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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 105 participating in each interferometer, at temperatures

of (2.86± 0.09) µK and (3.7± 0.2) µK 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/
√
Hz,

at a 0.67Hz 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 50E. 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

2



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

F =
GmM

r2
r̂. (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 ρ, 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

g = |g| =
⏐⏐⏐⏐GMr2 r̂

⏐⏐⏐⏐ = ⏐⏐⏐⏐Gˆ ρ · r̂
r2

dV

⏐⏐⏐⏐. (1.2)

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 9.78m s−2 at the equator, to 9.83m s−2 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 10−5g [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

3



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 0.1Hz [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.

4



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 2 ng [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].

5



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 g

[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 10−9g is typical for civil engineering ap-

plications, and would be obscured by a tilt of 2.5mdeg.∗ 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.
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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× 3 tensor is required, providing
the gradients between each spatial axis. Here, the component Tzz is discussed only, which
provides the most information about changes in the local gravitational field due to sub-
surface voids.

7



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.

8



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 2.5mdeg was enough shift the

measured value of gravity by 1 ng, a comparable gradient signal size would

require an instrument tilt of 1.46 deg to reduce the signal size by 1E.∗

To illustrate the point further, assuming that the tilt can be controlled

to within 2.5mdeg in the field, the gradiometer measurements will have an

uncertainty due to tilt of 3 · 10−6 E, significantly lower than typical signal

sizes of order 10E. 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.

∗Eötvös is a typical unit for gravity gradient, where 1E = 1 · 10−9 s−2

9



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, 3086Em−1 [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-
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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 140 dB 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

Figure 1.2 Contours showing signal sizes in Eötvös for a density contrast of soil
to air, for a gradiometer with a 1m 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 Eötvös 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.

14



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 µK. 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, kB, such that
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2.1 Cold atoms

v =

√
kBT

m
. (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 5.8845mms−1 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

µK.

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 µK. Atoms in a thermal cloud have typical densities of order

1 · 1010 cm−1 [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

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 σ±
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.
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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

TD =
~Γ
2kB

, (2.2)

where Γ is the transition linewidth. For rubidium-87, this limit is 146.6 µK,

requiring additional sub-Doppler cooling to reach single µK 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

vc ≈
√

~kΓD
2m

. (2.3)

For a trap with beam diameters, and thus trapping distance, D of 15mm,

the capture velocity is of order 40m s−1 for 87Rb. 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

Figure 2.2 Energy level diagram of 87Rb D2 line. Transitions of the cooling,
repump, as well as those of the Raman transitions, are shown. Adapted from [47].

Trapping and cooling 87Rb

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 85Rb, and the widely used 87Rb. 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 D2 line of

87Rb, which corresponds to transitions from the 52S1/2 ground state to the

52P3/2 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. 87Rb 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 52P3/2. 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 |F = 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 ≈ 2~k 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. Two-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 105 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

Figure 2.3 a) Two long lived states |g〉 and |e〉, separated by a frequency ωeg, can
be coupled by a two photon stimulated Raman transition. Diagram is not to scale
and ω1, ω2 >> ωeg, δ,∆. 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 keff = k1 − k2

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, ωeg, 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 ~ times the difference of the wavevectors. This difference is defined as

keff = k1 − k2. A detuning from the resonance condition can be written as

δ = ω1 − ω2 − ωeg +
|p|2

2m~
− |p+ ~keff |2

2m~
, (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 ω1 and ω2 are de-

tuned by a frequency ∆, from their respective ground state to the interme-

diate state |i〉. In order to neglect spontaneous emission, ∆ >> δ. Defining

the frequency difference between state |g〉 and |i〉 as ωig, the single photon

detuning is given by

∆ = ωig − ω1 +
|p|2

2m~
− |p+ ~k1|2

2m~
, (2.5)

but could equivalently be defined relative to ω2. It also useful to define the

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

~ωg =
|p|2

2m
, (2.6a)

~ωe =
|p+ ~keff |2

2m
+ ~ωeg, (2.6b)

~ωi =
|p+ ~k1|2

2m
+ ~ωig. (2.6c)

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 |px〉, the state can be written as |x,px〉 = |x〉 ⊗ |px〉.

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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|Ψp(t)〉 = Cg,p(t) |g,p〉+Ce,p+~keff
(t) |e,p+ ~keff〉+Ci,p+~k1(t) |i,p+ ~k1〉 ,

(2.7)

where the coefficients Cx,px
evolve with a fast oscillation, at the frequency

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

Cx,px
(t) = cx,px

(t)e−iωxt. (2.8)

To determine the state after an evolution in the optical field, one needs to

solve the time dependent Schrödinger equation, (2.9), for the wavefunction

in equation (2.7).

i~
d

dt
|Ψ(t)〉 = Ĥ |Ψ(t)〉 . (2.9)

2.2.2 Evolution of a three level atom in a light field

The solution of the Schrödinger equation requires the Hamiltonian of the

system. Here, the Hamiltonian can be considered as consisting of three parts:

ĤP , associated with the kinetic energy of the atom, via the momentum

operator; ĤA, acting on the internal energy levels of the atom; Ĥ int, the

interaction between the atom and the light field, via the electric dipole

operator. Written out, these are

ĤP =
p̂2

2m
, (2.10)

ĤA = ~ωe |e〉 〈e|+ ~ωg |g〉 〈g|+ ~ωi |i〉 〈i| , (2.11)

Ĥ int = −d̂ ·E, (2.12)
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2.2 Raman transitions

with the total Hamiltonian of the system therefore

Ĥ = ĤP + ĤA + Ĥ int. (2.13)

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

two waves

E = E1 cos(k1 · z− ω1t+ φ1) +E2 cos(k2 · z− ω2t+ φ2). (2.14)

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

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

dcg,p(t)

dt
= −ici,p+~k1Ω1e

−i(∆t+φ1), (2.15a)

dce,p+~keff
(t)

dt
= −ici,p+~k1Ω2e

−i((∆+δ)t+φ2), (2.15b)

dci,p+~k1(t)

dt
= −icg,pΩ∗

1e
i(∆t+φ1) − ice,p+~keff

Ω∗
2e

i((∆+δ)t+φ2), (2.15c)

where the definition of the Rabi frequency is introduced

Ω1 ≡ −〈g| d̂ ·E1 |i〉
2~

, (2.16a)

Ω2 ≡ −〈e| d̂ ·E2 |i〉
2~

. (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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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, |∆| >> |δ|, |Ω1|, |Ω2|. Ap-

plication of this condition finds that the time dependent oscillation of the

coefficients cg,p and ce,p+~keff
, is much less than the terms oscillating at fre-

quency ∆. Integration of equation (2.15c) can be performed using adiabatic

elimination, where the the time dependence of cg,p and ce,p+~keff
is neglected

and oscillations at frequency ∆ 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].

dcg,p(t)

dt
= i

|Ω1|2

∆
cg,p(t) + i

Ω1Ω
∗
2

∆
ce,p+~keff

(t)ei(δt+φ2−φ1), (2.17a)

dce,p+~keff
(t)

dt
= i

Ω∗
1Ω2

∆
cg,p(t)e

−i(δt+φ2−φ1) + i
|Ω2|2

∆
ce,p+~keff

(t). (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 ΩAC

ΩAC ≡ |Ω2|2

4∆
+

|Ω1|2

4∆
. (2.18)

Additionally, the difference term δAC gives a frequency detuning due to the

light shifts
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δAC ≡ |Ω2|2

4∆
− |Ω1|2

4∆
. (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 φeff = φ1−φ2, obtained from the light

interaction, such that

Ωeff ≡ Ω∗
2Ω1

2∆
ei(φ1−φ2). (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 ΩAC ± δ is introduced. This derivation

is done elsewhere [9, 63], and introduces a generalised Rabi frequency, ΩR,

which accounts for light shifts and frequency detuning

ΩR ≡
√
Ω2
eff + (δ − δAC)2. (2.21)

The solutions for the coefficients cg,p and ce,p+~keff
at a time (t0+ τ) are

cg,p(t0 + τ) = ei(ΩAC+δ)τ/2

{[
cos
(ΩRτ

2

)
+ i

δAC − δ

ΩR
sin
(ΩRτ

2

)]
cg,p(t0)

+

[
i
Ωeff

ΩR
sin
(ΩRτ

2

)
ei(δt0+φeff)

]
ce,p+~keff

(t0)

}
,

(2.22)

and
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ce,p+~keff
(t0 + τ) = ei(ΩAC−δ)τ/2

{[
i
Ωeff

ΩR
sin
(ΩRτ

2

)
e−i(δt0+φeff)

]
cg,p(t0)

+

[
cos
(ΩRτ

2

)
− i

δAC − δ

ΩR
sin
(ΩRτ

2

)]
ce,p+~keff

(t0)

}
.

(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 |ψ〉, 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 t0, the wavefunction of the atom is in state |g〉, i.e. cg,p(t0) = 1

and ce,p+~keff
(t0) = 0. The population of each state at a time t0+τ becomes

Pg(p, t0 + τ) = |cg,p(t0 + τ)|2

= cos2
(ΩRτ

2

)
+

⏐⏐⏐⏐δAC − δ

ΩR

⏐⏐⏐⏐2 sin2 (ΩRτ

2

)
,

(2.24)

and

Pe(p+ ~keff , t0 + τ) = |ce,p+~keff
(t0 + τ)|2

=

⏐⏐⏐⏐Ωeff

ΩR

⏐⏐⏐⏐2 sin2 (ΩRτ

2

)
=

⏐⏐⏐⏐Ωeff

ΩR

⏐⏐⏐⏐2 1− cos(ΩRτ)

2
,

(2.25)

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

29



2.2 Raman transitions

ΩR. 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 δtot = δAC − δ. The effect of changing δtot 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 ΩR, then as the detuning difference, δAC − δ, tends to zero,

the maximum probability tends to 1, and the frequency tends to Ωeff .

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

|Ω| =
√

I

Isat

Γ√
2
. (2.26)

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

Γ, and a saturation intensity, Isat, which is calculated from the coupling

strength of the transition and the polarisation [47]. From this, the effective

Rabi frequency may be written as

|Ωeff | =
√
I1I2Γ

2

4Isat∆
. (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

∆.
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2.2 Raman transitions

Figure 2.4 Rabi oscillations between two states when the atom starts in state |g〉.
By increasing the total detuning δtot 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 δtot.

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 τ = π/ΩR, which for δtot = 0 corresponds to

total population inversion. When the pulse time causes the maximum pop-

ulation inversion, it will be referred to as a π pulse, of length τπ. Similarly,

a pulse of length τ = π/2ΩR 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 π/2 pulse, of length τπ/2. In the case |δtot| > 0, a pulse

time τ = π/ΩR 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 π 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

π/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 · keff , where the scalar product of the ve-

locity vector, v, and the effective wavevector, keff , 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 δtot = 0, then the shift comes into the generalised Rabi frequency

as

ΩR =
√

Ω2
eff + (v · keff)2. (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 (vz − vR)|keff |. 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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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 xy 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 keff = k1 − k2

determines the magnitude of momentum transferred to the atom. In a co-

propagating case, the vectors of k1 and k2 point in the same direction. The

momentum transferred to the atoms is thus ~|keff | = ~|k1| − ~|k2|. In this

case, v · keff is small, making the Doppler shift negligible.

In the counter-propagating case, the vectors k1 and k2 point in oppo-

site directions, meaning the transferred momentum is largest, as ~|keff | =

~|k1|+~|k2|. 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 Raman transitions

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 π 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 π pulse can be written as

[63]

Pe(vz) =

⎡⎢⎣π
2
sinc

⎛⎝π
2

√
1 +

(
(vz − vR)|keff |

Ωeff

)2
⎞⎠
⎤⎥⎦
2

. (2.29)

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

by the Maxwell-Boltzmann distribution. Centred around an average ve-

locity, vz, the width of the distribution is dependent upon the ensemble

temperature, such that σv = kBT/m. The total distribution can be written

as [63]

g(vz) =
1√
2πσv

exp

(
−(vz − vz)

2

2σ2v

)
. (2.30)

The probability of finding an atom in each state after a π pulse is propor-

tional to the product of the functions Pe(vz) and g(vz). To demonstrate the

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

of 5 µK is modelled in a resonant light field, with an effective Rabi frequency

of 50 kHz. This is demonstrated in figure 2.5, where it is seen that only a

narrow velocity class from state |g〉 is transferred by the π 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 mF states can be

separated by a magnetic field with an energy shift given by the Landé gF

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

∆E|F,mF 〉 = µBgFmFBz. (2.31)

For the two ground states of 87Rb, this splitting of each mF state is given by

the mF number times the factor −0.70MHzG−1, and 0.70MHzG−1 for the

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

∗It 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.

35



2.3 Zeeman shift

Figure 2.5 Resonant π 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 µK atomic ensemble with an effective Rabi fre-
quency of 50 kHz. The velocity is scaled to the recoil velocity of the two-photon
transition, where vrecoil = ~|keff |/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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2.3 Zeeman shift

(a) (b)

Figure 2.6 (a) With zero applied magnetic field, themF sub-levels have degenerate
energies. (b) With an applied external magnetic field, the degeneracy in energy is
lifted, with the levels splitting by µBgFmFBz 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,mF = 0〉 ↔ |F = 2,mF = 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,mF = 0〉 ↔

|F = 2,mF = 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

∆ω|F=1〉↔|F=2〉 =
(gJ − gI)

2µB
2~∆E|F=1〉↔|F=2〉

B2, (2.32)
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and may be calculated as 2π·575.15HzG−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 π/2−π−π/2, where each

pulse is separated by a time T . Since the energy and momentum states are

coupled in the Raman transitions, the first π/2 pulse causes the wavefunction

to follow two trajectories. The states are allowed to evolve for a time T , after

which a π pulse inverts the population, and therefore the momentum states.

The two trajectories intercept after an additional time T , where a second

π/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

Pe = P0 −
C

2
cos(δφtot), (2.33)

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

P0.
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2.4 Atom interferometry

Figure 2.7 Space-time diagram of the interferometry sequence which consists of
π/2−π−π/2, separated by an evolution time T . Due to the coupling of the energy
and momentum states, the interferometer encloses an area of ~|keff |T 2/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 x is denoted by δφx = φxpath1−φxpath2. The contributions for the phase

come from: the propagation of the atom, δφprop, the phase from the atom’s

internal evolution, δφint, and the phase due to the interaction of the laser,

δφlaser. The total phase of the interferometer is therefore

δφtot = δφprop + δφint + δφlaser. (2.34)

Since the atom spends the same amount of time in each energy state

39



2.4 Atom interferometry

Internal state Momentum Phase shift

|g〉 → |e〉 p → p+ ~keff +
(
keffz(t)− ωefft− φeff

)
|e〉 → |g〉 p+ ~keff → p −

(
keffz(t)− ωefft− φeff

)
|g〉 → |g〉 p → p 0

|e〉 → |e〉 p+ ~keff → p+ ~keff 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, keff , frequency, ωeff , and phase, φeff , 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

|g〉 → |e〉 → |g〉 → |e〉. Path ACD follows the lower path, with the state

evolving as |g〉 → |g〉 → |e〉 → |e〉 in the π/2− π − π/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

φABD =
[
keffzA − φI

]
−
[
keffzB − ωeffT − φII

]
+
[
keffzD − ωeff2T − φIII

]
= keff

(
zA − zB + zD

)
− ωeffT − φI + φII − φIII ,

(2.35)

φACD = 0 +
[
keffzC − ωeffT − φII

]
+ 0

= keffzC − ωeffT − φII .

(2.36)

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

two paths, such that

δφlaser = φACD − φABD

= keff
(
zB − zA + zC − zD

)
+ φI − 2φII + φIII

= keffgT
2 + φI − 2φII + φIII ,

(2.37)

where the construction of an additional parallelogram A0B0C0D0, 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 gT 2 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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2.4.3 Interferometer phase

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

the interferometer, and the total phase shift is equivalent to

∆φ = φP1 − 2φP2 + φP3, (2.38)

where

φPn = keffz(t)− ωn,eff t− φn,eff (2.39)

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, α, 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 ω1 has a time depen-

dence introduced, becoming ω1(t) = ω1 + 2παt. This addition makes the

interferometer phase of equation (2.38) become

∆φ = (keffg − 2πα)T 2 + φI − 2φII + φIII . (2.40)

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

φI − 2φII + φIII = 0, leaving the relation

∆φ = (keffg − 2πα)T 2. (2.41)

For a value of keffg = 2πα, the phase shift is cancelled for all values of T . A

chirp rate scan for different interferometer T 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 α to be found with
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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/r2 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 γ, the

Lagrangian becomes [31]

L
(
z, v
)
=

1

2
mv(t)2 −mgz(t) +

1

2
mγz2. (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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g =g0 + γ

[
7

12
g0T

2 − v0T − z0

]
+

γ2T 2

[
31

360
g0T

2 − 1

4
v0T − 7

12
z0 −

1

2
vrecoil

(
T − Tdet)

]
+ ...

(2.43)

Introduction of variables g0, v0, z0 are made representing the gravitational

field, average path velocity, and position, respectively, for an initial time t0.

Evaluating the effect of each order for an interferometer of T = 100ms, g0 =

9.81m s−2, γ = 3086Em−1 (the gravity gradient of Earth), v0 ≈ 0.1m s−1,

z0 = 0m, vrecoil = 0.0117m s−1 (two-photon recoil). This puts first order

corrections g(1) ≈ 10−8g0 = 10ng, which is comparable to a gravimeter signal

size. Second order corrections are g(2) ≈ 10−16g0, 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 g is a time weighted average of the

gravitational field between the initial π/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 π/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

∇g =
∆φ1 −∆φ2
keffT 2b

. (2.44)

Consequently, the sensitivity of a gravity gradiometer has a dependence on

the separation b, as well as keff and T . 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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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 δ∆φ = 1/
√
N .

For a single interferometer, the phase is equal to ∆φ = 2keffgT
2, and the

uncertainty in the phase is limited by the quantum projection noise, such

that

δ∆φ

∆φ
=
δg

g
=

1

keffT 2
√
N
. (2.45)

Extending to a gravity gradiometer, the value of δ∇g may be calculated

by propagating the uncertainties associated with ∆φ1 and ∆φ2 in equation

(2.44), by adding the errors in quadrature. The resulting uncertainty in

the gradient δ∇g, depends on the number of atoms in each interferometer,

giving

δ∇g =
∇g

2keffT 2b

√
N2 +N1

N1N2
. (2.46)

For similar atom numbers in each interferometer, the approximation N1 ≈

N2 = 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

δ∇g
∇g

=

√
2

2keffT 2b
√
N
, (2.47)

for a single shot. To calculate the sensitivity, in units of E/
√
Hz, the mea-

surement time for a single shot is included. Taking a repetition rate of

0.7Hz, and an atom number of 105, the atom shot noise limited sensitivity

of the interferometer at T = 85ms is 23E/
√
Hz. In order to be limited by
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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 ∆Φ, 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

∆Φ = ∆φ1 −∆φ2 = φCM
1 + δφCM

1 + φNCM
1 + δφNCM

1

−
(
φCM
2 + δφCM

2 + φNCM
2 + δφNCM

2

)
= φNCM

1 + δφNCM
1 − φNCM

2 − δφNCM
2

= φ∇g + φsystematic + δφnoise.

(2.48)

The common phase components, including the noise terms δφCM , have been

cancelled, leaving only the non-common terms. The phase term, φNCM
1 −

φNCM
2 , has been grouped into terms responsible for the gravity gradient

φ∇g, and systematic phase offsets φsystematic. Phase noise terms, δφNCM
1 −

δφNCM
2 , have been grouped into a single uncommon noise term δφnoise.

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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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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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 2π, 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, vEW , and the momentum

imparted upon the atom due to a Raman pulse, keff . The phase shift on the

interferometer is given by

∆φcor = 2Ω · (vEW × keff)T
2, (2.49)

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

∆gcor = 2Ω · (vEW × vrec). (2.50)

The bias to the interferometer phase is scaled by Ω = Ωcos(θlat) - the

Earth’s rotation angular velocity, which is largest at the equator, where

θlat = 0. Rewriting the vectors in terms of latitude, angle of orientation,

θor, and horizontal velocity of the atoms, vhor, equation (2.50) becomes [78]

∆gcor = 2Ωcos(θlat)vhor cos(θor). (2.51)
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2.8 Initial demonstrator

In the gradiometer, a simple extension to this formula can be made by

taking the gradient of two sensors with horizontal velocity vhor1 and vhor2.

Using equation (2.44), the Coriolis effect introduces a shift to the gravity

gradient, equal to

∇gcor =
2Ωcos(θlat) cos(θor)

b
|vhor1 − vhor2|. (2.52)

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 ∆vhor, 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 Eötvös 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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2.8 Initial demonstrator

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 50ms and baseline 0.75m, 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/
√
Hz, at a 0.5Hz 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/
√
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 175E,

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 209E/
√
Hz for an estimated 105 atoms

participating in each interferometer. Simulation of the data suggests that

the short term sensitivity of the instrument is limited to 1100E/
√
Hz 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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2.9 Design considerations for a new sensor package

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/

√
Hz,

for a 0.5Hz measurement bandwidth, with the orange line 1/
√
τ averaging. The

lowest average gradient value is 155E in 398 s before instability dominates.
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2.9 Design considerations for a new sensor package

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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(a) (b)

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 1m
baseline, where the radius is 1m and a density contrast of soil to air (−2000 kgm−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.

57



2.9 Design considerations for a new sensor package

the values of gravitational field at the two points and the baseline between

them, the gravity gradient is calculated. The equation

gz(x) = 2πGR2∆ρ
z

x2 + z2
, (2.53)

can be used to calculate the gravity signal from an infinite cylinder of ra-

dius R, at a distance
√
x2 + z2 [80]. The density contrast between the

cylinder and surrounding material is modelled as dense soil/clay to air

(−2000 kgm−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 T 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 µK [10, 11, 67, 81]. This evolution time is

taken as 500ms.

The interferometry region dimensions are evaluated for both an atom

drop and launch configuration, setting the maximum interferometer T time

in each case. These limits are set to a maximum T time of 230ms in a launch

configuration, and a maximum T time of 100ms in a drop configuration. To

determine the baseline of such an instrument, the physical limitations of
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2.9 Design considerations for a new sensor package

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).

59



2.9 Design considerations for a new sensor package

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 T time of 85ms, 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:

60



2.9 Design considerations for a new sensor package

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 σ± 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 coefficient 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 µK,
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when the background magnetic environment is nulled [52, 53]. Atoms of sin-

gle µK 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, 13A 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 T time in either drop or launch configuration. As

discussed in section 2.9, the core design is based on two vertically separated

prism MOTs 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.
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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 rc, 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, l. Expressing the

mean free path in terms of the number density n, and the atomic collision

cross section σc, the collision rate is given by
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rc =
〈v〉
l

=
√
2nσc〈v〉. (3.1)

The average velocity of thermal atoms is given by the Maxwell-Boltzmann

distribution, 〈v〉 =
√

8kBT/πm, expressed in terms of the mass m, and tem-

perature T , of the atoms. The number density can be related to pressure

by the ideal gas law such that n = p/kBT . Assuming that the collisions are

limited to Rb-Rb, the collision rate can be written as

rc = Pσc

√
16

πmRbkbT
(3.2)

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 · 10−18m2 [90]. For

cloud evolution times on the order of half a second, the collision rate should

be on the order of 2 s−1, putting an upper bound on the pressure P of

1 · 10−7mbar, 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 15mm

prisms used to accept a 2” cooling beam. The internal diameter of the
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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 45mm 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 xy 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-

BK7, 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 345mm, with an internal bore depth of 335mm. The internal

diameter of the chamber is 50mm, with an outer diameter of 70mm. 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 20mm. 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 60mm diameter, 12.7mm thick, λ/60, UV

fused silica window, anti-reflection coated at 780 nm.∗ Each science chamber

also has twelve 5mm 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 15mm 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 0.5mm wide flat

ledges, and is secured using a small amount of a room-temperature curable

HV epoxy.†‡

The prism mount also contains fixing points for two dispensers. Each

17mm dispenser contains 6.8mg 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
†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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(a) (b)

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 15mm 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 16mm.

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 2 l s−1 ion pump configured for noble gases;† a housed, 15 l s−1,

non-evapourable, passive getter;‡ a four-pin electrical feedthrough;§ an SMA

feedthrough.¶ 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

6.8GHz RF antenna, made from half of a rigid SMA cable. The jacket of

the cable has been removed to expose 11mm 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 1m, 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
†Gamma Vacuum, 3S-DI-1H-5K-N-N
‡SAES, CF-16-MK2-172-2X16-10
§Lesker, IFDCG012012
¶Lesker, IFDCG012012
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3.1 Vacuum chamber

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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3.1 Vacuum chamber

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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3.1 Vacuum chamber

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 °Cmin−1.

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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3.2 Mounting structure

applying 5A 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 · 10−10mbar when the dispensers are off.

3.2 Mounting structure

The vacuum chamber is mounted in a rigid support structure consisting

of four 1” 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 1.77m 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.

A base plate bolts to the bottom struts from beneath. The base plate
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3.3 MOT coils

is large to provide stability for the system, since the centre of mass of the

system is near the middle of the vacuum chamber. Built into the base plate

are three height adjustable feet which can be individually levelled from the

top using a spanner or ratchet. This is possible due to a modification to

the top of the screw thread of the articulated foot, where a 10mm hexagon

head has been machined. The base plate is large enough to accommodate a

cylindrical box, which is used to contain optical and electrical distribution.

3.3 MOT coils

In the magneto-optical trap, a quadrupole field is required. This is achieved

using a pair of coils with current flowing in opposite directions. To determine

the distance between the two coils, a simple calculation of two thin current

loops of radius r and separation s is performed. As seen in figure 3.7, the

field has a maximum gradient when the ratio s/r = 1. However, at this

point, the field is not linear. A linear field is achieved at the coil centre

when the second order derivative of the field is zero. This corresponds to a

separation of
√
3 times the coil radius. To ensure a linear trapping gradient,

the coils have been designed to have s/r = 1.7.

For structural integrity, the coil former is machined from aluminium. A

radial slit is made through the former to cut the flow of eddy currents in the

metal, which would otherwise increase the time for the coils to be switched.

This gap has been filled with plastic to maintain former rigidity. Thermal

paste is applied during winding to aid flow of heat to the former which

acts as a heat sink. Each coil contains 92 turns of 1mm Kapton®coated

wire (184 turns per former), held in place by epoxy on the outer layers.

Each coil’s axial field is characterised off the system and shown in figure

3.8 where the central gradient is measured as (5.1± 0.1)G cm−1A−1 and
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3.3 MOT coils

Figure 3.6 Anodised aluminium support structure holds the vacuum system rigidly
and sets the baseline and alignment between the two science chambers
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3.4 Compensation fields

Figure 3.7 Changing the ratio between separation between two current loops
with opposite flowing current. The maximum in axial field gradient occurs when
the separation is equal to the coil radius, however the axial field between the two
coils is most linear when the ratio is

√
3. Dotted line shows the ratio used in the

experiment coils.

(5.0± 0.1)G cm−1A−1 for the two coil pairs. The MOT coil formers are

bolted directly to the vacuum chamber with the magnetic zero point aligned

with the middle of the prisms. During operation, the MOT coil current

is 2.5A, generating a trapping field gradient of 12.5G cm−1 in the axial

direction.

3.4 Compensation fields

The magnetic environment is prepared through use of bulk mu-metal shield-

ing, discussed later in section 3.8, with compensation coils used for fine ad-

justment. This allows for any residual field to be cancelled, which would

allow for colder temperatures in sub-Doppler cooling. As well as this, in-

ternal coils can be used to shim the position of the cloud, which may be

81



3.4 Compensation fields

Figure 3.8 Measured field profile of the axial quadrupole trapping coils using
a magnetometer. Offset in distance for clarity. Linear fit gives a gradient of
(5.1± 0.1)G cm−1 A−1 for Coil 1 and (5.0± 0.1)G cm−1 A−1 for Coil 2.

used to compensate a misalignment between the magnetic zero point and

the optical trapping centre, compensate for Raman beam misalignment, or

offsets between the clouds. Due to space constraints, a pair of coils in the

Helmholtz geometry cannot be used.∗ To maximise the region of field uni-

formity, a rectangular coil pair is used. The characterisation of this pair

is shown in figure 3.9, where it can be seen that the field has an extended

length of uniformity in the vertical direction.

∗For a uniform field between two coils, the separation is given by the Helmholtz spacing.
For circular coils this is the coil radius and for square coils, the separation is 0.5445 times
the length of a side. At this spacing, the second derivative of the field is zero at the centre
[93].
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3.4 Compensation fields

Figure 3.9 Measurement of By for a pair of compensation coils. Dotted and dashed
lines show the relative orientation of the two coils as seen from the plane of the
measurement. The origin is at the centre of the coil pair. Measurements of By(x)
are in the plane y = 0 and vice-versa. Data taken by J. Winch.
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3.5 Bias coil

3.5 Bias coil

The bias coil is used to define the polarisation of the Raman beam, and

can be used to split the mF states, as discussed in section 2.3. To reduce

phase shifts in the gradiometer, a uniform field is desired across the entire

interferometry region. In the design of a coil, two extremes are considered:

a coil tight to the chamber, or a large diameter coil enclosing most of the

sensor package. In the case of the coil close to the chamber, the windings

must not get in the way of the detection optics and mounting structure, since

this may result in a discontinuous coil, creating additional field components

in the xy plane. A tighter coil allows for lower power consumption and, in

general, a lower inductance, decreasing the switching speed. If switching

speed is not important, then a large coil allows for easier installation and

removal, as well as more uniformity around the xy plane, since the coil can

better approximate a solenoid. In this case, a large external coil is used due

to the constraints of mounting optics.

To produce a uniform field, along an axis one can use an arrangement of

multiple coils, whose total field is uniform, or a solenoid. In a constrained en-

vironment, the coil system must meet the following conditions: to be rigidly

fixable to the sensor package, such that the field is aligned with the Raman

beam; to have a uniform field over both interferometry regions; operable

from a single current supply, to ensure current noise is common between

each interferometer. A solenoid is often used to create a uniform magnetic

field; however, their limitations in a constrained environment make them

unsuitable. Take a solenoid whose length is much larger than its diameter;

the resulting field inside does not become uniform until a length roughly 3

times the diameter of the coil. When the coil’s length becomes smaller, so
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3.5 Bias coil

too does the region of uniformity, where uniformity is considered to be a

field variation of less 0.5%. Thus, in the geometry of interest, the current

density must be tailored to produce a uniform field in the region of inter-

est. A multiple coil system would allow for the tuning of the magnetic field

in situ by a potential divider circuit, allowing for single supply operation;

however, ensuring a rigid structure adds complexity to the design.

Due to these constraints, the best option for this sensor package is a

large coil which hugs the inside of the magnetic shield, forming a continuous

magnetic field along the entire length of the sensor head, maximising the

space for optical access. An optimised current density is required to achieve

this and must prioritise a uniform field in the interferometry regions. To

optimise current density, variable pitch spacing is employed. This means

that for a constant input current, the field profile at any given point is

determined by the pitch spacing of all the adjacent wire loops.

To calculate the winding pattern required, the length of the coil is split

into regions of current density. Each region is required to have an integer

number of turns, making the pitch spacing in that region simply determined

by the size of the region and the number of required turns. The coil dimen-

sions were set to be 1.6m in length and 0.25m in diameter, and has been

split into 101 regions of current density, 15.8mm long. For practicality of

installation and removal, the coil must be split into two halves, which will

cause a region in the centre with a single turn. If the turn spacing is small

compared to the radius of the coil, then the helical coil can be be considered

as consisting of many current loops, separated by the pitch spacing of sub-

sequent turns. Treating the coil this way, the magnetic field along the axis

is given by the summation of all current loops at every point. For a coil of

radius a, N turns, and each turn, n, having a position zn, then the magnetic
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3.5 Bias coil

Figure 3.10 Biot-Savart calculations of the optimised field geometry. Comparison
between a solenoid shows that the field is more uniform between the interferometry
regions, shown by the pairs of dotted lines. The coil is split into 101 regions, each
15.8mm long.

field at each position, for an input current I, is given by a summation of the

Biot-Savart law

B(z) =

N∑
n=1

µ0Ia
2

2
(
(z − zn)2 + a2

)3/2 . (3.3)

To optimise the field, the number of turns in each current density region

is changed, starting from a solenoid of uniform turn density. It is required

that the field be uniform in the interferometry regions. Achieving this re-

quires the maximum current density at the edges of the coil to ramp up the

magnetic field. In total, there are 849 turns on the coil with pitch spacing

varying from 1.32mm to 2.26mm. The optimised field is shown in figure 3.10

alongside the number of turns per region, demonstrating the turn density

changes along the coil.
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3.5 Bias coil

Figure 3.11 a) Winding the bias coil with 0.5mm wire. b) Early fitting of the
wound bias coil on the sensor head. It can be seen that the bias coil completely
encloses the vacuum system.

The coil is wound onto a 3D printed former with grooves for each turn,

made of a resin material to prevent additional eddy currents. Using a series

of rollers, the wire was easily added to the former and an epoxy layer stops

the wires from being scratched or displaced. The winding of the former, and

the fitting of it to the sensor package is shown in figure 3.11.

Measurements of the field profile were taken with the axial probe of a

Gauss meter, along the length of the coil by attaching the probe to taut

string and pulling through the centre. The measurements are shown in
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3.6 Beam delivery

Figure 3.12 Measurements of the bias coil field profile with a axial probe Gauss
meter, compared to the modelled field. Large error from poor method obscures the
flat field profile; however, the sharp rise at coil edge is observed. The interferometry
regions are again shown with pairs of dotted lines, showing a uniform field to within
error.

figure 3.12, where despite large measurement noise obscuring the flat central

profile, the sharp rise at the coil edges is measured.

3.6 Beam delivery

To have a high enough intensity for the Raman laser, the Raman and cool-

ing beams must be different sizes. The cooling beam size is determined by

the size of the prism MOT, with a minimum beam diameter of 47mm re-

quired to cover the prisms completely. The Raman beam must pass through

the centre of the prisms and through the vacuum bellow without clipping,

setting the maximum beam diameter of 15mm. In the system, the cooling

and Raman beam are delivered co-axially, which adds complexity to the

telescope design. Previous designs focused the Raman and cooling beam

close together, with one reflected from a D shaped mirror, which produces
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3.6 Beam delivery

near co-axial beams but the focusing introduced wavefront aberration [10].

To overcome this, the design used here requires the two beams to be cross

linear polarised, combined together on the output port of a polarising beam

splitter (PBS). The cooling and Raman beam delivery is shown in figure

3.13, where alignable fibre coupled collimators are used to direct the beams

onto the reflection inputs of two PBS. With the arrangement of the beam

splitters such that the polarisation’s are crossed, both beams may be de-

livered co-axially, with the fraction of the output power determined by the

alignment of the half-wave plate (HWP), with the PBS.

A variable retarder plate (VRP), is aligned with its axis at 45 degrees

to each linear polarisation. The VRP is used to switch between circular

and linear polarisation for the MOT/molasses, and Raman phases respec-

tively. Each VRP is individually temperature stabilised at 40 °C, to reduce

polarisation fluctuations.

The beams are expanded using a Galilean telescope consisting of a di-

verging lens, focal length −25mm, and a converging lens with focal length

100mm. With the telescope collimated, the relative beam sizes are set by

the ratio of the two collimator outputs. The Raman collimator has an out-

put beam diameter of 3.1mm when used with the 6 µm mode field diameter

input fibre.∗ The cooling collimator is a fixed focus, parabolic mirror col-

limator, with an output beam size of 12mm.† The ratio of the collimators

therefore set the output beam diameter to be 12.4mm for the Raman beam

and 48mm for the cooling beam.

To secure the optics in place, a custom telescope body, manufactured

from aluminium, rigidly fixes the VRP, PBS, and HWP in place. The lenses

are secured in lens tubes, which are screwed into the telescope body. The

∗Raman collimator: Thorlabs PAF2A-18B
†Cooling collimator: Thorlabs FC12APC-PO1
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alignment process for each beam is performed by a lockable 2-axis tip tilt

stage, where the fibre collimators are mounted to the telescope body. This

allows each beam to be aligned independently. The collimation is deter-

mined by the relative separation of the two telescope lenses. Each telescope

can be thus be aligned and collimated, such that the cooling and Raman

port from each telescope are coaxial; however, the relative alignment of each

telescope is more difficult due to no access to the beam path and limited

diagnostics. With each telescope on the system, the atomic signal can be

used as a metric for alignment quality. Since the telescopes are inside the

magnetic shielding, it becomes difficult to optimise the beam alignment us-

ing the atoms. This is where the high level of integration of the sensor

package begins to hinder the optimisation process. This application would

be ideal for piezo actuated telescopes, where the alignment could be con-

trolled externally, whilst maintaining a fully integrated sensor package. A

telescope made of customised parts would need to be manufactured in order

to fit this functionality, but presents technical challenges with robustness.

The telescopes are screwed to the mounting structure with the 3” lens tube

and further braced against the mounting structure. This rigidly fixes the

telescopes to the system and avoids telescope motion, and thus beam mis-

alignment, when the sensor package is moved.

3.7 Detection and diagnostics

Detection of the atoms is done by capturing the fluorescence with a photodi-

ode. The cooling light can be sent through the main telescopes, to measure

the state populations and readout the interferometer, or diverted with an

optical switch to a side port light sheet, used for optimisation and diagnos-

tics. The hardware used is briefly mentioned here, with further information
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3.7 Detection and diagnostics

Figure 3.13 Exploded view schematic of the telescope used in the system. The
ratio of the output beam sizes is determined by the ratio of the beam sizes at the
collimators. A careful choice of the collimators has produced an output cooling
beam of 1/e2 waist 48mm, and a Raman beam waist of 12.4mm.

91



3.7 Detection and diagnostics

about the detection scheme used in the experiment discussed later, in section

5.2.

3.7.1 Detection photodiodes

A fast photodiode∗ is mounted onto a custom amplification circuit† to pro-

vide a large signal to noise ratio. The output of the photodiode is fed directly

into a 107 gain inverting amplifier to provide the convert photocurrent to

voltage. Second stage amplification is used to perform active low-pass fil-

tering, at inverting unity gain, with a cutoff frequency of 28.2 kHz. The

amplifiers are supplied using 2 stage power line filtering. The low-pass fil-

tering stage limits the photodiode detection bandwidth to 40 kHz.

These photodiodes are mounted rigidly to the chamber using 3D printed

mounts. A double lens system is used, where a lens collimates the light

from the atoms (if treated as a point source), with a second lens focusing

the collected light onto the photodiode. The detection solid angle from this

system is estimated as 0.16 sr, covering only a small fraction of the surface

the atoms radiate over.

The detection diodes are fed into a data acquisition device (DAQ), via

SMA cables. Ferrite cores on each end of the cable reduce electrical pickup

noise and the cables are kept as short as possible. The data is digitised by

the high resolution, low noise DAQ before being sent over the umbilical for

data processing.‡

∗Hamamatsu S1336-44BK
†Designed by F. Hayati
‡DAQ: National Instruments USB-6366
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3.7.2 Light sheet detection

Orthogonal to the detection photodiode, a horizontal light sheet is installed

into each chamber. A fibre collimator, with output beam waist of 8mm, is

masked to a thin sheet of a few hundred µm, using a 3D printed slit and

some blackout foil.

The light sheet is used as a diagnostic tool to measure atom cloud tem-

peratures and arrival time, as well as giving an indication of the number of

atoms. Much as for the light delivered from the vertical beams, the fluo-

rescence from the atoms is measured by the detection photodiodes. Light

sheet detection is not for measuring relative state populations in this sen-

sor; however, the slit can easily be removed to allow for horizontal detection

schemes and adapted to form double light sheets, or just open port pulsed

detection. The light sheet can also be balanced by retro-reflecting through

the introduction of a mirror with a quarter-wave plate (QWP), attached

to the front. The QWP stops intensity interference patterns forming when

retro-reflecting, creating a beam of equal intensity from both directions. In

principle, this helps to increase the signal through more power and reduce

the number of atoms pushed out of the detection region.

3.8 Magnetic shielding

Part of operation in a field environment is mitigation of external effects.

For a portable system, the background fields will change with measurement

location and may also have a temporal and frequency dependence. An iden-

tified issue with the previous sensor was susceptibility to external magnetic

fields; here, the sensor head is designed to be completely enclosed by bulk

magnetic shielding, in order to reduce uncommon phase shifts in the gra-
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diometer. There are two standard approaches to magnetic shielding: bulk

shielding, using a high permeability ferromagnetic material, such as mu-

metal, to guide fields around the shield; or active field cancellation, where

several coil pairs are used in a feedback system to constantly cancel fields.

Bulk shielding, whilst increasing the sensor weight, provides additional

benefits over an active shielding approach: a reduction in complexity, where

a 3-axis feedback system is not required; improvements to general robust-

ness and protection against other environmental effects, such as ambient

light levels and fast temperature fluctuations; magnetic shielding that is al-

ways providing the same level of protection, independent of sensor position

or orientation. A bulk magnetic shield instead increases the requirements

on integration, with all instrument components required to fit within the

confines of the shield. Interfacing and wiring must be concentrated into

small openings in the shield to avoid flux leakage into the sensor. The initial

demonstrator could not opt for a fully enclosed shield due a strict sensor

weight limit [10]; however, the limits have been relaxed for this sensor pack-

age in order to prioritise environmental isolation.

Bulk magnetic shielding is used in multiple places in the instrument to

remove the effect of external and internal magnetic fields. Any tweaking to

the magnetic field profile where the atoms are positioned, may be achieved

using the compensation coils described in 3.4.

3.8.1 Main shield

The “main shield” is used to fully enclose the sensor package, to approximate

an ideal mu-metal can. The construction is three cylindrical layers of 1mm

mu-metal,∗ with external height 1.8m and outer diameter 264mm. The

∗ASTM A753 Alloy 4
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shield exists as three parts: top, bottom, and base cap; to form a contiguous

enclosed shield that can be removed section by section.

The base cap sits on the base plate and has four 28mm holes to accom-

modate the uprights of the mounting structure. Lips on the edges of the

three layers receive the bottom shield. Once attached to the base plate and

mounting structure, the base cap is not removable.

The bottom shield consists of three concentric cylinders which form a

push fit join with the base cap. Along the bottom are two semi-circular

holes of 38mm diameter, through all three layers. These holes are the only

opening of the magnetic shield and are used to route all cabling into and

out of the sensor head. Incorporation of these mouse holes allows for the

bottom shield to be removed without the need to remove any wiring or

unplug components.

Finally the top shield has three concentric cylinders to match the bottom

shield, and each layer is capped at the top. The join between the layers of

the bottom and top shield are vertically offset by 111mm between each

layer. This helps to reduce field leakage through the joint.

During shield characterisation from the manufacturer,∗ the shielding fac-

tor was measured to be between 440 and 530 at the interferometry regions,

measuring less than 1.5mG of residual Earth field. Additional testing with

AC fields up to 500Hz showed no significant interference.

The shields are powder coated to protect them on the outside in a glossy

blue, but left exposed where the parts join, to ensure a good connection.

On the inside layer only, a matt black powder coating is used to absorb any

stray light.

In total, the shield weighs approximately 45 kg, but in its two halves

∗Magnetic Shields Limited
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may be fitted or removed from the system within 5 minutes by two oper-

ators, without the need to disassemble anything. The ease of removal is

vital to enable optimisation of internally adjusted components, such as the

telescopes, since there is no additional access.

3.8.2 Additional magnetic shielding

Base shield

A cover is needed for the base of of the sensor head since it houses some

optical and electrical distribution. To provide additional protection, this

cover is made from two layers of mu-metal and fits around the main shield.

An opening for cable and optical fibre interfacing is placed at 135° from the

mouse-hole openings in the main shield to reduce further field leakage.

Ion pump shield

Since the entire sensor head is shrouded in magnetic shielding, fields pro-

duced internally are confined inside the shield. A large source of constant

magnetic field is the strong rare-earth metal magnet on the ion pump. A

single layer, 1.5mm mu-metal shield, is fit to each ion pump to help confine

the field. Tests showed that the functionality of the ion pump is unaffected,

and measurements of the field close to the ion pump gave a reduction of

magnetic field from 180G to below 1G with the field falling off quickly with

distance. The ion pumps were designed to be far away from the MOT region,

so the residual field should not affect the cold atom generation. The field

may also be compensated with the compensation coils if the optical molasses

temperature is affected. Since the ion pumps are always on, the presence of

the ion pump field may distort the bias field, creating a systematic phase

offset in the gradiometer.
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3.9 Integrated sensor head

For the characterisation of the instrument in this thesis, the sensor head is

operated in a drop configuration. The assembled sensor head is shown with-

out the main and base magnetic shields, or the bias coil, in figure 3.14a. In

the figure, it can be seen that all available space around the vacuum system

and mounting structure has been utilised with wiring, optical delivery, de-

tection assemblies, and diagnostic equipment. The bias coils and magnetic

shields fit tightly over all the cabling, which is all routed through the two

yellow mouse hole covers at the base, seen in figure 3.14a. Once in the base

box, the wires are connected to an industrial connector to interface with the

umbilical,∗ and the optical fibres connected to bulk head adapters.

The fully integrated instrument is shown in figure 3.14b, where the in-

strument is in a mobile form, ready to be transported to a measurement site.

Here, the main magnetic shields can be seen, as well as the base box shield.

The sensor package has also been mounted into a trolley to facilitate trans-

port, without the need to lift the sensor. The sensor package is estimated

to weigh 80 kg, requiring several operators to lift, or just one to push. The

control package is on castor wheels and is manoeuvrable with one operator.

On level ground, the entire instrument may be moved with two people, but

three is recommended.

∗Harting Han-Modular®
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(a) (b)

Figure 3.14 a) Assembled sensor head in drop configuration, shown with shields
and bias coils removed. Base box contains electrical and optical interfacing between
the umbilical and sensor package. The cabling is routed through two small holes
in the shields and along the mounting structure to each required component. b)
Sensor head and control package fully integrated, shown in mobile form on the
transportation trolley.
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Chapter 4

Control package

The control package consists of the laser system, RF driving electronics,

sensor head electronics, and a computer control system. Each will be briefly

be discussed, including the details pertinent to operation with the new sensor

package.

As discussed in section 2.9, an existing control package is used with the

new sensor head in order to achieve application relevant sensitivities. The

existing control package has proven to be field robust and meets most of the

technical requirements to drive the new sensor package.

The control package, seen in figure 3.14b, consists of sub-systems, pack-

aged into standard 19” rack mounted boxes, fixed into a portable flight

case. All necessary inputs and outputs of the control package are fed into

the umbilical to reach the sensor package.

4.1 Laser and RF system

The laser system is based around frequency doubling the 1560 nm output

from C-band telecom laser components. This approach allows for a me-
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chanically robust, reliable, all fibre, laser system at high power and narrow

linewidth, using off-the-shelf components [12, 94].

The laser system may be considered as two arms: one generating the

cooling and repumper frequencies, the other generating the two Raman fre-

quencies. In this scheme, the cooling laser is locked to an atomic transition,

and the Raman laser offset locked to the cooling seed frequency. The archi-

tecture of the laser system is shown in figure 4.1, where the RF frequencies

applied to the electro-optic devices is also shown.

Each arm of the laser system follows the same architecture. A 1560 nm

fibre seed,∗ of output power 40mW, is split into two paths using a fibre split-

ter. Each path goes through an electro-optic modulator (EOM),† in order

to add various frequency sidebands to the seed laser frequency. The output

of each EOM is amplified in an erbium doped fibre amplifier (EDFA),‡ up

to a power of 2W at 1560 nm. The output from each amplifier is frequency

doubled in a periodically poled, lithium niobate, ridged wafer waveguide

(PPLN),§ outputting light at 780 nm at powers of up to 1W. From here,

the architecture varies, with light being delivered to the sensor package tele-

scopes passing through a fibre acousto-optic modulator (AOM),¶ to facilitate

fast switching of the light.

4.1.1 Cooling and spectroscopy laser arm

In order to lock the cooling seed laser, one of the laser paths is sent to a

85Rb vapour cell for atomic locking. Frequency sidebands are added to the

EOM at a tunable frequency of around 1.2GHz, with the higher frequency

∗NKT Photonics Koheras BASIK
†iXblue MPZ-LN-10
‡Photonic Solutions OEM BoostiK
§NEL WH-0780-000
¶Gooch & Housego FibreQ T-M150-0.5C2W-3-F2P
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4.1 Laser and RF system

Figure 4.1 Diagram of the all fibre laser system (represented by solid lines), and
key parts of the RF chain (represented with dashed lines). System uses a two seed
architecture, frequency stabilised to each other with a side of filter offset lock [95].
The cooling laser frequency is frequency sideband locked to an atomic resonance
using modulation transfer spectroscopy [96]. Raman laser frequencies are generated
using the fibre seed frequency and an EOM generated frequency sideband. The
frequency sideband can be applied to either arm of the Raman laser through the
use of an RF switch. Through an RF switch, the Raman frequency sideband can
also be used to create a blowaway resonant with atoms in the |F = 1〉 ground state
(discussed further in 5.5)
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sideband locked to the |F = 3〉 ↔ |F ′ = 4〉 transition of 85Rb, through mod-

ulation transfer spectroscopy [96]. By locking the sideband to an atomic

reference, the seed laser frequency may be tuned, by changing the RF fre-

quency applied to the EOM. Since the carrier frequency is not required for

locking, the EOM is driven at a high modulation index to have the most

optical power in the frequency sidebands. The total power sent to the mod-

ulation transfer setup is on the order of 500mW, which gives the largest

signal to noise from the locking signal.

The second path from the cooling seed laser is used to deliver light to

each MOT telescope. The frequency of the cooling light is determined by

the RF frequency applied to the lock EOM sideband, and can be ramped

by 30MHzms−1, over a range of 200MHz, limited by the RF generation.

The repump frequency is generated through a frequency sideband of roughly

6.5GHz, modulated onto the EOM in the cooling chain [97]. The repump

frequency can then be turned on and off by switching the RF source.

To calculate the power requirement for the cooling laser, each MOT must

deliver an intensity to the atoms of order the saturation intensity (≈1.7mW

for circularly polarised light [47]). For the beam sizes of the telescopes shown

in section 3.6, each telescope must have a minimum input power of 30mW

to reach the saturation intensity. Typically, intensities of a few times the

saturation intensity are used in the magneto-optical trap to increase the

number of trapped atoms [98], requiring a telescope input of 100mW. The

total power from the laser should therefore be at least 200mW, and to

account for losses in fibre delivery and telescopes, an output power from

the laser of 300mW is desirable. With a maximum insertion losses of 3 dB

from the AOM, output powers from the PPLN should be around 600mW,

achievable with use of a 2W EDFA in each path. When measured, the
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output from the AOM is around 500mW, with a maximum central intensity

from each cooling telescope of 7.5mWcm−2.

4.1.2 Raman laser arm

The Raman laser seed is locked to the cooling laser seed by beating the

two sources together, and locking the beat frequency to an RF frequency,

through a side of filter lock [95]. The Raman laser frequency can therefore

be moved by changing the cooling laser frequency. During a measurement,

the Raman seed frequency is left at a constant value to maintain the value

of the single photon detuning, ∆. The value of ∆ is 1.9GHz, detuned below

the |F ′ = 3〉 state.

The two experiment outputs of the Raman seed, are used to create the

two arms of the Raman laser, both comprised of the same component chain

as the cooling laser: EOM, EDFA, PPLN, AOM. Each AOM output is

sent down the umbilical, into one of the Raman telescope inputs. In order

to generate the second Raman frequency, a frequency sideband is applied

to one of the EOMs, with a modulation frequency equal to the hyperfine

splitting of the 87Rb ground state - 6.8GHz. By tuning the RF frequency,

the value of the two photon detuning, δ, may be nulled. Applying a linear

chirp to the RF frequency allows for compensation of the Doppler shift, as

discussed in section 2.4.3.

Each Raman arm has a power of up to 200mW into the telescopes,

with a maximum central intensity, measured from the Raman telescope, of

170mWcm−2. By feeding back on the AOM, the Raman laser is intensity

stabilised to within a few percent, with the intensity pickup being provided

by the detection diodes. With stabilised intensities and balanced powers,

the Raman intensity from each arm is around 100mWcm−2, which using
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4.1 Laser and RF system

equation (2.27), should provide Rabi frequencies of up to 340 kHz, allowing

for short π times and a large velocity class to be selected.

Raman beam delivery

To improve contrast and reduce bias in the interferometer, parasitic transi-

tions are removed through appropriate choice of the Raman beam delivery.

Parasitic transitions are introduced when a modulated Raman beam is re-

flected, and the reflected sidebands form additional Raman transitions [99].

As well as phase shifts in the final interferometer, these additional tran-

sitions create a spatial dependence on the Rabi frequency, with spatially

varying oscillations seen on the length scales of the modulation frequency

[10, 99, 100].

Parasitic transitions are overcome in this system by delivering the modu-

lated Raman light from one direction only, allowing only one pair of Raman

frequencies to be resonant with a transition. This approach is not achievable

in a high sensitivity cold atom gravimeter, without an additional phase lock

between the two beams, since uncommon phase shifts between the two laser

arms are introduced by splitting the beam delivery. In the gradiometer, this

laser phase noise is common to each interferometer and is subtracted as a

common phase noise in the gradient measurement.

In order to enable the removal of systematic effects, such as external

magnetic fields, it can be useful to alternate the direction of the photon mo-

mentum kicks in the interferometer [101]. In this beam configuration, this

can be readily achieved by alternating which EOM the 6.8GHz modulation

is applied to, changing the direction the Raman sideband comes from, and

thus the direction of the wavevector keff . The flipping of the wavevector,

changes the direction of the photon momentum kick, transferred to the atom
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in the interferometer pulses, reversing the shifts due to inertial effects on the

interferometer. Systematic effects, such as magnetic fields, still contribute

with the same sign. Using area reversal techniques, where the direction

of the wavevector is alternated each measurement, systematic effects may

be suppressed in the interferometer when the subtraction of the interleaved

measurements is taken. The hardware is implemented in the system; how-

ever, area reversal will not be demonstrated in this work.

The inputs to the Raman EOMs can also be used to add a frequency

sideband to generate light resonant with atoms in the |F = 1〉 hyperfine

ground state. In the MOT, molasses, and detection phase of the sequence,

this role is fulfilled by the repump frequency sideband added to the cooling

laser. Consequently, it is not possible to have the repump sideband without

sufficiently extinguishing the cooling light. This sideband applied to the Ra-

man seed frequency can be used to blow-away atoms in the |F = 1〉 ground

state and will be used for sub-level state selection, described in section 5.5.

4.2 Timing and electronic control

Precision timing is required in the instrument in order to perform sequences

repeatably and without changes to the length of light pulses. This is partic-

ularly crucial for the Raman pulses, where the pulse length determines the

state population transferred by the atom optics. Consequently, the exper-

iment sequence is performed on an FPGA development board,∗ operating

on a custom python interface. The system is capable of performing out-

puts at 100 ns resolution, with 40 digital outputs and six analogue outputs.

The digital outputs are used to trigger RF switches to change the laser fre-

quency and power, and to trigger IGBTs to switch the power in the coils

∗National Instruments sbRIO-9627
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and dispensers.

MOT and compensation coils, as well as dispensers, are powered using

stable, low noise benchtop power supplies.∗ For the bias coil, a low noise,

stable power supply is used to reduce any additional phase noise in the

interferometer.†

The control package, and by extension the sensor head, are powered by

a single 240V, 13A, mains power cable. To reduce noise coupling into the

system from the mains supply, and to allow for continuous operation whilst

moving between mains outlets, an uninterruptible power supply (UPS), is

used.‡ The system may run on the UPS for 17 minutes before the battery

is close to depletion, which was found to be enough time to set up further

mains connections. The instrument can also be run using a generator as

the mains power source, opening the possibility for measurements in more

isolated areas.

4.3 Data analysis using ellipse-specific fitting

Extraction of gradiometer phase is done using an ellipse-specific fitting

method [102], which has been successfully applied to gravity gradiometry

[73]. The analysis is performed on data saved onto the experiment PC and

can be done in tandem with the experiment sequence running.

Since the outputs of the two interferometers can be considered sinu-

soidal, with a phase shift between them, a conic section constraint, with

the discriminant of an ellipse, is fit using a least-squares optimisation. The

algebraic form of a conic section is the function

∗Rohde & Schwarz HMP2030
†Keysight Technologies B2962A
‡Power Solve Xi 1500
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4.3 Data analysis using ellipse-specific fitting

Figure 4.2 25 points of synthetic data, with normally distributed amplitude noise,
is fit with an ellipse to determine the gradiometer phase.

F (a, x) = a.x = Ax2 +Bxy + Cy2 +Dx+ Ey + F = 0, (4.1)

where a and x are the matrices [A,B,C,D,E, F ], and [x2, xy, y2, x, y, 1]T ,

respectively. The discriminant B2 − 4AC < 0, constrains the solution to an

ellipse and from the fit parameters, the ellipse phase ∆Φ can be extracted.

∆Φ = cos−1

(
− B

2
√
AC

)
(4.2)

To avoid constraining the fit, the ellipse parameters are free to change.

This means that there is a minimum number of points required to reproduce

the phase shift between the two fringes. With noise on the measurements,

the minimum number of points is increased. To calculate this, synthetic

data is produced, with a similar noise profile to that of an experiment data

set. Noise is added to the population ratio as amplitude variations, using the

later introduced equation (6.4), independently for each cloud. Drift in the
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4.3 Data analysis using ellipse-specific fitting

Figure 4.3 Extracted phase values for ellipses fit to 25 shots of synthetic data.
The mean and standard error of the phase shift are taken for the total data set.

phase or uncommon phase noise is deliberately avoided so that the applied

phase shift is well known. An increasing number of shots is fitted to each

ellipse and the phase value extracted for a total of 25000 shots. One set of

phase data is shown in figure 4.3, where each ellipse is fit with 25 shots.

Taking the mean and standard error for the data, fit with different num-

bers of ellipses, is shown in figure 4.4. With increasing number of shots,

the mean phase tends towards a constant value, and the standard error de-

creases. Since the number of ellipses fit is reduced, the standard error only

sees a relatively small improvement. Either through the fitting or the posi-

tion and noise on the ellipse, there is a bias on the value of the extracted

phase. Calculating an Allan deviation of the data set, discussed further in

appendix B.2, the short term sensitivity can be evaluated. Figure 4.5, shows

the change in sensitivity with the number of fitted shots, where it is seen

that the short term sensitivity is overestimated when the number of shots

fit to the data is too low.
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4.3 Data analysis using ellipse-specific fitting

Figure 4.4 Average and standard error of the calculated phase when the number
of shots per ellipse is changed. A bias is seen on the fitted phase when compared to
the applied phase shift (red line). The standard error of the fitted phase decreases
with more shots per ellipse.

Figure 4.5 Number of shots used in each ellipse fit changes the value of short term
sensitivity for data with normally distributed amplitude noise. Since fitting to more
shots requires more measurement time, the error is approximately the same.
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4.3 Data analysis using ellipse-specific fitting

Figure 4.6 Bias seen in the fitted phase, compared to an applied phase shift. Bias
is strongest when the phase is a multiple of π, causing the ellipse to tend towards
a line. For data with applied amplitude noise only, the phase error is lowest when
the ellipse tends towards a line.

The fitting bias seen in figure 4.4 is also dependent upon the applied

phase. For ellipse phases corresponding to multiples of π, the ellipse forms

a line. In the presence of amplitude noise, it is not possible to determine

which side of the ellipse the point is on, thus the phase of the ellipse is

incorrectly calculated. This is shown in figure 4.6, where the difference

between the applied phase shift and the calculated ellipse phase is shown for

ellipse phases between 0 and π. Despite a bias being seen, the uncertainty

on the ellipse phase is lowest for the extreme points, possibly due to the

modelling containing amplitude noise only. To provide context of noise

sizes, a phase uncertainty of 1mrad at an interferometer T time of 85ms,

gives a phase error of 9E.
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Chapter 5

System characterisation

With the sensor package constructed and connected to the control pack-

age, the full system may be characterised. This will focus on the atomic

characterisation, and measurements pertinent to its operation as a gravity

gradiometer. The characterisation loosely follows the steps of the experi-

ment sequence used in the final gradiometer measurement. The sequence

contains the following steps, with an indication of the length of time per

step:

1. Trapping atoms in a magneto-optical trap (1 second).

2. Cooling trapped atoms using an optical molasses, a sub-Doppler tech-

nique (10 millisecond).

3. Internal energy state preparation (10 millisecond).

4. Interferometry sequence (200 millisecond).

5. Detection of atoms in each internal state (10 millisecond).

Within each of these steps, the hardware has been meticulously checked

for consistent operation; much of the early work was to ensure that the

111



5.1 Cold atom preparation

hardware was performing the desired sequence without bugs. The latter

forms most of the work presented in this section, where parameters have

been optimised for overall instrument sensitivity. The figures of merit for

a sensitive instrument are related to total atom flux, i.e. the number of

atoms partaking in the interferometry sequence per second, requiring: the

most number of cold atoms, high fidelity in the interferometer pulses, and

effective state detection.

Due to the high level of system integration, some instrument parameters

cannot be easily measured, so must be optimised indirectly. In the case of

the MOT characterisation, the presented data sets are from an earlier level

of system integration but are representative of the current system. All other

characterisation data is taken for the current fully integrated system.

5.1 Cold atom preparation

5.1.1 MOT characterisation

The magneto-optical trap (MOT), provides the trapping and first stage cool-

ing of the atoms in the experiment. Since the sensitivity of the interferometer

is dependent on the number of atoms, it is important to optimise the system

for a total atom flux, the initial stage of which requires the optimisation of

the MOT. Maximising the number of atoms in the trap requires the following

optimisations: cooling and repump laser frequency, cooling laser intensity,

cooling beam polarisation, MOT trapping field strength, and the rubidium

and background vacuum pressures. Not all of these characterisations are

presented.

112



5.1 Cold atom preparation

MOT dynamics

Describing the dynamics of the MOT can lead to further characterisation

of the vacuum pressure, and so the following theory is introduced. The

dynamics of the MOT can be well approximated by the rate equation [103,

104]:

dN

dt
= αPRb − γN(t)− βPRbN(t), (5.1)

which describes the loading rate of atoms into the trap, dN/dt, by loading

and loss terms dependent on the MOT parameters. The atom loading rate

is described by the MOT trapping cross-section, α, and the partial pressure

of Rb, PRb. Loss terms in the system are dominated by collisions with

background Rb atoms through the constant β, and collisions with non Rb

atoms grouped together as the rate term γ.

The solution to the rate equation has an exponential form, with the

number of atoms, N , at a time, t, given by

N(t) = Neq

(
1− exp(−t/τ)

)
, (5.2)

with an exponential time constant, τ . Fitting to MOT loading curves allows

the values of the equilibrium atom number, Neq, and τ to be found. The

terms α, β, γ, can also be calculated by varying the background Rb pressure,

achieved by changing the dispenser currents.

MOT frequency, intensity, and polarisation

For the magneto-optical trap, the cooling light needs to be red-detuned, as

discussed in section 2.1.1. There is an optimum detuning for the MOT,

determined in part by the capture velocity [52]. Thus, in order to max-
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Figure 5.1 Changing the frequency detuning of the cooling light changes the esti-
mated number of atoms in the magneto-optical trap. The optimum frequency for
both MOTs is at −13MHz. There is a slight offset between the two clouds, and a
difference in the shape of the response, pointing to differences in beam alignment.

imise the atom number in the MOT, the cooling frequency is scanned whilst

keeping the repump light on resonance. Figure 5.1 shows the number of

atoms vs the cooling frequency detuning from the |F = 2〉 ↔ |F ′ = 3〉 tran-

sition. The atom number peaks for the MOT cloud in each chamber, at a

detuning close to twice the transition linewidth, and is set to −13MHz from

resonance. There is a slight offset between the two clouds, which may be

explained by differences in alignment of the cooling telescopes.

In the optimisation of the intensity, it was found that more cooling

laser power always gave the larger atom number, so the lasers were set to

output maximum power, resulting in a cooling central intensity of around

7.5mWcm−2 from each cooling telescope.

Cooling beam polarisation was optimised by setting the variable retarder

plates to give circular light, measured off of the system using a polarimeter.

Then as an assembled system, the VRP voltages are tweaked to maximise
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the atom number in both chambers.

MOT loading

With the intensity, frequency, and polarisation set, the MOT coils are set

to 2.5A. The free parameter to increase the atom number and loading rate,

is the amount of rubidium and background gas in the vacuum chamber. In

this system, dispensers are used to provide rubidium vapour in a reasonably

deterministic way. Measurements taken close in time will yield similar re-

sults; however, as the rubidium is depleted from the dispenser, the output

of the dispenser, for the same driving current, may yield different results.

In order to optimise the dispenser current, the current was increased

and the system left to equilibrate for a few minutes between measurements.

Several MOT loading curves were taken at each dispenser current, and fit

using equation 5.2, to extract the equilibrium atom number, Neq, and the

loading time τ .

Figure 5.2 shows a comparison between the two chambers, at the max-

imum dispenser current tested. Here, the loading time is similar; however,

the atom number differs by nearly a factor of three. This difference may

be explained by alignment of the detection optics, or a difference in the

background partial pressures. That they are the same order of magnitude

is sufficient for gradiometry to be performed.

Figure 5.3 shows the equilibrium atom number versus the dispenser cur-

rent for both chambers, where the MOT is in a steady state. Higher dis-

penser currents in the bottom chamber shows a saturation of atom number

not seen in the top chamber. Despite there being more Rb in the chamber,

the equilibrium atom number is not increasing. This can be understood

through putting the measurable quantities, Neq and τ , in terms of the load-
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Figure 5.2 Comparison of the MOT loading curves for both chambers at their
respective highest dispenser current. Loading time is similar but a difference in
signal size of nearly a factor of 3 is seen. The MOT coil current is set to 2.5A.

Figure 5.3 Estimated equilibrium atom number from fluorescence versus dispenser
current. Saturation of equilibrium atom number is seen in the bottom chamber at
high dispenser currents but not in the top chamber.
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ing and loss rate terms, such that

Neq = αPRbτ (5.3)

and

τ =
1

βPRb + γ
. (5.4)

Equation (5.3) therefore shows that it is possible for the atom number to

remain constant, if the loading rate of atoms into the trap is equal to the

collisional loss of atoms from the trap. Plotting instead for the loading time,

τ , versus the dispenser current, shown in figure 5.4, also begins to show

high dispenser currents reducing the change in loading time. Finally, the

equilibrium atom number and the loading time can be plotted against each

other, seen in figure 5.5. This graph shows a linear relationship between the

two, independent of the dispenser current, and can be used to calculate the

partial pressures of the rubidium and other gas load from the loading rate

constants α and γ [103]. The gradient of the line is given by the combination

of equations (5.3) and (5.4)

Neq =
α

β
(1− γτ). (5.5)

To calculate the non-rubidium background pressure from the rate con-

stant γ, the conversion P = γ· 1.53 · 10−8 smbar may be used [103, 104].

Using the fit parameters from the lines in figure 5.5, the non-rubidium partial

pressure is calculated to be (3.0± 0.1) · 10−9mbar and (2.15± 0.09) · 10−9mbar

for the top and bottom chambers respectively. This value is higher than the

ion pump readings, which is expected due to the conductance from the pump

to the trapping region. The linearity of the graph also suggests that the

background gas load is negligibly changed by the dispenser currents tested.
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Figure 5.4 For different dispenser currents, the loading time constant is taken
from the fit to the loading curve. An offset between the two chambers is seen,
where the bottom dispensers must be driven at a higher current to achieve the
same loading rate. The loading time constant is tending towards a maximum value
at high dispenser currents.

From the same fit, the value of 1/γ gives the upper limit of the trap lifetime

as (9.2± 0.5) s and (12.7± 0.5) s, for the top and bottom chamber respec-

tively. As determined by the calculations in section 3.1.1, the background

pressure of the vacuum system meets the requirements to allow for atom

evolution times of at least 500ms.

Finally, the maximum possible atom number achievable in the system

is calculated from the y intercept of figure 5.5. For the top and bottom

chamber this is (2.45± 0.07) · 108 and (9.9± 0.2) · 107 atoms, respectively,

which is 1000 times the modelled atom number used in determining the in-

strument requirements (section 2.4.5 onwards). Atom loss is expected in the

molasses sequence, state selection, and interferometer contrast, so detection

of the atoms after the interferometry sequence will reveal the number of

atoms partaking the interferometer. This is measured in the appendix D.3.
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Figure 5.5 Equilibrium atom number vs loading time. Linear fit to equation (5.5)
allows the rate constants α, β, γ to be calculated, which in turn may be used to
evaluate the vacuum quality and MOT performance [103].

5.1.2 Optical molasses

In order cool the atoms to below the temperature achieved after the MOT

phase, sub-Doppler cooling processes, typically referred to as an optical

molasses, are used to lower the ensemble temperature to the recoil limit.

To create an effective optical molasses, magnetic fields are turned off, the

light level reduced, and the optical frequency further red detuned from the

MOT phase. As discussed in section 3.8, bulk magnetic shielding is used

as the primary method for achieving low background magnetic fields in the

sensor package, with additional compensation coils being used to reduce any

remaining field.

The molasses sequence was optimised for the coldest temperature, whilst

maximising atom number, and achieved through an iterative optimisation

process. The resulting sequence is shown in figure 5.6, and outlined here.

At the end of the MOT phase, the coils and MOT light are turned off for
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3.25ms to allow the eddy currents from the coils switching to decay.∗ The

light is turned back on at a reduced power, giving a central intensity of

around 1.3mWcm−2, and the frequency ramped from the MOT frequency

by 50MHz in 1.5ms. In the second stage, the power is reduced further and

the frequency ramped by an additional 47MHz in 11.5ms. From here the

intensity is quickly ramped with the AOM to let no light through in 0.1ms.

To prepare the atoms in the |F = 1〉 ground state, the repump frequency is

turned off, by switching the RF driving the EOM, 4ms before the cooling

intensity is reduced to zero. The timing of the state selection is charac-

terised in figure 5.7. Many other sequences rely on frequency jumps and

power ramps to achieve the coldest temperatures [9, 11, 67, 105]; however,

this scheme proved to be optimal for this setup. It was found that the

bulk shielding is sufficient to remove external fields and compensation coils

were not required to achieve the coldest temperatures, requiring only the

optimisation of the intensity and frequency of the cooling laser.

Initial state preparation

To prepare the atoms in the hyperfine ground state |F = 1〉, the repump

frequency is turned off before the end of the molasses sequence. Without the

repump light present, atoms are quickly lost from the cooling process as they

excite the |F = 2〉 ↔ |F ′ = 2〉 transition, and may fall into the |F = 1〉 state.

Once in the |F = 1〉 state, no further cooling may take place, requiring this

step to be as short as possible. To characterise the time required to prepare

the atoms in the |F = 1〉 state, the time before the end of the molasses

sequence is scanned and shown in figure 5.7. Here the population ratio

of atoms in the |F = 2〉 state is compared to the total population, and

∗Without this step, the cloud temperature was limited to 20µK.
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Figure 5.6 Optical molasses sequence used in the gradiometer. Cooling light is
turned off for 3.25ms to allow the eddy currents from the switching of the MOT coils
to decay. The frequency is ramped from the MOT frequency by 50MHz further red
detuned in 1.5ms, then by an additional 47MHz in 11.5ms. The repump frequency
is turned off 4ms before the end of the molasses sequence to prepare the atoms in
the hyperfine ground state |F = 1〉. Magnetic fields and repump intensity have
been offset by 2% for clarity.
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Figure 5.7 Changing the length of time the repump light is turned off for before
the end of the optical molasses changes the population ratio of atoms in each state,
using the detection sequence described in section 5.2. To ensure a clean state, the
repump is turned off for the final 4ms of the molasses sequence.

measured using the detection scheme described later in section 5.2. Despite

some biasing seen in the detection here, the atoms are prepared into the

|F = 1〉 ground state after the repump frequency is turned off 4ms before

the end of the molasses sequence. In the complete molasses sequence, a

pulse of resonant cooling light is used to blow-away any atoms remaining in

the |F = 2〉 ground state.

Temperature determination by time of flight measurement

To optimise the molasses parameters, the temperature and number of atoms

in the ensemble is used as the figure of merit. This can be achieved with a

time of flight measurement, performed using a light sheet [106, 107]. In this

scheme, a thin sheet of resonant light is used to measure the fluorescence

versus time from the atom cloud as it passes through the sheet. For suffi-

ciently long fall times, the temporal width from the output of the light sheet
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Figure 5.8 A typical light sheet trace for the two atom clouds. The atomic signal
is small compared with the background light level.

follows a Gaussian profile and is related to the spatial width of the cloud at

that time. Since the atomic ensemble expands ballistically, the spatial width

of the cloud may be used to determine the ensemble temperature when an

initial cloud size, σ0, is given. From the spatial width, a velocity width, σv,

may be calculated when the evolution time, t, is known. For evolution times

of a few hundred milliseconds, and a finite width of the light sheet, σa, the

distribution is better approximated by including terms dependent upon the

light sheet thickness [107]. In the light sheet measurement, the integrated

signal is proportional to the atom number, and when the Gaussian signal

becomes taller and thinner, the atomic ensemble is becoming colder.

Following a molasses sequence, atoms prepared in |F = 1〉 are dropped

and measured in the detection region, 203ms after the end of the molasses

sequence. A typical trace is seen in figure 5.8, where the atomic cloud signal

for each chamber is shown. The size of the atomic signal compared to the

background signal is small in this detection configuration, due to scattering
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5.1 Cold atom preparation

of the light sheet as it passes through the vacuum chamber. Since this

measurement is only used to determine the temporal width of the ensemble,

the poor signal to noise does not present an issue. The signal in figure 5.8

can be fit with

y(t) =
A√

σ2a + σ2vt
2
exp

[
−
(

g(t20 − t2)

2
√
2
√
σ20 + σ2vt

2

)2
]
, (5.6)

to extract the velocity width of the atom cloud, by fixing the initial cloud size

and light sheet thickness. The ensemble temperature can then be calculated

from the velocity width, using

T =
m

kB
σ2v . (5.7)

Using CCD cameras in the MOT region, the initial cloud radius is estimated

as 2mm. Based on the slit size used in the optic delivery, the light sheet

should have a thickness of 300 µm; changing the value of the light sheet

thickness in equation 5.6 an order of magnitude either way has less than

0.1% effect on the calculated temperature. Using these parameters, the

system performs repeated light sheet measurements, to establish the atom

cloud temperature stability, with the results of a three hour measurement

seen in figure 5.9. The temperature and arrival time show good stability

over the measurement time, despite a 10% cooling laser intensity drift (see

appendix D.1 for further analysis of the light sheet data), demonstrating the

robustness of the prism MOT geometry. The ensemble temperatures are av-

eraged over the measurement time and calculated to be (2.86± 0.09) µK for

the top chamber and (3.7± 0.2) µK for the bottom chamber, with the error

calculated as the standard deviation of the temperatures. These ensemble

temperatures are limited by the relative alignment of the MOT beams, but
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5.2 Detection scheme

Figure 5.9 Extracted temperature for time of flight measurements, with figure
5.8 showing a representative measurement. Ensemble temperature is calculated
as (2.86± 0.09)µK for the top chamber and (3.7± 0.2) µK for the bottom cham-
ber with the error calculated as the standard deviation of the temperatures. The
ensemble temperature shows resilience against 10% cooling power fluctuations.

meet the requirements outlined in section 2.9.4.

5.2 Detection scheme

For the primary detection output, light delivered vertically from both cooling

laser telescope ports is used to induce fluorescence in the atoms. Atoms

in the |F = 2〉 hyperfine ground state may be measured by exciting the

transition |F = 2〉 ↔ |F ′ = 3〉. Because of the laser scheme implementation,

light resonant with the transition |F = 1〉 ↔ |F ′ = 2〉 is not available from

the cooling laser, so to detect atoms in the |F = 1〉 ground state, the cooling

light with the repump sideband is used to excite both states. Using these

modes to produce fluorescence from the two ground states, the signal from

atoms in each states can be represented as a relative population ratio through

use of several light pulses.
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5.2 Detection scheme

The pulse sequence for the vertical detection scheme is shown in figure

5.10, where seven peaks, numbered from left to right, are presented. The

first two peaks are used to measure the fluorescence from the atoms in the

dropped clouds, where peak 1 contains light exciting atoms in state |F = 2〉,

and peak 2 contains light exciting atoms in states |F = 1〉 and |F = 2〉.

In order to separate the atomic signal from the background light level, and

fluorescence from background atoms, peaks without the atomic cloud present

are subtracted from the signal peaks. To prepare these background peaks,

peak 3 excites both states, and is used as a blow-away to remove the atoms

left from the atomic cloud, leaving only scattered light and background

fluorescence. The pulses used in peaks 1 and 2 are repeated in peaks 4 and

5, and are used for background subtraction. As well as removing an offset,

the subtraction also removes intensity fluctuations on that timescale, since

the level of the background peak is removed from the atom peaks.

To calculate the relative population of |F = 2〉, as a ratio of the popula-

tion in states |F = 1〉 and |F = 2〉, the following is done

P|F=2〉

P|F=1〉 + P|F=2〉
=
V1 − V4
V2 − V5

, (5.8)

where Vi is the integrated voltage of peak i from the detection photodiode

signal. This calculation of population ratio requires that atoms detected in

peak 1 are also present in peak 2, which can be achieved by using pulses that

are short and closely spaced in time. In this implementation, each detection

pulse is 100 µs, which has been found to satisfy the normalisation of equation

(5.8). Longer detection pulses would need a scale factor to account for atoms

lost in peak 1. For detection, the intensity is reduced from that used in the

MOT, with an intensity of 2.4mWcm−2 used.

As well as being used to blow-away the atomic cloud, peak 3 may be used
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5.2 Detection scheme

Figure 5.10 Dection scheme used to characterise population ratio. Background
subtracted ratio of peak 1 over peak 2 gives the relative population of atoms in
|F = 2〉. Peak 1 has light resonant with |F = 2〉, peak 2 has light resonant with
|F = 1〉 and |F = 2〉. Peak 3 blows away any remaining atoms, and peaks 4 and
5 are background peaks for 1 and 2. Peaks 6 and 7 are diagnostic peaks for each
Raman port.
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as a diagnostic peak, and is especially useful to determine if the detection

frequency is resonant, by looking at the shape of the decay. Peak 6 and 7

are pulses from Raman laser 1 and 2, and are used as diagnostic peaks, to

determine the stability of the Raman laser with time.

During the detection pulse sequence, the frequency of the cooling laser is

tuned to maximise the amount of fluorescence in peak 2, for an atom cloud

prepared in the |F = 1〉 ground state. A scan of the detection frequency is

shown in figure 5.11, shows a sharp asymmetric peak at a frequency of 3MHz

detuned from the resonance of a stationary atom. For this drop time, two

broad peaks are expected from the Doppler shift at ±5MHz, corresponding

to the atoms being resonant with light from cooling beams delivered from

the top and bottom telescopes. This suggests additional mechanics are at

play, with a possible explanation being that the vertical detection is forming

a 1D-molasses with the falling atom cloud.

Henceforth, this detection scheme will be used for detection and charac-

terisation of the atoms. The suitability of this detection scheme is evaluated

in section 6.2.1. The number of atoms can be determined using this detec-

tion scheme, shown in appendix D.3.

5.3 Spectrum scan

As discussed in section 2.2.1, the two-photon Raman transition is a velocity

selective process, when delivered in a counter-propagating configuration,

with the Fourier limited linewidth inversely proportional to the pulse length.

For Raman pulses with a length of tens of µs, the linewidth is of order 50 kHz.

This means that the frequency of the Raman transition must be set to within

a few kHz in order to be resonant with the transition. In addition, Doppler

sensitivity requires the Raman frequency to be linearly chirped to maintain
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Figure 5.11 Scan of the detection frequency from the resonance of a stationary
atom. The optimum detection frequency is set to 3MHz. The asymmetric shape
suggests additional mechanisms to simple Doppler shift.

the resonance condition with the falling cloud.

Through scanning the two-photon detuning δ, the resonant frequencies

of the available Raman transitions can be observed. The atoms have been

prepared in the hyperfine ground state |F = 1〉, distributed amongst the

three degenerate mF sub-levels. An applied bias field along the Raman

beam direction sets the quantisation axis and lifts the energy degeneracy

of the mF magnetic sub-levels, with a frequency change of 0.7MHzG−1 as

determined in section 2.3 [47]. With the polarisation of the variable retarder

plates set to produce perpendicular linear light, the only allowed transitions

will be those driving σ+σ+ and σ−σ− transitions. Through inspection of

the Clebsh-Gordon coefficients [47], the only allowed transitions between

the two hyperfine ground states, via the intermediate state, are ∆F = 1

and ∆mf = 0. These correspond to the transitions: |F = 1,mF = −1〉 →

|F = 2,mF = −1〉, |F = 1,mF = 0〉 → |F = 2,mF = 0〉, |F = 1,mF = 1〉 →
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5.3 Spectrum scan

|F = 2,mF = 1〉. When scanning the two-photon detuning, three peaks are

therefore expected in the spectrum, separated by a frequency difference of

2× 0.7MHzG−1, proportional to the applied bias field.

To enable narrow peaks, and thus accurate determination of the central

peak position, the Raman power is attenuated to reduce the Rabi frequency

and enable the use of longer pulses. In the following, a Raman pulse length

of 10 µs was used, with a frequency resolution of 15 kHz. A sample spectrum

scan is shown in figure 5.12, where measurements are taken simultaneously

in both chambers. In each case the three mF states are clearly resolved.

The populations are distributed evenly between the mF peaks in the top

chamber, but a gradient is seen across themF peaks for the bottom chamber.

This is likely due to optical state pumping, which may be caused by beam

alignment in the molasses. The Lorentzian line shapes are well approximated

by Gaussian functions, therefore multiple Gaussian peaks are fit to the data.

From this, the central resonant frequency for each state, as well as the

amplitude and width, are extracted.

5.3.1 Chirp rate calculation

By measuring the resonance of the transition |F = 1,mF = 0〉 ↔ |F = 2,mF = 0〉

at each drop time, the chirp rate applied to the Raman sideband can be

measured for both interferometers.∗ Spectrum scans scans are taken for

different atom fall times, from 7ms to 196ms, relative to the end of the

molasses sequence. This is the maximum usable drop region of the 203ms

atom fall time, since time is required for state preparation and ramping to

∗The chirp rate may also be determined by a more traditional gravimeter chirp rate
scan, where the rate is changed for different T time fringes in order to find the rate at
which cancels the phase shift due to gravity. To determine the chirp rate to more decimal
places than extracted from the spectrum scan, good vibration isolation and low phase
noise is required.
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5.3 Spectrum scan

Figure 5.12 Single spectrum scan taken at 70ms after the end of molasses, with
a 10 µs Raman pulse and a bias coil current of 100mA. Three peaks can be seen
for each chamber, corresponding to the resonances of the three transitions between
the mF states, separated by the first order Zeeman shift of 2× 0.7MHzG−1. The
top chamber shows an equal population between each of the sub-levels; however,
the bottom chamber shows uneven population distribution, suggesting optical state
pumping.
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the detection frequency.

The peak centres are obtained for all three mF resonance peaks, and

are shown in figure 5.13 for the top chamber. A linear fit to the central

mF = 0 peak centre, gives a value of the chirp rate to first order. The same

analysis is performed for both chambers, yielding a value of the chirp rate as

(−25.164± 0.003)MHz s−1 and (−25.152± 0.003)MHz s−1, for the top and

bottom chamber respectively. There is slight difference in the chirp rate in

each chamber which is larger than would be expected due gravity gradient

alone. This suggests that the two clouds are being accelerated differently,

which is also evidenced in the arrival time data (appendix D.1). This may be

caused by a cloud having unbalanced cooling force in the molasses sequence,

creating an additional acceleration to gravity, or by shifts in the resonant

frequency due to light shifts. For the Raman pulse lengths of interest, the

chirp rate is not needed to a higher precision, since short pulses are used to

address a large fraction of the atoms; this also mitigates the issue with the

chirp rates being slightly different for each interferometer. Over the length

of the drop, the difference in chirp rate only corresponds to a shift of 2 kHz;

negligible fidelity will be lost in the Raman pulses due to this difference.

5.3.2 Magnetic field profile

The difference between the transition frequencies of the ∆F = 1,∆mF = 0

peaks is used to calculate the magnetic field strength at the atom cloud

position for that measurement time. The measurement at that point is of

the total field, not just the z magnetic field, with the separation given by the

first order Zeeman shift, 2× 0.7MHzG−1 in the low field regime [47]. The

magnetic field profile measured by the atoms is shown in figure 5.14, for a

bias coil current of 100mA. The field profile shows a variation of 3% across
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Figure 5.13 Peak positions from the spectrum scans at each height, shown for
the top chamber. The peak corresponding to a transition between mF = 0 is the
resonance of interest. Fitting a line to the peak centre values gives the chirp rate
to first order. The chirp rate is measured as (−25.164± 0.003)MHz s−1 for the top
chamber, and (−25.152± 0.003)MHz s−1 for the bottom chamber.

Figure 5.14 Total magnetic field measured by the atoms using the difference
in resonant frequency between the peaks corresponding to transitions between
|F = 1,mF = 2〉 → |F = 0,mF = 0〉 and |F = 1,mF = 2〉 → |F = ±1,mF = ±1〉.
The total field contains the bias coil field and any background magnetic field
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5.3 Spectrum scan

the total measurement region. To investigate the variation, the spectrum

scan across the drop region is repeated at half the bias coil current (50mA).

Since the measurement of magnetic field, Btot, contains the magnetic field

from the bias coil, Bbias, and the background field, Bback, measurements at

half the current allow for the extraction of the background field and bias

field using the equation

Bback = 2Bhalf
tot −Bfull

tot = 2

(
Bbias

2
+Bback

)
−
(
Bbias +Bback

)
, (5.9)

and

Bbias = Bfull
tot −Bback. (5.10)

Applying equation (5.9) to the data gives the background field profile

for the atomic trajectory. This is seen in figure 5.15, where the background

field is plotted with respect to the distance from each MOT centre. The

bottom chamber shows a slightly stronger variation in the background field

than the top chamber, which could suggest that the shielding is less effective

in that region, or that there is some magnetisation of the shields.

Using the background field profile, the bias field profile for each chamber

is calculated using equation (5.10). This is shown in figure 5.16, where

the distance is given with respect to each MOT region. The profiles show

a variation from uniformity with the total variation across the length of

interferometry region equal to (3.1± 0.4)% and (4.7± 0.4)% for the top

and bottom chamber respectively. This variation is 6 to 9 times larger than

that from the modelled field profile of the bias coil, and is seen more clearly

when overlayed with the modelled field profile (figure 5.17). It should be
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Figure 5.15 Background field calculated using equation (5.9) by taking spectrum
scan measurements at two different bias coil currents.

Figure 5.16 Bias field calculated using equation (5.10) by subtracting the back-
ground values shown in figure 5.15 from the total magnetic field measured in figure
5.14. Top chamber shows a peak to peak variation of (3.1± 0.4)% across its inter-
ferometry region. Bottom chamber shows a larger variation of (4.7± 0.4)% over
its interferometry region.
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Figure 5.17 The measured bias field profile overlayed with the modelled field
profile calculated in section 3.5. A significant deviation from the modelled field
profile is seen, suggesting that inside the system, the field profile is distorted when
integrated into the experiment and the mumetal shielding.

noted that the method used to calculated the field at each point can only be

used to distinguish the magnitude of the field; the variation may be therefore

be induced by the coil along the radial axes, instead of the z direction.

Regardless of the calculated bias field profile, the magnetic field profile

seen by the atoms is that of figure 5.14, where the background field is present.

Since the bias field is generated by a single coil of fixed dimensions, the field

profile cannot be tuned by changing the current density. The gradients in the

magnetic field will result in phase shifts between the two interferometers, as

discussed in section 2.3, and so must be kept constant to avoid phase noise.

A stable, low noise power supply is therefore used to drive the bias coil in

order to maintain the stability of the field profile.
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Figure 5.18 Bias coil switching on, as measured by the separation of the mF

peak centres. Current is switched on, via the IGBT, into the bias coil at 0.1ms,
stabilising after roughly 1ms. Fitting the rate equation (5.11) to the data gives a
time constant of (0.2680± 0.0004)ms.

5.3.3 Bias field switching speed

Due to the high level of integration, a representative switching speed of the

bias coil is best determined by using the state separation of the atom’s mF

states. The switching speed of the bias coil, for both on and off, is measured

using this method. mF peak centres are shown versus time for the coil

switching on, in figure 5.18. The data is fit to the rate equation

Bz(t) = A(1− exp(−t/τcoil), (5.11)

to determine the switching time constant τcoil. For the coil switching on, the

time constant is measured as (0.2680± 0.0004)ms. In the measurements of

the coil switching off, the time constant is measured as (0.211± 0.005)ms.

To ensure a stable magnetic field strength, times of a few millisecond should

be allocated, to allow for many time constants after the current is switched.
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5.4 Rabi oscillations

5.4 Rabi oscillations

To determine the length of the π/2 and π pulses used in the interferom-

eter, Rabi oscillations are measured at each of the pulse heights in the

interferometry region. Each oscillation is taken by scanning the Raman

pulse length, and measuring the ratio of population transferred between

|F = 1,mF = 0〉 ↔ |F = 2,mF = 0〉. As, in these measurements, the sys-

tem is operating without sub-level state selection, discussed later in section

5.5, the maximum expected ratio is when all of the atoms from mF = 0 are

transferred. The population ratio is therefore limited to approximately 1/3,

based upon the the state occupation levels shown in figure 5.12. To measure

the π time and the fidelity of the Rabi oscillation, the data at each pulse

height is fit using the damped oscillation

PF=2

PF=1 + PF=2
(t) = A

{[
sin2

(
Ωt

2

)
− 1

2

]
exp(−Γt) +

1

2

}
. (5.12)

The damping term is required as the atomic cloud diameter, approximately

4mm, is a comparable size to the Raman beam width, 15mm, which as

discussed in section 2.9.4, creates multiple Rabi frequencies across the atom

cloud. In lieu of a multi-frequency model, a damping term reproduces the

behaviour between Raman pulse times 0 − π. In the damped oscillation

case, the π time is taken to be the Raman pulse length that provides the

maximum population transfer, with the π/2 time defined similarly at half the

population transferred. The damping means that the π time is no longer

twice the length of the π/2 time and is observed to be nearly four times

longer. The maximum population transfer is also measured at the π time.

The Raman pulse length scans are recorded at every 1ms of the atom fall
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5.4 Rabi oscillations

Figure 5.19 Typical Rabi oscillations at the three interferometer pulse times of
17ms, 102ms, and 187ms, without sub-level state preparation. π time of the
Rabi oscillation becomes longer as the Raman pulse scan is taken later in the
interferometry region. Additionally, a drop in transfer of population is observed
due to dephasing.
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Figure 5.20 Measured π (top panel), and π/2 (bottom panel), times from the
Raman pulse scans at 1ms intervals of the interferometry region.

time, with the resulting oscillations fit using equation (5.12). Only the first

5 µs are used in the fit, since the damped oscillation fails to reproduce the

Rabi dynamics at later times. Three example Rabi oscillations are shown in

figure 5.19, at the pulse heights used later in the interferometry sequence.

The Raman pulse scans show that as the atoms fall through the chamber,

the Rabi π time becomes longer, and the population excited by the Raman

transition, at the π time, decreases. The measured π and π/2 times are

shown for the full interferometry regions in figure 5.20, which shows a pre-

dominantly linear increase of the π, and π/2, time with fall time, for both

the top and bottom interferometer, consistent with a linear change in the

atom cloud size.

The maximum population transfer is shown in figure 5.21 and shows a

mostly linear drop off at times past 25ms. In the time between 7ms and

25ms, an increase in transfer is seen. This is due to overlap with the co-

propagating transitions, which can be removed by further optimisation of
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Figure 5.21 Population ratio of atoms in |F = 2〉 state to the total population at
the measured π time. The transfer decreases with drop length due dephasing.

the output of the Raman telescopes, to produce perpendicular linear polari-

sations. Coupling of the co-propagating transitions will result in a reduction

of contrast in the interferometer and should generally be avoided. This may

be achieved by changing the bias field strength to move the resonance posi-

tion, or by using a pulse time outside of this range. Alternatively, additional

sub-level state preparation may be used to remove those atoms in the first

instance.

The population transferred by a Raman pulse at each interferometer

pulse correlates to the final fidelity of the interferometer fringe, or, in the

gradiometer case, the ellipse. Generally speaking, the final ellipse fidelity

is a product of the population transferred by the three pulses. It has been

observed that low transfer in the Rabi oscillations, particularly in the last

pulse, limit the final fidelity of the ellipse, although a deterministic scaling

has not been found. In order to maximise the transfer in both ellipse axes,

the Rabi frequency has been optimised to be as similar as possible for each

141



5.5 Sub-level state selection

interferometer. This ensures that the single π time set in the experiment

sequence addresses both interferometers equally.

5.5 Sub-level state selection

As seen in the spectrum scan data, shown in section 5.3, the population

is divided amongst the three mF sub-levels. Whilst roughly 1/3 of the

atoms are resonant with the Raman transition in the interferometer, the

remaining two thirds of the atoms are not, and still appear in the detection

signal. It was noted that some of these atoms in the co-propagating peaks

were responsible for additional transfer in the Rabi oscillations when the

states overlap (figure 5.21). As discussed later in section 6.2.1, photons in

detection not from the atoms partaking in the interferometer contribute to

the overall detection noise. To combat this, the atoms in the mF = ±1

states may be removed via sub-level state selection. In addition to removing

background signal, the sub-level state selection removes any atoms that

have a magnetic sensitivity. The consequence of this is the bias field is not

required to separate the mF states, only providing a bias field strong enough

to define a quantisation axis. This reduction in field strength will reduce

additional phase shifts in the interferometer, as discussed in section 2.3.

Here, the state selection will be performed optically, with the steps re-

quired outlined below. The sub-level state selection can also be performed

using the RF antenna installed into the vacuum system, requiring a mod-

ification to the RF chain. At the end of the optical molasses sequence,

the atoms are prepared into the |F = 1〉 ground state. As before, a res-

onant blow-away is used to remove any atoms left in |F = 2〉, ensuring

a clean hyperfine ground state. To prepare the magnetic sub-level state,

the bias field is switched on, and a Raman transition transfers atoms from
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|F = 1,mF = 0〉 ↔ |F = 2,mF = 0〉 with a π pulse. Light resonant with

atoms in the state |F = 1〉 is required to blow-away the remaining atoms

left in the sub-level states |F = 1,mF = ±1〉. A Raman transition can then

be used to transfer atoms back to the state |F = 1,mF = 0〉, and an |F = 2〉

blow-away can be used to remove any atoms not transferred back. This se-

quence allows for the magnetic sub-level to be selected through removing

the other states.

It is possible to further improve the number of atoms in an mF = 0

state by instead using optical pumping to prepare the state |F = 2,mF = 0〉.

This technique requires an additional π polarised light, resonant with the

transition |F = 2〉 ↔ |F ′ = 2〉, on the 87Rb D1 line [47, 108].

5.5.1 Creating an F=1 blowaway

In order to efficiently perform the state selection, atoms need to be removed

when in the state |F = 1〉. This is achieved with the sideband added to the

Raman laser, as described in section 4.1.2, where a frequency resonant with

atoms in the |F = 1〉 ground state can be independently generated without

the cooling frequency.

Careful tuning of the RF frequency found that the most efficient blow-

away achieved at an applied RF frequency of 8383MHz. This corresponds

to exciting the transition |F = 1〉 ↔ |F ′ = 1〉, although the closely grouped

hyperfine excited states cause scattering into the |F = 2〉 ground state. In

order to reduce the number of atoms transferred into the |F = 2〉 state, the

optical power must be tuned in addition to the frequency. To characterise

the |F = 1〉 blow-away, atoms are prepared into |F = 1〉 and the length of

the resonant pulse is scanned. The results can be seen in figure 5.22, where

efficient blow-away is achieved for the bottom atom cloud. The top atom
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Figure 5.22 Characterisation of the |F = 1〉 blow-away. Despite being on reso-
nance, and with low power, there are still atoms transferred from |F = 1〉 to |F = 2〉,
rather than being blown away. An additional blow-away resonant with atoms in
|F = 2〉 will be required to achieve a clean state.

cloud shows pumping of the atoms into the |F = 2〉 state, which reduces the

efficiency of the blow-away pulse. An additional blow-away resonant with

|F = 2〉 will remove the atoms transferred by |F = 1〉 blow-away.

5.5.2 State characterisation and velocity selectivity

To characterise the state, the atoms are prepared, using the sequence de-

scribed in the previous section, into the |F = 1,mF = 0〉 ground state. Per-

forming a spectrum scan, both with and without the state preparation, is

seen in figure 5.23, where, it shows that the population of atoms in the

mF = ±1 states have been removed. Note that since the detection method

takes the ratio of population in the state |F = 2〉 and the total population,

that the ratio now may go to a maximum possible 1. The state selected

data is fit with the sinc2 function of equation (2.29), as discussed in section

2.2.6.
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Figure 5.23 Atomic spectrum, with and without the optical mf state preparation,
shown for the top chamber only. The state selected data is fit with a sinc2 function
due to the velocity selective pulse having a square intensity profile.

The sinc2 function does not fully describe the data, as seen in the higher

order lobes. To do so, a more thorough treatment of the velocity selection is

required, where the output is the product of the atomic cloud’s momentum

distribution, and the sinc2 function from the square Raman pulse [63, 109].

As well as selecting the atomic state, the Raman pulses used have also se-

lected a particular velocity class determined by the longest velocity selective

Raman pulse.

With the state preparation verified, Rabi oscillations can be taken us-

ing the clean state. Figure 5.24 compares two Rabi oscillations, with and

without sub-level state preparation. As well as increased transfer and co-

herence, the effect of spontaneous emission, from scattering with the other

mF states, is reduced, as evidenced by the upward slope of the data without

state selection.

With increased fidelity of each Rabi oscillation, the amplitude of the el-
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Figure 5.24 Rabi oscillation at the height of the first Raman pulse of the interfer-
ometer. State selection removes the atoms previously present, effectively re-scaling
the oscillation from 1/3 to 1. The effect of spontaneous emission is reduced as
evidenced by the upward slope of the un-selected data.

lipse is expected to increase. Figure 5.25 shows two comparable ellipses, with

and without sub-level state selection. The ellipse contrast is increased as ex-

pected for the state selected atoms, but analysis of the ellipse phase noise

showed little improvement to the signal to noise. This is because although

the pedestal created by the atoms not participating in the interferometer

is gone, the state selection process loses atoms in its inefficient blow-away

pulses and Raman transitions. Despite no improvement to the ellipse at this

time, the state selection allows for the removal of the other states, which

previously provided mechanisms for the coupling of magnetically sensitive

states into the interferometer. Using sub-level state selection is therefore

required for use in a field environment.
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Figure 5.25 Comparison of ellipses with and without state selection. The ellipse
contrast increases when sub-level state selection is used.

5.6 Ellipse phase shift

In an ideal cold atom gravity gradiometer, the phase shift between the two

interferometers is accumulated due to the local gravity gradient. In prac-

tice, systematic effects such as those due to light shifts, magnetic field gradi-

ents, and instrument orientation, introduce additional phase shifts between

the two interferometers. For a gravity gradiometer targeting civil engineer-

ing applications, systematic phase shifts which have a time dependence or

change with external factors should be removed to ensure repeatable mea-

surements. Static systematic phase shifts do not present an issue for a

relative gravity gradient measurement, where the absolute phase shift is not

required.
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5.6.1 Applied relative phase shift

Analysis of the ellipse fitting, discussed in section 4.3, shows that a bias to

the ellipse phase is introduced to the measured phase value when the ellipse

phase is anything other than π/2. It is particularly strongest at phases close

to multiples of π, where the ellipse forms a line. At these phase values, the

points overlap and the fit to the data becomes unreliable. When the ellipse

measurement is run at the maximum interferometer T time, it was found

that the ellipse phase was a multiple of 2π, creating a “closed” ellipse. To

“open” the ellipse, and facilitate fitting, an applied phase shift is used to

introduce a relative phase shift between the two interferometers, recovering

an open ellipse.

Introducing an applied phase shift to the gradiometer must be performed

in a way that does not compromise the overall stability of the phase mea-

surement. It should not therefore introduce additional phase noise, or drift,

into the measurement, lest the overall sensitivity be affected. The imple-

mentation of an applied phase shift should have an element of tunability to

allow for any changes in the phase, such as the optimisation of the light shift

[11].

The methods to introduce an applied phase shift can be split into passive

and active approaches. A passive solution requires a constant change to be

applied to the system and could be achieved by the following: a magnetic

field gradient added to the bias field profile, particularly in one interferom-

etry region; alteration of the alignment to the Raman beams; changing the

chirp rate applied to the Raman sideband, in order to change each inter-

ferometer’s phase; or any further method which break the symmetry of the

two interferometers.

A more deterministic phase shift may be added to the system using an
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adapted method to one found in the literature [110]. The technique was

developed to enable the extraction of the absolute gravity gradient between

the two interferometers, by introducing a phase shift proportional to an

applied frequency shift, ∆ν. The phase shift occurs through changing the

value of |keff | by an amount |keff | = 4π∆ν/c, during the central π pulse

only. Here, there is no requirement to know the absolute gradient value, but

the technique may be applied to introduce a deterministic phase shift to the

ellipse.

To implement this shift in the current laser architecture, a shift to the

cooling laser frequency causes the offset locked Raman laser frequency to

move by the applied frequency shift. Since the RF system can already ramp

the cooling frequency without issue, the frequency of the central π pulse is

easily changed in the time between the first two pulses, and ramped back in

time for the final π/2 pulse. An example of the applied phase shift is seen

in figure 5.26, where a frequency shift of 10MHz is applied to the Raman

laser frequency for the central π pulse. The applied frequency shift changes

the ellipse phase by approximately π/4.

To characterise the resultant phase shift from the applied frequency shift,

several ellipses were measured with different frequency shifts. The ellipses

are fit to every 25 shots, and the mean phase of each 450 shot ellipse is

taken. Each phase value is repeated twice, separated by approximately 2

hours. Figure 5.27 shows the expected linear dependence of ellipse phase to

the applied frequency shift, measured to be (0.076± 0.001) radMHz−1.

5.6.2 Ellipse parameters vs. interferometer T time

The sensitivity of the gravity gradient measurement is determined by both

the signal to noise ratio from the atoms and additional noise sources. In an
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Figure 5.26 First 100 points of ellipses at T =85ms, with and without an applied
phase shift. A frequency shift of 10MHz is sufficient to open the ellipse for fitting.

Figure 5.27 A frequency shift is applied to the single photon detuning, ∆, during
the central interferometer π pulse. The resulting phase shift is characterised as
(0.076± 0.001) radMHz−1 for a T = 85ms ellipse. The error of the phase from
fitting is lowest when the ellipse phase is close to 1 rad.
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ideal gravity gradient measurement, a larger interferometer T time always

results in an increase in instrument sensitivity; however, due to dephasing

this may not be the case in the experiment. The ellipse parameters are

characterised for different interferometer T times, to determine the phase

evolution, contrast, and phase noise. Each ellipse measurement consists of

2350 shots, and 8 different T times, with a fixed first pulse time of 17ms

after the molasses sequence. Each T time is repeated between 8 and 9 times

over a continuous three day measurement period. Again, each ellipse is split

into 25 shot sub-ellipses and fit to, discussed in section 4.3. The run was

performed with a 10MHz applied frequency shift to ensure an open ellipse

at 85ms, as per the results of section 5.6.1, and operate without sub-level

state preparation. The consequence of this is that ellipses at T times of

around 40ms are omitted, since their phase is close to a multiple of π and

were not reliably fit to.

Ellipse contrast

The ellipse contrast can be measured by taking the maximum and minimum

population ratio for each fringe axis, and is plotted against each interferom-

eter T time in figure 5.28. The contrast is seen to decay, in both axes, by a

rate of (−0.0013± 0.0003)ms−1, due to the dephasing seen in the Rabi os-

cillations in figure 5.21. In order to reduce this drop in contrast, the fidelity

of the Rabi oscillations should be improved.

Measurements of the amplitude noise can be estimated from the stan-

dard deviation of the ellipse contrast data, shown in figure 5.29, where the

noise is shown to be approximately constant for the interferometer T times

measured. The amplitude noise does not increase with T ; however, the el-

lipse amplitude decreases, contributing to an overall lower signal to noise
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Figure 5.28 Ellipse contrast vs interferometer T time. Both show a linear trend
with a gradient of (−0.0013± 0.0003)ms−1.

ratio.

Ellipse phase

The phase evolution against T time is shown in figure 5.30. Each of the eight

or nine repeats are shown on each point with their error, demonstrating the

repeatability of each phase measurement. The scaling is approximately lin-

ear with a gradient of (41.4± 0.6)mradms−1, where deviations from the lin-

ear suggest additional systematic phase contributions. The phase change ex-

pected from gravity gradient alone may be calculated using equation (2.44),

where, for the gravity gradient of Earth, the phase shift is quadratic in T ,

with a change of 49 µradms−2. At 85ms, the change in phase expected from

gravity gradient is 0.359 rad, ten times smaller than the change in phase seen.

The instrument is therefore dominated by systematic shifts; further testing

will determine if they are independent of external factors.

To determine the evolution of the ellipse phase noise with interferometer
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5.6 Ellipse phase shift

Figure 5.29 Standard deviation of the interferometer contrast vs T time. There
is a negligible change in the spread over the different T times, suggesting that
amplitude noise in the interferometer does not scale with the T time.

Figure 5.30 Ellipse phase evolution vs interferometer T time for 8-9 repeated
measurements, shown with error bars. The approximate relationship between the
two is obtained by a linear fit and is calculated as (0.0414± 0.0006) radms−1. A
10MHz frequency shift has been applied to all ellipses.
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5.6 Ellipse phase shift

Figure 5.31 Standard deviation of the phase vs T time. Increase in uncertainty
of the phase by a factor of 2 over measured T times with approximate scaling
0.2mradms−1.

T time, the standard deviation of the ellipse phase is plotted in figure 5.31.

The certainty in the phase does degrade with T time, increasing by a factor

of 2 over the T times tested, which may be caused by the decreased ellipse

contrast. Since the gradient measurement is contained in the ellipse phase,

a larger T time produces a phase change proportional to T 2. This means

that operation at an increased T time is more favourable at this level of

phase uncertainty. To aid the understanding of this, for a fixed signal size

of 500E, the change in ellipse phase can be calculated from equation (2.44)

for different T times. In the case of T = 10ms, the ellipse phase shift would

be less than 1mrad, however for T = 85ms, the ellipse phase shift would

be approximately 58mrad. A factor of two increase in the ellipse phase

uncertainty is small compared with the factor of 70 increase in the signal

size in this case.
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5.7 Characterisation summary

5.7 Characterisation summary

The cold atom interferometry sequence has been broken down into its con-

stituent parts and characterised. The cold atom system is shown to produce

ensemble temperatures of (2.86± 0.09) µK and (3.7± 0.2) µK for the top

and bottom interferometers respectively. The atomic state has been cleanly

prepared in the |F = 1〉 hyperfine ground state, with the option to prepare

further into the |F = 1,mF = 0〉 state. Rabi π times of as low as 2 µs have

been demonstrated, enabling large velocity classes to be addressed. Two

state detection allows for the output of the interferometer to be analysed,

using a vertical detection scheme. Interferometer T times of up to 85ms

have been demonstrated and will be used to measure the performance of the

gravity gradiometer.
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Chapter 6

System performance and

measurement campaigns

This chapter examines the performance of the instrument, in and out of

the laboratory, and uses the modulation of test masses to benchmark the

instrument and test functionality. When discussing the ellipse phase, the

values will be converted into units of gravity gradient using equation (2.44),

to facilitate comparison between instrument performance and gravitational

signal sizes more readily. The terms ellipse phase and gravity gradient are

used interchangeably since differences in signal are being investigated.

6.1 Instrument sensitivity

The sensitivity may be determined through measurements of the ellipse

phase, with the instrument operating in static conditions. From this, the

short term noise can be determined as well as any drift in the ellipse phase.

In order to assess the performance of the instrument, an Allan deviation is

used to determine the average measured phase value after a given averaging
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6.1 Instrument sensitivity

time. Typically, equally spaced, time series data is required. To measure

the instrument noise and stability, the phase measurements should be taken

with a static instrument, with static environmental conditions. In the treat-

ment of this sensor, overlapping estimates are used for higher confidence in

the Allan deviation, as recommended by IEEE standards, and follows the

descriptions within them [111–113]. The formula used to estimate the Allan

deviation and the error is derived in appendix B.2.

6.1.1 Short term vs long term sensitivity

Plotting the Allan deviation for all available values of the averaging time, re-

veals features of the data and can help to identify the types of noise present

in the system, provided the physics is well understood. Provided the instru-

ment drift occurs over long timescales, the sensitivity of the instrument is

measured by simply taking the first point from the Allan deviation and di-

viding by the square root of the integration time.∗ This is the average short

term sensitivity of the instrument and describes the minimum measurement

uncertainty after a given integration time. For Poisson distributed noise,

the measurement uncertainty will average with 1/
√
τ behaviour, where τ

represents the integration time.

As noise sources and drift accumulate in the measurement set, the devi-

ation from Poisson distributed noise reveals instability in the system. The

uncertainty in the phase after a certain integration time may be used to es-

timate a long term sensitivity of the instrument. After a certain integration

time, accumulated noise and drift mean that averaging the phase values no

longer decreases the uncertainty in the measurement. Where possible, the

resolution of the sensor will be estimated from the point of lowest phase

∗Fitting to the data and calculating the intercept at τ =1 s may provide a more accurate
determination of the sensitivity.
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6.1 Instrument sensitivity

Figure 6.1 66 hour gravity gradient measurement with all points shown. Every
25 shots would be fit with an ellipse and the phase value extracted. Smearing of
the ellipse is seen due to drift in the ellipse contrast over timescales longer than a
25 shot measurement. Ellipse is opened using an applied phase shift described in
section 5.6.1

uncertainty.

6.1.2 Sensor evaluation

The system was ran continuously for several days in a static condition and

temperature controlled lab, in order to gauge the instrument performance.

The resulting ellipse is shown in figure 6.1 for all 155300 shots. The ellipse

measurement is split into sequential 25 shots, and a phase value for each

is extracted, using the fitting method described in section 4.3. The phase

versus time, shown in units of gravity gradient (equation (2.44)), is displayed

in figure 6.2.

An Allan deviation of the data, shown in figure 6.3, measures the short

term sensitivity of the instrument at (861± 7)E/
√
Hz, averaging to a min-

imum value of 16E in 23 757 s. It is clear from the Allan deviation that the
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Figure 6.2 Ellipse phase in units of gravity gradient vs time for a T = 85ms ellipse
run of 66 hours in a temperature stabilised lab.

averaging quickly diverges from 1/
√
τ . This is indicative that there is drift in

the instrument, which prevents white noise averaging at longer integration

times.

The main noise sources will be investigated to determine the current

sensitivity limits of the instrument.

6.2 Noise sources

In this section, the main contributions to the noise budget will be investi-

gated. As discussed in section 2.4.5, the quantum projection noise is the

fundamental sensitivity limit of this atom interferometer, where the grav-

ity gradient uncertainty is limited by the statistical uncertainty from the

number of atoms. It is estimated in appendix D.3 that 105 atoms partake

in each interferometer, at a time between measurements of 1.5 s; the repe-

tition rate of the interferometer is 0.67Hz. Equation (2.47) is then used to
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6.2 Noise sources

(a)

(b)

Figure 6.3 Allan deviation for 66 hour data set shown in a) linear and b) log-log
plot. The shaded section shows the percentage error calculated with equation B.13.
The orange line denotes the 1/

√
τ average from the first point.
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6.2 Noise sources

calculate the atom shot noise limited, short term sensitivity as 47E/
√
Hz,

for an interferometer T time of 85ms. Comparing this to the short term

sensitivity measured in figure 6.3, the instrument is operating at 18 times

the atom shot noise limit.

6.2.1 Detection scheme evaluation

The detection scheme is that described in section 5.2, where fluorescence

from resonant pulses is detected by an amplified photodiode. The ratio of

the state populations is calculated using equation (5.8), from integrating the

voltage for each detection peak, as measured by the detection photodiode

assembly.

The measured voltage from each detection peak is a result of the am-

plification of several current sources, which can be broken down into their

contributions. The main current sources are: the photoelectrons due to flu-

orescence from the atoms Ia, the photoelectrons due to background light Ib,

and current noise in the photodiode Iph. The total measured current may

therefore be written as a sum of these sources, such that

I = Ia + Ib + Iph. (6.1)

Each current source Ix, can be written as the sum of an averaged value

Ix, and a current noise δx, allowing the separation of offsets and noise.

The ratio taken with the detection scheme can remove offsets if they are

applied to the detection and background peaks equally, which, for example,

is used to remove intensity fluctuations, to first order. Ideally, the only

current contribution should come from the current associated with the atom

fluorescence, Ia, so to achieve lower noise overall, contributions from other

sources should be reduced.
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Signal current sources

The photocurrent from the atoms is given by the responsivity of the pho-

todetector, R, multiplied by the optical power, P . The optical power is

given by the photon flux, Φ, multiplied by the energy of the photon, ~ω.

For an atom emitting radiation, the photon flux is given by the detection

solid angle, Ω, the scattering rate from the atoms, Γscatt, and the number

of scattering atoms N . Thus the photocurrent can be written as

Ia = RP = RΩΓscatt~ωN. (6.2)

The maximum photocurrent occurs when the scatting rate is maximum,

equal to half the transition linewidth, Γscatt = Γ/2 = 2π·6.06MHz/2. Silicon

detectors for 780 nm have a typical responsivity of 0.45AW−1. Thus, for

105 atoms in a detection solid angle of 0.21 sr, the value of photocurrent

expected from the atoms alone is on the order of 10 nA, meaning that a

large amplification is needed to generate voltages with a significant signal

to noise. With the photodiode gain 107, a voltage of 100mV is generated

from the atomic signal.

Detector noise

Fundamentally, the noise of the detector is limited by Johnson noise, where

fluctuations due to thermal motion of charge carriers cause an uncertainty

in the measured voltage or current. The average value of the current caused

by Johnson noise is zero, so the current contribution becomes IPH = δPH =

i2N (ν). Johnson current noise depends on the temperature of the circuit T ,

the resistance R, and the bandwidth of the sensor ∆ν [114], and is given by
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i2N (ν) =
4kBT ∆ν

R
. (6.3)

Since the detection sequence used requires short pulses, the bandwidth be-

comes an important contribution to the Johnson noise. Using the short

pulse detection scheme therefore puts increased technical requirements on

the detection amplification circuit, to avoid adding additional noise. For the

photodiode used in detection (section 3.7.1), the Johnson noise is quoted as

50 pA, which when the photodiode amplifier gain is applied, without filter-

ing, gives a noise of 0.5mV.

To ascertain the contribution of detector noise to the overall noise, the

voltage noise when the light is off can be examined. A small sample of

this is available between detection pulses 2 and 3, and can be seen in figure

5.10. Taking the standard deviation of the voltage between these peaks

gives 0.74mV and 0.85mV, for the top and bottom signals respectively.

This may be compared to the Johnson noise by taking the difference in

quadrature between the two. This estimates that 0.54mV and 0.7mV of

each signals detection noise comes from the photodiode amplification and

electrical pickup noise. The data acquisition device is specified to 61 µVrms

noise at range ±1V, contributing only a small fraction of the noise [115].

Background light

The majority of the detection signal is from background light levels, as

seen in figure 5.10. Optical access for ambient light has been removed, and

variations from ambient light levels are not observed. Contributions from

background light are therefore coming from within the chamber, due to scat-

tering from the vacuum chamber walls and prism MOT assembly, as well

as fluorescence from background rubidium vapour. Scattered light contri-
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butions may be reduced through the use of an absorptive coating applied to

the science chambers. Testing of a blackened coating at ultra-high vacuum

was still in the early stages during design and construction of the vacuum

system, so the coating was forgone. The results of the blackened coating

have since been published, and may be found in reference [116], where it

was demonstrated that a coating applied to the vacuum chamber does not

impact the vacuum quality, or react with the rubidium vapour, whilst pro-

viding a reduction in scatter. Background light levels may also be reduced

through use of a mask over the photodiode, or imaging detection to digitally

mask the signal. Delivery of the detection light through the side port may

also reduce the contributions from background light.

An additional source of photocurrent comes from atoms not partaking in

the interferometer sequence. This can arise due to choice of state preparation

and dephasing, where up to 2/3 of the detected atoms do not participate

in the interferometer. Each additional atom has an associated atom and

photon shot noise which contributes to the overall detection noise.

The background light level noise can be estimated when the light is on,

but no atoms are present, from the flat tail of peak 3. Here the standard

deviation of the signal is 0.90mV and 0.88mV for the top and bottom

signals, respectively. From these two measurements, the background light

level noise is estimated as 0.5mV when taking the difference in quadrature

between the measured noise and the detector noise.

Sensitivity limit with identified noise sources

Using the measured noise amplitudes, Gaussian noise is applied to synthetic

peak data in order to calculate the noise on the state population ratio, us-

ing equation (6.4) shown in the next section. The resulting population ratio
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noise is applied as uncorrelated amplitude noise to two synthetic interfer-

ometer fringes, whose contrast is representative of the ellipse in figure 6.1.

Fitting to the synthetic ellipse data, allows for the ellipse phase noise to

be estimated; no phase drift is applied to the phase data. Taking an Allan

deviation of the synthetic data, reveals that the detection noise limits the

average short term sensitivity of the instrument to (258± 5)E/
√
Hz. When

the noise from the background light is included, using the noise profile from

the end of peak 3, the sensitivity shows an increase to (284± 6)E/
√
Hz.

Clearly this does not account for all the noise in the instrument; however,

the detection noise is a large component of the total noise, limiting the

performance to six times the current atom shot noise limit.

6.2.2 Data processing optimisation

With the detection noise characterised, the data processing can be optimised

in order to further lower the noise. The noise from the detection is normally

distributed, so the error can be reduced by increasing the number of mea-

surements. A general treatment of errors from the detection sequence can

be derived, and here is applied to the detection noise.

The state population ratio used in detection is calculated through the

use of background subtracted peaks (equation (5.8)), with a noise associated

with each peak. The voltage error from each detection peak may be written

as σi, where i is the index assigned to each peak. The error on the ratio R,

may be calculated from

σR = R

√
σ21 + σ24

(V1 − V4)2
+

σ22 + σ25
(V2 − V5)2

, (6.4)

where Vi is the mean peak value. Taking the limiting case where the

detection noise is the dominant noise source, the noise on each peak is the
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Figure 6.4 Using the tail end of the blow-away pulse P3, lower noise background
subtraction is realised by integrating between the red markers. This provides a
section of data 24.5 times longer than the background peak 4 or 5, and integrates
the noise of the background peaks.

same, such that σ ≈ σi. If the noise associated with any peak is reduced,

then the error in the ratio is reduced, leading to lower ellipse phase noise.

The noise in the atom peaks cannot be easily lowered, but the background

subtraction may instead be performed with a longer integration time. To

test this on existing data, the tail section of peak 3, 24.5 times longer than

original peak length, is used as the new background peak. It is highlighted

in figure 6.4. The increased length reduces the error of the background peak

by a factor of five. In order to maintain the ratio, the new background

peak’s mean value is normalised to the mean values of peaks 4 and 5.

Using this new background subtraction on the data set presented in

section 6.1.2, a reduction in short term sensitivity from (973± 8)E/
√
Hz,

to the presented value of (861± 7)E/
√
Hz, is achieved. From this, each

background peak length should be increased from 100 µs to 2.5ms to reduce

the instrument noise.
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6.3 Systematics due to external effects

The instrument is assessed for systematic shifts and noise introduced by

external factors.

6.3.1 Tilt

As discussed in section 1.2.2, a measurement of the gravity gradient has

a suppression of the sensitivity to tilt compared to gravimetry. This sup-

pression may be reduced from the ideal case due to implementation in the

gradiometer, e.g. atom clouds following different trajectories.

In this section, the sensitivity to tilt is characterised by measurements

of the change in ellipse phase, for a range of instrument tilts. The instru-

ment tilt can be maintained to within 2.5mdeg in the laboratory using the

adjustable sensor head feet, as measured by an inclinometer.∗ The ellipse

phase, in units of gravity gradient, is shown for a range of instrument tilts in

figure 6.5. The mean gradient value of each measurement is shown, with an

error bar of the standard error of the mean gradient. Fitting to the small an-

gle measurements, the sensitivity to tilt is calculated as (−1.2± 0.8)E/mdeg

from the gradient of the fit. For the example anomaly modelled in figure

2.12, the signal would be obscured by a tilt of 31mdeg. Comparing this to

the ideal gradiometer case shown in section 1.2.2, the tilt suppression is not

as effective; however, compared to the ideal gravimeter, the same anomaly

would be obscured by a tilt of 13mdeg. The gradiometer has demonstrated

a reduction in tilt sensitivity of three times when compared to an ideal

gravimeter. An additional consequence of this is that drift in the instru-

ment tilt provides less of a signal change, relaxing the constraints on stable

∗Jewell Instruments DMP-2-10-232-AMP
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flooring.

To explain the systematic shifts removing some of the tilt suppression,

the atom interferometry scheme is examined further. The atom cloud’s tra-

jectory during the fall is relative to the Raman beam alignment. Due to the

finite Raman beam size, and Gaussian intensity profile, systematic shifts are

introduced to the interferometer when the the atom cloud samples different

parts of the Raman beam. In the extreme case, an atom beginning in the

middle of the Raman beam will travel to the 7.5mm radius Raman beam

for an angle of 2.9 degrees over the interferometer drop length, meaning

that the interferometer sequence is not completed for that atom. In order

for the tilt to be effectively suppressed at smaller tilts, the two atom clouds

must follow the same trajectory and sample the same intensity profile of the

Raman beam. This can be achieved with better cloud positioning and beam

alignment, which all help to reducing dephasing in the interferometers.

6.3.2 Ambient temperature

Operation of the instrument in ambient temperatures in excess of 30 °C re-

sults in overheating of the control package, generally causing loss of laser

lock and, in some cases, laser components exceeding their operating temper-

atures. Within operating temperatures, the instrument is tested for ellipse

phase drift with ambient temperatures, by measuring in a temperature con-

trolled laboratory for several days. The temperature is changed between

temperatures of 20 and 34 °C, through use of the air conditioner, whilst the

instrument continuously runs ellipse measurements.

The output phase, shown in units of gravity gradient, is plotted with the

temperature measured at the base of the sensor package by the inclinometer,

and can be seen in figure 6.6. There seems to be some dependence on the
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Figure 6.5 Instrument tilt parallel to the inclinometer y axis. Multiple phase mea-
surements are averaged and the standard error shown for different instrument tilts.
To allow for the averaging of the phase, the tilt is separated into box sizes of 10mdeg
and averaged. The resulting sensitivity for small angle changes is obtained from
the fit over the central angles, with a calculated gradient of (−1.2± 0.8)E/mdeg.
Expected cosine behaviour is not seen since the absolute gradient is not measured.
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Figure 6.6 Ellipse phase (blue, left axis) vs ambient laboratory temperature (red,
right axis), as measured by the inclinometer. There is certainly a change in the
phase when temperature changes; however, no deterministic coupling is obvserved.

temperature; however, figure 6.7 shows that there is not a simple correlation.

This is perhaps not surprising - changes in temperature have long timescales

and cause spatial and temporal gradients. The effect of temperature on the

entire instrument is complex, and dependent on several drift channels. The

instrument should aim to remain at a lower operating temperature in order

to have less measurement noise.

6.3.3 Coriolis measurement

As discussed in section 2.7, the Coriolis effect may contributes significant

shifts to the instrument when rotated. When operating in spatial mapping,

the instrument will need to be moved between measurement points, relying

on the ability to repeatably align the rotation of the sensor each time.

To measure the effect of Coriolis on the instrument, the sensor package

was placed on a large rotation stage, graduated at 1° increments. Ellipse
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Figure 6.7 No correlation with ambient temperature and ellipse phase up to
28.3 °C, where the phase uncertainty increases. Above ambient temperatures of
30 °C, instrument operation is intermittent, due to overheating in the control pack-
age.

phase measurements were taken at 30° increments and the standard error

of the mean is taken for each point. The data is fit using equation 2.52

and the value for the relative cloud velocity is measured from the fit pa-

rameters. This is shown in figure 6.8, where the measured value for vhor is

(7.6± 0.1)mms−1.

Whilst with careful optimisation the differential horizontal velocity can

be reduced, the effect of orientation can be controlled with good survey

practice. The laying of a survey line and ensuring good alignment to the

line can allow for repeatability of a few degrees when done by eye. Further

measurements with common civil engineering tools, such as laser scanners,

can ensure repeatability to within fractions of a degree. At the maximum

slope, the Coriolis effect introduces a change in gravity gradient of roughly

11E/deg to the instrument, when aligned to the East-West axis. This shift

is therefore negligible when well controlled for, making it small compared to
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6.4 Measurements of test masses

Figure 6.8 Measurements of the ellipse phase under rotation of the instru-
ment with fit. Using equation 2.52, the relative cloud velocity is measured as
(7.6± 0.1)mms−1. Points at 0 and 360 degrees are the same measurements, re-
peated for completeness.

prospective civil engineering targets.

6.4 Measurements of test masses

Benchmarking the instrument performance in the laboratory can be done

using the modulation of test masses, whilst keeping the instrument station-

ary. Two trolleys are loaded with lead bricks and positioned around the

centre of the sensor to generate the largest gravity gradient. Modulation is

performed manually, with the trolleys pulled radially away from the sensor,

to generate the change in gravity gradient.

The setup of this experiment is shown in figure 6.9, where the two trolleys

are positioned on a pair of optical tables, with a gap for the sensor package.

Aluminium bars are used to guide and position the trolleys, as well as pre-

vent them falling from the tables. Each trolley is stacked with lead bricks
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6.4 Measurements of test masses

Figure 6.9 Benchmarking of the instrument using modulation of test masses. Two
trolleys stacked with lead bricks, shown positioned at their closest to the centre
of the instrument. Each trolley holds (487± 1) kg of lead and can be manually
positioned in one of seven distances from the sensor package.

to a total mass of (487± 1) kg, in a wide, shallow, rectangular pattern to

maximise the signal. The distance between the two extreme trolley positions

is 550mm, limited by the length of the optical tables. Modelling of the test

masses in these two positions gives an expected change in gravity gradient

of 198E.∗

Testing was performed over 5 days, with the mass modulated every 25

minutes by manually moving the trolleys into position each time. Modu-

lation was performed between the two extremes on the first two days, an

additional centre point on the third day, and two new points added on the

final days, forming a total of seven distances from the sensor head. The

trolleys being positioned close to the sensor are defined as the base sta-

tion, with gravity gradient values defined relative to the base station. When

these measurements took place, the performance of the instrument was ap-

proximately 1000E/
√
Hz, degrading to 1300E/

√
Hz over the measurement

days.

∗With thanks to A. Rodgers and D. Boddice.
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6.4 Measurements of test masses

Figure 6.10 Test masses modulated between the two extreme points. Data is
shown for a single day’s modulation which excludes the overnight measurements
for clarity in presentation. Red and blue bands show the time over which the mea-
surement point was averaged, with the colour representing the mass being closest
and furthest from the system, respectively. Dashed and dotted lines show the mean
values of both positions with the standard deviation. There is some evidence of
the phase drifting, some of which may be removed using a base station method [3].
Ellipse phase is put into gravity gradient using equation (2.44).

The results from the first day of modulation is shown in figure 6.10,

where the test masses are moved from the base station to the furthest away

point. Repeats are required since the phase appears to be drifting, likely due

to changing lab temperature. Including the overnight measurements in the

two positions, the difference between the two mass positions is calculated to

be (202± 39)E.

Data from each subsequent day is analysed in the same way, calculating

a mean value for the gravity gradient difference between each measurement

point and the base station. The error ascribed to each value is calculated

from the standard errors of each measurement point and the base station

added in quadrature, meaning that the error from each base station mea-

surements is transferred onto the other points. The results from all mea-
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6.4 Measurements of test masses

Figure 6.11 Average difference between the base station, defined as the masses
closest to the system, and the measurement points for all data sets. Error on
each measurement point is calculated from the standard error of the difference
measurement, compared to the base station point. Overlaid is the model of the
expected gravity gradient signal, aligned to the base station.

surements are shown in figure 6.11, where the results are shown relative to

the defined base station point. The model of expected gradient from the

test masses overlays the data and is aligned relative to the base station.

The noise and positions of the points can be further reduced by splitting

the measurements into sets. Treating the data this way assumes a linear

phase drift between each base station measurement, which can be subtracted

from each of the measurement in the set [3]. This method of analysis is a

little more involved and the phase drift was not observed to be linear between

measurement sets; therefore, only the average difference of each days points

will be presented here.

To ensure the effect is caused by the presence of the test mass and

not the movement of the trolleys, a two point null test is performed with

empty trolleys. Following the same measurement procedure as before, the

175



6.5 Outdoor measurements

trolleys are moved every 25 minutes between the two extreme points. The

difference between the closest and furthest measurement points gives an

offset of (32± 41)E, showing that there is no adverse effect from the trolleys

themselves.

The data shows a trend close to that expected from the model, with all

data points within two sigma. The model also has its limitations, only con-

sidering an approximation of the lead shape along a single horizontal mea-

surement line. From this benchmarking test, with the instrument operating

at around 1000E/
√
Hz, gravity gradient signals of 200E were measured at

a signal to noise ratio of around three, when all data sets were considered.

Resolution of approximately 50E was demonstrated, enabling the shape of

the gravity gradient to be measured, in addition to the total signal size.

6.5 Outdoor measurements

6.5.1 Comparative performance

To compare the performance of the system outdoors and indoors, the system

was left to run statically outside of the building on brick flooring. Seven

hours of measurements were obtained outside and can be compared with

the performance in a temperature controlled laboratory from figure 6.3.

The average short term performance of the instrument outside was mea-

sured as (838± 23)E/
√
Hz, averaging to the lowest value of 34E in 1224 s.

This means that the short term performance is the same, to within errors,

as the temperature stabilised laboratory results, up to averaging times of

2000 s. For averaging times over 2000 s, the outdoor performance begins

to diverge from the laboratory data. Without a longer data set, it is not

possible to determine the truly long term performance; however, the com-
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6.5 Outdoor measurements

Figure 6.12 Comparison of the laboratory performance in a temperature controlled
environment with the performance when measuring outdoors. The sensitivity is the
same; however, some long term drift is seen in the outdoor data likely due to thermal
effects. The data set is also shorter, consisting of 7 hours of measurement.

parison shows the beginnings of some additional long term drift, likely due

to thermal effects. Operation outside of the laboratory sees little effect on

the static performance, demonstrating robustness of the instrument.

6.5.2 Out of lab performance and repeatability

To assess the performance in a civil engineering environment, the instrument

is transported in a van to a prospective survey site. Overnight and during

weekends, the instrument is stored in the workshop’s generator house, where

further optimisation of the sensor was performed.

Best performance out of the laboratory

Further optimisation of the experiment sequence was performed while in

the field to improve the instrument performance. An improvement in the

short term sensitivity was achieved when: the Raman beam intensity was
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6.5 Outdoor measurements

lowered, the bias coil current was reduced, and sub-level state selection was

used. Lowering the Raman intensity creates longer Rabi π times, with an

increase from 2.4 µs to 4 µs providing the best result. Through using the

z compensation coils to split the magnetic sub-levels during sub-level state

selection, the bias coil current was lowered from 100mA to 25mA. The

reduction in current reduces the phase shifts and phase noise associated

with magnetic field gradients, as discussed in section 2.3. Characterisation

of the coupling between these parameters versus the instrument performance

are still ongoing. The resulting Allan deviation, taken inside the generator

house, is shown in figure 6.13, where the average short term sensitivity is

measured as (466± 8)E/
√
Hz, again at a 0.67Hz measurement bandwidth,

reaching the lowest value of 17E in 5126 s. This is nearly a factor of two

improvement to the best average short term sensitivity measured in the

laboratory (figure 6.3), and within a factor of two of the detection limited

sensitivity, calculated in section 6.2.1. All points of the ellipse, and the

extracted phase from the fit of each 25 shots, is shown in figures 6.14 and

6.15.

Repeatability of measurements

An important consideration for a portable instrument is the repeatability

of measurements taken at a certain point. Early attempts to measure the

tare of the instrument showed jumps in the ellipse phase of 1000E when

picked up, moved, and placed back on the same point. Issues with rigidity

in the structure were identified and improved; however, tare in the ellipse

phase value was found to be lowest when moved from point to point using

the trolley pictured in figure 3.14b.

Repeatability was determined through measurements on a base station
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6.5 Outdoor measurements

Figure 6.13 Performance of instrument out of the lab following optimisation.
Short term sensitivity is calculated as (466± 8)E/

√
Hz, at a 0.67Hz measurement

bandwidth, reaching the lowest value of 17E in 5126 s for which the long term
sensitivity may be estimated as 1200E/

√
Hz.

Figure 6.14 All points for 16 hour ellipse measurement performed in the generator
house. Each 25 shots is fit with an ellipse to extract the phase value. The thickness
of the total points suggests some drift in the ellipse centre or amplitudes.
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6.5 Outdoor measurements

Figure 6.15 Extracted phase values of ellipse shown in units of gravity gradient.
Some drift in the measured phase can be seen, which explains the thickness of the
ellipse data in figure 6.14

point, moving from the point by several meters, left for tens of minutes, then

returning to the base station. The measurements were performed outdoors,

in order to assess the repeatability in a civil engineering setting. When

moved, the instrument must be lifted from its tripod feet onto the trolley,

moved by pushing the trolley, then the feet are re-engaged and levelled in

the new measurement position. When returning to the base station, the

process is repeated.

The resulting assessment of measurement repeatability will be a combi-

nation of instrument tare and phase drift, which cannot be easily separated.

The results of the repeatability test are shown in figure 6.16, where the

standard deviation of all measurements of phase is 58E.

To examine the point to point repeatability, the phase difference between

successive measurements is compared. The largest phase difference between

successive points is measured as (132± 28)E. The mean difference between

180



6.6 Road to a civil engineering detection

Figure 6.16 Instrument is moved from the base station and returned after a time,
to evaluate the repeatability of the gradient measurement, whilst in a field en-
vironment. Average difference between successive points is (52± 40)E, showing
excellent repeatability.

successive points however, is equal to (52± 40)E, showing a small shift. To

isolate phase drift and instrument tare, the measurement should be repeated

with long measurements on the base station to assess phase drift, followed

by fast moves away and back to look for discontinuities in the ellipse phase

caused by tare. In an instrument dominated by phase drift, a base station

measurement technique may be used to remove linear drift when surveying

across multiple spatial points.

6.6 Road to a civil engineering detection

The developed gravity gradiometer has demonstrated the performance re-

quired to measure anomalies, with gravity gradient signals of order 100E

expected to be resolved. This covers most of the civil engineering features

outlined in the introduction (figure 1.2), including large pipes, tunnels and
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6.6 Road to a civil engineering detection

sinkholes. In order to take the next step, one of these features must be de-

tected in a relevant setting, requiring a few further system characterisations.

Many environmental challenges presented by operation in the field have

been addressed in the design of this instrument, and where possible tested.

A remaining challenge is the assessment of external magnetic fields on the

performance of the instrument. Measurement sites typically contain lots

of metal in the buried infrastructure, or have metal components forming

the structures of the feature of interest. These tend to produce spatially

varying magnetic fields whose shapes follow similar trends to the those from

the gravitational field. In order to measure only the gravity gradient, ef-

fects from external magnetic fields must be well characterised and nulled.

The inclusion of bulk shielding removes the majority of the field, but early

testing suggests some sensitivity to external magnetic fields. To mitigate

this, the implementation of area reversal, discussed in section 4.1.2, in the

experiment sequence should allow for any phase shifts due to residual field

effects to be removed. This requires first that the interferometer sequence

be optimised for the reversed keff , in order to have comparable performance

in each direction, and to couple the effects equally into each sequence.

In order to increase the sensitivity of the instrument further, upgrad-

ing the laser and RF system will allow for the implementation of the atom

launch, enabling an increase in the interferometer T time. The vacuum

chamber has been designed to allow for a free-fall limited T time of 230ms,

which, accounting for similar reductions in the T time due to state prepa-

ration, will allow for ellipse measurements of up to T =215ms. If the in-

strument operates at the same noise level as presented in section 6.5.2, the

short term sensitivity could be improved to 73E/
√
Hz, enabling averaging to

within a few Eötvös in seconds. The atom launch can be achieved through
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6.6 Road to a civil engineering detection

use of a moving molasses launch, demonstrated in the system for the throw-

ing of one cloud; or a Bloch elevator [117], which uses a moving optical

lattice to accelerate both atom clouds [118].

The ellipse contrast will decrease as the atom evolution time increases,

as seen in section 5.6.2, resulting in a reduction of signal to noise, which will

in turn impair the sensitivity. Improvements to the Rabi transfer at each

height will reduce this effect, where techniques such as composite pulses may

aid in recovering the dephasing due to thermal expansion.

183



Chapter 7

Conclusion

The instrument presented in this thesis, has demonstrated a short term

sensitivity of (466± 8)E/
√
Hz in the field, at a measurement bandwidth

of 0.67Hz. A minimum resolution of 17E was achieved, after an integra-

tion time of 5126 s. This represents the best sensitivity reported by any

portable, atom interferometry based, gravity gradiometer. Measurements

of test masses were used to demonstrate the ability to detect changes in

gravity gradient, with good repeatability between measurement days ob-

served, and general agreement to the modelled signal size. Evaluation of

the instrument’s performance, in and out of the laboratory, was consistent

to within error, demonstrating no adverse effects from transportation, or

operation outside of a temperature controlled environment. Point to point

repeatability was assessed in the field, demonstrating an average shift be-

tween measurement points of (52± 40)E, when the instrument is moved on

a trolley. A three times reduction in sensitivity to instrument tilt was mea-

sured, when compared to an ideal gravity measurement. Together, these

tests show that the common mode noise suppression provided by atom in-

terferometry is a viable technology for civil engineering applications, when
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an instrument of this type is robustly packaged. The resulting sensitivity

may be used to target most near surface civil engineering applications, with

signal sizes of order 100E.

Further work is required to characterise the instrument’s sensitivity to

external effects, such as background magnetic fields, before detection of a

civil engineering feature, using measurements of the gravity gradient, can

be convincingly made. The current short term sensitivity of the instrument

is limited by technical noise to ten times the atom shot noise limit, evalu-

ated at an interferometer T time of 85ms. Roughly half of the instrument

noise may be described by the atomic state detection, with the remaining

noise yet to be characterised. The high level of system integration required

for portable operation, saw traditional optimisation of the interferometer se-

quence forgone, making identification of noise sources difficult, and requiring

some parameters to be measured indirectly.

At the instrument’s current performance, many of the remaining chal-

lenges target the robustness and stability of the instrument. Following a

detection of a civil engineering feature, transfer of knowledge into industry,

may see commercial instruments of this type operational in the field within

five years.

As well as the reduction of the remaining technical noise, the instrument

provides a test bed for further physics challenges, in order to reach improved

sensitivities. Implementation of an atom launch, either through a moving

molasses or a Bloch elevator, may enable the use of longer interferometer T

times, providing a T 2 improvement to the sensitivity. The sensor package

has been designed to accommodate an atom free-fall limited interferometer

T time of 230ms, providing a seven times reduction in the atom shot noise

limited sensitivity. Additionally, techniques such as large momentum beam
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splitting will increase the interferometer area further within the same free-

fall time. If the measurement bandwidth is prioritised, detection methods,

such as phase shear, can be used to readout the interferometer within a single

shot. All these methods to improve the sensitivity, demonstrated in the

laboratory, have yet to translate to portable sensors and will face challenges

in robust implementation. The sensor package, designed here, may facilitate

the development of such advances, enabling instrument sensitivities never

seen in any portable or transportable gravity sensors.
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Appendix A

Rubidium-87 data
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Table A.1 Properties of 87Rb isotope and its D2-line transition, values from [47],
table reproduced with permission from [9]

Property Symbol Value

Mass m 1.443 16 · 10−25 kg

Wavelength (in vacuum) λ 780.24 nm

|F = 2〉 ↔ |F ′ = 3〉
transition frequency

ν2↔3 384.228 115 20THz

|F = 1〉 ↔ |F ′ = 2〉
transition frequency

ν1↔2 384.234 683 23THz

52S1/2 hyperfine splitting
frequency

fhfs 6.834 682 610 9GHz

Excited state lifetime τ0 26.235 ns

Natural linewidth Γ 2π·6.067MHz

Recoil velocity vrecoil 5.8845mms−1

Doppler temperature TD 145.6 µK

Saturation intensity
|F = 2〉 ↔ |F ′ = 3〉
transition (isotropic light
polarisation)

Isat 3.5771mWcm−2
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Appendix B

Additional theory

B.1 Propagation phase

As discussed in section 2.4.1, the phase of the interferometer is derived from

three components: the propagation phase, the internal evolution phase, and

the atom light interaction laser phase.

To demonstrate that the phase contribution due to propagation, even

with a gravitational field, is zero, a path integral approach will be outlined.

The paths the atoms take are close to those expected from a classical me-

chanics viewpoint, and it can be shown that the average path taken by the

atoms does indeed follow the classically expected path [69].

The Lagrangian for a particle evolving in a gravitational field is given by

L
(
z, v
)
=

1

2
mv(t)2 −mgz(t), (B.1)

and the classical paths derived from the Lagrange equations are simply
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B.1 Propagation phase

the equations of motion with initial velocity v0, position z0, and time t0,

v(t) = v0 − g(t− t0), (B.2a)

z(t) = z0 + v1(t− t0)−
1

2
g(t− t0)

2. (B.2b)

The path taken is determined by the principle of least action, where the

action is defined as the integral of the Lagrangian for a given path. The

classical path is a function of only the start and end point

Scl(z1, t1, z0, t0) =

ˆ t1

t0

L(z, v)dt =

ˆ t1

t0

[
1

2
mv(t)2 −mgz(t)

]
dt. (B.3)

By defining the final velocity and position, as well as the initial velocity as

v1 = v0 − g(t1 − t0), (B.4a)

z1 = z0 + v1(t1 − t0)−
1

2
g(t1 − t0)

2, (B.4b)

v0 =
z1 − z0
t1 − t0

+
1

2
g(t1 − t0), (B.4c)

it can be shown that the action is equal to [69]

Scl(z1, t1, z0, t0) =
m

2

(z1 − z0)
2

t1 − t0
−mg

2
(z1+z0)(t1−t0)−

mg2

24
(t1−t0)3. (B.5)

Using the points defined in figure B.1, the trajectories are changed to be

quadratic in time due to the influence of the gravitational acceleration. The

190



B.1 Propagation phase

Figure B.1 With the presence of gravity, the space-time diagram of figure 2.7 has
the classical paths shifted due to the atoms falling.

points are given by

A = A0 (B.6a)

B = B0 −
gT 2

2
(B.6b)

C = C0 −
gT 2

2
(B.6c)

D = D0 −
g(2T )2

2
= D0 − 2gT 2. (B.6d)

The phase shift between the arms of the interferometer, due to propagation,

is given by the difference in the actions along the paths

δφprop = Scl(AB) + Scl(BD)−
(
Scl(AC) + Scl(CD)

)
. (B.7)

Using equation (B.5) and the point definitions of equations (B.6), equation
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B.2 Calculating an Allan deviation

(B.7) becomes

δφprop =
M

T
(zB − zC)(zB − zA − zD + zc − gT 2) (B.8a)

=
M

T
(zB − zC)(zB0 − zA0 − zD0 + zC0). (B.8b)

Since A0B0C0D0 is a parallelogram, the side lengths follow the relationship

zB0 − zA0 = zD0 − zC0 , and thus

δφprop = 0. (B.9)

Therefore, it is has been shown that there is no phase contribution from the

propagation of the atoms travelling different paths during the interferometer.

B.2 Calculating an Allan deviation

Let a time series measurement of the ellipse phase at time t be denoted φ(t),

where each measurement is separated uniformly in time by a value τ0 and

a total number of samples N . The data can be grouped into clusters of

length τ = kτ0, for k = 1 −→ k < N . Let the average phase of each cluster

containing m data points be defined as

φk(τ) =
1

T

tk+τˆ

tk

φ(t)dt, (B.10)

between times tk and tk+τ .

The Allan variance is then defined as the infinite time average of the

difference between neighbouring clusters over the limits k = 1 to k = ∞.
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B.2 Calculating an Allan deviation

σ2(τ) =
1

2

⟨
(φk+1 − φk)

2
⟩
. (B.11)

Since the data set is not an infinite time length and thus N is restricted,

the Allan variance must be estimated for a sum over the available data sets.

Thus equation B.11 becomes a discrete sum over the cluster averages.

For the overlapping average, which requires the sampling period is fixed,

the estimate of the Allan variance of length τ is

σ2(τ) =
1

2(N − 2m)

N−2m∑
k=1

[
φk+m(τ)− φk(τ)

]2
. (B.12)

The Allan deviation σ(t), is simply the square root of the Allan variance.

For the finite data set, the error of estimation of the Allan deviation

increases as τ is increased, since there is not sufficient data to compare

with. It can be shown that the percentage error of the Allan deviation is

σ(δ) =
1√

2
(
N
m − 1

) , (B.13)

and so as the number of data points in each cluster m, approaches the

total number of samples N , the percentage error tends to infinity [113]. In

practice, it is sensible to restrict the averaging time τ to less than 10% of

the total measurement set length, when calculating an Allan deviation using

this functional form [111].
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Appendix C

Vacuum assembly

C.1 Cleaning for UHV

Construction begins with cleaning parts from the workshop, and any con-

taminated pieces, using an adapted CERN cleaning procedure to prepare

for UHV applications [119].

The steps performed were:

1. Hand scrub in detergent (Alconox Liquinox).

2. Rinse with tap water to remove detergent.

3. Ultrasonic bath in acetone to soften grease.

4. Ultrasonic bath in detergent to remove grease (Ultrawave Ultraclean

M2).

5. Ultrasonic bath in distilled water, followed by a rinse in distilled water,

to remove any remaining detergent.

6. Ultrasonic bath in acetone to de-grease further.
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C.2 Indium sealing

Figure C.1 a) Window and indium are placed onto chamber with the compression
flange holding them loosly in place. b) Even torque is gradually applied to the
screws in a star pattern with a torque wrench. c) After baking the vacuum chamber,
the compression flange may be removed, leaving a sealed window with no additional
bulky screws.

7. Ultrasonic bath in iso-propanol as a final clean.

8. Bake component in vacuum oven to remove moisture from within the

bulk material, until ready for assembly.

Commercial parts from vacuum companies were not cleaned due to being

shipped ready for UHV.

C.2 Indium sealing

Windows are attached to the science chambers using indium sealing. Clean,

1mm indium wire was compressed between a glass window and the chamber

sealing surface using an evenly applied mechanical force. This is applied

using a compression flange with a layer of clean foil, and PTFE ring between

the flange and the window. The process is shown in figure C.1.

Each compression flange for the 1” windows consist of a mount bolted

directly to the chamber, and the compression disc which has 6 M3 bolts, with

spring washers, distributed evenly around a circle. The disc only touches

the window around the edge, directly above the sealing surface.
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C.3 UHV epoxy testing

Once the tension has been set correctly, the entire compression flange

assembly can be removed, leaving a sealed window. The larger 60mm top

windows were compressed using a larger aluminium ring with 8 M3 bolts,

with spring washers, fixing directly into the chamber. Each screw is incre-

mentally torqued in a star pattern to 1.5Nm, with leaky windows having

each screw tightened to no more than 1.9Nm to avoid smashing the glass.

By placing a layer of foil directly on the window, temperature gradients

across the window generated during baking should be reduced. The PTFE

ring serves to spread the pressure of the compression flange across the entire

circumference of the window. Both are used to reduce the risk of the glass

breaking due to stress.

C.3 UHV epoxy testing

To determine the suitability of EpoTek’s UHV epoxy H21D, a test prism

mount was made. The criteria for the glue to be suitable is ease of applica-

tion, strength, and relative prism alignment.

A pair of mirror coated glass prisms∗ were bonded to the mount using

the epoxy and cured at 150 °C for 1 hour in a vacuum oven, following the

recommended procedure [120]. The horizontal alignment of the prisms is

set by small alignment posts on the mount and should be on the order of

manufacturing tolerances. Since the epoxy is bonding the prisms to a flat

surface, the angular displacement of the prisms can be measured using the

measurement scheme in figure C.2. The two prisms form a parallel reflec-

tor so changes in the distance between the input and output beam over a

length will give an estimate of the angular prism alignment. Over a length of

1.77m, a change in beam centres of 2.5±0.7mm was measured. This gives

∗Thorlabs, MRA15-E03
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C.3 UHV epoxy testing

an estimate of the angular alignment of the prisms to be (80± 20)mdeg,

which can be ascribed to the angular tolerance of the prisms [121]. Conse-

quently, bonding the prisms to a machined flat surface with this UHV epoxy

is suitable.

Repeat bakeouts of the vacuum chamber may be necessary, so the epoxy

bond is tested for thermal stress failure. To do this, the room temperature

mount is placed in the oven pre-heated to 150 °C. After a period of thermal-

isation, the mount is removed, allowed to cool, then inspected. Changes in

the appearance of the epoxy were monitored, then each prism tapped and

twisted to check the bond strength. After three repetitions, there was no

noticeable change in the bond strength or appearance of the epoxy.

A final destructive test was performed to test for robustness, to me-

chanical shock. To simulate the instrument being dropped, the mount was

dropped from increasing heights against an optical table while lightly being

held from the sides. This stopped the prisms hitting the table first which

would not be a feasible failure method in the instrument. In steps of roughly

10 cm, the bond on one prism failed at a drop height of 30 cm. Of the four

bonding points, the epoxy failed on two points and the glass broke on the

other two. The second prism which used slightly more epoxy was unaffected.

From these tests, the UHV epoxy, EPO-TEK®H21D, is deemed to be a

suitable choice to bond the prisms to the mount, since it has demonstrated

that it is at least a durable as the glass prisms, under thermal and mechanical

shocks far outside of usual operating conditions.
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C.3 UHV epoxy testing

Figure C.2 Angular deviation of (80± 20)mdeg is measured for a test prism
mount. Calculated using a change in Xn over a distance of 1.77m.
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Appendix D

Additional characterisation

data

D.1 Time of flight

As well as the temperature of the atomic ensembles, characterised in section

5.1.2, the light sheet can also give an indication of the cooling power and

atom number fluctuations. In the fit parameters, any change in the offset

would correspond to a change in cooling laser power, and any change in the

amplitude will be related to the atom number. Figure D.1 shows how the

offset changes with time, showing a peak to peak change of 11% for both

chambers. This change in offset also appears to have similar features to the

atomic signal amplitude. This may be explained by trapping fewer atoms

due to lower power and seeing less fluorescence due to lower optical power.

To determine the effect of the initial cloud radius on the final ensemble

temperature, different initial cloud radii were tested when fitting using for-

mula 5.6. The objective was to determine the maximum cloud temperature
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D.1 Time of flight

Figure D.1 Change in the offset seen with time for the time of flight light sheet
measurements. Cooling intensity drift is the cause, showing a peak to peak change
of 11% in both chambers.

Figure D.2 Change in the fitting parameter a, proportional to the atom number.
A decay is seen from the beginning as the instrument warms up into the duty cycle.
Similar features are seen in the atom number data to the offset (figure D.1), showing
that the changes in the cooling intensity affects the detected number of atoms.
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D.2 VRP settings

Figure D.3 Calculated cloud temperature for different initial cloud radii shows a
biasing of the temperature measurement. Setting the initial radius to zero provides
an upper bound on the ensemble temperature. As the initial radius approaches the
final cloud radius, the temperature goes to zero. The error in temperature for each
cloud radius is 0.017 µK and 0.05 µK for the top and bottom, and is the same to
within 1% for non-zero cloud temperatures.

as well as determine any increase in error in fitting. The result of changing

the cloud radii is shown in figure D.3 and shows that the maximum cloud

temperature when the initial cloud radius is zero is 4.1 µK and 5.1 µK for

the top and bottom cloud respectively. The error in temperature is un-

changed for non-zero values of temperature, and is evaluated at 0.017 µK

and 0.05 µK for the top and bottom atom clouds, respectively. Therefore,

the initial cloud radius adds only a bias to the calculated cloud temperature.

D.2 VRP settings

The variable retarder plates (VRPs), used in the telescopes set the polarisa-

tion of the light for the cooling and Raman beams. With the voltage value

determined off the system, optimisation on system can be done using the
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D.3 Atom number in detection

atomic signal. To optimise the linear polarisation required for the Raman

beams, co-propagating transitions were minimised in the spectrum scans.

This means that one of the beams is polarised to be as linear as possible.

Varying the applied voltage to the other beam allows for the maximising of

the counter-propagating transitions. This method allows for the setting of

two perpendicular linear beams.

To determine the switching speed of the variable retarder plates, Rabi

oscillations were taken and the π times evaluated. When circularly polarised,

the π time is very slow, and when linear polarised, it is fast. The switching

time is determined by the length of time required for the π time to stabilise.

Measurements show that the polarisation can be switched from circular to

linear polarisation in less than 1ms; however, the switch from linear to

circular polarisation takes around 20ms.

D.3 Atom number in detection

The detection scheme used in the experiment makes an accurate determina-

tion of an atom number tricky. Scanning the detection frequency (presented

in figure 5.11), revealed that the frequency which gave the most signal was

not as one would expect from simple calculations of resonance frequency,

with a possible explanation of a 1D-molasses being formed. Consequently,

the determination of the detuning at detection may not accurately be cal-

culated, but will be modelled as resonant light to give an estimate of the

atom number.

To calculate the atom number from a photodiode signal, the key param-

eters are: measured voltage, V , photodiode resistance or amplifier circuit

gain, G, the responsivity of the photodetector, R, the light intensity, I,

and the detection solid angle, Ω. In order to reach the calculation of atom
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D.3 Atom number in detection

number, some values must be derived from these parameters.

An atom will scatter a number of photons based on the intensity, I, and

detuning, δ, of the light. To calculate the scattering rate, Γscatt, take the

excited state population fraction, ρ0, and times by the transition linewidth,

Γ. For 87Rb, the transition linewidth for the D2-line is 2π · 6.067MHz,

and the saturation intensity I0, for the transition |F = 1〉 ↔ |F ′ = 2〉 is

1.67mWcm−2 [47]. The scattering rate is therefore given by

Γscatt = Γρ0 =
Γ

2
· I/I0
1 + I/I0 + (2δ/Γ)2

. (D.1)

The maximum fraction of the atoms in the excited state is 0.5, and occurs

when the intensity is much greater than the saturation intensity and the

detuning is zero. For the detection intensity of 2.4mWcm−2 from each

vertical detection beam, the excited state fraction is estimated as 0.41. The

number of photon scatters per atom, per second is therefore 1.57 · 107 .

Assuming the atoms radiate evenly over a sphere, the photodiode can

capture photons through a solid angle of 0.159 sr, dictated by the chamber

diameter and viewport. The quantum efficiency of the photodiode may be

calculated from the responsivity and the wavelength. For a responsivity

of 0.43AW−1, the quantum efficiency is 68% at 780 nm. The gain of the

amplifier circuit is 1 · 107 . For N atoms, the voltage measured from the

photodiode circuit is therefore

V = eΓscattΩNQG, (D.2)

where e is the electron charge. Rearranging for the number of atoms gives

N =
V

eΓscattΩQG
. (D.3)
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D.3 Atom number in detection

An estimation of the number of atoms transferred in the interferometer

comes from the number of atoms transferred at the Rabi π time. For the

top and bottom chambers, the photodiode voltage changes by 52mV and

33mV at this time. From this, an estimated 2.7 · 105 and 1.7 · 105 atoms

take part in the top and bottom interferometers, respectively.
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