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ABSTRACT

A design of a proof-of-principle, all-optical method of generating the ultra-
cold atoms required for space-based atom interferometry is presented. The
system will evaporatively cool in an optical dipole trap (ODT) and employ an
optical cavity to enhance the trapping power. This design proposes a novel
hybrid single-beam /lattice ODT to reach ultra-cold temperatures, and ideally
Bose-Einstein condensates (BECs). This project builds on heritage from the
group by employing a compact ‘prism MOT’ which uses reflective prisms to
generate the beams required for magneto-optical trapping (MOT). If successful,
this project would demonstrate the first ODT and BEC loaded from a prism
MOT. From simulation, a 4 mirror cavity is chosen with a finesse of 2991 which
produces an initial ODT depth of 100 mW. This thesis presents the system
design including: the cavity and initial building considerations; the vacuum
system, the laser system and telescopes, and the magnetic field coils. This
system will use only a single laser for all stages of ultra-cold atom generation
(2D MOT, 3D MOT, ODT, BEC). This, as well as the compact prism MOT
and low power ODT, is advantageous for the Size, Weight and Power of the

system which is critical for a space-based experiment.
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CHAPTER 1

INTRODUCTION

The field of quantum technology and sensing, although still in its early stages,
has the potential to have a high impact on industry and society. Much of the
work currently being undertaken is towards improving the Technology Readiness
Level (TRL) of these quantum systems so that they are capable of working
outside of the laboratory in ‘real world’ environments. This thesis presents the
design of a novel proof-of-principle system which, if realised, would enable the
relatively low-power and compact generation of the ultra-cold atoms required for
space-based gravity sensing (using atom interferometry). First, the applications
of measuring gravity in space and the existing classical technology being used
to do so is presented in this introductory chapter. Then the advantages of using
quantum methods in general and the specific system designed in this thesis are
outlined. Note that the reader is not required to fully understand the techniques
presented in this introductory chapter as they are used purely to explain the
motivation behind the experiment and are explained subsequently in chapter
2. This scientific background chapter makes up a significant proportion of the
thesis because it underpins the modelling and simulation that was required to
complete the design of the system. Next the designs of the key component of

the experiment and the rest of the system are presented in chapters 3 and 4
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respectively. Finally, conclusions and the next steps to be taken for a practical

realisation of this experimental design are discussed in chapter 5.

1.1 Gravimetry

As one of the four fundamental forces in the universe, gravity interacts with
all ‘massive’ objects. Scientific research into measuring gravity, known as
gravimetry, has been conducted for many years. In ~ 1610, Galileo Galilei
observed no detectable difference in the time taken for two balls of varying weight
to roll down an inclined plane [1]. This was an early test of the universality
of free fall. In 1774, Nevil Maskelyne conducted the ‘Schiehallion experiment’,
an iteration of the work of French astronomers from 1738, where the tiny
deflection of the vertical of a pendulum’s plumb-bob due to the gravitational
attraction of a nearby mountain was measured to determine the mean density
of the Earth [2]. This value was improved upon in the late 1790s by Henry
Cavendish who used two masses suspended from a wire on a torsion balance
to make a remarkably sensitive measurement of the Earth’s density [3]. The
mutual gravitational attraction of the two masses caused the apparatus to
rotate, twisting the supporting wire. The rotation stopped when the twisting
force of the wire balanced the gravitational force. Since then, his experiment
have been reformulated in modern terms to show that Newton’s gravitational
constant, GG, could have been obtained from his results*. Later in 1878, John
Henry Poynting performed an iteration of this experiment using an ordinary
balance with an adjustable mass to further improve the valuation of G [4].
More recently, increasingly more accurate sensors have been used to measure

gravity on a smaller, local scale. Chronologically, these devices include the

*The first reference to Newton’s gravitational constant, G, was made ~ 75 years after
Cavendish’s work.
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mass-spring system, superconductors, laser interferometry free-fall, and MEMS *
[5-7]. These ‘classical gravimeters’ have been used to observe important spatial
and temporal changes in mass distributions and have enabled the creation
of valuable underground gravity maps which have been used in a variety of
applications and industries. For example, before the development of seismology,
gravimetry was the first geophysical technique used in oil and gas exploration
[8]. Although seismology has now become the dominant technique, gravimetry
is still invaluable for particular ground compositions [9]. A further field where
the use of gravimetry is well-establish is the mining industry where gravity data
is widely employed to map subsurface geology and to estimate ore reserves [8§|.
Another field which is already benefiting, and has further potential to benefit,
from gravity measurements is that of environmental monitoring. For example,
international networks of gravity sensors have been used, in collaboration,
after an earthquake to study how seismic activity attenuates and disperses
[10]. Furthermore, there is suggestion that by monitoring regional gravitational
anomalies, epicentres of future earthquakes could be predicted [11]. Similarly,
monitoring of subsurface magma mass flow could be used to predict volcanic
eruptions [12]. Hence, gravimeters have had many valuable uses in industry

and society.

1.1.1 Quantum Gravimetry

As valuable as these classical devices have proven to be, they can have funda-
mental drawbacks or limits. Therefore, quantum technologies (devices that rely
on the principles of quantum physics) have been proposed as a candidate for
future gravimeter improvements.

In the latter half of the 20th century, the first quantum revolution, or

*MEMS = micro-electromechanical system
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‘quantum 1.0’ took place [13]. This was the development of devices that relied
on the effects of quantum, rather than classical, mechanics. Examples include
the invention of the transistor and laser, which were respectively awarded the
1956 and 1964 Nobel Prize in Physics. The progression of these, and other,
key technologies paved the way for a second quantum revolution, or ‘quantum
2.0’, which is currently taking place. This involves the creation of technology
devices that generally rely on manipulating quantum states of matter and often

exploit the quantum principles of superposition and entanglement [14].

As the underlying technologies became sufficiently mature, the feasibility of
these quantum devices progressed and many governments, funding bodies, and
industries worldwide began to invest in national programmes. One such example
is the well-established UK National Quantum Technology Programme which
was launched in 2013 and is now in its second stage and has received a total of
> £400 million funding commitment over the last 8 years [15]. The key goal
of this programme is to use a collaboration between academia, industry, and
government, to advance the technology readiness level of quantum devices in the
UK to propel them from controlled laboratory conditions to a commercial field
environment. The programme is split into four main ‘hubs’ which are identified
as having potential to revolutionise different industries. These hubs are focused
on quantum: communications; computing and simulation; enhanced imaging;
and sensors and timing (formerly metrology). The potential applications of each
respective quantum technology is high impact and varied, ranging from securing
sensitive data transmissions such as bank transactions and health records,
drastically improving computing processing speeds for large scale problems like
facial recognition and mathematical problem solving, developing new medical
imaging devices, and providing clocks with unprecedented precision for timing

and navigation [16]. Although, all these devices still face some technology and
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regulatory challenges on the route to market, quantum sensors, in particular,
have made orders of magnitude level improvements in their Size, Weight and
Power (SWaP) characteristics over the course of the first national programme

and are starting to emerge commercially [17-19].

One example of such devices are cold atom interferometers for gravimetry.
Here, a cloud of cooled/slowed atoms acts as a falling test mass to measure the
absolute gravity signal. The advantages of this device over classical gravimeters
can be exhibited by thinking about the basic principles of a gravimeter. To
measure gravity, an object with mass, i.e. an object that experiences the gravi-
tational force, must be monitored. A classical gravimeter uses a macroscopic
test mass which could be a pendulum, a mass on a spring, or a falling mirror |20,
21]. These devices typically exhibit mechanical wear over time, require regular
re-calibration, and some cannot provide an absolute gravity measurement. On
the other hand, quantum gravimeters typically use an atom as the test mass.
For example, in the case of atom interferometry, a falling cloud of cold atoms
is used to measure the local absolute gravitational acceleration. This presents
an immediate advantage over classical systems in that atoms act as an ‘ideal’
test mass and do not experience drift or wear over time. Hence, an absolute

gravimeter can be developed with long term accuracy.

1.2 Gravimetry in Space

Similarly to on ground, there are valuable applications of gravimetry in space.
This includes both fundamental physics applications, such as testing of Ein-
stein’s equivalence principle [22] or the detection of gravitational waves [23|, as
well as monitoring the gravitational field of the Earth itself. This latter appli-

cation, encompassed by the field of Earth observation (EQO), is the long-term
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motivation for this work.

1.2.1 Earth Observation

Earth observation can be performed by placing a space compatible sensor on
a satellite orbiting the Earth on a regular basis. Initially, Earth observation
was performed using the transmission or reflection of electromagnetic (EM)
waves to or from the Earth* i.e. with visible imaging [24]. Then, the addition
of classical gravitational sensing allowed imaging of what is under the Earth’s
surface, rather than only what is on it. This allows the monitoring of large
underground structures including the polar ice caps and the tectonic plates, as
well as the development of a dynamic topographical geoid model. The geoid
is the gravitational equipotential surface of the Earth that coincides with the
mean level of the oceans. An accurate geoid is important as it is the model of

the Earth used in climate research and navigation.

The first gravity based Earth observation was done by the Gravity Recovery
and Climate Experiment (GRACE), a joint NASA and German Aerospace
Center mission, which measured the Earth’s gravitational field from launch
in 2002 until October 2017. It used microwave ranging to measure the speed
and distance between two identical satellites, which varied according to the
gravitational pull of the Earth. GRACE measured the entire Earth’s gravity
field on a 30 day cycle which allowed periodic monitoring of the movement of

tectonic plates, the polar ice caps, and large bodies of water |25, 26].

*surface or atmosphere
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Earth's Gravity Field Anomalies [milligals)
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-50 -40 30 20 -10 O 10 20 30 40 50
(a) Map of how the Earth’s gravity varies (b) Monthly change of Greenland’s ice sheet

from a smooth, featureless model [27]. where blue indicates the largest mass loss [28].

Figure 1.1: Example data taken by the Gravity Recovery and Climate
Experiment (GRACE) mission.

While the data obtained from the GRACE apparatus could measure a
variety of gravitational phenomena from space with an unprecedented accuracy
of several pGal*, the spatial resolution was of the order of several hundred
km [25, 29] (see Figure 1.1). This spatial resolution was improved upon by a
European Space Agency (ESA) mission launched in 2009 called Gravity field
and steady-state Ocean Circulation Explorer (GOCE). GOCE used gravity
gradiometry [30] to measure the geoid of the Earth to a precision on the order of
mGal with a spatial resolution of ~100 km [31] as can be observed in figure 1.2.
However, this mission ended in 2013 and did not monitor any time variations
in gravity, only the static field.

A GRACE follow on mission (GRACE-FO) launched in early 2018 has
continued the work of its predecessor [33]. The design and orbit of the follow-on
satellite is similar to the original. The main difference between the two is
that, in addition to microwave ranging, GRACE-FO is equipped with lasers
to demonstrate laser ranging interferometry (LRI) as a superior method of

measuring the distance between the two satellites. This will not be able to

*1pGal = 1 x 1078ms™2, 1g ~ 9.81ms™2 = 981Gal
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Figure 1.2: Geoid model taken during the Gravity field and steady-state
Ocean Circulation Explorer (GOCE) mission. The colours represent the height
deviations from a uniform geoid where blue represents negative heights (mini-
mum -100 m) and red represents positive heights (maximum +100 m) [32].

record scientific data in this mission but could be implemented in future ones.
The LRI was demonstrated, in 2019, to improve the distance measurement by
a factor of ~ 20 compared to GRACE [34], mainly due to the laser wavelength
being 10,000 times shorter than the microwave wavelength. This should, in
turn, allow for an order of magnitude improvement in the accuracy of the
gravity measurement, to ~ 10~7 Gal [35]. However, there is no subsequent
design to further improve on this precision and hence this mission will then
be reaching its limit. Therefore, alternate solutions are being explored for
long-term, higher precision Earth observation and quantum gravimeters have
been identified as a key future technology by ESA [36, 37].

For completeness, note that other classical space-based accelerometers are
in existence for under-the-surface planetary exploration. For example, the
‘InSight” mission is currently using a MEMS based seismometer, developed by
researchers at Imperial College, on a Mars rover to measure seismic activity and
model of the planet’s interior [38]. This MEMS sensor can measure accelerations
to a sensitivity of 0.3 pGal/v/Hz *[39] and it has many advantages including its

low volume and robustness to vibrations and shock [40, 41|. However, MEMS

*Units of Gal/vHz represent the fact that averaging over multiple measurements can
improve the sensitivity.
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devices typically experience high levels of drift and hence are not employed
as gravimeters without the use of an accompanying absolute sensor used for

regular recalibration.

1.2.2 Quantum Gravimeters in Space

The advantages possessed by cold atom interferometry based gravimeters,
outlined in section 1.1.1, are crucial in a space environment, where there is a
requirement for long term operation and high precision. In fact, these sensors
have a further added benefit when they are considered in space as opposed to
on ground. This is because the sensitivity of a cold atom gravimeter scales
with the square of the interferometry time, labelled T (see section 2.1 for a
physical understanding of this parameter). In a microgravity environment,
such as space, these T-times can be increased by 1-2 orders of magnitude as
compared to a similar sized device on Earth, making the device substantially
more sensitive. However, this advantage also creates a fundamental challenge
with taking this technology to space: over this extra measurement time, the
atom cloud will expand more causing a loss of contrast and ultimately the
atoms would leave the measurement area entirely. To counter this process, the
atoms must be sufficiently cooled, using techniques more advanced than the

typical laser cooling techniques used on ground, to slow the expansion.

Ultra-cold Atom Preparation

Standard cold atom cloud generation uses a combination of lasers and magnetic
fields to cool atoms trapped in a magneto-optical trap (MOT) (refer to chapter
2). These techniques of laser cooling and magneto-optical trapping won the
1997 Nobel prize for Physics and have become the workhorse of ground based

cold atom experiments. However, cloud temperatures are limited to ~ 1-100
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nK (for Rb-87). Due to the long measurement times possible for spaced based
cold atom interferometers, ultra-cold temperatures are required. For example,
for a 2 s measurement time, temperatures of ~ 50 nK are required and for
a 10 s measurement time temperatures of < 1 nK are needed [42]. Hence a
technique called evaporative cooling can be performed on the pre-cooled atoms.
The basic process of evaporative cooling is as follows: atoms are trapped in
a potential; the hottest atoms have the largest kinetic energies and therefore
rise higher in the potential; the potential is progressively reduced so that the
hottest atoms are repeatedly ‘evaporated’ away; when the remaining atoms re-
thermalize, their overall temperature is reduced. This technique is the method
of cooling traditionally used to reach the physical phenomenon: a Bose Einstein

condensate (BEC) which was awarded the Nobel Prize for Physics in 2001.

To provide the trapping potential for evaporative cooling, magnetic or
optical dipole traps are commonly used. Initially, evaporative cooling was
achieved in magnetic or hybrid optical-magnetic traps. Magnetic traps are
based on the interaction of the atoms with an inhomogeneous magnetic field.
However, evaporative cooling in magnetic systems faces issues including: it
is relatively slow; trapping geometries are restricted by the available coil or
magnet arrangements; and there are perturbations when the magnetic field is
turned off [43]. Furthermore, atoms must be prepared in specific (weak field

seeking) states and some atoms cannot be magnetically trapped at all.

Significant improvements were made with the invention of hybrid atom
chips. Atom chips have all the required magnetic field coils, optical mirrors
and electrical components for further trapping and cooling and can reach
BECs in evaporation times of < 1 s. The most advanced space focused
cold atoms experiments to date have been based on atom chip technology.

For example, the German collaboration QUANTUS, formed in 2004, creates

10
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BECs using atom chips and have had several substantial achievements in
improving the technology readiness level of cold atoms for space applications
[44]. They achieved the first BEC in a microgravity environment in 2007
[45] and then, in 2010, a BEC was realised in the 146m drop tower at the
Center of Applied Space Technology and Microgravity (ZARM) in Bremen
where strong accelerations up to 50g are experienced [46]. This was followed in
2013 where atom interferometry was successfully performed in the same drop
tower [47]. Then in 2017, the Matter-Wave Interferometry in Microgravity
(MAUIS) experiment was placed on a sounding rocket. During the six-minute
microgravity phase of the flight, a BEC was successfully produced and used to
perform atom interferometry [48]. This was the first production of a BEC in
space. This group is currently assembling two further payloads, MAIUS-2 and
MAIUS-3, which will chronologically attempt to perform single-species atom
interferometry and duel-species atom interferometry aboard a sounding rocket

respectively for the underlying application of testing the universality of free

fall [49].

Furthermore, in 2018 a Cold Atom Laboratory (CAL) was implemented
on the International Space Station (ISS) to conduct a series of experiments
investigating how cold atoms behave in a space environment. This mission
successfully produced the first BEC in Earth orbit [50] and, in 2020, was
upgraded to have the functionality to perform atom interferometry in space
[51]. Similarly, there are plans for to launch a Bose-Einstein condensate and
Cold Atom Laboratory (BECCAL) on the ISS in 2025 which builds on heritage
from both CAL and the QUANTUS-MAIUS collaboration and aims to further
investigate quantum and atomic physics in this unique environment [52]. Both

of these systems use atom chips whilst cooling to BECs.

These fundamental physics experiments have made strong progress in prov-

11
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ing the feasibility of space-based quantum sensors and have built space heritage
for future missions. However, as well as the usual problems faced by magnetic
traps, there are some inherent challenges with atom chips when considering
them for atom-interferometry based Earth observation. Firstly, the atom cloud
has to be prepared close to the chip surface for trapping. This limits cloud sizes
which can, in turn, reduce the signal-to-noise ratio of a gravimetry measurement.
Secondly, the chip must be supplied with a high current for magnetic field
generation which could be problematic for an isolated EO satellite which may

have a lower power availability than the ISS.

An alternative to atom chips is the optical dipole trap (ODT) which is based
on the interaction of the atomic dipole moment induced in a light field with
the field itself (as described in detail in section 2.2.2). These trap types have
also been used to realise BECs, are much faster than conventional magnetic
traps, and can realise a wide variety of trapping geometries (not restricted
by the arrangement of coils or magnets). These ODTs can be used for atoms
that cannot be magnetically trapped and give access to all the magnetic spin
states (not just weak field seeking states). However, they have a significant
drawback in the need for high laser powers (on the order of tens of W) to
create a sufficient trapping depth to capture a significant number of atoms
from the ~ Maxwell-Boltzmann distributed MOT (refer to chapter 2). This
has negative ramifications on the SWaP of the system and, in turn, on its
possible use in space. The other significant issue with ODTs is that, to perform
evaporation, the trap depth is reduced. However, this also reduces the collision
rate which slows down re-thermalization and, in turn, evaporation. Whereas for
the magnetic traps on atom chips, a RF ‘knife’ can be used to selectively remove
the most energetic atoms from the trap which does not affect the collision rate

[53].
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The Solution: A Low Power All Optical Ultra-Cold Atom System

Through the use of highly reflective, beam shaping cavity mirrors, optical
intensity can be amplified many times. This circumvents the need for a
high power laser system which typically would impede the use of an optical
dipole trap. Hence, this experiment will use such an optical cavity for power
enhancement. Other cavity based optical dipole trapping experiments are
described in literature for lithium [54], for Rb-85 [55], and Rb-87 where BECs
are created in various cavity modes [56].

Furthermore, the cavity system is designed to perform fast evaporative
cooling on a competitive scale with current atom chip systems. This will be
done by using both a single beam ODT and optical dipole lattice for trapping.
By splitting the power of the initial single beam into the two counter-propagating
cavity directions required to form a lattice, a factor of two is gained in trap
depth due to interference. This results in a higher (average) trapping frequency
for the case of the optical lattice as opposed to the single beam optical trap.
Furthermore, in the axial direction of the beam, the lattice trapping frequency
is further amplified by a factor of ~ 10°*. This is because trapping frequency is
inversely related to the trapping distance which is given by ~ half the wavelength
of the laser light used to create the lattice, whereas for the single beam trap it is
given by the ‘effective Rayleigh distance’ which is ~ 10° times larger [43]|. This
increase in trapping frequency equates to an increase in atom collision rate for
the lattice which results in a decrease in atom re-thermalisation time (which is
often the limiting factor in the speed of evaporative cooling in ODTs). However,
too high a collision rate can result in too many atoms being removed from the
trap and leaves a low final atom number which would detrimentally affect the

signal to noise ratio in the subsequent gravity measurement. Therefore, for full

*assuming referring to Rb-87
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flexibility, this project will realise a novel design where adjusting the amount
of power split between the two cavity directions will allow the balance between
the single beam trap and the lattice to be varied. This allows real time control
of the trap depth and frequency so that the evaporative cooling process can
be optimised for the starting point of the atom interferometry (i.e. gravity)
measurements (in terms of atom number, temperature and speed). For example,
if speed of test mass generation is the priority, more power could be split into
the lattice. Whereas a slower evaporation, with more power split towards the
single-beam trap, could produce a higher atom number for measurement. This
process of balancing between a single beam ODT and lattice has not been used
before to optimise the evaporation process*. In addition, by selecting a specific
ODT light wavelength, the system can, for the first time*, perform laser cooling
and optical dipole trapping based evaporative cooling to a BEC with a single
laser. This significantly reduces the system complexity, SWaP requirements,

and cost.

Finally, the atom chip systems presented earlier load their pre-cooled MOT
cloud using 3-6 separate input beams. However, the system described in this
thesis builds on heritage from the research group by using a single overhead
beam, and reflective prisms, to create all the beams required for magneto-optical
trapping. This is commonly referred to as the ‘prism MOT’ (see section 2.2.1).
If this experiment is successful then it will be the first time an optical dipole trap
will have been loaded, and a BEC generated, from a prism based system. These
prism MOTs have the advantage of common noise compared to separate beam
systems and crucially are more compact. Compactness is clearly an advantage
for any deployable system however specifically for this experiment it may, along

with the low power design and custom vacuum components, allow the system

*True according to available literature at time of writing

14



CHAPTER 1. INTRODUCTION

to undergo initial space testing on a miniaturised satellite named a ‘CubeSat’.
These satellites are significantly cheaper and easier to launch than full scale
versions and they therefore enable much faster verification of and progression
in TRL compared to the usual step-wise process described earlier for the
QUANTUS-MAIUS experiments. Previous collaborations between the research
group and external partners have already successfully miniaturised various
components of a cold atoms system and fit them onto CubeSat technology
[57]. Note that typically to take a system from concept to a launchable, space-
qualified sensor takes significant time, resources, and iterations and hence, this
project aims to be a proof-of-principle demonstrator which could secure further

funding for future work.
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CHAPTER 2

SCIENTIFIC BACKGROUND

The aim of this chapter is to explain the underlying scientific principles, and their
significance to this experiment, so that the design decisions and experimental
procedures discussed later in the thesis can be fully understood. 1 begin
by describing how atom interferometry is used to measure gravity and the
fundamental advantages, and problems, of taking such a device to space. Next,
I outline how cold atoms are generated using the powerhouse for the field: the
magneto-optical trap. Finally, I detail how the cold atoms are converted to
the required ultra-cold atoms using an cavity based optical dipole trap and

evaporative cooling.

2.1 Gravimetry: Atom Interferometry

In atom interferometry based gravimeters, a falling ensemble of cold atoms is
used as the test mass. During the fall, the quantum wave nature of matter is
exploited using light beams to split the atoms into two wave packets, which are
sent along different ‘paths’ or ‘arms’, before being recombined. In this way the
atoms can be made to interfere with themselves. The situation is analogous to

a light interferometer but, in this case, we have atomic ‘beam splitters’ and
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CHAPTER 2. SCIENTIFIC BACKGROUND

‘mirrors’ generated with the laser beams. A detailed analysis of this process,
theoretically and experimentally, is given in many sources [58, 59]. Here, I
present an overview of the key principles relevant to understand the motivation

of the experiment.

2.1.1 Rabi Oscillations

By using the time dependent Schrodinger equation, it can be shown that
applying a resonant light field to a two-level atom results in sinusoidal population
oscillations between the two energy states. This is known as Rabi-oscillations

as the populations fluctuate with the so-called Rabi frequency, €., where [60]:

_ f{e|d-Eqlg)
Qpy = S (2.1)

where the |e) and |g) represent the excited and ground states of the two-level
atom respectively, Ej is the electric field amplitude of the light, and d is the
electric dipole moment operator for the transition. These oscillations form
the building blocks of an atom interferometer because specific population
transfers can be created by selecting a specific pulse duration of the light. For
example, assuming the atoms all start in the same initial state, a pulse of length
t Qg = m/2 will create a superposition of both states with equal probabilities
i.e. it splits the atoms into the two states equally. Whereas a pulse of length
t Q. = m will invert the population of the two states, or in other words, it
will transfer all the atoms from one state to the other. Taking into account
the momentum gained during population transfer, these ‘7’ and ‘7w/2’ pulses
respectively act as the atomic ‘mirror’ and ‘beam splitter’ required for an atom
interferometer. For a detuned (off-resonant) beam, the Rabi frequency and

population equations are modified so that total population inversion can no
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2.1. GRAVIMETRY: ATOM INTERFEROMETRY

longer be achieved. The effect of this is illustrated schematically in figure 2.1.

The oscillation rate is then given by the off resonant Rabi frequency, €2, where

Q, = /02, + 8. (2.2)

where ¢ is the detuning.

Detuning, &

Probability amplitude of excited state

Figure 2.1: Rabi oscillations in the excited state population of a two-level
atom for different detuning values, d, given as a function of the on-resonance
Rabi frequency, €2. The probability amplitude represents the likelihood of
finding an atom in the excited state. The light is applied continuously from
time ¢ = 0 and initially all atoms are in the ground state.

2.1.2 The Atom Interferometry Sequence

The key steps of a standard Mach-Zehnder [59] atom interferometer are as

follows:

1. The atoms undergo state selection to ensure they all start in the same

initial state.
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2. Any trapping potentials are switched off to allow the atoms to fall due
to gravity.

3. /2 pulse: an initial light pulse of duration 7 creates a superposition
of atoms in the two population states. The atoms that experience a
transition are spatially re-directed with respect to the unperturbed atoms
due to photon recoil. Hence, a superposition of both internal energy
and external momentum states is obtained.

4. 7 pulse: after allowing the atoms to evolve freely for time 7', a second
pulse is applied of length ~ 27. This inverts the internal and external
states of the two wavepackets so that after another time 7', the atoms
will all spatially overlap again.

5. /2 pulse: a final pulse is applied, identical to the first, to interfere
the two states with each other when they are overlapping.

6. Finally, the output of the atom interferometer is measured using

resonant beams of light.

This sequence is visualised in figure 2.2 which shows the three-point parabola
paths taken by the two atomic wavepackets. The atoms are assumed to begin
in the ground state |g) with some initial momentum p. The following sections

will explain this figure in further detail.

2.1.3 Gravimetry & Sensitivity

During the measurement stage, the total phase accumulated during atom
separation, entitled the interferometer phase ®, can be read-out to provide a
gravity measurement. This phase can be directly measured by evaluating the
final populations in each energy state. If the phase is zero, or an integer multiple
of 27, then the atoms will all be in the initial state i.e. in the classical sense, the

two ‘arms’ of the interferometer are the same length. If the atom inteferometry
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|e,p + hkeff>

Distance relative to Raman beams

0y

e >ie > Time, t >

Figure 2.2: Visualisation of the atom interferometry sequence where atoms
are split, inverted and recombined using a sequence of two beam light pulses
with frequencies w; and w,. The dashed and solid loops respectively represent
the paths travelled by the atoms when there is no force of gravity and when
they are in a uniform gravitational potential, g. Refer to the text for more
information. Adapted from [61].

region has a uniform gravitational potential, then the free evolution of the
atoms creates no phase difference. Therefore, the only phase difference gained
is due to the interaction with the three light pulses, which depends on the local
gravitational acceleration, g [59]. By appropriate summation of each phase

shift it can be shown that the total interferometry phase accumulated is

¢ = kiefng(T + 27’) (23)

where kg is the effective wavevector of the transition. This laser phase shift
imprinting is analogous to a classical gravity measurement where the position
of a mass in free fall is measured three times. Since T" and kefy are fixed
experimental parameters, a value for the local gravity can be obtained. To

estimate the sensitivity of the gravity measurement, Ag, we temporarily neglect
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the finite length of the Raman pulses so that equation 2.3 is simplified to
® = k.spgT?. Assuming the interferometer noise is limited only by atom shot
noise [62, 63|, then the signal to noise ratio is given by SNR ~ v/N where N is
the atom number participating in the measurement. This equates to a gravity

measurement shot noise sensitivity of

AD 1
©  VNlkess|T2

Ag=g (2.4)

The following sub-sections will focus on the different terms of this equation

and how they shape the experiment.

Two-photon Transitions

The sensitivity of the gravity measurement depends linearly on the spatial
separation achieved between the two wave-packets, or equivalently, on the area
of the ‘interferometer loop’ (see figure 2.2). In equation 2.4, this is encapsulated
in the |kes¢| term, which we want to be as large as possible. To increase
the momentum transfer in the splitting stage, two counter-propagating laser
beams create a two-level stimulated Raman* process. To best understand this,
observe the ground state |g) and excited state |e) in figure 2.3. Instead of
applying a resonant beam with frequency w.,, two laser beams are applied with
frequencies w; and ws to transfer the atom from one state to the other, via
a virtual, intermediate state |i). The atom absorbs a photon from one beam
and, via stimulated emission, emits a photon into the other. Population of
the intermediate state is avoided by detuning both laser beams by A from
resonance. By making the beams counter-propagating, the momentum gained
by the atom will be in the same direction for both absorption and emission.

This increases the momentum transfer by orders of magnitude compared to the

*The term Raman refers to an inelastic process
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|9)

Figure 2.3: A two-photon transition uses lasers of frequencies w; and w, to
drive transitions between energy levels |g) and |e) through an intermediate
state |¢). Sufficient detuning A on both beams means the intermediate state is
virtual and unpopulated. Modified from [59].

direct excitation (or the co-propagating beam case). In this case the effective
wavevector is defined by kegy = k1 — k2 where the subscripts refer to the laser

beams.

For 8"Rb, the states used for atom inteferometry are typically the lower
and upper hyperfine ground states: (|g) = 5%S12, F =1 = |e) = 5°Sy)5, F
= 2). In this case, the direct transition is prohibited due to selection rules
but, by using counter-propagating beams, the momentum transfer is increased
by ~ 10° compared to the co-propagating case. These ground states have the
advantage of sufficiently long lifetimes (compared to excited states) so that
natural decay does not affect the populations and, hence, gravity measurement.

It should be noted that the derivation for the populations in each energy state
can be extended from a two-level to three-level system and similar sinusoidal
fluctuations are obtained but the populations now oscillate with the generalised

Rabi frequency. This is a quadrature combination of the two-photon Rabi
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frequency and two-photon detuning, § which is the overall detuning of the
transition when both laser frequencies are taken into account [59]. This detuning
is required because, as the atoms free fall, they will experience a time-dependent
Doppler shift of the light which would take them out of resonance. Therefore,
the detuning is used to cancel out the phase shift imprinted by gravity. The
rate at which the detuning must be swept, called the chirp rate «, is linked to

the local gravitational acceleration by:

2T = keff °g. (25)

It is by measuring this chirp rate that the local gravitational acceleration is

calculated.

Interferometry Time & Atom Temperature

From equation 2.4, it is observed that the sensitivity of the gravity measurement
scales with the time between the interferometry pulses, or the T-time, squared.
On ground systems are limited to ~ 200 ms by the height of the system and
the relatively large gravitational acceleration of the Earth [59]. However, in
the low gravity environment of space, this value can be increased to ~ 1-10 s
which, in turn, increases the atom inteferometry sensitivity by up to a factor of
10,000. This highlights one potential advantage of taking such devices to space,
especially for high sensitivity applications such as testing Einstein’s equivalence
principle [22| or gravitational waves [64].

However, the longer the experimental duration, the higher the likelihood
that the thermal expansion of the atom cloud will limit the contrast of the
interferometer. This is because the atoms towards the edge of the cloud will
experience a lower beam intensity, caused by the Gaussian shaped laser beams.

Due to the intensity dependence of the Rabi frequency (see equation 2.1), this
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causes non-perfect splitting and inversion of the populations during the m and
7/2 pulses. At the interferometer output, this results in a significant fraction
of the atoms being in the ‘wrong’ energy state which has detrimental effects
on the measurement. Two ways to counter this problem are to create a more
uniform beam profile or to lower the temperature, and hence expansion, of the
atoms. Work with large beam sizes or flat top beam profiles is in development
for ground-based systems [65]. However, these methods are: power inefficient;
in the latter case underdeveloped; and over the long T-times of space, they
become impractical due to the requirement of large optics and vacuum systems
to accommodate such beams. Hence, the favoured option is to produce lower
temperature atoms. As detailed by Carraz et al., a T-time of 5 s requires a
maximum temperature of 10 nK which equates to a cloud expansion of 1mm/s
(in fact temperatures < 1 nK are likely be required for this T-time) [42]|. As
will be shown in the following section, the usual laser cooling method is not
sufficient to reach these temperatures and hence further cooling stages must be
used. This is the motivation for the two-stage cooling process employed in this

experiment.

Atom Number

The final term in equation 2.4 is the atom number taking part in the measure-
ment which we want to be as high as possible to maximise gravity sensitivity.
As will be described later in the chapter, the two-stage cooling process is lossy
in terms of the atom number retained in the cloud. Hence it’s essential to
maximise cold atom transfer between each stage of trapping. Details on this

process will be given in section 2.2.2.
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2.2 Ultra-Cold Atom Sample Preparation

2.2.1 The Magneto-Optical Trap

The three-dimensional magneto-optical trap is the starting point for the majority
of cold and ultra-cold atom experiments, including atom interferometry based
gravimeters. Since initial demonstration in 1987 [66], they have been used in
both fundamental physics and in practical applications [67] [68]. These ‘3D
MOTSs’ produce confined clouds of neutral atoms at temperatures on the order
of tens of mK [66]. In this section, the 3D MOT is discussed, with specific

focus given to the cooling limitations of this process.

Laser Cooling & Optical Molasses

The magneto-optical trap relies on the principle of laser cooling which was
theorised in 1975 [69], inspired by the invention of narrow linewidth tunable
lasers |70]. Theory became reality in 1978 with the laser cooling of ions |71,
72|, followed by neutral atoms in 1981 [73]. This cooling process is based on

the scattering force that a laser light field exerts on an atom.

The Scattering Force

When an atom absorbs a photon from a laser, it gains momentum Ak in the
direction of the beam, where k is the wavevector of light [53]. This excited atom
will then de-excite via either stimulated or spontaneous emission. A fundamental
result of quantum mechanics is that photons produced by stimulated emission
are emitted in the same direction as the initial stimulating photons [74, 75].
Therefore, in the former process of excitation and stimulated emission, there
is no net momentum imparted on the atom. Whereas, during spontaneous

emission, each photon is released in a random direction: uncorrelated to the
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initial absorption. Hence, over many absorption-emission cycles, the recoil
momentum accumulated by the atom due to spontaneous emission has no
preferred direction and it averages to zero. This means the only net force acting
on the atom is due to the initial photon absorption i.e. in the direction of the
laser beam. This is the scattering force.

It is clear that this force, F, will be equal to the rate at which these
spontaneous scattering processes occur, v, times the momentum absorbed by
a single photon: F = hk~y. Assuming a two level atom initially at rest, this

equation becomes [53]:

hI’ S N
T 201+ s+ A((wo —w) /T2 (2:6)

where )\ and I" are the resonant wavelength and natural linewidth of the
transition respectively, wy is the resonant angular frequency of the transition,
w is the laser angular frequency, u is a unitary vector along the direction of
propagation of the beam, and for simplicity the saturation parameter is defined

as s = I /I; where I is the saturation intensity of the transition [53].

Doppler Cooling

To explain how this force can result in cooling, imagine two counter propa-
gating, equal intensity laser beams that are red-detuned by A = w — wy with
respect to the atomic transition frequency*. If an atom is at rest, it observes no
difference in the laser’s frequencies and hence there is no preferential absorption
from either beam. However, if the atom is travelling towards one beam with
velocity v, the frequency of that beam will be Doppler shifted towards resonance
in the rest frame of the atom (and vice versa for the beam it is moving away

from). Hence, the atom will preferentially absorb from the beam it is moving

*Not to be confused with the detuning parameter used in atom interferometry
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towards, obtaining an overall momentum kick that opposes its direction of
motion. Therefore, the atom is gradually slowed down. This is dubbed Doppler
cooling due to the crucial role of the Doppler shift effect and is demonstrated

in figure 2.4.

Laboratory frame

o vE0 o
> @ <

Atom rest frame

o, v=0 g
> @<

(a) In the rest frame of a mov-  (b) Demonstrates how the Doppler shift affects the
ing atom, the left and right laser force, F', exerted by a laser beam on an atom moving
beam frequencies are shifted to at velocity v. The resonant frequency of the atom is wy
wr, and wpg respectively. and the laser frequency is w.

Figure 2.4: Illustrates how two counter-propagating, red-detuned laser beams
can be used to cool moving atoms.

Mathematically, this cooling process is demonstrated by examining the total

force acting on the atom. Using equation 2.6, this force is given by:

__ A s B s
20 [ 1+ s+ a(Ac/w—0v)2 1+ s+ a?(Ac/w + v)?

a (27

where, for ease, we define the parameter o = (2w/T'c)? *. By Taylor expansion
of equation 2.7, it can be shown that this force acts as a viscous damping force
with a linear dependence on velocity when the Doppler shift is small compared
to the detuning i.e. F' &~ —/v where [ is a positive constant [76|. This restoring

force is represented by the red dashed line in figure 2.5 where the slope is given

by —f.

*Not to be confused with the chirp rate in atom interferometry
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Figure 2.5: The time averaged force experienced by a two-level atom in one-
dimensional optical molasses where the detuning is assumed to be A = —I"/2.
[76].

Three-Dimensional Optical Molasses
By using three pairs of these red-detuned, counter propagating lasers, cooling
can be achieved in all three dimensions in the overlap region of the beams. This

is known as three-dimensional optical molasses.

The Doppler Limit

There is a theoretical limit to the minimum temperature achievable with this
Doppler cooling process. This occurs when the damping force, removing kinetic
energy, balances the heating due to the stochastic nature of the absorption and
emission process. These absorption-emission cycles are seen by the atom as a

random walk, and by modelling this walk the cloud temperature can be defined

as [76]:
AU 1+ 1)L+ (2A)T)?
o D L4 /Ly (2A)T) 5)
4kp 2|A|/T
The theoretical minimum temperature is therefore reached when A = —I"/2. For
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the D2 transition of rubidium atoms this equilibrium, or Doppler temperature,

is equal to Tp =~ 146 nK.

Sub-Doppler Cooling

To the surprise of the scientific community, temperatures below the Doppler
limit were experimentally observed in 1988 [77]. To understand this ‘sub-
Doppler’ cooling process, the picture presented previously must be extended to
include the interference of the counter-propagating beams and the multi-level
(hyperfine) structure of atoms. In a spatially variant light field, optical pumping
between sub-levels will occur and this provides a new mechanism for cooling.
The qualitative description that follows is based on “Laser cooling below the
Doppler limit by polarisation gradients” by Dalibard and Cohen-Tannoudji
(1989) [78].

As described subsequently, optical molasses, used to form magneto-optical
traps, typically use ot and o~ polarisations for the counter-propagating beams.
Interference of the beams gives a standing wave in the total polarisation. As
can be seen in figure 2.6, the resulting electric field has a constant magnitude
(same intensity for all z) and is linearly polarised everywhere. Therefore, only
7 transitions are allowed between different magnetic sub-levels (i.e. A mp = 0).
Hence, an atom in the ground state with a particular myz can only be excited
to the same corresponding mg level. However, once excited, the atom can
decay via spontaneous emission back to any allowed ground state. For an atom
at rest, this results in the population being higher for the mp = 0 states than
in the mp = £+ 1, 2, etc. states because of the inequality of the Clebsh—Gordan
coefficients, as can be seen in figure 2.7. This is referred to as atoms being

‘optically pumped’ towards the mp = 0 state.

However, although the light is linearly polarised everywhere, the polarisation
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Figure 2.6: Two counter-propagating c*-o~ beams results in a total field
with linear polarisation that rotates in space. Adapted from [78|.

direction rotates through 27 over one wavelength. Therefore, moving atoms
experience a rotating linear polarisation. When the Hamiltonian of the moving
atom is formulated in the rotating frame, it is found that it contains an inertial
term that allows coupling between the various ground state sub-levels and
results in asymmetric population distributions between the mp = +1 levels.
It is found that, when the detuning is negative or red (as it is for our optical
molasses), an atom moving towards the z > 0 will populate the mp = -1 sub-
level more than the mp = +1 sub-level. Also, in this regime, an atom in mp =
-1 moving with z > 0 has a 6 times higher probability of absorbing a ¢~ photon
than a ot photon. Hence, the atom scatters more o~ photons (travelling in
the opposite direction to its motion) than o™ photons (travelling in the same
direction as its motion), which causes an imbalance in radiation pressures and
reduces its velocity. It should be emphasised that this damping and imbalance
in photon absorption is not due to the Doppler shift that induces Doppler
laser cooling but due to the difference in ground state populations induced by
the rotating polarisation gradient. This requirement of polarisation gradients

results in this process being referred to as ‘c*- o~ polarisation gradient cooling’.
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Figure 2.7: Clebsh-Gordan Coefficients for a J, = 1 <+ J. = 2 Transition.

Note, in the regime of interest, both the Doppler and sub-Doppler cooling
processes depend linearly on the velocity but the former is proportional to
the light intensity whilst the latter is independent of it. Hence, at low laser
powers, the sub-Doppler cooling parameter is much larger than the Doppler
cooling parameter, and therefore, this sub-Doppler process works at lower
velocities and allows lower temperatures to be reached. Whereas, at higher
velocities, the total cooling force approximates to the Doppler force and the
sub-Doppler contribution is negligible. The sub-Doppler force is calculated to
be at a theoretical maximum when A = \/%F.

The Recoil Limit

The limit to the sub-Doppler cooling processes is determined by the mo-
mentum of a single photon i.e. the minimum kinetic energy an atom can have
corresponds to one photon recoil = hk. Typically the recoil limit is ~ 0.1
nK [53] which is 100 times larger than the low temperatures required (see
2.1.3). Furthermore, to reach this limit experimentally is practically difficult
due to heating mechanisms. Therefore, to fully utilise a space-based cold atom
interferometer, further cooling mechanisms must be employed. This will be

discussed in 2.2.3.
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Atomic Species & Repumping

The energy transferred by an individual photon in the cooling process is small
compared to the initial kinetic energy of the atom. Therefore, many absorption-
emission cycles are required to obtain the low-temperature atoms required.
Hence, alkali metals are often chosen because they display (nearly) closed two-
level transitions so the atom can remain in the cooling process over many cycles.
One such transition is the D2 line (52S;/2 — 5?P32) of rubidium-87 whose
energy level structure is given in figure 2.8. From this diagram, and by noting
the selection rule for the hyperfine splitting quantum number AF = 0, +1 [53],
we observe that an atom excited from the upper ground state to the upper
excited state (F' =2 —F" = 3) can only de-excite back down to the initial level.
This cooling transition is illustrated by the red arrows in the figure. However,
due to the finite width of the excited states, excitations to the F’ = 2 level
are also allowed. From there, the atom can de-excite either to the initial level
or to the lower energy ground state (F' = 1) from which it will be unable to
re-excite (black arrows). Therefore, the atom can be trapped in this ‘dark state’
and removed from the cooling cycle. Hence, we add a proportional amount of
re-pumping light (blue arrow) to continuously remove atoms out of this state.
A further advantage is that the hyperfine excited state has a sufficiently long

natural lifetime so it is unlikely to decay over a single atom interferometry

cycle.

Historically, rubidium was chosen over other alkali metals as its transition
frequency was accessible by pre-existing, readily available lasers and optical
components [80]. Furthermore, the temperature required to achieve sufficient
vapour pressure with a heat activated dispenser is relatively low and can be

achieved with a current of 5.3 A to a SAES rubidium metal dispenser [81]).
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Figure 2.8: Energy level scheme of the D2 line of rubidium-87. Values are
reproduced from literature [79]. The red arrows illustrate the cooling cycle. The
black arrows are the undesired transitions that may result in the atom becoming
trapped in the ‘dark’, F=1 state. The blue arrow shows the re-pumping light.

The rubidium-87 isotope is typically selected over rubidium-85, even though
the latter is in larger abundance, because it has advantages for the production
of Bose-Einstein condensates (see section 2.2.4). The key advantage is it’s large
positive scattering length which causes mutual repulsion at low temperatures.
This prevents the collapse of all but the smallest condensates and facilitates
forced evaporative cooling. Rubidium-85, however, has a negative scattering

length which hinders both condensate stability and evaporate cooling [82].

The Three-Dimensional Magneto-Optical Trap

The previously described scattering force is velocity, but not spatially, dependent.
To create a test mass for atom interferometry, both cooled and trapped atoms
are required. A spatial dependence is added to the force using a magnetic field.
For understanding this concept, initially assume a transition from a J = 0

ground state to a J' = 1 excited state.
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Consider the linearly inhomogeneous magnetic field produced by a spherical
quadrupole. In one-dimension, the form of the field is B = bz where b is a
constant. Due to the Zeeman shift, this magnetic field perturbs the energies of

the magnetic sub-levels according to:

AFE = gupm;B = gupm;bz (2.9)

where ¢ is the Landé g factor of the state, up is the Bohr magneton, and m; is
a quantum number representing the projection of the total angular momentum
of the atom along a specified axis. For the ground state, m; = 0 only and
hence there is no perturbation. However, the excited state has allowed values of
m; = 0, £1 and hence the energy degeneracy is removed. This is demonstrated

schematically in figure 2.9.

Energy
Excited [~-__ (R +1
state, \:; —;;" m; =0
Je=1| " T~ mj = -1
Ground state, ]g =0 > Increasing B

B<0 B=0 B>0

Figure 2.9: A magnetic field B, that is increasing linearly in the positive z
direction, creates energy perturbations in the magnetic sub-levels of the excited
state of a two level atom. Red-detuned, counter-propagating laser beams are
then used to cool and push the atoms towards z = 0 (= B = 0).

Now consider the counter-propagating optical molasses beams to be circu-
larly polarised so that the beams propagating in the positive and negative z
directions have o+ and o~ polarisations respectively. Due to the red-detuning
and magnetic field gradient, an atom on the positive z side will view photons
from the 0~ beam (moving towards it) to be closer to resonance than those

from the o™ beam. Therefore, the atom will scatter more o~ photons and
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be pushed towards the centre of the field (at z = 0). This effect is stronger,
the further from z = 0 the atom is. Vice versa is true for an atom with a
negative z coordinate which results in the cooling force given earlier obtaining
a directional component:

Fr—pv—kz (2.10)
where the ‘spring constant’ k is:

o — Ponsb
hkp

(2.11)

By using three pairs of red-detuned, counter-propagating, circularly polarised

beams, the 3D magneto-optical trap is obtained.

It is well established in literature how MOT parameters (atom number,
temperature, density, loading time, and lifetime) depend on: background
vacuum conditions; the strength of the magnetic field gradient; and laser beam
size, power and detuning [83-87]. Experimentally these factors will be used to

optimise the MOT /molasses for optical dipole trap loading.

Capture Velocity

There is a maximum atom velocity that can be captured in the 3D MOT due to
the finite region over which the atoms are cooled, set by the size of the cooling

beams. This capture velocity can be approximated as [88|:

2D Frax
Ve~ | S (2.12)
m

where D is the diameter of the cooling beams, F},., is the maximum radiation
pressure force, and the magnitude of the scattering force, and m is the mass of

the rubidium atom.
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The Prism Magneto-Optical Trap

For practical gravimeters, including space-based ones, minimising the size of the
system is an important priority. Therefore, the 6 separate counter-propagating
beams required to generate a 3D MOT can be replaced with a single overhead
beam reflected by four prisms and a mirror. Figure 2.10 shows how this ‘prism
MOT’ system generates the required beams with the correct polarisations.
Note that an additional waveplate is needed for the mirror reflected beam for

polarisation correction.

0.
O.
G"‘ mirror
(a) 6 Beam MOT (b) Prism MOT

Figure 2.10: Illustrates how a 3D MOT can be generated with either (a) 6
separate input beams (3 counter-propagating pairs) or (b) one larger overhead
beam, reflective prisms, a half-waveplate, and a mirror. The final 2 beams and
prisms are in and out of the page.

This design reduces the size of the 3D MOT generator and has an additional
advantage of common noise between the 3D MOT beams. These single beam
reflective MOT generation techniques were first developed and utilised in the
1990s by various groups [89-91|. However, the more recent availability of highly
reflective, flat surface quality, off-the-shelf prisms has enabled this technique

to be realised more easily. Prism MOT systems have become well-established
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within the group at the University of Birmingham [92].

Atom Loading: The Two-Dimensional Magneto-Optical Trap

To obtain a 3D MOT, atoms must be ‘loaded’ into a vacuum chamber for
cooling and capture. For rubidium-87, the simplest method is to use a dispenser
where atoms are evaporated from a metallic strip by applying a heating current.
However, there is a maximum atom velocity which can be captured in the
3D MOT (as outlined in 2.12) and alkali metals evaporate at temperatures of
several hundred °C. Therefore, only a small fraction of the dispensed atoms
will be captured which is detrimental to the atom interferometry measurement
statistics. To improve the captured number, the background atom pressure can
be increased (by increasing the current) but this also increases the collisional
losses and hence reduces the MOT lifetime. Furthermore, in this experiment,
mirrors are also required inside the vacuum (see 3.2) and a high background

pressure would coat these mirrors and reduce their reflectivity.

An alternative loading method is to generate a pre-cooled beam of atoms in
a separate chamber (using a dispenser) and then direct them into the 3D MOT
region through a narrow tube that limits the background conductance. One
advantageous option is the two-dimensional magneto-optical trap (2D MOT).
This is similar to the 3D version except it uses a 2D quadrupole magnetic field
(instead of a spherical quadrupole). This 2D field has a line of zero magnetic
field (rather than a point) to which the atoms are confined. This generates
two counter-propagating beams of atoms. One of which can be used to load
the 3D MOT chamber. Furthermore, to enhance the flux of the atomic beam,
some of the atoms in the beam moving away from the 3D MOT chamber can
be redirected with an additional ‘pushing’ beam. In addition to the ability

to maintain a low background pressure in the 3D MOT chamber, using a 2D
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MOT for loading has further advantages including loading a high atom number

in a shorter time with an increased 3D MOT lifetime [93].

2.2.2 The Optical Dipole Trap

As previously explained, the laser cooling present in a 3D MOT does not
create sufficiently low temperature atoms for the application of this experiment.
Therefore, further cooling is required. In a 3D MOT the trapping and cooling
mechanisms are combined and hence an alternative trapping method is required
to accommodate further cooling.

One method of trapping neutral atoms is the optical dipole trap (ODT),
first demonstrated in 1986 [94]. As has been previously described in chapter 1,
these traps have been chosen for this experiment due to certain key advantages
over other trapping mechanisms. Optical dipole traps rely on the optical dipole
force created by the electric dipole interaction with far-detuned light [43]. This
large detuning from resonance is chosen to achieve a low spontaneous scattering
rate. Note that these traps are a type of Far-Off Resonance Trap (FORT) and
are sometimes referred to as such.

To derive the key equations for this optical dipole interaction, we model
atoms as simple oscillators. This follows the description outlined in ‘Optical
dipole traps for neutral atoms’ by R. Grimm (2000) [43] and ‘An optical dipole
trap for transport of Rubidium-87 atoms’ by S. Meyer Viol (2014), as does the

rest of the ODT section.
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Oscillator Model

To create an ODT, a cloud of pre-cooled atoms is subject to a laser beam with

an intensity gradient. The electric field of the laser is given by:

E(r,t) = & E(r) exp(—iwt) (2.13)

where € is the unit polarisation vector, and £ and w are the amplitude and
frequency of the electric field respectively. This field results in the positive and
negative charges in the atom experiencing opposing forces. This causes the
charges to separate which induces an atomic dipole moment, p, that oscillates

at the driving frequency w according to:

p(r,t) = ép(r) exp(—iwt) (2.14)

where p is the amplitude of the dipole moment. The dipole moment is related
to the electric field by p = o where « defines the complex polarisability which

depends on the driving frequency w, i.e. a(w).

The interaction potential of the dipole moment in the field is given by:

1 1
o= ——(pE) = — — I 2.1
Ut =~ (PE) =~ Re(@)I (1 (2.15)
. . €0C| )2
where the field intensity, [(r) = 7\E| , (2.16)

where (.) denotes the time average over many oscillations, and €, is the vacuum
permittivity. The real part of the polarisability is the component of the dipole
oscillation that is in phase with the driving field and is responsible for the

dispersive properties of the interaction. The dipole force can then be written
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as the gradient of the interaction potential:

Foain(r) = — VU (1) = %OC Re(a)VI(r). (2.17)

This is an approximately conservative force proportional to the intensity gradient
of the driving field i.e. the force is higher at the focus of the laser where the

intensity is highest (assuming the polarisability is positive).

The other key parameter in an optical dipole trap is the scattering rate
which is proportional to the power absorbed by the oscillator from the driving
field (and re-emitted as dipole radiation), P, given by the change in dipole
potential over time:

— (pE) = 2wIm(pE*) = = Im(a)I(x). (2.18)

Pabs = ‘Udip enc
0

The imaginary part of the polarisability describes the component of the dipole
oscillation that is out of phase with the driving field and hence causes absorption.
This power is then divided by the energy of a single photon, Aw, to obtain the

scattering rate, I'y.:

= — Im(a)I(r). (2.19)

Note that the equations that have been derived are valid for any polarizable
neutral particle in an oscillating electric field, regardless of whether the atom

is in a near-resonant or far off-resonant field.

Polarisability

To calculate the polarisability, «;, first consider the atom in the classical Lorentz

oscillator model [95]. In this classical model, an electron is elastically bound to
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the atom core, oscillating with an eigenfrequency wy which corresponds to the
optical transition frequency. The driving force causing the oscillations is the
laser’s electric field. The classical equation of motion for the electron is then
[96]:

F =mi(t) = —eB(t) — ma(t) — mewiz(t). (2.20)

The first term on the right hand side of equation 2.20 is the driving force
and contains the electronic charge, e. The second term is a damping term
representing the rate at which the polarisation will decay once the electric
field is removed. This term includes the classical damping rate I' and the
mass of the electron, m.. The third term is the restoring force of the electron
which is analogous to a spring force with spring constant w? (imagining the
electron is connected by a spring to the heavy nucleus). Equation 2.20 is a
second order differential equation which can be solved using the substitution

E(t) = Epexp(—iwt) and x(t) = x¢exp(—iwt) to give:

—€E0 1
= . 2.21
T T, wi — w? — iwl (221)

Then, using the relation p(t) = —ex(t) = aE(t), a solution for the polarisability

can be found as:

e — (222
alw) = .
me wi — w? — iwl’
e2w?
h r=_—>32_ 2.23
where 6TegmeC3 ( )

is the on-resonance damping rate due to the radiative energy loss.

Now considering a semi-classical approach, the polarisability can be calcu-
lated by modelling the atom as a two-level quantum system interacting with the
classical radiation field. In ODTs, saturation effects can be neglected because

they operate at large detunings and hence the atom is generally in the ground
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state. With this allowed neglection, the semi-classical model gives the exact
same result as the classical one except with a modification to the damping rate,

which now must be calculated using the dipole matrix element between the

ground and excited state, | (e|d|g)|*:

3
Wo

= | (eldlg) (224)

However, the classical equation for I' given in equation 2.23 does provide a
reasonable approximation for many atoms including the D lines of the alkali
atoms Na, K, Rb, and Cs where the classical result agrees with the real decay

rate to within a few percent.

With the expression for the polarisability, the final formulae for the dipole
potential and scattering rate can be derived. By separating the real and
imaginary parts of the polarisability and substituting it into equations 2.15

and 2.19, we obtain the results:

Usp(r) = 37T62( .t )I(r), (2.25)

2w \wo—w Wyt w

and

Fsc(r):%<i)3( ! )2[(1"). (2.26)

wo Wp—WwW Wy +w

To understand the implications of these equations, we simplify them using
the rotating wave approximation (RWA) [97]. This is valid when the laser
frequency is relatively close to the resonant frequency i.e. w =~ wy and the
detuning A = wy — w K wp + w. Note that this approximation is used only
to conceptualise the physical properties of ODTs because the ODT presented

in this thesis is relatively far from resonance and is designed using the non-
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simplified equations. In the RWA, the above equations become:

3nrlc?
Udip(r) = — 2iA (r), (2.27)
and
3rc? (T)°

These equations highlight two important consequences for ODTs:

1. Sign of detuning and potential: Firstly, the sign of the dipole potential is
dependent on the detuning, A = wy — w. For red-detuned beams (A < 0),
the potential is negative. Hence, potential minima are found where the
light intensity is maximum and atoms can therefore be trapped at the
beam focus. Conversely, blue detuned traps (A > 0) create positive
potentials and trapping minima occur at intensity minima. These are the
two main classes of dipole traps. In this experiment red detuning is used
to turn the ~ Gaussian laser beam into an ODT.

2. Scaling with intensity and detuning: The dipole potential scales with
I/A but the scattering rate scales as I/AZ% This explains why large
detuning is typically used in ODTs: to ensure that the trapping dipole
force dominates over scattering. Then a high intensity is used to create a

sufficient trapping potential depth.

Multi-level Atoms

In real atoms used in dipole traps, the electronic transitions have a complex
sub-structure. To describe this, we use a quantum mechanical approach which
provides useful information on the motion of multi-level atoms in far-detuned

light. The effect of this far-detuned light field on the atomic energy levels is
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treated as a second order perturbation of the electric field. From perturbation
theory, interaction of the atom with the light field leads to an energy shift of

non-degenerate atomic states |i) given by:

| ]|HAL|
AE; =) —— = (2.29)
j#i J

where ¢; is the unperturbed energy of the i-th state and Har = —1 E is the
interaction Hamiltonian between the atom and light with fi = —er representing
the electric dipole operator. Here we use a ‘dressed state’ approach [9§]
considering the combined system of the atom and the light field. For a two-level
atom in the ground state, g, the atom has zero internal energy whereas the
light field has energy n hw where n is the number of photons. This results in
the total energy of the unperturbed state, e, = n hw. When the atom absorbs
a photon and moves to the excited state, e, the internal energy hwqy and field
energy (n — 1)Ahw combines to become €. = hwy + (n — 1)hiw = —AA +nhw.
Therefore, the denominator of equation 2.29 becomes ¢; — ¢; = R A. Then for
our two-level atom with the incident light represented by an oscillating electric
field, equation 2.29 simplifies to:

3rc® T

AE:iMWE_ —I(r)
2wi A

A (2.30)

where the plus and minus signs represent the energy shifts of the excited and
ground states respectively and equations 2.16 and 2.24 have been used to
substitute the dipole matrix element with the damping rate. From the above
equation, we can see that the energy shift is dependent on the intensity of the
laser beam. For the case of low saturation, the atom spends most of its time in
the ground state and therefore the light-shifted ground state can be interpreted

as the potential for the motion of the atoms. This is illustrated in figure 2.11
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which demonstrates the energy level shifts in a two-level atom created by a

Gaussian beam.

E A —,AL
excited
AWy —f— — -

At state |e)

hw

(a) Energy Shifts (b) Gaussian Beam Profile

Figure 2.11: Optically induced light shifts for a two-level atom. (a) Light
detuned below resonance with A < 0 (i.e. red-detuned) shifts the ground state
energy down and the excited state energy up equally. (b) A Gaussian beam,
with inhomogenous intensity, can be used to create a potential well for atom
trapping. [43]

To apply equation 2.29 to a multi-level atom, all possible dipole matrix
elements p;; = (e;|p|g;) between specific electronic ground |g;) and excited
states |e;) have to be taken into account. For a specific transition, these matrix

elements become [99]:

fij = cijl| ] (2.31)

where ||u| is a reduced matrix element and ¢;; is the real transition or Clebsch-
Gordan coefficient. This coefficient accounts for the coupling strength between
specific sub-levels ¢ and 7 and depends on laser polarisation and the electronic

and nuclear angular momenta. We can now write the energy shift of the
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electronic ground state of a multi-level atom in the form:

Ry el 2.
AE;, = ———I(r —L 2.32
= O & (2.32)

j
where the summation is performed over all electronically excited states |e;).
Therefore, to calculate the state-dependent ground-state potential, Ug;p,; = Agy,

we must sum the contributions from all coupled excited states, taking into

account the relevant line strengths c;; and detunings A;;.

Alkali Atoms Rb specifically

As previously described in section 2.2.1, alkali atoms have certain advantages
that result in them often being used in laser cooling and trapping experiments.
These atoms possess the well-known and relevant D-line doublet (D1 and D2
transitions) due to spin-orbit coupling in the excited state. Coupling of nuclear
spin then produces hyperfine structure in both the ground and excited states.
Specifically in this experiment, the D2 line of Rb-87 is used (see figure 2.8 for

the level scheme).

Using equation 2.32, we can generally derive the potential of a ground state

with total angular momentum F' and magnetic quantum number mpg:

7’ (1 —Pgrmp 2+ Pgrmp
Ui = 2.33
i) = Gy (T 2R (2.33)
and the scattering rate is:
r 7c*T? (1 —Pgrmp 2+ Pgrmp
To(r) = — Uy, = 9.34
&) = 5 al = opes ( AT T Az > (2:34)

where g is the Landé factor (calculated from the various relevant quantum

numbers [100]), P characterises the polarisation of the laser (P = 0,+1 for
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linearly and circularly o light respectively), and A; is the detuning of the Di
transition (i.e. the two terms in the brackets in the above equations represent
the contributions from the D2 and D1 lines to the total dipole potential
respectively). The above equations are valid for both linearly and circularly
polarized light as long as all optical detunings are large compared to the

excited-state hyperfine splitting.

Types of Optical Dipole Traps

This section describes the three geometries of ODT that can be generated using

Gaussian beams.

Focused beam: The simplest set-up for an optical dipole trap with three-
dimension spatial confinement is a focused Gaussian beam red-detuned far
from resonance (FB trap). This trapping geometry can be seen in figure 2.12

(a). The spatially dependent intensity of this beam is given by:

2P —2;2
]FB,circ(r7 Z) = —— €XpP (—r> ) (235>

Tw?(2) w?(2)

assuming it’s propagating along the z-axis with power P, and where r represents
the radial coordinate and w(z) denotes the 1/e? radius of the beam which is

dependent on the axial coordinate z according to:

w(z) = woy |1+ <i>2 (2.36)

<R

where zp = w2 /) is the Rayleigh length, and wy is the radius of the beam at
the focus i.e. the beam ‘waist’. Notice that zp is larger than wy by a factor
of mwy/A. Hence, the atoms are confined more strongly in the radial than in

the longitudinal direction. This is a result of a larger intensity gradient in the
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radial direction. By substituting the intensity distribution into equation 2.27,
we can obtain an equation for the dipole potential of the focused beam trap.
To find the trapping frequency in the axial and radial directions, the potential
can be approximated by a cylindrical symmetric harmonic oscillator. This
assumption can be made as long as the thermal energy of the atomic ensemble,
kgT, is significantly lower than the potential depth, U,. Then, the potential

becomes [43]:

2 2
1 1
UrB,cire(r,2) =~ —=Up | 1 —2 ) (= = —Up + =mw?r? + —mw?2z?
' Wo ZR 2 2

(2.37)
where the trap depth, Uy = |U(r = 0,z = 0)|, is the magnitude of the potential
at the centre of the trap where w = wy, and w, and w, are the trapping

frequencies in the radial and axial directions respectively, determined by:

Wy = 5 (2.38)

and

w, = 5 (2.39)

For non-circularly symmetric beams where wo, # wo,, the intensity of the

beam is modified to:

2P 22 —p
Ivp enip(2, Y, 2) = exp< + Y ) (2.40)

TWL Wy w2(z)  w2(z)

The harmonic approximation of the trapping potential then becomes:

222 2% 1 1 1
UFB,ellip(xay7Z> == UO 1- D % - _22 5 + 5
wy w, 2 Zhe PRy (2.41)
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with trap frequencies:

4Uy
= , 2.42
w o (2.42)
4Uy
= 2.43
wy mw;? ( )

and

20U 1 1 20U,
w,=,| =+ | = =, (2.44)
m \ 2z, 2zp, M2 Fooft

where the effective Rayleigh range for this elliptical Gaussian beam is given by:

ZReff = “ReZRy . (245)

V1/2 (3 + 2,)

Note that the average trapping frequency is simply given by the geometric

mearn:

W=

(2.46)

Way = (Waloywy)

The atom trapping volume can be approximated as a cylinder with radius
and length determined by the beam waist and atom temperature according to
[101]:

1 1—n
= In{ —— _— 2.4
V = mw,wy Zge In (1 — 77) p (2.47)

where n = kgT'/|Uy|.

Standing wave: If instead of having a simple red-detuned Gaussian beam, where
atoms are trapped at the focus, we have two red-detuned Gaussian beams
opposing each other to form a standing wave, then the atoms are trapped at
the antinodes (SW trap). This provides extremely tight confinement in the

axial direction as can be observed in figure 2.12 (b). Assuming the standing
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2w,
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Figure 2.12: Optical dipole trap geometries including (a) single-beam, (b)
standing wave, and (c) crossed-beam. The atoms trapped are shown in grey.

wave is orientated along the z-axis, the potential can be written as:

Usw (1, 2) ~ —Up cos? (k=) (1 —2 (wio>2 - (iy) . (2.48)

Due to interference, the potential depth is four times larger than that of the
single focused beam trap discussed previously with the same power in each
beam (or double the trap depth if you split the single beam power to create
the two beams). The axially trapping potential is spatially modulated with
period A\/2. This results in a one-dimensional lattice of flat, elongated atomic
sub-ensembles. The tight confinement along the axial direction creates large

oscillation frequencies at the trap centre:

4U,

o YoE (2.49)

W, =

This frequency decreases as you travel further along the z-axis due to the
decreasing light intensity. Note that by comparing equation 2.49 to equation

2.44, it can be observed that the z direction trapping frequency will be orders
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of magnitude larger for the lattice than for the single beam. This is because,
in addition to the factor of 2 doubling to a factor of 4, the distance parameter
in the denominator is half the wavelength rather than the Rayleigh distance.
Note that for Rb-87 in our experiment, the axial trapping frequency is 10°
times larger for the lattice than the single beam trap.

The obvious advantage of this trap is that with a strong trapping force in
the axial direction, a lower intensity beam can be used to trap atoms resulting
in smaller photon scattering rates, as compared to the single focused beam
trap. Furthermore, the high atom density in a subensemble creates favourable
conditions for further cooling via evaporation (see section 2.2.3). However, the
subensembles encompass a relatively small spatial area as compared to the FB
trap and radial confinement is still relatively weak, resulting in fewer atoms

being initially trapped from the pre-cooled MOT.

Crossed beam: The single focused beam trap, with weak confinement in the
axial direction and strong confinement in the radial direction, results in a
highly anisotropic atomic cloud. Furthermore, in a standing wave trap, the
already anisotropically distributed FB trap is further split into anisotropic
subensembles, with very tight confinement in the axial direction. One solution
to obtain an approximately isotropic atom cloud is to add a second trapping
beam perpendicular to the first, with the same waist and the foci aligned: see
figure 2.12 (c¢). Note that the second beam requires orthogonal polarisation
to the first to avoid interference effects [43]. For this crossed-beam trap (CB

trap), the dipole potential is approximated as:

2 2 2 2
M) (2.50)

UCB,circ(xa Y, Z) = _UO (1 o 2

)

where it has been assumed that we have circularly symmetric beams. The
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geometry of a crossed beam trap results in a strong, almost isotropic trapping
frequencies. Note that the effective potential depth here is U;/2 because
atoms with energies larger than this can leave the trap along one of the beams.
However, this central trap depth still has the same magnitude as the single

focused beam trap as here we have double the intensity.

If the beams are elliptical instead of circular the equation for the potential

becomes:

202 22 1 1 1
Ucgelip(Z,y,2) ~—Uy, |1 — = — 2 — =22 | — + —
oB.etip (Y, 2) 0 ( w2 w2 20 2y i Zzz%yl

222 22 1 1 1
W, Wy, 2 ZRas ZRyz

where the subscripts 1 and 2 refer to the two beams. In the harmonic approxi-

(2.51)

mation, the trap frequencies are:

4 4
%:¢l@+ Vo, (2.52)

2 2
mwz,  Mmuwsg,

AU 20,
wy :\/ 021 + 202 , (2.53)
MW2 Mz,
and
AU 2U,
%:J e (2.54)
mw?, Mz,

The atoms in this trap are localised to the overlapping volume of the two
beams and the atom density in this region is high. Therefore, these crossed beam
traps provide a compromise between trapping volumes and tight confinements/
atom densities. However, they are not always practically feasible due to the
requirement of an additional beam input. This is the case in this experiment

where lack of optical access prevented this trap type from being used, as can be
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observed in the system design section 4.1. However, if the ODT proposed in this
work produces insufficient atoms (after evaporative cooling) for the gravimetry
measurement, then future iterations could modify the vacuum system design

to accommodate a cross-beam ODT.

2.2.3 Evaporative Cooling

This description follows Luiten (1996): ‘Kinetic theory of evaporative cooling
of a trapped gas’ [102].

Evaporative cooling is based on removing higher than average energy atoms
from a trapped gas. In a trap of finite depth, atoms with energy larger than
the trap depth can leave i.e. they are ‘evaporated’ away. The remaining atoms
then rethermalise via elastic interatomic collisions to a new equilibrium with a
lower average energy and, therefore, with a lower temperature. These collisions
also increase the energies of some atoms to above the trap depth, allowing the
evaporation to continue. However, as the temperature decreases, the number of
atoms able to leave the trap decreases exponentially. Therefore, the cooling is
eventually either balanced by an opposing heating process or becomes negligibly
small. To allow the evaporation to proceed, the trap depth can be continuously
lowered as the gas cools, this is called ‘forced evaporation’. This process is
depicted schematically in figure 2.13. Note that this process is intrinsically lossy
in terms of atom number. However, as the atoms sink lower in the potential, the
density can remain the same or even increase which allows runaway evaporation
to occur.

It is described in Luiten that the evaporating gas can, to good approximation,
be described as a Boltzmann distribution truncated at the trap depth. To do
so, it is assumed that the distribution of atoms in phase-space (refer to 2.2.4)

obeys “sufficient ergodicity” i.e. that their distribution depends only on their
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2.2. ULTRA-COLD ATOM SAMPLE PREPARATION

Figure 2.13: The evaporative cooling process: atoms are trapped in a potential
where the coldest atoms sink lower in the well. By reducing the trap depth, the
hottest atoms are selectively evaporated from the trap. The remaining atoms
then rethermalise to lower temperatures.

energy. The motion is sufficiently ergodic if most atoms with a total energy
higher than the trap depth are removed before colliding with another atom.
This is the case when the collision mean free path length of the atoms is much
larger than the size of the gas cloud: generally correct for cold atom trapped
gases. Furthermore, the gas is assumed to be classical which is true if the
temperatures are significantly higher than the quantum level spacing of an

atom in the trap.

This approach leads to equations for: the rate of evaporation; the atom
number decrease over time; and the energy (temperature) decrease over time,

which show a good agreement with experimental results [103].

Evaporative Cooling in Optical Dipole Traps

The previously described optical dipole trap (section 2.2.2) can be used as the
trapping potential for evaporative cooling. Then forced evaporative cooling can

be performed by simply lowering the laser power to decrease the trap depth.
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Evaporative Cooling using Optical Lattices

An issue when evaporative cooling in optical dipole traps* is that, as the trap
depth Uy decreases, so does the average trapping frequency wg, (according to
Way X Ug / % see 2.46). In turn, the elastic collision rate will also decrease which
has the negative consequence of slowing the rethermalization. This is normally

the limiting time factor in producing ultra-cold atoms in ODTs.

However, as previously described (see 2.2.2), optical dipole lattice traps
create atomic sub-ensembles with double the trap depth compared to the single
beam ODT (assuming the single beam power is split in two). Furthermore,
the trapping frequency in the axial direction w, is increased by a factor of
~ 10° (for the specific wavelength of light and transition in question) due to
the dramatically decreased trapping distance. This results in a much higher
average trapping frequency for the optical lattice trap and hence an increased

atom collision rate. This is favourable for reducing the time of evaporation.

However, too high a collision rate can result in too many atoms being
ejected from the trap and result in a low final atom number which is not ideal
for a high resolution atom interferometry based gravity measurement (see 2.1).
Hence, for full flexibility, this experiment is designed so that the amount of
power split between the beams can be varied to change the balance between a
dipole trap and a lattice. This allows control of the trap depth and frequency
so that by optimisation the most favourable conditions for atom interferometry
can be found (in terms of atom number, temperature and speed of generation).

Once built, this balance would be found experimentally.

*This is not an issue for magnetic traps whose trap depth can be decreased without
affecting the trap frequency
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2.2.4 Bose-Einstein Condensates

Effective evaporative cooling leads to compression in phase space. Therefore, it
can be used as a method to reach a Bose-Einstein Condensate (BEC). A BEC,
described in literature [84], is a state of matter where a bosonic gas has been
cooled close to absolute zero and exhibits quantum degeneracy. The transition

to a BEC occurs at a specific phase-space density*, D [53]:

D = nhyg > 2.612 (2.55)

where n is the atomic number density and A;p is the thermal de Broglie

wavelength, for an atom of mass m, which is given by:

2mh?2
mkT"

Aap = (2.56)

BECs have been shown to have no adverse affects on the atom interfer-
ometry measurement and, due to the decreased expansion of these ultra-cold
condensates, have experimentally produced an improved measurement contrast

when compared to a thermal source [104].

2.3 Summary of the Experimental Cycle

A summary of the experimental process that would (ultimately) be employed
in this project to generate the required ultra-cold atoms and perform a gravity
measurement is as follows. Firstly, a 2D MOT of pre-cooled atoms is generated

and used to load a 3D MOT in a few seconds. The 3D MOT will be optimised

for transfer to the ODT by implementing compression and additional cooling.

*Phase-space density = the number of atoms in a box with sides of one thermal de Broglie
wavelength [85]
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The MOT can be compressed to increase the cloud’s density, by increasing
the magnetic field gradient and detuning of the cooling beams, before loading
into the ODT is performed. The intensity of the cooling beam is then reduced
and the detuning is also optimised so that sub-Doppler cooling processes can
dominate over laser cooling (refer to 2.2.1). This allows the atoms to reach
cooler temperatures which will allow a higher proportion to be captured in the
finite trap depth ODT. Note that simultaneously, the repump beam intensity
must also be reduced/ turned off as the photons impart enough energy to be
able to escape the ODT. These methods of compressing and cooling a MOT to

load an ODT have been performed successfully in literature |56, 105, 106].

After loading, evaporative cooling can be performed to further reduce the
atom temperature. This will be done in a hybrid single-beam - lattice ODT
to optimise speed of evaporation and final number trapped. Once cooled,
ideally to quantum degeneracy, the atoms can be released from the trap and
allowed to free fall. This enables the final step of atom interferometry based
gravimetry measurements. This process can then be repeated to obtain multiple

measurements and build up a gravity map.

2.4 Optical Cayvities

2.4.1 Cayvity Resonance: Finesse & Q-factor

An optical cavity, or resonator, is formed when light repeatedly reflects in a
closed path between two, or more, reflecting surfaces i.e. between mirrors. Due
to interference, only specific radiation frequencies will be allowed within the
cavity, with the rest being suppressed due to destructive interference. These

are the longitudinal (or axial) cavity eigenmodes [107]. These cavity modes
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occur when the round-trip phase shift is equal to an integer multiple of 27 as
expressed by the following equation

wlL

—_— =2 2.57
. ™ ( )

where w is the angular frequency of the light, L is the total round trip distance,
and n is an integer [107]. At these ‘resonant frequencies’, there is a peak in
the transmission of light through the cavity as illustrated in figure 2.14. From
equation 2.57, it can be shown that the frequency spacing between resonant
cavity modes is given by

Av = (2.58)

c
T
This is known as the cavity Free Spectral Range (FSR) which is also equal to

the inverse of the round trip time, 7.
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Figure 2.14: Theoretical transmitted profile of a field incident on a cavity.
On resonance there is a sudden spike in transmitted intensity. Red and blue
curves show finesses of 10 and 100 respectively.

Another parameter of note is the Full Width at Half Maximum (FWHM)
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which describes the width of the resonant peak when it falls to half its maximum
value. In frequency space it describes the linewidth (or bandwidth) of the
resonances. A smaller FWHM makes it easier to distinguish different cavity
resonances. This can be generated from e.g. higher radius of curvature mirrors

which result in narrower resonances.

By taking the ratio of the FSR to the FWHM, a quantity is obtained known

as the cavity finesse [107], F, where

FSR 7
F = = ) 2.59
FWHM 2 arcsin (437) (259)

where p is the fractional field amplitude remaining after each round-trip. The
finesse determines the resolution of the cavity i.e. it describes its ability to
resolve spectral features. Equivalently, for an infinitely narrow input, the
finesse defines the width of the measured spectrum [108|. From equation 2.59
notice that the finesse is dependent only on the cavity losses, but not on
the length of the cavity. Note that, in reality, the total cavity finesse has
several contributing factors including finesse due to mirror surface quality and
illumination conditions. However, for a well machined and aligned cavity, the

‘reflectivity’ finesse described previously will be the dominant factor [108].

By multiplying the finesse by the resonant frequency and dividing by the
FSR, the quality factor, or Q factor, of a cavity is defined. This can be shown
to be equal to the ratio of the resonant frequency to the cavity bandwidth.
It is a dimensionless quantity that describes the losses of the cavity and it is
proportional to the average lifetime of a photon in the cavity, 7 = 1%,; where T

is the time is takes to complete one round trip. A higher Q) factor equates to

lower losses [107].

99



2.4. OPTICAL CAVITIES

2.4.2 Cavity Beam Waist & Stability

The following description follows closely to that in Chapter 1 of “Quantum
Electronics for Atomic Physics and Telecommunication” by W. Nagourney

[109].

The Paraxial Wave Equation

In free space, electromagnetic waves are described by the scalar wave equation

1 0%u
Viu — 2oz = (2.60)

where u is any Cartesian field component i.e. E,, E,, or E,. If the wave is

monochromatic, this equation becomes

Viu +ku =0 (2.61)

where k is the magnitude of the wave vector. The paraxial approximation
requires that there is a small angle between the normal of the wavefront and
a fixed beam axis, which is chosen as the z-axis of the Cartesian coordinate
system. It is assumed that the beam can be modelled as a plane wave which is

spatially modulated by a slowly varying function, v (z,y, z). Therefore,

u(z,y, 2) = d(z,y, 2)e” ™. (2.62)

For the paraxial approximation to be satisfied, ¢ (x, y, z) must vary significantly
more slowly along the z-axis than the z— and y-axes. Hence, 9?1/92* is
negligible compared to the other second derivatives of x and y. Therefore,

when substituting equation 2.62 into the the wave equation 2.60, we obtain the
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Paraxial wave equation:

W _

Vi — 2ik 5

0 (2.63)

where V? is the transverse Laplacian = 0/0x? 4+ 9/0y>.

Gaussian Waves

One simple solution to the Paraxial wave equation, can be found by substituting

a trial solution of the form

W(x,y,z) = P(2)exp (—ikaq—i(_;)J ) (2.64)

where P(z) is the phase term and ¢(z) is the complex beam parameter. This

complex beam parameter can be written as

— — (2.65)

where R(z) and w(z) are two real parameters describing the wavefront radius

and waist radius respectively.

By substituting equation 2.65 into the beam equation 2.62 and our trial
solution, equation 2.64, we find that this solution of the wave equation has
a Gaussian radial dependence, i.e. it is a Gaussian beam, whose properties
are described entirely by the complex beam parameter, ¢(z). Therefore, this
complex beam parameter can be used to specify the properties of the Gaussian
beam at any point along the z-axis. Figure 2.15 demonstrates that a Gaussian
beam never focuses to a point, but to a minimum size, defined as the beam
waist with 1/e? radius, wy. This occurs when the wavefront has infinite radius,

R = 00, i.e. it is a plane. By setting this R value in equation 2.65, the value of
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q at the waist is found:

NTW

qo =1 (2.66)

Furthermore, if 2z is defined as the distance from the waist, then ¢ as a

function of the distance from the waist, z, is:

2
NTW

qz2)=q+z=1i

+ 2. (2.67)

Using equations 2.65 and 2.67, we find the corresponding evolution of w and R

along the z-axis

w(z) = wor /1 + (i)2 (2.68)

R(z) =2+ 2 (2.69)

where we remember the Rayleigh length, 2z = nmw?2/A, which here is the
distance from the waist (z = 0) to the z value where the beam size increases

by a factor of V2. This is illustrated in figure 2.15.

A
Rayleigh length
Zp

Wo ‘ 1 )8

of Vaw,! )8

A A

_,.-l-"""'-__-_.-—_
Plane wave R( g"*—\

z=20

Figure 2.15: Gaussian beam radial intensity profile where the beam focuses
to a waist wy. Wavefronts are shown in red dash.
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2.4.3 Transmission, Reflection & Power Enhancement

As previously described in chapter 1, a key advantage of using a cavity in this
experiment is the power enhancement capabilities it possesses. To quantify this,
imagine four concave mirrors separated by distance d with radii of curvature,
R;, where the subscript i refers to a particular mirror in the cavity. Assume
each mirror has reflectivity and transmission coefficients r; and t; respectively
where, for lossless mirrors, 72 +t? = 1. Therefore, the fractional field amplitude
remaining after each round-trip, p, is given by /p = rirarsry. This ‘bow-tie

cavity’ arrangement is shown in figure 2.16.

E M;:R, 1, t; M,:R, 1, t,

1
E, =-rE,+it,E,,
E, =1tEy-1,Eq,
E; =ProE,
E, =itE,
Es = -rEg
E, = ProX E;
E, =it;E,
Eg = -r3Eq
E; =Pro Eg
E,,=it,Eq
Eji=-1,E,
E,,=ProXE;

M;: R, 13, t5 M, R, 1, t,

Figure 2.16: A four mirror, bow-tie cavity set-up with a distance d in-between
mirrors. Electric field amplitude, Fy is incident upon mirror 1 and an amount,
FEj5 is transmitted into the cavity. The light then continues to circulate around
the cavity and the equations for the electric field at various ports are given
on the right hand side. Each mirror has a radius of curvature R;, reflectivity
coefficient r;, and transmission coefficient ¢; where the subscript 7 represents
the mirror number. Pro= e~*? and ProX= e~ V2% represent the phase shift
gained through travelling a distance of d and v/2d respectively.
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The extent by which the input power is magnified within this cavity is

named the ‘enhancement factor’, EF, and is given by

_ Bl
| EBol?

EF (2.70)

where Ej is the input electric field amplitude, E, is the steady state electric
field circulating within the cavity and the complex conjugate has been taken
to convert electric field into intensity. Using the equations given in figure 2.16
and the fact that the Pro and ProX terms are equal to unity on resonance,

equation 2.70 becomes

(1 —72)(rorzry)?

EF = :
(1 — T17"27’3T4>2

(2.71)

This equation can be used to calculate the mirror reflectively’s required to meet
a desired enhancement factor. For example, if we assume for simplicity that
the mirrors are identical, then to enhance the input power by a factor of 100, a
reflectivity coefficient of r* ~ 0.9988 (=99.88%) is required per mirror. Note
that, in reality, there are additional cavity losses due to: absorption in the
mirrors; diffraction due to the finite mirror sizes; scattering from mirror surface

irregularities; alignment imperfections etc.

ABCD Matrices

Consider a 4 mirror cavity with the same mirror radii of curvature, R;,=R,.,
or equivalently focal length, f = R./2 (for spherical mirrors), and with equal
mirror spacing, d. The cavity is symmetric and several waists will be created:
at the central point of the cavity and in-between mirrors. This is shown
schematically in figure 2.17. To find the value of the waists, standard ray

tracing optics can be used to visualise the path the beams take through the
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cavity. However, a simpler method can be used when working in the paraxial
approximation, as we have been doing. This method, called ABCD matrix
analysis assigns a 2x2 matrix to each optical component and combines them,
with basic matrix multiplication, to find the overall ‘ray transfer matrix’ (RTM)
of the optical system [110]. This method can describe the propagation of an
incoming Gaussian beam through the entire cavity and allows calculation of

the beam waist and cavity stability as will be shown subsequently.

Lo |

l

Figure 2.17: Highlights the beam waists in a 4 all-curved-mirror cavity.

First, we describe a single paraxial ray with a two element column vector
consisting of the height of the ray above the axis, y, and the slope of the ray, ¥’
(%) When the ray vector passes through an optical component, it is subject
to a linear transformation depicted by an ABCD matrix which causes changes

in the height and slope of the ray according to:
A
= . (2.72)
C D

where the subscripts ; » represent the ray before and after transformation respec-
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tively. Below are described the ABCD matrices for the simple transformations

of free space propagation, propagation through a slab, thin lens, and mirror.

Free space propagation: For propagation over a distance d, use the equation for

a straight line to find the ray matrix:

A
Yo=Y, r=wn-+yd — = : (2.73)
C D

Propagation through a slab of thickness d: From Snell’s law in the paraxial
regime [107] and assuming the slop does not change (for parallel exit and entry

faces):

., d A B 1 d/n
Yo=Y, Y=Y +yhH— — = (2.74)
" C

where n is the refractive index of the medium.

Thin lens: The height is unchanged and the slope conversion can be found

using the lens formula [109]:

L wm A B 1
=y Bh=UT T — = : (2.75)
C D ~1/f 1

Thin spherical mirror: The mirror can be modelled as a thin lens with f = R./2:

-, A B 1
=y =% — = : (2.76)
C D —2/R. 1
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Figure 2.18: A 2 mirror cavity is modelled as a series of lenses where the
radii of curvature of mirrors 1 and 2 are related to the focal length of the lenses
by Ry = 2f; and Ry = 2f; respectively.

For our mirror system, light reflecting around the cavity will experience
a periodic focusing action. This is equivalent to a period sequence of lenses
[111] as demonstrated in figure 2.18. The fundamental transverse mode of a
cavity is a Gaussian beam (as discussed in section 2.4.6) which is, as previously
explained, described completely by a complex beam parameter, ¢(z). This
beam can be propagated through an optical system using the ray transfer

matrix via:

q A B [q
| = ' (2.77)
D

so that the ABCD law is obtained:

Aqp + B

“=Co+ D

(2.78)

This rule is valid for composite systems and allows us to quickly determine
the g-transformation for a Gaussian beam in the presence of an optical system.
For our optical cavity, light propagates in a closed path and therefore ¢ must
replicate itself after one round trip i.e. ¢ = ¢ = ¢q. Therefore, the above

ABCD rule becomes:
_ Aq+B
1= Cq+ D’

(2.79)
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The subsequent quadratic equation can be solved with the solutions:

1 D-A 1
—_ = N _ 2
=55 tapV(A-DF+iBC (2.80)

Since the ABCD elements are real, the first term in equation 2.80 is related to
the real part of 1/¢ and the second term must be imaginary and is related to
the imaginary part. Therefore, by comparing this solution to equation 2.65,

the wavefront and waist radii can be found to be:

(2.81)

2\|B|
nm\/4 — (A+ D)?

respectively. The values obtained using these equations are valid only at the

and w =

(2.82)

particular chosen reference point where the round trip is (arbitrarily) chosen
to begin and end. Values at other points can then be found by using the

transformation equations 2.68 and 2.69.

The elements of the ABCD matrix are defined only by parameters of optical
components (radius of curvature, focal lengths, distances etc.) and are therefore
real. Hence, in order to obtain a real value for the beam waist (as is physically

required), equation 2.82 generates the following criterion:

4—(A+D)*>0— |A+D|<2. (2.83)

If this ‘stability criterion’ is violated then it is impossible for the field to replicate

itself after a single round trip and hence the cavity will be unstable.

The final solutions given in this section can be reverse engineered so that

for a particular wavelength of light and desired beam waist, the required cavity
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mirror radii of curvature and distances between mirrors can be calculated. This

was the approach used to design the cavity in section 3.3.3

2.4.4 Linear and Ring Cavities

There are two types of optical cavity: linear and ring. A linear cavity is formed
of 2 end mirrors (potentially with additional intermediate mirrors) and the
input light has to reflect back upon itself to get back to the start. The output
beam overlaps with the input beam and, assuming the light is continuously
circulating, it results in a standing wave pattern in intensity. Whereas a ring
cavity, formed by > 2 mirrors, has no end mirrors and the light gets back to
its starting point without reflecting back upon itself. This is demonstrated in
figure 2.19. In this case, a single input can be used to create a single beam
circulating in one direction only around the cavity (travelling wave) or two
inputs can be used to allow light to travel independently in both directions
around the cavity. If the two inputs are identical and opposing, then a standing

wave can be formed in a ring cavity.

L )

>

L A a

(a) Linear 2 Mirror Cavity (b) Ring 3 Mirror Cavity

Figure 2.19: Examples of the two main cavity types: (a) a linear cavity where
a standing wave is always formed; and (b) a ring cavity with a single input.
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2.4.5 Astigmatism

For ring cavities, the beams will not hit the mirrors at normal incidence i.e. the
light will reflect off at some angle to the normal, as can be observed in figure
2.19 (b). If the mirrors are curved, this causes two different focal lengths and,
in turn, two different mode waists in the tangential (horizontal) and sagittal

(orthogonal) planes. This is entitled cavity astigmatism.

If 6 is the angle (from the normal) at which the beam is hitting the mirror

then the two focal lengths are given by:

fo = e ®) (2.81)
and
R.
fs = 2 cos(0) (2.85)

where f; and fs are the tangential and sagittal focal lengths respectively and R

is the radius of curvature of the mirror.

For an astigmatic cavity, the elliptical optical dipole trap equations 2.40 -
2.46 must be used instead of the circular ones (2.35 - 2.39) because the different

cavity waists will lead to a non-circular trapping geometry in the z-y plane.

2.4.6 Hermite-Gaussian Modes

It was previously mentioned that cavities possess longitudinal modes which
occur along the axis of the cavity (along the direction of travel of the wave).
However, they also have transverse modes which are perpendicular to the axis
due to boundary conditions and interference. Whereas the longitudinal modes
differ only in frequency, the transverse modes differ in both frequency and

shape. The most stable shapes (field distributions) are the ones that stay the
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same after many cycles around the cavity: these are the modes.

Each mode allowed in an optical cavity can be described by a linear combi-
nation of a set of functions, each of which satisfies the paraxial wave equation
[112]. The solution is a product of Hermite and Gaussian functions, hence they
are referred to as Hermite-Gaussian modes. These modes can also be referred
to as transverse electromagnetic (TEM) modes because neither the electric nor
magnetic field are in the direction of propagation. Specifically the notation
TEM,, ,, is used where n and m are integers that describe the order of the
Hermite polynomials in question. Figure 2.20 shows the cross-sectional profile
of the TEM,, ,, modes with the n nodes in the horizontal direction and the
m modes in the vertical direction. Note that the number of zeros in a mode
pattern is equal to the corresponding mode number.

The simplest, or fundamental, mode is the TEM( y mode which describes a
Gaussian beam. The mathematical form of this mode was previously described
in section 2.4.2 and this is the mode that will be used in this experiment. Note
that the Hermite-Gaussian solutions contain a phase term, referred to as the
‘Gouy phase shift’, which causes a mode dependent phase shift per round-trip
of the cavity. This results in each mode having its own set of longitudinal
modes (resonant frequencies). For the simple Gaussian beam case, this was

seen in the phase term, P(z), in equation 2.64.

2.4.7 Impedance Matching

Maximal light is coupled into an optical cavity when the round trip power loss
is equal to the transmission of the input mirror [109]. This is referred to as
impedance matching.

As before, we use: r; as the reflectivity of the input mirror; ry, r3, r4, etc.

as the reflectivities of the subsequent mirrors; and r,, as the fraction of the
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T'EM TEMo. T'EMo.

TEMg 5 TEM, I'EM;

TEM; TEM2 4 TEM; ¢

Figure 2.20: Cross-sectional intensity profile of the TEM,, ,,, modes of an
optical resonator [112].

cavity power remaining after one round trip (ignoring the transmission through
the input mirror). Then in the impedance matched case r; = r,, and excluding
absorption and scattering losses, r| = rorsry...

Compared to the equal reflectivities cavity (1 = 19 = r3 = ry = ...),
impedance matching can achieve the same total circulating power but with
a significantly reduced finesse; making the cavity building and stability more
manageable.

However, the impedance matched case is not the one in which the most
power enhancement is achieved. To get more power, an ‘over-coupled’ cavity

can be used where r; < rorsry... In this case the finesse is increased compared
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to the impedance matched case however it is still lower than the original equal
reflectivity scenario and more circulating power is achieved. These principles
are used to determine the exact reflectivity required for each mirror in an
optical cavity (see table 3.2 in the cavity design chapter). Note that the equal

reflectivity case is an ‘under-coupled’ cavity and in this case: r; > rorsry...

2.4.8 The Optical Lattice: Standing Waves

Until now, we have only imagined a travelling wave cavity where light circulates
the cavity in one direction only. However, in this experiment a standing wave
cavity will also be used where equivalent beams circulate the cavity in opposite
directions to form a standing wave. This is always the case for a 2 mirror
cavity where the light bounces back upon itself but a standing wave can also
be created in a 3 or 4 etc. mirror cavity by inputting equal beams into two

different mirrors or ‘ports’.

2.4.9 Atoms in Cayvities

Note that when atoms are present inside an optical resonator, they can absorb
photons from, and emit them back into, the cavity mode. Hence, the atom
and cavity are coupled and they can be described by the well-known Jaynes-
Cummings model [113]. However, in this experiment, the cavity light is far-

detuned from the atomic resonance and hence, the coupling effect is negligible.
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CHAPTER 3

CAVITY DESIGN

This chapter starts by describing the optical cavity’s design, which is determined
by theory outlined in the previous chapter as well as the vacuum system of
the experiment which is discussed in chapter 4. Then, how this cavity might
be experimentally built is discussed, including the method of fixing the cavity

mirrors in place and suggested alignment procedure.

3.1 Main Design Criteria

The starting criteria for the cavity design is that it must create optimal
conditions for atom capture from the magneto-optical trap (MOT) to the
optical dipole trap (ODT), where evaporative cooling is performed. The former
is relatively ‘hot” and ‘large’ and this creates two design criteria for effective
transfer to the latter:

1. The optical dipole trap must have a sufficient trap depth to capture a
large proportion of the ~ Maxwell-Boltzmann temperature distributed
MOT atoms.

2. The optical dipole trap must be large enough to spatially capture a

significant proportion of the MOT atoms.
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The pros and cons of these conditions will be discussed in detail before the rest

of the chapter explains how the cavity was designed to meet them.

3.1.1 Ceriteria 1: Trap Depth

To quantify the depth required for optical dipole trapping, one must consider
the temperature of the initial MOT atoms. The atoms have a ~ Maxwell-
Boltzmann temperature distribution but with the long shallow tail at the upper
end of the temperature scale truncated by the maximum velocity atom that
can be captured in the 3D MOT (see section 2.2.1). As explained in section
2.2.2, during optical dipole trapping hotter atoms will rise up higher in the
trap and therefore require higher ‘trap walls’ to be captured. Hence, the initial
trap depth should be 2 the average atom temperature in the MOT to allow
a significant fraction of the atoms to be captured. Typical average MOT
temperatures for Rb-87 are on the order of 100 nK. However ~ 5 nK can be
reached by briefly turning off the MOT magnetic field and reducing the MOT
beam intensity, and increasing its detuning, after loading (this is discussed in

2.3).

Equation 2.15 states that the trap depth is proportional to the beam intensity
and hence, to achieve a trap depth of 100 pK requires a high circulating cavity
power of 77 W (assuming 150 pm beams - see the following discussion on Trap
Volume). Space compatible lasers with this power output are not commercially
available and if they were, the input power required would be impractical for a
space experiment where low ‘SWaP’ is essential, as discussed in 1.2.2. Hence, a
high cavity mirror reflectivity is used to amplify an initially lower power laser
to the required magnitude. For example, a typical input beam of 100 mW

would have to be amplified 770 times to reach the required trap depth.
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3.1. MAIN DESIGN CRITERIA

3.1.2 Criteria 2: Trap Volume

The second consideration is that the initial ODT must be large enough to
spatially capture a significant number of atoms from the relatively ‘large’ MOT.
From previous experiments in the group, a 10 MOT size of < 1.4 mm is
expected (where the MOT atoms follow a Gaussian distribution so > 99%
of the atoms are contained in 60 < 8.5 mm [114, 115]). In the longitudinal
z direction (axial to the cavity beams), the ODT can trap atoms contained
within the ‘Rayleigh length’, +zg, (see 2.2.2) which is calculated to be larger
than the 30 MOT length (~ 45 mm compared to 4.25 mm). Therefore, in the
z direction, the ODT should be able to capture atoms from the entire MOT

length, as demonstrated in figure 3.1.

However, figure 3.1 also shows that in the tangential x and y directions
(radial /transverse to the cavity beams), the ODT is limited by the cavity beam
size. To make the cavity beams 2 the MOT size is impractical because larger
cavity beams are less stable and, as explained in the previous section, larger
beams require a higher power to achieve sufficient trapping. Hence the cavity
beams were chosen to be as large as possible whilst still being able to produce
the required trapping depth of 100 pK. With an input power of 100 mW, the
largest allowable cavity beam waist was then calculated to be ~150 pm =
0.15 mm using equations outlined in the theory section. The cavity was hence
designed to create beams with approximately this waist as discussed in section
3.3. To ensure as many atoms as possible are contained within these cavity
beams, the MOT atoms can be compressed before loading into the ODT as
described in 2.3. From literature [84, 86, 116-118|, the MOT atom clouds can
be compressed several times with these methods. Furthermore, this problem

is slightly reduced in the vertical y axis because the MOT cloud is ‘flattened’
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in this direction. This is due to the MOT being created via a single Gaussian
beam incident on reflective prisms, rather than 6 individual MOT beams (see
section 2.2.1). Hence, the beam profiles of our reflected beams are not Gaussian
(instead they are ‘cut out’ of the initial beam). Therefore, the expected 1.4
mm MOT size applies to the z and z directions but in the y direction, the
atoms will be confined to ~ 0.9 mm (experimentally the z and = directions are
typically found to be 1.5 x the y direction). This ‘flattened” MOT is shown

schematically in figure 3.1 (b) and experimentally in figure 3.2.
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Figure 3.1: Prism and cavity mirror arrangement (left) illustrating the approx-
imate magneto-optical trap (MOT) region that is captured by the optical-dipole
trap (ODT) (right). Prisms, MOT, cavity mirrors, and cavity beam are shown
in grey, red, blue, and purple respectively. The ODT trapping region is super-
imposed on the MOT via the dashed region. The 3o distance contains > 99%
of the MOT atoms whereas the Rayleigh distance, zp is the defining distance
for the ODT in the 2z axis. The divergence of the cavity beam is not shown.
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3.2. CAVITY IN VACUUM

Figure 3.2: Prism-based magneto-optical trap (MOT) obtained experimentally
by the author outside of this project [119].

3.2 Cavity in Vacuum

The aforementioned high ODT beam enhancement factor of ~ 770 requires
the cavity to be placed in vacuum conditions because particles and dust in an
open air environment would scatter the beams and coat the cavity mirrors,
destroying the high reflectively required. In addition, the vacuum system
windows purchased have losses of < 0.25% [120] which for a 2 mirror cavity
causes up to 1% loss per round trip, hindering the power enhancement. An
advantage of housing the cavity inside the vacuum is the potential for a
compact system. This means a smaller cavity length which translates to a

higher curvature of mirror to get the required beam divergence for a 150 pm
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trap.

A disadvantage is that the cavity is not easily adjustable and will have
to be aligned and mounted accurately outside the vacuum system in a ‘clean’
environment before being transferred with minimal movement. Piezo actuators
can be used to make small alignment adjustments once inside. However the
piezos themselves, as well as the glue required to fix them, will be detrimental

on the vacuum quality. Therefore, a rigid and precise mounting structure was

designed and custom built as is described in chapter 4.1.1.

3.3 Number and Radius of Curvature of Mirrors

To determine the number of cavity mirrors required, we first consider the

different types of cavities.

3.3.1 Linear vs Ring Cayvity

As previously described in section 2.4.4, there are two types of optical cavity:
linear and ring. The simplest optical resonator is a linear resonator created by
2 concave reflecting mirrors which results in a standing wave in intensity. The
theoretical description of ODTs (2.2.2) explains that a standing wave ODT
creates a one-dimensional lattice of atomic sub-ensembles with a size on the
order of the wavelength of the light. These small trapping sites make this trap
type not ideal for initial atom capture from the MOT. Hence, a ring cavity
(with > 2 cavity mirrors) is required in this experiment to allow for a large

atom transfer.
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3.3.2 Ring Cavity Design Options

The four ring cavity design schematics considered are shown in figure 3.3. They
consist of: a 3 mirror cavity with 2 flat mirrors and 1 curved; a 4 mirror cavity
with 4 equally curved mirrors (sometimes referred to as an All-Curved-Mirror
(ACM) cavity); a 4 mirror cavity with 2 flat and 2 curved mirrors where the
waist between the curved mirrors is used for the ODT; and a 4 mirror cavity
with 2 flat and 2 curved mirrors where the waist between the flat mirrors is used.
These are labelled a-d respectively. A crossed beam cavity was not considered
(4 mirrors where the cross of the beams is used for the ODT) because it would
require the 4 cavity mirrors to be in the gaps in-between the 4 MOT prisms
and therefore there would be no horizontal optical access to the atoms for
e.g. imaging (assuming an octagonal vacuum chamber is used - see figure 4.3).
Figure 3.4 shows how each of these cavity designs would fit around the prism

MOT system.

3.3.3 Cayvity Parameter Calculations

For each option a-d, the cavity parameters were calculated including the beam
size, stability, and power enhancement required to achieve sufficient ODT

depth.

A MATLAB programme was created to vary the mirror radii of curvature
for the various designs and calculate the corresponding cavity beam waists and
stability parameters. This was done using the ABCD matrix analysis method
outlined in section 2.4. For each design, a custom code had to be created to
represent the specific set of optical components used in that design. Table 3.1
gives the radii of curvature for each design that allowed for a cavity waist closest

to the chosen 150 pm whilst simultaneously maintaining cavity stability. Note
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A, X

(a) 3 mirror cavity (b) 4 mirror cavity: all curved
(c) 4 mirror cavity: 2 curved, 2 flat (d) 4 mirror cavity: 2 flat, 2 curved

Figure 3.3: Ring cavity design schematics considered for the generation of an
optical dipole trap (black) via the power enhancement of an incoming beam

(purple).

that the beam waist and stability parameters are different in the tangential
(horizontal) and sagittal (orthogonal) cavity directions due to the astigmatism
caused by the cavity beams not hitting the mirrors at normal incidence which
is described in section 2.4.2. Also, the mirror separation is set to 40 mm by
the vacuum design because the cavity was designed to be mounted on a CF63
flange for easy removal and adjustments (see chapter 4).

Then, to determine which design provides the most appropriate ODT, the

cavity parameters were converted to the corresponding cavity enhancement
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VA

(a) 3 mirror cavity (b) 4 mirror cavity: all curved

(¢) 4 mirror cavity: 2 curved, 2 flat (d) 4 mirror cavity: 2 flat, 2 curved

Figure 3.4: Ring cavity options: rendered 3D CADs. The reflective prisms
are transparent to highlight the cavity mirror arrangements.

factor (EF) and in turn, the circulating beam power and mirror reflectivity,
required to achieve the chosen initial trap depth of 100 pK (assuming an input
power of 100 mW). This was done using equations 2.41 and 2.70 and the results

of which can been seen in table 3.1.
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Table 3.1: Ring cavity design options considered for the generation of the optical dipole trap. Includes the calculated key
cavity parameters including mirror radii of curvature, beam waist, stability, and enhancement factor and corresponding mirror
reflectivities required to achieve an optical dipole trap depth of 100 pK with an single input beam of power = 100 mW.

Radii of | Beam waist in | Beam waist in Stability Stability ..
. . . parameter | parameter Enhancement | Reflectivity,

Design | curvature, | sagittal plane, | tangential plane, | . . . . iv 2 v

R, [mm] | wo. [pm] woq [um] ¥ in sagy:tal in tanggntlal factor, EF r

¢ Os ot plane ™ plane ™

a 150 210 162 0.54 0.09 1165 0.99962
b 75 155 158 -0.04 0.43 828 0.99970
¢ 375 283 278 0.11 -0.01 2692 0.99991
d 200 168 141 -0.52 -0.73 810 0.99959

U The only radii of curvatures considered were those commonly available as substrates. For the designs with flat mirrors, the radii of curvatures

given in the table are referring to the curved mirrors.

i The sagittal and tangential directions refer to the axial and radial cavity beam directions respectively, as is described in section 2.4.2.

i Although anywhere between -1 and +1 is technically considered ‘stable’, a stability parameter closer to 0 denotes a higher degree of stability

and therefore puts less stringent requirements on the alignment accuracy.
V' EF = circulating power/input power.

V' Assuming all mirrors have the same reflectivity i.e. impedance matching is not taken into account. Note that designs with a larger beam

waist naturally result in a higher required mirror reflectivity to reach the same intensity and hence trap depth.

NDISHA ALIAVD € HHLdVHD



3.3. NUMBER AND RADIUS OF CURVATURE OF MIRRORS

From the results in table 3.1, design b with 4 curved mirrors was chosen.
This design generates the desired beam waist with achievable enhancement
factor and stability parameters. Design ¢ was the most stable however it
would require highly reflective mirrors of > 0.9999 to achieve sufficient power
enhancement. Design d has similar beam waists and enhancement factors as
design b, but was less stable. A further advantage of a 4 mirror over a 3 mirror
cavity is that it has lower astigmatism due to a smaller angle of light incidence

on the mirrors.

Impedance Matching

Previously in table 3.1, the reflectivities of the 4 cavity mirrors were calculated
assuming they were equal i.e. ry = ry = r3 = r4 where the subscripts 1-4
refer to the various cavity mirrors with 1 being the input mirror. However,
in section 2.4.7, it is explained that maximal power is coupled into the cavity
when the reflectivities are impedance matched (r; = rersry) and, moreover,
maximum power is enhanced within the cavity when the cavity is ‘overcoupled’
compared to the impedance matched case i.e. r; < rorsry. Table 3.2 compares
the three cases: undercoupled (11 > ror3ry e.g. 11 = ro = r3 = ry); impedance
matched; and overcoupled. This table shows that by ‘impedance matching’
the cavity mirrors, the same circulating power, and therefore optical dipole
trap depth, can be obtained with lower reflectivities (compared to the equal
reflectivity case). However, by overcoupling the cavity, a higher circulating
power and trap depth can be obtained with only a slight increase in reflectivities
or, equivalently, a lower input power can be used to obtain the same trap depth.
Hence, this design was chosen. Mirrors matching this reflectivity (for 1560 nm
at the required angle of 22.5°) were purchased from LAYERTEC, as well as an

additional flat mirror for steering the cavity beam (described in 4.1.3). The
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Table 3.2: Cavity mirror reflectivities and corresponding finesse and optical
dipole trap depth for undercoupled, impedance matched, and overcoupled
cavities. Assuming an input power of 100 mW for a 4 mirror cavity with 4 cm
in-between mirror centres and equal radii of curvature of 75 mm.

Trap depth with
Cavity coupling | r} [%] | r33, [%] | Finesse | input power of
100 mW [pK]
Undercoupled 99.97 | 99.97 5235 100
Impedance Matched | 99.88 | 99.96 2618 100
Overcoupled 99.88 | 99.97 2991 131

coatings are specified to be accurate to < 0.02% with the radii of curvature
specified to 0.5%. The mirrors were also dual coated on the atomic resonance at
780 nm with a reflectance of 0.9985 at this wavelength. Note that because the
price of the mirrors is determined by the cost of the coating run, rather than
the relatively cheap fused silica substrate, the maximum number of mirrors
that could be coated in one run were ordered. Hence, as an alternative option,

mirrors for design d with 2 flat and 2 curved mirrors were also purchased.

3.3.4 Atoms Captured in Cavity

The number of atoms initially transferred into the cavity-based optical dipole
trap can now be estimated by modelling the percentage of atoms that can
be captured both spatially and thermally from the magneto-optical trap. By
comparing to literature of other 2D MOT loaded 3D MOTs [88] and prism
MOTs [92, 114, 115], ~ 1x10® atoms are expected to be available after all pre-
cooling stages have been complete with an average temperature of 1-5 pK (see
2.2.1). A Maxwell-Boltzmann distribution, with this average temperature (and
truncated at the capture velocity (see 2.2.1) can then be modelled to calculate

what percentage of these atoms could be captured in the ODT potential well.
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The atoms in the M-B distribution have peak velocities of 0.013-0.03 m/s (note
that the very ‘hottest” atoms have velocities of ~0.04-0.1 m/s but few atoms are
at this ‘tail’ of the distribution). The initial ODT depth in the beam centre of
~ 131 pK corresponds to maximum trapping velocity of 0.16 m/s and therefore,
it should be sufficient for trapping. However, in the x and y directions, the
ODT beams fall of in intensity as you move radially away from the z axis and
this reduces the trap depth. Hence the spatially variant ODT trap depth was
modelled and overlapped with the Gaussian atom distribution to calculate a

capturable atom percentage.

The atom cloud should have a ~ Gaussian distribution with a lo size
of 1.4x0.9x1.4 mm in the z, y, and 2z directions respectively. Whereas the
ODT can capture over ~0.3x0.3x45 mm in the same axes (determined by the
cavity waist size and Rayleigh length). By factoring in typical MOT cloud
compression ratios (see 2.3) and accounting for the temperature considerations
described above, it is calculated that 5% of the atoms should be captured
in the ODT from the MOT. This gives a starting number of atoms in the
ODT of ~ 5x10°% atoms. This number is comparable with other optical dipole
trapping experiments from the past 20 years that managed to successfully reach
Bose-Einstein condensates in 2-3 s of forced evaporation [103, 105]. At this time
they were typically left with clouds of 10* — 10° atoms with temperatures on the
order of 1-100 nK which is sufficient for the proposed application of space-based
atom interferometry (see 2.1). However, these experiments predominantly used
a crossed-beam ODT (see 2.2.2) to optimise the evaporative cooling process
whereas this experiment plans to use a novel hybrid single-beam - lattice system
and so the final atom numbers achievable after evaporation in our system will
be determined experimentally. Note that the comparative atom chip for space

based atom interferometry technology produces atom clouds of 5x10% atoms
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with < 1 s evaporation or 5x10° atoms with ~ 2 s evaporation [44].

3.3.5 Predicted Gravity Sensitivity

To ensure that this system design is suitable for the proposed application of
Earth observation (EO), its expected sensitivity was calculated and compared
to the existing classical sensors currently performing EO (described in section
1.2.1). This was done by modelling the atom interferometry (AI) process
in MATLAB using theory outlined in chapter 2. Firstly, the range of Rabi
frequencies experienced by the atoms over the area of cloud (due to the spatially
variant Raman beam intensity) was summed and the corresponding AT fringe
contrast was modelled. Then for a particular average atom temperature, and
hence thermal expansion rate, the maximum interferometry time (or 7T-time)
that ensured a specific fringe contrast was calculated. This T-time can then be
converted to an expected gravimetry sensitivity, Ag, using equation 2.4 as long
as the effective wavevector of the two-photon Raman transition, k.ss, and the
number of atoms taking part in the measurement, N, are known. The former

can be calculated to be:

2
kepp = 2 % 7” = 1.61 x 107m " (3.1)

for the transition in question. In terms of the latter, after evaporative cooling,
typically between 1-10% of the initial atoms are retained, hence with a predicted
starting number of 5x10¢ atoms in the ODT, between 5 x 10* — 5 x 10° atoms
should be available as a ‘test mass’ for the measurement. Table 3.3 shows
the possible sensitivities achievable for these atoms numbers for a variety of
T-times. Note that the exact minimum temperature, and hence maximum

T-time, available in this system will be found experimentally.
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Table 3.3: Predicted atom interferometer gravimeter precision for the system
designed in this thesis. Refer to the text for further details.

Atom T-time [s] Atom no., | Sensitivity, | Sensitivity,
temp. [nK] N [x10%] Ag/g Ag [Gal]

5) 3x10710 3x1078
100 1 —

50 9x 10~ 9%x10

5 7x10~ 1 7x107°
50 2

50 2x10~1 2x107°

5 3x10~1 3x107°
10 3

50 1x10711 1x107°

5 3x10712 3x10710
1 10

50 9%x10~13 9x10~1

From table 3.3, this system has a predicted sensitivity of 1078 - 107!
Gal dependent on experimental parameters reached. This is several orders of
magnitude better than the current GRACE-FO mission of ~ 107% Gal and
even the future improved sensitivity of the next mission which is predicted
to achieve ~ 1077 Gal (refer to section 1.2.1). This validates this design as a

potential successor of high-precision Earth observation.

Furthermore, improvements could be made to the single shot noise limited
sensitivity by integrating over multiple measurements or by using techniques
such as large momentum transfer (LMT) which increases the relative splitting
of the 2 atomic wavepackets in atom interferometry [121]. Although, it should
be noted that these calculations are for the shot noise Al sensitivity and do
not account for additional losses of contrast due to e.g. any laser instabilities

in intensity or frequency.

Note that although this system is designed for a space application, it must

be tested on ground and hence the sensitivity capable in this environment was
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also calculated. In this case, the interferometry time is limited by the available
drop distance which is 150 mm (from the centre of optical dipole trap position
to the atom interferometry measurement region). Using equations of motion
and assuming the atoms are initially approximately stationary, this distance
should be traversed by the atoms in 0.175 s due to the gravitational pull of
the Earth on ground. Removing the interferometry pulse times and the initial
waiting time required to allow the atoms to start falling (~ 10 ms), this gives
a maximum interferometry time on ground of ~ 80 ms. This equates to a
gravity sensitivity of 4 x 1078¢g (=~ 4 x 107% Gal) for 5 x 10* atoms or 1 x 10~8¢

(=1 x 107% Gal) for 5 x 10° atoms.

These sensitivities are estimated assuming the full cycle of optical dipole
trapping and evaporative cooling is performed (for testing purposes). However,
as the T-time is orders of magnitude reduced compared to in a space environ-
ment, these additional cooling stages can be removed to increase the number of
atoms and, in turn, the gravity sensitivity, without reducing the interferometry
contrast. In this case, a sensitivity of Ag =6 x 107 (~ 6 x 107® Gal) can

be achieved.

3.4 Cayvity Building Considerations

The high mirror reflectivities required for sufficient optical dipole trapping
depth create logistical issues when building the optical cavity. Firstly, the
mirrors must only be handled in a relatively clean environment and not exposed
to environmental conditions where the mirrors could become coated in particles
and dust. For this purpose, the optical cavity will be built in a Laminar Flow
cabinet which carefully controls the flow of air to maintain a clean environment.

Furthermore, the vacuum system will be cleaned, assembled, and pumped
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down to a reasonable pressure before the cavity is inserted into the system.
Secondly, a higher mirror reflectivity means the beam will circulate more times
around the cavity and hence there is a low tolerance for cavity mirror alignment
errors. However, in addition to the high cavity finesse, there are several building
challenges that will make an accurate alignment difficult including inaccuracies
or rough surfaces caused by the machining of the cavity mirror mount and
movement of the mirrors caused by glue softening or shrinking during curing
and baking. Due to these various challenges, the cavity is expected to provide
the most significant building challenge of the experiment (as compared to the
vacuum system, laser system, telescopes, and magnetic field coils). This section
discusses the issues facing the optical cavity build including choosing a suitable

glue and the alignment process.

3.4.1 Glue Requirements

Glue is required to fix the cavity mirrors into the v-grooves of the cavity mounts
(see section 4.1.3) and to attach one cavity mirror to a ceramic piezo (used for
mirror alignment) and, in turn, the piezo to the cavity mount. Therefore, the
essential requirements of this glue are:
e It can bond glass, titanium, and ceramic strongly enough to withstand
vibrations.
e [t has low outgassing and therefore, is suitable for UHV.
e [t has minimal movement when it cures i.e. minimal shrinkage and
viscosity change.
e It can withstand temperatures of = 150°C without changing properties
(for vacuum baking).
e [t is not electrically conductive so the piezo is not shorted.

Furthermore, there are several additional desirable criteria including that
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the glue can transmit 1560 and 780 nm light in case it ‘creeps’ to the back of the
mirror where the light will be input/output and that the glue is space compatible
for the future potential application of the project i.e. it can withstand the
radiations and temperature changes of a space environment. Note that ‘creep’

is where the glue migrates across the substrate due to surface tension.

3.4.2 Glue Parameters

The relevant parameters to consider when selecting a glue are: the viscosity;
the required cure temperature; and the required cure time. For each parameter,

there are conflicting arguments for this experiment.

Viscosity

The glue must be of a suitable viscosity so that an amount can be picked up,
for example using a needle tip, and it can be touched to a mirror-mount join
and the surface tension of the glue will be sufficient to pull it into the gap. If
it is too thick then it will not fill the gap and if it is too thin it could flow
away. Furthermore, using a lower viscosity glue creates thinner layers and
has less movement whilst curing, both of which are ideal to prevent mirror
misalignment. However a higher viscosity glue has the advantage that it will

have less ‘creep’ and therefore is less likely to coat the reflective mirror surface.

Cure Temperature & Time

When a glue cures, chemical cross-links form. For good mechanical strength
and a strong bond, high cross-link densities are required. Note that when
re-heated, a cured epoxy material does not melt but instead undergoes a slight
softening or phase change. The midpoint of the temperature range over which
an epoxy changes from a hard or ‘glassy’ state to a pliable or ‘rubbery’ state is

defined as the glass transition temperature, T, [122]|. It depends on the type
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of epoxy and the degree of cure but is also strongly dependent on the cure

schedule with a higher curing temperature increasing T';.

Typically, curing at a higher temperature results in more cross-linking and
it will be faster so that there is less time for creeping. Furthermore, curing at a
higher temperature raises the glass transition temperature. Therefore, vacuum
baking can be performed at a higher temperature which is ideal for reducing
outgassing (see section 4.1.6). Ideally, the glass transition temperature would
be raised so that it is not the limiting factor to the vacuum bake. However,
curing at a high temperature causes rapid shrinking of the glue which can result
in alignment errors.

Using a lower temperature cure for a longer time creates a lower degree of
shrinkage and also creates lower stress. This is because the structure is locked in
more slowly. Whatever temperature the glue is cured at will be the zero stress
point and so curing at a lower temperature will reduce the stress for the room
temperature cavity operation. However, a glue cured for a lower temperature
and longer time may not be able to withstand as high baking temperatures and
the resin may migrate over this additional time. Furthermore, some adhesives
will not cure (i.e. form cross-links) at low temperatures e.g. room temperature.

One compromise is to use a stepped or ramped cure where curing is begun
at a lower temperature and then raised. This has been shown to produce lower
stress than for a high temperature cure but higher cross-linking than a low
temperature cure. For example, curing Epo-Tek’s 301-2 Epoxy at 40 °C for 1
hour followed by 80 °C for 3 hours resulted in a similar performance to an all

80 °C cure but with lower stress [123].

Note that any heat sinks (e.g. large bodies of material) involved can absorb
heat and create a longer required curing time. In addition, note that if the

cure temperature is too high, a run-away reaction can occur where the glue
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bubbles and expands. This is less likely to occur for smaller volumes of glue

(or small volume to surface area ratios).

3.4.3 Glue Selection

Based on the above glue requirements and parameter considerations, 3 different
options were chosen to be tested and these can be seen in table 3.4. All of
these 2-part epoxies feature low outgassing [124], high optical transmission, are
not electrically conductive, and bond the relevant materials of glass, titanium,
and ceramic. However, they differ in their viscosity and curing parameters as

well as their glass transition temperature.

Table 3.4: Specifications of the epoxies considered for cavity building [125].

Minimal Glass. . Viscosity at | Spectral

Epoxy | cure transition o ..
e 4 | 23 °C [cPs]"| transmission,%

conditions temperature

80°C - 3 hrs R >99 at 780 nm
301-2 1 9300 9 days | ~ 0 °C 225-425 >97 at 1560 nm

150°C - 1 min o >98 at 800 nm
353D 1 500 - 30 |~ 120°C S000-5000 1 > 95 at 1560 nm

80°C - 1 hr o 97 at 800 nm
OM125 93°C - 94 hr |~ 90 °C 2400-5400 96 at 1500 nm

PA temperature of 23 °C indicates a room temperature cure.

i The glass transition temperatures reported are typically for a full cure i.e. 100%
conversion of the material. It was typically measured using the minimum recommended
cure conditions and hence, this experiment will attempt to increase these values.

il For reference, water has a viscosity of 1 cPs. Viscosity measured at a specific RPM.

Epoxy 301-2 is low viscosity and can be cured at low temperature. This
would allow the mirror(s) to be aligned at room temperature and left to start
curing without moving. Then once partially cured, the structure could be
moved to a hot oven to finish curing. This procedure aims to minimise glue
shrinkage, mirror movement and cure time whilst maximising strength and

ability to be baked at high temperatures. However, the low viscosity could
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result in unwanted creep. An alternate option is epoxy 353ND which is a well
used standard and must be cured at higher temperatures and has a medium
viscosity. This epoxy should be able to withstand higher baking temperatures
but it will have to be moved to an oven totally uncured which could have a
negative effect on alignment. Finally, epoxy OM125 is chosen as a compromise
between the two previous glues: it can cure at room temperature but also is a

medium viscosity glue.

To determine which epoxy should be chosen for cavity building, several
tests should be performed. Predominately, the strength of the bond produced
between glass, titanium and ceramic should be tested as well as the optimum
curing conditions to minimise mirror movement and maximise temperature
resistance. It will be quantitatively investigated how the cure temperature
affects the glass transition temperature of each epoxy to ensure that the
glue chosen can withstand the vacuum system baking temperature without
misalignment. The spectral properties should also be measured to ensure these
have not been negatively effected by a high temperature cure (which may cause
discolouring of the glues). All of the three epoxies have been purchased and

testing them should be the priority when experimental work begins.

3.4.4 Suggested Gluing and Alignment Procedure

A cavity alignment procedure was developed based on the above discussion and
literature which uses a method of curing the cavity mirrors one at a time at
progressively lower temperatures [126]. This prevents the curing of the mirror
in question from disturbing the alignment of the previously cured mirrors. The
vacuum bake would then be performed at a lower temperature than these
cures. By curing the mirrors one at a time, each one can be cured whilst it is

lying flat so there is no torque acting on it due to gravity. Furthermore, any
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small misalignments accumulated when a particular mirror is cured can be
compensated for with the placement of the subsequent mirrors. The procedure
should be preceded by cleaning the cavity mount in an ultrasonic bath and
pre-baking the cavity mount and piezo to minimise outgassing (see section
4.1.6). Both procedures involve use translational stages (attached to the cavity
mirrors via weakly glued metal posts/ appendages) to align the cavity mirrors
into the mount using a laser and will take place inside a Laminar flow cabinet.
The cavity mount will be held in place during alignment using a custom built
structure. One of the cavity mirrors will be glued to the piezo and cured before
the alignment procedure begins. The procedure is based on epoxy 301-2 or

epoxy OM125 as it involves a degree of room temperature curing.

e Glue the first mirror in place and allow to cure at room temperature
to minimise the mirror movement and set the zero-stress point. The
duration of the cure will be determined by the epoxy testing stage.

e Transfer the cavity to an oven and complete curing using a ramped cure
to a higher temperature, e.g. 80 up to 150 °C, to raise the glass transition
temperature.

e After curing, check the alignment and re-align the subsequent cavity
mirrors as necessary.

e Glue the second mirror in place and leave at room temperature for a
suitable amount of time.

e Transfer to an oven to complete curing at a slightly lower temperature
than the first e.g. 140 °C.

e Continue this process of mirror alignment and curing until all mirrors
have been baked.

e Perform a test bake by placing the cavity in the oven at the baking temper-

ature and check it can withstand the temperature without misalignment
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(e.g. test the finesse before and after baking).
o If successful, insert the cavity mount into the vacuum system and bake,
e.g. at 110 °C, for several weeks.

If the procedure outlined above cannot create a cavity with the required
finesse then changes will be made to the procedure as appropriate. If the
softening at high (baking) temperatures proves to be the limiting factor, then
alternative epoxies could be tried, for example the 353ND epoxy. Furthermore,
changes to the cavity mount design can be made to aid alignment, as will
be discussed in section 4.1.3. As a final backstop, changes could be made to
the cavity design itself if necessary, for example, the 4 curved mirror cavity
can be changed to a 2 flat, 2 curved mirror cavity where the alignment of the
flat mirrors is less critical. This cavity was simulated to have a similar beam
waist and required enhancement factor as the 4 curved mirror cavity and parts
for this alternate cavity have also been bought, as described in earlier in the

chapter.

96



CHAPTER 4

SYSTEM DESIGN

This chapter describes the system design including: the vacuum system used to
house the atoms and cavity; the coils used to generate the required magnetic
fields; and the laser system and telescopes used to create the necessary optical

beams.

4.1 Vacuum System

It is not possible to create the required cold atom clouds at atmospheric pressure
due to collisions with background gas atoms which lead to heating. Hence
the experiment must take place in an ultra-high vacuum (UHV) system. The
vacuum flanges used are of the ConFlat (CF) variety which use knife-edges and
soft metal gaskets to create extremely leak-tight seals. In Europe, the flange
sizes are named by the prefix DN followed their inner diameter in mm. There
are set standard sizes available.

To summarise from chapter 2, the vacuum system for this experiment
requires three key regions: a 2D magneto-optical trap (MOT) region where a
cold atomic loading beam is created; an ultra-cold atom preparation region

where a 3D MOT is produced (using the 2D MOT atoms and reflective prisms for
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light delivery) and further cooling is performed in an optical dipole trap (ODT)

which is generated in an optical cavity; and finally an atom interferometry

region where gravity measurements are undertaken. Figure 4.1 shows the

vacuum system design, with the key components numbered as follows:

1.

Rubidium dispenser attached to port of a DN40 4-way cross - inputs
rubidium atoms into the vacuum system.
2D MOT is formed in a 6-way DN40 cross, with 4 viewports being used

to input the 2D MOT cooling beams.

. The atomic 2D MOT beam generated is directed towards the 3D MOT

region with a pushing beam input through a fifth viewport.
Graphite tube used to limit atomic conductance between the 2D MOT
and 3D MOT chambers — housed in a DN16 tube.

. 3D MOT chamber houses the reflective prisms and cavity required for

ultra-cold atom generation — it has viewports to couple light into the

cavity and for detection.

. 3D MOT generation light is input from a large DN63 port above — 4

reflective prisms and a mirror then create the 6 counter-propagating

beams required for a 3D MOT.

. A DNG63 6-way cross is used as the atom interferometry region (system

would be upside down compared to figure for on ground gravity measure-
ments so that, when released, the atoms fall into this region) - ports are

used for measurement and detection.

. Valves used for attachment of temporary pumps which reduce the pressure

of the system from atmospheric and remove water and dirt.

. An ion pump and getter is continuously used to maintain the ultra-high

vacuuln pressure.

Where possible, standard vacuum parts were used for cost, ease, and lead
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Figure 4.1: 3D CAD design of the vacuum system. (1) Rubidium dispenser
(2) 2D MOT region (3) 2D MOT pushing beam (4) Conductance tube (5) 3D
MOT chamber (6) 3D MOT light (7) Atom interferometry region (8) Valves
(9) Ton pump and getter. See text for further details.

times. These parts are made from 316LN stainless steel which is a non-magnetic,
strong, weldable, corrosion resistant grade of stainless steel. However, the novel
design required the cavity and prism mounting structures and the 3D MOT
chamber to be custom designed, using 3D CAD software, and built using an
in-house workshop. These parts are made from titanium which is an ideal
material for portable, ultra-high vacuum systems due to its low magnetism, low
weight, and low outgassing properties. These custom parts will be described in

further detail subsequently.

4.1.1 3D MOT Chamber

Figure 4.2 shows the main chamber where the required test atoms will be

prepared. It is a custom designed, two-layered octagon. Two-layers are required
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(a) Side View (b) Top View

Figure 4.2: Custom designed and built vacuum chamber used to house the
3D MOT and cavity required to generate ultra-cold atoms.

for optical and electrical access to the vertically mounted, four mirror cavity.
Standard sized ports were incorporated for compatibility with off the shelf
vacuum components. The top and bottom ports are DN63 flanges and the

radial ports are DN16. The 16 available radial ports are used as follows:

e 1 attachment for atom input.

e 3 viewports for cavity light input and output (1560 nm).

1 electrical feed-through for the piezo used to adjust cavity mirror posi-

tions.

6 viewports for atom measurement and detection, 2 in the bottom plane

and 4 in the top (780 nm).
4 ports are blocked by the MOT prisms.

The remainder are uncoated viewports for viewing inside the vacuum.

This assignment of ports can be seen schematically in figure 4.3. The DN16

viewports, purchased from Torr Scientific, offer = 99% transmission.

There are additional tapped holes for chamber mounting or attachment of

external components. Note that one DN16 port is configured at an angle to
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(a) From Bottom - Layer 1 (b) From Top - Layer 2

Figure 4.3: Assigned use of the 16 available ports of the 3D MOT chamber.
Red, white, and black represent 780 nm coated, 1560 nm coated, and uncoated
viewports respectively. The ports for atom input and electrical feed-through
for piezo controlled cavity mirror adjustments are also labelled.

the chamber for 2D MOT mounting which is described in section 4.1.4.

4.1.2 Prism & Cavity-Mounting Flange

For the 3D MOT generation, 15 mm prisms (Thorlabs PS915H-B) were selected
which have a reflectivity of > 99.75% at 780 nm. These prisms, and the cavity,
will be mounted onto a custom built DN63-DN16 reducer flange as seen in figure
4.4. This flange has an in-built mounting structure for the 3D MOT prisms
with notches to aid alignment. There is also a central hole to allow the 3D MOT
light (input from above) to leave the chamber through a DN16 viewport where
it is retro-reflected by a mirror to create a required counter-propagating 3D
MOT beam (see section 2.2.1 for a description of the 3D MOT light generation
in a prism system).

The mount also has tapped holes for attaching the cavity mounting structure.
This cavity mount can be seen in place in figure 4.5. The mounts are designed

so that the optical dipole trap generated by the cavity should automatically
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(a) Machined mount (b) CAD showing prism placement

Figure 4.4: Custom designed and built flange DN63-DN16 reducer flange
used for mounting of the cold atom generating prisms (3D MOT).

overlap with the densest part of the 3D magneto-optical trap. Mounting the
cavity on a removable structure on this flange allows for adjustments and
cleaning to be made if necessary, or even for alternate cavity designs to be
tested. Note that these images were made/taken before the addition of an

extra rigid piece to the cavity mount (see section 4.1.3).

4.1.3 Cavity Mount

The cavity mounting structure can be seen independently in figure 4.6. It
consists of a base with 2 vertical posts which are attached together using screws
as shown in figure 4.6 (b)-(c). The base attaches the mount to the DN63 flange
as described previously and the posts are used to house the cavity mirrors.
To minimise post vibrations and movement, the base is made from a single,
circular piece which is 10 mm thick and the posts are as large as possible whilst
still fitting inside the clear aperture of the DN63 flange and without blocking
the 3D MOT beams (this can be observed in the overhead view in figure 4.5
(b)). An additional rigid piece was also added to the design for this purpose

as can be seen in figure 4.6 (d). This piece attaches the 2 posts, via screws,
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(a) Side View (b) Overhead View

Figure 4.5: Cavity mounting structure placed onto prism mounting flange.

approximately half way up. The thickness of this piece is limited by the need to
maintain optical access through the chamber viewports and it is semi-circular
so as not to block the incoming 2D MOT atomic beam (see section 4.1.4 for

description of the 2D MOT path).

The cavity mount was made out of 3 separate parts so that the faces of the
posts could be extruded into to hold the cavity mirrors. This would not have
been possible in the in-house workshop if the mounting structure was machined
from only a single piece. The posts contain 4 extrusions (2 each) for housing
the 4 cavity mirrors. These extrusions are placed so that the mirrors are at
(approximately) the correct distances apart and angles to generate the optical
cavity designed in chapter 3. The extrusions feature v-grooves which reduces
the degrees of freedom for mirror placement as can be seen in figure 4.7 (a)-(b).

The mirrors will be glued into place as discussed in chapter 3.4.

To input light into the cavity, the posts contain small holes for optical access
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(a) Disassembled (b) Partially assembled

(c) Underneath (d) Extra rigid piece

Figure 4.6: Optical cavity mirror mount made of a base and 2 posts (a). The
posts attach to the base via screws (b)-(c). An additional rigid piece is attached
via screws to minimise post movement (d).

to the back of the cavity mirrors. To generate a standing wave in the cavity,
which is desired to create an optical dipole lattice trap (refer to section 2.2.2),
the light has to be input into both cavity directions i.e. so that it circulates
both ways around the cavity. Therefore, light has to be directed onto the
back of the input mirror at 2 different angles. One of the beams is angled
perpendicular to the mounting posts and chamber wall and hence this is easily
input straight through the chamber viewport. However, the second cavity beam

is at a 45° angle to the first. Therefore, a further hole is added to the mounting
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post for an additional steering mirror, as shown in figure 4.7 (c¢). This mirror
has the same specifications as the cavity mirrors except it is flat, in order to
ease alignment. The steering mirror allows the second cavity beam to be input
through the same viewport, parallel to the first, as shown in figure 4.7 (d).
Furthermore, to align, lock and examine the cavity, an additional post hole

is added for an output beam and the second layer of chamber viewports was

aligned with this.

(a) V-groove mirror mounting (b) Holes to input light

(c) Back of post (d) Steering mirror

Figure 4.7: Illustrates the v-groove design used to mount cavity mirrors (a)
and the holes in the mounting posts used to input light to the cavity (b)-(c). An
additional steering mirror is used to input light into the second cavity direction
(¢)-(d). The mirrors are shown in green.

For fine control of the cavity length and alignment, a piezo actuator is
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required. This will be glued to the back of one of the cavity mirrors and hence a
9.3 mm circular extrusion is used to fit this in and to allow for mirror movement.
This is shown in figure 4.8. Two holes were also added into the post for the
piezo wires to exit and be attached to an electrical feed-through on one of the

chamber ports.

Figure 4.8: Piezo glued onto the back of one of the cavity mirrors. Holes are
added for the piezo wires. The cavity mirror is shown in green.

Two piezo options were purchased: PICMA PL033.31 and PD050.31 which
are both linear piezos whose respective properties can be observed in table 4.1.
These piezos were chosen because: they are small enough to fit into the cavity
mounting structure; they are suitable for vacuum conditions and come with
vacuum compatible wires attached; and because they have been approved by
NASA for space applications due to their consistency (of displacement) after
billions of cycles [127]. Each piezo has various advantages and disadvantages.
The (slightly) superior travel range and smaller width of the square PL033.31
piezo are advantageous. However the larger size of the PD050.31 ring piezo is
beneficial for cavity alignment. This is because, when using a linear piezo, it
should cover as much as possible of the (6.3 mm) cavity mirrors as an off centre
piezo placement will affect the cavity mirror length. Both piezos will be tested

experimentally. If these linear piezos are found to produce insufficient control
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for cavity alignment, 3 axis piezos will be investigated. If no small enough 3 axis
piezos can be found, alternative methods of moving the mirrors for alignment

will have to be included, for example, the kinematic mount discussed below.

Table 4.1: Specifications of the two linear piezo options from PICMA [128,
129]. Where OD = outer diameter, ID = inner diameter, and TH = thickness.

Part Type Size [mm] Travel Range [pm]
PL033.31 | Square 3x3xTH?2 2.2
PDO050.31 | Ring OD 5 x ID 2.5 x TH 2.45 2

As discussed in section 3.4, the optical cavity is expected to be the most
challenging feature of the system to build and optimise. Hence, further design
iterations of the cavity mount have already been planned and are discussed
subsequently. These changes can be implemented in future if required but were

beyond the timescale of this work.

Physical modelling software

If movement of the mirror mounting posts due to vibrations or thermal changes
is experimentally found to be problematic then the mount should be modelled
using a physical simulation software package, for example, COMSOL [130].
Then the best materials and structural design (e.g. thickness of base, screw
placements etc.) could be chosen to minimise movement and shift the vibrational

modes to less prohibitive resonant frequencies.

Additive manufacturing

Ideally the cavity mount would be monolithic (single piece) to reduce the
post movement, degrees of freedom for alignment, and vacuum complexity.
However as previously stated, this could not be machined by the in-house
workshop. A future solution could be to 3D print the mount, utilising the

research group’s existing contacts with UHV 3D printing companies and/or
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the materials research group at the University of Birmingham.

Material

Eddy currents induced in the mounting structure due to turning off the magneto-
optical trap magnetic field could cause vibrations. Titanium is a weakly
magnetic material however if there are still significant vibrations then alternative
materials could be investigated e.g. ceramics. Other materials (non-metals)

may also be less sensitive to thermal changes.

Kinematic Mount

If the machining tolerance of the mechanical workshop, combined with the
piezo motion, is insufficient to be able to accurately align the 4 mirror cavity,
then a kinematic mirror mount could be designed and incorporated into the
cavity mounting structure. An example of such a mount is shown in figure 4.9
which is a previously machined mount used for a different experiment within
the group. It consists of 3 rigid metal layers attached together with screws. 2
hex head screws can be used to adjust the angle of each layer and a set-screw
can be used to adjust the layer’s distance from the rest of the mount. The
mirror can be glued onto the front layer for 3 axis adjustment. To incorporate
a similar structure into our cavity mount design, most of the mounting posts
could be cut away for the top two mirrors and screw holes could be added.
Note that there is only a small space for such a mount and so small screws

would have to be used, or perhaps only 2 axis mounting would be available.

4.1.4 2D MOT Chamber

As described in the theory chapter 2.2.1, a 2D MOT will create an atomic beam
to load the 3D MOT instead of using a direct atom dispenser. This is necessary

to keep the background atomic density low in the 3D MOT chamber which has
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Figure 4.9: Example kinematic mirror mount.

two main advantages. Firstly, a lower background pressure is advantageous to a
cold atom cloud as it reduces background collisions. Secondly, a low background
pressure is required to keep the high reflectively cavity mirrors clean. This was
shown to be necessary in another experiment within the group which used a
cavity inside a vacuum but initially loaded from a dispenser: after one month
of use the cavity finesse dropped from 2000 to 551 and subsequent cleaning
of the cavity mirrors was shown to halve the round trip losses [126]. After
implementing a new design loading from a 2D MOT and using a graphite tube
(see section 4.1.5), the cavity finesse was maintained for over a year and a half
of operation. So that the cavity mirrors are not coated, the atomic beam must
be input in the plane perpendicular to the cavity mirrors and at an angle. This

angular input can be seen in figure 4.10.

To generate a 2D MOT, a standard 6-way cross can be used. This has 4
viewports for optical access (a 2D MOT requires 2 pairs of counter-propagating
cooling beams) and 2 ports which are attached to other parts of the vacuum
system. One of these attachment ports is connected to a 4-way cross which

contains the atom dispenser and a viewport for the input of a pushing beam.
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(a) In Plane of 2D MOT (b) In Plane of Cavity

Figure 4.10: Schematic showing how the atomic beam generated by the 2D
MOT (blue) is input the perpendicular plane to the cavity mirrors. The cavity
and 3D MOT beams are shown in white and red respectively. The 3D MOT
atom cloud can be seen in blue.

This beam helps direct the atoms from the 2D MOT into the 3D MOT chamber
through the other attachment port on the 6-way cross which is connected to a
DN16 nipple containing a conductance limiting graphite tube via a DN35-DN16
reducer flange. The graphite tube will be described in detail subsequently. This

vacuum arrangement is seen in the vacuum system design shown in figure 4.1.

As previously mentioned, using these standard vacuum parts is relatively fast
and simple. However, the 2D MOT beam flux is limited by the cooling length
available which is dependant on the beam size which is, in turn, dependant on
the available clear view of the viewport. After proof of concept, compactness
and atom flux could be improved by using a custom rectangular 2D MOT
vacuum chamber design like the one used by Uehlinger at the Swiss Federal

Institute of Technology Zurich [93].

The dispenser (SAES RB/NF/7/25/FT) is connected to an electrical feed-
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through DN35 port (Kurt J. Lesker EFT0043033) to allow current to pass

through it so that rubidium can be input to the vacuum system.

4.1.5 Graphite Tube

To further improve the likelihood of keeping the cavity mirrors clean, the
conductance from the 2D MOT to 3D MOT region is reduced using a long
graphite tube with a small aperture. This minimises the background atoms
that can pass but also acts to select colder atoms from the 2D MOT. This
is because atoms with a lower longitudinal velocity spend more time in the
cooling volume and, therefore, are trapped closer to the 2D MOT axis (of zero
magnetic field gradient).

The graphite tube aperture was set to be 3 mm (inner diameter) by con-
ductance calculations outlined in the next section 4.1.6. The length of the
tube was set to be 110 mm to fit inside the DN16 nipple that contains the
tube. It must then be checked that the atoms are moving fast enough along
the 2D MOT axis to make it out of the graphite tube and into the 3D MOT
region before being lost from the beam (e.g. due to the pull of gravity), but
are not moving too fast so that they will not be captured in the 3D MOT.
As described in section 2.2.1, the finite size of the 3D MOT cooling beams,
and hence cooling distance available, sets a maximum limit on the velocity
of atom that can be captured. Using equation 2.12, this ‘capture velocity’ is
calculated to be ~ 38 m/s for this system. By resolving the force of gravity
perpendicular to the 2D MOT beam axis and using equations of motion, it is
found that the maximum time an atom has to pass from (the centre of) the 2D
MOT through the graphite tube is 0.023 s. This requires that atoms in the 2D
MOT have a starting velocity of > 3.38 m/s which is sufficiently lower than

the capture velocity of the 3D MOT. Therefore, a significant amount of the
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(~ Maxwell-Boltzmann distributed) 2D MOT atoms will be capturable by the
3D MOT. Note that a pushing beam will also be used to redirect some of the
2D MOT atoms that are moving away from the 3D MOT, as described in the
2D MOT subsection of section 2.2.1. The additional acceleration created by
the pushing beam can be estimated using the equation for the scattering force
2.2.1 and then the power of the beam can be set to ensure that atoms still
reach the 3D MOT region with a speed below the maximum capture velocity.
Experimentally, the pushing beam power will be varied to optimise/maximise
3D MOT atom number. Note that in space, the movement due to gravity will
be negligible and hence a smaller conductance aperture could be used if desired.

The graphite tube has been manufactured by Goodfellow and is shown in
figure 4.11. The outer diameter of the graphite is set to 15.5 mm to fit inside
the DN16 nipple and it will be held in place by threading the final 15 mm of
the tube external which is attached to corresponding thread in the 3D MOT

chamber input port as can be seen in figure 4.11 (a).

—ﬁ// : | E0N - -
(a) Attaching graphite tube to chamber (b) Pinhole that atoms will travel through

Figure 4.11: Demonstrates how a graphite tube is attached to the 3D MOT
chamber via external threading.
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4.1.6 Pump

A vacuum pump is permanently attached to the system to continuously remove
ions and active gases from the chamber. The pump chosen for this experiment
was the NEXTorr Z 100 which contains a non-evaporable getter (NEG) for the
removal of active gases including background rubidium atoms. This NEG has
a pumping speed of ~ 100 L/s (atom/molecule dependent). It also contains a
6 L/s ion pump which removes noble gases and methane that are not pumped
by the NEG [131]|. To determine the vacuum conditions generated with this

pumping speed, conductance calculations were performed.

The pressure, P obtainable in a vacuum chamber is determined by the ratio

of the gas load, @, to the pumping speed, S [132]:

(4.1)

0O

In a ultra-high vacuum system, gas loads are created from experimental ru-
bidium atoms, outgassing from internal surfaces, and diffusion through the
external walls. The vacuum system was therefore designed to reduce these
gas loads. Walls of sufficient thickness can be used to ensure the diffusion is
sufficiently small. Outgassing is reduced by using vacuum-compatible materials
with low rates and by cleaning and baking (heating) the vacuum system to

desorp materials from the internal surfaces and evaporate water.

The throughput, @), caused by a pressure difference AP = Bigh, — Plow will
be given by:
Q=CAP (4.2)

where C' is the conductance between the two pressure regions which is, in turn,
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given by [132]:

3L\ 'm
C-—<14—g§) L (4.3)

for a tube of length L and radius R where v is the average gas speed in the
system. From this equation it is observed that a longer, narrower tube has
smaller conductance than a shorter, wider tube. The smaller the conductance
between two regions, the higher achievable pressure difference. However, the
conductance also limits the ability of a vacuum pump to remove unwanted
particles. Hence, the vacuum pump in this system was attached to one of the
DNG63 atom interferometry chamber ports (described in section 4.1.7) rather
than to the 3D MOT chamber directly as this chamber only had DN16 size

ports. The conductance creates an effective pumping speed, S* of:

SC

S=57¢c

(4.4)

Note that for multiple connections in series, the overall conductance is given

by:

==+ =+=+.. (4.5)

3D MOT 2D MOT
Pump Chamber Chamber

s, <3 S, <= e = <3S

PPUMP C3D—PUMP P}D CQD_SD PZD

Figure 4.12: Schematic representation of the vacuum system for conductance
calculations. See text for further details.

To determine the relevant pressures in our vacuum system, it is represented

schematically in figure 4.12 with the 3 key regions being the 2D MOT, the
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3D MOT, and the pump (connected to the Al chamber). Referring to figure
4.1, and using the equations outlined above, the pressure ratio between the 2D

MOT, Pp, and 3D MOT, Psp, vacuum regions is given by:

Pop _ SoCsp-pump
Psn Copsp(So + Csppump)

+1 (4.6)

where Sy is the pumping speed at the pump, Csp.pump is the conductance
between the pump and the 3D MOT, and Csp_3p is the conductance between the
2D MOT and 3D MOT regions. The conductance Csp_pymp is calculated using
the geometry of the DN63 6-way cross that connects the 3D MOT chamber to
the pump. Similarly, the conductance Csp_3p is determined by the dimensions
of the graphite tube that connects them, or more accurately, the graphite
tube dimensions were set by these calculations to ensure a sufficient pressure

difference.

The rubidium dispenser selected will create a background vapour of atoms
at a pressure of ~ 1078 mbar in the 2D MOT region (dependent on dispenser
current applied). To maintain ‘clean’ cavity mirrors and minimise background
collisions for the cold atoms, a significant pressure ratio between the 2D and
3D MOT regions, Pop/Psp, will be required. Performing the above calculations
and using an initial pumping speed of Sy = 100 L/s gives an effective pumping
speed in the 3D MOT chamber of Ssp = 44 L/s and equates to a pressure ratio
of Pop/Psp = 2459. Note that maintaining a large pressure difference between

two parts of a vacuum system in this way is referred to a ‘differential pumping’.

However, this calculation only considers the gas load caused by the back-
ground rubidium atoms coming from the 2D MOT chamber: Qop.3sp. When
this load has been sufficiently reduced, the outgassing load of the internal

vacuum surfaces, Qoutgas, becomes relevant and should be taken into account
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via:
~ QQD—{SD + Qoutgas

P
3D Sip

(4.7)

The surfaces present in the 3D MOT chamber are: titanium chamber walls
and mounting structures; fused silica viewports and cavity mirrors; N-BK7
prisms; a vacuum compatible piezo and wires; 316LN stainless steel electrical
feedthrough; and vacuum compatible epoxy for fixing cavity mirrors, prisms,
and the piezo. The total outgasing load can be approximated by estimating the
surface area of the various materials in the chamber and multiplying it by their
respective typical outgassing rates. However, outgassing rates for materials have
a significant range depending on baking time, baking temperature, quality of
cleaning etc. and most of the values given in literature are for unbaked materials
or for a baking time of between 1-24 hours at 100-150 °C. To minimise outgasing,
this experiment has a planned bake-out time of several weeks. Furthermore,
the coating used on the piezo (to prevent the transmission of water internally)
is an unspecified ceramic and the specific epoxy to be used has still to be
determined based on testing (see section 3.4). Hence, it is difficult to estimate
the outgasing load, Qoutgas, that will be present in the 3D MOT chamber.
However, a comparison can be made to another 2D-3D MOT experiment in the
group with an in-vacuum cavity controlled by a piezo where a finesse of ~ 2,000
was maintained for over a year of dispenser operation by using a conductance
limiting graphite tube of similar geometry (diameter = 3 mm, length = 100
mm) [126]. Compared to their experiment, the 3D MOT chamber presented in
this thesis contains some additional surfaces including the mounting titanium
structures and the reflective glass prisms. However, these materials are highly
vacuum compatible and the additional outgassing due to them is expected

to be low. The ‘dirtiest’ element of the vacuum system, is expected to be
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the piezo and hence it will be pre-baked before use to reduce its outgassing.
If the outgassing in this chamber is found experimentally to be too high (as
determined by the cavity finesse reducing over time), then the vacuum will
have to be broken periodically to clean the cavity mirrors. This is not ideal for
an experiment with a space-based application where long term autonomy is
essential. Hence, if necessary, methods to reduce the outgassing can be explored
including using a different piezo, attaching a pump with a higher pumping

speed, or attaching an additional pump directly to the 3D MOT chamber.

4.1.7 Atom Interferometry Region

The vacuum system requires a ‘drop’ region where the pre-prepared atoms
can free fall for gravimetry. This is entitled the ‘atom interferometry’ (AI)
region which in our system is constructed from a standard DN63 6-way cross,
as previously described at the start of the section. To minimise the overall
footprint of the system, this is added on the same side as the 2D MOT vacuum
parts and the whole system would be inverted (with respect to figure 4.1) for

gravity measurements.

4.2 Magnetic Field Generation

As described in section 2.2.1, the 2D and 3D MOTs require 2D and spherical
quadrupole magnetic fields respectively to confine the atoms. These will be
generated using current carrying coils, rather than permanent magnets, so
they can be switched off to allow the cold atom cloud to free fall for gravity

measurements.
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4.2.1 3D MOT Magnetic Field

The spherical quadrupole field (see section 2.2.1) can be generated with two coils
in anti-Helmholtz orientation i.e. with current flowing in opposite directions.
The magnetic field gradient created by this coil configuration is approximately
linear around the centre, passing through zero. This point of zero magnetic
field gradient will define the centre of the 3D MOT because the atoms will
be selectively pushed towards this point as described in section 2.2.1. To
achieve maximal cooling, this zero point is designed to align with the maximum
intensity of the Gaussian light beams which, in this experiment, is determined
by the placement (height) of the reflective prisms and the incoming overhead
beam. Typically, identical coils (i.e. same number of turns, wire radius, coil
geometry etc.) are placed equidistant from the maximum intensity point so
that the point of zero magnetic field gradient automatically aligns and the
same current can be supplied to both coils. But in this system, the magnetic
coils must be placed above and below the bottom layer of viewports of the
3D MOT chamber, so as not to block the optical access, as shown in figure
4.13 (a). However, the maximum light intensity does not occur in the centre
of these viewports and, hence, the coils cannot be placed equidistant from
this maximum. Therefore, the position of the magnetic field gradient zero,
with respect to the coils, must be shifted off-centre to balance this by using
a different number of turns in the 2 coils. To simulate this and design the
coils, the Biot-Savart law was used to calculate the magnetic field, B,, at some
distance, x, away along the axis of the coil for a coil with n turns, of radius R,

and carrying current /:

_ponl  R?
2 <x2+R2)%

B, . (4.8)
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The total magnetic field for the two coils is simply the summation of their
respective fields. The centre of the coils above and below the viewports are xpove
= 17.8 mm and Tpeow = 23.0 mm from the intensity maximum respectively
and this equates to a required number of turns ratio of Napove/below = 0.95
to align the magnetic field gradient zero point (assuming the same radii and

arbitrary current for both coils).
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Figure 4.13: (a) The simulated 3D MOT magnetic field produced by anti-
Helmholtz coils where the blue dashed and red dotted vertical lines represent
the positions of the centre of the two coils. (b) Zoomed in magnetic field around
the 3D MOT centre showing a field gradient of ~ 12 G/cm. The coils have
radii of R = 76.25 mm, 285 and 300 turns, and a current of / = 3 A.

A further issue with this magnetic field generation is that, due to the flange
mounting design and use of external viewports, the coils require a relatively
large radius of R = 76.25 mm to fit around the vacuum chamber. This means
that more turns and a higher current are needed to obtain the typical required
magnetic field gradient of ~ 10-15 G/cm around the MOT region. However,
increasing the turns and current increases the resistance of the coils which
generates unwanted heat. To circumvent this problem several steps were taken.
Firstly, the mount is designed from metal, rather than 3D printed from plastic,

so that it can sustain higher temperatures. This has the additional advantage
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of being more rigid, however, a slot has to be cut out of the mount to reduce
Eddy currents. Secondly, when winding the coils, thermal paste will be used
in-between layers of coils for improved heat dissipation. Thirdly, thicker radius
wires will be used to decrease the resistance. To ensure the resistance, €2, in
each coil was low enough, the power, P, was calculated via:

2I°pnR
12

P=1IQ= (4.9)

where r is the thickness of the wire and p is the resistivity of the wire. A power
of P = 40 W generates too much heat for in-air coils (i.e. with no additional
cooling) and hence the power calculated must be lower than this (ideally < 25
W). Using copper wires with » = 0.55 mm and p = 0.0172 Qm [133], 285 and
300 turns can be used in the ‘above’ and ‘below’ coils respectively to generate
the required field gradient at acceptable powers. With a current of I =3 A, a
magnetic field gradient of B ~ 12.3 G/cm is obtained with powers of Pupove
= 22.3 W and Poaow = 23.5 W. The exact current used would be determined
experimentally by optimising the 3D MOT density whilst keeping the coil

heating at acceptable levels.

The mount used to house these coils is shown in figure 4.13 (a). It is made
from a mounting structure for the 2 coils and separate pillars to attach this
structure to the chamber. This is because the coil mount has to be slid over
the chamber from the bottom, after vacuum system assembly, but the required
pillar width to attach the mount to the chamber (via screws) is too wide to fit
in-between the viewports. The mount will be attached to the pillars via screws.
Note that the edges of the mount are filleted to remove any sharp edges that

could damage the coil wires.

The bottom coil mount is slightly wider than the top one to match the
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2D MOT Coil Mounts

(a) 3D MOT (b) 2D MOT

Figure 4.14: 3D and 2D MOT coil structures mounted onto the vacuum
system. See text for further details.

additional number of turns required. The top mount is 15 mm wide which
fits 12 turns per layer and the bottom mount is 15.8 mm wide which should
fit 13 turns per layer so that both coils require 24 layers. With the expected
thickness of the wire, the thickness of the coils should be < 30 mm which is

the depth of the mounting structure.

Note that, in future iterations of the experiment, the DN16 viewports
attached to the chamber could be substituted for inset indium sealed windows.
This would reduce the radius of the 3D MOT chamber and therefore coil
radius, which would in turn allow for an increased magnetic field gradient, or
equivalently, the same field gradient with a lower input current or number of
turns. For example, an achievable reduction of coil radius to 70 mm would
increase the magnetic field gradient in the MOT region by 3 G/cm to > 15
G/cm.
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Compensation Coils

In addition to MOT generation coils, ‘compensation coils’ are also required.
These will be made up of three orthogonal pairs of Helmholtz coils where the
current through each pair can be adjusted to cancel the effects of any stray
magnetic fields. This is particularly important for the optical dipole trapping
stage of the experiment where there will be no trapping field to keep the atoms
in place and any stray fields could cause the cloud to veer off in a particular
direction. For a space compatible sensor, the experimental region would instead
be covered with magnetic shield. This has regularly been done in the research

group for mobile, ground based demonstrators.

4.2.2 2D MOT Magnetic Field

For the 2D MOT, four conjoined rectangular coils can be used to generate the
2D quadrupole magnetic field which has a line of zero magnetic field gradient
(instead of a point) to which the atoms will be confined. One pair of coils are
slightly smaller to fit inside the other: at 74.5x82.5 mm compared to 82.5x82.5
mm length. These coils will be mounted separately around the DN35-6 way
cross used to house the 2D MOT as can be seen in figure 4.14 (b). Note that
two of the mounts must be fitted whilst assembling the vacuum system and
hence these mounts will also be made from metal to withstand vacuum baking
temperatures. Similarly to the 3D MOT case, significant space could be saved
in future iterations of the experiment by designing a custom 2D MOT chamber
and indium sealing rectangular windows to it. This would halve the coil sizes
(to ~ 40 mm x 80 mm) which would again allow for a significant increase in

magnetic field gradient or reduction in applied current.
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4.3 Optical Delivery: Laser System & Telescopes

A laser system and telescopes must be constructed to provide the optical beams
required. One novelty of this experiment is the proposal to use a single laser
for the entire ultra-cold atoms generation i.e. for both MOTs and the optical
dipole trap. As described in the Atomic Species subsection of 2.2.1, one reason
Rb-87 was historically selected over other alkalies for cold atom experiments
was because of the existence of readily available lasers and components from
the telecommunications industry. These 1560 nm lasers are typically frequency
doubled to the 780 nm required for the Dy cooling transition. In this experiment,
the 1560 nm can also be directly input to the optical cavity for the production
of the ODT which requires far-detuned light (see section 2.2.2). Note that in
telecommunications, 1550 nm is actually typically used, however the lasers and
components have sufficient range to be operated effectively at 1560 nm.

Note that, in future, an additional laser system or arm would be required

for atom interferometry however this is beyond the scope of this work.

4.3.1 Fibre Laser System

In typical cold atom interferometry, the laser system has a large contribution
to the total size and power consumption budget. Hence, it is important to
design a compact and efficient laser system, especially for space applications
where a low SWaP is essential. To meet these criteria, the laser system will use
polarisation maintaining, fibre-coupled components which allows for a flexible
and robust set-up compared to free space optomechanics.

A schematic of the laser system to be used can be seen in figure 4.15. The
first step is to amplify the output of an external cavity diode laser (ECDL) to

~ 2 W. This can be done using separate components or with a combined laser
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module, for example the RIO GRANDE [134]. The light is then split using a
99:1 fibre splitter where the 1% can be used for laser locking and the rest is
further split at 75:25 which goes to the cavity-based optical dipole trapping
and MOT production respectively. These 3 ‘arms’ of the laser will be detailed

subsequently.
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Figure 4.15: Laser system design comprising of 3 main arms used for: laser
locking; MOT generation and detection; and cavity-enhanced optical dipole
trapping. See the text for further details.

Magneto-Optical Trapping

The MOT arm first passes through an electro-optical modulator (EOM) which
is driven by a voltage-controlled oscillator and potentiometer to add a 6.568
GHz sideband to the carrier beam [100]. This is required to re-pump atoms
back into the Doppler cooling transition as described in the Atomic Species

and Repumping subsection of 2.2.1. An erbium-doped fibre amplifier (EDFA)
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then amplifies the light before a periodically-poled lithium-niobate (PPLN)
frequency doubler converts it to the required frequency. Experimentally, the
frequency output of the ECDL is fine-tuned to resonance by varying the cavity
length with the built-in piezo electric actuator. It can then be red-detuned
until a MOT is observed in the vacuum system. The ECDL, EDFA, and PPLN
can each be controlled via a single USB port. An acousto-optical modulator

(AOM) is also used to quickly switch the light on and off as necessary.

Finally, the light is split into the required components for: the 2D MOT
cooling beams; the 2D MOT pushing beam; the 3D MOT cooling beam; and
detection light. From other experiments in the group using the same (15 mm)
prism size and literature based on Rb-87 2D MOTs, powers of approximately:
2 30 mW; 3-10 mW; 200 mW; and 1 mW are required for the beams respectively
[88, 92, 135]. This gives a total power requirement of 2> 250 mW. From the
fibre splitter, a power of 400-500 mW is input to this MOT arm, depending on
the efficiency of the initial splitters. The typical optical conversion efficiencies
of the particular suggested EOM and PPLN to be used are ~ 75% and 55%
respectively and therefore, a power of only ~ 150-200 mW would be available
without the EDFA, which re-amplifies the light. Using a 1 W EDFA would
produce the desired power for this arm. However, experimentally the 2D
and 3D MOT conditions that can be obtained without the EDFA should be
investigated because, if sufficient parameters (atom number, loading time etc.)
can be reached without amplification then this removes one component from

the laser system which is advantageous for minimising the SWaP.

Laser Locking

To reduce the frequency variations and drift of the ECDL, one of the laser system

arms is dedicated to ‘locking’ the laser to an external reference. This will be
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done using a glass cell containing 8’Rb vapour and based on the well-established
modulation transfer spectroscopy (MTS) frequency stabilisation technique. This
technique generates an electronic ‘error’ signal which represents the variation
of the laser frequency from the atomic transition frequency measured using
the glass cell. This signal is fed to the laser’s piezo to continuously counteract
frequency drifts. Only a small amount of optical power is split into this arm
so that the rubidium in the glass cell is not saturated. Further details of the
MTS locking method and its advantages can be found in literature [136-138|.
Note that, experimentally, a hybrid combined MTS and frequency modulation
spectroscopy (FMS) could be used to improve the locking stability [139]. A

laser arm will be constructed that is capable of both techniques.

Cavity-Based Optical Dipole Trapping

The final arm of the laser system is used to input light into the optical cavity for
optical dipole trapping. Free-space steering mirrors will be used to accurately
align the beam into the cavity and lenses can be used to match the size and
shape of the beam to a single mode (TEMyg) of the cavity. This technique is

referred to as ‘mode matching’ and is described in literature [140].

The well-established Pound-Drever-Hall (PDH) technique [141] will be used
to lock the cavity to the stabilised laser source. This involves directing phase
modulated light, made up of a carrier and two sidebands, onto the cavity.
Light reflected off the cavity is measured by a photodetector and contains the
two unchanged sidebands as well as the phase-shifted carrier component. The
photodetector signal is then mixed down with a local oscillator, which is in
phase with the modulated light. After filtering, an electronic signal is output
which represents how far off resonance the cavity is from the laser carrier. This

signal can then be used as feedback for stabilisation.

126



CHAPTER 4. SYSTEM DESIGN

Depending on the efficiency of the fibre splitters, 1200-1500 mW should be
initially delivered to this arm of the laser system. From previous calculations
in section 3.3.3, a cavity input power on the order of 100 mW is required for
sufficient optical dipole trapping depth. The lossiest parts of this arm are
expected to be the frequency doubler (PPLN), where ~ half of the power can
be lost, and the mode matching. To achieve the desired 100 mW, ~ 20% of
the initial light must be coupled into the TEM, cavity mode. With careful
alignment, percentages of > 80% can be achieved [126, 142| but cavity and
system design constraints in this experiment may reduce this value. Hence, the

final power achievable in this arm must be determined experimentally.

4.3.2 Telescopes

The beams coupled out of the fibres need to be magnified, collimated, and
polarisation corrected before being directed into the vacuum system. Hence,
telescopes were designed for this purpose. Telescopes are required for the
2D and 3D MOT generation as well as for the 2D MOT pushing beam and
light detection. All of the optical components were purchased from Thorlabs.
Standard lens tube components are chosen for speed and ease. However, as
the ultimate application of this work is space-based, in future single body
metal telescopes could be constructed with the optics fixed in place using space

compatible glues. This builds on heritage from previous experiments in the

group.
Pushing Beam

A 2D MOT is radially confined to ~ a few mm and hence a small pushing beam
can be generated by simply using a fibre collimator which is a lens pre-packaged

to attach directly to the fibre output. The part selected is the F260APC-780
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which will collimate the beam to ~ 3 mm. Note that the graphite tube inner
diameter, that the 2D MOT atoms have to pass through, is 3 mm and hence

this places an upper limit on the push beam size.

Detection

The optical access of the viewport used for detection is 16 mm (see 4.1) and
hence this beam diameter is aimed for. To achieve this, a plano-concave and
plano-convex lens will be used in tandem to expand and collimate the beam
respectively. The required focal lengths can be calculated using simple geometry
as illustrated in figure 4.16. According to this, the optical components selected
were: a F280APC-780 fibre collimator which creates an initial beam of radius

x1 = 2 mm; LC2969-B plano-concave lens with a focal length f; = -6 mm; and

LA1951-B plano-convex lens with fo = 25 mm. This should result in a final
collimated beam radius of x5 = 8.5 mm as desired. The parts will be held in

1” lens tube optomechanics.
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Figure 4.16: Telescope lens geometry used for expanding and collimating
fibre outputs. A plano-concave lens with focal length f; expands the fibre
collimated output of beam radius x;. A plano-convex lens with focal length f,
re-collimates the beam to a radius zs.
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Magneto-Optical Trapping

As outlined in the theory section, for the generation of MOTs circularly polarised
beams are required. The laser system uses panda-type fibre components which
attempt to maintain the ~ linear polarisation output by the ECDL [143].
The first optical component of the MOT telescopes is a linear polariser which
removes any non-linearities in the polarisations. The optical axis of this element
is aligned with the fibre polarisation axis to maximise light intensity. Next,
the light passes through a quarter waveplate whose ‘fast-axis’ is set at 45° to
the optical axis of the polariser so that the light polarisation is converted from
linear to circular. After polarisation correction, the beams are expanded and

collimated using the plano-concave - plano-convex lens configuration previously

described.

The 3D MOT is created using a single overhead Gaussian beam and reflective
surfaces. Hence, a beam size of 2 48.8 mm is required to cover the prisms. After
using the same fibre collimator and initial expansion lens as in the detector
telescope, there are 2 options for the final collimation lens: the LA1145-B or the
LA1050-B which have focal lengths of 75 mm and 100 mm respectively. These
generate beam diameters of 50 mm and 67 mm respectively. The later, larger
beam may be desired so that a higher intensity is incident on the prisms but this
beam will be clipped on the 63 mm clear view of the viewport. Both options
were purchased and the preferred choice, in terms of MOT atom number, will

be found experimentally. The parts will be mounted in 2” lens tubes.

Finally, for the 2D MOT, 2 pairs of counter-propagating beams are required.
To maximise the 2D MOT flux, a large as possible beam size should be used
[88]. The beam size is limited by the ~ 35 mm clear view of the viewports

however 40 mm beams are designed to cut off the low intensity outer ring
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of the Gaussian beam. This is done by using the same fibre collimator and
expansion lens as in the 3D MOT and detection telescopes followed by a 60
mm focal length collimating lens (LA1401-B). Again, the parts will be mounted
in 2” lens tubes. Furthermore, 2 retroreflecting prisms (PS976M-B), based on
the principle of total internal reflection, were used to reduce the number of
telescopes required from 4 to 2. These prisms come pre-mounted in a 2" lens
tube.

All of these telescopes can be seen in place around the vacuum system in

figure 4.17 in the final section of this chapter.

4.4 Full Assembly

The CAD assembly of the system design is shown in figure 4.17. This includes
the vacuum system, magnetic field coils, telescopes, and a mounting structure
to attach this to an optical table. Additional mounting structure may be added
to support the pump and 2D MOT region to minimise torque on the vacuum
joins. The laser system is not shown. Note that the peripherals are closely
fitting on this design i.e. there is little space between the vacuum flanges,
telescopes, and coil mounts. This would be improved in future iterations of the
experiment where a custom built, rectangular 2D MOT chamber could be used,
as previously suggested in section 4.1.4. This would be more compact and
could improve the 2D MOT flux due to increased optical access and therefore
beam size [88|. All of the components in the figure have been manufactured or

purchased and are ready for assembly.
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Figure 4.17: 3D CAD design of the full system assembly including vacuum
system, magnetic coil mounts, and telescopes.
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CHAPTER 5

CONCLUSIONS

5.1 Project Motivation and Goals

In conclusion, this thesis presents the design of a system that aims to prove
a novel all-optical method of generating the ultra-cold atoms required for
space-based cold atom interferometry. The proposed main application behind
a future sensor based on this technology would be for the observation of the
Earth’s gravitational field for use in climate monitoring and navigation [10-12].
Previously, classical devices have been successfully used for this purpose [27,
30, 31, 33] however the sensitivity limit of these classical technologies is close
to being reached [36].

Quantum sensors based on cold atom interferometry are a proposed method
of reaching improved gravimetry sensitivity [36, 42]. Atom interferometers
use pre-cooled clouds of atoms as the falling test mass for a gravity measure-
ment. These atom interferometers have an advantage when taken to space: the
measurement or drop time can be increased by a factor of 10-100 in the micro-
gravity environment. This improves the precision of the gravity measurement,
compared to on ground, by orders of magnitude because the sensitivity of a

cold atom interferometry is proportional to the interferometry time squared.
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However, this also creates a fundamental challenge for this technology:
over the increased measurement time, the thermal expansion of the atoms can
become problematic and limit the interferometry contrast. Hence, there is a

need to pre-cool the atoms to ultra-cold temperatures to minimise expansion.

One of the challenges of obtaining ultra-cold atoms is trapping the atoms
whilst further cooling is performed. The most developed technology for this
purpose currently uses atom chips which use a hybrid combination of magnetic
and optical traps. They are compact and provide fast cooling, however they
require a high current to generate the strong magnetic fields required. Also,
the atoms have to be trapped close to the chip surface which can limit cloud
sizes (a higher atom number is desired for signal-to-noise ratio). Furthermore,
magnetic traps have some inherent issues including: atoms must be prepared
in specific states for trapping; some atoms cannot be magnetically trapped at

all; and there are perturbations when the magnetic field is turned off.

Hence, the work presented in this thesis aims to develop a competitive or
complementary technology based on all-optical dipole trapping (ODT) methods.
This technique can be used for all states and atoms and therefore could be
used for atoms that cannot be magnetically trapped. All-optical traps were
historically not chosen because there is a requirement for high optical power.
Hence, the focus of this work was to design a novel, low input power, all-optical

trapping method of generating ultra-cold atoms.

This experiment will also use a single laser to provide all of the light required
for the 2 stage cooling process. Using a single laser would reduce the power
and size footprint of the system, which is advantageous for space applications.
It would, according to literature, be the first time a single laser has been used
for all of these stages in one experiment. However, this single laser system

further amplifies the power requirements of the ODT due to the non-optimal
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wavelength that must be used for trapping. The solution proposed in this work
is to use a reflective optical cavity, inside the vacuum system containing the
atoms, to enhance the optical power in the dipole trap. The optical cavity will
balance, in real time, travelling wave (single beam) and standing wave (lattice)
trapping to optimise the evaporative cooling process for final atom number,

temperature, and speed.

Furthermore, this experiment plans to build on heritage in the group of using
a compact prism-based pre-cooling magneto-optical trap stage. If successful,
this would be the first optical dipole trap and Bose-Einstein condensate loaded

from a prism-based MOT.

5.2 Summary of Work Completed

Firstly, ABCD matrix formalisation, set out in chapter 2, was used to model
various optical cavities and the optical dipole traps they would generate, in
chapter 3. Cavity parameters investigated included: number of mirrors; radius
of curvature of mirrors; reflectivities of mirrors; cavity geometries; cavity
stabilites; and beam waists. From this modelling, a 4 all-curved-mirror cavity
was chosen with equal radii of curvature, R; = 75 mm, reflectance of the input
mirror of r{ = 0.9988, reflectance of the other mirrors, 755, = 0.9997, sagittal
(axial) and tangential (radial) beam waists of wps = 155 pm and wp, = 158
pm respectively, and corresponding sagittal and tangential stability parameters
of -0.04 and 0.43 respectively. Assuming 100 mW is coupled into the cavity,
it will generate an initial optical dipole trap depth of 131 nK which should
capture ~5% of the MOT atoms. After evaporative cooling, between 1-10% of
these atoms are expected to remain and from this, and the range of possible

measurement times in microgravity, an expected gravity sensitivity of between
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1078 - 10~ Gal is predicted for this system in a space environment. This
improves on the current classical Earth observation sensors by several orders of
magnitude and hence, it validates this system for future, high precision space
based gravimetry. The cavity mirrors, alignment enabling piezo actuators, and
the epoxies proposed to hold everything in place, have been custom purchased

and are ready for initial testing.

Furthermore, the rest of the system was designed including the the vacuum
system; the magnetic field generating coils; and the laser system and telescopes,
as is described in chapter 4. The vacuum system is a multi-chamber system
containing a custom conductance limiting tube so that the atom loading region,
containing a dense rubidium vapour, is kept separate from the ultra-cold atom
preparation chamber. In this chamber a low background is required to keep
cavity mirrors clean and to reduce background collisions which can knock
atoms out of the trap. This ‘differential pumping’ stage can maintain a pressure
difference of ~ 2,500 however a lower ratio is expected due to outgassing
of materials in the vacuum. The ultra-cold atom preparation chamber was
custom designed, using 3D CAD software, and built in the in-house mechanical
workshop so that the pre-cooled atomic loading beam could be input at a
custom angle to maximise loading whilst simultaneously preventing atoms
from coating the cavity mirrors. Custom prism and cavity mirror mounting
structures were also designed and built and these structures should enable the
centres of the magneto-optical trap and optical dipole trap to automatically
align for maximum atom transfer. Attached to the preparation chamber is
a region where atom interferometry can be performed in future. All of these
vacuum parts have been ordered /manufactured, cleaned, and are ready for

assembly:.

The laser system is designed as 3 main ‘arms’ responsible for providing the
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required light for: atomic beam and magneto-optical trap generation and atom
detection; cavity-based optical dipole trapping; and laser locking. It is proposed
that a readily available laser, operated at 1560 nm, could be used to provide the
ODT beams, and a portion of the light could also be frequency doubled, using
off the shelf components, to 780 nm which is the resonant frequency of the D2
transition in Rb-87 and is required for laser cooling. Using this design, a single
2 W laser could provide all of the necessary light beams for the system. To
increase the flexibility and robustness of the laser system, it was designed using
fibre based components, where possible. This is important for space-based
future applications. Telescopes were also designed to couple the light from the
fibres to the chamber. These will use standard lens tube components but could
be made space-compatible in the future by using single body metal telescopes

which builds on heritage previously developed within the group.

5.3 Future Work

The immediate next steps of the project would be to test the epoxies and to
build the optical cavity. Once built it would be fully characterised (in terms of
finesse, mode image, etc.) both before and after a test-bake to ensure it can
withstand high temperatures. As the cavity building, alignment, and testing
is expected to take some time, the vacuum system can be built and tested
in tandem. A magneto-optical trap can be obtained, characterised (in terms
of atom number, temperature etc.), and optimised so that when the cavity
is ready and put into the system, work can immediately begin on generating
an optical dipole trap (after re-baking the system to maintain low vacuum

pressures).

Once the cavity is in the vacuum system, atoms will be transferred to the
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optical dipole trap. This transfer process will be optimised (in terms of atom
number, temperature etc.) using techniques established in literature. Once
in the trap, a standing wave can be generated in the cavity to convert to an
optical dipole lattice trap. This will also be characterised before attempting
evaporative cooling, ideally to quantum degeneracy. This can be done simply

by reducing the intensity of the cavity beams.

In the further term, once this method of ultra-cold atom generation has
been demonstrated and optimised, atom interferometry measurements can be
attempted. Note that the vacuum system has already been made ready for this
purpose however additional laser system components will be required. From
the on-ground measurement sensitivity achieved, it can be extrapolated what
the sensitivity in the microgravity environment of space would be and this
can be compared to existing sensors and other proposed future technologies.
If this sensor proved competitive, then work towards qualifying this system
for space applications could be made. Where possible, space qualified parts
were used in this system. However, as the experiment presented in this thesis
is a proof of principle demonstrator, cost and lead-time were prioritised over
space compatibility. Hence, in the long-term, significant focus would be put
on improving the technology readiness level of this system for space. For
this, the SWaP of the system would be minimised by, for example, making
more custom vacuum parts out of titanium rather than off-the-shelf stainless
steel. Furthermore, existing components could be replaced with similar, space
qualified versions, for example the fibre laser system components and optics.
This would build on miniaturisation heritage within the group [92]. As well
as low SWaP, the system would have to be tested for space-compatibility
in terms of vibrations, radiations, and thermal changes and an automated

computer control system would be required. The technology readiness level of
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5.3. FUTURE WORK

the system could therefore be proved step-wise; first in the laboratory, then on
space testing platforms, then in a drop tower, next on a parabolic flight etc.
Most space-based sensors are proved this way over a significantly long-time
scale. However, if the system could be made compact and low power enough, a
miniaturised satellite (CubeSat) demonstrator could be attempted which allows
for a faster and cheaper launch. This would build on previous heritage in the
group [57].

Note that quantum technology proposals have been previously rejected from
large scale (ESA and NASA) funding, due to the immaturity of the technology
in terms of space qualification. However, this funding is critical because it
takes significant time, resources, and iterations to convert a concept into a
launchable, space-qualified sensor. Therefore, the ultimate aim of this project
is to act a proof-of-principle demonstrator which could secure further funding

for future work.
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