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Abstract

This work reports on the development and characterisation of a double MOT system designed
for cold atom experiments with Rubidium. The whole system was designed and constructed
from scratch and is capable of trapping atoms in a crossed optical dipole trap. During the
course of this project, a new compact LVIS chamber was designed and characterised, which
provides a high atom flux of atoms with low velocities and without the need to heat the
Rubidium reservoir. The vacuum chamber also includes a fused silica prism, the surface of
which is suspended above the trapped atoms. This enables future studies into trapping atoms
close to a dielectric surface, which is an area of study that is crucial for the realisation of all-
optical atom chips. The optical dipole trap was successfully demonstrated, however, no BEC
was produced as of yet. Reasons for this are discussed. Part II of this thesis aims to revise
results obtained from observations of matter-wave propagation in a continuous distributed
Bragg splitter based on optical waveguides in free-space and provides additional explanations
for the observed dynamics, as well as discussing ongoing and future improvements to its

operation.
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PART I

TOWARDS ALL OPTICAL ATOM CHIPS







Chapter 1
Introduction

The development of laser cooling and trapping of atoms in the 1970s [1-3] helped to propel
the study of single isolated systems from the theoretical to the experimental realm. Cooling
atoms down to micro-kelvin temperatures suppresses the classical noise and allows us to
physically observe many quantum phenomena. Laser cooling gave rise to the next generation
of atomic clocks [4, 5] and high precision tests of fundamental physics [6—-8]. The field
continues to thrive with many studies ranging from attempts to trap macroscopic molecules
[9] to quantum inertial sensing for navigation and quantum information processing (QIP) for

quantum computing [10, 11].

One area of particular interest is the realisation of compact inertial navigation devices based
on atom interferometry [12]. Combined with the high accuracy of atomic clocks, cold
atom-based inertial navigation systems have the potential to significantly outperform current
classical and laser-based devices [13]. Accurate and reliable inertial sensing is highly desired

for both civic and military applications.

Interferometry is a measurement technique which exploits the interference of waves. In a
typical interferometer, a wave is first split into two parts using some sort of splitter. Then,
the two resulting waves are made to travel along two different paths. Finally, the two waves
are recombined and superimposed. If the two partial waves have different relative phases
when superimposed, an interference pattern is observed. The relative phase difference can be
determined from the interference pattern and can be used to quantify whatever mechanism

resulted in the phase shift. Depending on their configuration, interferometers can be used to



4 Introduction

measure displacements, rotations, changes of refraction index, and any other effect that can

result in the relative change of the optical path lengths in the interferometer.

In 1887, during the famous "Failed Experiment", A. Michelson and E. Morley intended
to detect the flow of “Luminiferous Aether” using interferometry [14]. While failing its
intended purpose, the Michelson interferometer provided the opportunity to accurately
measure distances by observation of interference fringes. The basic geometry of a Michelson
interferometer is illustrated in Figure 1.1(a). A large-scale Michelson interferometer was

used in 2017 to detect gravitational waves for the first time [15].

In 1891, L. Mach and L. Zehnder proposed a different interferometer similar to Michelson,
but where each separated light path is traversed only once [16, 17], as presented in Figure
1.1(b). This means the two interfering waves travel in parallel routes instead of orthogonal,
making the Mach-Zehnder interferometer more robust against environmental perturbations
[18]. The enclosed area produced by the optical paths makes it well suited for measuring
rotations and topological phase shifts [19]. Additionally, the physical separation of input
and output ports is favourable for applications that incorporate circuits or networks. Mach-
Zehnder interferometers are used primarily in optical communications for modulation of

phase and amplitude of light.

In 1913, still fuelled by the pursuit of the Luminiferous Aether, Georges Sagnac performed
an experiment using his own interferometer and observed the correlation of angular velocity
and phase shift [20], see Figure 1.1(c). The Sagnac interferometer has seen a great deal of
progress following the invention of lasers and optical fibres, which led to the development of
the ring laser gyroscope (RLG) [21] and subsequently the fibre optic gyroscope (FOG) [22].
The RLG and FOG based gyroscopes are used primarily as a part of an inertial navigation
system (INS) on board of aircraft, spacecraft as well as ships and submarines. While these
devices offer high accuracies they are subject to small bias drift errors which compound over
time. Therefore applications requiring long periods of operation require integration with
external navigation systems like GPS. Atom interferometers, by comparison, have negligible

bias drift, making them favourable in GPS-denied environments.
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Fig. 1.1 Interferometer Geometries. (a) Michelson Interferometer. (b) Mach-Zehnder Inter-
ferometer (c) Sagnac interferometer

1.1 Atom Interferometry

One of the obvious advantages of using cold atoms instead of light sources for inertial
measurements is their high sensitivity to inertial forces, due to the fact that atoms have
mass. This can be demonstrated by considering the following. For a gyroscope utilising the
Sagnac effect [23] to measure a rotation rate, €2, the phase shift between the two paths of the

interferometer can be written as:

AnE

heZ A-Q

) (1.1)

cI)Sagnac =

where A is the area enclosed by the Sagnac loop and E is the energy of the particle. £ = h@
for photons and E = Mc? for particles with rest mass M. Therefore, gyroscopes based
on matter-wave interferometers will have a larger Sagnac phase by a factor of Mc?/hw.
When comparing Rubidium atoms and visible light the scale factor of the phase shift is
in the order of 109, Light-based interferometers, such as FOGs, counteract the reduced
sensitivity by sending light around the loop many times using optical fibres and by increasing
the path length. Naturally, lasers also provide much higher fluxes than typical atom beam

sources.

Atom and light-based interferometers can operate no better than the standard quantum limit
(SQL). SQL dictates that the sensitivity scales as 1/ V/N, where N is the number of detected
atoms (or photons). This presents a problem, as typical atom sources have low fluxes,

especially compared to photons. There is great interest in creating atom interferometers that
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can bypass the SQL. This can be achieved by generating squeezed atomic states by mapping
the quantum state of squeezed light to an atomic field [24]. Interferometer sensitivity can be
improved to scale as 1 /N, which is the absolute limit imposed by the Heisenberg uncertainty

principle, by preparing quantum correlations between the atoms.

The first modern atom interferometers were demonstrated in 1991. One, was analogous to
Young’s double-slit experiment [25], while the other atom interferometer was based on three
mechanical gratings [26]. Later experiments utilised laser beam pulses in order to split and
deflect the matter waves [27, 28].

Light-pulse atom interferometers have been demonstrated to have high sensitivity in measure-
ments of acceleration [29, 30] and rotation [31, 32], as well as the combination of the two in
three-dimensions [33]. Cold atom inertial sensors can achieve higher long term stabilities and
sensitivities than their electro-mechanical and laser-based counterparts [34], however, their
dynamic range is significantly limited. Since the output of an atom interferometer is periodic,
accelerations large enough to result in a shift higher than 7 rad from the central fringe of
the output signal spoil the measurement. To overcome this issue, hybridisation techniques
[35] are employed to combine conventional accelerometers with and atom interferometers
and extend their dynamic range. Typically, a MEMS accelerometer is used to measure the
acceleration of the reference mirror to re-centre the output of the atom interferometer to the
central fringe, post-measurement [36] and in real-time [37]. This extends the dynamic range

of cold atom interferometer to that of the conventional sensors.

However, cold atom interferometers typically require the use of bulky ultra-high vacuum
(UHV) chambers, multiple lasers and numerous electronics. This means that most proposed
devices are bulky and sensitive to environmental effects such as vibrations and temperature
fluctuations. While some cold atom absolute gravimeters have already been made available

commercially [38], the majority of the technological potential is still confined to the lab.

Atom interferometry with free-falling atoms is significantly limited by short interrogation
times (typically several 100 us). Interferometers based on atomic fountains increase these
interrogation times, but only by a factor of ~4. Interferometry with atoms guided in magnetic
or optical waveguides [39] aims to increase the interrogation times and sensitivities by

suspending the atoms against gravity and accurately controlling their paths.
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1.2 Atom Chips

Atom chips are micro-fabricated devices with integrated optical, magnetic and electric
structures that are used to trap and manipulate cold atoms close to the chip surface. Atom
chips allow of precise control of the geometry of the atom interferometer. For atom chips
utilising magnetic waveguides the close proximity of atoms to the magnetic fields allows for

the application of much stronger forces.

Atom chips have been used to produce Bose-Einstein Condensates (BECs) in the lab [40,
41], and recently in microgravity in space [42]. In on-chip atom interferometry atoms
can be guided either using magnetic [43] or optical waveguides [44]. In magnetic chip
interferometers, the matterwaves are split and recombined using current-induced magnetic
fields. However, interactions between atoms and wires have proved common and detrimental

to coherent manipulation [45].

1.2.1 Towards All-Optical Atom Chips

Coherent splitting of BECs using all-optical means has been demonstrated using linear
optical waveguides [44] and Y-shaped waveguides with a small opening angle [46]. All-
optical configurations present several advantages over their magnetic counterparts. Optical
dipole traps are able to trap atoms in magnetically insensitive states, which is beneficial
for improving robustness from decoherence due to environmental magnetic fields. The
“smoothness” of magnetic waveguide potentials is limited by the roughness of the nano-wires
which results in decoherence [45, 47, 48]. Guiding potentials in optical waveguides are
“smooth” and the absence of detrimental atom-wire interactions is of great benefit to coherent
manipulation of matterwaves. Additionally, atom chips based on optical waveguides dissipate

less power than atom chips based on magnetic nanowires.

An important stepping stone towards the realisation of all-optical atom chips is the ability to
trap atoms close to the surface of the chip using all-optical means, as this would allow for
precise control of the initial position of the matter-wave and subsequent loading of surface
waveguides. Gravito-optical surface traps (GOSTs) have been experimentally demonstrated
[49-51] to effectively suspend atoms above the dielectric surface of a prism using the
combination of gravity combined with the repulsive potential produced by the evanescent

field of a blue detuned optical dipole beam. A bi-chromatic evanescent wave (EW) surface
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trap was proposed in 1991 [52], based on the evanescent fields of two lasers beams totally
internally reflected at a dielectric surface. Just like in the case of optical dipole traps, far
detuned EWs can produce either an attractive or repulsive dipole potential depending on the
sign of the detuning of the light with respect to the atomic resonance. The advantage of this
type of surface trap is that atoms can be trapped regardless of the direction of gravity, as
well as in microgravity. The basic concept of a bi-chromatic EW surface trap is illustrated in
Figure 1.2. The blue detuned evanescent field provides a repulsive potential that holds the
atoms away from the attractive Van der Waals forces of the surface, while the red-detuned
field provides the confining potential. In theory, atoms could be trapped on the order of
A /27mn away from the surface, although this strongly depends on the surface smoothness.
The bi-chromatic evanescent-wave trap was successfully demonstrated in 2002 with caesium

atoms trapped ~200 um above the surface of a prism [53].

Dielectric

Vacuum

Fig. 1.2 The trapping potential is formed by the attractive red detuned potential and repulsive
blue detuned potential. Note the different penetration depths of both evanescent fields, set by
the incident angle.

Bi-chromatic EW fields have been the basis of several proposals for optical waveguides above
a dielectric surface [54, 55]. However, experimental demonstration of such waveguides is
still in the early stages. The work presented in this thesis is motivated by the realisation
of all-optical waveguides for atoms at the surface of an atom chip based on bi-chromatic
evanescent fields. The first step towards this is the realisation of effective loading and
trapping of a bi-chromatic EW surface trap. In this thesis we describe the development
of a new cold-atom apparatus at NPL, utilising a super-polished fused silica prism for the
demonstration and further development of a bi-chromatic EW surface. Theoretical work is

currently underway in the atom interferometry group at NPL to further study the practical
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realisation of integrated all-optical waveguides based on bi-chromatic EW fields [56]. It is
intended that in the near future the system developed during the course of this PhD will be

used as a platform to experimentally demonstrate such waveguides.

Recently, a novel way to coherently and continuously deflect atoms by a large and arbitrary
angle has been proposed [57]. The distributed Bragg splitter based on the crossing of two
interfering optical waveguides promises coherent control and splitting of guided matterwaves.
The atoms initially propagating in one linear waveguide are either transmitted, or deflected
by the lattice formed at the crossing region and directed into the second waveguide which
intercepts the first at an angle 2. The basic scheme is illustrated in Figure 1.3. Such a splitter
could potentially be used in the realisation of coherent atom circuits for area enclosed inertial
sensors [44] as well as in the emerging field of atomtronics [58, 59]. The first experimental
demonstration of this splitter has been conducted in our group at NPL, using a BEC of 3’Rb
atoms and all-optical waveguides produced by free-space optical dipole beams [60]. While
the current free-space demonstration offers a valuable proof of concept, the operation of the
splitter could be substantially improved by realising it using all-optical atom chips based on
optical waveguides. In Part II of this thesis, we discuss in detail the behaviour of atoms in

this splitter and the limitations of the current free-space configuration.

Fig. 1.3 Beam splitter for matter waves based on waveguide diffraction of crossed interfering
beams. Atoms are diffracted at the optical lattice in the crossing region of the beams and are
split between the two waveguides. k; and k,p are the wavevectors of the laser beams and
the matter-wave respectively. The waveguides into which the atoms are either reflected or
transmitted are labelled respectively with an r and t. The illustration is taken from [57]
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Figure 1.4(a) illustrates a basic concept for a potential scheme for recreation of the distributed
Bragg splitter from [60] but using planar waveguides instead of free-space beams. BEC
atoms will be produced by all-optical means at some distance away from the prism surface,
and subsequently transported and loaded into the bi-chromatic evanescent wave surface
trap. Here, the surface trap is formed using free-space beams totally internally reflected
at the surface of the prism, which produces a bi-chromatic EW surface trap. This set-up
assumes the production of an all-optical BEC using free-space means above the chip surface.
The BEC can then be transported to the surface trap using all-optical means [61] Here, the
optical waveguides can be realised on a chip using integrated structures, such as Bragg
coupling gratings mounted on a Siz N4 guiding layer. The optical waveguides can be formed
by the coupling of light into the microfabricated channel of a substrate at the surface of the
prism using tapered or Bragg couplers [62]. Atoms are confined and guided by the resulting
evanescent fields. Figures1.2(b) illustrates how a Mach-Zehnder geometry could be realised
using curved optical waveguides based on bi-chromatic beams and the aforementioned

distributed Bragg splitter.

1.3 Thesis Structure

This thesis is divided into two parts. Part I focuses on the ongoing development of a new
cold-atom apparatus designed to cool and trap atoms in a crossed optical dipole trap, with
the intention of transporting the atoms to a surface trap formed at the dielectric surface of a
fused silica prism. This would lay the groundwork for future demonstrations of integrated
optical waveguides on a substrate of the prism. Since this is a novel endeavour at NPL, the
apparatus needed to be designed and built from the ground up. This involved designing and
constructing the ultra-high vacuum system, as well as the optical systems for laser cooling in

a MOT and all-optical production of BEC using optical dipole traps (ODTs).

A total of three UHV chambers were constructed. A brand custom LVIS chamber was
designed to achieve a robust yet compact design, which additionally yielded a high flux of
atoms without the need to apply heat to the Rubidium reservoir. This is a desirable feature for
experiments requiring ultra-high vacuum, as well as applications that have a limited budget
on power consumption. The chamber features a super polished fused silica prism, which
is positioned approximately 8mm above the centre of the MOT. An optical dipole trap was

successfully formed below the prism, using a single beam and crossed beam configurations.
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Bi-Chromatic

_beams
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Bi-Chromatic | |
Evanescent Trap Waveguides

Si3N4 Layer Bragg Coupling _,! =
la

Grating

Fused Silica Prism
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Fig. 1.4 (a) Concept of a basic scheme for realising the distributed Bragg splitter using planar
EW waveguides on the surface of a chip. The BEC atoms are produced at some point above
the prism and transported to the surface of the chip using all-optical methods. The BEC
can be loaded into a bi-chromatic surface trap, realised by the total internal reflection of
two free-space beams. The surface trap can then be relaxed and the atoms loaded into the
bichromatic waveguide which corresponds to the input of the matter wave-splitter, like in
Figure 1.3. Bi-chromatic beams are coupled into integrated channels in the silicon nitride
layer, producing planar EW waveguide potentials above the surface. (b) Concept for a
Mach-Zehnder interferometer geometry using curved bi-chromatic EW waveguides. k1 and
k2 refer to the wave-vector of the red-detuned and blue-detuned optical dipole beams. The
matterwaves are split and recombined using two distributed Bragg splitters.
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The intent will be to use the prism in conjunction with two far-off resonance laser beams,
to produce a bi-chromatic evanescent wave trap, capable of trapping BEC atoms above the
surface of the prism. Additionally, a focusing lens mounted on an air-bearing stage will be
used to move the focus of the dipole trap upwards towards the surface of the prism, in order

to load the atoms into the evanescent wave trap.

Chapter 2 discusses the theory of laser cooling as well as optical dipole trapping. Chapters
3-5 cover the practical aspects of building the experiment. Chapter 3 reports on the design
and construction of the UHV chambers while Chapter 4 details the optical systems and lasers.
Chapter 5 discusses the common experimental techniques that were used, as well as a few
novel techniques that were developed during the course of this experiment. Chapters 6 and 7
present the results which consist of the characterisation of the improved LVIS chamber and
the optical dipole trap. Finally, Chapter 8 discusses the results and provides the next steps
towards trapping the atoms close to the surface of the prism. The technical drawings of our

LVIS chamber design can be found in the Appendix.

Part II of the thesis is based on the work conducted on the realisation of the continuous
waveguide Bragg splitter produced by Gaussian laser beams in free space. The details
and results of this experiment can be found in [60], as well as the PhD thesis of Richard
Moore [63]. In Part II of this thesis, we provide additional discussion of results and provide
additional explanations for the atom dynamics observed in the splitter. Finally, we discuss
the improvements that should be implemented in order to improve the performance of the

splitter.



Chapter 2
Laser Cooling and Trapping

Laser cooling refers to a set of techniques by which gaseous atoms are slowed down (and
therefore cooled) using laser fields. The idea of laser cooling relies on the fundamental
concept that the temperature of a gas is directly proportional to the kinetic energy of the
molecules within the gas. This can be expressed using equipartition, by equating the average

kinetic energy of the molecules (E}) to their thermal energy:

1 3
(Ex) = =m{v*) = ~kgT. (2.1)

2 2
For a gas at room temperature the velocity profile will follow a Boltzmann distribution with
the average velocity of the atoms being ~300 ms~!. Laser cooling techniques are routinely
used to slow down the motion of gaseous atoms and cool them to near absolute zero effective

temperatures.

This chapter covers some of the core concepts of laser cooling and trapping of neutral atoms,
which are relevant throughout this thesis. There are two primary forces which are exploited
for the purpose of slowing atomic motion and the manipulation of atoms: the scattering force,
which results from the momentum transfer when an atom absorbs radiation and the optical
dipole force, which manifests when an atom interacts with detuned light. There is also a
third force, the polarisation gradient force, which is a hybrid of the spontaneous scattering

and dipole forces.

In the following sections, we discuss how these forces are utilised in atom cooling, as well as

describe the theory of magneto-optical traps (MOTSs) and optical dipole traps (ODTs).
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2.1 Doppler Cooling

We start by considering a simple atom-photon interaction. Consider a laser beam incident on
an atom, with velocity v, moving in the opposite direction to the stream of photons. When the
atom absorbs a photon, it is excited from the ground to the excited state, and the combined
velocity becomes v — (7ik) /m. After a short time, the atom will decay back to the ground state,
emitting the photon in a random direction. Since the direction is random, the momentum
contribution of the emitted photon averages to zero. This is illustrated in Figure 2.1 below.
With each absorption and re-emission, the atom receives a small momentum kick in the

direction of the laser beam, effectively decelerating the atom.

v- hbar k/m
Y, hbar k/m

(@) (b) (c)

Fig. 2.1 Two-Level Atom Photon Interaction. (a) Photon is moving towards atom. (b) Photon
is absorbed by atom, exciting it to a higher state. (c) Photon is emitted in random direction,
atom velocity has been reduced.

Atoms in a real gas move in random directions. To slow down these atoms, we can employ
a configuration of three counter-propagating pairs of laser beams aligned along the three
directional axes. For efficient absorption of photons, the incident light has to be in resonance
with the atomic transition. However, an atom moving towards a photon will perceive the
wavelength of the photon as shorter, or blue-shifted. The opposite is true for an atom moving
in the same direction as the photons. This means that our laser can only significantly affect
the sample of atoms with a specific velocity, selected by the detuning of the laser. By setting
the detuning of the laser below the atomic resonance frequency, the atoms travelling in the
opposite direction to the beam will experience the light as being closer to resonance due to
the Doppler shift, increasing the rate of scattering from this beam. By the same effect, the
atoms travelling in the same direction as the beam will perceive the photons as being shifted
further away from resonance and have a reduced chance of scattering. The result is that an
atom propagating in any direction will experience an imbalance of forces that damps its
motion. For the case of a stationary atom, the scattering force from all directions is balanced.

This is known as Doppler cooling.
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One complication arises from the reality that atoms are not two-level, but are many-level
systems. For example, the D2 transition of a Rubidium atom has two ground hyperfine levels
(F=1,2), and four excited hyperfine levels (F’'=0,1,2,3). The resonant excitation from F=2 to
F’=3 is the one used for cooling. This is known as a “closed” transition, as the only allowed
decay is back to the F=2 ground state, meaning the atoms are “recycled”. In practice, this
recycling is hindered by non-resonant excitation from the ground state to the F’=2 and F’=1
levels, from which the atom can decay to either F=2 or F=1 state. If the atom decays to the
F=1 state, it will become “dark” to the laser, as the separation between the two ground states
is larger than the linewidth of the laser. Atoms that decay to the F=1 state are effectively
removed from the cooling process. To solve this problem, a second “repumper” laser is used
with the frequency to pump atoms from the F=1 to the F’=2 state, recovering the lost atoms.

This process is illustrated in Figure 4.3.

However, it is not possible to achieve arbitrary low temperatures using Doppler cooling.
The continuous absorption and re-emission of near-resonant photons that is responsible
for cooling is also the source of heating. The heating is produced by the fluctuation of
momentum from the recoil of the spontaneously emitted photons, resulting in a random walk
of the atoms in velocity space. The Doppler cooling limit is defined as the equilibrium of

these two opposing processes, and is expressed by

hl’
kpTpin = (2.2)
2
where I' is the natural linewidth of the cooling transition [64]. Typical Doppler temperatures

are ~100 uK for atoms with allowed optical transitions.

While this limit was derived in 1977, it wasn’t until 1985 that this 3D Doppler cooling
was demonstrated by Chu efal. [65]. In their paper, they referred to this form of optical
confinement as “optical molasses’, due to the slow, diffusive motion of atoms while inside the
beams. It should be noted that while atoms appear to be contained within optical molasses,

they are not trapped as there is no restoring force present [66].

2.2 Sub-Doppler Cooling

Soon after the first demonstration of optical molasses, temperatures an order of magnitude

lower than the Doppler limit were reported. In 1991, Phillips et al. achieved a temperature of
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Fig. 2.2 87Rb D; line hyperfine structure. The cooling transition (red bold line) excites atoms
from the F=2 state to the F’=3. Due to non-resonant excitation, some atoms are excited into
F’=2 and F’=1, from which they can sometimes decay to the “dark” F=1 state (red dotted
line). A repumping beam (blue line) is used to “recycle” the atoms to F=2 via excitation to
F’=2 from F=1.
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Just 2.5+£0.6 uK for Cs atoms in 3D molasses [67]. The mechanisms for this sub-Doppler
cooling were explained in detail by J. Dalibard and C. Cohen-Tannoudji in 1989, using known
ideas about optical pumping, light shifts and polarisation gradients [68], and compared with

experimental data [69].

Counter-propagating beams in 3D molasses produce polarisation gradients. The lin-perp-lin
configuration denotes the case for orthogonal beams with linear polarisations, while 6+ — 6~
denotes the case for orthogonal beams with opposite circular polarisation. The lin-perp-lin
configuration creates an ellipticity that varies in space. This produces a light-shift of energies
of the magnetic sub-levels that oscillates in space. An atom at rest and in equilibrium will
be pumped to the most light-shifted state. A moving atom, however, could start at the
bottom of a potential “valley” and travel up the potential “hill”, before being pumped to
the potential valley of the other sublevel. This means that the atom spends a finite amount
of time climbing the potential hill before being pumped to the other ground-state sublevel.
Because of this time-lag, the atom tends to always climb potential hills, trading its kinetic
energy for potential energy. This process is illustrated in Figure 2.3. The potential energy is
radiated away during each cycle because photons are emitted at a higher frequency than they
were absorbed. This process is analogous to the Greek myth of Sisyphus, cursed to spend
eternity pushing a boulder up a hill only to watch it roll back down, and is referred to as

Sisyphus Cooling.

...................................... J=3/2

Energy

Fig. 2.3 Sisyphus Cooling in the lin-perp-lin configuration
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The 0+ — 6~ configuration, however, does not produce any potential gradients, and is a lot
more challenging to illustrate. For a comprehensive explanation of this type of sub-Doppler
cooling, we direct the reader to the paper by J. Dalibard and C. Cohen-Tannoudji [68].

Since sub-Dobbler cooling also relies on momentum transfer between a photon and an atom,
the fundamental limit for achievable temperatures can be defined. The velocity change of
an atom that absorbed or emitted a photon is known as the recoil velocity, v, = (k) /m.
Therefore the minimum velocity of the atom which one expects to achieve is v = v,. This

limit is known as the recoil limit, and expressed as

H2k?
kBTR = 7, (23)

which is calculated to be 361.96 nK for 87Rb [70].

2.3 Magneto-Optical Trap (MOT)

As the name suggests, the Magneto-Optical Trap is a hybrid trap that utilises both a magnetic
field and the optical radiation pressure force to cool and trap neutral atoms. In contrast to
optical molasses, there is a restoring force that qualifies this as a trap. The first MOT was
demonstrated in 1987 with Sodium atoms [71]. A typical MOT consists of three pairs of
red-detuned laser beams, in a 6 — ¢~ polarisation arrangement, providing cooling. The
trapping is created by a quadrupole magnetic field, produced by a pair of coils in the anti-
Helmholtz configuration. The magnetic field produces a Zeeman shift in the sub-levels of
the atom, which increases with distance from the centre of the trap. Therefore, the atomic
resonance of an atom not at the centre of the trap shifts and is closer to resonance with the
beam. This means that the further the atom is from the centre of the trap, the more likely it is
to receive photon kicks that push it towards the centre, where the magnetic field is zero. This
is further illustrated in Figure 2.4.

While the polarisations of the MOT beams follow the 6 — ¢~ arrangement, lin-perp-lin
Sysiphus cooling also occurs. Both sub-Doppler cooling processes occur because in practice,
the MOT is formed using a 3-dimensional arrangement of beams, and so the atoms are also

free to move in all three directions.
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Fig. 2.4 (a) MOT configuration in 1D. Two counter-propagating laser beams with opposite
circular polarisation, detuned by frequency, 0, below resonance are shown. In the presence
of a magnetic field B;, the energy sub-levels of the atom are Zeeman split. Due to this, the
hypothetical atom at position z’ is closer to resonance with the 6~ beam than the 6" beam,
and experiences a net force towards the centre of the trap. (b) MOT configuration extended
to 3D. Three counterpropagating pairs of beams are used in conjunction with a magnetic
quadrupole field produced by a pair of anti-Helmholtz coils.
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2.4 Optical Dipole Traps

In the next few sections of this chapter, we will introduce some of the critical concepts of
optical dipole traps relevant to this work. For further reading we also direct the reader to the

extensive review of optical dipole traps [72].

2.4.1 Dipole Potential For 2-Level Atoms

As mentioned in the introduction to this chapter, there are two main types of atom-light
interaction. So far, we have been discussing laser cooling concepts involving the radiation
pressure from near-resonant light. However, another, weaker force arises when an atom is
placed in a laser beam. In the classical approach, the electric field of the light £, induces a

dipole moment p in the atom and can be expressed as

p=qkE, (2.4)

where o is the complex polarisability of the atom. The interaction potential can be expressed

as:

1 - 1
Udip =~ (F+E) = —5_—Re(a)l. 25
dip D) ) €0C 6( ) ( )
Considering the laser beam as a stream of photons 7®, the atom will experience cycles of
absorption and spontaneous remission. The rate at which the atom gains momentum via this

process is called the scattering rate and is expressed as
Fue(r) = - Im(@)i(r) 6)
r)=—1Im r). .
5 hEoC
For a two-level atom, the polarizability can be expressed in the form:

I/w;

o = 6meyc’
O W= 0= (32T

(2.7)
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where the damping rate, I', corresponds to the spontaneous decay of the excited level and is

derived using the dipole matrix element between the ground and excited state,

3
3meyhcd

[{e|ulg) |- 2.8)

Substituting the expression for polarizability into equations (2.5) and (2.6) gives the expres-

sions for the dipole potential and scattering rate:

3mc? r r
Udip(r):_za)o3 ((D()—(D—J’_(D()—l-a))l(r)’ (2.9

3nc? [\ r r \?
rsc(r):mm)3 (@) (wo_w+w0+w> 1(r). (2.10)

When using laser frequencies that have relatively small detuning from resonance, (@ /@y =~ 1),

these equations can be simplified using the rotating wave approximation [73] to:

3nc? (T

Ugip(r) = —2”—023 (Z) 1(r), 2.11)
3nc? [T\

L) = (z) 10, @.12)

where A is the detuning, A = ® — @y.

These expressions provide us with two fundamental observations of dipole trapping: the
sign of the detuning determines whether the dipole potential is attractive (red-detuned) or
repulsive (blue detuned). The scattering rate, which is responsible for heating, scales as I/A?,
while the dipole potential scales as I/A. This means that the most efficient way to minimise

heating in dipole traps is to use large detunings and high-intensity beams.
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2.4.2 Dipole Potential For Multi-level Atoms

When calculating the trapping potential of an optical dipole trap, the 2-level approach
is insufficient. This is because real alkali atoms are many-level systems with a complex

substructure.

In the work presented in this thesis we utilise a far-off-resonance trap (FORT), produced by
a 1064 nm laser beam, to trap 87Rb atoms. In this scheme, the detuning of the laser from
the atomic transition frequency is much larger than the splitting of the hyperfine ground
and excited states and the fine structure splitting, (|A| > AHFS,A}{FS,A’FS). Under these
conditions, the D, (5%, /2= 52P; /2) and D;(5%S, /2= 52P, /2) transitions are responsible
for the largest contribution to the dipole potential. We can calculate the trapping potential
by summing the contributions of the D, and D; transitions (for linearly polarised light)
[72]:

2 2
e T 1 1 e T’ 2 2
Ugip(7) = =~ D! + 1(7) + 2202 + 1(7)

2 ) \o—wp o+ wop 2 0, \0—0p O+ o,
(2.13)

For an even more accurate calculation, one must consider the frequency-dependent polar-
isability of the ground state of the atoms by taking into account all the electronic states of
the atom. A detailed analysis for the calculation of the polarisability for different atoms
and wavelengths was performed by Safronova [74]. For 1064 nm laser wavelength, the
frequency-dependent polarisability is given (in atomic units) as 0 = 686.9a8, where ag 1s
the Bohr radius. We convert to SI units using & (SI) = 47m€oa3 (AU ). The potential depth
of a single beam dipole trap is then:

Up = —2nla/c, (2.14)
where 1 is the intensity of the beam.

In our set-up, the optical dipole trap is formed using a 1064 nm laser beam with an optical
power of ~20 W and a beam waist of 70 um. For comparison, we provide the values of the

potential depth calculated by:

* using the two-level model,
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Dy(5%81 ), = 5°P;)2) Dy(581 ), = 5°Py )
Frequency, @y 27 -384.230484 468 5 THz 2m-377.107 463 5 THz
Decay Rate, I’ 38.11 x 106571 36.10 x 10651

Table 2.1 Frequency and Decay Rate of the D, and D transitions of 87Rb [70].

* by considering the contributions of the D, and D transitions,
* using the precise values of polarisability provided in [74].

Using the two-level model, we calculate the potential depth of a single beam to be Uy = 336.4
UK. Using equation 2.13 and the known values of the frequency and decay rates of the D,
and D transitions of 8 Rb, see Table 2.1, the trapping depth of the beam is calculated as
Uop = 389.7 uK. Finally, using the exact value of polarisability, we calculate Uy = 400.8
uK.

In comparison to the precise value, the 2-level approximation gives an error of ~ 16%. This
is a significant error, despite the fact that the fine splitting of the excited state of Rb is ~ 15
nm and the frequency detuning of our laser is ~ 280 nm, which is close to a two-level system.
Taking into account the contributions of the D, and D transition provides a much better

estimate with an error of ~ 2.8%.

2.4.3 Optical Dipole Traps

The simplest way to to create an optical dipole trap is to use an intense Gaussian beam
tuned far below the atomic resonance. The focus of the beam will form the region of highest
intensity, towards which the atoms will be attracted due to the gradient force. The radius of

the beam along the axis of its path is expressed by:

w(z) = woy 1+ (i)z, 2.15)

where wy is the beam waist and zg = 7w} /A is the Rayleigh length.

The intensity of the Gaussian beam is:

2
170 = 2L exp(—wzr ) (2.16)
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Atoms with thermal energies much lower than the trapping depth of the ODT will occupy the
bottom of the trap. Near the bottom of this trap the harmonic approximation can be applied

which provides an estimate for the trap frequencies in the radial and axial directions:

[ 4U 20,
o= and @,=, ", 2.17)

where ®, and w;, are trapping frequencies in the radial and axial direction respectively. As
expected, in a single beam, the confinement along the axis of propagation is much weaker
than in the radial direction. This results in a shallow potential along the axis of propagation,
with a lot of atoms populating the "wings" of the trap. This becomes an issue when attempting
to cool atoms further via forced evaporation, where maintaining high atom density is crucial.
Crossed-beam configurations are typically used in order to achieve deep potentials with

strong confinement in all directions.

2.4.4 Crossed Optical Dipole Traps and Evaporative Cooling

Crossed ODT are created by crossing two beams with orthogonal polarisation. Typically
this is done by recirculating the beam, and re-focusing it so that the foci are superimposed.
This configuration provides tight trapping in all directions, being fully symmetrical in all
directions when crossed at 90°. The effective volume of the trap can be increased by reducing
the crossing angle. A larger volume trap can trap more atoms while still maintaining high
densities, which is vital for producing an all-optical BEC via forced evaporation[75]. The
resulting optical potential for a crossed ODT 20 = 20° is illustrated in Figure 2.5. Here the
z-axis is the axis of symmetry, and the angle between it and each beam is 6. The crossing
angle between both beams is, therefore, 20. The illustration also shows that while the
potential depth at the crossing region is 2U), the effective potential depth is Uy, as atoms

with higher energies, are able to leave the trap along one of the beams.

The trapping frequencies at the centre of the crossed dipole trap are derived via harmonic

approximation of the trap centre:

(OZ(G) =

TR s (2.18)

40 \/ cos?0  2sin’0
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Fig. 2.5 Illustration of the resulting dipole potential at the crossing of two beams at 26 = 20°.
Left: Side view. Right: Top down view.

4Uy |2cos*@  sin’0
0.(0) =/ M\/ = a0 (2.19)
8Uy
@y(6) = [ (2.20)
Mw%

Evaporative cooling is the technique used to cool atoms past the limits of laser cooling. The

first Bose-Einstein Condensate (BEC) was produced using magnetic evaporation in 1995
[76], followed by the first all-optical evaporation to BEC in 2001 [77]. Instead of momentum
transfer, evaporative cooling is based on the preferential removal of the hottest atoms from a
sample. In optical dipole traps, forced evaporation is performed by lowering the depth of
the trap to allow the most energetic atoms to escape. The remaining atoms re-thermalise
due to elastic collisions. This results in runaway evaporation, as the atoms sink lower in the

potential as they get colder, further increasing the density and the thermalisation rate.
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2.4.5 Gravity Sag

So far, we have ignored the presence of gravity when considering the trapping potential of
optical dipole traps. For a horizontally aligned beam, the effect of gravity results in a “sag”
of the potential in the vertical radial direction by ~ Mgwy. The effect of gravity sag on the

trapping potential at the waist of a single beam dipole trap is illustrated in Figure 2.6.

Potential Depth (Er)

Distance (um)

Fig. 2.6 Optical dipole potential in the presence of gravity in the radial direction of a
horizontal beam. The solid red line represents the trapping potential, while the dashed blue
represents the gravitational potential. The 1/e? beam waist is labeled as wg and is 75 um for
this case.

Practically, this means that even for arbitrarily cold atoms, there is a minimum trapping
power that is required to hold atoms against the force of gravity. As evaporation in an optical
dipole trap requires turning down the intensity of the trapping beams, it is useful to know
this limit. We can compute the minimum power of the laser beam, in terms of its waist, by

writing the total potential as:

U(x)= er—2x2/w2 — mgx, (2.21)

then differentiating to determine x for the maximum force such that:

U dF

—— = 2.22
& @ (2.22)
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To compute the minimum power required, we substitute the calculated value of x and solve
dU /dx = F(x) > 0. This gives us the expression for the minimum trapping power, B, in

terms of the beam waist, wy:

mgwy. (2.23)
The relationship between the beam waist and minimum trapping power is illustrated in Figure

2.7, for the relevant case of Rubidium atoms trapped using a single 1064 nm beam with a

waist radius of 75 um.
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Fig. 2.7 Minimum Trapping Power to Support Against Gravity. For a beam with wy = 75
pm, the minimum trapping power, Py, = 2.7 W.






Chapter 3

Design and Construction of the
Apparatus

3.1 Introduction

This section documents the nuts and bolts of the experiment, such as the UHV chambers
and components as well as the procedures we used to achieve UHV conditions. I became
involved with the project before any of the apparatus was designed or assembled. Throughout
my PhD, I was heavily engaged in the design and construction of the UHV chambers and
optical systems needed for trapping and cooling of rubidium atoms. The development of a
suitable UHV chamber took the most amount of time by far. We designed several vacuum
chambers using the SolidWorks 3DCAD software package. While a total of three designs
were realised, it was only possible to build and test one chamber at a time due to us having
access to just one set of vacuum pumps. In this chapter, we discuss the experimental needs
that our chamber designs had to accommodate and present the successes and failures of each

chamber when put into practice.

During testing of the preliminary chamber designs, we also discovered several design
shortcomings of the LVIS chamber, which was designed before my involvement in the
project. We were unable to saturate this “old” LVIS chamber with Rubidium, and so I was
given the responsibility to redesign the LVIS chamber. In the second half of this chapter we

discuss how the materials used in the initial LVIS chamber compromised its performance, and
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we present the improved LVIS chamber design. In Chapter 6, we evaluate the performance

of our LVIS and its advantages over other LVISs from literature.
The main design parameters of the UHV chambers were as follows:

* A double MOT system (LVIS and MOT) for the accumulation of a sufficient number of
atoms for BEC. A double MOT system typically consists of two connected chambers at
different partial pressures of Rubidium (or any other chosen atom). The first chamber
produces a high flux of atoms while the second chamber maintains an ultra-high
vacuum (<5 x 10~ 1%mbar). Better vacuum conditions allow for longer lifetimes of
trapped atoms and the intense atomic flux ensures a high number of atoms trapped in

the MOT - both necessary starting conditions for producing a BEC.

* The science chamber should have maximal optical access for all the NIR and visible

laser beams.

* The science chamber should incorporate a fused silica prism, which will be used to
produce an initial evanescent wave (EW) trap for atoms near the surface of the prism.
It should also be possible to substitute the prism with another prism containing an atom

chip at a later point.

* A small volume chamber design is prefered as it makes it easier to achieve and maintain
ultra-high vacuum conditions. Additionally, reducing the size of the science chamber
also allows us to use smaller magnetic coils for the MOT and simplifies the alignment

of the laser beams.
In practice, this meant that each chamber we designed comprised of the following:

* A double MOT system (LVIS and 3D-MOT), with excellent optical access to both

chambers.

* An ion and getter pumps to mainta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>