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Abstract

A cold atom interferometer is operated in a gradiometer configuration, to
overcome the challenges presented by gravity sensing in a civil engineering
environment. Such operation allows for the suppression of common mode
noise sources, including vibration and environmental effects. Through inte-
gration of the instrument into a sensor and control package, the sensor pack-
age may be readily carried by two persons in order to operate in the field.
An all-in-fibre laser system is used to reduce effects of mechanical shocks as-
sociated with transportation and operation outside. The cold atom system
is shown to work repeatably over a broad ambient temperature range, with
atom numbers of 10° participating in each interferometer, at temperatures
of (2.86 £0.09) pK and (3.7 £0.2) pK for the top and bottom clouds, re-
spectively. The gravity gradiometer demonstrates the same performance in
and out of the laboratory, with an outdoor performance of (466 + 8) E/v/Hz,
at a 0.67 Hz measurement bandwidth, integrating to a resolution of 17E. A
sensitivity to tilt three times less than an ideal gravimeter is measured, al-
lowing for operation in more challenging environments. Measurements of
changes in gravity gradient are demonstrated through the modulation of
test masses, resolving signal changes below 50 E. The sensor is operated in
a civil engineering environment, demonstrating point to point repeatability

of (52 £ 40) E.
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Above all else, the mentat must be a generalist, not a specialist. It is wise to have
decisions of great moment monitored by generalists. Experts and specialists lead
you quickly into chaos. They are a source of useless nit-picking, the ferocious
quibble over a comma. The mentat-generalist, on the other hand, should bring to
decision-making a healthy common sense. He must not cut himself off from the
broad sweep of what is happening in his universe. He must remain capable of
saying: “There’s no real mystery about this at the moment. This is what we want
now. It may prove wrong later, but we’ll correct that when we come to it.” The
mentat-generalist must understand that anything which we can identify as our
universe is merely a part of larger phenomena. But the expert looks backward; he
looks into the narrow standards of his own speciality. The generalist looks
outward; he looks for living principles, knowing full well that such principles
change, that they develop. It is to the characteristics of change itself that the
mentat-generalist must look. There can be no permanent catalogue of such
change, no handbook or manual. You must look at it with as few preconceptions

as possible, asking yourself: “Now what is this thing doing?”

The Mentat’s Handbook - Children of Dune
Frank Herbert
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Chapter 1

Introduction

Measurements of the local gravity, and gravity gradient, of the Earth, have
long been highlighted as a means to measure sub-surface mass changes and
density distributions, enabling non-destructive imaging of the underground.
The first transportable gravity, and gravity gradient, sensors, developed in
the 19th century, derived their measurements from the oscillation time of
a double pendulum [1], and the rotation of a torsion balance [2]. Devices
of this construction were used ubiquitously until the mid-20th century, con-
tributing to the field of geodesy, as well as oil and mineral prospecting,
where fractional changes of g at the 10~7 were sufficient to measure large
geophysical phenomenon [3]. Today, these devices are largely the remit of
museums and collectors, with advances in technology turning focus towards
devices measuring objects in free-fall [4], or applying a force to keep a test
mass in equilibrium with gravity [5, 6].

With the advent of atom interferometry demonstrating sensitivity to
gravity in the 1990’s [7, 8], new gravity sensors based on interfering cold
atoms began development, with the significantly lower sensitivity limits

meaning they quickly outperformed the leading commercial classical sen-
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1.1 Measuring the gravitational field

sors. A push in the last two decades has been to bring instruments of this
type from the well controlled conditions of the laboratory, to operation in a
field environment, whilst maintaining the performance improvements given
by using interferometry [9-11]. Use of cold atom systems for applications
outside of fundamental physics is often termed “quantum technology”, with
effort focused on making instruments of this type more robust and compact.
Particular emphasis has been put on creating laser systems that can function
reliably in the adverse conditions presented by outdoor operation [11-14].
Systems based around quantum technology have been developed to tar-
get wider geophysics applications [15], with measurements of large geological
features being made [16]. Although the performance of these instruments are
promising, any relevance to civil engineering has not been demonstrated in a
representative environment. The hurdles to achieving such a measurement
are worth tackling; the potential sensitivity increase of quantum devices
opens up the possibility for detection of smaller feature sizes and anoma-
lies at lower depths, enabling more widespread use of gravity and gravity
gradient measurements in applications such as civil engineering [17, 18].
Here, a cold atom gravity gradiometer is developed for use in a field
environment, with a sensitivity relevant to the detection of typical civil
engineering features, such as pipes and tunnels. An overview of the thesis

may be found at the end of this chapter.

1.1 Measuring the gravitational field

Gravity is the weakest of the fundamental forces, with objects as large as the
Earth creating a small attraction between its inhabitants. However, whist
the forces are small, the effects of gravity cannot be attenuated - changes

in the gravitational field are always measurable provided an instrument is



1.1 Measuring the gravitational field

sensitive enough. To understand the signal sizes associated with gravity,
first consider the force due to gravitational attraction between two objects.
This is given by the equation for universal gravitation [19], and depends on
the masses of the two objects m and M, inversely scaled by the square of

the distance r between them

GmM

F =
7"2

. (1.1)

To measure the strength of the gravitational field, referred to simply as
gravity, from a mass M, the substitution F = mg is made. This results
in the field equation (1.2), where additionally the mass M, is expressed in
terms of a spatially varying density p, integrated over the volume V. The
value of gravity g, at a given point, is the magnitude of the infinite sum of

all contributions of mass, scaled by the square of their relative distances

GM |
g=lgl=|—75*1
;

e fra .

r2

For the gravitational field of Earth, there is a moderate variation over the
surface due to a variety of global and local effects. The oblate spheroid shape
of the Earth provides the largest positional change, with the average value
of g changing with latitude, from 9.78 ms~2 at the equator, to 9.83ms~? at
the poles [20]. Interest in temporal and spatial perturbations to these values
form the field of geodesy, where geological, topographical, and environmental
features all shift the local value of g by amounts dependent on proximity
and size. Typically these shifts change the value below the order 10~ %¢ [3].
Ocean loading, ground water levels, and tides all add a time dependence to
the local value of g, with different characteristic times. Shifts of this kind

may be readily measured by gravity sensors operating at the 10~8g level



1.1 Measuring the gravitational field

[3, 21].

All measurements of gravity suffer from the same unavoidable issue as a
consequence of the equivalent principle - acceleration due to the gravitational
field is indistinguishable from acceleration produced by an inertial force. The
consequence of this is that any acceleration, such as vibration, will be mea-
sured equivalently to the gravitational field. Vibration and micro-seismic
noise is dominated by low frequencies, of order 0.1 Hz [17, 22]. Without ap-
propriate compensation, a gravity measurement will require averaging over
many cycles to reduce vibrational noise, in order to be able to measure the
small signals produced by a gravitational anomaly. For features smaller than
the gravity signals of tidal effects, the resolution of such an instrument relies
heavily on an accurate tidal model being subtracted from the raw data.

From a fully characterised field profile, where the value of gravity is
known at all spatial positions and times, the mass distribution responsible
for the field may be determined with a unique solution. In general, measure-
ments of gravity using a gravity sensor, often termed gravimeter, are limited
to measurements across a small area of the surface, or even just a single line,
due to long measurement times and accessibility. Since the characterisation
of the field is incomplete, the inversion of the gravity map leads to degen-
erate solutions of the mass distribution; the same signal may be produced
by a massive object far away, or a small object close by. Prior information
may be input to the calculation, such as expected density contrasts, in or-
der to reduce the number of possible solutions and calculate the most likely
gravitational anomaly [3, 23, 24]. The use of complementary measurement
techniques may also be used to rule out solutions and lift the degeneracy.
Complementary information may come from additional measurements of the

gravity gradient, or through other modalities, such as magnetometry.



1.1 Measuring the gravitational field

1.1.1 Operation of gravity sensors

Measurements of gravity may be characterised by the terms “absolute” or
“relative”. An instrument that independently measures acceleration due to
gravity, without external calibration, may be termed an absolute gravimeter.
If, however, the value of gravity may only be derived through calibration to a
known gravity reference, then the instrument is termed a relative gravimeter.
The use case tends to determine which technology is used, and thus the type
of measurement outputted.

For applications targeting monitoring, the instruments tend to be trans-
portable systems that are installed for long measurement campaigns. Often,
long term precision is prioritised in order to measure changes in the grav-
ity signal with time. To achieve this, measurements of this type require
low instrument drift [25]. Applications requiring accuracy may prioritise
use of an absolute gravimeter, but many applications are interested in spa-
tial or temporal changes compared to a reference point, meaning a relative
measurement of gravity is usually sufficient. Examples of gravimeters used
for monitoring purposes are instruments based on a levitated superconduct-
ing sphere [25], and the free-fall of a corner cube reflector [4]. The most
widespread absolute gravimeter used for monitoring, measures the change
in fringe phase of a Michelson interferometer, during the free fall of a corner-
cube reflector in one of the interferometer arms [4]. Instruments of this type
have demonstrated accuracy to to 2ng [26]. In general, mechanical systems
tend to lower the measurement bandwidth to 1 drop every 10 minutes, in
order to reduce mechanical wear of the free-fall mechanism. Free-fall corner
cube gravimeters already operate close to their noise floor, meaning that
orders of magnitude improvements in performance are unlikely to be made

[27].



1.1 Measuring the gravitational field

Gravity sensors may also be used in the context of fundamental physics
and the determining of physical constants. Here, accuracy is required in
order to calculate other quantities, for example the Kibble balance, where
the weight of the balanced test mass is dependent upon the value of local ¢
[28].

In order to achieve the best results for instruments whose function is
monitoring and accuracy, the conditions of the measurement space must be
prepared to provide a low noise environment, shielded from environmental
and vibrational noise. The alignment of a gravimeter must also be carefully
controlled, to avoid changing the measured value of gravity. An instrument
aligned at an angle to the local gravitational acceleration will measure the
projection of the gravity vector g, scaled by the cosine of the angle. Signal
sizes for gravitational changes are small, and the precision of a gravime-
ter will be fundamentally limited by the ability to control the tilt of the
instrument. A signal size of order 10™%¢ is typical for civil engineering ap-
plications, and would be obscured by a tilt of 2.5 mdeg.* An additional
challenge for gravimeters is thus providing a stable, low noise measurement
location in order to reach an instrument’s best performance.

Geophysical and civil engineering applications often require operation
of instruments outside of designated measurement facilities, increasing the
challenges presented by gravity sensing. Additional noise sources are in-
troduced, such as: wind noise, where a field instrument is buffeted by the
wind; and temperature fluctuations. Wind noise induces both inertial noise
and changes to instrument tilt, especially when surveying near trees, where

the motion of the trunk causes the roots to change the ground level [29].

*For measurements of angle, degrees will be written as the contraction “deg” with
standard SI prefixes of order. This is to avoid ambiguity when discussing in conjunction
with temperature.



1.2 Measuring gravity gradients

For spatial mapping, an instrument will be moved multiple times, requiring
fast measurements and point to point repeatability. Field instruments also
require additional protection from environmental effects, and require rugged
packaging to shield against temperature fluctuations, wind noise, magnetic
fields, and more. They also need to be readily transported, and without long
setup times. For field applications, spring based gravimeters, such as the
Scintrex CG-6 relative gravimeter, are a popular choice. They offer a com-
pact size and usability, whilst providing a measurement repeatability of 5 ng
[30]. Spring based gravimeters suffer from drifts of order 100 ng/day in the
measured value of g [30], but repeated measurements at a base station point
can allow for linear corrections to be applied to the data in post-processing
[3]. This means that survey practice can often be used to overcome some

shortcomings of an instrument.

1.2 Measuring gravity gradients

Measurements of gravity, using two sensors separated by a vertical distance,
can be used to calculate the vertical gradient of the vertical component
of the gravitational field, which shall be colloquially referred to as grav-
ity gradient.* As well as providing additional information about the field
profile, certain implementations of the gradient measurement can be used
to overcome some of the identified issues with gravity sensing; namely, the
subtraction of common noise sources, such as vibration and microseismic
noise, as well as a reduction in the sensitivity to tilt. To achieve such an

implementation, two measurements of the gravitational field must be taken

*To measure the gravity gradient completely, a full 3 x 3 tensor is required, providing
the gradients between each spatial axis. Here, the component T, is discussed only, which
provides the most information about changes in the local gravitational field due to sub-
surface voids.



1.2 Measuring gravity gradients

simultaneously, and in a well coupled system, such that the noise measured
at one position is measured equally at the other. When taking the subtrac-
tion of the measurement, required to calculate the gradient, the common
noise sources are cancelled, leaving only the gradient of the gravitational
field.

The resulting gradient signal is reduced when compared to the signal
sizes associated with gravity; however, since the gradient can be changed by
increasing the baseline, the signal size may be tuned. The benefits of gra-
diometry over gravimetry mean that when measuring equivalent anomalies,
the signal to noise ratio is often better, since offsets and systematic shifts

are suppressed or reduced in a coupled gradient measurement [17].

1.2.1 Common mode noise suppression

In the case of the well coupled system and the two measurements occur-
ring simultaneously, the common mode noise sources can be suppressed.
Gradiometry can therefore allow for an instrument to operate in environ-
ments with increased seismic activity, natural or man-made, which generally
are not explored using gravimeters. Without the requirement for long in-
tegration times, a gradiometer with common mode noise suppression may
provide faster measurements in the field, increasing the use of gravity as a
civil engineering tool.

The mechanism for a coupled system determines how well the common
mode noise suppression can be achieved. High sensitivity in a gravity gra-
diometer comes from both the performance of the acceleration measure-
ment at each spatial point, and the size of the baseline between each sensor.
Achieving high performance in each sensor requires all systematic effects

to be accounted for and the relative alignment of each sensor to be fixed.



1.2 Measuring gravity gradients

Furthermore, coupling of inertial noise must be exact between each measure-
ment point, which becomes more difficult as the baseline increases into the
metre scale. If noise sources within the sensor can be made to be common
between each sensor measurement, then the gradiometer can also reduce
some of the technical noise constraints, which would have introduced noise

or systematic shifts in an equivalent gravimeter.

1.2.2 Reduction in tilt sensitivity

Instead of measuring the tilt projection onto the radius of the Earth, the
gravity gradient measurement instead measures the tilt with respect to the
baseline of the instrument. The angle with respect to the gravitational field
is common between both measurements, with the tilt taken as a projection
on the baseline instead of the Earth’s radius. The resulting shifts require a
larger tilt in the gradiometer to achieve the equivalent shift in the gravime-
ter. This is shown in figure 1.1. Where a tilt of 2.5 mdeg was enough shift the
measured value of gravity by 1ng, a comparable gradient signal size would
require an instrument tilt of 1.46 deg to reduce the signal size by 1 E.*

To illustrate the point further, assuming that the tilt can be controlled
to within 2.5 mdeg in the field, the gradiometer measurements will have an
uncertainty due to tilt of 3-107°E, significantly lower than typical signal
sizes of order 10 E. Again, this suppression in instrument tilt, when com-
pared to a gravimeter, may only be achieved in a well coupled system, where

both measurement points experience the same tilt.

*E6tvos is a typical unit for gravity gradient, where 1E = 1-107%s72



1.3 Measuring gravity with atoms

Figure 1.1 Instrument tilt causes a measurement of the projection of gravity. a) In
the case of a gravimeter the tilt is projected onto the radius of the Earth, causing
small tilts to significantly change the measurement of g. b) The effect of tilt is
significantly reduced in a gradiometer configuration, where a common instrument
tilt is projected on to the distance between the two sensors, of order meters, and
evaluated at the average gravity gradient of Earth, 3086 Em~! [3].

1.3 Measuring gravity with atoms

Atoms provide an ideal test mass for measurements of gravity. Each atom
is indistinguishable from others of the same isotope, making a universal
reference mass that does not depend upon manufacture tolerances. Through
interactions with optical and RF frequencies, as well as magnetic fields,
ensembles of atoms can be trapped, cooled, and manipulated. Using the
techniques of atom interferometry, the sensitivity limits of an atom based
gravity sensor far exceed any classical sensor, of which the best already
operates at its classical noise limit [27]. Even with technical noise, cold atom
based gravimeters have been shown to outperform the classical standard in
sensitivity, even when operating in the standard interferometry scheme - the
Mach-Zehnder type interferometer [11, 31-33].

Atom interferometry puts a free falling atom into a quantum superpo-

10



1.3 Measuring gravity with atoms

sition of two momentum states, creating two spatial paths for the atom
to travel over. When the paths are recombined, a phase difference between
each path can be determined, from which a value of gravity can be measured.
Clouds of cold atoms are used to perform atom interferometry, allowing for
millions of individual atoms to undergo the same sequence at one time. Large
statistical significance may therefore be placed on the resulting gravity mea-
surements. The sensitivity of an atom interferometer depends its area - the
integrated space enclosed by these two paths, and can be increased through
lengthening the time the atoms evolve for, or by separating the two paths
by a larger distance through techniques such as large momentum transfer
(LMT) [34-37]. The current performance of cold atom gravimeters shows
promise as a competitor to current technologies, with a trajectory to orders
of magnitude improvements to the performance through techniques such as
LMT. The potential improvement over current technologies makes the use
of cold atoms in an inertial sensor appealing; the remaining challenges are
mostly of a technical nature.

For use in measurements of gravity gradient, atoms provide an ideal
medium since spatially separated atoms can be directly coupled with a com-
mon laser beam. The common laser beam is used as the reference between
the two measurements and noise sources, such as vibration or laser phase
noise, are imparted on the atoms equally. The gradient measurement re-
moves these common effects, as discussed, leaving only uncommon system-
atic shifts that effect each atom differently. Suppression of common mode
noise has been measured to below 140dB in a cold atom gradiometer [38],
demonstrating the suitability for using atom interferometry to construct a
gravity gradiometer.

Gravity gradient measurements, using atom interferometry, have been

11



1.4 A gravity gradiometer for civil engineering

performed in laboratories to measure fundamental constants such as: the
fine-structure constant [39], the gravitational constant [40], as well as tests
of the equivalence principle and general relativity [41, 42]. Cold atom gravity
gradiometry has also been proposed as a means to measure mid-band grav-
itational waves, with construction of initial experiments underway [43-45].
These instruments are designed to be very targeted in their application, en-
abling the high precision required, but in a form factor which is not directly

translatable into other applications.

1.4 A gravity gradiometer for civil engineering

In civil engineering, gravity, and gravity gradient, maps may be used to
understand the sub-surface. The most prevalent identifiable features are
those which demonstrate a large contrast in mass, or density, compared to
the surrounding area, which for civil engineering typically means a soil to
air boundary. Thus, gravitational anomalies of interest usually fall in the
category of: mine shafts, tunnels, sinkholes, pipes, etc.

Current gravity sensing in the field is usually performed by the CG-
5/CG-6 relative spring based gravimeters. Mapping an area for micro-
gravity, before construction, can reduce additional costs due to unexpected
sub-surface voids. However, this is rarely performed due to the length of
time such a measurement set takes. Current gravity maps take 10-15 min-
utes per measurement point, making gravity mapping for large scale civil
engineering targets prohibitive, due to time and associated costs.

For typical signal sizes in a civil engineering field application, it has been
shown, through simulation, that atom interferometry based gravity gradiom-
etry could offer a significant benefit through reduction in inertial noise, lead-

ing to an overall higher signal to noise ratio compared to gravimetry [17].

12



1.4 A gravity gradiometer for civil engineering
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Figure 1.2 Contours showing signal sizes in E6tvos for a density contrast of soil
to air, for a gradiometer with a 1 m baseline. Shaded regions show the parameter
space for some typical civil engineering features [46].

This is the case for both current classical gravimeters, or future quantum
technology based gravimeters.

Modelling a gravitational anomaly as an infinite cylinder of different
radii and depths from surface, allows the parameter space of civil engineer-
ing to be explored. This is shown in figure 1.2, where contours show the
expected signal in units of gravity gradient, and approximate dimension
of civil engineering features are overlain. Despite the promising detection
depths predicted in the literature [17], the parameter space for anomalies are
restricted to near surface at current instrument performances [10]. For an
instrument to cover all applications in civil engineering, the sensitivity and
repeatability should be such that a signal size of a single E6tvos is resolved.
Since current gravity measurements are limited due to integration time, a
cold atom gravity gradiometer should aim to reach a comparable resolution

in a shorter time.
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1.5 Thesis outline

1.5 Thesis outline

An overview of the theory for atom interferometry, using cold atoms, is in-
troduced in chapter 2, as well as the parameter space a field capable gravity
gradiometer should sit within. This is used to help design a new sensor
package, using an existing control package, to reach application ready sensi-
tivities. The design and construction of this new sensor package is discussed
in chapter 3, and an overview of the supporting control package in chapter 4.
Once integrated as a complete system, the characterisation and optimisation
of the gravity gradiometer are discussed in chapter 5. The final performance
of the instrument is examined in chapter 6, where initial characterisation of
systematic effects has begun, determining the instrument’s suitability as a

field instrument.

1.6 Statement of contribution

Unless otherwise stated or referenced, the data, analysis, and work are the

authors own.
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Chapter 2

Theory and system

requirements

The gravity gradiometer is based on Raman atom interferometry, using cold
atom clouds. The cold atom preparation is first introduced, then the frame-
work of the Raman transition is discussed, to enable the parameter space
of the gradiometer to be explored. From this, the design of a gravity gra-
diometer is proposed, which meets the requirements of operation in a field

environment.

2.1 Cold atoms

By reducing the average velocity of thermal atoms to only a few mm per
second, ensembles of atoms may be described by temperatures of only a
few pK. The mean velocity of atoms with mass m, may be related to
temperature, T, through equating its thermal and kinetic energy with the

Boltzmann constant, kg, such that
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2.1 Cold atoms

U= \/?. (2.1)

Since the temperature is derived from the Maxwell-Boltzmann distri-

bution, the temperature for a single atom cannot be well defined. For an
ensemble of atoms, the temperature of the cloud may be estimated from
the average velocity. Using standard laser cooling techniques, temperatures
proportional to the recoil velocity can be achieved, which gives a minimum
thermal velocity of 5.8845 mms~! for rubidium-87 [47]. Thus, for atom evo-
lution times of less than a second, a cooled atom will travels only a few mm
from where it was cooled and trapped. Ensembles of atoms can therefore
remain localised over the evolution time of an experimental sequence.

Experiments requiring evolution times of many seconds may wish to
use colder samples, forming atomic ensembles into a Bose-Einstein conden-
sate (BEC), where the ensemble acts as a single wavefunction and at a
reduced temperature. In this work, creating a BEC would produce signifi-
cant technical challenges for operation in a portable system, though it has
been successfully demonstrated in a sounding rocket and drop tower exper-
iments [48-50]. Instead, operation at application relevant sensitivities may
be achieved using thermal atom ensembles, cooled to temperatures of single
nK.

Generation of cold atoms has been performed using a standard combi-
nation of background vapour loaded, 3D magneto-optical trapping, with an
optical molasses to generate atomic ensembles of millions of atoms, cooled
to a few pK. Atoms in a thermal cloud have typical densities of order
1-10*cem~! [51], with little atom-atom collision. Each cloud may there-
fore be treated as the statistical average of millions of individual atom-light

interactions. Details of the trapping and cooling techniques are well doc-
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2.1 Cold atoms

umented and detailed in the literature [52, 53], but an introduction to the

magneto-optical trap is included for completeness.

2.1.1 Magneto-optical trapping
Mechanism

The physics of a magneto-optical trap (MOT), is an extension to laser cool-
ing, where an atom, moving with a relative velocity to a laser beam detuned
from resonance, experiences a scattering force proportional to its velocity
vector. The MOT adds an additional force through the introduction of a
quadrupole magnetic field, creating a potential well for atoms to become
trapped in.

To create a 3D MOT, three orthogonal pairs of beams, detuned below
the resonant frequency (often called red detuning), intersect at the magnetic
zero of a quadrupole field. With appropriate choice of circular polarisation,
atoms travelling through the beams experience a force directed towards the
centre of the trap, where the magnetic field is zero. The magnitude of the
force is dependent upon the position and velocity of the atoms with re-
spect to the trap centre. The mechanism for this is shown in figure 2.1,
where light detuned from the atomic resonance is incident from both direc-
tions, and is preferentially scattered when an atom moves towards one of
the beams, Doppler shifting the frequency closer to resonance. The mag-
netic field introduces a position dependent shift to the resonant frequency,
increasing the strength of the scattering force with distance from the trap
centre. Multiple scattering events are required to remove the kinetic en-
ergy of the atom, and the net effect is to cool and push the atom towards
the centre of the trap, until the scattering rate from all directions is equal.

This represents the Doppler limit where the force from scattering is bal-
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2.1 Cold atoms
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Figure 2.1 Mechanism of the magneto-optical trap in the simplified case of an
atom with a transition between |J =0) — |J’ =1). A quadrupole magnetic field
centred at zero, spatially splits the degeneracy of the magnetic sub-levels. Light
beams are incident from opposite directions with a polarisation which drives o
transitions, at a frequency tuned below the resonant frequency of the transition.
The resonance condition for the detuned light is satisfied away from the centre of
the trap. An atom will preferentially scatter a photon from the direction where
the detuning from resonance is smallest. The figure shows the theory of magneto-
optical trapping in 1D; extension to 3D may be made by introducing two additional
pairs in the orthogonal planes. In 3D, the correct choice of polarisation directs the
scattering force towards the centre of the trap for all directions that the atom can
move. As well as trapping, the atoms are cooled via the laser cooling mechanism
to temperatures close to the Doppler limit.

18



2.1 Cold atoms

anced with the heating from random emissions and absorption, providing
the lowest temperature achievable in the laser cooling of rubidium, without
considering sub-Doppler cooling [54]. The MOT temperature is of order the

Doppler limit, and may be expressed as

h'

Tp = 2
D 2]{}37

(2.2)

where I' is the transition linewidth. For rubidium-87, this limit is 146.6 nkK,
requiring additional sub-Doppler cooling to reach single pK temperatures.
Since the trapping region is finite, atoms which are slowed but reach the
edge of the trapping region before stopping will not be trapped. The upper
limit of atomic velocity for which trapping will occur may be estimated by

the capture velocity [55], given by

hkI'D
IR Sy 2.
v 5 (2.3)

For a trap with beam diameters, and thus trapping distance, D of 15 mm,
the capture velocity is of order 40 ms~" for 8"Rb. Atoms with thermal veloc-
ity below the capture velocity are readily available from room temperature
vapour, allowing for direct trapping from background gases, rather than
injection from a slowed atom beam, usually generated from a 2D MOT [56].

MOTs have become a near ubiquitous starting point for cold atom ex-
periments for group 1 alkali and group 2 alkaline earth metals, allowing
millions of atoms to be trapped within a few hundred ms, and confined to a
trap centre of only a few mm. They have also been successfully applied to

sympathetically cool ions [57], as well as produce cold molecules [58].
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2.1 Cold atoms
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Figure 2.2 Energy level diagram of 8"Rb D, line. Transitions of the cooling,
repump, as well as those of the Raman transitions, are shown. Adapted from [47].

Trapping and cooling 5"Rb

Rubidium is often referred to as the workhorse of cold atom physics, being
used to achieve the first demonstration of a BEC [59], and many success-
ful cold atom experiments. The element comes in two isotopes: a more
abundant ®Rb, and the widely used 8"Rb. Each isotope has a relatively
simple energy level structure, including resonances with frequencies in the
near infra-red, where a large variety of lasers exist. Operation of trapping,
cooling, and Raman interferometry may be performed on the Dj line of
8TRb, which corresponds to transitions from the 525 /2 ground state to the
52 Py /2 upper manifold. The energy level diagram may be seen in figure 2.2,
with additional atomic properties in appendix A.

Laser cooling relies on multiple scattering events, since the momentum
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2.2 Raman transitions

change from a single photon scattering is small. This can be achieved
through the use of a cycling transition, in which an atom is returned to
the original state after the scattering process. 8’Rb has a cycling transition
between its ground hyperfine state |F' = 2), and the excited hyperfine state
|F" = 3). Transitions of this type will be denoted by |F =2) + |F' = 3),
where the prime notation is used to denote the hyperfine level of the excited
state manifold 5% P; /2~ This transition is termed the cooling transition, with
light exciting transitions between these states colloquially referred to as
cooling light.

As there is a finite detuning between the transition |F = 2) «» |F' = 2),
there is a scattering rate associated with exciting an atom to |F’ = 2) in-
stead of |F' = 3). If excited to the state |F" = 2), the electron may decay to
either state |F' = 1) or |F' = 2), with the probability determined by branch-
ing ratios, calculated from the Clebsch-Gordan coefficients [47]. Electrons
that fall into the state |’ = 1) may no longer participate in the cooling cycle
and thus have no force confining them to the MOT. To mitigate this, atoms
are pumped back into the cooling cycle by the introduction of an additional
frequency, resonant with |F' = 1) <> |F' = 2), from which they may decay
back into the |F = 2) state. This transition will be termed the repump

transition, with a complimentary definition of repump/repumper light.

2.2 Raman transitions

An atom interferometer uses light pulses to create a quantum superposi-
tion of atomic states.* Such an interferometer relies upon the ability to

coherently transfer population probability between two internal states of

*Atom interferometers can be constructed using the same internal atomic state, such
as in the case of double-diffraction [60].
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2.2 Raman transitions

an atom, and may be achieved through the use of two-photon stimulated
Raman transitions. Atom-light interactions of this type may be tuned to
transfer populations between ground states completely, or create superpo-
sition states, used to form the atom optic equivalent of beam splitters and
mirrors.

To maximise interferometer area, stimulated Raman transitions will be
used in a counter-propagating configuration to impart ~ 2hk photon mo-
mentum to the atom. An abridged version of the formalism is introduced to
allow the motivation of the interferometry scheme used, and then extended
to that of a gravity gradiometer. The derivation follows closely the thesis of

Rammeloo [9], with additional references from [11, 61, 62].

2.2.1 Two-photon stimulated Raman transitions

To construct the atom optics used in the interferometer, coherent manipula-
tion of atomic states is required. T'wo-photon stimulated Raman transitions
allow the coherent coupling of two internal energy states by two optical pho-
tons, with a frequency difference equal to the energy state splitting. Such
a transition is preferential in Rubidium, where the momentum imparted
to the atom can be of order 10° times larger than the single photon mi-
crowave transition between the two ground states. The sensitivity of the
interferometer is proportional to the effective wavevector, discussed later in
section 2.4.5, making the two-photon optical transition favourable. Atomic
species with long lifetime excited states, such as strontium, may use single
photon transitions to build the interferometer, essential in very long base-
line gradiometry [44]. The Raman transition is shown in figure 2.3, where
population is driven between states |g) to |e), via a two photon interac-

tion, detuned from an upper state |i). The transition occurs simultaneously,
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2.2 Raman transitions
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Figure 2.3 a) Two long lived states |g) and |e), separated by a frequency weq, can
be coupled by a two photon stimulated Raman transition. Diagram is not to scale
and wq,ws >> weq,d, A. b) The atom simultaneously absorbs a photon from one
beam and has emission stimulated from the virtual level by the other. The atom
gains momentum equal to the difference between the wavevectors ke = ki — ko
which is maximal when operated in a counter-propagating configuration as shown.
The frequencies do not excite transitions from other states but will contribute to
higher order terms in the solutions to the state evolution.

but may be considered as the absorption of one frequency and the stimu-
lated emission of the other. Transition rates are determined by the coupling
strength of the equivalent resonant single photon transitions and the detun-
ing from such states. The coupling between the two internal states via a
Raman transition will be presented.

For the two-photon transition to be resonant, the frequency difference
between the photons must equal that of the ground state splitting, w4, plus
energy shifts due the atoms kinetic energy. For an atom with momentum p,
a transition from state |g) to state |e) will impart photon momentum equal
to R times the difference of the wavevectors. This difference is defined as

ket = k1 — ko. A detuning from the resonance condition can be written as

P |p+ hkes|
2mh omh

0= W) — wWo — Weg + (2.4)
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2.2 Raman transitions

and will be referred to as the two-photon detuning.

To avoid single photon scattering, both frequencies w; and wsy are de-
tuned by a frequency A, from their respective ground state to the interme-
diate state |¢). In order to neglect spontaneous emission, A >> ¢§. Defining
the frequency difference between state |g) and |i) as wjg, the single photon

detuning is given by

P> |p+ Ak
2mh omh

A= wig — w1 + (2.5)

but could equivalently be defined relative to ws. It also useful to define the

energy of each state, for an atom with initial momentum p

pf?
— PL 9.
,= 2L (2.60)
ke |?
ﬁwe = 1:)_’_27neﬁ| + hﬁ«)eg, (26}3)
+ hkq|?

Treating the system in a semi-classical approach, the atom is treated as
a quantum object in a classical light field. In this basis, the internal energy
and external momentum state can be represented by the tensor product of
the two Hilbert spaces, such that for an atom with internal state |x) and
momentum |p, ), the state can be written as |x,p,) = |7) ® |p,)-

The wavefunction of the atom is a linear combination of all states, with
time varying coefficients, whose square give the probability of the atom being
in the state at a certain time. The wavefunction for the three level system

for a single momentum p is thus
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2.2 Raman transitions

|\pr(t)> = Cg,p(t) |.ga p>+Ce,p+ﬁkeﬁ (t) |€, p+ hkeﬂ) +Ci,p+ﬁk1 (t) |7’7 p+ hk1> »
(2.7)
where the coefficients Cy p  evolve with a fast oscillation, at the frequency

defined in equations (2.6), and a slow varying coefficient such that

Crp,(t) = Cap, (t)e~ st (2.8)

To determine the state after an evolution in the optical field, one needs to
solve the time dependent Schrodinger equation, (2.9), for the wavefunction

in equation (2.7).

d -
i [ (8) = H9(2)). (2.9)

2.2.2 Evolution of a three level atom in a light field

The solution of the Schrodinger equation requires the Hamiltonian of the
system. Here, the Hamiltonian can be considered as consisting of three parts:
Hp, associated with the kinetic energy of the atom, via the momentum
operator; H A, acting on the internal energy levels of the atom; H int, the
interaction between the atom and the light field, via the electric dipole

operator. Written out, these are

-2
: p
Hp=— 2.1
P om’ ( 0)
Ha = huwe [e) (e] + hwg |g) (9] + huwi |d) (], (2.11)
Hipy = —d - E, (2.12)

25



2.2 Raman transitions

with the total Hamiltonian of the system therefore

ﬁZﬁP+ﬁA+ﬁmt-

For the two photon transition, the light field is given by the

two waves

E=E; COS(kl -Z—wit + gbl) + Es COS(k2 - Z — wot + ¢2)

(2.13)

sum of the

(2.14)

Substitution of equations (2.7), (2.13), and (2.14) into the Schrédinger equa-

tion, (2.9), yield the three level coupled equations

deg ot . —
Q:P( ) _ _Zci,erhlele Z(At+¢1),
dt
dce,p+hikes () . i
%7753 _ _Zcz‘,p+hk192€ z((A+6)t+¢2)’
dc; t - ~
’L,p‘;:kl( ) _ —icg,pQ’er(AH%) N ice,p-ﬁ-ﬁkegQsel((A+6)t+¢2)

where the definition of the Rabi frequency is introduced

(g|d-Eq i)

0 = iy

1 2h )

(e]d - Es i)

Q=—-——"""1
2 2h

(2.15a)
(2.15Db)

, (2.15¢)

(2.16a)

(2.16b)

The Rabi frequency represents the coupling between each ground state and

the intermediate state, through the interaction with the light field. It gives
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2.2 Raman transitions

the rate of population transfer between states, determined by both the prop-
erties of the light and the coupling strength between the two atomic states.
This coupling may be calculated through the reduction of the dipole op-
erator, into a matrix of Clebsch-Gordan coefficients, which determine the
allowed transitions and relative coupling between states [47].

For spontaneous emission to be suppressed, |A| >> |d],|Q1], |Q2]|. Ap-
plication of this condition finds that the time dependent oscillation of the

coefficients ¢y p and ¢ pypk g, is much less than the terms oscillating at fre-

eff ?
quency A. Integration of equation (2.15c) can be performed using adiabatic
elimination, where the the time dependence of ¢, p and c¢ p1 5k, is neglected
and oscillations at frequency A approximately average out. The results from

this integration remove the effect of the intermediate state |i), reducing the

system to a coupled two-level system in an external, near-resonant light field

[9].
deg p(t 02 0,0 .
Cgcyil:t)( ) — ’L| Al| Cg,p(t) —+ i%clﬁp-‘rhkcff (t)61(5t+¢2—¢1)’ (217&)
dce L. t Q*Q i _ Q 2
,pgtkeﬂ( ) _, ZQCQ’p(t)e (Gt+or—o1) 4 ;] AQ! ton i (f). (2.17b)

The atom light interaction causes the energy of each state to change in
what is called a light shift, or the a.c. Stark effect [52]. The light shifts
cause a change in Rabi frequency leading, to the introduction of Q2 4¢

_ |

O 2
QAC— +’71|

1A 1A (2.18)

Additionally, the difference term § 4¢ gives a frequency detuning due to the

light shifts
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2.2 Raman transitions

_ 92 |

dAc = 1A A (2.19)

Note that it is possible to remove the effects due to the light shift by setting
the Rabi frequencies of the two to be equal. Practically this can be achieved
by fixing the ratio of intensities between the two frequencies [11].

The effective Rabi frequency is also defined, which is the product of the
two transition rates and a phase term ¢og = @1 — ¢2, obtained from the light
interaction, such that

_ 5

i(p1—¢2)
Qo = A e . (2.20)

The solution for the coupled rate equations (2.17), requires the basis to
be changed to a rotating frame, in which the Hamiltonian is time indepen-
dent, so that the typical two level solutions can be applied. In rotation back,
a phase term rotating at frequency Q4¢ + § is introduced. This derivation
is done elsewhere [9, 63|, and introduces a generalised Rabi frequency, Qp,

which accounts for light shifts and frequency detuning

Qp = /2 + (6~ 6ac). (2.21)

The solutions for the coefficients ¢y p and ce pyrk,; at a time (to +7) are

; QpT dac — 9 Qpt
— ,i(Qac+0)T/2 R .0AC . R
cgplto+7)=ce { [cos ( 5 ) +1 q, on ( 5 )] cg.p(to)

Qe . (QRTN
+ [z O sin (T)e (5t0+¢°ﬂ)] Ce,p+hkes (tO)}a

(2.22)

and
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. Q Q ;
R

+ [COS <Q§T> — i(SA?ZR_ d sin <Q§T>] Ce,p+hKest (tO) }

(2.23)

Thus through reduction of the three level atom, into an effective two level
system, it is possible to describe the time evolution of a state |¢), in a light

field E, driving stimulated Raman transitions.

2.2.3 Rabi oscillations

The coefficients describing the time variance of the states are not directly
observable. Instead, the modulus squared of each coefficient gives the prob-
ability of finding the atom in that state. The initial conditions are set such
that at time ¢, the wavefunction of the atom is in state |g), i.e. ¢4 p(to) =1

and ¢¢ p11k.q(to) = 0. The population of each state at a time ¢y +7 becomes

Py(p,to+7) = |cgp(to +7)?

ot () [Ba =0 o Sy
N 2 Qg 2 )’
and
P.(p + hKeft, to + T) = |Ce.pthkug (to + 7) |2
2.25
_ Qerr 2sin2 <QR7') _ Qerr 2 — cos(QRT) ( )
QO 2 QO 2 ’

which shows the population oscillating between the two states, at a frequency
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2.2 Raman transitions

Q. This is the Rabi oscillations expected for two level atoms in a driving
field [52]. Due to the choice of long lived states, the population does not
radiatively decay, as expected in the traditional two level atom picture, and
therefore populations can reach total inversion. As mentioned, the detuning
due to light shifts can be nulled; however, more generally the detunings can
be grouped such that d;,t = dac — 0. The effect of changing d:+ on the
population probability is explored in figure 2.4. Taking equation (2.25), it
can be seen that since the amplitude and frequency of the oscillation are
dependent on g, then as the detuning difference, do4c — §, tends to zero,
the maximum probability tends to 1, and the frequency tends to Q.

To relate the Rabi frequency to measurable quantities, equation (2.16)
may be written to depend upon the intensity of the light, instead of the

electric field, such that

I T
Isat \/5

The Rabi frequency has been written in terms of the transition linewidth,

9] =

(2.26)

I', and a saturation intensity, Is,¢, which is calculated from the coupling
strength of the transition and the polarisation [47]. From this, the effective

Rabi frequency may be written as

VI 1,12

Qeff| = Y.
’ H‘ 4~[satA

(2.27)

Thus, the effective Rabi frequency can be increased by increasing the inten-

sity of each Raman frequency, or by decreasing the single photon detuning

A.
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Figure 2.4 Rabi oscillations between two states when the atom starts in state |g).
By increasing the total detuning ;¢ in equation (2.25), the population probability
decreases and the oscillation frequency increases. Since the maximum transfer
means a cleaner quantum state, it is important to minimise Jz¢.

2.2.4 Atom optics

With predictable behaviour from the atom light interaction, careful choice
of light duration will result in the ability to change the state of the atom
in a controlled way. The probability to find the atom in the upper state is
maximum for a pulse duration 7 = 7/Qpg, which for d;, = 0 corresponds to
total population inversion. When the pulse time causes the maximum pop-
ulation inversion, it will be referred to as a w pulse, of length 7. Similarly,
a pulse of length 7 = 7/2Qp transfers half the population to the excited
state, leaving the atom in an equal mixture of the two states. This will be
referred to as a 7/2 pulse, of length 7, /. In the case |d;0r| > 0, a pulse
time 7 = w/QpR leaves the atom in a mixed state; subsequent atom light
interactions compound the effect of the mixed state reducing the resulting

fidelity of a pulse scheme.
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2.2 Raman transitions

As well as population transfer, the momentum state is changed due to
the coupling of the internal energy and external momentum state. This
means that an atom undergoing a 7 pulse has complete state inversion and
the possible trajectories changed. This forms an atom optic equivalent of
a mirror, where the efficiency of transfer is analogous to the reflectivity. A
7/2 pulse transfers half of the population, creating two trajectories from the
different momentum states. This forms the atom optic equivalent of a beam
splitter, where a deviation from 50% transfer is equivalent to a change
in splitting ratio. Using these atom optic beam splitters and mirrors, an
atom interferometer can be constructed using combinations of pulse schemes

separated in time.

2.2.5 Raman beam configuration

For moving atoms, such as those falling in a gravitational field, an additional
resonance condition is introduced due to the Doppler shift. The dependence
on velocity comes from the shift v - ko, where the scalar product of the ve-
locity vector, v, and the effective wavevector, Keg, determine the magnitude
and sign of the effect. This shift can be added into the resonance condition
of equation (2.4) [63]. Providing the other resonance conditions are met,
such that d;+ = 0, then the shift comes into the generalised Rabi frequency

as

Qp = /2% + (v ken)? (2.28)

For Raman beams aligned to the z axis, there is a resonant velocity,
vR, for which the shift is cancelled. The included Doppler shift can now
be written as (v, — vg)|keg|. There are two atom velocities relevant to

this Doppler shift: the centre of mass motion of the atomic cloud; and the
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2.2 Raman transitions

thermal velocities of the atoms, discussed further in section 2.2.6.

For the atom cloud’s centre of mass motion, the configuration of the
Raman beams, relative to the velocity of the atom cloud, determines the
size of the shift. The Raman beams are always assumed to be co-axial;
however, the two frequencies could be delivered from the same direction
(co-propagating), or opposite directions (counter-propagating). In the case
where the atom motion is perpendicular to the Raman beams, the scalar
product of the velocity and the wavevector is zero - the resonant frequency
of the Raman transitions are insensitive to the centre of mass velocity of the
atom cloud. This may be utilised in cold atom accelerometers and rotation
sensors operating in the zy plane [64], where the free-fall of the atoms due
to gravity does not shift the resonant frequency of the Raman transitions
delivered from beams in the horizontal direction.

As introduced in equation (2.4), the effective wavevector kg = ki — ko
determines the magnitude of momentum transferred to the atom. In a co-
propagating case, the vectors of k; and ko point in the same direction. The
momentum transferred to the atoms is thus hlkeg| = hlki| — hlka|. In this
case, v - kg is small, making the Doppler shift negligible.

In the counter-propagating case, the vectors ki and ko point in oppo-
site directions, meaning the transferred momentum is largest, as hlkeg| =
hlki| + hlks|. Whilst this larger momentum transfer is desirable for increas-
ing the interferometer area, the Doppler shift introduces a non-negligible
shift to the Raman transition’s resonant frequency. The lasers are typically
compensated with a linear frequency ramp to stay on resonance with the

atom, this is explored later in section 2.4.3.
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2.2.6 Velocity selection

Operation in a counter-propagating beam configuration will introduce an
additional constraint when considering a cloud of atoms at finite temper-
ature. A cloud of atoms will contain a distribution of thermal velocities
causing different Doppler shifts, depending on the velocity. Typically, this
means that the resonance condition of the Raman transition cannot be sat-
isfied by all atoms simultaneously. The length of a Raman pulse determines
its Fourier linewidth in frequency space, with a long Raman pulse resonant
with a narrow velocity class and vice versa.

For an atom starting in state |g), application of a 7 pulse is resonant
only with a select velocity class. It can be shown that the excited state
population probability from equation (2.25), for a 7 pulse can be written as

[63]

L (v: — v) k| \
Pe(UZ) == 5 S11cC 5 1 + Q—H . (229)

In the case of an atomic ensemble, there is a velocity spread determined

by the Maxwell-Boltzmann distribution. Centred around an average ve-
locity, 7., the width of the distribution is dependent upon the ensemble
temperature, such that o, = kg7 /m. The total distribution can be written

as [63]

Vy — Uy 2
g(vy) = \/%O-v exp <—(2012))> . (2.30)

The probability of finding an atom in each state after a 7 pulse is propor-
tional to the product of the functions P.(v,) and g(v,). To demonstrate the

velocity selection of a counter-propagating Raman transition, an ensemble
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2.3 Zeeman shift

of 5 pK is modelled in a resonant light field, with an effective Rabi frequency
of 50kHz. This is demonstrated in figure 2.5, where it is seen that only a
narrow velocity class from state |g) is transferred by the 7 pulse.* The total
number of atoms transferred by a pulse would be given by the integration of
the functions over the velocity. In order to maximise the number of trans-
ferred atoms, the ensemble temperature should be reduced and the effective
Rabi frequency increased. A trade off between atom number and interfer-
ometer contrast will be required, since an ideal interferometer would only
address a narrow velocity class, to avoid a broad range of resonant frequen-
cies occurring at the same time. In that case, multiple Rabi oscillations, or
interferometer sequences, would occur simultaneously, with the final state

output being an average of all paths.

2.3 Zeeman shift

Hyperfine ground-states have degenerate magnetic sub-level structure under
zero magnetic field. These magnetic sub-levels known as myp states can be
separated by a magnetic field with an energy shift given by the Landé gp
factor for the low-field regime [47]. This is known as Zeeman splitting, with

the change in energy of the magnetic sub-levels given by

AE\Fmp)y = hBgrmrpB.. (2.31)

For the two ground states of 8’Rb, this splitting of each mp state is given by
the mp number times the factor —0.70 MHz G~!, and 0.70 MHz G~ ! for the

F =1 and F = 2 states respectively [47]. The effect of the splitting is shown

*Tt should be noted that while the Raman pulse results in a narrow velocity class, no
cooling has taken place. Raman transitions may be used in the cooling scheme of Raman
cooling or Raman sideband cooling [65, 66]; however, that is outside the scope of this
thesis.
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Figure 2.5 Resonant m pulse transfers only a subset of the velocity distribution
from state |g) to |e). Dotted line shows the ensemble distribution before transfer.
The model is representative of a 5 pK atomic ensemble with an effective Rabi fre-
quency of 50kHz. The velocity is scaled to the recoil velocity of the two-photon
transition, where vpecoir = h|keg|/m. To transfer a larger fraction of the atoms,
the temperature of the ensemble should be reduced, or the effective Rabi frequency
increased.
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Figure 2.6 (a) With zero applied magnetic field, the m g sub-levels have degenerate
energies. (b) With an applied external magnetic field, the degeneracy in energy is
lifted, with the levels splitting by upgrmpB, in the low-field regime.

in figure 2.6, where the energy of the states is displaced in the presence of a
magnetic field.

A Raman transition requires a quantisation axis to define the light po-
larisation relative to the atoms, dictating the transitions that can be driven,
which is achieved with a magnetic field aligned with the Raman beam axis.
This bias field may also be used to lift the degeneracy of the magnetic
sub-levels, selecting a Raman transition to be resonant only with the tran-
sition |F' = 1,mp = 0) <> |F =2, mp = 0). States that are not overlapped
in energy will not contribute to the interferometer, meaning that the inter-
ferometer is insensitive to external magnetic fields to first order. In order
for the states to be sufficiently separated, the energy spacing of the states
must be larger than the velocity width of the transitions.

To second order, the transition frequency between |[F' =1,mp =0) <
|F =2, mp = 0), is shifted by the square of the field strength, with a shift
given by the quadratic Zeeman effect. The value of the shift is derived from

the Breit-Rabi formula, quoted here as

(95 — 91)*uB B2

. - 2.32
W|F=1)«|F=2) 2hAE\p1yesF=2) o
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2.4 Atom interferometry

and may be calculated as 27-575.15Hz G=2 [47]. Therefore, the high bias
fields required to separate the states will induce shifts to the resonant fre-
quency of the Raman transition. Furthermore, spatial gradients in the field
profile will induce position dependent shifts to the resonant frequency, and
accelerations to the atoms, proportional to B - B, inducing phase shifts to

the interferometer [67].

2.4 Atom interferometry

2.4.1 Mach-Zehnder sequence

Using the atom optics introduced in section 2.2.4, an interferometer can be
built, analogous to the optical Mach-Zehnder sequence [68]. A typical atom
optic Mach-Zehnder sequence uses pulse lengths of 7/2—m—7/2, where each
pulse is separated by a time T. Since the energy and momentum states are
coupled in the Raman transitions, the first 77/2 pulse causes the wavefunction
to follow two trajectories. The states are allowed to evolve for a time T, after
which a 7 pulse inverts the population, and therefore the momentum states.
The two trajectories intercept after an additional time 7', where a second
7/2 pulse is used to mix the states together, closing the interferometer. The
output of the interferometer is encoded in the population of the two states,
and a phase shift between the two arms causes the state populations to
oscillate, causing a fringe pattern. At the output of the interferometer, the

probability of finding an atom in the excited state is given by

P,=P— %cos(&gbmt), (2.33)

where there is an oscillation of amplitude C', centred around an offset value

P
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Figure 2.7 Space-time diagram of the interferometry sequence which consists of
w/2—m—m/2, separated by an evolution time 7. Due to the coupling of the energy
and momentum states, the interferometer encloses an area of h|keg|T?/m.

This sequence can be visualised for atoms without a gravitational accel-
eration in figure 2.7, where the trajectories shown are the classical paths.
These classical paths can be calculated from a path integral approach where
any path is possible; however, only the paths close to the classically expected
trajectories survive the integration [69].

The classical path is determined by the extremal classical action, which
can be calculated by integration of the Lagrangian of the system [69]. Through
construction of two paths, using the classical actions via different midpoints,
the phase shift between the two arms can be calculated. The total phase is
simply the sum of all contributions, where a phase contribution from mecha-

nism z is denoted by ¢ = &7 ;1 — &,

path2: The contributions for the phase

come from: the propagation of the atom, §¢P"°P, the phase from the atom’s
internal evolution, 6¢*, and the phase due to the interaction of the laser,

5¢'ese . The total phase of the interferometer is therefore

5¢tot — 5¢prop + 5¢znt + 5¢laser. (234)
Since the atom spends the same amount of time in each energy state
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2.4 Atom interferometry

Internal state Momentum Phase shift
l9) = le) P — P+ fken + (ke 2(t) — werrt — Gerr)
le) — 1g) p + ke — p — (ke 2(t) — west — Peft)
lg) = 1g) PP 0
le) — le) P+ ket — P + hkert 0

Table 2.1 For transitions between ground and excited states, there is an associated
phase shift due to the interaction with the light. The phase shifts depend on the
wavevector, keg, frequency, weg, and phase, ¢eg, of the light field. Additional
phase shifts due to the light shifts have been neglected since the contribution can
be nulled. Table reproduced from [70]

for both paths, the phase contribution due to internal evolution is zero. It
is shown in the appendix B.1, that the contribution of the phase due to
propagation is also zero, even in a gravitational field, leaving only the phase

due to the atom light interaction.

2.4.2 Laser phase

To calculate the phase contribution from the atom light interaction, consider
the four possible interactions the atom can have with the light in each of
the two states. With the two level case, the atom will acquire a phase shift
when the interaction causes it to change state. Table 2.1 summarises the
phase shifts due to the interaction with the light. There are additional phase
shifts due to light shifts; however, since these can be nulled, they have been
neglected here. A full treatment of phase shifts, including light shifts, can
be found in the literature [71].

As with the propagation phase (appendix B.1), the phase difference be-
tween two paths can be constructed, this time for the laser interactions.
Path ABD, follows the top path of figure 2.7, changing state as follows
lg) — le) — |g) — |e). Path ACD follows the lower path, with the state

evolving as |g) — |g) — |e) — |e) in the 7/2 — m — m/2 sequence. The total
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2.4 Atom interferometry

accumulated phase can be calculated for each path from table 2.1 and is

¢ABL = [keza — ¢1] — [ketzn — wet T — b11] + [Kerzp — wet2T — d111]
= ket (24 — 2B+ 2D) — west T — 1 + d11 — b111,

(2.35)

P =0+ [kerze — werT — ¢r1] +0
(2.36)

= kerze — wetl — 171

The total phase shift from the laser interaction is the difference between the

two paths, such that

6¢laser _ (bACD _ ¢ABD

= ket (2B — 24+ 2¢ — 2D) + ¢1 — 2011 + P111 (2.37)

= kergT? + 1 — 2611 + b111,

where the construction of an additional parallelogram AyByCyDy, is used to
remove the spatially dependent terms using equation (B.6). This uses the
curved paths an atom takes due to the presence of gravity, introducing the
term g7 from application of the equations of motion (see appendix B.1 for
the formalism).

Therefore, the total phase shift in the Mach-Zehnder atom interferometry
sequence comes from the interaction with the laser. The phase shift is
dependent on acceleration, which for the vertically aligned beams means

the interferometer is sensitive to gravitational acceleration.
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2.4 Atom interferometry

2.4.3 Interferometer phase

As demonstrated, the interaction with the light provides the phase shift to

the interferometer, and the total phase shift is equivalent to

A¢ = ¢p1 — 2¢p2 + dps, (2.38)

where

(an = ]ﬂd-fZ(t) - wn,efft - (bn,eff (239)

is the phase contribution from the nth pulse.

For the falling cloud, the resonant frequency will change with time due
to the Doppler shift. Adding a linear frequency ramp, «, into the frequency
of one of the beams will keep the transition resonant. This frequency ramp
is referred to as the chirp rate. The frequency of w; has a time depen-
dence introduced, becoming wi(t) = w; + 2wat. This addition makes the

interferometer phase of equation (2.38) become

A¢ = (kerg — 2m)T? + b1 — 2011 + P117- (2.40)

With no systematic effects, the phase components from the light cancel,

o1 — 2011 + o111 = 0, leaving the relation

A¢ = (kegg — 2ma)T?. (2.41)

For a value of kegrg = 2ma, the phase shift is cancelled for all values of T'. A
chirp rate scan for different interferometer 1" times allow for the local value
of g to be determined, by finding the point where the fringes have a common

minima. A larger interferometer time allows the value of a to be found with
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2.4 Atom interferometry

greater precision, since the interferometer area is larger. This is how a cold
atom gravimeter measures the value of gravity.

Deriving the interferometer phase in the semi-classical approach does not
result in the optimal phase dependence for the interferometer [72]. Although
yet to be experimentally demonstrated, it has been theoretically shown that
the sensitivity of such an interferometer may see its sensitivity doubled with
appropriate modifications [72]. In this work, the interferometer phase shall

be assumed to be that of 2.40.

2.4.4 Gravity gradients

The gradient of the gravitational field of Earth is non zero at all points,
due to the 1/r? dependence of the field strength. For the field of the Earth,
this may be small over length scales of a laboratory system; however, due
to variations in local gravity, this effect can become relevant. The two
points to consider here are the effect of the gravity gradient on each atom

interferometer, and the gradient between two atom interferometers.

Gravity gradient effect on the Mach Zehnder sequence

In the derivation of interferometer phase, the Lagrangian was modelled with
a uniform gravitational field. With the inclusion of a linear gradient -, the
Lagrangian becomes [31]

1

L(z,v) = %mv(t)2 —mgz(t) + §m7z2. (2.42)

By solving the Euler-Lagrange equation, and following the classical path
approach as before, the final gravity value has terms collected in orders of

gradient [31]
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7
g =90 +7 [1290T — 0ol — 20|+
31 1 7 1 (243)
272 |:36090T2 - ZFOT - EZO - §Urecoil (T - Tdet) + ...

Introduction of variables gg,7g, 29 are made representing the gravitational
field, average path velocity, and position, respectively, for an initial time tg.
Evaluating the effect of each order for an interferometer of T = 100 ms, go =
9.81ms~2, v = 3086 Em~! (the gravity gradient of Earth), 75 ~ 0.1ms~!,
20 = 0m, Vpecoit = 0.0117ms~ ! (two-photon recoil). This puts first order
corrections g™ &~ 10~8¢gy = 10ng, which is comparable to a gravimeter signal
size. Second order corrections are g(2 ~ 10716¢,, far below the resolution
of any current atom interferometer, and can be neglected.

Each interferometer has a dependence on the gravity gradient of Earth,
but for manifestations in the gradiometer, this may provide a systematic off-
set. More important is the dependence on parameters such as initial starting
position and cloud velocity, which will manifest as uncommon noise sources
in a differential measurement between two interferometers and should be

well controlled.

Differential measurement of gravity gradient

When performing a measurement of the gravitational field using a Mach-
Zehnder sequence, the measurement of ¢ is a time weighted average of the
gravitational field between the initial /2 pulse and the final one. Despite
this, a gravity gradiometer can be constructed from two such interferometers,
separated vertically by a baseline b; a system of this operation is shown

in figure 2.8. The field gradient between the two interferometers causes a
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Figure 2.8 Gravity gradiometer using two Mach-Zehnder interferometers sepa-
rated by a baseline b. Each interferometer measures the time weighted average
value of g between the first and last 7/2 pulse. A gradient is taken with the two
averaged values of g over the separation. An atom interferometer allows for the
measurements to be taken simultaneously.

difference in the output phase for each sensor. To calculate the value of the
gravity gradient between the two sensors, a subtraction of the phase can be

converted by the equation

_ A¢y — A¢2‘

= 2.44

Consequently, the sensitivity of a gravity gradiometer has a dependence on
the separation b, as well as keg and 7. It is this value of gravity gradient

that will be used as the measurement parameter.

2.4.5 Sensitivity limit of the atom interferometer

Outside of squeezing, the sensitivity of an atom interferometer is funda-
mentally limited by the quantum projection noise. Also called atom shot

noise, the finite number of atoms in each interferometer cycle creates an
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2.4 Atom interferometry

uncertainty in the output phase determined by the statistical fluctuations
in atom number. For an ensemble of N uncorrelated atoms, the uncer-
tainty in the number of atoms is given by a Poisson distribution, resulting
in 0A¢ =1/ V'N.

For a single interferometer, the phase is equal to A¢ = 2k.ggT?, and the
uncertainty in the phase is limited by the quantum projection noise, such

that

0A 1) 1

Af N ?g " ket T2VN 24
Extending to a gravity gradiometer, the value of §Vg may be calculated
by propagating the uncertainties associated with A¢; and A¢s in equation
(2.44), by adding the errors in quadrature. The resulting uncertainty in

the gradient §Vg, depends on the number of atoms in each interferometer,

giving

Vg Na + Ny
Vg = N . 2.4
V9= ShaT?\ NN (2.40)

For similar atom numbers in each interferometer, the approximation Ny =
Ny = N can be made. The resulting atom shot noise limited sensitivity of
the gravity gradiometer, the uncertainty over the measured value, is thus

given by

Vg _ V2
Vg  2kegT2bvV/N'

(2.47)

for a single shot. To calculate the sensitivity, in units of E/v/Hz, the mea-
surement time for a single shot is included. Taking a repetition rate of
0.7Hz, and an atom number of 10°, the atom shot noise limited sensitivity

of the interferometer at 7' = 85ms is 23 E/v/Hz. In order to be limited by
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2.5 Phase components in a gradient measurement

atom number fluctuations, technical noise must be lower than the quantum

projection noise.

2.5 Phase components in a gradient measurement

The gravity gradient is calculated from the differential phase A®, between
the two interferometers. In a system with no phase noise, extraction of the
differential phase can be achieved most simply by plotting each interferome-
ter fringe and determining the phase shift between the two. In the presence
of phase noise, the interferometer fringes are completely scrambled, leaving
no way to determine the phase of each fringe.

Denoting the two phases as being composed of common mode (CM), and
non-common mode (NCM), phase components and phase noises, the phase

shift between the two interferometers is given by

AP = Ad1 — Ay = T + 56T + M 4 5o M
= (957 + 5™ 4 M - 56y M)

= ¢y M 4 M — g OM — sy M

(2.48)

= ¢Vg + ¢systematic + dPnoise-

The common phase components, including the noise terms §¢“M | have been

cancelled, leaving only the non-common terms. The phase term, QS{V cM _

év CM has been grouped into terms responsible for the gravity gradient

¢vy, and systematic phase offsets ¢systematic. Phase noise terms, (5(;5]1\[ cM _
SHYCM have b d i ingl i S Dnoi
o5 , have been grouped into a single uncommon noise term d¢y,;se-
Common phase noise terms can come from within the sensor or external

effects. Typical terms will come from the effect of vibration and micro-

seismic noise, and Raman laser phase noise. Provided the noise source af-
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2.5 Phase components in a gradient measurement

fects the phase noise of each interferometer in the same way, the gradient
measurement will remove the noise. Most noise sources will have an element
of common and non-common noise; it is important to match the conditions
of each interferometer carefully, such that the noise sources are made to be
common. Practically this means rigid fixing of the two interferometers with
a common, aligned beam axis.

Systematic phase shifts may be caused by differences in the two inter-
ferometers, such as initial atom cloud velocities, or gradients in the local
magnetic field. Provided they remain constant for all measurements, sys-
tematic phase shifts do not need to be suppressed to achieve the required
sensitivity for civil engineering applications, where accuracy is not being
targeted. However, systematic phase shifts which have a dependence on
external environmental effects should be removed, lest they skew the mea-
surement of gravity gradient.

Phase noise in the gradiometer will couple in with different timescales
and through different effects. Since the output of the interferometer is en-
coded in the state populations, anything that causes fluctuations to the
measured populations will result in phase noise. Additionally, in order to re-
solve interference fringe of each interferometer, the contrast, the percentage
of each atom transferred, should be maximised. Therefore, it is important

that:

1. The atoms are prepared in a clean state, ideally with a consistent

number of atoms.

2. The Raman transitions are driven repeatably and with a high fidelity
for each interferometer, transferring the correct fraction of atoms for

pulses within the interferometer sequence, and between subsequent
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2.6 Extracting gravity gradient using ellipse phase

measurements.

3. The state population detection scheme is independent of fluctuations
in atom number and provides a proportional and accurate detection

of the population of atoms in each state.

During the construction and optimisation of the instrument, sub-systems
and experiment steps are evaluated against these criteria to ensure phase
noise and time dependent phase shifts are not introduced to the measure-

ment of gravity gradient.

2.6 Extracting gravity gradient using ellipse phase

In order to remove the common mode phase components and extract the
gradiometer phase shift, the output fringes from the two interferometers are
plotted parametrically to create an ellipse, demonstrated in figure 2.9. For
a fixed phase difference between the two interferometers, an ellipse can be
formed, even in the presence of common phase noise between the two inter-
ferometers. The common phase noise can be any value, including greater
than 27, without any effect on the output ellipse. The phase of the ellipse
can be extracted to determine the phase shift between the two interferome-
ters, without the need to reconstruct the interferometer fringes, through an
ellipse specific least squares fitting approach [73].

The extraction of the differential phase may be performed by fitting to
the ellipse using other fitting techniques for a modest improvement to accu-
racy [74], or through cancelling the phase with an applied phase shift [75].
Alternative proposals include: reconstruction of the fringes through corre-
lation between the interferometers and a classical accelerometer to remove

large phase offsets [76]; and phase shear, where the entire interferometer
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Figure 2.9 For two Mach-Zehnder interferometers operating simultaneously, the
fringes, shown with orange lines, may be plotted parametrically to produce an
ellipse. The differential phase shift between the two interferometers is given by the
phase of the ellipse. In the case of common phase noise, as shown with the blue
points, the scrambled interferometer fringes recover the same ellipse phase, with
the noise removed.
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fringe is imprinted on the spatial extent of the atom cloud [77].

Until performance of the instrument is limited by the error introduced by
the fitting algorithm, ellipse specific least squares fitting will be used. The
alternative methods may be considered in future upgrades to the system.

The details of the ellipse specific fitting are covered later in section 4.3.

2.7 Coriolis force

As a direct result of the Sagnac effect, any horizontal velocity of the atomic
clouds will result in a phase dependence of the interferometer to the orien-
tation relative to the East-West axis [31, 78].

For a single atom interferometer, the phase shift is proportional to the
cross product of the velocity in the East-West axis, vgyw, and the momentum
imparted upon the atom due to a Raman pulse, kog. The phase shift on the

interferometer is given by

A(bcor =20 - (VEW X keﬁ)T2u (249)

which can also be expressed in terms of g and the recoil velocity, v .,

Ageor = 282 - (VEW X V'rec)- (2.50)

The bias to the interferometer phase is scaled by Q = Qcos(j,) - the
Earth’s rotation angular velocity, which is largest at the equator, where
0.t = 0. Rewriting the vectors in terms of latitude, angle of orientation,

0or, and horizontal velocity of the atoms, v, equation (2.50) becomes [78]

Ageor = 28 c08(01at ) Vhor cos(0or) - (2.51)
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In the gradiometer, a simple extension to this formula can be made by
taking the gradient of two sensors with horizontal velocity vier1 and viero.
Using equation (2.44), the Coriolis effect introduces a shift to the gravity

gradient, equal to

2Q cos(0j4t) cos(Oor)
b

vgCOT’ = ‘Vhorl - Vhor2’- (252)

In the case of gravity gradient, any contribution due to Coriolis is cancelled
when the relative velocity of the two clouds is zero, or aligned with the
East-West direction. Consequently, rotation of the sensor about the vertical
axis will reveal if there is a differential velocity and the direction it points
in. Setting the differential velocity as Awvpe,., for different values of the
differential velocity, the expected shift can be large for moderate velocities,
as seen in figure 2.10. At the latitude of the University of Birmingham
(52.45 deg), changes in the ellipse phase can be 10’s of E6tvds per rotational

degree.

2.8 Initial demonstrator

The instrument described within this work takes lessons learnt from the
development of a previous gravity gradiometer, discussed in detail in ref-
erence [10]. The previous instrument was used to evaluate the core design
and robustness of a sensor package suitable for measuring gravity gradients
in a civil engineering environment, focusing on assessing the challenges of
sensitive operation in the field.

The instrument consists of a sensor and control package, separating the
atomic part (vacuum system, atom preparation, interrogation, and detec-

tion), from the supporting hardware (lasers, electronics, and computer con-
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Figure 2.10 Modelled gravity gradient shift due to Coriolis force for different differ-
ential horizontal velocities. The sensitivity to angle can become large for moderate
differential velocities. In a measurement environment, good survey practice will
reduce errors introduced due to changing instrument alignment.

trol). The two are joined by an umbilical to route electrical cables and
optical fibres, in order to operate with a static control package and person
portable sensor package.

Assessment, of the performance of the instrument was done during an
overnight measurement campaign in a cave. A cave environment provides a
stable temperature and low background magnetic fields, although humidity
can be exceptionally high. The instrument ran in a gradiometer configu-
ration, with interferometer T' time of 50 ms and baseline 0.75 m, measuring
gravity gradient in a steady state for 10 hours to determine the stability of
the phase measurement. The data was analysed by fitting ellipses to every
25 shots, extracting the phase value for each ellipse, using the method de-
scribed later in section 4.3. With the phase data, an Allan deviation was
taken (appendix B.2), shown in figure 2.11, where the instrument shows an

average short term sensitivity of (2857 &+ 76) E/vHz, at a 0.5 Hz measure-
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2.9 Design considerations for a new sensor package

ment bandwidth. The averaged value of gravity gradient for the instrument,
shown in blue, quickly diverges from the value expected when averaging the
Poisson distributed phase values, 1/v/N shown in orange, suggesting the in-
strument is limited by instability, i.e. drifts in the phase value. Comparing
the resolution of the sensor, estimated from the Allan deviation at 175 E,
with some of the expected signal sizes from civil engineering, outlined in
figure 1.2, targets on the scale of large sinkholes could be addressed with
such an instrument.

Using equation 2.47, the atom shot noise limited sensitivity, for the oper-
ating parameters above, is calculated 209 E/ vHz for an estimated 10° atoms
participating in each interferometer. Simulation of the data suggests that
the short term sensitivity of the instrument is limited to 1100 E/ VvHz due to
noise associated with detection, notably Johnson noise and shot noise due
to background light [79]. Addressing the technical noise of the instrument
was less feasible than the building of a new sensor package, which may be
designed to overcome the limitations identified in the initial demonstrator.
Many limitations occurred due to uncommon phase noise between each in-
terferometer, many of which were caused by the coupling to environmental

effects, increasing instability and short term noise in the instrument.

2.9 Design considerations for a new sensor pack-
age

In order to achieve a lower sensitivity and be able to resolve smaller civil
engineering features, a new sensor package is designed for use with the exist-
ing control package. The instrument will again be split into a control/sensor

package architecture, keeping the laser system, RF chain, electronics, and
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Figure 2.11 Allan deviation (blue line), taken using the first iteration instrument.
Shaded area shows the error of the Allan deviation (see appendix B.2). An overnight
measurement was made in a cave to ensure stability for temperature and back-
ground fields. Average short term sensitivity is measured as (2857 & 76) E/v/Hz,
for a 0.5 Hz measurement bandwidth, with the orange line 1/,/7 averaging. The
lowest, average gradient value is 155 E in 398 s before instability dominates.
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computer control separate from the atom cloud generation, interrogation,
and detection. The two are linked with optical fibres and electrical wires,
bundled into an “umbilical” to deliver light and electrical power to the sensor
package by a single cable assembly.

The considerations for a new sensor package are outlined here, with par-
ticular emphasis on shielding the atoms from environmental effects to reduce
uncommon phase noise between the interferometers. For the instrument to
operate out of the laboratory, there are additional constraints that require a
level of system integration not usually required in cold atom systems. Such
constraints tend to trade off ease of optimisation of the system for a com-
pact form factor and mechanical robustness, in order to increase the overall
portability of the instrument.

In order to determine the desirable sensitivity of the instrument, some
simple modelling of gravity anomalies is performed. From this, the param-
eter space can be explored in order to set the baseline and interferometer T'

time.

2.9.1 Target modelling

A target can be modelled by approximating its shape to a simple well un-
derstood gravity anomaly. In this case, a tunnel or pipe is modelled as an
infinitely long cylinder with a density contrast set to be that of air in soil.
Whilst this model is a simplification to a real anomaly, it provides an order
of magnitude calculation to determine signal sizes. More complex models
can be made to include: soil density variations, terrain corrections, and time
dependent environmental noise [17].

For this model, the gravitational acceleration from the anomaly is calcu-

lated at two positions, separated vertically by a variable baseline b. Using
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Figure 2.12 a) An infinite cylinder anomaly measured by two sensors. b) Expected
gravity signal for top (dashed), and bottom (solid), sensor when z =3.5m and a 1 m
baseline, where the radius is 1 m and a density contrast of soil to air (—2000 kg m~3).
The gradient, shown in blue, is calculated from the gravity signals and the baseline.
The signal shape from the gradient is narrower than the gravity signals in this
case, demonstrating how a gravity gradient measurement also complements a single
height gravity map, by providing additional information.
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the values of gravitational field at the two points and the baseline between
them, the gravity gradient is calculated. The equation

g.(z) = 2rGR*Ap (2.53)

z
x2 + 22’

can be used to calculate the gravity signal from an infinite cylinder of ra-
dius R, at a distance v/x2 + 22 [80]. The density contrast between the
cylinder and surrounding material is modelled as dense soil/clay to air
(—2000kgm~3) [80]. The layout, gravity, and gravity gradient, as calcu-

lated for each sensor position, is depicted in figure 2.12.

2.9.2 Determining baseline and noise limits

Comparing the gravity gradient to the quantum projection noise limit (sec-
tion 2.4.5), gives a signal to noise ratio, for an atom shot noise limited
system. Changing the baseline and the interferometer 7' time in the calcu-
lation of the gravity gradient for the modelled anomaly, allows exploration
of the parameter space the instrument can take. For the anomaly modelled
in section 2.9.1, the expected signal to noise ratio is shown in figure 2.13. In
order to provide sensible limits for the scanned parameters, the maximum
modelled interferometer T time is taken to be half the evolution time of a
comparable lab system, quoted as operating with background vapour loaded
atomic clouds, cooled to a few pK [10, 11, 67, 81]. This evolution time is
taken as 500 ms.

The interferometry region dimensions are evaluated for both an atom
drop and launch configuration, setting the maximum interferometer 1" time
in each case. These limits are set to a maximum 7" time of 230 ms in a launch
configuration, and a maximum 7' time of 100 ms in a drop configuration. To

determine the baseline of such an instrument, the physical limitations of
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Figure 2.13 For the modelled anomaly in figure 2.12, contour plot showing the
signal to noise ratio for an atom shot noise limited gradiometer, when the baseline
and interferometer T time is changed. To enable the instrument to leave the lab, a
maximum baseline is shown as well as the baseline chosen for the sensor. In drop
or launch configuration, vertical lines show the maximum evolution time limited
T time. For completeness, the operating T time and baseline of the first iteration
sensor is included (GI1).
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such a system must be considered. In this case, the instrument is to operate
in the field environment so must be able to leave the laboratory, fit into
the lift, and into a suitable transport vehicle. From the modelling shown in
figure 2.13, the baseline of the instrument is set to be 1m to allow space for
optical access and magnetic shielding.

Operating the instrument in a drop configuration, at a reduced interfer-
ometer 7' time of 85 ms, a signal to noise ratio of roughly 25 is expected for
the modelled anomaly. If technical noise, or noise introduced by operation
in the field, increases the noise to 10 times the atom shot noise limit, then
it should still be possible to detect a target with a signal to noise ratio of
2 or better. Therefore, in order to measure an interesting feature without
significant averaging, the technical noise should be within a factor of 10 of

the atom shot noise limit.

2.9.3 Environmental phase shifts

For the instrument to operate successfully in the field, there must be suffi-
cient protection from environmental conditions, especially where these may
produce uncommon phase shifts. One main environmental challenge when
using atoms comes from the effect of external magnetic fields. These can in-
troduce phase shifts into the interferometer, and change the trapping centre
of the MOT, adding cloud position instability and additional phase shifts.
To mitigate these, a magnetic environment which shields the atoms from
external fields is essential.

Since in principle the gradiometer is less sensitive to tilt variations, wind
noise will not affect the gradiometer in the same way. Uncommon phase
shifts will still be introduced into the gradient measurement if the beam

path between the two interferometers is air, due to two identified issues:
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phase shifts due to air pressure changes, and wavefront aberration from the
required vacuum windows. Whilst the gradiometer is in principle unaffected
by changes in air pressure, the refractive index of air is changed, introducing
a phase shift to the interferometer [82]. Additional noise due to turbulent
air, caused by wind or sensor motion, will therefore contribute to uncom-
mon phase noise in the gradient measurement. To mitigate this, continuous
vacuum should link the two interferometry regions, which also removes two
uncommon optical interfaces, reducing phase shifts from Raman beam aber-
ration [83].

Detection of the atom population is performed optically by measure-
ments of fluorescence. Therefore, changes in ambient light level will con-
tribute to noise in the detection system. It will be necessary to completely

isolate the system from any external light sources.

2.9.4 Cold atom requirements
MOT geometry

Fluctuations in polarisation or intensity in the trapping beams of a magneto-
optical trap will result in fluctuations in atom number and cloud position
stability. One mitigation for this is to move to a trap design where the
trapping beams are derived from a single input beam. Fluctuations in laser
intensity or polarisation become common between trapping beam pairs, re-
ducing the effects of trap centre motion and atom number fluctuations [10].
A particularly robust geometry is that of the prism MOT [84, 85|, which
consists of four mirror coated prisms redirecting the light by 45° towards the
trap centre, creating two of the trapping beam pairs. The third trapping
beam pair is formed through either reflection or a separate beam delivered

from the bottom. The prism MOT scheme is shown in figure 2.14. Also
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shown on each beam is the o& transitions required for the MOT, chosen by
the circular polarisation of the input light.

The prism MOT trades off optical efficiency for overall stability. Other
novel trap designs exist, including metasurface beam splitters [86], or grat-
ings [87], which may offer better use of optical power when creating the
MOT. Geometries such as a grating MOT restrict the optical access around
the cloud, reducing the potential Raman beam size used to couple the two
atom clouds.

Two prism MOTs may be placed back to back to create two trapping
centres, with the through beam forming the rear beam of the other trap.
In this configuration, trapping beams may be delivered from the top and
bottom to create two trapping centres in order to generate two atom clouds.
Having a common vertical trapping beam pair also helps to couple any
vertical centre of mass motion of the atom clouds, reducing changes in the

gradiometer baseline. This idea is shown in figure 2.15.

Atom cloud temperatures

Thermal atoms are sufficient to realise the performance of this instrument,
which can be achieved using an optical molasses, a sub-Doppler cooling
scheme [52, 53]. In an atom interferometer, cold atoms are required to
reduce the velocity distribution of the atomic cloud, in order to reduce de-
phasing in the interferometer, and to allow the Raman transitions to address
a significant fraction of the atoms for a particular velocity class. Due to a
finite Raman beam size, the Raman beam profile has a Gaussian intensity
profile, creating a different Rabi frequency for atoms in different parts of
the beam. For an atomic ensemble within the Raman beam, the spatial

overlap creates inhomogeneous Rabi oscillations when the the sum of all
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Figure 2.14 Operation of a prism MOT. Blue arrows denote magnetic field lines
produced by a pair of quadrupole coils. When illuminated by a Gaussian beam
from both sides, the reflections create the correct circular polarisation required by
the atoms to scatter preferentially. An additional pair of prisms (not shown) form
the trapping beams in the plane of the page.

atoms is taken [88]. To properly model the average Rabi oscillation form,
a multi-frequency model is required to account for the different Rabi fre-
quencies present. In a simplified case, a damping coeflicient can be used to
approximate this behaviour for a single Rabi frequency.

For sequential Raman pulses, the inhomogeneous transfer effect is com-
pounded and produces a reduction in interferometer contrast. However, with
an expanding cloud, an atom sees a changing Rabi frequency for each inter-
ferometer pulse, creating further dephasing of the interferometer. This can
be overcome using a composite pulse scheme [89], but typically the effect is
reduced through use of a large beam size compared to the atomic cloud size.
With a fixed beam size, it will be important to keep the atomic ensemble
temperature low, to reduce cloud expansion over the evolution time. With

an optical molasses, ensemble temperatures can typically reach a few pK,
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when the background magnetic environment is nulled [52, 53]. Atoms of sin-
gle nK will only move a few mm from their starting position over the length

of the interferometer, which will be the targeted ensemble temperatures.

2.9.5 Sensor package design overview

Taking the identified issues with the previous sensor into account, the design
of the new sensor package has the following design objectives: an increased
interferometer T' time, a uniform bias field, continuous vacuum between in-
terferometers, enclosed magnetic shielding, and low detection noise. The
sensor package design will take inspiration from the original sensor, where
robustness has been demonstrated, and will use a pair of prism MOTs shar-
ing a common Raman beam. The constraints of size and weight have been
relaxed for this sensor, provided it is still portable and usable in the field
environment. For operation without specialised infrastructure, the complete
instrument should be operable using a 230V, 13 A standard power outlet,
and be portable with only a few operators, without the need for additional
lifting equipment. The outline of the sensor head requirements is included

in figure 2.15, and the prism MOT geometry is shown.
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Figure 2.15 Requirements of the new sensor package to maximise the sensitivity
and usability of the instrument. Back to back prism MOT geometry shown, where
they share a common through beam pair.
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Chapter 3

Sensor package

Here the design, manufacture, and assembly of the new sensor package is
presented, meeting the coarse dimensions set by the modelling of the param-
eter space in section 2.9. The sensor package has been designed to address
the issues identified in the initial demonstrator, as well as include new fea-
tures to allow for upgrades at a later date. To maximise the sensitivity of
the instrument, the sensor head is designed to be invertible, allowing for a
maximised interferometer 1" time in either drop or launch configuration. As
discussed in section 2.9, the core design is based on two vertically separated
prism MOT's who share the same Raman beam axis.

The sensor package is where the atoms are prepared, interrogated, and
detected. To enable this, the required sub-systems are: a cold atom source,
vacuum environment, magnetic environment, laser beam delivery, detection
optics and electronics. These will all be designed to reduce uncommon phase

shifts and phase noise between the two interferometers.

66



3.1 Vacuum chamber

3.1 Vacuum chamber

Preparation, interrogation, and detection of atoms is all achieved in an ultra-
high vacuum (UHV) environment. This is required in all cold atom experi-
ments to reduce heating and decoherence due to collisions with background
atoms. The vacuum system may be considered as two halves consisting
of a science chamber and an interfacing module, connected by continuous
vacuum. The science chamber is where atoms are prepared, interrogated,
and detected; it contains the prisms for the magneto-optical trap as well as
all the optical access. The interfacing modules contain the pumps, valves,
and feedthroughs as well as the nipples used for continuous vacuum between
each half. To facilitate switching the system from an atom drop to launch
configuration, the vacuum system is largely symmetric in its design, with
the naming convention “Top” and “Bottom” used to define each science
chamber relative to the direction of gravity.

To facilitate upgrades to the system, as well as minimise maintenance,
the vacuum is designed to contain as few components as possible and no
moving parts. All beam delivery is external to the vacuum, using viewports

for optical access.

3.1.1 Vacuum pressure requirement

To calculate the required pressure, the inelastic collision rate r., can be
calculated to determine the collision of atoms in the interferometer with
background atoms [9]. This is determined by the average velocity, (v), of
the background atoms, and the mean free path of an atom, [. Expressing the
mean free path in terms of the number density n, and the atomic collision

cross section o, the collision rate is given by
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Fe= <vl> = V2no.(v). (3.1)

The average velocity of thermal atoms is given by the Maxwell-Boltzmann
distribution, (v) = \/m, expressed in terms of the mass m, and tem-
perature 7', of the atoms. The number density can be related to pressure
by the ideal gas law such that n = p/kgT. Assuming that the collisions are
limited to Rb-Rb, the collision rate can be written as

16

=P _— 3.2
e e mebka ( )

In order to use a background vapour loaded prism MOT, the system
must be designed such that collisions in the vacuum chamber are dominated
by inelastic scattering with background Rb atoms. An approximate atomic
collision cross section for background atoms would be 3 - 10718 m? [90]. For
cloud evolution times on the order of half a second, the collision rate should
be on the order of 2s~!, putting an upper bound on the pressure P of
1-10~" mbar, calculated using equation (3.2). In order for Rb-Rb collisions
to dominate, the partial pressure of other background gases should be a few
orders of magnitude lower, requiring ultra-high vacuum pressures for the

system before Rb is introduced.

3.1.2 Science Chambers

At a minimum, the science chamber needs to contain: the optics and atom
source to produce a prism MOT, a distance for the atoms to drop or be
launched, and optical access for beam delivery and detection. The prism
MOT determines the minimum diameter of the science chamber, with 15 mm

prisms used to accept a 2” cooling beam. The internal diameter of the

68



3.1 Vacuum chamber

-:\--e»I e«gl

Figure 3.1 Extremes of cloud trajectories for a) launch, and b) drop configuration
for one of the science chambers. Dotted blue lines denote an atom launch, dashed
green lines for an atom drop.

vacuum chamber must therefore be a minimum of 45 mm to fit the trap.

Since the instrument will be operated using the existing control package,
an atom launch will not initially be possible. The vacuum chambers have
been designed with this in mind to allow for hardware testing of an atom
launch without needing to invert the sensor. Consequently the trapping
region is located off centre, with a detection region above and below it.
Each detection region is formed of four windows, in a square pattern in
the zy plane. Having two distinct detection regions allows for four modes of
operation, which is demonstrated in figure 3.1. Initial launch tests will likely
see case 3.1b) where a small atom launch can be performed with the sensor
in a drop configuration. With four windows at each level, there is optical
access for multiple diagnostic equipment and detection optics. Around the
trapping region are an additional set of windows to allow for diagnostic
photodiodes and cameras.

The final design of the science chambers can be seen in figure 3.2. Manu-

facture of the science chambers was done in-house by the Physics Workshop
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Figure 3.2 Vacuum chamber in drop configuration. Each custom machined sci-
ence chamber connects to an interfacing module, attaching pumps and electrical
feedthroughs. Separating the two halves is continuous vacuum constructed from
solid and flexible nipples.
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staff, from a titanium billet, using a CNC lathe and 5-axis machine. Tita-
nium is used due to its low outgassing rate and low magnetic susceptibility
[91]. Additionally, titanium has a thermal expansion well matched to N-
BKY7, the material used in the side viewports, which will reduce thermally
induced stresses on the glass and bonds [92]. The total length of each science
chamber is 345 mm, with an internal bore depth of 335 mm. The internal
diameter of the chamber is 50 mm, with an outer diameter of 70 mm. To
achieve the deep internal bore of the chamber, and get a smooth finish, an
anti-vibration boring bar was used during machining. Holes for viewports
are recessed into the chamber wall, with a clear aperture of 20 mm. Parts
manufactured by the Physics Workshop are cleaned using the procedure
outlined in appendix C.1.

For each science chamber, optical access for cooling and Raman light
delivery is achieved through a 60 mm diameter, 12.7 mm thick, \/60, UV
fused silica window, anti-reflection coated at 780 nm.* Each science chamber
also has twelve 5 mm thick, N-BK7, side windows, with a broadband anti-
reflection coating over the range 650—1050 nm." The windows are attached
using indium sealing, described in appendix C.2.

On the opposite end of each science chamber, a knife edge compatible
with a 2.75” ConFlat® connector is machined in. This allows for interfacing
with standard vacuum parts and form the connection to the interfacing

module.

3.1.3 Prism mount

In each science chamber, four 15 mm mirror coated prisms form the optics

for the horizontal trapping beams of the MOT. To fix the relative alignment

*Manx precision Optics, custom
"Thorlabs, WG11050-B
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of the prisms, they are bonded to a titanium mount using a UHV compatible
epoxy.* The suitability of the UHV epoxy for this application is tested in
appendix C.3, where it is estimated that the relative misalignment of the
prisms as a retro-reflector is (80 £ 20) mdeg. To set the alignment of the
prisms to the chamber, the mount slides in via grooves along the internal
bore of the science chamber [10]. The mount rests on four 0.5 mm wide flat
ledges, and is secured using a small amount of a room-temperature curable
HV epoxy. 't

The prism mount also contains fixing points for two dispensers. Each
17 mm dispenser contains 6.8 mg of Rb,’ and is positioned on the underside
of the mount, pointing upwards, and slightly towards the chamber wall.
They are mounted in this way in an attempt to increase the Rb partial
pressure around the trapping region. Securing each dispenser is a pair of
customised barrel connectors which are screwed onto Kapton® coated wire.
The wire is run through ceramic beads and bushes which are epoxied to the
mount, providing further electrical insulation. Neither the dispenser or wire
touch the prism mount directly, reducing the risk of electrical shorting due
to a scratched wire coating. Additionally, each dispenser leg is bent to act as
a spring, allowing for any movement due to thermal stresses. The Kapton®
coated wires are twisted in pairs and run along the chamber walls to keep
them from the beam path. It was not possible to twist the wires from the

same dispenser together to create twisted pairs to reduce magnetic fields.

*Epoxy Technology, EPO-TEK® H21D

f Agilent, Torr Seal®

'The high curing temperature of EPO-TEK® H21D would require the science chamber
to be stood in the vacuum oven to cure. Unfortunately, the vacuum oven lacks the height
and would require the chambers to be laid flat while curing, risking misalignment of the
prism mounts to the flat ledges.

$SAES, RB/NF/6.4/17 FT10+10
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Figure 3.3 Titanium prism mount with 15mm right angle mirrors bonded to
surface. Dispensers are mounted below the prism mount using cut barrel connectors
and Kapton® coated wire. Ceramic beads and bushes insulate dispensers from
mount. Legs of dispensers are bent to act as a spring to remove mechanical and
thermal stresses.

3.1.4 Interfacing module

Having designed the science chambers to fit the prism MOT and drop spec-
ifications, connecting the pumps and electrical feedthroughs requires an in-
terfacing module. This module will aid in setting the relative alignment of
the two science chambers, as well as providing continuous vacuum between
the two, for the Raman beams to travel. With the maximum Raman beam
waist set by the distance between the prisms, any vacuum sections must be
greater than 15 mm in diameter in order to facilitate the maximum Raman
beam size. Using standard, ConFlat® compatible parts, the minimum CF
size would be DN16 flanges, which have an internal clear aperture of 16 mm.
Since the Raman beam is required to be well collimated and aligned to both
clouds, there will be sufficient room for the Raman beam to pass.

The interfacing module is built from standard parts and can be consid-
ered as two symmetric halves joined with a bellow. Each half is built around
a flange multiplexer which allows for the connection from one DN25 port

to five DN16 ports,* The DN25 port attaches to the bottom of the science

*Kimball Physics, MCF275-FlgMplxr-Cr1A5
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chamber using an annealed copper gasket, which are used throughout. For
the smaller ports, one is on axis and forms the beam path between the two
science chambers, as well as providing access to the vacuum valves.* The
other four ports form a square pattern, facing outwards at 30 deg to the axis,
defined by the two other flanges. Attached to these splayed ports are the
following: a 21s~! ion pump configured for noble gases:! a housed, 151571,
non-evapourable, passive getter;* a four-pin electrical feedthrough;$ an SMA
feedthrough.Y Both assembled sections can be seen in figure 3.4 without the
nipple and bellow to join them. Again, the a render of the complete vacuum
system is seen in figure 3.2.

On the inside of the chamber, attached to the SMA feedthrough, is a
6.8 GHz RF antenna, made from half of a rigid SMA cable. The jacket of
the cable has been removed to expose 11 mm of straight wire and positioned
to point orthogonal to the chamber axis. The antenna is intended to be used
to facilitate population transfer between the two ground states, which may
be used in state, and velocity selection using an upgraded control package.

The four-pin electrical feedthrough attaches to the wires connected to
the dispensers, via barrel connectors insulated by a Macor® housing. The
internal wires are positioned such that they do not impose on the Raman
beam path, and out of the detection window aperture.

To complete the interfacing module, a custom length nipple and a flexible
bellow are used to link the two halves together. This sets the baseline of the
system to 1 m, with some fine tuning achieved by compressing or expanding

the bellow to fit into the mounting structure, discussed in section 3.2. Having

“VAT, 54124-GE02

fGamma Vacuum, 3S-DI-1H-5K-N-N
iSAES, CF-16-MK2-172-2X16-10
$Lesker, IFDCG012012

ILesker, IFDCG012012
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Figure 3.4 Flange multiplexers from Kimball Physics join vacuum peripheries to
science chambers. The two pieces are linked with a flexible and rigid nipple (not
shown).
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a flexible bellow in the middle also allows for small angles from connectors to
be corrected and removes the stress on the ConFlat® joins when mounting

in the rigid structure.

3.1.5 Bakeout for UHV

To reach the required vacuum pressure calculated in section 3.1, the system
must undergo a bakeout procedure. Vacuum is achieved through use of a
turbo pump, with dry backing pump, taking the system from air pressure to
high vacuum. In the high vacuum regime, much of the pressure comes from
gas loads from within the bulk materials. During manufacture, gases become
trapped inside the materials used to make the vacuum chamber. Heating
the chamber increases the rate of diffusion of these gases, resulting in lower
outgassing rates once cooled down. The turbo pump is used throughout to
remove the gases and is capable of dealing with a large gas load compared
to the ion pumps. Heating of the chamber is achieved through wrapping
with heating tapes and aluminium foil to provide even heat and avoid hot
and cold spots.

To perform the bakeout, the ion pump magnets are removed, compres-
sion flanges remain attached to the windows and significant layers of alu-
minium foil are wrapped tightly to the chamber body. Temperature probes
are attached along the chamber body into the mounting holes and between
the CF flanges, to best gauge the temperature of the bulk material. Six
individually controlled heating tapes are wrapped around the foil covered
chamber, with more foil added over the tapes to help spread the heat. The
bakeout should avoid temperature gradients for efficiency of outgassing and
also to avoid thermal stresses across the windows and CF flanges. As well

as spatial temperature gradients, the temporal gradients were limited to a
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Figure 3.5 Pressure as measured by the turbo pump, and the maximum recorded
temperature of the bakeout process. Pressure initially follows the temperature as
materials outgas. Once the outgassing rate is reduced, the pressure falls for a fixed
temperature. Spike in pressure is seen when the dispensers are degassed.

heating rate of 1°C min~".

The maximum temperature of the bakeout is limited by the use of in-
dium sealed windows, where the melting point of indium is 156.6°C. To
avoid leak channels forming due to the softening of the indium, the bakeout
temperature was limited to a maximum of 130 °C. In practice, the tempera-
ture was kept to around 120 °C to allow for drift in temperature throughout
the day.

During bakeout, it was useful to de-gas the dispensers by applying a
current below their activation current. This allows for trapped gases and
surface contaminants to be removed, and means that in principle a dispenser
can be activated without needing to reconnect a turbo pump at a later
date. The pressure spike can be seen in figure 3.5, as well as the pressure
temperature data of the bakeout procedure.

Towards the end of the bakeout, the passive getters were activated by
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applying 5 A to the pins for 1 hour. Once the chamber was cool, the magnets
were attached to the ion pumps and the valves closed. UHV was confirmed
using the ion pump driving current as an indication of the pressure in the
system. With the valves closed, the pressure became lower, showing that the
turbo pump is no longer required and can be removed. UHV is maintained
in the system using the ion pumps and the passive getters, where both ion

pumps measure a pressure of 1.2 - 1071 mbar when the dispensers are off.

3.2 Mounting structure

The vacuum chamber is mounted in a rigid support structure consisting
of four 17 diameter aluminium bars and mounting points to the chamber.
The mounting structure sets the baseline and relative alignment of the two
science chambers. Plates attach to the bolt threads used for the large win-
dow compression flanges and have an external SM3 thread to interface with
the telescope lens tube. A central interlocking plate reduces torsion in the
structure keeping the vertical bars straight and thus the chambers aligned.
Additional bolt holes around the central plate allow for mounting other
parts. The total length of the mounting structure is 1.77 m and can be seen
rendered in figure 3.6.

As well as supporting the vacuum chamber, the mounting structure is
used to interface with the bias coils, base-plate, and magnetic shields. The
lower half of the bias coil is supported by four steps which come out of
the uprights, as well as being held in the centre with removable supports
(not shown in figure 3.6). The upper half of the coil supported from the
central supports and clamped with the top-most plate. This forces it to be
concentric around the vacuum system, and thus the Raman beam axis.

