Frequency Modulation spectroscopy was attempted using the Beam Machine. The

setup with an EOM closely resembled the caesium setup shown in Figure 4.4 (a). We

used an EOM with a resonance frequency of around 9MHz. The electronic components
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Figure 4.18: Frequency Modulation signal of the 556 nm laser in the Beam Machine.
Signal obtained with a single pass through the Yb is shown in red, and with 5 passes
in blue.

used to extract the dispersion signal were the same as in the caesium setup (see section

4.1.2.2). However only a weak FM signal was observed. To enhance the signal we

attempted to pass it through the atomic beam 5 times. This lead to moderate success

and a dispersion signal with a peak to peak width of roughly 20MHz (see Figure 4.18).

This is su�cient for locking, however even after 5 passes the signal remains very noisy.

This led to the lock being unstable.

4.2.3.4 Fluorescence Spectroscopy

For the final setup the laser was locked simply to a Doppler broadened fluorescence

signal. The main challenge in this is detecting a strong fluorescence peak due to the

transition’s narrow linewidth. We therefore use a large gain photodiode in a special

housing to maximally amplify the signal. We also use lenses and mirrors to direct most

of the fluorescence onto the photodiode (see Figure 4.19).

A lens and mirror is placed so that 13% of the fluorescence is collected by the

lens and focussed onto the photodiode. The concave mirror is placed at the bottom

viewport to reflect fluorescence back onto the photodiode. The photodiode (OSD50-E,

Centronics) was used with a large gain amplifier. This requires it to be shielded from

its surroundings so noise is reduced. It is therefore encased in a copper housing and
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Figure 4.19: Setup for fluorescence spectroscopy (a) The housing of lens and photodi-
ode is designed to fit directly over the viewport to avoid stray light on the photodiode.
A mirror is fitted on the bottom viewport to reflect the fluorescence back to the pho-
todiode. (b) The lens and mirror setup captures the light from the largest possible
solid angle. The light emitted upwards (green lines) and downward (purple lines) is
collected onto the photodiode. Light that will reflect inside the beam machine will miss
the photodiode (red line). Dimensions are in mm [1].
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Figure 4.20: The dispersion signal obtained from the Doppler broadened fluorescence
peak. The feature has a 25MHz peak-to-peak width.

powered by batteries to avoid the 50Hz noise from the mains circuit.

We can detect a strong fluorescence spectrum with this setup and can therefore use

this to derive an error signal. This is done very similarly to the saturated absorption

lock. The fluorescence is modulated at the modulation frequency by the AOM and we

extract a dispersion signal in the same way as in the saturated absorption case using

a Lock-In amplifier.

We obtain a dispersion signal with 25MHz peak to peak width as shown in Figure

4.20. The signal is less noisy compared with the FM signal and therefore provides

a much more stable error signal. We can find an upper limit for the stability of the

laser by locking it and monitoring the noise of the dispersion signal. As we know the

gradient of the dispersion signal we can relate this voltage to a frequency. This method

can only give an estimate of the performance of the lock as it measures noise in the

electronics that does not need to be related to frequency drifts. On the other hand this

method might not pick up electronic drifts in the locking equipment. Figure 4.21 shows

that the noise of the laser initially decreases with increasing the modulation frequency.

As the laser noise plateaus at 3 kHz with about 1MHz noise, the lock is operated with

3 kHz modulation. Considering we will widen the laser linewidth as described in section

4.2.4 this should be su�cient for the purposes of getting a stable MOT.
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Figure 4.21: Modulation frequency of the AOM against the noise of the dispersion
signal. The noise in the dispersion signal was converted into an upper limit of the
frequency noise of the laser. The graph plateaus at 3 kHz as the noise on the laser is
below that frequency. We can expect less than 1 MHz noise at hight enough modulation
frequency.

4.2.4 Frequency Broadening

Sidebands were added to the MOT light by modulating AOM12. This is done to

broaden the linewidth of the light, which should improve the capture velocity of the

MOT. It will however also lead to a higher Doppler limited temperature in the MOT.

We add a 25 kHz frequency modulation to the Yb MOT AOM using a signal

generator (E4421B ESG, Agilent). We chose the lowest modulation frequency available

by the equipment. This was done to keep the sidebands added close to the carrier

frequency, thereby e↵ectively broadening the linewidth. This can be observed in Figure

4.22 (a). The amplitude of the signal determines the number of sidebands added and

thereby how much the line is broadened. Figure 4.22 (b) shows that the e↵ective width

can be tuned linearly with the modulation amplitude. We can broaden the modulation

up to 12 MHz.

4.2.5 MOT, Zeeman Slower and Imaging Optics

The MOT light is transferred via polarisation maintaining fibers to the Science Cham-

ber. The light polarisation is matched to the fast axis of the fiber. The fiber polarisation
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Figure 4.22: Frequency broadening of 556 nm light (a) Frequency spectrum of laser
with 60 sidebands separated by 25 kHz. (b) E↵ective full width half maximum of the
broadened laser against the modulation amplitude with 25 kHz sidebands.

can be matched by heating the fiber and monitoring the output polarisation through

a polariser. When the fiber is heated the internal birefringence will change if the light

is not polarisation matched to the axis. This will cause oscillations in the polarisation

when heat is applied to the fiber. We can rotate the fiber and monitor these oscillations

until a minimum is found.

The horizontal beams are shown in Figure 4.5. They are retro-reflected and a retro-

reflected vertical beam is added to make up the six laser beams that are needed for

MOT confinement. The beams are expanded to 1/e2 diameter of 24.4 ± 0.2mm with

each beam supplying up to 14.0± 0.1mW power.

The Zeeman slowing beam first needs to be spatially filtered by a 50µm pinhole to

achieve a roughly Gaussian beam profile. This is important as interference fringes will

otherwise lead to areas where the atoms will not be slowed by the Zeeman beam. 28%

of the power is lost by this spatial filtering. It is then passed through f = �25mm,

f = �100mm and f = 250mm lenses (LD2297-A, LD1613-A, LA1301-A, Thorlabs)

as shown in Figure 4.6. This creates a large beam that is focussed down to 307 ± 8µm

at 1.93 ± 0.01m away from the entrance viewport.

Absorption imaging was attempted with a third Nichia diode, which however had

to be cooled to a temperature of 3 �C. This led to severe instabilities and frequent

mode-hops, which made it challenging to obtain a signal. As no further diodes could

be acquired, the imaging light was finally derived from the ECDL laser by shifting the

frequency back to resonance with the use of AOMs. As not much light is required for

the absorption imaging this was an acceptable solution. For the absorption images in
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this work the absorption light was not merged with a MOT beam, but passed through

the viewports dedicated for the optical dipole trap. The light was focussed onto a

camera (Luca S-856M, Andor Technology) using an achromatic lens. A shutter was

mounted in front of the camera to avoid exposure from other sources. The absorption

beam was switched using one of the AOMs.

We use fluorescence detection to measure the number of atoms in the MOT for

both ytterbium and caesium. For this, a lens collects the fluorescence above the main

chamber and focusses it onto a photodiode as shown in Figure 4.5. These measurements

can be calibrated by using absorption images to obtain an accurate total atom number.

The equation (4.4) needs to be slightly amended to be valid in the case of ytterbium.

As bosonic Yb does not have a structure in the ground state the Clebsch-Gordan

coe�cients C1 = C2 = 1. The experiment however adds sidebands to the MOT beams

to widen them. This significantly a↵ects the detuning �. As it is di�cult to account

for the sidebands directly, we simply assume the transition has been widened by some

FWHM �� around a centre detuning �. We can integrate over the relevant detunings

to adjust for the broadened linewidth. The atom number is therefore given by:
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(4.12)

This equation was used for all Yb atom number calculations unless otherwise indicated.
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Chapter 5

Zeeman Slower

We aim to capture ytterbium atoms directly into a “green MOT” operating on the

narrow 1S0 ! 3P1 transition. As will be discussed in chapter 6 the capture velocity of

this MOT is very small and so it is crucial to use a carefully designed Zeeman slower

that can deliver a large number of Yb atoms with low enough speed to be captured.

The Zeeman slower for Yb operates on the broad 1S0 ! 1P1 transition at 399 nm. It

must also be capable of delivering caesium atoms to the Cs MOT. For Cs, the slower

uses the 6S1/2 ! 6P3/2 D2 transition with both hyperfine components present in the

light (main cooling and repump).

The first successful Zeeman slowing was done by Phillips and Metcalf in 1981, who

slowed Na atoms by 40% [117]. They exploited the Zeeman shift induced by a magnetic

field to compensate the changing Doppler shift as the atoms slowed down so that they

remained always in resonance with the counter-propagating laser beam. By refining

these methods Prodan et al. demonstrated in 1985 that an atomic beam could be

brought completely to rest with help of a Zeeman slower [118]. These early Zeeman

slowers were usually constructed out of a single coil with the number of layers at each

position chosen to give the desired field profile. Since then, various other options to

construct a Zeeman slower have emerged. Bell et al. have constructed a Zeeman slower

using just a single layer of coil [119]. The field profile is created by varying the winding

pitch of the coil. The required magnetic field can also be created using a number of

permanent magnets [120]. The advantage is that no current sources are needed and the

magnets can easily be moved to alter the field profile. However the permanent magnet

Zeeman slower cannot easily be turned o↵, which is desirable in trapping applications.

Furthermore there have been a number of dual species Zeeman slowers designed to slow

83



5.1. Basic Physics 5. ZEEMAN SLOWER

Figure 5.1: The ideal field profile for a Zeeman slower without any o↵set field. The
red curve is used with �� light and the blue curve is used with �+ light.

two atomic species simultaneously. Okano et al. showed that lithium and ytterbium

can be slowed simultaneously using the same magnetic field profile [121]. This is due

the atomic constants involved leading to similar optimal fields. For most pairs of atoms

such a slower is not possible or is very ine�cient for one of the two species [122]. A

slower built by Marti et al. for rubidium and lithium uses a magnetic field split into

di↵erent stages to decelerate both species [123]. Recently a versatile Zeeman slower

was built that can slow di↵erent species by switching the magnetic field from one profile

to another [124].

In the present work two Zeeman slowers were constructed. One is a slower for ytterbium

and lithium using the same magnetic field. It was designed and constructed by Michael

Petersen and me at Imperial College London. The second slower uses a switching field

to decelerate ytterbium and caesium sequentially. It was designed by Steve Hopkins,

Kirsteen Butler, Stefan Kemp and me, and was constructed at Durham University by

Stefan Kemp and Kirsteen Butler.

5.1 Basic Physics

A Zeeman slower is a commonly used device to decelerate an atomic beam. This
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deceleration is achieved by the atoms scattering photons from a counter-propagating

laser beam. Every absorption of a resonant photon will lead to a momentum change of

h/� in the direction of the laser beam, where � is the wavelength of the photon and h

is Planck’s constant. The subsequent spontaneous emission will lead to a momentum

kick in a random direction. Over many scattering events the random kicks will have no

net e↵ect on the mean velocity. The temperature however will rise due to the random

momentum kicks [92]. We will discuss the deceleration of a single atom travelling in

direction ẑ due to the counter-propagating laser beam. The force on the atoms due to

the laser is given by Rh/�, where R is the scattering rate. This scattering rate depends

on the intensity I of the laser beam, the linewidth �, the saturation intensity Isat of

the atomic transition and the detuning � of the laser beam from the transition. It is

given as [92]:

R =
I/Isat

(2(! � !
t

)/�)2 + 1 + I/Isat

�

2
=

s

(2�/�)2 + 1 + s

�

2
, (5.1)

where ! is the laser light angular frequency and !
t

is the angular frequency of the

transition. The remaining symbols are therefore defined as:

s =
I

Isat
, � = ! � !

t

. (5.2)

The largest scattering rate is therefore achieved when the laser light is on resonance

with the transition ! = !
t

. However the atom moving towards the beam will see its

frequency Doppler shifted by v/�, where v is the velocity of the atom. The deceleration

process will change v and therefore influence the Doppler shift, which will detune the

atoms from the light. To counter this detuning a Zeeman slower employs the Zeeman

shift produced by a magnetic field to keep the atoms on resonance. The energy shift

of the transition between the stretched states due to a magnetic field is given by

�µB
z

= [(g
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. It hence depends on the Lande-g factor g
J

and

magnetic quantum numbers M
J

of the ground state g and excited state e, the Bohr

magneton µ
B

and the applied external magnetic field B
z

. To ensure a closed optical

transition we need (M
J

)
e

� (M
J

)
g

= ±1. This means that the transition can be driven

with �+ or �� polarised light, depending on the sign of �µ. If the Zeeman shift varies

along the length of the slower in such a way as to compensate for the variation of the

Doppler shift as the atom is decelerated, then the atom will be on resonance throughout
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the slower, leading to the resonance condition:

�µB
z

h
=

v

�
. (5.3)

We can use this equation to calculate the magnetic field, if we know the velocity v of

the atom through the Zeeman slower. From equation (5.1) we know that the maximum

force is obtained when � = 0 and s >> 1. Hence the maximum acceleration is:

amax =
�~k
2M

, (5.4)

where M is the mass of the atom. However due to the random nature of the emission

process and the fact that the laser will never be exactly on resonance or have infinite

power, this maximum acceleration cannot be assumed. Hence we assume that the atom

experiences a constant deceleration of:

a = ⌘amax , (5.5)

where ⌘ is a factor between 0 and 1. This ⌘ factor hence determines the acceleration the

atoms should experience through the Zeeman slower. We want to design a magnetic

field that decelerates the atom almost to rest from an initial velocity v0 at a constant

acceleration. Hence the length of the Zeeman slower is easy to calculate:

L0 =
v20

2⌘amax

. (5.6)

From this equation it becomes apparent that a large ⌘ will lead to a short Zeeman

slower, but then the atom is required to be always almost perfectly in resonance with

an intense laser beam. Any small imperfection in the field would mean it is lost from

the slower. When ⌘ gets smaller imperfections in the B-field become less critical and

the laser beam can be less intense. The length of the Zeeman slower however will

increase, which can lead to practical space constraints. Assuming an atom enters the

Zeeman slower at the velocity v0, its velocity through the slower is given by:

v(z) = v0

s

1� 2az

v20
. (5.7)

By substitution into equation (5.3) a magnetic field profile as a function of the position
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along the Zeeman slower is obtained:

B
z

=
h
p

v20 � 2az

�µ�
+Bo↵set . (5.8)

Bo↵set is introduced as an o↵set in the magnetic field to ensure that the Zeeman slower

light is not on resonance in the MOT (see Section 5.2). This leads to a magnetic field

profile as pictured in Figure 5.1, which will slow all atoms that are travelling slower

than the speed v0 at the start of the slower. This speed is called the capture velocity

and should be chosen so that most atoms emerging from the oven can be slowed by

the apparatus. In Figure 5.1, Bo↵set is set to zero.

Equation (5.4) illustrates that the ideal Zeeman field is heavily dependent on the

properties of the atomic species that is meant to be slowed. In section 5.2 we investigate

the relevant species for this thesis and how the required magnetic fields are produced.

5.2 Design

Two di↵erent Zeeman slowers were constructed. One was designed to slow lithium and

ytterbium simultaneously and the other was designed to slow caesium and ytterbium

sequentially. The relevant atomic properties are described in section 2.2. We will

explore the di↵erences in design of the two slowers throughout this section.

5.2.1 Length, ⌘ and v0

The most fundamental restriction on our Zeeman slowers was in both cases lab

space. We therefore had to design a Zeeman slower with an acceleration a and capture

velocity v0 that would slow a maximum number of atoms and physically fit in the

available space. To choose a sensible capture velocity we have to investigate the average

speed of an atom emerging from the oven. The velocity distribution along the axis is

given by [92]:

f(v) =

✓

Mp
2⇡ kB T

◆2

v3
z

e
� Mv2z

2kB T , (5.9)

where kB is the Boltzmann constant and T the temperature of the oven. The distri-

butions are plotted in Figure 5.2 for Li at 434 �C, Yb at 434 �C and Cs at 83 �C. The

temperatures chosen in each case are based on the normal operating oven temperature
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Figure 5.2: Graph shows the speed distribution of atoms in an atomic beam. Green
corresponds to caesium at 83 �C, red to ytterbium at 434 �C and blue to lithium at
434 �C. The dotted lines indicate the capture velocities in the lithium/ytterbium slower,
while the solid lines indicate the capture velocities in the caesium/ytterbium slower.

of the Durham oven, as they provide an appropriate vapour pressure for operation (see

section 3.2.1). We want to pick a capture velocity so a majority of the distribution is

slowed, but we are limited by the space and the maximum magnetic field we would need

to produce (see equation 5.8). Furthermore for all the above species it is necessary to

consider the laser power available on the relevant transition to determine a reasonable

⌘ factor.

For the Li-Yb Zeeman slower constructed at Imperial, the length was constrained

to roughly 50 cm. For ytterbium we will choose a capture velocity of v0 = 400m/s

decelerated with ⌘ = 0.35. This results in L0 = 43.4 cm. The ideal magnetic field

for a �� slower is shown as the black dotted trace in Figure 5.3. The magnetic field

o↵set will be discussed in detail in section 5.2.2. The same ideal magnetic field is

obtained for a lithium slower with ⌘ = 0.31 and v0 = 650m/s. Producing this field

profile with magnetic field coils should therefore enable us to slow both atomic species

simultaneously. That a slower like this can work was demonstrated by Okano et al.

[121].

The optimal magnetic field profile depends on the mass, wavelength and linewidth

of the species involved [122]. For Cs and Yb the ideal magnetic field profiles are too

di↵erent to e�ciently slow both. We therefore want to construct a slower that can pro-
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Figure 5.3: Magnetic field profile of the lithium/ytterbium Zeeman slower. The atoms
originate at z = �10 cm. The Zeeman slower starts at z = 0 cm and the MOT is
located at z = 60 cm. The black dotted line shows the ideal magnetic field according
to equation (5.8) and the values outlined in Table 5.1. The red line shows the simulated
magnetic field according to the windings and currents outlined in Table 5.3. The blue
data points show the measured field of the Zeeman slower. The discrepancies between
simulated and measured field are explained in the text.

⌘ v0 (m/s) L0 (cm) Bo↵set (G) Bend (G) �/2⇡ (MHz)
Yb 0.35 400 43.4 620.4 546.6 869
Li 0.31 650 43.4 620.4 546.6 869

Table 5.1: Design parameters for Li-Yb Zeeman slower.
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⌘ v0 (m/s) L0 (cm) Bo↵set (G) Bend (G) �/2⇡ (MHz)
Yb 0.128 300 70 435 378 609
Cs 0.5 200 70 41.8 13.1 378

Table 5.2: Design parameters for Cs-Yb Zeeman slower.

Figure 5.4: Magnetic field profiles of the Cs-Yb Zeeman slower. The atoms originate
at z = �20 cm. The Zeeman slower starts at z = 0 cm and the MOT is located at
z = 75 cm. The red dotted line shows the ideal magnetic field for ytterbium and the
red solid line show the measured profile. The blue dotted line shows the ideal field for
caesium and the blue solid line corresponds to the measured field.

duce two di↵erent profiles with the same coils but di↵erent currents. Caesium requires

a longer slower than ytterbium as smaller line width leads to a smaller maximum accel-

eration. Considering the lab space in Durham we built a 70 cm long slower. The space

constraint requires a high e�ciency Zeeman slower with ⌘ = 0.5 and v0 = 200m/s

for Cs. As can be seen in Figure 5.2 this capture velocity should allow us to slow a

significant portion of the beam. Due to the higher scattering rate of ytterbium we can

choose a low ⌘ = 0.128 for the ytterbium Zeeman slower. This should lead to a high

e�ciency as a smaller scattering rate is required. Choosing this value gives a capture

velocity of 300m/s, which again slows a significant portion of the beam. We obtain

two ideal magnetic field curves that are shown in Figure 5.4.
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5.2.2 Magnetic Field O↵set

As can be seen in Figures 5.3 and 5.4 the magnetic field at the end of each Zeeman

slower is not zero, but has an o↵set Bo↵set as introduced in equation (5.8). There are

several reasons why this o↵set is necessary.

We discussed in section 2.2.2 that the Yb 1S0 ! 1P1 transition used for the Zeeman

slower is not completely closed, but can decay to the 3D states with a branching ratio

BD. We therefore want to ensure that the laser beam for the Zeeman slower, which

has to intersect with the trapping region, does not excite trapped atoms. The rate at

which atoms will escape the cooling cycle due to this loss is given by R ⇥ BD, where

R is the scattering rate in the MOT from the Zeeman slower beam. Just considering

this loss mechanism the trap lifetime ⌧ will be limited to RBD = 1/⌧ . Using equation

(5.1), we can rearrange for the detuning of the laser:
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If we assume s = 4 for an upper limit of the Zeeman laser beam, we would obtain a

lifetime ⌧ = 0.13 s if the Zeeman light is on resonance in the MOT. We can however

detune the Zeeman light and compensate by o↵setting the magnetic field. We want

to choose a large detuning for ytterbium to ensure that the lifetime of our MOT is

not limited to loss to the 3D states. For the Li-Yb Zeeman slower we have chosen a

detuning of ! � !
t

= �2⇡ ⇥ 875MHz, which gives us the limit ⌧ = 100 s. At this

detuning we therefore expect the lifetime to be limited by background gas collisions

rather than by loss to the 3D states. The magnetic field needed to cancel out the

detuning is given by:

! � !
t

= �µ
B

Bo↵set

~ . (5.11)

Therefore an o↵set field Bo↵set = 620.4G is needed.

We have the same problem in the Cs-Yb Zeeman slower. However due to some

geometric constraints of the slower (see section 5.2.3) we are limited by the maximum

current we can pass through the last coils. We can apply an o↵set field of 378G, which

will mean the laser can be 2⇡ ⇥ 609MHz detuned. Considering the limit s = 4 we

obtain the limit ⌧ < 48 s, which is enough for any application of this apparatus. The

o↵set of the Cs profile is set to 13.1G. Cs does not require such a large o↵set as repump

lasers are used to keep the atoms in the cooling cycle.
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Figure 5.5: Influence of the Zeeman slowing beam on the ytterbium MOT. The typical
parameters for MOT and Zeeman operation were estimated: sZ = 0.2, sM = 30,
�M = 2⇡ ⇥ 5MHz (a) The displacement of the MOT due to the Zeeman slowing beam
against the detuning of the Zeeman slowing beam. (b) The ratio of the Zeeman heating
rate over the MOT heating rate against the detuning of the Zeeman beam.

The second reason why a magnetic field o↵set is necessary becomes apparent when

considering what happens at the end of a Zeeman slower. If we used a Zeeman slower

with no magnetic o↵set, the atoms would be slowed to 0m/s as outlined in section 5.1.

However the atoms will still be in the path of the laser beam and on resonance with

the beam. Therefore all the atoms will be turned around inside the slower. We need

the atoms to leave the Zeeman slower with a small, but positive velocity, and so we

need to make sure that when the atoms reach their target velocity they are quickly

detuned from the laser beam. This is achieved most easily by rapidly changing the

magnetic field. As shown in Figures 5.3 and 5.4 the measured field does not follow

the ideal field to the end. Furthermore in both slowers the field is terminated over

the shortest distance possible (see section 5.2.3). This distance can be kept short if

the magnetic field at the end of the slower Bend is high. As the Cs MOT has a high

capture velocity the final velocity of Cs atoms from the Zeeman slower is less critical.

For ytterbium however the low capture velocity requires a very sharp magnetic field

cut-o↵. We choose Bend to be 378G for the Durham slower and 546G for the Imperial

slower. The exact point where the field needs to be terminated was determined by

using the numerical simulation outlined in section 5.3.

Additionally, as the Zeeman beam passes through the MOT region, it will a↵ect

the MOT. Especially for ytterbium the Zeeman slowing beam can exert a significant

pushing force on the atoms in the MOT, which will e↵ectively displace the MOT. We
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will derive the position dependent force (equation (6.8)) of the MOT in section 6.1.2.

By equating this to the pushing of the Zeeman beam an equilibrium position of the

MOT can be computed:

zMOT =
h sZ �Z �M �M (1 + sM + 4 �2M/�

2
M)

2

32µB B0 ⇡ sM �M �Z (1 + sZ + 4 �2Z/�
2
Z)

. (5.12)

The subscripts M and Z denote the MOT beams and the Zeeman slower beam respec-

tively and B0 is the magnetic field gradient of the MOT. Using the Zeeman and MOT

beam parameters that were used in the experiment, outlined in section 4.2.5, Figure 5.5

(a) is obtained. It shows that the push of the Zeeman slower decreases when increasing

the Zeeman beam detuning. It predicts a displacement of roughly 4mm at a detuning

of 600MHz. We therefore expect to see visible push from the Zeeman beam in the

Durham MOT. We can also compare the heating rate of the MOT and the Zeeman

slower by forming a ratio:

Zeeman slower heating rate

MOT heating rate
=

(h/�Z)
2 RZ

(h/�M)2RM

. (5.13)

Figure 5.5 (b) shows this ratio as function of the Zeeman beam detuning. Similarly to

the pushing the heating of the Zeeman slower is more significant at lower detunings.

At 600 MHz we expect a ratio of 0.55. The temperature of the MOT should therefore

be a↵ected by the Zeeman slowing beam. Both of these e↵ects show that it will be

important to block the Zeeman slowing beam after enough atoms have been loaded.

5.2.3 Magnetic Field

In both Zeeman slowers the magnetic field is produced by coils wrapped around a

small diameter tube. We wrap multiple coils so that we can use di↵erent currents and

use them to tune the required magnetic field profile. To calculate the entire magnetic

field we have to consider the magnetic field of a single coil at position z
c

and radius r
c

carrying a current I. The longitudinal field B
z

and the transverse field B
r

are given

by the formulas:
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Coil
Position
(cm)

Length
(cm)

Turns Layers
Simulated

Currents (A)
Measured

Currents (A)
1 -3 6.3 15 15 -2.22 -2.2

Gap 1 3.3 7.4
2 10.4 3.4 8 2 7.00 6.96
3 14.1 3.4 8 4 7.00 6.96
4 17.8 3.4 8 5 7.00 6.96
5 21.5 3.4 8 9 7.00 6.96

Gap 2 25.2 1.1
6 26.6 3.4 8 12 7.00 6.96
7 30.3 3.4 8 12 7.00 6.96
8 34.0 3.4 8 15 7.00 6.96
9 37.7 3.4 8 35 8.04 8.02

Gap 3 41.4 1.1
10 42.4 2.1 6 10 40.0 34.0

Table 5.3: The positions, lengths and currents of the coils making up the Li-Yb Zeeman
slower. Each coil is wound using rectangular wire, 4.2 mm wide and 2.7 mm high. The
simulated and measured currents are used to obtain the traces in Figure 5.3.
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where EllipticK and EllipticE are the complete elliptic integrals of the first and second

kind, and z and r are the axial and radial coordinates. These equations can be added

up for all wire loops in the arrangement to find the total magnetic field profile of the

slower.

For the Li-Yb slower we chose to wind 10 independent coils (see Figure 5.6). This

design provided a lot of flexibility to fine-tune the final magnetic field profile. We
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Coil Cs Currents [A] Yb currents [A]
Design Optimised Design Optimised

Solenoid -18.85 -19.65 38.1 36.5
1 -1.25 -1.235 -4 -3.82
2 1.25 1.235 4 3.82
3 33.6 27.98 149 141.4
4 -26.9 -23.02 -116.5 -109.2

Table 5.4: The designed and optimised currents for the Cs-Yb Zeeman slower.

could change the exact position of each coil as well as the current flowing through

each. To ensure that this design could produce a satisfactory magnetic field profile we

simulated the coils using MATHEMATICA to find the currents required through each

coil to match the ideal field as closely as possible (see Table 5.3). From the simulated

trace in Figure 5.3 we can see that we are expecting some small discrepancies between

the ideal field and the real field. These discrepancies will lead to small changes in

the acceleration in that section and should not a↵ect the performance of the slower as

we will see in the section 5.3.2 where simulations of the slower are discussed. In the

final design of the Zeeman slower we added two magnetic shields to ensure a sharper

magnetic field drop-o↵ and avoid the field from the Zeeman slower leaking into the

trapping region. Furthermore we required a water cooling jacket in-between coils 9

and 10 to reduce the temperature. By measuring the field with a Hall probe, we could

adjust the currents to find the best fit to our simulations. The currents we used are

outlined in Table 5.3 and the measured field is shown in Figure 5.3. The curve does

not match around the origin because the coils could not be compressed to the original

designed length. The rest of the measured points lie slightly higher than the simulated

curve, but overall show good agreement. Furthermore we measure sharper field drop

o↵s at the end due to the magnetic shields, that were not simulated. The measured

field was used in the numerical simulation to ensure we could expect a satisfactory

performance (see section 5.3).

For the Cs-Yb Zeeman slower we chose an arrangement of five coils (see Figure

5.7). A solenoid is wound the whole length of the Zeeman slower and serves mainly

the purpose of controlling the o↵set field and thereby the required laser detuning �.

Coils 1& 2 are wound on top of the solenoid and create the bulk of the Zeeman slower

field. The coils were wound separately as they need the current supplied in opposing

directions. This ensures that the profile crosses through 0G (see Figure 5.4). By
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including this zero crossing we keep the overall field smaller and therefore reduce the

currents and coil windings required. Coil 3& 4 are used to create the large magnetic

field and sharp cut-o↵ at the end of the slower. By running two coils with opposite

currents close to each other we gain fine control over the exact maximum field and the

sharp cut o↵. This is important as it tunes the exact velocity of the atoms exiting the

Zeeman slower, which will directly relate to loading rate of the MOT. As no magnetic

shield was implemented in this design, we need to use a combination of shim and

compensation coils to cancel the magnetic field from the Zeeman slower in the MOT

region. The exact positions of these coils is outlined in section 6.2. We again used a

Hall probe to match the desired field as closely as possible and the measurements are

shown in Figure 5.4. As discussed before any deviation from the ideal field will simply

result in a small change of the acceleration in that section. The maximum field of the

slower is again cut short to avoid turning atoms around inside the slower.

5.3 Numerical Simulation

In collaboration with Mike Tarbutt, I constructed a numerical simulation in MATH-

EMATICA to simulate the evolution of the atoms through the Zeeman slower. This

was done to find the optimum design for the slowers and to investigate the important

parameters we can manipulate. The following section discusses the simulation and

the results that can be drawn from them. The code of the program can be found in

Appendix A.

5.3.1 Simulation Code

The simulation tries to follow the basic physics principles of the Zeeman slower as

closely as possible. The program takes the measured magnetic field as an input. It

assumes a Gaussian laser beam and requires as input the position of the waist with

respect to the beginning of the slower z
w

and the Rayleigh range z0 of the laser beam.

We create an initial atom distribution emerging from a small aperture based on the

Maxwell-Boltzmann distribution (see equation 5.9). We calculate every atom individ-

ually as it travels through the slower. We do this by evaluating the change in position
�!r and velocity �!v of every atom over a small time step �t. The average number of

scattering events per atom and time step is given by R �t. The scattering rate R can be

calculated using equation (5.1) with the appropriate s for the position of the atom in
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the beam. The actual number of scattering events in any time step is random, therefore

we pick a random number n from a Poisson distribution with an average R �t for each

time step. Each of these scattering events will consist of an absorption and emission

event that will lead to a momentum kick. We will start by discussing the momentum

kick due to the absorptions. These absorption events are in the direction the photon

is travelling, which will depend on the position of the atom in the laser beam. The

velocity changes due to the absorption is given as:

�������!
�vAbsorption = � nh

M�

0

B

@

x/⇢

y/⇢
p

(1� (x2 + y2)) /⇢2

1

C

A

, (5.16)

where x, y and z define the position of the atom at the beginning of the time step and

⇢ is the radius of curvature of the laser beam at that position. It is given by:

⇢ = (z + z
w

)

 

1 +

✓

z0
z + z

w

◆2
!

. (5.17)

We also need to consider the spontaneous emission event, which will result in a mo-

mentum kick in a random isotropic direction. The resulting velocity change due to one

photon k is:

⇣������!
�vEmission

⌘

k

=
h

M �

0

B

@

sin ✓ cos�

sin ✓ sin�

cos ✓

1

C

A

, (5.18)

where � is selected from a uniform distribution between 0 and 2⇡ and ✓ is selected from

a sin distribution between 0 and ⇡ to ensure uniform distribution around a sphere. We

can compute the overall velocity change due to emission by summing over all scattering

events:
������!
�vEmission =

n

X

k

⇣������!
�vEmission

⌘

k

. (5.19)

We can therefore construct a recursive formula for the velocity of the atom after the

ith time step:

�!v
i

= ��!v
i�1 +

������!vAbsorption +
�����!vEmission +

0

B

@

�g �t

0

0

1

C

A

. (5.20)
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where g is the acceleration due to gravity which is simulated in the x direction. The

new position of the atom is computed from the previous position and velocity:

�!r
i

= ��!r
i�1 +

��!v
i�1 �t . (5.21)

Using the formulas we can calculate the position and velocity of an atom after every

time step. The main interest of the simulations are the velocity and position spread of

the atoms after leaving the Zeeman slower. We therefore need to run the simulation

over enough time steps so that all atoms have left the slower.

By going through these equations for every atom in the simulation we can record

how an atom travels through the slower. From that we can draw conclusions on the

various parameters that control the Zeeman slower, such as the magnetic field profile

and the laser detuning, power and beam shape. We therefore used this simulation to

get reasonable estimates for both Zeeman slowers.

5.3.2 Simulation Results

This section focuses on the results for ytterbium of the Cs-Yb slower. The conclusions

also apply to Li-Yb slower. We omit Cs from this discussion as it is easier to slow and

trap.

For all the simulations below we used the magnetic fields we expect when using the

optimised currents given in Table 5.4. The atoms originate on the z-axis at z = �0.3m,

with axial velocity distributed according to a Maxwell-Boltzmann distribution. The

transverse velocity is zero. The laser beam of the experiment is described in section

4.2.5. We use a Gaussian beam for the simulation that resembles the actual beam as

closely as possible.

We will first discuss the results that can be obtained from a single run of the

simulation. The movement of the atoms in a single run are shown in Figure 5.8 (a).

Atoms faster than 300m/s are not slowed and travel straight through the slower. Most

atoms are slowed slightly as the magnetic field is ramped up. Then they travel through

the slower at constant velocity until they are in resonance with the laser beam. From

this point all atoms follow the same trajectory to the end of the slower. Atoms can

drop out of the Zeeman slower prematurely because, by chance, they do not undergo

enough scattering events. Atoms that travel to the end of the Zeeman slower can
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receive too many scattering events and be turned around. Only the atoms that are

ejected from the slower at a small positive velocity can be captured inside the MOT.

The final velocity of the atoms can be controlled by a number of parameters.

We are mainly interested in this final velocity. Figure 5.8 (c)-(e) show the final

velocity distributions of simulations with 1000 atoms and 40mW of laser power. Real-

istically we can only trap atoms that are travelling slower than 10m/s (see chapter 6).

The three graphs show that we can control the final velocity distribution by changing

the detuning of the laser. If the laser is too far detuned, -608MHz (Figure 5.8 (e)), the

atoms will leave the Zeeman slower at velocities larger than 10m/s. Those atoms can

therefore not be trapped. With too little detuning, -592MHz, some of the atoms will

undergo too many scattering events and are turned around inside the slower. Figure

5.8 (c) shows that the final velocity distribution is split. This splitting is due to the

end conditions of the simulation. The simulation will run for a long time to ensure

that all atoms have passed through the Zeeman slower. It stops when an atoms passes

through the MOT region. However atoms that are slowed down to 0m/s will not pass

through the MOT region and will therefore be simulated for a longer time. Therefore

it is likely that a few scattering events will eventually turn them around. In practice

we expect atoms that reach 0m/s to drop under gravity and therefore collide with the

walls. The optimum trapping is expected when most atoms exit the slower between 0

and 10m/s at a detuning of -596MHz (Figure 5.8 (d)).

This behaviour can be explored further by running several simulations and changing

the detuning. Figure 5.8 (b) shows the number of atoms travelling slower than 10m/s

for di↵erent powers and detunings. We observe that the optimum power and detuning

are interlinked giving each curve a maximum at di↵erent detunings. More power will

lead to more o↵-resonant scattering at the end of the slower, which increases the chance

of turning atoms around. Therefore higher powers will have an optimum at larger

detuning. There is a sharp cut-o↵ in the power required to slow atoms e↵ectively. The

graph shows that hardly any atoms are slowed at 22mW, but this rapidly increases

at 25 and 30mW. The slower will need a minimum power, which is controlled by the

⌘ factor we chose earlier. Therefore if the power drops below a certain threshold the

atoms will drop out of the Zeeman slower before the end. However increasing the power

above 40mW will not lead to a significant gain in slowed atoms. The power is su�cient

to eliminate almost all early drop outs and therefore a power increase will not improve

the trap. The curves have a FWHM of around 15MHz.
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From these simulations we can gain a clear insight into the workings of the Zeeman

slower. The results above will be compared to the experimental results outlined in

section 5.4.

5.4 Experimental Results

5.4.1 Ytterbium

All results discussed here will be in terms of total atom number in the MOT. The

ytterbium experiments all follow the same experimental procedures. The MOT (de-

scribed in chapter 6) is loaded for 3 s and the maximum fluorescence is recorded with

the photodiode. This is repeated 8 to 15 times to obtain an error estimate on the

measurement. The output voltage from the fluorescence photodiode is then converted

into an actual atom number as outlined in section 4.2.5. We did not conduct any

experiments on the final velocity distribution of the atoms exiting the Zeeman slower.

When investigating the Zeeman slower by studying the MOT we have to ensure that

the MOT is not a↵ected by other e↵ects unrelated to the Zeeman slower. Most notably

we observed that the MOT position changed with varying the laser power and detuning

of the Zeeman slowing laser, as well as the final magnetic field of the slower. For all

experiments below we tried to ensure that the MOT was in the centre of the Science

Chamber. Furthermore we should note that the optimum configuration was only found

for certain MOT parameters. While in general we expect the MOT and Zeeman slower

to work independently, we did not explore a possible connection of their parameters.

We will explore the results for slowing ytterbium first. For all the Yb experiments

the MOT was run with a field gradient of 3.66G cm�1. The MOT light was red detuned

by 5MHz and the FWHM of the sidebands was 3.35MHz (see chapter 6 for an expla-

nation of these parameters). All results are shown for 174Yb. We have also trapped
172Yb and 176Yb, but have not found any di↵erences in Zeeman slowing behaviour.

The first step in optimising the Zeeman slower was optimising the magnetic field

coils. For these experiments the Zeeman beam was run at 69mW power and -589MHz

detuning. The coils cannot be optimised independently because changing one coil will

change the optimum of the other coils. For this process we brought all coils close to the

optimum we could find. After that we varied the currents in each coil individually. A

more thorough investigation of the dependencies of the coils could lead to improvements

in the Zeeman slower. Figure 5.9 shows that clear optima for all the coils can be found.
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Figure 5.9: Zeeman coil optimisation for ytterbium. The graphs show the 3 s MOT
load atom number against the supplied current of the di↵erent Zeeman coils: (a) Coil
1 & 2 (b) Coil 3 (c) Coil 4 (d) Solenoid. The lines show the best Gaussian fit.
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Figure 5.10: Zeeman slower data obtained by loading a MOT for 3 s and recording the
atom number. (a) Data for varying the Zeeman light detuning with di↵erent overall
powers: Red = 69mW, Blue = 60.5mW, Black = 37.5mW, Magenta = 35mW (b)
Data for varying power of Zeeman light with di↵erent detunings: Red = -573MHz ,
Blue = -580MHz , Black = -589MHz. Lines are included as a guide to eye.
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Coils 1 & 2 (Figure 5.9 (a)) create the bulk of the Zeeman slowing field. The optimum is

found at 3.82±0.01A, which is 5% smaller than the design value of 4A. Coil 3 (Figure

5.9 (c)) creates the large field required at the end of the slower. Its optimum current

is at 141.4± 0.1, which is also 5% smaller than the design parameter of 149 A. Coil 4

(Figure 5.9 (d)) creates the sharp field drop o↵. It is optimised at �109.2± 0.4A, the

magnitude of which is 6% small than the design current of -116.5A. These di↵erences

maybe due to imperfections in the winding of the coil or field distortions due to the

MOT or Shim coils. The di↵erences could also be due to a systematic calibration error

in the ammeter used to measure the currents. The solenoid current is closely linked

to the laser detuning, therefore the above graph only optimises the coil for the specific

detuning used. The best value for the given detuning was found at 36.5± 0.1A, which

is 4% smaller than the design parameter of 38.1A. The optimum coil parameters are

outlined in Table 5.4.

The optimum power and detuning of the Zeeman slower are closely interlinked as

observed in the numerical simulation (section 5.3). Therefore in order to optimise

the Zeeman slower we run two di↵erent experiments. Figure 5.10 (a) shows curves

with varying detuning, but fixed power. Figure 5.10 (b) shows curves with changing

power and constant detuning. We find a good agreement between these measurements

and the numerical simulations. We observe that with more power a larger detuning

leads to the optimum trapping, as predicted by the simulations. Furthermore the

measurement also demonstrates a cut-o↵ power at around 20 mW. We do however find

some di↵erences between the simulations and the experiments. The atom number seems

to flatten o↵ after a certain power has been reached. However from the simulations

we expected a clear optimum power for a given detuning. Subsequent experiments

did show a misalignment of the Zeeman slowing beam, which could have limited the

power available for slowing. The optimum detuning in the experiment at 69mW is

-589MHz, which is about 20MHz lower than predicted. Furthermore the curves in

the simulation are about 30MHz wider than in the simulation. This can have several

reasons, which makes it hard to determine the actual cause. A possible cause is that

the light reflected inside the Zeeman slower results in some scattering events that push

the atoms in the opposite direction. Even a small reflection could lead to a significant

shift in the optimal detuning. A di↵erent possibility is that the shim coils of the MOT

distort the magnetic field of the Zeeman slower leading to a di↵erent optimal detuning.

Lastly it is possible that one of the assumptions made in the simulation significantly
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(b) (a) 

(c) (d) 

Figure 5.11: Optimisation of Zeeman Slower Coils for caesium. The total MOT
load is recorded with changing currents for (a)Coils 1 & 2, (b)Coil 3, (c)Coil 4 and
(d) Solenoid. The lines are included as a guide to the eye [1].

distorts the result.

5.4.2 Caesium

The caesium results were previously reported in [1]. They will therefore only be dis-

cussed briefly for completeness. In the case of Cs, we use both a main cooling beam

and repump beam for the slower. The repump ensures that Cs atoms are not lost to

the F = 3 hyperfine state. The main cooling light drives the |F,M
F

i = |4, 4i ! |5, 5i
transition, while the Zeeman repump drives the F = 3 ! F 0 = 4 transition (see section

2.2.1). All experiments for the Zeeman slower were again conducted by monitoring the

total fluorescence of the MOT. Figure 5.11 shows the optimum current for all the coils.

All the optimum currents are given in Table 5.4. The Zeeman detuning was not changed
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(a) (b) 

Figure 5.12: Optimisation of the Zeeman slower laser and repump power for caesium.
Both experiments investigate the atom number of the MOT. (a) MOT atom number
against power of Zeeman slower beam (b) MOT atom number against power of repump
beam. Lines are included as a guide to the eye [1].

as changing the solenoid current is essentially equivalent. Figure 5.12 shows the depen-

dencies of the MOT atom number with Zeeman power (a) and Zeeman repump power

(b). There is a clear optimum for the power at 6 ± 0.5mW. Unlike in ytterbium we

do not have a strict threshold power that is required for the MOT. This is because

the MOT capture velocity for caesium is a lot higher and therefore some atoms will

be trapped without any Zeeman slower. However the atom number increases rapidly

with increased power in the Zeeman beam. We expect to find an optimum power as

too much power will lead to atoms turning around inside the Zeeman slower due to

o↵-resonant scattering. Figure 5.12 (b) shows that all atoms are lost from the cooling

cycle with no repump light. At low repump power any increase will lead to a sharp

increase in MOT atom number. At roughly 1mW power the atom number plateaus,

hence the repump light was operated at 3.12± 0.01mW. The measurements indicates

that at least some repump beam is needed to load a MOT successfully. However with

enough repump light the loss routes from the cooling cycle can be almost completely

suppressed.
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Chapter 6

Magneto-Optical Trap

Magneto-optical traps (MOT) have become a standard tool for confining and cooling

neutral atoms. The first MOT was constructed in 1987 by Raab et al. and trapped 107

sodium atoms [125]. Just like modern traps it used the magnetic field created by a pair

of anti-Helmholtz coils and 3 retro-reflected laser beams. Through the polarisation of

the laser beams a force is created that cools and traps the atoms. In this chapter we

outline the underlying physics of the trap (section 6.1) and explore the results obtained

for the caesium MOT (section 6.3) and ytterbium MOT (section 6.4). Lastly we show

that Cs and Yb could be trapped simultaneously in this experiment (section 6.5).

6.1 Basic Physics

Magneto-optical traps were designed to cool and trap neutral atoms at the same time.

The force that makes this possible is created by 6 laser beams in combination with

a magnetic field created by an anti-Helmholtz coil arrangement. The inhomogeneous

magnetic field in combination with the polarisation of the laser beams can create a

force that cools the atoms while pushing them back into the centre of the trap. For the

discussion below we will assume a two-level atom. Section 6.1.1 will explore how the

magnetic field is created and the resulting Zeeman splitting of the energy levels. We

then discuss the cooling and trapping force created by the laser beams (section 6.1.2).

Lastly we include a brief discussion of additional cooling e↵ects which can occur when

there is hyperfine splitting in the ground state (section 6.1.3).
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Figure 6.1: (a) Schematic drawing of anti-Helmholtz coil arrangement. Two coils of
radius R are separated by the same distance. A current I is run in opposite directions
through both coils. (b) Measured vertical magnetic field of the MOT coils at Imperial
College London. The slope is not perfectly straight as the coils were not separated
exactly by their radius. Lines are included as a guide to the eye.

6.1.1 Magnetic Field

The magnetic field is typically created with two magnetic coils of radius R separated

by a distance d so that d = R. Figure 6.1 (a) shows the geometric arrangement of

the coils. A current I is run through both coils, but in opposite directions. Due to

the symmetry of the arrangement there must be a zero magnetic field crossing in the

centre between the two coils. Figure 6.1 (b) shows the vertical magnetic field measured

with the Imperial College MOT coils. It can be observed that the coils create an

approximately linear magnetic field slope with a zero crossing in the centre. A similar

field is created in the horizontal directions, but with half the gradient. Hence the

Zeeman e↵ect will create an energy splitting of the M
J

quantum states. In Figure 6.2

the example of ytterbium is illustrated, where J
g

= 0 in the ground state and J
e

= 1

for the excited state. The level structure for caesium is more complicated, but the

basic principles remain the same. The Zeeman shift is given by equation (2.13):

EZe = g
J

M
J

µBB . (6.1)

As the magnetic field B is varying approximately linearly with position (B = B0 z,

where B0 is a constant), the energy shift is position dependent:

EZe = g
J

M
J

µB B0 z (6.2)
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Figure 6.2: (a) Schematic drawing of the six laser beams with the relevant polarisation
and the two MOT coils. (b) Illustration of the relevant energy levels of ytterbium and
their Zeeman splitting due to the magnetic field. The energy gap addressed by the
laser beams is shown with red arrows. We highlight a position z0 at which the laser
beam is �� detuned from the M

J

= �1 level and �+ detuned from the M
J

= 1 level.
Not to scale.

This e↵ect can be used in combination with laser beams to create a position-dependent

force, which pushes the atoms into the centre.

6.1.2 Laser Force

Six laser beams are aligned through the centre of the MOT where the magnetic field

is crossing zero. Figure 6.2 (a) shows that two counter-propagating beams are aligned

along each 3D axis. This arrangement is necessary so the atoms can be pushed back

to the centre from any position inside the MOT region. An atom in the MOT can

interact with all 6 laser beams. Therefore the interactions need to be engineered so

that the main scattering occurs with the beams that will push the atom back to the

centre of the trap. We will discuss a one dimensional system in detail to explain the

interactions.

We consider the force on an atom at position z0 as indicated in Figure 6.2 (b). The

atoms interacts with a laser beam from the left with �+ polarisation and with a ��

polarised beam from the right. Figure 6.2 (b) also shows the energy shift of the excited

state. The position dependent force of the atom will therefore be the sum of the force
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from the beam from the right and the beam from the left:

Fpos = F
R

+ F
L

. (6.3)

The force from one laser is the product of the scattering rate R (see equation 5.1) and

the photon momentum h/�:

FR =
s

(2�+/�)2 + 1 + s

�

2

h

�
(6.4)

FL = � s

(2��/�)2 + 1 + s

�

2

h

�
, (6.5)

where �+,� are the detunings of the laser from the M
J

= +1 and M
J

= �1 levels

respectively (see Figure 6.2 (b)). They can be determined from equation (6.2):

�± = � ± µB0

~ z0 , (6.6)

where � is the detuning of the laser from the M
J

= 0 level. The coe�cient µ can be

deduced from equation (6.2):

µ = ((g
J

M
J

)
e

� (g
J

M
J

)
g

)µB , (6.7)

where the subscripts g and e indicate the ground and excited state. By Taylor expand-

ing the two forces to first order we can obtain an approximate position dependent force

of:

Fpos ⇡ � 8 ⇡ s �B0

(1 + s+ (2�/�)2)2
z0

�
. (6.8)

Hence the position-dependent force is proportional to �z0, which means that any atom

will experience a force towards the centre of the trap. The force experienced by the

lasers however will not only depend on the position, but also on the velocity of the

atom. As a travelling atom will see the light Doppler shifted it will be brought closer to

resonance with the beam it is travelling towards. If we ignore the position dependence

of the detuning and only consider the velocity dependence, the detuning of the left and

right beams can be given as:

�
r,l

= � ± 2⇡
v

�
. (6.9)

Again by Taylor expanding to first order the velocity-dependent force can be given as:
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Fvel ⇡ � 16⇡ h s �

(1 + s+ (2�/�)2)2
v

��2
. (6.10)

Hence, to a good approximation, the total force consists of two parts; one proportional

to the position �z0 and one proportional to the velocity of the atom �v. The velocity-

dependent part of the force acts as a friction term, which always acts to slow down

the atom. This force will therefore provide the cooling in the MOT. The position-

dependent part always provides a push towards the centre of the trap confining the

atoms. In 3D these consideration apply for all three laser axes separately.

We can derive a cooling limit due to this technique by considering the spontaneous

emission events. Again only one dimension will be considered. For n scattering events,

the average momentum change of the atom is given by:

�p =
p
n
h

�
=

p
Rt

h

�
. (6.11)

The average number of scattering events n in a time t is given by R ⇥ t. The average

energy of the atom can be expressed as:

⌧

1

2M
(�~p)2

�

=
1

2M
(�p2) =

1

2M

✓

Rt
h2

�2

◆

. (6.12)

The heating rate is therefore given by:

d

dt

✓

1

2M

✓

Rt
h2

�2

◆◆

=
h2

2M �2
R =

h2 �

M �2

s

1 + s+ 4�2/�2
. (6.13)

This needs to be compared to the cooling rate rate, which is the rate at which the atom

loses kinetic energy:
d

dt

✓

1

2
Mv2

◆

= mv
dv

dt
= vFvel , (6.14)

where Fvel is given by equation (6.10). In equilibrium the heating and cooling rates are

equal. Hence using the equipartition theorem in 1D

k
B

T

2
=

mv2

2
(6.15)
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Chapter 2. The lithium MOT 42

Figure 2.4: Clebsch-Gordan coefficients for a J = 1 ground state to J ′ = 2 excited
state transition.

higher population than the MJ = −1 state for atoms propagating towards the laser beam

with σ+ polarisation [92]. Therefore these atoms will scatter more photons from the σ+

beam as the transition strength is larger. For atoms travelling in the opposite direction

the situation is reversed, so in both cases there exists a damping force which opposes the

motion of the atoms and leads to cooling.

For the majority of alkali metals, including Na, Rb and Cs, sub-Doppler cooling mecha-

nisms allow temperatures approaching the recoil limit to be reached. For lithium however

no such cooling effect has been observed [78, 93]. This is due to the unresolved hyperfine

structure of the excited state. For sub-Doppler cooling to be effective there must be a well

defined variation in the populations of the ground state Zeeman sub-levels of the cooling

transition. With an unresolved excited state the probability of an atom decaying to the

lower hyperfine ground state is high, thus diluting the population in any given Zeeman

sub-level and resulting in no additional cooling. Therefore for sub-Doppler cooling to work

it is necessary for the cooling transition linewidth to be small compared to the excited

state energy level spacing.

Even though it is possible to cool lithium to temperatures below the Doppler limit by

employing, for example, evaporative cooling [2], or sympathetic cooling [94], some groups

have devised alternative laser cooling schemes for lithium which allow lower temperatures

to be reached. One such example can be found in [95], where lithium-7 has been cooled

to temperatures as low as 60µK using a Λ-enhanced gray molasses scheme on the D1

line. An alternative approach is outlined in [87] where lithium-6 has been cooled on the

narrow 2S1/2 → 3P3/2 UV transition. Due to its narrow linewidth the Doppler limit of the

Figure 6.3: Clebsch-Gordan coe�cients for the ground state |g, J = 1i and excited
state |e, J 0 = 2i transitions. Figure take from [2].

a temperature limit can be deduced:

T =
h�2

16⇡k
B

|�|(1 + s+ 4�2/�2) . (6.16)

This temperature is minimised when s ⌧ 1 and � = ��/2:

T
D

=
h�

4⇡k
B

=
~�
2 k

B

. (6.17)

In the case of ytterbium this leads to a limit of 4.5µK for the 1S0 ! 3P1 transition. The

6 2S1/2 ! 6 2P3/2 Caesium transition has a Doppler limited temperature of 125.6µK.

However due to the hyperfine structure of Caesium sub-doppler cooling is possible.

6.1.3 Sub-Doppler Cooling

There are two common sub-Doppler cooling mechanisms that can occur in an op-

tical trap. For beams with linear-polarisation Sisyphus cooling will occur. As this

method would require changing the polarisation of our MOT beams, we did not test

for this cooling mechanism. A detailed description is given by Dalibard and Cohen-

Tannoudji [126]. For �+ and �� polarised beams, as we have in the MOT, the sub-

Doppler cooling force originates from a selective absorption process due to optical
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pumping. The beam arrangement leads to an overall linear polarisation, where the

polarisation angle rotates through 2⇡ over the distance �. We will discuss an atom

with ground state |g, J = 1i and excited state |e, J 0 = 2i for simplicity. Figure 6.3

shows the Clebsch-Gordon coe�cients for the two states. Consider this atom at rest

under linearly polarised light. An atom excited through ⇡-absorption from M
J

= ±1

will decay to the M
J

= ±1 and M
J

= 0 levels with equal probability. However an atom

excited from the M
J

= 0 level is twice as likely to decay back to M
J

= 0. This will

result in pumping into the M
J

= 0 level, which is the steady state solution. However

for a moving atom the polarisation axis will rotate. Due to the intrinsic pumping time

the steady state solution is not always maintained and the population of M
J

= ±1 can

be greater. Which sub-level has greater population depends on the travelling direction

of the atom. An atom travelling towards the �+ beam will have greater population in

M
J

= +1 and an atom travelling towards the �� beam will have more population in

the M
J

= �1 level. As can be seen in Figure 6.3, the Clebsch-Gordan coe�cients make

it six times more likely for an atom in M
J

= +1 to absorb �+ light than �� light. The

opposite is true for the M
J

= �1 level. Hence the atom will absorb more light from the

beam it is travelling against. This adds an additional friction e↵ect, which will lead to

more cooling. For Cs this scheme works similarly for the M
F

quantum numbers.

6.2 MOT Design

The MOT is built around the science chamber shown in Figure 3.9 (a). Eight of the

sideview ports are designated for the MOT and the absorption imaging of the MOT.

Furthermore the top and bottom viewports are used for the vertical MOT beams of

both Yb and Cs. The MOT coils are placed inside the re-entrant viewports on the top

and bottom. Each coil is wound with square wire 4.3 mm wide and high and consists

of 24 turns stacked 6 layers high and 4 layers wide. To fully control the magnetic field

o↵set inside the MOT chamber three pairs of shim coils are placed around the Science

chamber (see Figure 6.4). These shims operate in pairs of East-West, North-South and

Top-Bottom. Furthermore there is a single compensation coil, which can compensate

a field gradient, that may occur from the Zeeman slower.
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Figure 6.4: The position of the shim and compensation coil around the MOT. The
East, West, North, Top and Bottom shim coils can be seen. The South shim coil is
located on the other side of the Science chamber [1].

6.3 Caesium MOT

The caesium MOT operates on the 6S1/2 ! 6P3/2 D2 transition. We address the

|F,M
F

i = |4, 4i ! |5, 5i hyperfine transition for the main cooling light and the F =

3 ! F 0 = 4 transition as repump light. After a MOT of caesium was obtained and

the Zeeman slower was optimised, we optimised the various MOT parameters (section

6.3.1). We studied the loading rate and lifetime of the MOT (section 6.3.2) and finally

took absorption and temperature measurements (section 6.3.3).

6.3.1 MOT Optimisation

The results for optimising the Cs MOT are discussed in [1]. They are also included

here for completeness. When optimising the Cs MOT we waited until the MOT was

fully loaded before measuring the fluorescence. Figure 6.5 (a) shows a clear optimum

detuning for a magnetic field gradient of 8.53G cm�1. Similar curves can be obtained

for di↵erent magnetic field gradients. Figure 6.5 (b) shows that a magnetic field increase

requires the MOT beam to be more red detuned for optimum operation. The graphs

demonstrate that a MOT can be obtained at a low magnetic field gradient, which may

be important when loading a dual MOT of Cs and Yb. The MOT gradient was set

to 8.53G cm�1 for the remaining optimisation processes. At this gradient the optimal

detuning from the F 0 = 5 transition is �6.5± 0.1MHz.
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Figure 6.5: (a) The total atom number in the MOT against the MOT beam detuning.
The MOT gradient was set to 8.53G cm�1. (b) The optimum MOT detuning for
di↵erent magnetic field gradients. (c) The MOT number against the detuning of the
repump beam [1].
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(a) (b) 

Figure 6.6: Cs MOT number as a function of (a) MOT beam power and (b) repump
power [1].

Figure 6.5 (c) shows that the repump detuning is not critical for the operation of the

MOT. Good MOT numbers were found between 0MHz and -10MHz. The detuning

was therefore set at �5.0± 0.5MHz. A more detailed description of the gradient and

detuning of the Cs MOT is not necessary for the purposes of this experiment. A

dual operation MOT will require a compromise of parameters, which will have to be

determined at a later date.

We also investigated the optimal power of the MOT and repump beam. Figure

6.6 (a) shows a minimum power of around 7.5mW is required in each beam to obtain

a MOT. The atom number seems to plateau at around 10mW, after which increasing

the power does not yield a great improvement in atom number. Nevertheless it is

advisable to use all the available power for the MOT. Therefore each MOT beam was

set to carry 29.9 ± 0.1mW of power. We also varied the power of the repump light,

which can be seen in Figure 6.6 (b). The total atom number in the MOT only varies

slightly with the repump power. The MOT was therefore supplied with 13.5± 0.1mW

so the Zeeman slower could be supplied with more light.

6.3.2 MOT Loading and Lifetime

Especially for the sequential loading scheme proposed here for loading a dual MOT

of Yb and Cs, a fast loading rate and a long lifetime is important. We can measure

both by monitoring the fluorescence during a loading sequence or a decay sequence.

The loading and lifetime for Cs was also presented in [1]. It is again included for
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Figure 6.7: A typical Cs MOT load. The red curve shows the fit according to equation
(6.19)[1].

completeness.

The rate at which atoms are loaded into the MOT dNload/dt is given by the capture

rate from the Zeeman slower  subtracted by the loss rate:

dNload

dt
= � Nload

�
� �N2

load

V
. (6.18)

In the above equation � is the single body loss rate, that is applicable for atoms being

lost due to atom-light collisions or background gas scattering, and � is the two body

loss rate from inelastic collisions in the MOT. V is the volume of the MOT as the two

body loss rate depends on the density of the atoms. During loading we expect that the

two body loss rate is negligible. Hence the MOT atom number can be expressed as:

Nload(t) =


�
(1� e��t) . (6.19)

This equation was fitted to the data in Figure 6.7 and we obtain a loading rate of

 = (4.04± 0.01)⇥ 107 s�1 and a loss rate of � = (0.554± 0.001) s�1. This loading rate

is most likely limited by the oven temperature.
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Figure 6.8: The decay of the Cs MOT for di↵erent scenarios: (a) Both Zeeman laser
beam and atomic beam blocked, (b) only atomic beam blocked and (c) only Zeeman
laser beam blocked. The red lines show a fit according to equation (6.21). The insets
show the same plot on a logarithmic scale. The red line shows the duration over which
two body decay dominates and the blue line shows the time at which single body decay
dominate [1].
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� [s�1] �/V [s�1]
Atoms and Zeeman beam blocked 0.0170± 0.0001 (2.71± 0.02)⇥ 10�10

Atoms blocked 0.0169± 0.0001 (4.81± 0.04)⇥ 10�10

Zeeman beam blocked 0.0235± 0.0001 (2.59± 0.03)⇥ 10�10

Table 6.1: The single body and two body decay rates of the Cs MOT under various
conditions.

The decay rate is given by the single body and two body loss rates:

dNdecay

dt
= �Ndecay

�
�

�N2
decay

V
. (6.20)

The atom number of the MOT is therefore given by:

Ndecay(t) =
N0

�

1� tanh
�

�t

2

��

1 + tanh
�

�t

2

�

h

2N0�

�

+ 1
i , (6.21)

where N0 is the initial number of atoms in the MOT. As the volume V could not be

measured at the time we have evaluated the quantity �/V . The two body decay rate

� will dominate the early decay when the MOT is denser. The single body decay rate

� will dominate the decay after the density of the MOT has dropped. We measure

several decay curves with di↵erent conditions. Figure 6.8 (a) shows the decay with

both the Zeeman slowing beam and the atomic beam blocked. For Figure 6.8 (b) the

atomic beam was blocked, but the Zeeman laser beam was still passing through the

MOT. Figure 6.8 (c) plots the decay with only the Zeeman laser beam blocked. The

insets in each figure shows the same plot on a logarithmic scale. Each plot is fitted

with a red and purple line that highlight the areas were the two body and single body

decays dominate.

Table 6.1 lists the decay rates obtained by fitting equation (6.21) to the data. The

1/� lifetime with both atoms and laser blocked is 58.8 ± 0.3 s. For the atomic beam

blocked, we obtain a lifetime of 59.34 ± 0.4 s. These values are the same within error

bars showing that the Zeeman laser beam does not lead to any increase in single body

loss. The two body loss rate however does increase as the Zeeman beam can heat the

atoms, which will increase the inelastic scattering rate. When the Zeeman beam is

blocked, but the atoms are not, the fast atomic beam will collide with atoms in the

MOT. This can knock the atoms from the trap leading to an increase in the single
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Figure 6.9: (a) Absorption image of Cs atoms inside the MOT. (b) Time of flight
expansion of a Cs MOT after it is released from the trap. Red line shows the linear
best fit.

body loss rate. The lifetime was measured to be 42.6± 0.2 s.

6.3.3 Absorption Imaging and Temperature

The optics for the Cs absorption imaging are outlined in section 4.1.3. The images

obtained by the CCD camera can be analysed to find the atom number and the tem-

perature of the atoms.

The atom number can be determined by summing over the optical depth of all

pixels of the camera. It is given by:

N = m
Apixel

�

X

all pixels

O.D.pixel , (6.22)

where Apixel is the size of the pixel of the camera, m is the magnification of the image

and � is the scattering cross section (see equation (3.9)). For Cs we measured the

absorption image with m = 2.08 and a 2 by 2 binning. Figure 6.9 (a) shows a typical

absorption image of caesium. Using the above equation the atom number of the best

Cs MOT measured was 5.5⇥ 108.

The temperature can be evaluated by turning o↵ the MOT beams and letting the Cs

cloud expand. Absorption images can be taken during di↵erent points of the expansion

to determine the size of the cloud. From the speed of the expansion the temperature

of the cloud can be determined. The relation between the radius of the could r and
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the temperature is given by [127]:

r2(t) = r20 +
2k

B

T

M
t2 , (6.23)

where r0 is the initial radius of the MOT. The gradient of a plot of r2 against t2 is

therefore proportional to the temperature of the MOT. Figure 6.9 (b) shows this plot

for the caesium MOT. The temperature is determined as 125±4µK. This is lower then

the temperature limit of 234µK, which is obtained through equation (6.16) and the

optimal MOT parameters. The extra cooling can be explained through sub-Doppler

cooling (see section 6.1.3).

6.4 Ytterbium MOT

The ytterbium MOT was designed on the 1S0 ! 3P1 intercombination line. As it

has a small linewidth of 183 kHz we expect to achieve a very cold MOT. Obtaining

an initial MOT signal on the intercombination line can be a challenge. In section

6.4.1 the successful procedure in finding a MOT is discussed. Section 6.4.2 reviews the

various parameters that influence the MOT and shows the optimisation process. The

loading rate and lifetime of the optimised MOT is discussed in section 6.4.3. And lastly

section 6.4.4 presents the final atom number and temperature of the MOT obtained

by absorption imaging.

6.4.1 Search for Ytterbium MOT

The main problem in observing the first MOT turned out to be nulling the magnetic

field in the centre of the science chamber. The MOT has several coils around it (see

section 6.2), which all contribute to the central magnetic field. Therefore when changing

the current through one coil it is likely that a di↵erent coil will need to be adjusted to

maintain the magnetic field zero in the centre of the system. As the system is closed

o↵ the magnetic field at the centre cannot be measured with a Hall probe. However

in the Durham system the caesium MOT could be e↵ectively used for measuring the

magnetic field, as it will always sit at the magnetic field zero. We could therefore

switch all currents to the desired Yb currents and observe the position of the MOT.

When switching directly the caesium MOT disappeared completely indicating that the

magnetic field zero was not inside the cross over area of the MOT beams. However
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Figure 6.10: Ytterbium MOT optimisation. (a) The 3 s MOT load atom number
against the magnetic field gradient in the centre of the MOT. The di↵erent curves shows
di↵erent MOT beam detuning: Red - 4MHz, Blue - 6MHz, Black - 8MHz. Lines are
included as a guide to the eye. (b) 3 s MOT load atom number against the MOT beam
detuning with various parameters (Sidebands FWHM, MOT beam power, Magnetic
field gradient): Red - (O↵, 14mW, 2.9G cm�1), Blue - (3.35MHz, 14mW, 5.1G cm�1),
Black - (3.35MHz, 7.2mW, 5.1G cm�1), Magenta - (6MHz, 14mW, 2.9G cm�1). Lines
are included as guide to the eye. (c) The 3 s MOT load against the power in a single
MOT beam. Measured with 3.35MHz sidebands and 2.9G cm�1 MOT magnetic field
gradient.

we could observe the direction in which the caesium atoms were pushed. With this

information the shim coils were adjusted so that eventually the MOT remained in

the centre when the Zeeman slower was switched to ytterbium currents. With those

adjustments the ytterbium MOT was found quickly by simply scanning the detuning

of the Zeeman slowing beam.

6.4.2 MOT Optimisation

The atom number in the MOT can be influenced by a wide variety of parameters that

can be dependent on each other. We will discuss the optimisation of the MOT beam
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Figure 6.11: (a) The 3 s MOT load atom number against the sideband FWHM. The
data was taken with 2.9G cm�1 magnetic field gradient, 6MHz detuning and 14.3mW
power in each laser beam. (b) Fluorescence measurement of MOT loading curves for
di↵erent sideband settings. The magnetic field gradient was set to 2.9G cm�1 and
the detuning was 4.8MHz. The sharp steps in the curve show the point at which the
sidebands were turned o↵. The FWHM of the sidebands was: Black - No Sidebands,
Magenta - 2MHz, Orange - 4MHz, Blue - 6MHz, Red - 7MHz.

detuning, sidebands and power, as well as the MOT gradient. All data is obtained

by loading the MOT for 3 s 8 to 10 times and averaging the results of the detected

fluorescence. The atom numbers were calculated from this as outlined in section 4.2.5.

We began by investigating the e↵ect of the MOT magnetic field gradient. For

these experiments we kept the MOT sidebands at 3.35MHz FWHM (for detail on the

sidebands see section 4.2.4). Figure 6.10 (a) shows the 3 s MOT load with varying

gradient for di↵erent detunings. We do not observe a di↵erent optimal MOT gradient

for di↵erent detunings as we did in the Cs MOT. Instead there seems to be an optimum

for all detunings at a gradient of 2.9G cm�1. Figure 6.10 (b) investigates the MOT load

when varying the MOT beam detuning. For this we operated the MOT under various

parameters. For all the parameters we discover an optimum between 6 and 8MHz.

The black and blue curves indicate that a smaller optimum detuning is needed if the

power of the MOT beams is lowered. The red curve shows that without sidebands

we obtain a good MOT with detunings between 6 and 7MHz. Figure 6.10 (c) plots

the MOT atom number against the power in a single MOT beam. The 3 beams were

balanced during this experiment so that roughly equal power was present in all. It is

observed that the MOT number drops steadily with decreasing power. The red line

shows the best linear fit to the data points. As we cannot have a MOT without light

we expect a very sharp drop in atom number between 0 and 2mW. However at those
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Figure 6.12: Loading curve of the Yb MOT. The red line shows a fit according to
equation (6.19).

levels the fluorescence was not bright enough to measure a signal. Furthermore we do

not observe the atom number levelling o↵ as was the case in caesium. We therefore

suspect that if more power was available a larger MOT could be obtained. Figure 6.11

(a) shows the e↵ect of the sidebands on the total MOT atom number. It is observed

that the atom number has a clear maximum at sidebands with 9MHz FWHM. For

larger sidebands the atom number drops rapidly as part of the light will move close to

resonance. Figure 6.11 (b) shows MOT loading curves for di↵erent sidebands. After

the MOT was fully loaded the sidebands were switched o↵, which shows as a sharp drop

in the curves. We observe that the MOT loads faster and holds more atoms with larger

sidebands. However when the sidebands are switched o↵ we do rapidly lose atoms. All

the atom numbers were calculated using equation (4.12). This equation does include

the sidebands, but it cannot be independently verified. It is therefore possible that

the sharp fluorescence drop is simply due to loss of fluorescence and not loss of atoms.

As it was possible to load a good MOT without sidebands we concluded that they

were not necessary for future experiments. The MOT is operated with a magnetic field

gradient of 2.9G cm�1, a detuning of 6.0± 0.1MHz and the maximum available power

of 14.3± 0.2mW in each MOT beam.
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� [s�1] �/V [s�1]
Atoms and Zeeman beam blocked 0.0232± 0.0003 (2.7± 0.1)⇥ 10�11

Atoms blocked 0.0470± 0.0007 (1.2± 0.2)⇥ 10�10

Zeeman beam blocked 0.0475± 0.0004

Table 6.2: The single body and two body decay rates of the Yb MOT under various
conditions.

6.4.3 MOT Loading and Lifetime

As in the case with Cs we measure the loading rate and lifetime of the ytterbium MOT.

It is necessary to compare these values to the results of Cs as in the dual MOT the

species will have to be loaded sequentially. For this a sequential loading scheme needs

to be designed that should be based on the loading rates and lifetimes of both MOTs.

The loading of the Yb MOT can be analysed according to the same theory as the

Cs MOT (see section 6.3.2). We therefore fitted the data according to equation (6.19).

We obtain the loading rate Yb = (1.27± 0.01)⇥ 108 s�1 and a single body decay rate

�Yb = 0.182 ± 0.001 s�1. Compared to the loading of the Cs MOT we obtain about

triple the loading rate. This indicates the Yb MOT is loading much faster.

The lifetime was again analysed in three di↵erent scenarios. Figure 6.13 (a) shows

the decay curve of the MOT with both the Zeeman slower light and the atomic beam

blocked. Figure 6.13 (b) shows the decay rate with the atoms blocked and (c) plots

the the decay curve with the Zeeman slowing beam blocked. The two and single body

decay rates are outlined in Table 6.2. The blocking and unblocking of the atomic and

Zeeman beam has similar e↵ects as with the Cs MOT. If only the atoms are blocked

the Zeeman beam will lead to increased heating, which increases the two body decay

rate. However we also see a significant increase in the single body decay rate, which is

most likely due to atoms escaping from the cooling cycle. With only the Zeeman beam

blocked, the un-decelerated atoms will cause collisions inside the MOT increasing the

single body decay rate. As can be seen in the insets in Figure 6.13 (c) this e↵ect is so

strong that the two body decay is almost completely negligible. It was therefore not

possible to measure an accurate two body decay in this case. The 1/� lifetimes of the

three scenarios are 43.1± 0.7 s, 21.3± 0.2 s and 21.1± 0.2 s respectively.

As can be seen ytterbium has a faster loading rate, but a shorter lifetime compared

with the caesium MOT. It is therefore advisable, in the sequential loading scheme, to

load Cs before Yb. Section 6.5 outlines the loading sequence used to obtain a dual
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Figure 6.13: Decay curves of Yb MOT. The red lines in each curve show a fit according
to equation (6.21). The insets in each curve show the same data on a log scale. The
red line shows the timespan dominated by two body decay and the blue line shows the
timespan dominated by single body decay. (a) Both Zeeman beam and atomic beam
blocked, (b) atomic beam blocked and (c) Zeeman beam blocked.
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Figure 6.14: Absorption imaging data of the Yb MOT. (a) Absorption image of atoms
captured inside the MOT. (b) Expansion of ytterbium cloud after release from MOT.

MOT.

6.4.4 Absorption Imaging and Temperature

The optics used for the absorption imaging of the Yb MOT was outlined in section

4.2.5. An absorption image of the Yb cloud can be seen in Figure 6.14 (a). We imaged

the Yb MOT with a magnification m = 2.5 and 2 by 2 binning. The image was taken

with the Zeeman beam present, which did heat the cloud significantly. As with the Cs

setup the total atom number of the MOT can be calculated from the optical depth of

the image (see equation (6.22)). For the strongest MOT loads we observed 4.7 ⇥ 109

atoms.

The temperature was measured with the same method employed for Cs (see section

6.3.3). The expansion of the cloud after release from the MOT can be seen in Figure

6.14 (b). The fitted red line according to equation (6.23) indicates a temperature of

81±2µK. The initial cloud radius was evaluated as 0.61±0.02 mm. This temperature

curve was taken with 11.7mW in each MOT beam and a detuning of 4.7MHz. Using

equation (6.16) with these parameters we obtain a Doppler limited temperature of

27µK. The additional heating can be due to multiple scattering events of a single

photon inside the optically thick cloud [128].
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Yb MOT Cs MOT(a) (b)

Yb MOT
Cs MOT

Figure 6.15: Pictures of the Dual MOT. (a) Sideview in colour of the Yb and Cs
MOT taken while the Yb MOT was loading. (b) Black and white image of the MOTs
separated in space.
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Figure 6.16: Loading sequence used to obtain preliminary dual MOT. Cs is loaded
first. After 10 s Cs Zeeman beam is switched o↵ and Yb Zeeman beam switched
on. Simultaneously the Shim and Zeeman coils are switched from Cs to Yb settings.
Ytterbium is loaded for another 10 s. Then the Yb Zeeman beam is switched o↵ so
both MOTs are decaying.
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6.5 Dual MOT operation

Figure 6.15 shows two pictures of both MOTs present in the Science chamber at the

same time. The two species were loaded sequentially for 10 s each (see Figure 6.16).

We first loaded a Cs MOT for 10 seconds with a MOT Gradient of 5G cm�1. We then

switched the currents of the Zeeman slower and the shims to the values required for

loading Yb. We did not change the MOT magnetic field gradient. With this switch

the Cs MOT started to decay and the Yb MOT started to load. The picture in Figure

6.15 (a) was taken when the Yb MOT was loading. The beam pushing of the Zeeman

beam, especially at the edges where the MOT force is weak, stretch the MOT out in

the form of a sail. After loading the Yb MOT for another 10 seconds the Yb Zeeman

beam was blocked. It is important to note that this process only represents a starting

point for further optimisation of the loading process. Figure 6.15 (b) shows a black

and white image of both MOTs after the loading process was completed. The MOTs

should be overlapped as they should both be situated at the zero magnetic field point.

However, as the MOT beams are retro-reflected, it is likely that the atoms are receiving

more push from one side. This pushing can displace the MOT from the magnetic field

zero and separate the two atomic species in space. This e↵ect can be counter-acted by

changing the collimation of the MOT beams to equalise the intensity of the direct and

retro-reflected beams. With this change it should be possible to bring both MOTs to

the magnetic field zero, where they should overlap. It is important to do this so that

scattering behaviour of the overlapping MOTs can be studied.
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Chapter 7

Conclusion

This chapter provides a summary of the work in this thesis. It also outlines the next

steps to be taken towards creating an optical lattice with ultracold polar molecules.

7.1 Summary

This thesis shows the initial steps taken towards producing ultracold ground state

polar molecules of caesium and ytterbium. For this it is necessary to cool and trap

both species separately. This thesis shows that the current apparatus is capable of

trapping ytterbium and caesium simultaneously in a magneto-optical trap.

Such an experiment requires a large complicated vacuum chamber. Initially a vac-

uum chamber at Imperial College London was constructed for lithium and ytterbium.

However due the mechanical error the atomic beam did not travel straight through

the chamber. Furthermore it was impossible to accurately cancel the magnetic field

in the centre of the trap. As the plan was to move all the laser systems to Durham,

the Imperial system was discontinued. At Durham University a vacuum chamber for

caesium and ytterbium was built. It was designed so both species could be slowed with

the same Zeeman slower. For this a dual species oven was required. The oven built is

split into di↵erent sections for caesium and ytterbium, which can be held at di↵erent

temperatures. Strong atomic beams could be achieved for both species. The vacuum

chamber consisted of a long tube for Zeeman slowing leading into a large chamber

for trapping and cooling. This chamber was designed with several viewports to give

the optical access required for the experiment. The vacuum system was continuously

pumped by several ion pumps and two non-evaporable getter pumps.
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Di↵erent laser systems were needed to slow and cool ytterbium and caesium. The

caesium laser system consisted of two commercial diode laser systems. One was used

to address the cooling transition and the second to address the repump transition.

The cooling light is amplified through a tapered amplifier to achieve the necessary

power. Two laser frequency stabilisation methods are employed to lock the lasers. The

cooling laser is stabilised using modulation transfer spectroscopy. As this method only

yields strong signals for closed transitions the repump laser was locked using frequency

modulation spectroscopy. For ytterbium two atomic transitions needed to be addressed

at very di↵erent wavelengths. The 399 nm light, which was used for the Zeeman slower,

is created by a pair of diode lasers which are set up in an injection system. One diode

serves as the master diode which is housed in an extended cavity system to ensure it

is lasing single mode. The second laser is injected with the light from the first. If

the laser is injected with the right amount of power it will lase on the same mode as

the incoming light. This scheme was used to obtain the power required for Zeeman

slowing. The laser was locked using a transfer cavity lock. A small portion of its light

was coupled into a scanning Fabry-Perot cavity. The light from the 556 nm laser, which

is separately stabilised, was passed through the same cavity. Therefore transmission

peaks of both lasers could be measured relative to each by relating them to the cavity

length. By keeping this relative separation constant the 399 nm light was locked in

frequency. The 556 nm light was obtained from a frequency doubled fiber laser, which

provided enough power for all necessary applications. To lock the laser several di↵erent

methods were attempted. Finally the laser was locked simply to a fluorescence signal

of a collimated Yb beam. To obtain a good signal a high-gain shielded photodiode was

designed. The 556 nm light could be frequency broadened by applying modulation to

an acousto-optical modulator. This was done to improve the loading of atoms into the

MOT.

The Zeeman slower uses a magnetic field and laser radiation to slow atoms. The

spatially varying magnetic field compensates for the Doppler shift a decelerating atom

experiences. The Zeeman slower can only decelerate atoms which are travelling below

a certain capture velocity. This capture velocity needs to be chosen so a significant

fraction of the atoms from the oven are trapped. However a large capture velocity

will result in a long Zeeman slower, which is why a compromise is needed. As the

laser beam for the Zeeman slower is required to travel through the magneto-optical

trap, it is important that the Zeeman light is tuned o↵ resonance. Especially for Yb a
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large detuning is required as the 399 nm will lead to considerable heating and pushing

of the atoms in the MOT. To avoid that we chose a large detuning for the Zeeman

slower. This also has the advantage of creating a steep field cut-o↵ which is required

to tune the final velocity of the atoms exiting the Zeeman slower. Two Zeeman slowers

were constructed; one for lithium and ytterbium and one for caesium and ytterbium.

The lithium-ytterbium slower consisted of an array of coils producing a single field

profile that could slow both species. The caesium-ytterbium slower consisted of five

magnetic field coils that needed to be switched in current to ensure both species could be

slowed sequentially. To ensure the success of the Zeeman slower a numerical simulation

following the basic physics principles was used. It shows that the final output velocity

of the Zeeman slower can be tuned by the laser power and detuning. The caesium-

ytterbium slower was tested and optimised for both species. The MOT atom number

was monitored while changing the magnetic field profile and the Zeeman laser power

and detuning to achieve optimum operation. We compared the ytterbium experimental

results with the numerical simulation and achieved good agreement.

Finally the MOT results for both caesium and ytterbium are discussed. For both

MOTs we optimise the MOT light detuning and power as well as the magnetic field

gradient. For caesium we also investigate the e↵ects of the repump laser and optimise

its power and detuning. For ytterbium we find that broadening the MOT light with

sidebands does improve the loading rate and total atom number of the MOT. However

a good MOT can also be loaded without sidebands. The sidebands were therefore not

used after optimisation. For the optimised MOT the loading rate from the Zeeman

slower is measured. Caesium typically loads at a rate of 4⇥107 atoms s�1 and ytterbium

at 1.2⇥108 atoms s�1. The lifetime is measured for three di↵erent scenarios; with both

the atomic and Zeeman laser beam blocked, with only the atomic beam blocked and

with only the Zeeman laser beam blocked. We find for both species that leaving the

Zeeman laser beam on leads to an increase in two body decay rate due to the heating

of the atoms. For ytterbium it also significantly increases the apparent single body

loss rate due to o↵-resonant optical pumping into the metastable D states. The fast

atoms from the Zeeman slower can knock out atoms trapped in the MOT, leading to

an increased single body decay rate. With both atomic and Zeeman beam blocked the

Cs MOT lifetime was measured at 58.9±0.3 s and the Yb MOT lifetime was measured

as 43.1± 0.7 s. The final atom number and temperature of the MOT was determined

by absorption imaging. We trapped 5.5 ⇥ 108 Cs atoms at 125 ± 4µK. For Yb we
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trapped 4.7⇥ 109 atoms at 81± 2µK. Lastly we demonstrate that a dual MOT of Yb

and Cs can be achieved through sequential loading.

This presents significant progress in confining Cs and Yb in an overlapping trap.

This is vital for the future steps of the experiment, which are outlined below.

7.2 Outlook

The next steps in creating ultracold CsYb will be to get the Cs and Yb atoms to

overlap. This will already open up the opportunity to measure some properties of a

CsYb molecule. Through two-photon spectroscopy the energies of the ground state

bound molecular levels can be measured. This can be done by illuminating the dual

species MOT with laser light red detuned from the 894.6 nm D1 transition of caesium.

The laser will need 450-900 mW power and a large frequency tuning range, which makes

this task suitable for a distributed Bragg reflector (DBR) laser. At a CsYb molecular

excited state resonance a large amount of atoms will be lost from the trap. As the

Cs2* resonances are known [129], the Cs*Yb resonances can be identified. By using a

second laser beam (probe beam) it is possible to scan the two-photon photoassociation.

When the second laser is on resonance with transitions between the ground and excited

state fewer atoms should be lost. There are three possible causes for this [130]. At

low probe intensity the atoms can decay to a molecular ground state. This will lead to

fewer spontaneous emission events, which will reduce the loss of atoms from the trap.

Bound molecules can also be recaptured if they are returned to their disassociated state

through a Raman transition. At higher probe intensity the excited molecular can be

shifted out of resonance due to the Autler-Townes e↵ect. From this the energies of

the bound molecular levels can be determined. A more detailed method is given in

Münchow et al. [68].

An overlapping MOT also allows the atoms to be transferred to a bichromatic dipole

trap. By using a dipole trap operating at 1064 nm and 532 nm laser, the trap depth can

be balanced for both species. In the dipole trap evaporative cooling can be employed

to get Cs and the bosonic isotopes of Yb to quantum degeneracy. As 174Yb is the most

abundant isotope, it will be the first that should be cooled to quantum degeneracy.

Subsequently the 170Yb and 176Yb can be cooled. Fermi cases can be formed by cooling
171Yb and 173Yb. Cooling all isotopes of Yb is important as it is not known which

isotope will be favourable for magnetoassociation with a Feshbach resonance. In the
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dipole trap it will also be possible to measure the background scattering rate, which is

important in predicting the magnetic field that will be required for finding Feshbach

resonances.

Whether magnetoassociation with caesium and ytterbium is viable will depend on

the magnetic field that is required to find a Feshbach resonances. Currently the calcu-

lations predict Feshbach resonances between 1000G and 4000G [86]. The experiment

is designed with re-entrant viewports to bring magnetic field coils close to the trap and

enable large magnetic fields to be produced. However even with such a setup fields

much higher than 1000G will be hard to achieve. The main problem will be that a

very precise control of the magnetic field will be required to associate molecules over

a potentially narrow Feshbach resonance. This will require very precise control over

the current that is passed through the coils. Successfully created Feshbach molecules

can be separated from the remaining atoms [131]. Therefore by adiabatically disasso-

ciating the molecules through a reversed magnetic field ramp, the disassociated atoms

can be detected through absorption imaging. If magnetoassociation of the molecule is

not possible, the molecules can be associated using photoassociation [50] or a STIRAP

transition [69].

The Feshbach molecule or photoassociated molecule will need to be transferred to

its ro-vibrational ground state using STIRAP. The STIRAP process for transferring

molecules to their ground state is outlined in Takekoshi et al. [65]. A STIRAP process

uses a laser pulse coupled between the initial state and an intermediary state and

a laser pulse coupled between the final state and the same intermediary state. The

process makes it possible to transfer atoms from the initial to the final state without

population of the intermediary state. The ground state molecule can potentially be

used in a number of interesting experiments. The direction in which the experiment

goes will therefore depend on the most promising developments in the research area.
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Appendix A

Appendix outlining the code used for the numerical simulations of the Zeeman slower.

Function that calculates the radius of curvature of beam at a given point on the

axis z. It depends om the position of the waist of the beam and the Rayleigh range.

Any symbol that is not explicitly explained is the same given in the equations for the

Zeeman slower.

radiusOfCurvature[z ]:=radiusOfCurvature[z ]:=radiusOfCurvature[z ]:=

(z + laserWaistToSlowerEntrance) (1 + (rangeRayleigh/(z + laserWaistToSlowerEntrance))2)(z + laserWaistToSlowerEntrance) (1 + (rangeRayleigh/(z + laserWaistToSlowerEntrance))2)(z + laserWaistToSlowerEntrance) (1 + (rangeRayleigh/(z + laserWaistToSlowerEntrance))2)

Function to calculate the spot size of the beam at a postion z, given waist, the

position of the waist and the Rayleigh range.

spotSize[z ]:=waist ⇤
p

1 + ((z + laserWaistToSlowerEntrance)/rangeRayleigh)2spotSize[z ]:=waist ⇤
p

1 + ((z + laserWaistToSlowerEntrance)/rangeRayleigh)2spotSize[z ]:=waist ⇤
p

1 + ((z + laserWaistToSlowerEntrance)/rangeRayleigh)2

Function to calcualte the saturation parameter s of the Zeeman beam at any po-

sition (⇢, z) with a given power, where z is the position along the axis and ⇢ is the

transverse distance from the axis. The saturationIntensity is the the saturation inten-

sity of the transition I
s

.

saturationParameter[power , ⇢ , z ]:=saturationParameter[power , ⇢ , z ]:=saturationParameter[power , ⇢ , z ]:=

2power /(⇡spotSize[z]2saturationIntensity) Exp [�2⇢2/spotSize[z]2]2power /(⇡spotSize[z]2saturationIntensity) Exp [�2⇢2/spotSize[z]2]2power /(⇡spotSize[z]2saturationIntensity) Exp [�2⇢2/spotSize[z]2]

Calculates a vector of the direction of a photon in a beam given cartesian coordinates

(x, y, z).

photonMomentumComponents[x , y , z ]:=Module[{R},photonMomentumComponents[x , y , z ]:=Module[{R},photonMomentumComponents[x , y , z ]:=Module[{R},

R = radiusOfCurvature[z];R = radiusOfCurvature[z];R = radiusOfCurvature[z];
n

x/R, y/R,
p

1� (x2 + y2) /R2
o i

n

x/R, y/R,
p

1� (x2 + y2) /R2
o i

n

x/R, y/R,
p

1� (x2 + y2) /R2
o i

Calculates the detuning from transtion for any atom travelling at velocity v at a
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external magnetic field B with an overall laser detuning �0.

detuning[�0 ,B , v ]:=�0��µB/~� 2⇡v/�detuning[�0 ,B , v ]:=�0��µB/~� 2⇡v/�detuning[�0 ,B , v ]:=�0��µB/~� 2⇡v/�

Calcualtes the scattering rate R for an atom travelling at velocity v at a external

magnetic field B. The overall laser laser detuning �0and saturation parameter s.

scatterRate[s , �0 ,B , v ]:= s�/2
1+s+4detuning[�0,B,v]2/�2scatterRate[s , �0 ,B , v ]:= s�/2
1+s+4detuning[�0,B,v]2/�2scatterRate[s , �0 ,B , v ]:= s�/2
1+s+4detuning[�0,B,v]2/�2

The average number of scattered photons in a time interval ⌧ .

meanPhotonsScattered[s , �0 ,B , v , ⌧ ]:=scatterRate[s, �0, B, v]⌧meanPhotonsScattered[s , �0 ,B , v , ⌧ ]:=scatterRate[s, �0, B, v]⌧meanPhotonsScattered[s , �0 ,B , v , ⌧ ]:=scatterRate[s, �0, B, v]⌧

Angular distributions to ensure isotropic spontaneous emission events given a polar

coordinate system. ✓ is the polar angle and � is the azimuthal angle.

✓Distrib =✓Distrib =✓Distrib =

Flatten[Table[RandomReal[{k⇡/200, (k + 1)⇡/200},Round[1000Sin[(k + 1/2)⇡/200]]],Flatten[Table[RandomReal[{k⇡/200, (k + 1)⇡/200},Round[1000Sin[(k + 1/2)⇡/200]]],Flatten[Table[RandomReal[{k⇡/200, (k + 1)⇡/200},Round[1000Sin[(k + 1/2)⇡/200]]],

{k, 0, 199}]];{k, 0, 199}]];{k, 0, 199}]];

�Distrib = RandomReal[{0, 2⇡},Length[✓Distrib]];�Distrib = RandomReal[{0, 2⇡},Length[✓Distrib]];�Distrib = RandomReal[{0, 2⇡},Length[✓Distrib]];

The velocity change of an atom due to n spontaneous emission events.

di↵usion[n ]:=Module[{n1, ✓,�, v, vtot},di↵usion[n ]:=Module[{n1, ✓,�, v, vtot},di↵usion[n ]:=Module[{n1, ✓,�, v, vtot},

vtot = {0, 0, 0};vtot = {0, 0, 0};vtot = {0, 0, 0};

Do[n1 = RandomInteger[{1,Length[✓Distrib]}, 2];Do[n1 = RandomInteger[{1,Length[✓Distrib]}, 2];Do[n1 = RandomInteger[{1,Length[✓Distrib]}, 2];

✓ = ✓Distrib[[n1[[1]]]];✓ = ✓Distrib[[n1[[1]]]];✓ = ✓Distrib[[n1[[1]]]];

� = �Distrib[[n1[[2]]]];� = �Distrib[[n1[[2]]]];� = �Distrib[[n1[[2]]]];

v = h/(M�){Sin[✓]Cos[�], Sin[✓]Sin[�],Cos[✓]};v = h/(M�){Sin[✓]Cos[�], Sin[✓]Sin[�],Cos[✓]};v = h/(M�){Sin[✓]Cos[�], Sin[✓]Sin[�],Cos[✓]};

vtot = vtot + v, {n}];vtot = vtot + v, {n}];vtot = vtot + v, {n}];

vtot]vtot]vtot]

As the number of scattering events is given by a poisson distribution this function

gives 100 random numbers for mean scattering numbers between 0.1 and 200 with a

step interval 0.1.

randomSet = RandomInteger[PoissonDistribution[#], 100]&/@Range[0.1, 200, 0.1];randomSet = RandomInteger[PoissonDistribution[#], 100]&/@Range[0.1, 200, 0.1];randomSet = RandomInteger[PoissonDistribution[#], 100]&/@Range[0.1, 200, 0.1];

Takes a number from the random the randomSet for a mean scattering number x, if
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x is between 0.1 and 200. If not it takes a random number from a Poisson distribution.

This is done because selectring a random number from a Poisson distribution is slow

compared to just picking a random number out of a set.

fastRandom[x ]:=Module[{q, r},fastRandom[x ]:=Module[{q, r},fastRandom[x ]:=Module[{q, r},

If[x < 0.1kx > 200,RandomInteger[PoissonDistribution[x]],If[x < 0.1kx > 200,RandomInteger[PoissonDistribution[x]],If[x < 0.1kx > 200,RandomInteger[PoissonDistribution[x]],

q = Round[10x];q = Round[10x];q = Round[10x];

r = RandomInteger[{1, 100}];r = RandomInteger[{1, 100}];r = RandomInteger[{1, 100}];

randomSet[[q, r]]]]randomSet[[q, r]]]]randomSet[[q, r]]]]

Function that takes the coordinates coord made up of the position and velocity of

the atoms (x, y, z, v
x

, v
y

, v
z

) , the magnetic field profile fieldFunction, the power of the

beam P and the Zeeman beam detuning �0 to calculate the new coordinates after a

time tStep. It uses the saturation parameter sz and the momentum components of the

photons at the relevant position rr to calculate the mean number of scattering events

mp. It calculates the velocity changes due to di↵usion and outputs the new coordi-

nates according to the emission and absorption events. It also includes a gravitational

acceleration gg in the x direction.

oneTStep[coord , tStep , fieldFunction ,P , �0 ]:=oneTStep[coord , tStep , fieldFunction ,P , �0 ]:=oneTStep[coord , tStep , fieldFunction ,P , �0 ]:=

Module[{mag, sz, rr,mp, np, di↵, pmc, xnew, ynew, znew, vxnew, vynew, vznew},Module[{mag, sz, rr,mp, np, di↵, pmc, xnew, ynew, znew, vxnew, vynew, vznew},Module[{mag, sz, rr,mp, np, di↵, pmc, xnew, ynew, znew, vxnew, vynew, vznew},

mag = fieldFunction[coord[[3]]]; (* + 0.0005 ⇤ RandomReal[{�1, 1}]; *)mag = fieldFunction[coord[[3]]]; (* + 0.0005 ⇤ RandomReal[{�1, 1}]; *)mag = fieldFunction[coord[[3]]]; (* + 0.0005 ⇤ RandomReal[{�1, 1}]; *)

sz = saturationParameter
h

P,
p

coord[[1]]2 + coord[[2]]2, coord[[3]]
i

;sz = saturationParameter
h

P,
p

coord[[1]]2 + coord[[2]]2, coord[[3]]
i

;sz = saturationParameter
h

P,
p

coord[[1]]2 + coord[[2]]2, coord[[3]]
i

;

rr = Re[photonMomentumComponents[coord[[1]], coord[[2]], coord[[3]]]];rr = Re[photonMomentumComponents[coord[[1]], coord[[2]], coord[[3]]]];rr = Re[photonMomentumComponents[coord[[1]], coord[[2]], coord[[3]]]];

mp = Evaluate[meanPhotonsScattered[sz, �0,mag, coord[[6]], tStep]];mp = Evaluate[meanPhotonsScattered[sz, �0,mag, coord[[6]], tStep]];mp = Evaluate[meanPhotonsScattered[sz, �0,mag, coord[[6]], tStep]];

Check [If [Re[mp] < 10�10, np = 0; ,Check [If [Re[mp] < 10�10, np = 0; ,Check [If [Re[mp] < 10�10, np = 0; ,

np = fastRandom[Re[mp]]; ],Abort[]; ];np = fastRandom[Re[mp]]; ],Abort[]; ];np = fastRandom[Re[mp]]; ],Abort[]; ];

di↵ = di↵usion[np];di↵ = di↵usion[np];di↵ = di↵usion[np];

pmc = �nph/(M�)rr;pmc = �nph/(M�)rr;pmc = �nph/(M�)rr;

xnew = coord[[1]] + coord[[4]]tStep� 0.5 ⇤ gg ⇤ tStep^2;xnew = coord[[1]] + coord[[4]]tStep� 0.5 ⇤ gg ⇤ tStep^2;xnew = coord[[1]] + coord[[4]]tStep� 0.5 ⇤ gg ⇤ tStep^2;

ynew = coord[[2]] + coord[[5]]tStep;ynew = coord[[2]] + coord[[5]]tStep;ynew = coord[[2]] + coord[[5]]tStep;
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znew = coord[[3]] + coord[[6]]tStep;znew = coord[[3]] + coord[[6]]tStep;znew = coord[[3]] + coord[[6]]tStep;

vxnew = coord[[4]] + pmc[[1]] + di↵[[1]]� gg ⇤ tStep;vxnew = coord[[4]] + pmc[[1]] + di↵[[1]]� gg ⇤ tStep;vxnew = coord[[4]] + pmc[[1]] + di↵[[1]]� gg ⇤ tStep;

vynew = coord[[5]] + pmc[[2]] + di↵[[2]];vynew = coord[[5]] + pmc[[2]] + di↵[[2]];vynew = coord[[5]] + pmc[[2]] + di↵[[2]];

vznew = coord[[6]] + pmc[[3]] + di↵[[3]];vznew = coord[[6]] + pmc[[3]] + di↵[[3]];vznew = coord[[6]] + pmc[[3]] + di↵[[3]];

{xnew, ynew, znew, vxnew, vynew, vznew, sz,mp}]{xnew, ynew, znew, vxnew, vynew, vznew, sz,mp}]{xnew, ynew, znew, vxnew, vynew, vznew, sz,mp}]

Function that stops evaluation of the program if the atom has passed the MOT

region or is travelling at -10 m/s.

terminatedTStep[coord , tStep , fieldFunction ,P , �0 ]:=terminatedTStep[coord , tStep , fieldFunction ,P , �0 ]:=terminatedTStep[coord , tStep , fieldFunction ,P , �0 ]:=

If[coord[[3]] > 0.775kcoord[[6]] < �10, coord,If[coord[[3]] > 0.775kcoord[[6]] < �10, coord,If[coord[[3]] > 0.775kcoord[[6]] < �10, coord,

oneTStep[coord, tStep, fieldFunction, P, �0]];oneTStep[coord, tStep, fieldFunction, P, �0]];oneTStep[coord, tStep, fieldFunction, P, �0]];

Functions that execute the full program. nTStep gives all the coordinates of every

atom at every time step. nTLastStep gives only the coordinates of all the atoms after

the final time step.s

nTStep[coord , tStep , fieldFunction ,P , �0 , n ]:=nTStep[coord , tStep , fieldFunction ,P , �0 , n ]:=nTStep[coord , tStep , fieldFunction ,P , �0 , n ]:=

NestList[terminatedTStep[#, tStep, fieldFunction, P, �0]&, coord, n];NestList[terminatedTStep[#, tStep, fieldFunction, P, �0]&, coord, n];NestList[terminatedTStep[#, tStep, fieldFunction, P, �0]&, coord, n];

nTLastStep[coord , tStep , fieldFunction ,P , �0 , n ]:=nTLastStep[coord , tStep , fieldFunction ,P , �0 , n ]:=nTLastStep[coord , tStep , fieldFunction ,P , �0 , n ]:=

Nest[oneTStep[#, tStep, fieldFunction, P, �0]&, coord, n];Nest[oneTStep[#, tStep, fieldFunction, P, �0]&, coord, n];Nest[oneTStep[#, tStep, fieldFunction, P, �0]&, coord, n];
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