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Abstract

This thesis describes the construction of a dual species setup using fermionic
40K and bosonic 87Rb with the goal of cooling to ultracold temperatures and

quantum degeneracy, and also perfoming precision collision experiments using

a novel optical collider. The setup is composed of a dual species magneto-

optical trap, with transfer to an ultrahigh vacuum science cell achieved using

a mechanical transport scheme. Atoms are cooled to ultracold temperatures

using forced radio frequency evaporation in a Ioffe-Pritchard style magnetic

trap. The optical collider utilises the optical dipole force to trap a sample of

ultracold atoms and accelerate them towards a target sample using an acousto-

optic modulator. The process of cooling 87Rb atoms in the |F = 2,mF = 2〉

hyperfine state to Bose-Einstein condensation is described, as well as progress

towards production of ultracold 40K. Design, implementation, and characteri-

sation of the optical collider is provided, showing that it is a precision metrol-

ogy device.
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Chapter 1

Introduction

1.1 A Brief History of BEC

The story begins with Satyendra Nath Bose, a Bengali physicist who used

statistics to derive the Planck black body radiation formula, treating light as

a gas of particles rather than a wave. This was very unconventional at the

time. Though Planck used the idea of quantisation of light, he and most other

contemporary physicists did not seriously believe that light could be a parti-

cle. After no success in getting his work published, Bose sent his manuscript

to Einstein, asking him to recommend it for publication in the German jour-

nal Zeitschrift für Physik if he thought it was sensible. Einstein was very

impressed with Bose’s ideas. He endorsed the paper, which was published in

1924, and followed it up in 1925 by extending Bose’s statistics to systems with

conserved particle number, such as atoms. In the process, he observed that as

temperature approaches zero, particles tend to congregate in the lowest avail-

able energy state, giving birth to the concept of Bose-Einstein condensation

(BEC).

For a long time, BEC was not considered to be a realistically attainable

state and was instead treated as a theoretical quirk. Even in early experiements

on superfluid helium-4, BEC was mooted as an explanation, but this was

not taken seriously [1]. Over time, people warmed up to the idea that BEC

was experimentally realistic. In the 70s, the quest for BEC in spin-polarised

hydrogen began after inspiring papers by Hecht [2], who suggested that it could

1
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exhibit superfluid properties, and Stwalley and Nosanow [3], who predicted the

transition temperature and provided suggestions for experimental methods.

Cooling hydrogen was fraught with difficulty, relying on large cryogenic cooling

setups and suffering from unfavourable behaviour of hydrogen itself, but it

introduced the technique of evaporative cooling and stimulated the field cold

collision theory [4]. With the advent of laser cooling and magnetic trapping

of neutral atoms, other groups turned to cooling alkali metals using tabletop

experimental setups. In 1990, several groups began the effort to condense

alkali gases with gusto, succeeding in 1995 [5, 6, 7], two of which were awarded

Nobel Prizes in 2001 [4, 8].

1.1.1 BEC Basics

In a room temperature gas, atoms behave very much like particles and expe-

rience “billiard ball” type collisions. As the temperature is lowered, they can

be regarded as wavepackets characterised by the de Broglie wavelength

λdB =

√

2πh̄2

mkBT
, (1.1)

where m is the mass of the atom, kB is the Boltzmann constant, and T is the

temperature of the ensemble. As T decreases, the extent of the wavepackets

increases. When the temperature approaches zero, λdB becomes comparable

to the interatomic separation, at which point the wavepackets overlap with

one another and a phase transition to BEC occurs. The BEC can be thought

of as a single matter wave, where all atoms in the condensate occupy the same

ground quantum state. For an ideal gas, this occurs at a critical temperature

of

Tc =
h2

2πmkB

(

n

ζ(3/2)

)2/3

, (1.2)

where n is the density and ζ(3/2) ≈ 2.612 is the Riemann zeta function evalu-

ated at 3/2 [1]. Despite the fact that a real life dilute gas is weakly interacting,

this still provides an accurate estimate of the transition temperature, as we

shall see experimentally later.

Näıvely, one would think it could be possible to have a condensate at a

“reasonable” temperature by simply increasing the density. Alas, this is not
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the case, since at very high densities, the sample would be a crystalline solid.

Instead, we must work in a metastable regime, where the sample is dilute

enough to remain a gas for long enough to do something useful with it. This

in turn pushes Tc to temperatures of less than 1 µK, hence the need for very

specific cooling schemes.

A zero temperature condensate can be described by the time-independent

Gross-Pitaevskii equation (GPE):

[

−
h̄2

2m
∇2 + V (r) +

4πh̄2a

m
N |ψ(r)|2

]

ψ(r) = µψ(r), (1.3)

where V (r) is the trapping potential, a is the scattering length, N is the number

of atoms in the condensate, µ is the ground state energy (or chemical potential),

and ψ(r) is the single particle ground state wavefunction. The GPE resembles

the Schrödinger equation with an interaction term that depends primarily on

the scattering length a.

A BEC has some very particular characteristics that make it different from

just a very cold, dense gas. An image of the density distribution of a BEC

directly shows |ψ(r)|2, the square of the single particle wavefunction. A BEC

is a superfluid, and as such, it can exhibit quantised vortices, either formed

spontaneously [9] or as a result of stirring [10]. BECs are also coherent, as

shown in a beautiful interference experiment1 by Andrews et al. [12].

1.2 Fun With Fermions

Bosons and fermions exhibit fundamentally different behaviour. Bosons have

integer spin and fermions have half-integer spin and obey Bose-Einstein and

Fermi-Dirac statistics, respectively. Atoms are composite bosons or fermions

depending on whether they respectively have an even or odd number of pro-

tons, neutrons, and electrons. Any number of identical bosons can occupy a

single quantum state, while for identical fermions, a maximum of one atom

1While this experiment is highly suggestive of coherence, matter waves from thermal

sources can also exhibit interference. Coherence of a BEC is confirmed using a second order

coherence function [11].
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Figure 1.1: At zero temperature, bosons accumulate in the lowest available state,

forming a BEC. Identical fermions, on the other hand, form a Fermi sea, where

every energy state from the ground state up to the Fermi energy Ef is occupied by

a single atom.

can occupy a given quantum state. This has fairly extreme consequences at

ultracold temperatures. Bosons will all happily collect into the ground state

below a critical temperature, forming a BEC. Fermions, on the other hand,

order themselves in all available energy levels from the ground state up to the

Fermi energy. This is illustrated in figure 1.1.

In the late 90s, several groups embarked on the journey to achieve quantum

degeneracy in a gas of fermions, with the Jin group at JILA succeeding with
40K in 1999 [13]. BEC of fermion pairs came a few years later, with several

groups demonstrating it within a very short time. The first were molecular

BECs, where the fermionic atoms were associated into weakly bound molecules

[14, 15, 16], followed by BECs of strongly interacting fermions [17, 18]. The ex-

periments all utilised Feshbach resonances to tune the interatomic interactions

[19].

The ability to cool fermionic atoms to ultracold temperatures has opened

up a wealth of opportunities for studying interactions. These include, but are

not limited to, the following. The BEC-BCS crossover regime, where when in-

teractions between fermions are repulsive, they are well-described by molecules,
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but when interactions are attractive, atoms pair via many-body effects. Orig-

inally, this was studied in the realm of superconductors [20], but is now an

accessible area of research in the field of ultracold atoms, with some early

experiments reviewed in reference [21]. Bose-Fermi mixtures, particularly in

optical lattices, open up the possibility of studying a number of interaction-

driven phases (for example, see references [22, 23, 24]). In addition, ultracold

heteronuclear molecules (not necessarily fermionic) are a compelling system

for studying dipole-dipole interactions or for use as qubits for quantum infor-

mation processing [25].

1.3 A Compendium of Collisions

Starting with the experiments performed by Ernest Rutherford that began to

reveal the structure of the atom, scattering has been one of the most powerful

experimental tools in physics. Particle scattering has aided our understanding

of the internal structure of the atom as well as the composition of subatomic

particles and their constituents. The need to probe deeper and deeper into sub-

atomic structure and interactions drives the construction of ever more powerful

particle accelerators. In the world of ultracold atom physics, however, we strive

for a different extreme: collisions at the lowest energies possible.

Cold collisions are commonly defined as being in the 1 µK to 1 mK range

in units of the Boltzmann constant, and ultracold temperatures are less than

1 µK [26]. Studying collisions in this regime provides important insights into

atomic properties. The scattering length a, which describes interactions in the

ultracold regime, is a notable example. In this section, I will outline some

basic scattering theory, describe several experimental studies of collisions in

this regime, and show how our collider can contribute to the field.

1.3.1 Partial Wave Scattering

For ultracold atoms, collisions can no longer be treated classically, so a quan-

tum mechanical approach is required. The treatment here can be found in

many textbooks, for example [26, 27]. An elastic collision between two iden-
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Figure 1.2: An incoming plane wave (blue) and outgoing spherical wave (red).

tical ground state particles can be described as a particle scattering from a

spherical potential V (r) in the center of mass frame. The collision energy is

given by

E =
h̄2k2

2M
, (1.4)

where k is the magnitude of the relative momentum k between the two particles

and M = m/2 is the reduced mass. The wavefunction for this can be written

as the sum of an incoming plane wave and an outgoing spherical wave:

ψ(r) = eik·r + f(E, k̂, k̂s)
eikr

r
, (1.5)

where r is the vector connecting the two particles and f(E, k̂, k̂s) is the scat-

tering amplitude, with k̂ and k̂s being the unit vectors describing the direction

of the incoming and scattered waves, respectively. This is shown pictorially in

figure 1.2. For a spherically symmetric potential, which is realistic for collisions

with a well-defined axis, this simplifies to

ψ(r) = eikz + f(E, θ)
eikr

r
, (1.6)

where z is the collision axis and θ is the angle between k̂ and k̂s.

Equation 1.6 can be written as a sum of spherical waves, known as a partial

wave expansion:

ψ =
∞
∑

ℓ=0

AℓPℓ(cos θ)Rℓ(k, r), (1.7)
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where Pℓ are Legendre polynomials with expansion coefficients Aℓ, and Rℓ(r)

are the radial wavefunctions. In the limit of r → ∞, the radial wavefunctions

can be expressed as

Rℓ ≈
1

kr
sin(kr −

π

2
ℓ+ ηℓ), (1.8)

where ηℓ are the phase shifts acquired by the outgoing wave as a result of the

interaction potential. From equations 1.7 and 1.8, the scattering amplitude

can be written as

f(k, θ) =
1

2k

∞
∑

ℓ=0

(2ℓ+ 1)(e2ηℓ − 1)Pℓ(cos θ). (1.9)

While f(k, θ) is not a measurable quantity, we can measure the angular distri-

bution of scattering. This is given by the differential cross-section

dσ

dΩ
= |f(k, θ)|2. (1.10)

By integrating over the scattering angle, we can write the scattering cross-

section as

σ(k) =
4π

k2

∞
∑

ℓ=0

(2ℓ+ 1) sin2 ηℓ, (1.11)

where the ℓ refers to the partial wave order, with ℓ = 0 as the lowest collision

energy. In the high energy limit, ℓ can be considered as an essentially continu-

ous variable. As k approaches zero, however, it can be shown that ηℓ decreases

as k3 or more for ℓ ≥ 1, leaving only the ℓ = 0 contribution [26]. In this

limit, there is a marked difference between scattering of identical bosons and

identical fermions. In the bosonic case, only even partial waves are allowed,

with ℓ = 0 or s-wave being the lowest energy collision, producing a spherical

scattering pattern. For fermions, only odd partial waves are allowed, mean-

ing ℓ = 1 or p-wave is the lowest energy collision, producing a double-lobed

scattering pattern. For distinguishable particles, all values of ℓ are allowed.

1.3.2 Cold Collision Experiments

To put our collider into context, it is worth summarising key collision ex-

periments that have been done so far. Early cold collisions were studied us-

ing atomic beams. These experiments typically featured two or more atomic
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beams propagating at some angle to one another in a light field that modifies

the collision rate and allows for velocity selection (for example, see reference

[28]). Collision energies were on the order of tens of millikelvin. Although at

the time it was possible to produce ultracold clouds in a magneto-optical trap

(MOT), it was difficult to study collisions in a controlled way due to a lack of

a well-defined collision axis and control over the collision energy. There was

a pressing need to understand collisional processes in the cold and ultracold

regimes in order to improve trapping lifetimes and progress with cooling to

even colder temperatures [29].

At the time when efforts to cool atoms to BEC increased in the early 90s,

very little was known about ground state interatomic potentials. It was known

that a high elastic scattering rate and positive scattering length were needed for

rapid thermalisation during evaporative cooling, but there were few methods

of measuring such things other than actually attempting evaporation. For this

reason, the JILA group had setups for both 85Rb and 87Rb, as well as 133Cs in

the hopes that at least one of these species would have a scattering length of the

correct sign for condensation [8]. Concurrent to cooling to condensation, other

groups were working on improving time standards by implementing caesium

fountain clocks, where frequency shifts and line broadening due to interatomic

collisions are significant [30]. This also added to the need to better understand

cold collision processes. In fact, early Cs clocks themselves were instrumental

in gaining valuable insight into collisional properties [31].

Photoassociation spectroscopy is another tool for studying collisions that

emerged around the same time as laser cooling and trapping. The basic concept

is that two ground state atoms undergoing a collision can form an excited state

molecule by absorbing a photon of the appropriate frequency. The molecule

then decays spontaneously, releasing a photon of a different frequency [32].

This process is illustrated in figure 1.3. Using this technique, it is possible

to measure the scattering length between two atoms, as has been done in a

number of experiments summarised in reference [26].

Feshbach resonance spectroscopy has also proved to be highly useful in

garnering information about collisional behaviour of cold and ultracold atoms.

Feshbach resonances originate from weak coupling between scattering and
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Figure 1.3: The photoassociation process, adapted from reference [33]. The in-

teraction potential curves (solid blue lines) are shown as a function of internuclear

separation (energy levels are not to scale). Atoms A and B collide with incident

energy Ei and absorb a photon of energy h̄ωp, forming an excited molecule that

subsequently decays, emitting a photon and producing either two free atoms or a

ground state molecule. Eex is the energy required to excite one atom as the sep-

aration tends to infinity and Eb is the binding energy of the molecular vibrational

level.

bound state channels between two atoms, as illustrated in figure 1.4. The

energy difference between the two channels can be tuned using an external

magnetic field, provided that the two atoms have different magnetic moments.

The scattering length diverges at a Feshbach resonance, with interactions be-

ing strongly attractive on one side of the resonance and strongly repulsive

on the other. This has been used to great effect by many groups to asso-

ciate atoms into molecules [34], create collisionless ensembles, and investigate

strongly interacting phenomena, such as Efimov states [35]. Essentially, Fes-
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Figure 1.4: The two channel model of a Feshbach resonance (adapted from reference

[36]) where Vc(R) and Vbg(R) are molecular potentials. Two atoms collide in the

open (or entrance) channel with energy E. A Feshbach resonance occurs when the

collision energy approaches the bound state energy Ec.

hbach resonances can be considered an additional tuning parameter in the

interaction toolbox. For a recent review on the subject, see reference [36].

The first experiment that was sensitive to the angular dependence of scat-

tering was conducted by Gibble et al. [37]. Their setup used a stream of Cs

atoms in a MOT that are launched upwards and allowed to fall back down.

Only a small velocity class of atoms are selected and allowed to collide with

each other. The effect of collisions is measured by probing atom velocities; af-

ter a collision, velocities outside of the initial selected velocity appear and are

detected by measuring the Doppler shift. They later extended their setup to

launch balls of atoms rather than a continuous stream (the “juggling fountain

clock”), allowing control over the collision energy as well as the |F,mF 〉 state

of each ball [38]. Using this setup, they were able to measure s-wave and p-

wave scattering lengths. They took the juggling fountain clock even further by

preparing one of the launched clouds in a superposition of Cs clock states. Af-
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ter the scattering event, the two clock states experience different s-wave phase

shifts, the difference of which can be measured by Ramsey interferometry [39].

Their setup has evolved into a very sensitive interferometer, with potential to

measure variations in the fine structure constant [40].

Scattering halos have been imaged in a number of other experiments.

Chikkatur et al. [41] used Raman transitions to create “impurity” atoms in

a magnetically trapped BEC to observe superfluidity and imaged s-wave scat-

tering halos from collisions between condensate and impurity atoms. Katz et

al. [42] used Bragg beams to induce collisions in a BEC in a magnetic trap

and directly imaged the s-wave scattering halo. Volz et al. [43] made use of a

Feshbach resonance to associate 87Rb atoms into molecules and then rapidly

dissociated them by jumping the magnetic field away from the resonance again.

They were able to image s and d-wave scattering patterns of dissociated atoms

that were proportional to the dissociation energy. s-wave scattering in the sub-

µK range was also observed by Döring et al. [44] by directing atoms from an

atom laser to fall through a BEC below. More recently, Williams et al. [45]

were able to observe angularly-resolved scattering in the s-wave regime as well

as higher order partial waves at s-wave collision energies by “artificially” in-

creasing interaction strength using a two photon Raman light field.

Previously at Otago [46], and also by a group at the University of Am-

sterdam [47], a truly collider-like scheme was used to observe scattering of

ultracold 87Rb atoms. Two clouds were cooled to ultracold temperatures in a

magnetic potential which was then adiabatically converted to a double-well.

The potential was then quickly reverted back to a single well, which placed

the clouds in a higher potential from which they “fell” towards one another.

See figure 1.5 for an illustration of the collision procedure. The initial cloud

separation acted as a control of the collision energy, with clouds separated by

smaller distances having lower collision energies. After the initial observation

of s and d-wave scattering of identical bosons (see figure 1.6), they were able to

extend the scheme to colliding distinguishable bosons by transferring one cloud

into a different hyperfine state using a two photon transition. This allowed for

observation of p-wave scattering, which is unavailable to identical bosons [48].
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Figure 1.5: A schematic of the collision process. (a) Two ultracold clouds 1 and 2 are

initially located in two wells of a magnetic double-well potential. (b) The potential

is suddenly transformed to a single well, and the clouds fall in the potential towards

one another. (c) They pass through each other, with scattered atoms emanating

from the collision point.

1.3.3 This Work: Everything You Ever Wanted in a

Cold Collider

The optical collider described in this thesis overcomes many drawbacks that

exist in schemes used to date. It has the advantages of the magnetic colliding

schemes and juggling fountain clock described in section 1.3.2, in that there

is a well-defined collision axis and the ability to selectively transfer the spa-

tially separated individual clouds into different hyperfine states. It also has

several improvements. The move to using optical confinement lifts many of

the restrictions of working in magnetic traps. For example, magnetic traps are

limited to confining only weak field seeking states, while optical traps can trap

any species in any state and even molecules. We are able to quickly turn off

the confining potential prior to the collision, allowing the atoms to scatter into

free space, which simplifies the subsequent analysis2.

The most important feature of our collider is that control over collision

energy and the external magnetic field are independent tunable parameters.

By using an external magnetic field, we can tune interactions via Feshbach

resonances. Together with precise control of the collision energy, the optical

2The previous Otago collisions took place in-trap, which modified the trajectories of

scattered atoms, requiring a more involved analysis procedure [49].
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Figure 1.6: A series of absorption images of collisions with increasing collision

energy denoted in multiples of the Boltzmann constant, taken from reference [46].

The evolution from pure s-wave scattering to d-wave scattering is clearly visible.
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collider will be a highly useful tool for collision metrology. Additionally, such

a collider opens up the possibility of studying Efimov physics [50], dimer-atom

and dimer-dimer scattering [51], and probing strongly interacting gases [52].



Chapter 2

Trapping and Cooling of Atoms

Since the inception of experimental Bose-Einstein condensation, many tech-

niques for cooling and trapping neutral atoms have become commonplace and

can be found in most atomic physics labs. In this chapter, I will present the

experimental techniques and the physics behind them that are relevant to our

setup. The discussion focuses on 87Rb and 40K, the two species used in our

experiment.

2.1 Atoms in Magnetic Fields

Consider an atom in a weak external magnetic field. Zeeman splitting of the

hyperfine spectral lines occurs as a result of spin-orbit interaction. This can

be described by the Hamiltonian

HB =
µB

h̄
(gSS+ gLL+ gII) ·B, (2.1)

where µB is the Bohr magneton, gS, gL, and gI are the electron spin, orbital,

and nuclear g-factors associated with their respective angular momenta S,

L, and I [53]. For the applications described in this thesis, the magnetic

field is weak and gives rise to a small shift in energy relative to the hyperfine

structure splitting. If we consider a magnetic field along the quantisation axis

(z direction), the above equation reduces to

HB = µBgFFzBz, (2.2)

15
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where Fz is the z component of the total atomic angular momentum and gF

is the Landé g-factor. This results in an energy shift of

∆E = µBgFmFBz (2.3)

for a given state |F,mF 〉.

The energy levels are split into 2F +1 Zeeman sublevels. Atoms in Zeeman

substates where gFmF > 0 experience a linear increase in energy with increas-

ing magnetic field, making them weak field seekers. Atoms in strong field

seeking substates cannot be trapped in a purely magnetostatic trap since local

magnetic field maxima in free space are not possible [54]. So long as atoms do

not undergo transitions to strong field seeking states (spin flips), such as Ma-

jorana transitions that occur in the vicinity of magnetic field zeroes, they will

remain trapped. For the 87Rb 2S1/2 ground states, the magnetically trappable

states are |F = 1,mF = −1〉, |F = 2,mF = 1〉, and |F = 2,mF = 2〉 [53],

with the last state experiencing the tightest magnetic confinement, a quality

beneficial for evaporative cooling (discussed in section 2.4). For the 40K 2S1/2

ground states, there are many more trappable states [55].

2.2 Cooling With Light

Laser cooling is a necessary step towards reaching the ultracold temperature

regime and a Nobel prize-worthy feat [56, 57, 58]. It is a subject that has been

discussed in great detail in a variety of publications [59, 60, 61] (and references

therein), and I will not attempt to give it a thorough treatment here. I will,

however, briefly describe the inner workings of a MOT, including the particular

case of a dual species MOT.

2.2.1 MOT Basics

A photon carries momentum that is transferred to an atom when it is absorbed.

Photons exactly in resonance with the atomic transition in question transmit

maximal radiation pressure to atoms. In a vapour cell, atoms travel at a wide

range of velocities. As a result, the resonant frequency is shifted relative to
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the incoming photons according to the Doppler effect. If the laser light is red-

detuned, atoms moving in the opposite direction to that of the photons are

brought closer to resonance and therefore experience stronger radiation pres-

sure. In the case of atoms in two counter-propagating beams, atoms travelling

in either direction will experience an opposing force, resulting in a decrease

in velocity, with stationary atoms experiencing no force at all. Because the

process of slowing the atoms cools them, this is called Doppler cooling. If more

beams are added such that there are six counter-propagating beams oriented

orthogonally to one another, atoms then find themselves in a sticky situation:

no matter which direction they are moving in, they experience a force in the

opposite direction. This is known as an optical molasses [62] because the

situation is akin to particles travelling in a viscous medium.

While an optical molasses can cool atoms, it is incapable of spatially trap-

ping them. Adding a weak quadrupole field centered on the intersection of

all six beams combined with appropriate polarisation of the beams solves that

problem [63]. To illustrate how this works, consider a two level atom with

ground state J = 0 and excited state J = 1, with substates mJ = −1, 0, +1.

σ+ and σ− light can only drive transitions on the mJ = +1 and mJ = −1

sublevels, respectively, due to selection rules. Referring to figure 2.1, if the

atom is displaced from the trap center into the positive x direction (a region

of positive magnetic field), it is brought closer to resonance with the mJ = −1

transition and therefore experiences increased scattering from the incoming

σ− beam. This has the effect of pushing the atom back to center of the trap.

As the opposite happens to atoms that wander into the −x direction, there

is an overall restoring force that keeps atoms at the trap center. This is eas-

ily extensible to three dimensions by using a configuration of six orthogonal

counter-propagating beams as shown in figure 2.2, though other configurations

are also possible [64, 65, 66].

Real atoms are of course not two level systems. As a result, MOTs must

employ additional light to pump atoms that have decayed to other states back

to where they need to be for further cooling1. For the two species used in our

1For the alkali metal atoms traditionally used in ultracold atom experiments, the level

structure is very favourable; only one repump frequency is required. For other species, such
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Figure 2.1: An illustration of the mechanism of a MOT in one dimension, adapted

from [67]. Incoming laser light excites the |J = 0〉 → |J = 1〉 transition, with

the beam coming from the positive (negative) x direction pumping atoms into the

mJ = −1 (mJ = +1) state. Away from the origin, the scattering rate increases due

to the Zeeman shift bringing the atoms closer to resonance with the red-detuned

light, resulting in a net force towards the trap center.

experimental setup, the level structure and cooling and repump transitions are

discussed in chapter 3.

2.2.2 Two Species MOTs

The number of atoms in a MOT can be expressed as

d

dt
N(t) = Rload −RlossN(t), (2.4)

those in the alkaline earth group, more complicated schemes must be used [68, 69].
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Figure 2.2: The six beam MOT arrangement with quadrupole coils to produce the

magnetic field.

where Rload is the loading rate, Rloss is the loss rate, N is the number of atoms,

and density-dependent losses are ignored [70]. The loading rate is proportional

to the vapour pressure of the atom in question (as well as being a function of

trap parameters), while the loss rate is given by

Rloss = Ratoms +Rbg, (2.5)

where Ratoms and Rbg are loss rates resulting from collisions with MOT and

background atoms, respectively.

In the case of a dual species MOT, light-assisted collisions and resulting

losses affect the MOT number of each species [71, 72], though this amounts

to a negligible quantity for Rb due to the small size of the K MOT relative to

the Rb MOT2. The number of atoms in the K MOT in the presence of the Rb

2Unless otherwise specified, “K” refers to 40K and “Rb” refers to 87Rb for the remainder

of this thesis.
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MOT is given by [71]

d

dt
NK = Rload −RlossNK − β

∫

d3xnK(x)nRb(x), (2.6)

where Rload and Rloss are the single species rates for K, β is the loss rate

coefficient, and nK(x) and nRb(x) are the K and Rb densities, respectively.

The decrease in NK in the presence of Rb measured by different groups

ranges from almost an order of magnitude [73] to a factor of two [72]. This

can be partially mitigated by using a dark SPOT (spontaneous force optical

trap) configuration [74], where the center of the repump beam is blocked.

This has the effect of confining atoms in a dark hyperfine state where they no

longer interact with the cooling light, decreasing the scattering rate. Ospelkaus

et al. [73] improved both MOT number and lifetime in the presence of Rb

by employing a dark SPOT MOT for K. Light assisted losses with Rb still

occurred, but the overall higher number of atoms (more than 6 times higher)

compensated for the losses and the lifetime of the combined KRb MOT was

longer than the bright K MOT alone.

2.3 Off-Resonant Dipole Trapping

In addition to magnetic trapping, off-resonant dipole trapping is an essential

tool for many applications. While magnetic traps can only be used with weak

field seeking states, off-resonant lasers can be used to trap atoms in any sublevel

as well as molecules.

The optical dipole force is generated by the AC electric field of a far-detuned

laser beam, which induces an oscillating dipole in an atom placed in the beam.

The trapping potential Udip(r) is directly proportional to the intensity of the

beam, which for a Gaussian beam is

I(r, z) =
2P

πw2(z)
exp

(

−2r2

w2(z)

)

, (2.7)

where P is the optical power, r is the radial position, z is the position along

the direction of propagation, and w(z) is the beam width (radius) along the



Off-Resonant Dipole Trapping 21

direction of propagation as defined below:

w(z) = w0

√

1 +

(

z

zR

2
)

. (2.8)

Here, w0 is the beam waist and zR = πw2
0/λ is the Rayleigh length, where λ is

the wavelength of the trapping light. In the oscillator model, the induced dipole

moment oscillates at the driving frequency ω. In this model, the simplified

expression for the optical dipole potential is

Udip(r) =
3πc2

2ω3
0

Γ

∆
I(r), (2.9)

where ω0 is the frequency of the atomic resonance, Γ is the natural linewidth,

and ∆ is the detuning of the beam from the atomic resonance. A positive ∆

(blue-detuned) results in atoms being repelled from regions of high intensity,

while a negative ∆ (red-detuned) results in atoms attracted to high intensity

regions.

Atoms in the oscillating field absorb and spontaneously re-emit photons

from the trapping field. The scattering rate is given by

Γsc(r) =
3πc2

2h̄ω3
0

(

Γ

∆

)2

I(r). (2.10)

Optical dipole traps typically have a large detuning, placing them in the regime

of Γsc ≪ Γ. For typical parameters used in our setup, Γsc ∼ 0.1 Hz. For an

extensive review of optical trapping of neutral atoms, including full treatment

of multilevel atoms, see reference [75]. Equations 2.9 and 2.10 are a sufficient

treatment of optical trapping for our purposes.

A single beam produces a highly elongated potential with very weak con-

finement in the direction of propagation. Since our goal is to study collisions,

we want to maximise the number of atoms scattered, which requires dense,

localised clouds. A crossed-dipole trap is ideal for this, because the trapped

clouds are roughly spherical and the atoms do not travel along the beams

unless they are hotter than the trap depth. A comparison between a single

and crossed trap is shown in figure 2.3. A crossed-dipole potential is the sum

of two beams crossing at their waists. The two beams must have orthogonal

polarisation, otherwise they will interfere, creating a lattice potential instead

of the desired spherical potential.
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Figure 2.3: The potential formed by a single horizontal beam and the corresponding

absorption image (top) and the potential from a crossed-beam trap and correspond-

ing absorption image (bottom). Each image is of Rb atoms after 0.5 ms time of

flight. Note the different distance scales on the potential plots. In the crossed-beam

absorption image, a small amount of atoms can be seen leaving the trap along the

vertical beam.

2.4 Cooling to Degeneracy

Laser cooling alone is not sufficient to reach the BEC transition. Typical

temperatures in a MOT are in the low hundreds of microkelvin without any

additional optical cooling. While temperatures below the Doppler limit [76]

or even below the photon recoil limit [77] can be achieved through laser cool-

ing techniques, the density and temperature conditions for BEC formation are
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not met. Evaporative cooling, the process of continuously removing the high

energy atoms while the rest of the ensemble rethermalises to a lower temper-

ature, has proved to be an essential step for attaining quantum degeneracy in

gases.

There are several criteria that must be fulfilled for efficient evaporative

cooling. Firstly, the lifetime of atoms in the trap must be at least as long as

the time scale for evaporation, which is on the order of tens of seconds. This

is primarily limited by vacuum quality, since collisions with background atoms

can eject atoms from the trap, and also by heating. Secondly, a high ratio

of elastic (“good”) collisions to inelastic (“bad”) collisions is required for fast

rethermalisation and minimal losses and heating. Alkali atoms are particu-

larly well-suited to this because of their high elastic scattering cross-section,

as well as very low rates of three-body recombination (a density-dependent

process) and two-body dipolar relaxation [78]. Reference [1] goes into further

detail about relative rates of collision process that occur during evaporation.

Thirdly, because evaporative cooling relies on removing high energy atoms

from the sample, a large number of atoms is required, usually upwards of 108.

Despite the losses, the evaporation process is still very efficient, usually gaining

six orders of magnitude in density while losing three orders of magnitude in

number.

In our experiment, we use forced radio frequency (RF) evaporation to se-

lectively remove the hottest atoms from the trap. This is the most commonly

used method, though other methods exist as well, such as the “circle of death”,

which uses a time orbiting potential (TOP) [79], and evaporation in optical

dipole traps by gradually decreasing the trap depth [80]. The mechanism of

removing atoms using an RF field is as follows. In a magnetic trap, atoms

with higher energy are located in regions of higher magnetic field, and corre-

spondingly experience a larger Zeeman shift than atoms lower in the potential.

The RF drives transitions between Zeeman sublevels such that the previously

weak field seeking atoms are now strong field seeking and are ejected from the

trap. This occurs when the frequency is

ωRF =
|gF|µBB

h̄
, (2.11)
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from which we can see that higher frequencies are resonant with atoms in

higher magnetic field magnitudes B [81]. The magnetic potential is given by

UB(r) = µBgFmFB(r), (2.12)

where r is displacement from the trap center. This shows that only atoms with

energy higher than

E = mFh̄ωRF (2.13)

will be ejected from the trap. A cartoon version of evaporation is shown

in figure 2.4. Provided there are no major sources of heating or trap loss3,

evaporative cooling should increase the phase space density and decrease the

temperature sufficiently to reach the BEC transition.

2.4.1 Sympathetic Cooling

While cooling bosons to degeneracy is relatively straightforward, the same

is not true for fermions. Bosonic atoms rethermalise during evaporation via

s-wave collisions. Identical fermions, however, do not undergo s-wave inter-

actions with one another due to the Pauli exclusion principle. The lowest

energy collisions possible between identical fermions are p-wave, which for 40K

enables evaporative cooling down to a minimum of 20 µK [83], much higher

than the quantum degenerate regime! For fermions, a different strategy must

be employed.

DeMarco and Jin [13] took the approach of evaporatively cooling 40K by

trapping a mixture of two magnetic sublevels, which can collide with each

other in the s-wave regime. The evaporation scheme is more complicated than

that for a single bosonic species; throughout the process, equal portions of the

two states must be maintained. This requires two evaporation frequencies in

the microwave range and adiabatic adjustment of the magnetic field during

3Common sources of heating in magnetic traps are current noise in the magnetic trap coils

translating to magnetic field noise, stray resonant light, and products of inelastic collisions.

Trap loss can often occur due to stray RF coupling atoms out of the trap. See reference [1]

for extensive musings on heating and trap loss and reference [82] for a rigorous mathematical

treatment of noise-induced heating.
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Figure 2.4: An illustration of RF evaporation. When the incoming frequency is

resonant with the Zeeman splitting of an atom, it undergoes transitions to an un-

trapped state and leaves the trap.

evaporation. Since then, most groups have taken to employing a different

strategy: sympathetic cooling. This involves using a second bosonic species

to cool the fermionic species and is in principle no more complicated than

evaporatively cooling the bosonic species on its own4, with the added bonus

of the ability to study interspecies interactions [84].

For sympathetic cooling to be successful, a few conditions must be met. The

spin states used for each species must be immune to spin-exchange collisions.

For the 40K and 87Rb combination, these states are |F = 9/2,mF = 9/2〉 and

|F = 2,mF = 2〉, respectively [85]. Tight confinement in the magnetic trap

is also necessary due to gravitational sag between the two species, which for

4Of course, a two species setup has overall higher complexity due to the introduction of

the second species that must also be laser cooled.
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atoms in a harmonic potential is given by

ysag =
g

ω2
y

, (2.14)

where g is acceleration due to gravity and ωy is the trapping frequency in the y

direction [86]. For the above spin combination, the difference in gravitational

sag is proportional only to the mass difference between the two atoms, since

these states are stretched states, meaning that the magnetic moment of the

atoms is equal to the Bohr magneton. Good overlap between the two clouds

must be maintained for rethermalisation during evaporation. While this is

more severe for very cold clouds, it is fortunately somewhat counteracted by

attractive interactions between the two species [87].

The mechanism of removing high energy atoms during sympathetic cooling

is identical to that of the single species case. However, care must be taken to

only remove the Rb atoms and let the K population rethermalise with the

remaining Rb. Both species experience the same trapping potential, but gF

for the two species differs by a factor of 2.25, with the K Zeeman splitting

being narrower than the Rb splitting. As a result, the frequency needed to

induce spin flips and subsequent ejection from the trap in Rb is proportionally

higher than that for K (see equation 2.11), leading to high energy Rb atoms

being removed while retaining the K atoms. The sympathetic cooling process

results in a large loss of Rb atoms with only a modest loss of K atoms [73].

Efficient sympathetic cooling necessitates a large initial number of Rb relative

to K (approximately 100 times higher), otherwise there is a danger of running

out of Rb atoms before degeneracy is reached [88].
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The Experimental Apparatus

In this chapter, I will describe the experimental apparatus. The setup is de-

signed for two species, using bosonic 87Rb and fermionic 40K. A dual species

setup essentially doubles the amount of optics required for preparing light for

laser cooling and probing, but the close resonant wavelengths of 87Rb and 40K

allow for only slightly higher complexity of MOT optics.

The system is composed of an ultrahigh vacuum chamber (UHV) with su-

perimposed 87Rb and 40KMOTs and a mechanical transfer scheme to transport

atoms to the UHV science cell. A combination of home-built and commercial

lasers are used for cooling, repumping and probing, with optical power ampli-

fiers used to produce sufficient cooling and repumping power for both MOTs.

Atoms are confined in a Ioffe-Pritchard magnetic trap for evaporative cool-

ing. The trap, which I will describe in detail, has been modified for improved

optical access compared to the standard configuration.

3.1 Vacuum System

The main aspects of the vacuum system are illustrated in figure 3.1. The

vacuum system is composed primarily of off-the-shelf components, with the

exception of the pyrex science cell. The MOT chamber has eight uncoated

windows used for MOT beams, optical pumping, and monitoring of the MOTs.

The rubidium and potassium dispensers occupy one port of the MOT chamber.

The science cell and the MOT chamber are connected by a 1 cm inner diameter

27
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Figure 3.1: 3D model of vacuum system.

transfer tube and a bellows separated by a gate valve. A differential pumping

scheme is used to maintain a vacuum pressure of less than 1 × 10−11 torr on

the science cell side1, while the pressure in the MOT chamber is approximately

10−9 torr.

The Rb dispensers were purchased from SAES Getters, while enriched K

dispensers were made in-house by Ina Kinksi and Stephan Wildermuth based

on a design from JILA [89]. Enriched potassium dispensers are required due

to the very low natural abundance of 40K (0.012% [89]). The potassium used

in the dispensers is enriched to 7.1% [90]. Three dispensers for each species

were installed, and at the time of writing, we are still using the first dispenser

of each set. The dispensers are connected to a current supply via two TTL

triggered relays (one for each species) that automatically switch off after 20

seconds to prevent the dispensers from accidentally running continuously at

1The pressure falls below the detection level of the ion gauge (model number 9715015

from Varian).
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high current2. The circuit diagram is included in appendix A.

We typically run the Rb dispenser at 5.5 A for 40 seconds every few hours

when operating the experiment with Rb only. This is sufficient to maintain

a MOT of 4 × 109 atoms. When using K, we run the respective dispenser

continuously at 3 A to achieve a stable MOT of 3 × 107 atoms. As noted in

Michele Olsen’s PhD thesis [88], we have observed that running the K dispenser

also releases Rb and vice versa. It is likely that this is due to release of atoms

adsorbed to the dispenser surface by heating rather than the chemical reaction

that normally produces the required vapour.

The science cell is the only custom made component of the vacuum system

and is also the only part that has caused us some amount of trouble (see

appendix B). The cell itself has a 22.4 × 12.4 mm cross section and is 40 mm

in length with a glass thickness of 1.2 mm and is fused to a glass to metal

adapter3.

3.2 The MOT Lasers

In this section, I will describe the lasers and locking schemes used for cooling,

pumping, and probing of Rb and K atoms. This is the only part of the exper-

imental setup where working with two species doubles the amount of optics,

electronics, and other components. Because the relevant transitions in each

species are relatively close (780 nm and 767 nm for Rb and K, respectively), we

are able to use almost all the same optics, acousto-optic modulators (AOMs),

fibers, photodiodes, and so on, which is a major advantage of working with

KRb systems over other species combinations.

2It is crucial to use relays with appropriate current specifications or else the relay may

stick in the closed position due to heating and flood the vacuum chamber with alkali vapour.

We use Schrack RT314005 relays, which are rated for up to 16 A.

3Part number GMPS112F3 from Kurt J. Lesker Company.
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3.2.1 The Rubidium Laser System

The first implementation of the Rb laser system was made up entirely of

home-made external cavity diode lasers (ECDLs) in the Littrow configura-

tion [91]. The scheme used three individual lasers for cooling, repumping and

probing/optical pumping. We originally used this scheme to cool to quantum

degeneracy, however the main results in this thesis use a new configuration,

so this is the one that I will describe in detail. The new scheme uses a fiber

coupled Toptica DL Pro for cooling, probing and pumping, and the original

home-made repump ECDL.

The energy level diagram for the relevant transitions is shown in figure 3.2.

Cooling is performed on the |F = 2〉 → |F ′ = 3〉 transition and repumping on

the |F = 1〉 → |F ′ = 2〉 transition. Probing is done on the |F = 2〉 → |F ′ = 3〉

transition. We are predominantly interested in working with atoms in the

|F = 2,mF = 2〉 state, so we can use either the |F = 2〉 → |F ′ = 3〉 or the

|F = 2〉 → |F ′ = 2〉 transition. Optical pumping will be discussed in more

detail in section 4.3. For a thorough discussion of the 87Rb D line properties,

see reference [53].

To stabilise the Toptica laser frequency, we lock the laser to the peak of

the F ′ = 2, 3 crossover transition (see figure 3.3). To do this, a few milliwatts

of light are diverted to a saturated absorption spectroscopy setup via a 75:25

fiber splitter. Prior to entering the vapour cell, the light goes through a double-

pass AOM. This allows us to tune the laser frequency over 50 MHz, which is

necessary for the optical molasses stage and also to change the frequency to

that required for probing and optical pumping. An error signal is generated

by dithering the current of the laser, but we can equivalently dither the AOM

frequency. We use a Toptica Digilock 110 module (an FPGA device) to lock to

the absorption peak and subsequently use other AOMs to shift the frequency

to the |F = 2〉 → |F ′ = 3〉 transition. The Digilock is a self-contained unit

that provides everything necessary to lock the laser, including the dither signal,

error signal generation, and a software interface for controlling proportional-

integral-derivative (PID) parameters for feedback.

In addition to the Digilock, current control, temperature control, and piezo
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Figure 3.2: Hyperfine structure of the 87Rb D2 transition. The frequencies (in

MHz) relative to the 2S1/2 level are given in parentheses. Both the cooling and

repump frequencies are red-detuned from the resonance.
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scan control are all achieved using Toptica modules4. The remaining 25% is

further divided into two branches using a 90:10 fiber splitter: one for probing

and optical pumping (10%) and the other for cooling. The light for probing and

pumping goes through an AOM for shifting the light to the required frequency

and for switching. The other branch has approximately 13 mW in it and is

used to inject light into the Rb tapered amplifier (see section 3.3) to provide

enough power for cooling, typically 175 mW after the switching AOM and

optical fiber. The optical schematic for the Rb lasers is shown in figure 3.4.

The repump laser is locked to the F ′ = 1, 2 crossover peak on its own satu-

rated absorption spectroscopy setup and is shifted to the |F = 1〉 → |F ′ = 2〉

transition using an AOM, which is also used for switching and intensity control.

The scheme is outlined in figure 3.5. The current, piezo, and temperature are

controlled using commercial devices5. The error signal is generated by dither-

ing the current of the laser and we lock to the peak of the transition. The

circuit that creates the error signal and the PID controller used to lock the

laser were designed by Sascha Hoinka. The circuit diagrams can be found in

appendix A. Because the laser is on the same table as the track (see section

3.6), the PID controller has a sample and hold module that is engaged during

track motion to prevent the laser from jumping out of lock due to vibrations

on the table.

The repump transition is 6.8 GHz away from the cooling transition, and

this (along with power requirements) is the primary reason a separate laser is

used. Because there is some amount of spare cooling light after the TA, we

attempted to run the entire Rb setup with the Toptica laser by shifting the

light using an electro-optic modulator6 (EOM), as shown in figure 3.4. We had

moderate success and were able to make a few BECs, but due to input power

4While the Toptica system is fairly hassle-free (you can get the laser up, running and

locked in a matter of hours) and robust, we do have to periodically tune the laser manually

by adjusting the grating angle.

5The laser diode controller and piezo controller are from Thorlabs. The part numbers

are LDC 202C and MDT694, respectively. The temperature controller is a Newport Model

325.

6Photline NIR MPX800-10-P-P-FA-FA.
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Figure 3.3: Saturated absorption spectroscopy of the 87Rb |F = 2〉 → |F ′〉 tran-

sitions (top) and the corresponding error signal (bottom), both exported from the

Digilock software. The laser is locked to the F ′ = 2, 3 crossover peak and shifted

by ∆ftune, which is adjusted as required throughout the experimental cycle. An

AOM with a fixed frequency of 80 MHz shifts the frequency back to near the F ′ = 3

transition, with the detuning controlled by ∆ftune.



34 The Experimental Apparatus

Figure 3.4: A simplified layout of the Rb laser system. Solid lines perpendicular to

the direction of propagaion of the beams are λ/2 plates unless otherwise indicated.

The small rectangles prior to the fiber inputs denote mechanical shutters. The beam

splitting cubes are polarising beam splitters (PBS) unless otherwise indicated. These

conventions are used for the remainder of the thesis. Because the setup spans two

tables, we rely on optical fibers to transmit light to its final destination. The light

used for the alternative repump scheme using the EOM is derived from the 0th order

of the switching AOM after the TA. Since this light is not used for anything else, we

can easily switch between the two repump schemes by connecting the appropriate

fiber.



The MOT Lasers 35

Figure 3.5: A background-subtracted oscilloscope trace of saturated absorption

spectroscopy of the 87Rb |F = 1〉 → |F ′〉 transitions (top) and the corresponding

error signal (bottom). The laser is locked to the F ′ = 1, 2 crossover peak and shifted

by an AOM fixed at 78 MHz.

limitations of the device, we were unable to derive enough repump power to

make a MOT as large as with the separate repump laser. For normal MOT

operation, we typically use 7 mW of light. The EOM outputs the central

frequency plus two sidebands shifted by ± 6.8 GHz, one of which we use for

repumping. However, the power in the sideband of interest is limited to 4 mW,

which is suboptimal7.

3.2.2 The Potassium Laser System

The K laser system is similar to the original Rb laser system in that there

are three separate lasers for cooling, repumping and probing. All three are

commercial lasers from New Focus8. The original K laser system is described

7During the time of writing, two different configurations for generating repump light

using the EOM were realised. This is documented in reference [92].

8The cooling and repump lasers are part numbers TLM7000 and TLB7000, respectively.

The repump laser underwent repair in 2008 due to diode failure. The probe laser is a Vortex
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in Alex Barker’s Masters thesis [90]. The optical layout was redesigned by

Sascha Hoinka due to space constraints, and a number of changes have been

made to the setup, though it is functionally equivalent.

The very low natural abundance of 40K means that the relevant absorption

peaks are impossible to see in a standard unenriched K vapour cell. Because

of this, we lock to the prominent 39K F = 1, 2 crossover transition and shift

the frequency from there (see figures 3.6 and 3.7). For K, we only lock the

repump laser to a saturated absorption peak; the other two lasers are offset

locked from the repump laser using two more of Sascha’s PID circuits. As can

be seen from the energy level diagram in figure 3.6, the repump transition,

|F = 7/2〉 → |F ′ = 9/2〉, is 649 MHz away from the crossover, and we achieve

the shift using two double-pass AOMs. We dither the frequency of one of the

AOMs to generate an error signal using our home-made error signal circuit and

lock the current using a Precision Photonics servo controller9. We have not

found it necessary to lock the piezo of the repump laser. The second double-

pass AOM is used to tune the repump frequency. We can scan through all of

the |F = 7/2〉 → |F ′〉 transitions using this AOM.

The cooling transition, |F = 9/2〉 → |F ′ = 11/2〉, is 1.242 GHz away from

the repump transition. In this situation, it is more practical to use an offset

lock rather than a second saturated absorption spectroscopy setup and more

AOMs. To lock the cooling laser, we must first obtain a heterodyne beat signal

by overlapping light from each laser on a fast photodiode10. Because the beat

signal is at a higher frequency than what the locking electronics are capable

of processing, it must be divided by 8 using a pre-scaling circuit11. The scaled

signal is input into a home-made phase-locked loop (PLL) circuit along with a

reference frequency generated by a Mini-Circuits voltage controlled oscillator,

which generates an error signal. The output of the PLL is then fed into the

home-made PID controller to lock the piezo and current. When locked, the

laser.

9Part number LB1005.

10Newport 818-BB-21A.

11Hittite HMC363S8G.
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Figure 3.6: Energy level diagram for 39K and 40K. The frequencies in MHz relative

to the 39K 2S1/2 level are given in parentheses. The lock point is the 39K F =

1, 2 crossover, indicated by the bold dashed line. Both the cooling and repump

frequencies are red-detuned from the resonance.
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Figure 3.7: Saturated absorption spectroscopy for K (top) and the corresponding

error signal (bottom). The only clearly visible transitions are those of 39K (F = 1,

F = 2 and the crossover) and the hyperfine splitting is not resolved. The repump

laser is locked to the crossover and the frequency is shifted using two double-pass

AOMs, one at 110 MHz and the other at ∆frep = 217 MHz for standard MOT oper-

ation. The cool offset frequency is set to ∆fcool = 1.228 GHz and is freely tunable.

∆fprobe is the probe offset frequency and is adjusted as needed for optical pumping

(|F = 9/2〉 → |F ′ = 9/2〉) or probing (|F = 9/2〉 → |F ′ = 11/2〉) throughout the

experimental cycle.
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Figure 3.8: A simplified layout of the K laser system. Optical fibers are used to

transmit light from one end of the optical table to the MOT chamber and science

cell. The additional repump light required for optical pumping is coupled into the Rb

repump fiber. The waveplates used are designed for 780 nm due to wider availability

and lower cost compared to those designed for 767 nm. It is crucial that good quality

zero order waveplates are used for 767 nm light for best polarisation purity.

linewidth of the beat signal is less than 100 kHz, which sets an upper limit

for the repump laser linewidth. The relevant circuit diagrams can be found in

appendix A.

The probe laser locking scheme is nearly identical to that of the cooling

laser. The only difference is that the probe laser light is passed through a

double-pass AOM for switching and intensity control, so the offset frequency

is adjusted accordingly. The optical layout of the K laser system is shown in

figure 3.8, though we are presently modifying the setup by adding a second ta-

pered amplifier for independent cooling and repump amplification and setting

up a dark SPOT MOT.

The New Focus lasers have excellent mechanical stability. While we have

to use sample and hold to prevent the Rb repump laser from unlocking during

track motion, we have not found it necessary to use this feature for the K

lasers. It is even possible to make a K MOT without locking the lasers at all;
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only some manual adjustment of the piezo voltage and current is necessary.

3.2.3 Putting Them Together

All laser light is transmitted to the MOT chamber via polarisation-maintaining

optical fibers, as illustrated in figures 3.4 and 3.8. The fiber-based approach

was a design choice made for a number of reasons. Firstly, scattered resonant

light entering the science cell is problematic because it can drive transitions

in the atoms resulting in heating and loss from the trap during evaporation.

By separating the main experiment table into two halves with covers and a

dividing wall, we are able to minimise the likelihood of resonant photons unin-

tentionally reaching the science cell. Secondly, single mode fibers are necessary

for cleaning up the beam shape of light from the tapered amplifiers (see section

3.3). Thirdly, using fibers drastically reduces the workload for any realignment

of optics; if something needs to be adjusted upstream from the MOT, we do

not have to subsequently realign all the MOT optics. Finally, in some cases,

lasers are located on a separate table and fibers are used to transmit light by

necessity.

The final stage of preparing light for the MOT is combining the Rb and K

light, expanding the beams and dividing them into six paths for delivery to the

MOT chamber. The scheme for this is shown in figure 3.9. To combine Rb and

K light, we use a polarising beam splitter followed by a “magic” waveplate12

that acts as a λ waveplate for 767 nm light and a λ/2 waveplate for 780 nm

light, which ensures that the subsequent polarisation of the combined KRb

light is the same. The rest of the MOT optics are standard components for 780

nm, which results in some compromises being made in regard to polarisation.

A 780 nm λ/2 waveplate does not rotate the polarisation the same amount at

a given angle for both wavelengths, since the phase shift imparted on the light

is wavelength-dependent. This presents a difficulty in evenly balancing power

in the MOT beams for both wavelengths simultaneously, but can be mostly

overcome by tilting the waveplates.

12Lens-Optics part number W2M20-676/780.
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Figure 3.9: Simplified schematic of the MOT optics. This part of the setup is located

underneath the MOT chamber. Light is delivered to its final destination using

a further two or three mirrors per beam. λ/4 waveplates are located immediately

before the MOT chamber view ports to produce circularly polarised light. The beam

orientations are denoted by their direction of origin relative to the MOT chamber.
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3.3 Tapered Amplifiers

Diode lasers alone do not provide sufficient power to make a large MOT unless

multiple lasers are used in a master/slave configuration. For this reason, we

use tapered amplifiers (TAs) to amplify our laser light. We use two TAs in our

experiment: one for Rb cooling light and the other for K cooling and repump

light. The TAs were purchased from Eagleyard Photonics13 and can output

up to 1 W and 1.5 W for the Rb and K TAs, respectively. The 780 nm TAs

have a large enough bandwidth to amplify 767 nm light as well, and this is

done in the first JILA KRb experiment [85]. However, using a single chip to

amplify wavelengths nanometers apart or even different frequencies (as in our

case) has some complications [88], which I will describe later in this section.

The housing for the TAs is home-made and is based on the design of Nyman

et al. [93]. The TA chip sits in between two copper blocks with a lens built

into each one for focusing seed light onto the TA and output collimation. The

copper mount sits on a thermoelectric cooler (TEC) for temperature stabilisa-

tion. The whole ensemble resides inside a sealed compartment with input and

output windows, the output window being angled to prevent back-reflection

that can harm the TA. The TA current and temperature are controlled using

commercial controllers14. Details of the housing (as well as other TA features)

can be found in Alex Barker’s Masters thesis [90], though we have since made

some minor changes to the housing described therein.

Light amplified by the TA is highly irregular and astigmatic. While it is

possible to make a MOT using strangely shaped beams, it is not ideal for a

number of reasons [88]. We clean up the light by coupling it into a single mode

polarisation-maintaining fiber, but due to the awful beam shape, we can only

couple 50% of the Rb light and 30% of the K light. Figure 3.10 illustrates why

fiber coupling is so problematic. Despite the low coupling efficiency, we are

not limited by beam power at all for the Rb MOT, but are somewhat limited

13Part number EYP-TPA-0780-01000-3006-CMT03-0000 for Rb and EYP-TPA-0765-

01500-3006-CMT03-0000 for K.

14Newport Model 560 (Rb) and 560B (K) for current control and Newport Model 325

(Rb) and 325B (K) for temperature control.
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Figure 3.10: Beam profiles from the Rb TA as imaged with a WinCamD beam

profiler. (a) is approximately 20 cm from the output window prior to any beam

shaping. (b) is the TA beam after telescoping down the beam so it can be coupled

into the switching AOM. (c) is one of several strange modes that appear when the

beam propagates further than around 1.5 m from the TA. I call (c) the “moon

mode”.

by it for the K MOT (see chapter 5).

3.3.1 Seed Beam Characteristics and Two Frequency

Seeding

TA performance is strongly dependent on seed light alignment. The input

facet of the TA is only 3 µm wide, so the incoming beam must be focussed

down to this size for optimal seeding. We observed a marked improvement in

amplification when switching from the original home-built Rb cooling ECDL

to using the Toptica laser: 500 mW for 13 mW seed power compared to 518

mW at 20 mW seed power, both at a TA current of 1.3 A, for the Toptica and

home-built lasers, respectively. The main difference between the two is that

the Toptica seed beam is collimated by the fiber output coupler and larger

than the original seed beam, allowing it to be focussed down to a smaller spot

size.

Because the cooling and repump light for K comes from two separate lasers,

the beams do not have identical path lengths and are not perfectly collimated

coming out of the lasers. As a result, the two seed beams are not identical in
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size. The slightly larger repump seed beam is amplified more than the cooling

beam, despite much optimising of alignment of the cooling beam. When run-

ning the TA individually with each laser, for the same seed power, the repump

laser amplification is between 1.3 and 1.5 higher than the cooling laser, de-

pending on the TA current. A potential solution to this is to overlap the two

beams using a fiber combiner, making the combined output beams identical

in terms of beam shape, but this unfortunately does not leave us with enough

light to seed the TA with.

When seeding the TA with both beams simultaneously, the power ratio of

the amplified light is not the same as that of the seed light. For example, we

typically run the K MOT with a repump to cool power ratio of 1:4, but the

repump to cool seed power ratio required to achieve this is 1:13.

Referring to figure 3.8, an additional constraint to two frequency seeding

is noticeable in the method of combining light from the two lasers. The light

is combined using a PBS, meaning the output polarisations are orthogonal.

The TA amplifies only vertically polarised light. After the joining PBS, a λ/2

waveplate is used to selectively divide up repump and cool power between TA

seeding and the fast photodiode used for the beat (offset) lock. This means

we cannot independently control the repump and cool seed power. To combat

this and the very different input and output power ratios, we are moving to

using separate TAs for cooling and repump light, which also will allow us to

utilise a dark SPOT MOT.

3.4 State Preparation

Atoms in a MOT occupy a wide variety of states. We need good spin state

purity for efficient evaporative cooling of Rb and also to prevent spin-exchange

collisions with K atoms during sympathetic cooling. The combination of Rb

atoms in the |F = 2,mF = 2〉 state and K atoms in the |F = 9/2,mF = 9/2〉

state is ideal for this. Additionally, the |F = 2,mF = 2〉 state experiences the

strongest magnetic confinement out of the magnetically trappable states of Rb

and therefore is the best choice for evaporative cooling.

For Rb, we pump on the |F = 2〉 → |F ′ = 3〉 cycling transition using a σ+
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Figure 3.11: The optical pumping layout for Rb and K. After the joining cube

(PBS), there is a “magic” waveplate that acts as a λ waveplate for 767 nm light

and λ/2 for 780 nm. The bias field is oriented in the same direction as the optical

pumping beam in the MOT chamber. The optical pumping light travels all the way

down the transfer tube to the science cell, where it can be used if necessary.

beam aligned to a small bias field. For K, we pump on the |F = 9/2〉 → |F ′ =

9/2〉 transition. A small amount of repump light is required for each species

during optical pumping. To generate the bias field, we use one set of com-

pensation coils that surround the MOT chamber. Using a simple home-made

adding circuit, we add the required amount of current to the compensation

coils using a TTL triggered relay15. A diagram of the optical layout for optical

pumping is shown in figure 3.11.

15We use a fast relay for this, since we want to switch the field in less than 1 ms.
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Figure 3.12: Rb MOT viewed using the CCD camera. It has an average diameter

of approximately 5 mm.

3.5 Atom Detection

In our experimental setup, we use three different methods to observe atoms.

Being able to accurately count atoms at different stages of the experimental

cycle is important for optimisation, diagnosing problems, and calculating useful

parameters.

3.5.1 Monitoring the MOTs

Both the Rb and K MOTs fluoresce in the near infrared, meaning they are

faintly visible to the naked eye and very easily visible on an unfiltered CCD

camera, as shown in figure 3.12. The location of our main MOT camera is

shown in figure 3.1. We have also found it useful to monitor the MOT from

above, particularly when we are interested in getting good overlap between the

Rb and K MOTs. While visual monitoring of the MOT does not give us any

quantitative information, it is a useful tool during MOT and optical molasses

optimisation and as a daily check that things are functioning properly.

To measure the number of atoms in the MOT, we measure the MOT fluo-



Atom Detection 47

rescence. The scattering rate of photons from the atoms is given by

R =
IΓ
2Is

1 + I
Is
+ 4

(

∆
Γ

)2
, (3.1)

where I is the intensity from all MOT beams, Is is the saturation intensity, Γ

is the natural linewidth, and ∆ is the detuning of the cooling light [61]. From

there, if we measure the fluorescence power using a photodiode, the atom

number can be calculated:

NMOT =
4πPMOT

ΩhνR× (0.96)k
, (3.2)

where PMOT is the power of emitted light from the MOT, Ω is the solid angle

of light captured, ν is the photon frequency, and k is the number of uncoated

surfaces between the MOT and the measuring device. To measure the number

of atoms in our MOT, we use a photodiode mounted on the transfer coil mount

(see section 3.6), so it moves along the track with the transfer coils themselves.

3.5.2 Absorption Imaging

Absorption imaging is our primary detection technique of atoms in the science

cell. It is a destructive technique, so we can only image a cloud once per

experimental cycle. To image a cloud, we illuminate it with light resonant on

the |F = 2〉 → |F ′ = 3〉 (|F = 9/2〉 → |F ′ = 11/2〉) transition for Rb (K),

magnify the beam, and image the shadow formed by the atoms. The beam

passing through the cloud gets attenuated by an amount proportional to the

density of the atoms as given by Lambert-Beer’s law:

I(x, y) = I0(x, y) exp

(

−
1

2
σ0

∫

n(x, y, z)dz

)

(3.3)

where I0(x, y) is the incoming beam intensity (propagating along the z-direction),

σ0 is the scattering cross-section of the atoms, and n(x, y, z) is the density dis-

tribution of the atoms. Equation 3.3 is valid when the light intensity is much

lower than the saturation intensity of the atoms. In our case, the beam power

used for each species is around 45 µW and the pulse length is 50 µs16.

16The saturation intensities for Rb and K are within 8% of one another [61].
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Figure 3.13: Full schematic of the imaging system (not to scale). Rb and K probing

light is transmitted to the science cell end of the table via a fiber splitter/combiner.

The beam is expanded and collimated prior to entering the science cell and the λ/2

plate aligns the polarisation to the external magnetic field, kindly provided by the

Earth. The 75 mm focal length objective lens is mounted on a translation stage and

is placed precisely one focal length away from the atoms. The camera is placed one

focal length away from the 200 mm focal length imaging lens and rests on two layers

of Sorbothane to isolate vibrations from the built-in shutter and cooling fan from

the optical table.

The imaging camera is a Princeton Instruments Versarray 512F CCD with

a 512 × 512 pixel CCD and 24 µm × 24 µm pixels and is controlled with a

Versarray ST-133A controller operated via WinView software. The readout

time of the CCD is 300 ms, so we cannot take images in faster succession

unless we use the kinetics mode of the camera or reduce the active area of the

CCD. The imaging system is illustrated in figure 3.13. The imaging lens may

be exchanged with lenses of different focal lengths to change the magnification.
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3.5.3 Extracting Data from Absorption Images

Each time we image a cloud, we actually take four exposures. The first ex-

posure is used to clear the CCD from any charge build-up. In the second

exposure, the probe beam is pulsed on using an AOM and a shadow image

of the atoms is acquired. The third exposure is of an identical pulse as the

one previously, but with no atoms present, and is used as a reference image.

The last exposure is a “dark” image which is used for background subtraction.

The image with atoms is divided by the reference image in order to minimise

the effects of interference fringes and imperfections in the probe beam. The

optical density of the cloud is then given by

OD(x, y) = ln

(

Ireference(x, y)− Ibackground(x, y)

Iatoms(x, y)− Ibackground(x, y)

)

. (3.4)

An example of the three images and final processed image are shown in figure

3.14.

From the processed absorption image, we can extract the number of atoms

and estimate the temperature based on the extent of the cloud. Because the

magnetic trap is cylindrically symmetric about the long axis, we can calculate

the number of atoms from the cloud’s parameters in the vertical direction. The

total number of atoms in the cloud is given by

N =
A

σ

∑

x,y

OD(x, y), (3.5)

where A is the cross-sectional area of the cloud imaged onto each pixel and

σ is the absorption cross-section of the atoms. To calculate temperature, we

use two absorption images taken at different expansion times t1 and t2 from

two identical experiment runs and fit a Gaussian to each of them. The two

respective Guassian widths σ1 and σ2 can be used to calculate the temperature

using

T =
m

kB

(

σ2 − σ1
t2 − t1

)2

, (3.6)

where m is the mass of the atom.

To properly calibrate the imaging system, it is important to accurately

determine the magnification. We do this by measuring the cloud’s position as
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Figure 3.14: The three exposures required to produce the final image.
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Figure 3.15: Magnification calibration of the imaging system. In this data series, a

cold thermal cloud was released from a crossed-dipole trap and imaged at increasing

times after release. The position (stars) was determined from a gaussian fit to

the cloud and the error bars are smaller than the data points. The solid line is a

parabolic fit to the data.

it falls due to gravity for several known drop times. The results are shown in

figure 3.15, and the magnification was measured to be 2.66, which is in good

agreement with that calculated from the lens arrangement.

One final check of the imaging system is to make sure that the probe laser

is functioning as expected. The linewidth of the |F = 2〉 → |F ′ = 3〉 transition

is 6.065 MHz [53], and a diode laser linewidth of less than 1 MHz should be

easily achievable. Therefore, if the probe frequency is scanned across a range

of frequencies centered on the transition, atoms should only absorb light over

a span dictated by a Lorentzian distribution with a width corresponding to

the power-broadened natural linewidth. If the probe laser linewidth is broad

in comparison to the natural linewidth or even multimoding, as our original
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Figure 3.16: Measured Rb atom number (stars) after transfer to the Ioffe-Pritchard

trap at different values of ∆ftune (see figure 3.3). The solid line is a Lorentzian fit

to the data.

probe laser diode was, atoms may be visible over tens of MHz, though with

significantly lower than expected optical depth. Figure 3.16 shows such a scan.

The measured FWHM is 6.7 MHz.

3.6 Mechanical Transfer Scheme

The centers of the MOT chamber and science cell are situated 53 cm away

from one another, so atoms must be transported from the MOT to the science

cell. To do this, we employ a set of quadrupole coils mounted on a track17 that

physically moves the atoms from the MOT chamber to the science cell. The

track positioning is repeatable to ± 1.3 µm, which is sufficient for our purposes.

17The track model is a Parker Automation 404 600XR positioner with a BE233DJ servo

motor.
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Figure 3.17: Total calculated magnetic field along the x (horizontal/radial) and y

(vertical/axial) axes (solid lines) and corresponding measured field values (stars).

This scheme was first used by Lewandowski et al. [94] and eliminates the need

for an additional MOT in the science cell.

The transfer coils are made up of a pair of 30-turn coils made from 6.7

mm wide Kapton-coated square hollow copper tubing. They are capable of

producing a magnetic field gradient of 118 G/cm at 440 A in the vertical

direction, as is shown in figure 3.17. The transfer coils are documented in

detail in Alex Barker’s Honours dissertation [95]. The only change that has

been made is that they are now mounted on a mount made of phenolic resin

instead of aluminium and have been glued into the mount with epoxy. The

transport schematic is illustrated in figure 3.18.

The current in the transfer coils is generated by an Agilent 6690A power

supply and is controlled directly through the analog input of the power supply.

We do not use any current stabilisation for the transfer coils. Fast switch-off

of the current is not possible through the power supply alone, so we rely on

high current MOSFETs18, arranged as shown in figure 3.28. To protect the

MOSFETs from back-emf generated during switching, a transient suppression

diode19 is connected between the drain and source of each MOSFET. Due to

18Part number IXFN200N07. Three MOSFETs in parallel are required to switch up to

440 A.

19Transil BZW50-47B.
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Figure 3.18: Schematic diagram of the transfer coils and vacuum system as viewed

from above (not to scale).

the power dissipation limitations of the particular diodes used, we are limited

to running the transfer coils at 380 A, though this can be easily remedied by

using suppression diodes capable of dissipating more power, should the need

for higher current arise. Switch-on time is considerably slower than switch off

due to the relatively high inductance of the coils. Switching behaviour of the

transfer coils is displayed in figure 3.19.

3.7 Ioffe-Pritchard Trap

Cooling to degeneracy in a magnetic trap with a magnetic field zero in the

center (as is the case for the transfer coils) is not possible due to atoms experi-

encing Majorana spin flips near the field zero and being ejected from the trap

[96]. Instead, the atoms must be transferred into a different magnetic trap for

evaporative cooling, or alternatively, some form of hybrid [6] or time-dependent

[79] potential must be used. The Ioffe-Pritchard (IP) trap is a well-known and

commonly used type of trap that provides a high enough trapping frequency

for efficient rethermalisation during RF evaporation. Our IP trap is based
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Figure 3.19: Switching time of the transfer coils as measured by a current trans-

ducer. (a) and (b) are turn-off and turn-on at the MOT current, respectively. (c)

and (d) are turn-off and turn-on for the current used during transfer, respectively.
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on the original design described in reference [97], but with a modification to

improve optical access. In this section, I will describe the IP trap in detail.

3.7.1 Trap Design

There were several considerations that influenced the design of our IP trap.

Early on, it was decided that we would use hollow copper tubing instead of

ordinary wire wound around water-cooled forms because it has better temper-

ature stability. Consequently, the coils in the trap have fewer turns and run at

high current due to the larger size of the copper tubing. The physical size of

the trap is limited by the available space between the transfer coils; the entire

trap and mounting must fit within 14 cm. An additional requirement for the

trap is the capability to produce stable homogeneous magnetic fields of over 1

kG to access various Feshbach resonances, and the Helmholtz coils in the IP

trap are ideal for this.

The configuration of the IP trap is as follows. There are five coils that

make up the trap (see figure 3.20): one pair of pinch coils with current flowing

in the same direction in each coil, which create a harmonic potential in the

axial direction at high magnetic field and no confining potential in the radial

direction; one pair of coils in a Helmholtz configuration (also known as bias

coils) with current flowing in the the opposite direction to the pinch coils, which

create a relatively homogeneous magnetic field that serves to tune the bias field

and can also be used for tuning atomic interactions via Feshbach resonances;

and the Ioffe coil, an elongated baseball shaped coil that approximates four bars

with current flowing in opposite directions through adjacent bars and generates

a strong quadrupole field in the radial direction and ideally zero gradient in

the axial direction. The resulting potential is cigar-shaped, typically with an

aspect ratio between 10 and 15, depending on the particular trap parameters.

Our trap can be configured such that the Helmholtz coils can run on their own

to tune interatomic interactions via Feshbach resonances in future experiments.

One of the limitations of IP traps is more restricted optical access compared

to its cousins, the cloverleaf [98] and QUIC [99] traps. The standard IP trap

offers optical access from 3 orthogonal axes. While this has been sufficient for

us to date, we want to have the option of additional access if required. In
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Figure 3.20: A 3D model of the IP trap with current directions indicated. The

pictured atom cloud indicates approximate size prior to evaporation.
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Figure 3.21: A cross-section of the IP trap drawn in Solid Works. The trap has

optical access along the x, y, and z axes as well as from 45◦, as indicated by the

blue lines. The square copper tubing has a width of 4 mm.

the typical IP trap coil arrangement, the Helmholtz coils and pinch coils lie

in the same plane. Our modified coil configuration has the pinch coils offset

in position along the z-axis from the Helmholtz coils, allowing for 45◦ optical

access. The coil positioning and trap dimensions are shown in figure 3.21.

3.7.2 Construction and Mounting

The square hollow copper tubing20 used has a width of 4 mm, which makes

it physically difficult to wind. Additionally, the Kapton coating is vulnerable

to scrapes from other metal objects. After the loss of the first magnetic trap

from a short between two of the coils due to damaged Kapton, subsequent

traps had small, thin pieces of electrically insulating and thermally conducting

20The copper tubing was made to our specifications by Small Tube Products and the

Kapton coating was added by S & W Wire.
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pads21 inserted at points of contact between coils to prevent damage.

The Helmholtz coils are each mounted in a hollowed-out square block of

Phenolic resin that is bolted onto a home-built alumunium breadboard. Phe-

nolic resin is very sturdy and has a similar thermal expansion coefficient to

copper, and therefore makes a good material for a mount. The Ioffe coil sits

inside the Helmholtz coils, and the pinch coils reside inside the Ioffe coil. All

of the coils are infused with epoxy, filling up any air gaps between turns to

restrict movement and also holding together all five coils. Due to the close

proximity of all the coils, no further mounting is required beyond that encas-

ing the Helmholtz coils; epoxy is sufficient for holding the trap together. The

trap sits on a custom-made breadboard designed to fit in between the transfer

coils. The whole assembly is shown in figure 3.22 and a photo of of the setup,

including auxiliary coils discussed in section 3.7.7, is displayed in figure 3.23.

3.7.3 Modelling the Trap

The magnetic field contribution from each of the coils is calculated using the

exact expressions found in reference [100]. For a single loop of radius R in

the x, y plane centered at A, radial and axial field components are respectively

given by

Bρ =
µI

2πρ

z − A
√

(ρ+R)2 + (z + A)2

(

−K(k2) +
R2 + ρ2 + (z − A)2

(R− ρ)2 + (z − A)2
E(k2)

)

,

(3.7)

Bz =
µI

2π

1
√

(ρ+R)2 + (z + A)2

(

K(k2) +
R2 − ρ2 − (z − A)2

(R− ρ)2 + (z − A)2
E(k2)

)

,

(3.8)

where µ0 is the magnetic permeability in vacuum, and K and E are complete

elliptical integrals with argument

k2 =
4Rρ

(R + ρ)2 + (z − A)2
. (3.9)

For a straight wire parallel to the z axis, there is no field contribution in the

z direction. For a point at ρ = S and φ = α in cylindrical coordinates, the

21Sil-Pad 400.
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Figure 3.22: Schematic diagram of the IP trap and transfer coil mounting arrange-

ment as viewed from the front of the science cell with the MOT chamber oriented

into the page. The feet of the IP trap mount have slots for bolting onto the bread-

board, and the breadboard itself is bolted onto the optical table. The breadboard

is supported by two 2 cm thick sheets of aluminium with holes drilled into them

for optical access. Note that no posts may be placed in the path of the transfer

coils, so the support on the right hand side of the breadboard does not extend as

far towards the MOT chamber (into the page) as the one on the left. There is also

additional recessing on the underside of the breadboard to accommodate the lower

transfer coil. The breadboard also has a hole directly under the center of the IP

trap with four thin slots cut normal to the hole’s edge to reduce eddy currents in the

breadboard. To allow room for more optics, the breadboard extends further to the

left, where it is connected to a second breadboard. The distance from the optical

table to the top of the upper transfer coil is 35 cm.
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Figure 3.23: Photograph of the IP trap setup. The forms for the auxiliary coils are

glued to the phenolic mount. The IP trap leads are connected to a terminal board

under the second breadboard in the background.
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radial and azimuthal components are respectively given by

Bρ =
µI

2π

S sin(φ− α)

S2 + ρ2 − 2Sρ cos(φ− α)
(3.10)

Bz =
µI

2π

S cos(φ− α)− ρ

S2 + ρ2 − 2Sρ cos(φ− α)
. (3.11)

The pinch and Helmholtz coils are assumed to be a series of loops (rather

than a spiral) and the Ioffe coil is approximated as straight sections of wire,

ignoring the curves in between. Rather than calculating the field from a single

loop or straight wire and multiplying by the number of turns, the position and

diameter of each loop is taken into account. Because of the relatively large

thickness of the copper tubing and the small number of turns, the position of

each turn is significant. As a consequence of the copper tubing thickness, it

is not possible to sharply bend the tubing, and the leads create non-negligible

obstructions, so both the Helmholtz and pinch coils each have one extra turn

compared to the design in section 3.7.1 in order to achieve the lead arrangement

in figure 3.23. To account for this in the model, an empirically determined

correction factor is used.

The calculated and measured magnetic field for the pinch coils is shown

in figure 3.24. The modelled field includes the correction factor, which was

determined from field measurements at three different currents. The field was

measured using an F. W. Bell Model 7010 Gauss/Tesla Meter mounted on a

three-dimensional translation stage.

Unlike the pinch and Helmholtz coils, the Ioffe coil does have the same

number of turns as designed. In the ideal case, there should be no contribution

to the magnetic field in the z direction. However, due to the imperfect nature

of the actual coil (straight sections are not completely parallel) and the curved

parts of the coil, there is a significant contribution to the axial field at the trap

center22. The measured radial field from the Ioffe coil and the additional axial

field are shown in figure 3.25.

22Care was taken to ensure correct orientation of the magnetic field probe. Ultimately,

the effect was noticeable when measuring the combined field from all coils, as an incorrect

bias field can result in an overbiased trap, ie. a double-well.
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Figure 3.24: The calculated (lines) and measured (stars) magnetic field along the

radial (a) and axial (b) directions produced by the pinch coils at 399.27 A.

Because the Helmholtz coils are required for Feshbach resonance exper-

iments in addition to regular trapping duties, the field generated by them

must be homogeneous. It is crucial that the windings on the inside faces of the

Helmholtz coils are as uniform as possible and flush with each other. We found

this out the hard way after the second IP trap was constructed and epoxied.

Consequently, a third trap had to be built23. Figure 3.26 illustrates the mag-

netic field resulting from proper and improper coil winding. By modelling the

coils loop by loop and positioning each turn appropriately, it is possible to

rudimentarily reproduce the effect of improper winding.

In a typical trap configuration for RF evaporation, the pinch and Ioffe

coils run at 388.45 A and the Helmholtz coils run at 80 A. This results in

trapping frequencies of ωz = 2π × 16.1 Hz and ωr = 2π × 153 Hz for Rb and

ωz = 2π× 23.7 Hz and ωr = 2π× 226 Hz for K with a bias field of B0 = 4.3 G.

A slice plot of the magnetic field in three dimensions is shown in figure 3.27.

3.7.4 Field Stabilisation and Control Electronics

The electronic configuration and stabilisation electronics are based on that

in reference [101]. Current through the coils is regulated using MOSFETs

23It is not practical to remove the epoxy and deconstruct the trap to replace faulty coils.
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Figure 3.25: (a) The calculated (line) and measured (stars) total magnetic field from

the Ioffe coil in the radial direction at 399.44 A. (b) Measured axial field (stars) at

the trap center from the Ioffe coil at several currents. The line is a fit to the data.

operating in their linear regime and is also switched using MOSFETs. It is

stabilised using straightforward integrator circuits with a bandwidth of 21 kHz

that rely on feedback from precision current sensors. The circuit diagrams for

the circuits described in this section can be found in appendix A.

As illustrated in figure 3.28, the pinch and Ioffe coils are connected in se-

ries, followed by the Helmholtz coils in parallel with a MOSFET bank (“shunt

servo”) made up of six parallel MOSFETs used for shunting excess current

and regulating their current. The “Main” MOSFET bank is made up of six

parallel MOSFETs and is used for regulating the current in the whole cir-

cuit and as a master switch. There is an additional MOSFET bank (three

parallel MOSFETs) in series with the Helmholtz coils used only for switch-

ing (“Helmholtz switch”). All MOSFETs are fitted with transient suppression

diodes across the drain and source. The MOSFETs themselves are mounted

on water-cooled aluminium plates. While three parallel MOSFETs are suf-

ficient for switching 440 A, due to the high power dissipation during linear

operation as current regulators, we opted to double the MOSFET bank size to

reduce the MOSFET failure rate24. The power supply runs in constant voltage

mode, and the voltage must be set slightly higher than the voltage drop over

24Since doubling the number of MOSFETs, we have not experienced any more failures.
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Figure 3.26: The improperly wound Helmholtz coils (left) with a definitively non-

homogeneous field in the radial direction. The field from the properly wound coils

is on the right. The lines and stars indicate the calculated and measured field,

respectively.
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Figure 3.27: Slice plot of the magnetic field in gauss for a typical IP trap configu-

ration.
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the whole circuit. This minimises power dissipation by the MOSFETs and

therefore heating25.

There are two identical servo circuits used for regulating and stabilising the

current (see appendix A). They each take a control voltage input (VMain for

the pinch and Ioffe coils and VHelm for the Helmholtz coils) and an input from

a current sensor26 (VMain CS and VHelm CS), both differential inputs, and output

an appropriate voltage to their respective current-regulating MOSFET bank.

The voltages and relevant connections are denoted in figure 3.28. For the Main

servo, the MOSFET source is connected to ground, so it is not necessary to

supply a source voltage. For the Helmholtz servo, we must define the gate

voltage relative to the source voltage. The control voltage is provided by a 13-

bit National Instruments analog output card27 via an optical isolator circuit.

Using a high precision Agilent multimeter28, we measured the current to be

stable to a few parts in a million over tens of seconds, though this does not

provide any information about higher frequency oscillations.

As mentioned previously, switching is done using MOSFETs via a switching

circuit. The switching circuit is used for both the transfer coils and the IP trap,

with individual channels for the transfer coils, Helmholtz coils, and the Main

switch. The circuit also incorporates digital optical isolation from the control

computer and a cooling water safety interlock connected to a flow meter relay

to prevent current flowing if the cooling water stops or if flow drops below a

safe level. Fast analog switches are used to provide 15 V to the MOSFET gate

(denoted by VFET in figure 3.28) when turned on or the servo output voltage

VMain G in the case of the Main MOSFETs. Using this scheme, we can turn off

the current in the IP trap in 160 µs in the typical IP trap configuration. An

oscilloscope trace of trap turn off is shown in figure 3.29.

25A too high voltage drop across the current-regulating MOSFETs at high current can

cause the MOSFETs to heat drastically and eventually catch fire.

26Danfysik Ultrastab 866-600.

27PCI-6733.

28Part number 34401A, accurate to 0.002% at the 1 V scale.
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Figure 3.28: Overall schematic of the IP trap and transfer coils electronic con-

figuration and control. Voltage control signals are denoted by the densely dotted

lines, switching signals by dashed lines, feedback signals by sparsely dotted lines,

and power supply and grounding connections in solid lines, with the exception of

VMain, where switching and control take place using a single connection. Signals

pertaining to the Main, Helmholtz, and transfer coils are coloured in blue, red, and

yellow, respectively. The ground connections are made directly to the optical table.
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Figure 3.29: Oscilloscope trace of the switch off behaviour of the IP trap as mea-

sured using current transducers. The blue data is the current in the pinch and Ioffe

coils, and the green data is the current in the Helmholtz coils.
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3.7.5 Noise Reduction

We went through a lot of effort to improve trap stability and reduce noise after

initial attempts to cool to BEC failed. While we had good vacuum lifetime

in the science cell and were able to cool atoms to microkelvin temperatures,

we observed both heating and loss of atoms at very low temperatures that

prevented BEC formation. There were three major improvements made that

allowed us to cool to degeneracy: reducing RF noise, running the IP trap from

a single power supply, and minimising 50 Hz noise.

In our setup, the magnetic trap power supplies are located approximately

two meters from the trap itself in a ventilated sound-attenuating cabinet29,

necessitating long power cables. Using the RF coil located underneath the

science cell (see section 3.9) as a pick-up coil and a spectrum analyser30, we

observed a large amount of RF originating from the power cables, with a

magnitude comparable to the RF power used for the final evaporation sweeps.

Twisting and shielding the cable pairs, with the shielding grounded to the

optical table, resulted in a huge reduction of RF pick-up. Figure 3.30 shows

an example of the difference in RF pick-up when the shielding is properly

grounded compared to the ungrounded case. We also ensured that any cables

used for IP trap servo feedback were twisted (where possible) and properly

shielded. Additionally, other sources of stray RF were removed, such as the

ion gauge cable (solved by switching off the ion gauge controller), and poorly

impedance-matched cables and noisy power supplies were replaced. RF noise

interfering with BEC production has been noted elsewhere [102], giving us

good reason to suspect it as a culprit.

We initially ran the Helmholtz coils on a separate power supply from the

pinch and Ioffe coils, assuming that the servos were sufficient to eliminate

power supply noise, and because this allowed us to have independent control

of all the coil pairs. Because two large magnetic fields are being subtracted

from one another to create the bias field, any noise in the current translates to

29This is primarily for the comfort of those working in the lab, but also to direct the

significant amount warm air flowing from the power supply cooling fans out of the lab.

30Agilent E3305B.
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Figure 3.30: An example of the decrease in RF pick-up when the shielding of one

pair of IP trap leads is (green) and is not (blue) grounded to the optical table. There

is a clear reduction in RF noise around 3 MHz. The blue line is data for already

much reduced RF pick-up compared to the original situation, where the RF noise

peaked at well over -50 dBm.
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noise in the trap bottom. Running all coils from a single supply achieves good

common mode noise rejection, so we moved to using a single power supply for

the IP trap. However, the IP trap connection scheme will need to be altered

for future Feshbach resonance experiments that utilise the Helmholtz coils for

production of homogeneous magnetic fields.

Lastly, the grounding scheme shown in figure 3.28 is crucial to avoiding

50 Hz noise. In particular, the power supply for the current sensors must be

grounded to the optical table. Any external monitoring of the current via

the current sensors must be done using a floating device, such as a floating

oscilloscope31. The current sensor outputs are floating themselves; when they

are plugged into a non-floating device, such as a regular oscilloscope, a ground

is defined. This shifts the feedback voltage by tens of millivolts, which equates

to a few amperes - a big difference for the IP trap!

3.7.6 Water Cooling

Water cooling for the magnetic traps and the MOSFETs is essential for safe

operation of the experiment. Cooling water is derived from high pressure mains

in the Physics Department and filtered prior to entering the cooling circuit.

This water is not temperature-stabilised and varies across the seasons, with as

little as 10◦C in the winter and up to 20◦C in the summer32. As a result, we

must periodically adjust the IP trap power supply voltage due to the change

in voltage drop over the IP trap.

3.7.7 Auxiliary Coils

There are several auxiliary coils in place surrounding the IP trap and are visible

in figure 3.23. There are three pairs of compensation coils, which are designed

to cancel out any stray magnetic fields. The x and y coils each have 15 turns,

and the z coils have 20 turns. The axis labels correspond to those of the IP

trap; x and y are in the radial direction, with y in the vertical direction, and z

31We use a Tektronix TPS 2014B.

32It might not be a coincidence that we first achieved BEC on an unusually cold night in

the middle of winter, before the experimental procedure was optimised for BEC production.
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is the axial direction. The coils can produce 1.1 G/A, 1.3 G/A, and 2.5 G/A

respectively. For all of the data taken in this thesis, the compensation coils

have not been in use.

The last pair of coils are labelled “Auxiliary Coils” in figure 3.23. They

each have 4 turns and are intended for fast magnetic field jumps, if necessary.

The Helmholtz coils have too high an inductance for the sudden magnetic field

changes on the order of 10 µs/G, as required for some Feshbach resonance

experiments. Though they are not employed in any experiments described

here, it was important to install them in the construction phase of the IP trap

for any future needs due to the physical difficulty in adding more coils to the

setup in later stages.

3.8 Off-Resonant Dipole Trapping

To perform the collision experiments described later in this thesis, we use a

far-off resonant dipole trap. Trapping light is generated by a single mode 1064

nm ytterbium-doped fiber laser33 that can output from 2 W to 50 W. The laser

is situated on a separate table from the main setup. Light is split into various

paths and transferred to the main table using optical fibers, as shown in figure

3.31. Due to the high power output, all 1064 nm light on the laser table is

contained within a black metal box, and the science cell end of the setup also

has black metal covers. The dipole trapping setup will be described in detail

in chapter 6.

3.9 Radio Frequency Production

Forced RF evaporation is used to cool atoms to degeneracy or as required. The

RF signal is generated by an Agilent 33250A 80 MHz function generator and

amplified with an E&I Model 403LA 3 W RF amplifier. It is delivered to the

atoms by a 2.5 cm diameter two turn coil placed underneath the science cell.

A typical RF evaporation sweep in our setup is made up of five individual

33Part number YLR-50-1064-LP-SF from IPG Photonics.
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Figure 3.31: Simplified schematic of the IPG laser optics. The first λ/2 waveplate

and PBS are used to divert light into a beam dump for safer manipulation of optics

downstream. The second PBS splits off light for future applications (presently not

in use). The final PBS is used to adjust beam power into the horizontal and vertical

beams of the optical collider (described in chapter 6), with the AOM being used for

intensity control.

sweeps. The sweeps are defined in a LabView VI and are sent to the function

generator via GPIB. Since it is not possible to queue a series of sweeps in the

function generator’s memory, each successive sweep command is sent to the

function generator via GPIB individually, which leads to delays of tens to low

hundreds of milliseconds between sweeps. During these delays, the function

generator returns to the starting frequency for that particular sweep, so there

is little effect on the atoms. The function generator can alternatively be run

in external modulation mode, but the limited voltage resolution of the analog

output cards and lack of ability to change the voltage scale on the fly limits

the viability of this scheme; the frequency resolution is too coarse for the final

RF sweeps in the series.

The LabView program for programming sweeps (“Evap Sweep”) is on a sep-

arate computer (“bluewhale”) from our primary experiment control computer

(“beansontoast”), which results in a slightly convoluted triggering procedure

and is outlined in the main RF schematic in figure 3.32. To trigger evapora-

tion, a TTL signal from beansontoast triggers the Evap Sweep VI via a digital

input channel on bluewhale’s USB analog input/output card34.

To avoid RF noise intrinsic to the function generator getting incorporated

34Acces I/O Products, Inc. model USB-A016-8E.
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Figure 3.32: RF sweep generation schematic. The 1 dB attenuator has a 50 Ω

impedance.

into the evaporation sweeps, the function generator needs to be run at am-

plitudes higher than 100 mVPP , as recommended by Agilent. Low RF power

is required at the end of an evaporation ramp and we also must comply with

input limits on the RF amplifier, so we attenuate the signal beforehand.

3.10 Computer Control

To run a complex experiment such as ours, good control over timing of events

is crucial. The primary control computer, beansontoast, is equipped with five

National Instruments PCI cards: two 8 channel 12-bit analog output cards, one

8 channel 16-bit analog output card35, one 16 channel digital output card, and

an analog input card36. The track is also connected to beansontoast via an RS-

232 cable. The secondary experiment control computer, bluewhale, is tasked

with controlling the absorption imaging camera, uploading RF evaporation

35When configured for more than four output channels, the resolution is effectively 13-bit.

36The two 12-bit analog output cards are PCI-6713, the 16-bit analog output card is PCI-

6733, the digital output card is PCI-6534, and the analog input card is PCI-MIO-16E-1.



76 The Experimental Apparatus

Figure 3.33: A screen shot of RebeKa, displaying the “Setup” sequence. The

sequences and actions within a sequence that are enabled are shown with a green

indicator, and the sequence presently displayed has an active yellow indicator.

sweeps, controlling the Toptica laser, and most recently, multi-purpose function

generation via a direct digital synthesizer (DDS) board. It is also used for

absorption image analysis.

The experiment control program, “RebeKa”, was written in LabView by

Callum McKenzie. An experimental routine is divided into a number of in-

dividual sequences defined in RebeKa. When the “run” button is pressed,

RebeKa calculates a series of waveforms that are delivered to the National

Instruments cards via PCI and subsequently outputted. The majority of the

experiment is controlled in this way. Each time the experiment runs, the se-

quence configuration is saved in a time-stamped text file that can be loaded

at a later time if necessary. In addition to outputting sequences, RebeKa has

a sub-VI for setting outputs for each channel, so various parameters may be

adjusted separately from running a sequence. A screen shot of the program is

shown in figure 3.33.
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Communication with the track is also done using RebeKa. To control the

track, we upload a program to the controller unit that defines motion, position,

and triggering parameters. This is done using a sub-VI within RebeKa that

exists outside the regular sequences and is only necessary when changing a

parameter or after disabling and re-enabling the track. To trigger track motion,

we use a TTL signal defined in the experiment sequences.

Several components of the experiment are controlled through bluewhale.

RF sweep commands are sent separately via GPIB as discussed in section 3.9,

the absorption imaging camera parameters are controlled through WinView,

and the Toptica laser locking is done through the DigiLock interface. Recently,

we have incorporated microwave control into the setup using DDSs for wave-

form generation, and this is also done on this computer via a USB controller.





Chapter 4

Making Bose-Einstein

Condensates

A necessary prerequisite to performing experiments is the ability to efficiently

cool atoms to ultracold temperatures. While BECs are not required for the

collision experiments described in this thesis, the capability to produce con-

densates is desirable for future experiments and is an excellent check that

everything in the setup is working properly.

In this chapter, I will detail the cooling process leading to BEC of 87Rb

in the |F = 2,mF = 2〉 state. The atoms begin their journey in the MOT,

where they are cooled, compressed, optically pumped into |F = 2,mF = 2〉

state, and transferred to the science cell. From there, they are loaded into the

Ioffe-Pritchard trap and cooled to degeneracy using forced RF evaporation.

4.1 Laser Cooling

Laser cooling is the first cooling stage in the experimental sequence. The

process begins by loading the MOT from the background vapour in the MOT

chamber. The number of atoms loaded is dependent on several factors: laser

detuning, magnetic field gradient, the amount of background vapour present

in the chamber, and overall beam power.

The loading rate of the MOT is strongly dependent on the background

vapour pressure. If the dispenser has not been fired for a while, the MOT

79
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Figure 4.1: MOT loading prior to dispenser being fired (a) and MOT loading shortly

after the dispenser is fired for 50 seconds (b) as measured using a power meter.

loads more slowly and loads to a smaller final value. Similarly, shortly after

firing the dispenser, the MOT loads faster and to a higher total number. If

the dispenser is left on for too long, the vapour pressure inside the chamber

increases and the MOT size eventually decreases. MOT loading and dispenser

behaviour are shown in figure 4.1. We have found that firing the dispenser

every few hours, not in every experimental run, produces the best results in

subsequent stages of the experimental cycle.

Detuning of the lasers has a big impact on the number of atoms trapped.

Optimisation of the cooling frequency for a fixed repump detuning is displayed

in figure 4.2. A similar plot using the repump laser is more difficult to obtain

due to the single-pass AOM arrangement (see figure 3.4). The number of

atoms is optimal for red detunings of 11 MHz and 0.5 MHz for the cool and

repump lasers, respectively. For Rb, we have found that the MOT size is not

very sensitive to the magnetic field gradient within a certain range. Figure 4.3

shows the MOT size at various gradients.

4.2 Compressed MOT and Optical Molasses

The Rb MOT cloud is spatially large. The MOT is large due to repulsive forces

arising from re-radiation of absorbed photons [103]. Without any compression,
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Figure 4.2: Optimising the cool laser detuning. The detuning is relative to the

|F = 2〉 → |F ′ = 3〉 transition. The fluorescence voltage is measured using the

analog output of a power meter connected to an oscilloscope.
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in the same manner as those in figure 4.2.
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atoms away from the center of the transfer coil field will pick up potential en-

ergy when the magnetic field gradient is increased for transfer, causing heating.

To compress the MOT, the cooling light is red-detuned by 47 MHz in 5 ms,

the gradient is increased slightly, and the repump intensity is reduced. This

has several effects on the atoms. Firstly, reducing the repump intensity makes

the atoms go slightly “dark” to the trapping light, limiting re-radiation and

therefore the size of the MOT. Secondly, detuning the cooling light also limits

re-radiation [104]. Thirdly, increasing the gradient increases the density of the

cloud by increasing the spring constant of the trap.

Immediately following the compressed MOT (CMOT) stage, the magnetic

field is switched off for 30 ms for an optical molasses stage. Atoms in the

molasses are cooled by polarisation gradient cooling [105]. We have found this

stage to be crucial to ultimately loading a sufficient number of atoms into the

IP trap, a strongly temperature-dependent process.

4.3 Optical Pumping

After the CMOT and molasses, the atoms are in a mixture of levels and need

to be pumped into |F = 2,mF = 2〉. After the molasses stage, we turn off the

cooling light by closing the cool shutter and turning off the AOM, leaving the

repump light on. A small bias field is applied to provide a quantisation axis1

and an optical pumping pulse 0.8 ms in duration is fired.

The efficacy of optical pumping can be measured by performing MOT re-

capture experiments. To do a MOT recapture experiment, we immediately

extinguish all of the light and increase the transfer coil gradient to 100 G/cm,

hold the atoms for 500 ms, and then reset all settings to those for a normal

MOT. Figure 4.4 shows optimisation data for optical pumping pulse frequency.

The frequency is shifted from resonance due to the presence of the bias field.

1For the experiments discussed in this thesis, the bias field was turned off immediately

prior to loading atoms into the transfer coils (section 4.4). It would, in fact, be advantageous

to leave the bias field on until after the transfer coils are on to prevent the atomic cloud

from depolarising.
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Figure 4.4: Optimising optical pumping frequency for Rb as measured using a

photodiode. The horizontal axis is the detuning from the |F = 2〉 → |F ′ = 3〉

resonance.

4.4 Transfer

Immediately following optical pumping, all light is extinguished and the trans-

fer coils are switched on at 380 A, which corresponds to 100 G/cm. It takes

approximately 50 ms for the transfer coils to reach their final current. Sam-

ple and hold is engaged to prevent the repump laser from unlocking and the

transfer track is triggered. There is a delay of 130 ms from when the track is

triggered to when it begins to move. The motion of the coils follows a trape-

zoidal acceleration profile, which minimises sudden changes in acceleration and

therefore heating. It takes 2 s for the coils to travel from the MOT chamber

to the science cell.

A basic test of whether the atoms are making it down the tube without

hitting any obstructions is to send the them to the science cell and back and
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recapture them in the MOT. We can recapture ∼ 60% of the atoms that have

been pumped into the |F = 2,mF = 2〉 state when doing this, indicating

that transfer to the science cell is working adequately. Another diagnostic at

our disposal is absorption imaging. The ideal diagnostic to use is time-of-

flight imaging, where atoms are suddenly released from the trap and allowed

to expand. This would allow us to accurately measure the temperature and

number of atoms. While we can take in-trap images, as displayed in figure

4.5, we have not successfully imaged freely expanding atoms from the transfer

coils.

4.5 Loading Atoms Into the Ioffe-Pritchard

Trap

To transfer atoms into the IP trap, we turn on the IP trap gradually and

turn off the transfer coils gradually. The currents in all IP coils are linearly

increased to their final value over 250 ms. Due to the presence of the shunt

servo, the current does not linearly increase from zero. Instead, there is a small

spike at the start of the ramp of approximately 20 ms in duration before the

current starts to follow the control voltage. By adjusting the timing of the

coil turn on, the effect of the spike on the atoms can be mitigated. Once the

IP trap currents reach their final value, we decrease the transfer coil current

linearly to zero over 200 ms. Figure 4.6 shows an oscilloscope trace of the

current in the coils during loading.

To minimise heating from atoms sloshing in the IP trap, we must make

sure that the trap centers are overlapped well. Using absorption imaging, the

atoms are imaged in the transfer coils and then in the IP trap in a subsequent

experimental run. Without any evaporative cooling, the clouds in both traps

are spatially large, and pinpointing the center can be difficult as a result,

particularly with saturated images as those taken in the transfer coils. The

solution is to do some evaporative cooling prior to imaging, which significantly

reduces the size of the cloud. We were able to observe a mismatch in the z

(horizontal) and y (vertical) directions. The z mismatch is easily adjusted by
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Figure 4.5: Absorption image of atoms in the transfer coils. There are approxi-

mately 4× 107 atoms in this shot, which was taken at a stage when the experiment

was still being optimised.
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Figure 4.6: Oscilloscope trace of the current in the IP trap as measured using

current transducers. The blue data is the current in the pinch and Ioffe coils, and

the green data is the current in the Helmholtz coils, with the turn on bump visible.

By adjusting the switch on timing at the start of the loading sequence, this can be

reduced to a short spike.
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programming the track to stop at a different final position. The trap positions

can be matched to within a few pixels (8 µm at a magnification of 2.67). The

y mismatch was corrected by changing the height of the transfer coil mount

by inserting washers of the appropriate thickness. This adjustment is more

coarse; the two trap centers are approximately 100 µm apart. The imaging

plane is the y, z plane, so we are unable to determine the relative positions of

the clouds in the x direction.

4.5.1 Missing Atoms: What’s Going On?

In the IP trap, we routinely get between 1.5 and 2.5 × 108 atoms after load-

ing2. Initially, we considered this to be a reasonable number to expect because

we were under-counting the number of atoms in the MOT3. Subsequent mea-

surements showed that we had more than an order of magnitude more atoms

in the MOT than first thought, reducing the IP trap loading efficiency from

around 50% (after optical pumping) of the number in the MOT to less than

10%. Because we have a sufficient number of atoms to make BECs, we have

not aggressively pursued the source of the problem, but I will briefly discuss

what has been done.

Attempts to image atoms in time of flight out of the transfer coils have

not been successful, so we have not been able to use this as a diagnostic. The

transfer coils can be turned off from 380 A in 1.2 ms, which is sufficient for

mapping the momentum distribution of the atoms to expansion velocity. While

some atoms can be detected, the cloud appears extremely dilute, even at very

short expansion times. The reason for this is unclear. We can take in-trap

images, however, and extract a value for the atom number. This number is

always an underestimate of the true number of trapped atoms due to the large

gradient in the quadrupole coils, which shifts atoms away from the resonant

2Before evaporative cooling, the cloud is slightly larger than the field of view of the

imaging system along the weak axis of the trap, so the real number is a little higher.

3A smaller proportion of the MOT fluorescence was being captured by the MOT photo-

diode than we thought. This was only discovered after a more recent readjustment of MOT

optics. The most reliable MOT number measurements in this thesis were conducted using

a power meter.
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frequency of the light, and also because there are so many atoms that they

appear opaque, masking their density distribution. The |F = 2〉 → |F ′ = 3〉

has a natural linewidth of 6 MHz and the frequency shift due to the magnetic

field is 0.7 MHz/G [53]. This means that we can image atoms at magnetic fields

up to a little over 4 G, assuming the probe laser is tuned to the transition

for zero magnetic field. Using equation 2.3 and dividing by the Boltzmann

constant, this corresponds to a temperature of 300 µK. From the trap model,

this corresponds to a spatial extent of the cloud 0.5 mm and 0.9 mm from the

trap center for the axial and radial directions, respectively, which is broadly

in line with what can be seen in figure 4.5. This indicates that the atoms in

the trap have a temperature of at least 300 µK, and we are counting the ones

below this value.

To further gain insight into the mystery, I modelled the magnetic field at

several stages of loading. The magnetic field shape during loading is shown

in figures 4.7 (IP trap turn on) and 4.8 (transfer coil turn off). During the

ramp up of the IP trap currents, there is never a point where there ceases to

be a trapping potential, but there is a double-well present during most of the

transition. Magnetic traps are generally very deep, so relatively hot atoms

cannot easily escape the trap. In our case, as has been documented elsewhere

[88], the depth of the trap is set by the walls of the science cell. For the usual

IP trap configuration, this is approximately 5.5 mK, and it remains on the

order of this during loading.

There are two possible ways for atoms to be lost from the trap: either they

are very hot to begin with or there is significant motion of the cloud in the

trap. The motion of the transfer coils follows an S-curve displacement profile

designed to minimise sudden changes in velocity. The maximum acceleration

reached by the coils during transfer is a modest 0.8 ms−2 and a top speed of

0.6 ms−1. This alters the depth by less than 100 µK and the center position

by only a few µm, making this an unlikely source of trouble. It is more likely

that the atoms are initially relatively hot, or there is a source of hot atoms

(such as an Oort cloud [106]), since we have observed a strong dependence of

IP trap loading on the CMOT parameters and molasses time.

More recent investigations have revealed that during transfer coil turn-off,
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Figure 4.7: Loading of the IP trap. From top to bottom, the rows show current

increments of 20% of the total IP trap current from 20% to 100%. The grey lines

indicate the position of the walls of the science cell.
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Figure 4.8: Gradual turn off of the quadrupole field generated by the transfer coils.

The top row is of the transfer coils at 80% of the maximum current. Subsequent

rows show current values decreasing incrementally by 20% each. The bottom row is

the field produced by the IP trap only. The grey lines indicate the position of the

walls of the science cell.
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an eddy current is generated in the breadboard that the IP trap is mounted

on4. As we know from Lenz’s law, the eddy current circulates in the same

direction as that in the lower transfer coil as the coil current is decreased.

The eddy current persists for some time after the transfer coil current ceases

to change. When the transfer coils are turned off quickly, the trap center is

rapidly displaced in the vertical direction, giving the atoms a strong “kick”

upwards, moving them completely out of the field of view of the imaging

system. By simply waiting for around 30 ms, some of them fall back down and

can be imaged5. We measured the decay time of the eddy current by reducing

the transfer coil current from 380 A to 120.6 A over a fixed period of time after

evaporating down to 4 MHz so we could clearly identify the cloud position.

We executed a series of experimental runs, imaging the cloud at different times

after the current reached its final value, observing the cloud slowly returning

to its original position. This is shown in figure 4.9. We also performed a

similar routine, where the atoms were held at 120.6 A for 150 ms (until the

eddy current mostly dissipated) and the current was then increased back to

380 A, and we observed cloud displacement in the opposite direction.

We confirmed our suspicions by temporarily mounting a 20 × 20 cm bread-

board directly above the IP trap. All holes and slits on the lower breadboard

are replicated in order to provide a symmetrical eddy current. While it doesn’t

get rid of the eddy current, the induced current in top breadboard flows in the

opposite direction of that of the bottom one, creating a residual quadrupole

field. After quickly turning off the transfer coils, the eddy currents create a

decaying quadrupole field, trapping the atoms close to their original location

and preventing the cloud from expanding. Contrary to our expectations, the

number of atoms loaded into the IP trap decreased. This strongly indicates

that the existing slits in the IP trap breadboard are not sufficient to prevent

eddy currents, and also that the presence of the breadboard affects loading

into the IP trap through a presently unexplained means. To remedy the situ-

ation, we can cut more slits into the breadboard, or alternatively, make a new

4Changing the current in the IP trap does not induce eddy currents because the magnetic

field is parallel to the breadboard.

5Presumably, the rest of them get stuck to the top of the science cell.
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Figure 4.9: Cloud displacement at different hold times after current was decreased

over 100 ms (a) and increased over 100 ms (b). The solid lines are exponential fits

to the data, yielding time constants of 71 ms and 40 ms for (a) and (b) respectively.

The original cloud position is 1.39 mm.

breadboard out of a non-conducting material, such as phenolic resin. Both

options are highly invasive to the experimental setup, but may pave the way

to a glorious future of high atom number BECs.

4.5.2 Trap Lifetime

While we can measure the pressure in the UHV part of the vacuum chamber

using the ion gauge, the best test of vacuum quality is a measurement of

lifetime of the atoms in the magnetic trap. If the vacuum pressure is too

high, a much reduced lifetime will be observed due to a high collision rate of

trapped atoms with the background gas. We performed such a measurement

after loading into the IP trap. The 1/e trap lifetime was measured to be 220

s, with the data shown in figure 4.10.

4.6 Evaporative Cooling

After loading, the temperature of the atoms in the IP trap is in the low hun-

dreds of µK. To cool to degeneracy, we must both reduce the temperature and

increase the phase space density of the ensemble. In our setup, this is done
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Figure 4.10: Vacuum lifetime of atoms in the IP over a time scale typical for

evaporation. Each star is the average of two experimental runs and the solid line is

an exponential fit to the data, assuming that the number eventually decays to zero.

Variations in the atom number are a result of variations in the number of atoms in

the MOT.
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using forced RF evaporation. In this section, I will describe metrics used to

optimise evaporation and gauge the effectiveness of our evaporative cooling

procedure.

4.6.1 Evaporation Optimisation

Optimising evaporation is an iterative process. There are three parameters to

be optimised for each sweep: RF power, sweep rate, and the final frequency.

For coarse adjustment of evaporation sweeps, we begin by stepping down the

frequency in each successive experimental run and keep going until the density

of the cloud begins to decrease. We end that sweep just before the density

starts to drop and then optimise the RF power and sweep rate, this time

trying to maximise atom number. We then add another sweep and repeat the

optimisation process. We repeat the previous two steps, producing a series

of decreasing frequency sweeps, where the final sweep finishes at a frequency

corresponding to close to the trap bottom. At this point, we revisit previous

sweeps and optimise the RF power and sweep rate once again.

It is crucial to minimise atom loss in conjunction with decreasing temper-

ature. A particularly important diagnostic of whether BEC is achievable with

a given sweep configuration is a measurement of the evaporation efficiency α,

where

α =
d lnT

d lnN
. (4.1)

T is the temperature in kelvin and N is the number of atoms. In a harmon-

ically trapped gas, the elastic collision rate is proportional to N/T [85]. To

attain runaway evaporation and reach BEC, the collision rate must increase

as temperature decreases. Therefore, α must be greater than 1 for an efficient

sweep.

Prior to making improvements to the setup that ultimately led to successful

BEC formation (see section 3.7.5), evaporation efficiency routinely filled the

above criterium for the majority of the sweeps. It was only at the final deep RF

cuts that α dropped below 1 and the clouds evaporated into nothing without

forming a condensate. Once sources of noise were eliminated from the IP

trap, BEC was achieved with only minor changes to the existing optimised
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Figure 4.11: Evaporation efficiency plots for unsuccessful (a) and successful (b)

cooling to degeneracy. Each point is the result of two experimental runs differing

only in time of flight of the atoms. Green lines indicate the BEC transition boundary

calculated using equation 1.2. The data in the left graph is for atoms in the |F =

1,mF = −1〉 state. The trap was relaxed slightly near the end of evaporation, hence

the two transition boundary lines. The data on the right plot is for atoms in the

|F = 2,mF = 2〉 state, with BECs forming below the boundary line calculated using

equation 1.2. The kink in the data on the right plot (where number stays roughly

constant for three points) is the result of firing the dispenser, which boosted the

atom number. The data were acquired sequentially from the right hand side to the

left.

evaporation sweeps. The measured evaporation efficiency without and with

BEC formation is plotted in figure 4.11. The temperature in the data in this

figure is calculated using images at two times of flight as per equation 3.6 and

the number of atoms are the average of the two images for each point. The

sweep parameters used for evaporation to BEC are shown in table 4.1.

The data series with BEC formation is also shown in figure 4.12 as a func-

tion of frequency. Evaporation frequency sweep parameters are shown in table

4.1. The final cut frequency must be adjusted slightly from time to time to

compensate for slowly varying drifts in the trap bottom. The RF power is the

power outputted by the function generator and subsequently amplified (see

figure 3.32). We have not extensively analysed the properties of the RF coil,

but arrived at these values using the optimisation process described above.



Evaporative Cooling 97

N
u
m
b
er

×
10

7
T
em

p
er
at
u
re

(µ
K
)

P
ea
k
p
h
as
e
sp
ac
e
d
en
si
ty

Frequency (MHz)

3 4 5 6 7 8 9

3 4 5 6 7 8 9

3 4 5 6 7 8 9

10−5

100

105

0

20

40

60

0

2

4

6

Figure 4.12: Atoms number, temperature, and peak phase space density as a func-

tion of frequency. Though we start evaporation at 50 MHz, the entire cloud does

not fit onto the CCD until below 10 MHz.
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Frequency (MHz) Time (s) RF Power (dBm)

50 - 10 25 3

10 - 5 30 0

5 - 3.5 9 0

3.5 - 3.3 2 -1

3.3 - 3.1 5 -3

Table 4.1: The series of RF sweeps used for evaporative cooling.

Figure 4.13: The BEC transition, starting with a pure thermal cloud on the left.

The images were taken at 24 ms time of flight, the maximum allowed by the imaging

system.

4.7 The BEC Transition

When the ensemble crosses the BEC transition, the change in the density dis-

tribution is dramatic. As the evaporation frequency is lowered, the condensate

appears to emerge as a pronounced peak from the thermal cloud. Figure 4.13

demonstrates the remarkable change in the cloud’s density as the temperature

crosses Tc. The distinction between a thermal cloud and BEC is only visible af-

ter around 11 ms expansion time. At shorter times of flight, the cloud is dense

enough to appear opaque to the probe light, masking the density distribution.

The bimodal density distribution is a clear signature of BEC. The thermal

cloud portion remains well-represented by a Gaussian, while the BEC density

follows a Thomas-Fermi profile (a parabola). This is clearly demonstrated in

figure 4.14, which shows the two components of the cloud density. From this
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Figure 4.14: A plot of the column density of a BEC with a thermal cloud component

(left) and the corresponding absorption image (right). The Gaussian (blue solid line)

and parabolic (green solid line) components of the cloud are clearly visible.

image, we can extract the temperature of the BEC by fitting a Gaussian to the

wings and determine the condensate fraction using fits to both components.

Details of the fitting procedure for bimodal clouds are described in Bianca

Sawyer’s honours thesis [107]. For this particular cloud, the temperature is 90

nK and 45% of the atoms are condensed. We have not aggressively pursued the

production highly pure BECs due to subsequent experiments being focussed

on collisions of thermal atoms.

The other striking difference between a thermal cloud and a BEC is the

inversion of the aspect ratio during expansion. The aspect ratio of a thermal

cloud undergoing ballistic expansion will increase to 1 and expand spherically

from then on. For a condensate, mean-field repulsion contributes significantly,

such that the cloud expands faster along the more strongly confining axis of

the trap. This results in the aspect ratio inverting after some time of flight.

This effect is most pronounced in highly anisotropic traps, such as the IP trap

used in this experiment. This is illustrated in figure 4.15, where the aspect

ratio change over time of a thermal cloud and BEC is compared.
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Figure 4.15: Absorption images at different expansion times for thermal atoms (left)

and clouds with both BECs and a thermal component (right). The BEC expansion

is clearly anisotropic, while the surrounding thermal cloud and the purely thermal

atoms expand isotropically.



Chapter 5

Towards Ultracold Potassium

Although we have not yet achieved quantum degeneracy in 40K, I will report

on progress so far. We have successfully trapped and cooled K in a MOT and

transferred a cold sample to the science cell. A small portion of atoms were

transferred to the IP trap, but several improvements need to be implemented

in the setup before successful sympathetic cooling can be achieved.

5.1 The K MOT

I will begin by describing optimisation and behaviour of the K MOT in the

absence of Rb. With the addition of Rb, compromises must be made for

both species. However, the present limitations can be overcome with some

modifications to the setup which will be discussed at the conclusion of this

chapter.

5.1.1 Vapour Pressure

The reaction of the K MOT to the firing of the dispenser is different to that

of Rb. For Rb, we fire the dispenser at 5.5 A for 30 s every few hours, which

is sufficient to maintain a steady and high MOT number for that time period.

The K MOT number, however, initially increases to a relatively high value, but

quickly decays after the dispenser is switched off. We have instead found best

steady state performance by running the K dispenser at a constant current of

101
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Figure 5.1: K MOT fluorescence voltage as a function of detuning for the cool (a)

and repump (b) frequencies as measured by a photodiode. The apparently “noisy”

data in the repump figure data is an artifact of the offset locking scheme. For the

cool frequency data, we can keep the repump frequency constant for all of the cool

detunings because the cooling laser is locked to the repump laser. When changing the

repump frequency, however, we must adjust the cool frequency with every repump

frequency adjustment in order to maintain the same frequency, resulting in a not

quite constant cool frequency.

3 A, similar to reference [88]. Additionally, we have seen increases in vapour

pressure with the aid of UV-induced desorption [108] as documented in Alex

Barker’s masters thesis [90].

5.1.2 MOT Optimisation

The K cooling and repump frequencies were optimised to achieve the largest

number of atoms in the MOT. A sample optimisation data series for each laser

is shown in figure 5.1. The optimal detunings for the cool and repump lasers

are 20.5 MHz and 16 MHz red-detuned, respectively. The MOT number is not

calibrated to the fluorescence voltage for the data displayed in figure 5.1. To

accurately measure the atom number, we used a power meter and measured

4× 107 under optimal conditions.

K atoms in a MOT are more susceptible than Rb to light-assisted losses

at high intensities [73]. We measured whether we have reached MOT beam
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Figure 5.2: MOT fluorescence voltage as a function of beam intensity. The intensity

given is that for a single beam out of the six MOT beams.

intensities where losses become significant by measuring the atom number via

MOT fluorescence as a function of beam power by varying the TA current. The

results are plotted in figure 5.2. We found that we are not presently limited

by light-assisted losses and that the K MOT can be improved by increasing

the beam power.

5.2 Optical Pumping

Our goal is to pump K into the |F = 9/2,mF = 9/2〉 state because it is

immune to spin-exchange collisions with Rb in the |F = 2,mF = 2〉 state,

and is therefore a good choice for sympathetic cooling. There are two possible

transitions that we can access with the K probe laser to achieve this: the

|F = 9/2〉 → |F ′ = 9/2〉 transition or the |F = 9/2〉 → |F ′ = 11/2〉 cycling

transition. Using the MOT recapture technique described in section 4.3, we
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optimised the optical pumping frequency. Since we can access a wide range of

detunings by varying the offset frequency in the probe offset lock, we made use

of the entire available range of the frequency reference. The data are shown in

figure 5.3. A small bias field and 0.7 mW of repump light were applied during

the optical pumping pulse.

Despite observing similar average percentages from both optical pump-

ing transitions, we found more consistent results when pumping on the |F =

9/2〉 → |F ′ = 9/2〉 transition. This is the transition used for subsequent results

in this chapter.

5.3 Transfer to the Science Cell

When optimising the experiment for K alone, we have not seen any benefits

from using a CMOT and/or molasses sequence as for Rb. Other groups have

reported varying levels of success with sub-Doppler cooling, from none in ref-

erence [13] to a reasonable amount in reference [109]. Because the K MOT is

already spatially small, there is no need to compress it as is needed for Rb.

After loading the MOT, we immediately perform optical pumping, load the

atoms into the high gradient quadrupole field of the transfer coils, and then

shuttle atoms to the science cell via the track. Using absorption imaging on the

|F = 9/2〉 → |F ′ = 11/2〉, we are able to image K atoms in the transfer coils,

as shown in figure 5.4. Using a Gaussian fit to the data, there are 3.8 × 105

atoms in the trap, though this is only a lower limit estimate because there are

atoms that are shifted out of resonance at higher magnetic field values.

The atoms are transferred to the IP trap in the same way as Rb (see section

4.5). We can detect a maximum of 2× 105 atoms in the IP trap after loading.

The density is too low to see on the absorption image visually, but the signal

is clearly detectable in the column density.

5.4 The Dual Species Situation

Even though the number of atoms transferred to the science cell is small, it is

still a reasonable number to work with. During sympathetic cooling, losses in



The Dual Species Situation 105

Probe detuning (MHz)

P
er
ce
n
t
re
ca
p
tu
re
d

-100 -50 0 50 100 150
0

10

20

30

40

50

60

Figure 5.3: Optical pumping over a wide range of probe frequencies relative to the

|F = 9/2〉 → |F ′ = 11/2〉 transition. Each point is the average of three recaptures.

Optimal optical pumping occurs for a detuning of 1.5 MHz (leftmost peak), the

shift being due to the presence of the bias field. Optical pumping on the |F =

9/2〉 → |F ′ = 9/2〉 transition is optimal at a detuning of 32 MHz (second peak).

The minimum visible at just under 20 MHz detuning is the result of the optical

pumping beam behaving as a push beam and removing atoms from the recapture

region. The optical pumping light has σ+ polarisation.
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Figure 5.4: Absorption image of K atoms in the transfer coils. This image is

analogous to that of Rb in figure 4.5, but the scale is set to a maximum optical

depth of 0.1 in order to see the atoms more easily.

K are expected to be minimal [73, 85], and our starting number of K atoms

is on the order of that in reference [85]. However, light-assisted losses when

running the MOT in a dual species configuration have proved to be a significant

obstacle1. In addition, the optical molasses stage, a crucial step for Rb, also

has a detrimental effect to the K population.

During the optical molasses stage, the magnetic field is left off for 30 ms.

1In his thesis [90], Alex Barker noted that he did not observe light-assisted losses in the

dual species MOT. This is because the two MOTs were not actually overlapped. To verify

proper overlap, a view from two orthogonal axes is ideally required, something that was not

implemented at the time.
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Optical molasses relies on having very good beam balance. If the beams are

not properly balanced, the atoms will be pushed away from the trap center if

there is no magnetic field to confine them. Recalling the MOT optics scheme

in section 3.2.3, the λ/2 plates used for controlling beam balance are centered

at 780 nm and therefore do not rotate the polarisation of a given wavelength

by the same amount. As a result of suboptimal beam balance for K, we ob-

served an order of magnitude loss of K atoms using the standard Rb molasses

procedure. The intermediate solution has been to simply turn off the K light

during the molasses stage and cutting the molasses time in half, which results

in a modest loss of 15% of the K atoms compared to the single species values

reported previously in this chapter. For a permanent solution, we have pur-

chased more “magic” waveplates that will be incorporated into the setup for

improved control of beam balance.

The light-assisted losses in the dual species MOT are more difficult to deal

with. Using the new CMOT sequence, we are only able to recapture 13%

of K atoms in the presence of Rb. By making small adjustments to the K

cooling and repump detunings, we were able to make minor improvements.

Additionally, we took advantage of the fast loading time of the Rb MOT

compared to the K MOT and loaded the K MOT for 15 s followed by 8 s

of Rb MOT loading. Improvements made were only on the order of a few

percent. We could subsequently only detect a very small number of K atoms

in the transfer coils via absorption imaging. We measured a maximum of

∼ 4× 104 K atoms in the transfer coils, which is essentially the lowest number

our imaging system is capable of detecting at such low density.

Regardless of the small number, we attempted some sympathetic cooling.

We tried using the first evaporation sweep as for the usual Rb evaporation

described in section 4.6. After the first 25 s ramp, we were no longer able to

detect any K atoms. This points to two possible problems. The first could be

that we simply do not have enough K atoms. The solution to this problem

that we have decided to implement is a dark SPOT MOT, which stores the

atoms in a “dark” hyperfine state, thereby reducing light-assisted collisions.

Ospelkaus et al. have observed an order of magnitude increase in atom number

as well as a decrease in light-assisted losses, which is promising. The second
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problem could be that we have spin impurity in one or both of the species. Spin

combinations other than |F = 2,mF = 2〉 and |F = 9/2,mF = 9/2〉 result in

inelastic collisions that can transfer atoms into non-weak magnetic field seeking

states, resulting in a loss of trapped atoms. Implementation of Stern-Gerlach

imaging to separate the Zeeman sublevels will help in conclusively diagnosing

the problem.



Chapter 6

The Optical Collider

In this chapter, I will describe all aspects of the optical collider and the results

to date. The design of the collider is relatively straightforward: two clouds of

atoms are trapped in an off-resonant cross-dipole trap and one cloud is accel-

erated towards the other by displacing one of the beams. This is illustrated

in figure 6.1. Shortly before impact, the vertical beams are turned off and the

moving cloud travels towards the stationary cloud along the horizontal beam.

At impact, the horizontal beam is extinguished, the clouds are allowed to ex-

pand in free space, and an absorption image is taken, revealing a scattering

pattern.

The optical collider has been demonstrated to be an excellent tool for

precisely controlling collision energy with potential for many interesting future

experiments. The present design has severe limitations in collision energy,

however, restricting us to experiments in the s-wave regime only. In order to

access higher energy collisions, including p-wave collisions between fermionic
40K atoms, we have designed a Mark II collider which will also be described in

this chapter.

109
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Figure 6.1: Illustration of the optical collider concept. One vertical beam accelerates

atoms towards the other and the resulting scattering halo is imaged using absorption

imaging.
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6.1 Atoms in an Accelerating Potential

Consider atoms trapped in an far-detuned optical dipole trap as described in

section 2.3. The dipole force acting on the atoms is described by

Fdip(r) = −∇Udip(r), (6.1)

where Udip(r) is the dipole potential given in equation 2.9. In the case of a

single beam along its radial direction at the waist, w0, this simplifies to

Fdip(r) = −
∂

∂r
Udip = Û

4r

w2
0

e−2r2/w2

0 , (6.2)

where Û is the trap depth. In our collider scheme, we use a crossed-dipole

trap as shown in figure 6.1. The contribution to the dipole force from the

horizontal guiding beam is negligible because of the very weak confinement in

the axial direction. The only effect we must consider is that the effective trap

depth for a crossed-beam potential is U0 = Û/2. Additionally, because of the

large Rayleigh length and small separation of the clouds (just under 400 µm),

we can safely ignore the fact that the vertical beam deviates from the waist

position of the horizontal beam as it is displaced.

Taking a derivative with respect to r of equation 6.2, we can determine the

radial position where the restoring force of the dipole trap is maximum. This

occurs at r = w0/2, as shown in figure 6.2. We can then express the maximum

force as

Fmax =
2U0

w0

e−1/2. (6.3)

The maximum sustainable acceleration is then simply

amax =
Fmax

m
, (6.4)

where m is the mass of the atom in question.

Limits to acceleration in the collider can also be understood in another way.

In the reference frame of the moving well, an external force due to acceleration

deforms the original Gaussian potential. The force on the atoms is now

Ftot = Fdip(r) + Facc, (6.5)
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Figure 6.2: The potential and restoring force of a crossed-dipole trap. The beam

waist is 56 µm, and the maximum force indeed occurs at w0/2 = 28µm.

where Facc is the force due to acceleration. Integrating the above equation

results in the resultant potential

Utot(r) = Udip(r) + Faccr + C, (6.6)

which is plotted in figure 6.3. It is clear from figure 6.3 that if the acceleration

exceeds a certain value, atoms will be hotter than the potential barrier and will

leave the trap. If the acceleration is increased further, a confining potential will

no longer exist and atoms will spill out completely. In the case of a crossed-

dipole trap, they will remain trapped in the horizontal beam, which is not

particularly useful.

The maximum possible acceleration sets a limit to the maximum collision

energy that can be achieved with the collider. For atoms undergoing linearly

increasing acceleration from 0 to amax over a well separation distance dsep, the

maximum possible velocity is

vmax =

√

3amaxdsep
2

. (6.7)

This leads to a maximum collision energy of

Emax =
1

2
mv2max =

3

4
mdsepamax. (6.8)

For vertical and horizontal waists of 56 µm and 60 µm, respectively, and 600

mW in each beam, the maximum collision energy is approximately 50 µK.
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Figure 6.3: The crossed-dipole Gaussian potential deformed by a constant acceler-

ation in the negative r direction.
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6.2 Design and Implementation

The driving mechanism of the collider is an AOM1. While it’s possible to use

motorised mirrors to displace a beam, there are several advantages of using

an AOM. The response time of AOMs, typically in the nanosecond range, is

much faster than the millisecond time scales required for collisions, whereas

mechanical components are usually slower. Mirrors with stepper motor type

actuators have speeds up to a few mm/s, which is an order of magnitude

slower than required speeds for the collider, but are capable of higher deflection

angles. The more problematic issue is the lower position resolution (a few

microns for a beam path of tens of centimeters) compared to an AOM, where

the resolution is limited by the stability of the driving frequency source. For

example, for frequency control on the level of 0.1 MHz, position resolution

for a beam path of tens of centimeters is on the order of nanometers. Mirrors

with piezoelectric actuators have higher bandwidth and resolution than stepper

motor mirrors, but much smaller deflection angles (less than 1 milliradian)

compared to an AOM (usually tens of milliradians). Micro-electro-mechanical

systems (MEMS) mirrors have a high deflection angle, but have a similar

resolution to stepper motor mirrors. The idea of using an AOM to make an

optical double-well potential was inspired by reference [110], though because

of constraints discussed later in this section, the optical system is a little more

complicated than that described therein.

6.2.1 Double-Well Potential from an AOM

In an AOM, a radio frequency acoustic wave in a crystal generates multiple

Bragg diffracted beams of orders m = 0,±1,±2, ..., from a single input beam,

though the incident angle of the beam is usually optimised such that most light

is diffracted into the m = 1 or m = −1 order. A change to the driving fre-

quency of the AOM results in a change in the deflection angle of the diffracted

1The AOM is an Isomet model 1205C-843, which has a lead molybdate (PbMoO4) crystal

and a center driving frequency of 80 MHz.
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Figure 6.4: (a) An AOM driven by two frequencies ν1 and ν2 produces two inde-

pendently tunable diffraction patterns denoted by solid (m) and dashed (m′) lines.

∆θ is directly proportional to ∆ν. The AOM angle is chosen such that maximal

diffraction into the m,m′ = 1 order occurs. (b) The simplified optical arrangement

used to make a double-well from the outgoing m,m′ = 1 beams using a lens of focal

length f placed a distance f from the AOM.

beams2. The angle of diffraction within the AOM crystal is given by

θ =
λνs
nvs

, (6.9)

where λ is the wavelength of light, νs, n and vs are the frequency of the acoustic

wave, refractive index, and speed of sound in the AOM crystal, respectively

[111]. Due to refraction of the beam as it exits the crystal, the actual deflection

angle is slightly larger according to Snell’s Law:

ni sin θi = no sin θo, (6.10)

where the subscripts i and o refer to the incoming and outgoing beams, re-

spectively.

To create two independently tunable beams, we drive the AOM at two

radio frequencies. Two corresponding m = 1 beams are used for the double-

well, as shown in figure 6.4. A major constraint in the setup is the small size

2The corresponding frequency shift in the diffracted light (∼80 MHz) is significantly less

than the detuning of the light from the atomic resonance (∼1 PHz) and can be neglected

here.
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Figure 6.5: A multi-lens system used for generating two parallel beams with small

waists.

of the AOM crystal, which limits the input beam to a maximum diameter

of 0.5 mm. Ideally, one would input a large, collimated beam into the AOM

and focus the outgoing beams down to a small waist using a lens placed one

focal length away from the AOM. Using ray transfer matrix analysis, it can

be shown that for the simple scheme in figure 6.4, the resulting waist varies

linearly with focal length:

wout =
λf

πwin

, (6.11)

where λ is the wavelength of the trapping light, f is the focal length of the

lens, and win is the waist of the input beam located at the AOM. Additionally,

the beam separation, given by

s = 2θf, (6.12)

increases with focal length, leaving us with a small window of workable options.

Trap depth scales like 1/w2
out, but only linearly with beam power (see equation

2.7). At maximum input waist size, we can only obtain output waists of around

60 µm for focal lengths on the order of 5 cm. Although this is achievable in

principle, it is precluded by space constraints around the science cell. As a

result, we use a multi-lens system after the AOM to produce the required two

parallel beams with a small waist.

The multi-lens scheme in place is approximated by the layout shown in

figure 6.5. This kind of layout provides much more flexibility in waist size and

position through the choice of the final lens in the system, though the beam

separation is still proportional to focal length. The analogous relations to 6.11
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and 6.12 are respectively

wout =
λf1f3
πwinf2

(6.13)

and

s = 2
θf1f3
f2

. (6.14)

The lens arrangement implemented for the collider was arrived at by setting

the desired trapping waist and computing a suitable lens spacing based on

available lenses. In addition, it was useful to offset the position of the AOM

from the beam waist of that section, which has the effect of decreasing the

final waist size without affecting the final separation.

The actual optical setup for the double-well uses four lenses and is illus-

trated in figure 6.6. Light from the IPG fiber laser is delivered to the main

experiment table via two optical fibers: one for the double-well light and the

other for the cross-beam. This is because the horizontal (cross) beam optics are

located on the breadboard described in figure 3.22 and the double-well optics

are located on the optical table itself below the breadboard. The horizontal

beam is collimated as it leaves the fiber. A single lens is required to focus the

light down to 60 µm for trapping. The double-well beam is also collimated by

the output coupler of its fiber. The beam diameter of 2 mm is too big for the

AOM, so it is focussed down by the first lens in the system. The three lenses

after the AOM are used to set the final beam positions and waists. The total

path length from the fiber output coupler to the science cell is 2.9 m, which is

rather long (but necessary) and makes use of one of the optical access holes in

the breadboard.

The lens arrangement produces a double-well trap with beam waists of 56

µm and a maximum separation of 386 µm as limited by the AOM bandwidth.

While we have a lot of power at our disposal from the fiber laser, the AOM

diffraction efficiency is quite poor (less than 30%) when driving it with two

frequencies. Also, the fiber input couplers used are not rated for very high

power, so we don’t input more than 4 W. The resulting trapping powers for

the collider are 360 mW and 600 mW for the stationary and moving wells,

respectively. The horizontal beam power is 600 mW, giving the moving well

a trap depth of 13 µK when stationary. Due to the varying AOM diffraction
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Figure 6.6: Schematic of the collider optics (not to scale). The focal lengths are f1

= 0.2 m, f2 = 0.25 m, f3 = 0.75 m, f4 = 0.25 m, and f5 = 0.2 m.

efficiency, the beam power in the moving beam is not constant across the full

range of motion, but does remain within 17% of 600 mW.

The beam width and position were measured using a DataRay Inc. Win-

CamD beam profiler to make sure that the beam waist was indeed centered

in the middle of the science cell. While beam parameters could not be mea-

sured directly at the trapping position due to the presence of the science cell,

magnetic trap, and breadboards, they could be measured before and after the

waist. The beam width data were subsequently fitted using equation 2.8 and

are shown in figure 6.7.

6.2.2 Assembling and Aligning the Dipole Trap

Good pointing stability is very important for dipole traps. Movement of the

two beams in the cross-dipole trap can cause heating if they are close to the

trapping frequency. The long path length used for the double-well beams can

make the trap particularly vulnerable to pointing noise. To combat this, we

use thick and short posts3, so the optics all sit as close to the optical table

as possible on stable mounts. Additional heating can be caused by intensity

fluctuations. While we have noticed intensity variations of the order of the

collision sweep duration, likely caused by heating of the fiber input couplers,

this occurs on too long of a time scale to heat the atoms. For a theoretical

treatment of noise-induced heating in dipole traps, see reference [112].

3Predominantly Thorlabs pedestal pillar posts.
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Figure 6.7: Beam data taken with the beam profiler after the final lens in the

system showing the beam separation (a) and width (b). How close to parallel the

beams are depends strongly on the position of the final lens. There is no translation

stage in the setup, so it is difficult to make the beams exactly parallel. The width

data on the right plot is shown for both wells. The minor differences between the

two are due to slight distortion of the beams by the AOM.

We initially load atoms into a single crossed-beam trap and later split it

into two (see section 6.2.3), so both the horizontal and vertical beams need to

be well-aligned with the atoms in the IP trap for loading with minimal heating.

After evaporating down to around 400 nK, the spatial extent of the cloud in

the IP trap is on the order of 20 µm in the radial direction. The horizontal

beam has a waist size of 60 µm, and aligning that with the cloud in the IP

trap is not entirely trivial; at higher RF cuts and therefore larger cloud sizes

in the IP trap, atoms are too hot to load directly into the dipole trap, so we

must use cold, small clouds.

To perform initial alignment, we evaporatively cooled atoms in the |F =

1,mF = −1〉 state. Atoms in this state cannot be imaged by our probe light

(resonant on the |F = 2〉 → |F ′ = 3〉) unless they are repumped to the |F = 2〉

manifold. After coarsely aligning the horizontal trapping beam with the center

of the IP trap, we substituted the 1064 nm trapping light with |F = 1〉 →

|F ′ = 2〉 repump light by feeding the appropriate light into the cross beam’s
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optical fiber4. Shortly before imaging, we applied a very low power repump

pulse (tens of microwatts) via the trapping path. Over multiple experimental

runs, we adjusted alignment of the beam and maximised the number of atoms

imaged. After replacing the repump light with the trapping light again, we

were immediately able to see some trapped atoms in the dipole trap. The

process was then repeated with the vertical (double-well) beam. Using this

method, we were able to align the beams to the IP trap in less than a day

each, the limiting time factor being the duration of a given experimental run.

Our method is similar to that used in reference [85], except they used resonant

probe light to minimise the number of atoms. Another possible method is

imaging both the trapping light and the atoms on the same camera [113], but

this was not practical for our setup.

Refining alignment is somewhat more time consuming. A mismatch be-

tween the dipole trap and the IP trap results in heating due to the cloud

sloshing, and a misalignment between the vertical and horizontal beams re-

sults in a loss of atoms via one of the beams. The vertical beam does not have

sufficient trapping potential to compensate against gravity on its own. If the

beams are sufficiently misaligned, there is no longer a trapping potential in the

vertical direction, and atoms will leave the trap via the vertical beam. Figure

6.8 shows three cases of alignment: perfect alignment, partial misalignment,

and complete misalignment. Figure 6.9 offers added clarity to the nature of

the misalignment. If the beams are misaligned with respect to one another by

one beam waist or less, there is still a confining potential present, though the

trap depth is diminished. The relationship between amount of misalignment

and trap depth is demonstrated in figure 6.10.

4It is crucial to use the same fiber that is used for the final trapping light and only dis-

connect and reconnect the input of the fiber, not the output, even with supposedly immobile

fiber docks. The slight differences in beam position after disconnecting and reconnecting a

fiber are sufficient to destroy alignment. Additionally, the 780 nm repump light is not single

mode in the 1064 nm single mode polarisation-maintaining fiber (it appeared to be TEM10),

but that was not a problem for achieving basic alignment.
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Figure 6.8: Trap potentials for various amounts of misalignment between the verti-

cal and horizontal beams. The direction of propagation of the horizontal and vertical

beams are in the z and y directions, respectively. The misalignment is in the x di-

rection. Each of the y axis plots corresponds to the potential minimum in the x axis

plot above it. In the case of a 60 µm difference in position between the two beams,

atoms funnel down the vertical beam when they reach the vicinity of the potential

minimum in the x direction.
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Figure 6.9: A slice plot of the two beams misaligned by 20 µm with rough outlines

of the beams superimposed. The colour scale corresponds to energy in multiples of

the Boltzmann constant.
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Figure 6.10: Trap depth resulting from the offset in position between the horizontal

and vertical beams. At misalignments greater than 56 µm, a double-well forms in

the x direction along which atoms may leave the trap. At much higher offsets, the

potentials formed by the two beams are distinct enough that atoms will either be

trapped in the horizontal beam only or leave via the vertical beam, depending on

which is best aligned to the IP trap.
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6.2.3 Driving the Collisions

After atoms are loaded into the cross-dipole trap, the cloud must be separated

into two in preparation for the collision. This must be done carefully to min-

imise heating and avoid other ill effects. We keep one beam stationary at all

times; this beam remains in its original position after loading into the opti-

cal trap. This simplifies the experimental control for the collider and allows

us to mitigate one of the limitations of the collision controlling AOM (to be

discussed below).

The initial separation must be performed slowly. Additionally, it is crucial

that the beam powers are balanced, otherwise there will be a large mismatch

in atom number between the two wells. If the power imbalance is too large, all

of the atoms could end up in one of the wells. The splitting sweep, conducted

by sweeping one of the driving frequencies of the AOM, follows a trapezoidal

acceleration profile, minimising sudden changes in acceleration and ensuring a

smooth velocity profile (see figure 6.11). We perform the separation over 100

ms. This time scale is a compromise between minimising heating and max-

imising atom number, as lifetime in the trap is limited. The final separation

between the two clouds is 386 µm.

Once the clouds are separated, we wait for 5 ms and then sweep the AOM

frequency, this time in the opposite direction, towards the stationary cloud.

The collision sweep accelerates the atoms with constant jerk to the collision

velocity, ensuring a smooth velocity profile. When the beams reach a separa-

tion of 130 µm (prior to any overlap), both vertical beams are switched off and

the moving cloud continues to propagate towards the stationary cloud for ap-

proximately 2 ms, guided by the horizontal beam. Letting the cloud propagate

along the horizontal beam instead of free space prevents the decrease in density

and therefore scattering fraction that would occur if all beams were turned off

simultaneously. At the point of impact, the horizontal beam is switched off

and the clouds and scattered atoms can expand freely.

To control the AOM frequency, we use a home-built AOM driver that is

composed of two independent frequency and attenuation control circuits whose

output is combined via a power combiner and is subsequently amplified using
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Figure 6.11: The separation and collision sweeps. To vary collision energy, we set

the final acceleration, though we can equivalently vary the separation distance.

a commercial amplifier5. The driver takes voltage inputs to control frequency

and attenuation. The control voltage for attenuation for both beams and fre-

quency of the stationary beam comes directly from RebeKa (located on the

main experiment control computer, “beansontoast”). Using RebeKa for arbi-

trary waveform generation is highly impractical, so we instead use an Agilent

33220A function generator to program separation and collision sweeps. Sweeps

are defined in a Matlab script and uploaded to the function generator via GPIB

using the Matlab Instrument Control Toolbox (located on the computer “blue-

whale”). The function generator is then directly triggered by RebeKa when a

sweep is needed. The frequency control scheme is outlined in figure 6.12.

5The driver is based around Mini-Circuits components. Frequencies are generated from

input voltages via POS-100 VCOs, attenuation is controlled using PAS-3 attenuators, and

the signals are combined using a power combiner. The RF amplifier is a 2W ZHL-1-2W-S.
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Figure 6.12: Computer control scheme for driving collisions. The analog, digital

and RF signals are denoted by dotted, dashed, and dot-dash lines, respectively.

6.3 Results

The fine degree of control offered by using an AOM to drive collisions allows us

to have excellent control over the collision energy. In this section, I will describe

the experiments conducted to characterise the collider and the results.

6.3.1 Accelerating Atoms

The experimental sequence for a given collision experiment is as follows. Atoms

are cooled to 400 nK as described in Chapter 4. The only difference in this

case is that we don’t cool to degeneracy, but instead stop shortly before the

BEC transition. The main reason for this is that we want a large number of

atoms to improve the scattering rate. Despite the fact that a BEC is colder

and more dense, the sacrifice in atom number and the difficulty in loading a

BEC into the dipole trap (and ensuring it remains a BEC) make this endeavour

not worthwhile. After evaporative cooling in the IP trap, we load the cross-

beam trap by increasing the laser power to its final value over 100 ms and then

decreasing the IP trap currents to zero over 100 ms. We then split the single
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cross-dipole trap into two by deflecting one of the beams and then ramping

it back towards the stationary trap, as described in section 6.2.3. After some

time of flight, we take an absorption image of the clouds and scattering pattern.

A time series figure of the entire collision sweep is shown in figure 6.13.

The same experimental sequence was run many times while imaging at 1 ms

intervals. The s-wave scattering pattern is clearly seen emanating from the

center of mass of the two clouds. There are a few points to note about this

figure. Firstly, the moving cloud is noticeably hotter than the stationary cloud.

This seems to be a result of the splitting process causing heating, though it

could also be a consequence of slight misalignment. Secondly, there are some

atoms leaving the trap, both along the horizontal and vertical beams. This is

again probably a result of heating in the trap. Using the clouds expanding in

free space in figure 6.13, the temperature of each cloud was determined to be

380 nK in the moving cloud and 230 nK in the stationary cloud.

The next test of collider behaviour is to verify that the cloud position is

indeed where it is predicted to be. The position of the cloud lags the position of

the beam by tens of micrometers. This can be understood by referring to figure

6.3 and noting that the minimum of the deformed potential does not coincide

with the location of the highest beam intensity, which corresponds to the zero

position in the plot. At higher accelerations, the position lag is bigger. Taking

this into account by adding the predicted lag to the displacement curve, and

also including movement displacement during time of flight results in excellent

agreement between where the atoms are and where they are predicted be. This

is demonstrated in figure 6.14.

6.3.2 A Precision Accelerator

To investigate the precision of the collider, the experiment is repeated multiple

times at different closely spaced final velocities of the moving cloud. Each time,

the atoms are imaged after 10 ms time of flight and the horizontal position of

the moving cloud is measured by fitting a Gaussian to the density distribution.

Position data for 20 repetitions at three different velocities is displayed in a

histogram in figure 6.15. We can reproduce and resolve final velocities to

within 1 mm/s and are presently limited by the resolution of the imaging
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Figure 6.13: Absorption images of the clouds at different stages of the collision

process. Time increments are of 1 ms, starting from the top left and moving down-

wards. The images taken prior to the collision are at 0.5 ms time of flight. A movie

version of this is available from reference [114].
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Figure 6.14: The displacement profile of the moving beam (dashed line) combined

with data during the collision sweep and subsequent cloud trajectory. The points

show the measured positions of the moving cloud with a small gap at the locations

where the clouds were too close to each other to be distinguished. The error bars are

smaller than the size of the markers. The horizontal blue line indicates the position

at which the vertical beams are switched off. The solid purple line is a linear fit to

the cloud position with increasing time of flight. The solid red line is the predicted

cloud position that takes into account the time of flight and the lag in position of

the cloud with respect to the center of the beam. The dash-dot line denotes the

position of the stationary beam.
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Figure 6.15: Measured cloud velocities at three different jerks. The red, yellow

and blue bars correspond to final accelerations of 16 ms−2, 16.5 ms−2 and 17 ms−2,

respectively.

system. This corresponds to an energy resolution of less than 1 µK for the

energy range considered here. We expect energy resolution to increase with

collision energy, since faster moving clouds will be spatially further apart for

similarly spaced velocities at a given time of flight, making their positions

easier to distinguish.

6.3.3 Limits to Acceleration

As discussed in section 6.1, the acceleration and therefore collision energy is

limited by the parameters of the trapping light. Using equation 6.6, we can

plot the trap depth for a range of possible accelerations, from 0 to amax = 32

m/s2, as given by equation 6.4. This is plotted in figure 6.16, along with

the corresponding collision energy. Note that this value is determined by the
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Figure 6.16: Trap depth and collision energy plotted against acceleration. The

maximum collision energy in practice is limited to around 50 µK.

point at which the trap depth is 0, although the maximum usable acceleration

is slightly lower due to the finite temperature of the atoms in the trap, since

atoms hotter than the trap depth will no longer be confined.

To experimentally verify the acceleration limit of the collider, we run the

collision sequence for a series of different final accelerations. For added clarity,

we only load the moving beam instead of running the normal splitting routine,

but otherwise run the collision sweep in an identical manner. This is achieved

by loading the cross-beam trap, displacing the cloud by dsep, then turning

on the stationary beam (empty of atoms, but necessary to ensure identical

performance of the AOM to the two cloud routine) and performing the collision

sweep.

Figure 6.17 shows a series of absorption images of the cloud at 7 ms time

of flight along with the modified potential for selected final accelerations. We

can see that for accelerations amax and higher, there is smearing in the cloud

(appearing as a “comet’s tail” in absorption images). This is indicative of
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Figure 6.17: Absorption images of clouds at different final accelerations (right) and

the effective potential at selected accelerations (left).

atoms being lost from the moving beam during the collision sweep due to lack

of a confining potential towards the end of the sweep. Notice also that above

amax, the cloud position no longer advances, indicating that the maximum

final velocity possible by the accelerator has been reached. At more extreme

accelerations, such as the highest one displayed in the figure, the cloud smears

along the horizontal beam more drastically and does not propagate very far.

The agreement between the calculated and observed values of a is excellent.

6.4 The Mark II Collider

With the present collider setup, we are only able to access the s-wave scattering

regime. To access d-wave 87Rb collisions and p-wave 40K collisions, collisions

of a few hundred µK are required. There are a number of limitations in the

present arrangement that prevent us from accessing higher order collisions. For
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the collision experiments described here, modest powers of around 600 mW

were used. From equation 6.8, we can see that the collision energy increases

linearly with amax, given by equation 6.4. amax is linearly proportional to

the peak intensity of the trapping beam (see equations 2.7, 2.9, and 6.3), so

ultimately the collision energy varies linearly with power. Therefore, we could

conceivably increase the power to 6 W per beam and gain a factor of 10 in

energy, though approximately 24 W need to be input into the AOM due to the

poor diffraction efficiency when driving it with two frequencies6. Alternatively,

we can decrease the waist size, gaining 1/w2
0 improvement, but this requires a

redesign of the optical layout. Linearly increasing dsep also linearly increases

the collision energy, but is very difficult to implement because it is limited by

the deflection angle of the AOM.

We have chosen an alternative route: a complete redesign of the collider

using a new acousto-optic deflector (AOD) that is optimised as a deflector

rather than a frequency shifter7. The AOD also has a larger crystal, allowing

input beams of up to 4.2 mm in diameter. Referring to equation 6.11, for a fixed

focal length lens, increasing the size of the input beam is a very straightforward

way of producing a small waist for trapping. We can now use a much simpler

optical layout, have a smaller waist and relatively large beam separation. With

the new collider, we will be able to access collision energies in the mK regime,

much higher than what would be possible with available laser power using the

original collider.

6.4.1 Design

The deflection angle of the AOD is 49 mrad, just over twice that of the original

AOM. The improvement in dsep is considerably bigger, however. Looking back

to section 6.2.1, we were severely constrained by the size of the active aperture

6The 50 W maximum output power of the IPG laser is sufficient for this, but we would

need to purchase optical fibers with high power input couplers or have the input couplers

replaced.

7The AOD is a two axis deflector from AA, part number DTSXY-250-1064. The acoustic

medium is TeO2.
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Figure 6.18: Optical layout for the Mark II collider (not to scale). The telescope is

necessary to expand the beam after it exits the fiber in order to set the waist size

after the f-theta lens. The AOD is composed of two modulators positioned at right

angles to one another. The first deflects the beam in the vertical direction and will

be used for fine positioning. The second deflector creates the two beams required

for the collider.

of the AOM, and subsequent beam shaping and orientation reduced the final

beam separation. At ∆ν = 30 MHz, the AOD is capable of producing beam

separations on the order of a few millimeters using lenses of focal lengths on

the order of tens of centimeters. There are two new considerations to take into

account as a result of this. Firstly, standard achromatic doublets used in the

original setup are not diffraction-limited off-axis, leading to changes in spot

size when sweeping the beam. Secondly, the distance of the focus to the lens

changes with incident position. Both effects result in undesirable changes of

trapping parameters during the sweep.

To combat the issues described above, we purchased an f-theta lens8. F-

theta lenses are designed specifically for scanning applications, providing a flat

field on the image plane, making them the ideal choice for our purposes. The

maximum scan angle of our lens is 28◦, an order of magnitude greater than

the maximum ∆θ that can be achieved with the AOD. The collider schematic

using the new AOD and lens is shown in figure 6.18. Using a collimated input

beam with a Gaussian waist of 1.1 mm into the AOM, we produce a trapping

beam with a waist size of 42 µm and a maximum separation of 6.4 mm, with

beam measurements shown in figure 6.19. Using the WinCamD beam profiler

8Eksma Optics, custom part at a focal length of 130 mm.
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Figure 6.19: Beam radius along the direction of propagation (left) and beam sep-

aration (stars) and waist size (diamonds) as a function of frequency (right), both

measured using a WinCamD beam profiler. The waist size was determined by a

Gaussian fit to beams only a few pixels wide, so is not considered to be as accurate

a value as the width extracted from the left plot.

placed at the focus of the f-theta lens, we confirmed that the waist size and

position indeed stays constant as the beams are deflected. An image of the

two beams captured using the beam profiler at the waist position is shown in

figure 6.20.

The AOD center frequency is 75 MHz with a bandwidth of 30 MHz. The

original AOM was centered at 80 MHz, meaning we are able to use the same

two frequency driver with no modifications other than substituting the Mini-

Circuits RF amplifier with an amplifier from AA9. An additional home-built

driver and AA amplifier are employed for the vertical deflector.

6.4.2 Figures of Merit

The new beam parameters allow for greatly increased collision energies. Figure

6.21 shows trap depth and collision energy as a function of acceleration, similar

to figure 6.16. The values have been calculated using 600 mW for the horizontal

and moving vertical beams so a direct comparison to the Mark I collider can

be made. Utilising the full scan range of the AOD, we can access collision

9Part number 1AMPME09005.0074.
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Figure 6.20: Beam profile image of the two collider beams at the waist position.

The beam separation is 2 mm.
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Figure 6.21: Trap depth and collision energy as a function of acceleration.

energies up to 3 mK. An added benefit of the AOD is its superior diffraction

efficiency. We have measured overall efficiencies of around 80% split between

the two beams when driving the AOD with two frequencies and using both

axes, meaning we have approximately three times more power available for the

same input power compared with the original AOM. This can easily push the

maximum collision energy up to almost 10 mK.





Chapter 7

Conclusion

7.1 Summary

This thesis had two main goals. The first was to construct a dual species

experimental setup for 87Rb and 40K capable of producing quantum degenerate

gases. A laser system based on external cavity diode lasers was implemented

for both species for the purposes of trapping, cooling, optical pumping, and

imaging of atoms. The alternative laser scheme for deriving all 87Rb light from

a single laser source was published [92]. After trapping and cooling atoms in

a magneto-optical trap, atoms were transported to the science cell using a

pair of quadrupole coils mounted on a translation stage and transferred into

a Ioffe-Pritchard magnetic trap. In the case of rubidium, atoms in the |F =

2,mF = 2〉 state were evaporatively cooled to Bose-Einstein condensation.

A dual species magneto-optical trap with both rubidium and potassium was

achieved, and transport of potassium to the science cell was realised. Though

quantum degeneracy has not yet been achieved, modifications described in this

thesis will enable us to fulfill this goal.

The second goal was to design and implement an optical collider for ultra-

cold atoms for the purpose of studying quantum scattering. This was achieved

using an acousto-optic modulator to deflect a laser beam, thereby propelling

one ultracold cloud into a second stationary cloud. After evaporative cooling,

rubidium atoms in the |F = 2,mF = 2〉 state were loaded into a crossed-dipole

trap, separated into two clouds, one of which was subsequently accelerated to-

139



140 Conclusion

wards the other. s-wave scattering was observed for rubidium atoms. The

capabilities of the collider were characterised, showing it is a precision device

able to control collision velocities to 1 mm/s. The collision energy was de-

termined to be limited to a maximum of 50 µK, necessitating an upgrade to

the new Mark II collider to access higher collision energies. The work on the

optical collider resulted in a publication [114].

7.2 Future Work

With the implementation of the Mark II collider, we will be able to delve into

the regime of higher order partial wave scattering, fermionic collisions, and

collisions between different species and spin states. In particular, the precision

of the collider will allow for good quantitative investigation into the locations

of various Feshbach and shape resonances (for example, [115]). While most

previous experiments have observed good qualitative agreement between po-

sitions and widths of resonances, the exquisite control of collision parameters

and straightforward collider geometry combined with a tunable external mag-

netic field will be highly useful in improving upon the precision of previous

experiments.

The collider also offers the possibility of exploring a number of other phe-

nomena. Wang et al. [50] point out that colliding two condensates is a viable

means to detect the periodic features resulting from the Efimov effect. By

performing collisions at a range of energies, it should be possible to observe

losses that coincide with three body recombination. Present methods rely on

increasing the scattering length using Feshbach resonances, but suffer from

thermal averaging as the collision rate increases, washing out Efimov features.

The Mark II collider is a suitable system for realising such an experiment due

to its well-controlled and also relatively high collision energy capabilities.

Nishida [52] recently proposed a scattering experiment akin to experiments

common in nuclear and particle physics. Fermionic atoms of one spin state

are launched at relatively high energy towards a cloud of spin polarised atoms

in a different state. By measuring the scattering rate, it is possible to study

short-range pair correlations and combined effects from both few-body and
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many-body physics. Provided we can access the required collision energies,

this could be an interesting new regime to study.





Appendix A

Circuit Diagrams

Various circuits used in the experimental setup are provided here for complete-

ness.

A.1 Laser Locking

The PID controller designed by Sascha Hoinka is shown in figures A.1 and

A.2, displaying the “slow” piezo and the “fast” current parts separately. The

circuit is designed such that values for the PI cut-off, filters, etc can be chosen

by inserting an appropriate combination of resistors and capacitors, making it

suitable for generic applications. Input and output gain, output limits, various

offset voltages, and integration time can be adjusted on the front panel. The

circuit also has a slot for optionally adding a DDS-based sawtooth sweep for

sweeping the piezo voltage, which is used for the Rb repump laser.

The error signal circuit, also designed by Sascha, is shown in figure A.3. It

outputs a 90 kHz DDS-based dither signal and generates an error signal that

can be used as an input to any PID controller. Dither amplitude, input and

output gain, phase and offsets can be adjusted from the front panel.

Offset locking works slightly differently from locking to a saturated absorp-

tion peak, where an error signal is generated by dithering the frequency of the

light. To create an error signal from a heterodyne beat signal, the signal is

compared with a reference frequency using a PLL circuit, pictured in figure

A.4.
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Figure A.1: The “fast” part of the PID controller. Cint, Rint, Rgain, and Rfilter are

interchangeable components.
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Figure A.2: The “slow” part of the PID controller.
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Figure A.3: The error signal circuit.
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Figure A.4: The PLL circuit.
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A.2 AOM Drivers

There are two kinds of AOM drivers in use for the experiment. The first is the

original Otago design which is used in several labs. The driver is based on Mini-

Circuits components. Voltage-controlled oscillators are used for frequency gen-

eration (the POS-x) series. PAS-3 attenuators are used for amplitude control

of the output signal and TOSW-230 switches are used for switching. The out-

put signal is input into a Mini-Circuits amplifier. The circuit diagram is shown

in figure A.5.

Sascha Hoinka designed a new AOM driver primarily as a cost-cutting

measure. The experiment uses many AOMs, and Mini-Circuits amplifiers are

expensive. The driver utilises the same VCOs and attenuators as the original

driver, but uses a different switching mechanism. To amplify the signal, a

circuit board mounted amplifier from RFMD is used. Because the RFMD am-

plifiers only output 1 W (compared to 2 W from the Mini-Circuits amplifiers),

they are only suitable for some of the AOMs in the setup, namely those from

Crystal Technologies. The circuit diagram is displayed in figure A.6.

A.3 Magnetic Trap Control

As mentioned in section 3.7.4, the current stabilisation circuit for the IP trap

is based on a design from the Jin group [101]. The main modification to

the design is using a differential input scheme to the control voltage input in

addition to the current sensor input. The circuit diagram is shown in figure

A.7.

The switching circuit is shown in figure A.8. It was roughly based on

the switching circuit in reference [101], but was modified significantly to suit

our needs after much discussion between the electronics workshop, Callum

McKenzie, and myself. It includes digital optical isolation and four channels.

The circuit was modified from that in figure A.8 in situ to allow for differing

values of VFET.

Optical isolation between the control computer analog output card and the

magnetic trap servo is achieved using a home-built circuit shown in figure A.9.
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Figure A.5: The original AOM driver circuit.
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Figure A.6: Sascha’s AOM driver with built-in RF amplifier.
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Figure A.7: The IP trap servo circuit. In practice, we use a positive supply voltage

of +15 V instead of +30 V.
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Figure A.8: The magnetic trap switching and interlock circuit used for the transfer

coils and IP trap. Not shown are two additional channels identical to the two

pictured.
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The choice of op amp for the “experiment” side of the isolator is important

for the application of magnetic field stabilisation. The op amp must have

excellent temperature stability, otherwise voltage drifts in the op amp output

as it warms up translate to drifts in the current in the magnetic trap, since

this is the reference voltage for the IP trap servo circuits.

A.4 Miscellanious

The dispenser safety relay circuit diagram is shown in figure A.10. Its purpose

is to prevent the dispensers from accidentally being left on at high current,

which will flood the chamber with excess vapour and cause the dispensers to

run out prematurely.



154 Circuit Diagrams

Figure A.9: The opto-isolator circuit for a single channel. The experiment side op

amp (U2) is an LT1050 (not the LT1097 shown).
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Figure A.10: The dispenser relay circuit. One channel is for K and the other for

Rb.





Appendix B

The Science Cell Saga

Three spectroscopic cells were initially purchased from Starna and were fused

to glass to metal adapters by Optiglass. One cell was leaky on arrival on the

join between the cell and the glass part of the glass to metal adapter, one was

installed in the setup, and the third kept as a spare. In March of 2009, after

almost 3 years of seemingly normal operation, we discovered a crack in the cell

(see figure B.1). The cell had been protected by a metal cover to prevent any

accidental damage, so the only explanation for the crack developing is strain

in the join between the cell and glass to metal adapter. Surprisingly, the crack

did not appear to break vacuum, though we did not have a gauge installed

at the time and could only determine the status of the vacuum from the ion

pump current. A week after first observing it, the crack grew by over 2 mm,

so we decided to replace the cell. Optiglass claimed responsibility for the fault

because of improper annealing of the glass and offered to fuse new cells at no

extra cost, which we accepted since our spare cell met an untimely end during

a leak testing attempt.

Thanks to the gate valve separating the MOT chamber from the science

cell, we were able to break vacuum without affecting the MOT end of the

vacuum chamber. At this time, we installed the ion gauge and a new ion

pump1. A few months after installing the new cell, we noticed the pressure

1Part number 75S-CV-4V-SC-N-N from Gamma Vacuum. Gamma Vacuum ion pumps

are less expensive than equivalents from Varian and are interoperable with Varian controllers.
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on the UHV end of the vacuum chamber increasing steadily and suspected a

leak. Using a residual gas analyser, we discovered that once again, we had a

leaky cell with the leak exactly on the join between the cell and the glass to

metal adapter. Fortunately, the leak was very small and we were able to seal it

using Vacseal, a UHV-compatible silicone-based resin. Unfortunately, we had

to break vacuum to locate the leak (we initially suspected a malfunctioning

valve), but since then, the vacuum system has performed well.
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Figure B.1: The cracked science cell. The arrow indicates the point of origin of the

crack, which then grew towards the right and then started to circle the cylindrical

part of the cell.





Appendix C

TA Modes of Death

Over the course of my time in the lab, we have mourned the passing of no less

than three TAs. The first TA to die was the original K TA. In the documenta-

tion provided with the first batch of TAs, it was not made clear that the seed

light should not be blocked. Applying current to the TA with no seed beam

significantly amplifies spontaneous emission. Over time, this can damage the

facets of the chip. After more than a year of operation, the TA died. On visual

inspection, a small burn mark was observed on the TA facet.

The second TA death (also a K TA) was more subtle and also gradual.

The TA was being seeded by both the cool and repump lasers. Every so

often, we noticed a decrease in power from the TA, and a small amount of

adjustment to the alignment of the beams into the TA was necessary. Towards

the end of the TA’s lifetime, adjustments had to be made on a daily basis. We

assumed that one of the mirrors in the setup had a faulty actuator. Eventually,

we were unable to make a MOT at all despite having enough power. After

ruling out MOT beam alignment and polarisation settings (we were optimising

MOT alignment at the time), we installed a Fabry-Pérot optical spectrum

analyser1 to investigate the frequencies. We observed that while the TA was

still amplifying light, a lot of it was amplified spontaneous emission (something

difficult to pick up using a wavemeter due to its broadband nature). The

optical spectrum analyser is now a permanent fixture in our setup, making it

1Tropel, Inc. Model 240 Spectrum Analyzer with a Coherent Model 251 Controller.
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easy to tell if something is amiss at a glance. The underlying cause of death

of this TA is still unknown.

The third TA to die was the original Rb TA. This happened very suddenly,

and seemingly for no reason; there were no electrical disturbances that we were

aware of and no one was even working at the optical table at the time. We

simply noticed a severely diminished MOT and quickly narrowed the problem

down to the TA. Again, the cause of failure remains unknown and eagleyard

were unable to offer an explanation.
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