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“There is a time for many words, and there is also a time for sleep."

- The Odyssey



....what does Homer know anyway?



Abstract

This thesis presents the first efficient implementation of a 8Rb prism MOT gravity gradiometer. The
resulting portable system (weight <50 kg and volume <0.1 m®) is capable of producing atom numbers up
to 5 x 107 with typical cloud temperatures of 7.8 uK. Combining with a robust control system and a 5m
delivery umbilical the effectiveness has been demonstrated in a non-laboratory environment.

A measurement campaign to detect a buried maintenance tunnel, with an expected signal size of
230E, was performed during March 2018. An ambient temperature range of -0.5 to 10.2°C and wind
speeds in excess of 10 m/s provided adverse operating conditions that imposed no loss of functionality on
the sensor. Resulting data shows a trend indicative of the tunnel with long term drift limiting fit error to
140E.

A second campaign was performed to detect a signal of 280 E generated by a lead mass of 450 kg
in a laboratory environment, with ambient temperature fluctuations of 0.5 °C recorded. Sensor drift of
~220 E/hour was seen making it impossible to discern the expected signal. Correlation between the Raman
sideband-to-carrier amplitude ratio and measured gradient signal was identified and linked to ambient

temperature fluctuations.
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CHAPTER 1

INTRODUCTION

The force of gravity is the attraction between two massive bodies; the more massive these bodies and the
closer they are the greater this attraction. Mathematically this relationship is represented by Newton’s
law of gravitation

_Gmymy

F= ) I, (1.1)

For point masses m; and my, with a distance r between their centres of mass in the t direction. Treating
the two bodies as point masses allows us to assume that all the gravitational force acts through the centre
of mass, this also implies that there is complete uniformity in their mass distribution. This is valid only
under the condition that the diameters of the two masses (d; and d) are much smaller than the distance

between them (Fig.

dy,ds < r. (1.2)

Figure 1.1: Two bodies of diameter d; and d, with uniform mass distributions, separated by a distance r.

Under this condition it would be impossible to see local variation in the mass distribution and thus they



can be assumed homogeneous. That is to say if the gravitational force at m; were measured as it orbits m;
at fixed distance r then by the symmetry of the system it would be impossible to determine the relative
position of the two masses.

This condition breaks down when one or both of d; and d, are the same order or larger than r and
there is an asymmetry in the mass distribution. If some small asymmetry were introduced to the case
in Fig. then the body could still be modelled as a homogenous mass, m’Z, so long as condition
were maintained. The variation in the mass distribution would provide a negligibly small difference as
compared to the symmetric case. When this condition no longer holds the contribution from the inho-
mogeneity will introduce a non-negligible offset to the centre of mass of the body.

Taking the black oval in Fig. [1.2]as a region of increased density, then the system no longer has symme-
try of position and as r' = d, then the inhomogeneity is impossible to ignore. Again consider the gravity
as measured at m, as it orbits my; for fixed r there would now be a substantial change in the measured
gravitational acceleration as r' varies. One can either use this spatial variation with a known anomaly to
determine position or with a known position to determine an unknown anomaly.

—

Figure 1.2: The situation in Fig. has been adapted for the case in which one of the bodies no longer
has a uniform mass distribution and d, = r > d;.

The second of these is the subject of interest for this thesis. Using a sufficiently precise accellerom-
eter, measurements of local acceleration due to gravity can be taken over the area of interest, matched
with known location data the resulting inverse problem can be solved to identify the anomaly. This is a

gravity survey; by characterising the local gravity profile it is possible to identify hidden features of the



Figure 1.3: Scintrex CG-5 gravity sensor.

area. Applications of this technique are as varied as the potential anomalies; from resource acquisition
by identifying deposits of minerals to mapping out under-road pipes and utilities[1]. Technologies such
as ground-penetrating radar are already used en masse to provide this information but suffer from severe
attenuation from near surface objects. The infinite range and unblockable nature of gravity means that
it does not suffer from these drawbacks and provides the potential for significantly faster surveys with a

reduced noise sensitivity.

1.1 State of the Art in Commercial Gravimetry

Gravity surveys are a growing area of interest for both scientific and commercial applications leading a
number of companies to try and fill the product space. Some of these use classical means of measuring
gravitational acceleration and some use a quantum approach similar to that of the system presented in

this thesis. In this section I will give a brief overview of the current state of gravimetry.

1.1.1 Scintrex CG-5

The most widely used commercial gravimeters for survey applications are the Scintrex CG-5 and the new
more compact CG-6. They have been used in everything from small scale surveys [2] to large, country-
wide measurement campaigns [3][4]. The CG-5 is a sensor that utilises a classical means of detecting

relative changes in gravity over the course of a survey; it is a mass on a spring gravimeter, that utilises



Hooke’s law to link spring extension to local gravity.

Fy=—kx (1.3a)

Fg=mg (1.3b)
k

—g=-2 (1.3¢)
m

Where F; is the restoring force of a spring with constant k and extension x and Fg is the gravitational force
acting on a mass m in local gravity g. Suspending the mass from the spring equates the two forces leading
to Eq. if x can be measured sufficiently preicsely on a well characterised mass and spring system
it is then possible determine local gravity. The CG-5 utilises a zero-length spring(5] mounted between
the two plates of a capacitor such that they can supply a restoring force proportional to any changes in x.
This creates a relationship between the current output from the capacitor[6] [7] and the local gravitational
acceleration; combining this with an inbuilt GPS receiver to provide a precise measurement of the sensor
location the CG-5 providing an integrated device for surveys|8].

Like all gravimeters the CG-5 suffers from high sensitivity to environmental instabilities such as tilt,
thermal and vibration. As the sensor is only sensitive to changes in spring length normal to the two
plates then there is a reduction in sensitivity if the sensor is tilted as demonstrated in Fig. An angle
0 between the local gravity vector and the normal to the plates will result in the sensor measuring the
projection of gravity, gcos6, rather than true local gravity, g, since the spring will hang along the true
gravity vector.

Thermal variation will induce changes to the extension of the spring as it expands or contracts. Vi-
brational noise however is the main problem area; vibration causes the spring to shake up and down
meaning there will be a variety of noise frequencies in the final result. To suppress this, long integration
times are required|[9].

In addition to these environmental effects there are some systematic noise sources on the CG-5. A

drift in the measured gravitational signal arises from the gradual stretching of the spring due to the con-
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Figure 1.4: Left: A relative gravimeter in the case that the capacitor plates lie perpendicular to gravity
(adapted from [2]). Right: Introducing a tilt 8 between the spring and the normal to the capacitor plates
measures only the signal projection of gravity gcos#.

stant tension produced by the mass. This drift has to be constantly characterised by taking measurements
at a reference base station over the course of a survey to correct for and remove it. This is also why the
CG-5 is only produces a relative gravity measurement, the value from each point must be compared to
a reference value or the output result will be contain a bias. Finally the mechanical components of the
system are susceptible to mechanical wear, such as the aforementioned spring drift. The CG-5, although
it is the workhorse of gravity surveys has limitations in measurement time and stability that can stand to

be improved.

1.1.2 GWR Instruments iGrav

The iGrav operates in a way simlar to the CG-5, but replaces the mass on a spring with a superconducting
spherical test mass suspended between two superconducting coils. As the gravitational field changes the
sphere moves up and down. This change is fed back to the current driver and the current is adjusted to
move the sphere to the centre of the trap, this difference in current can be converted into a gravitational

measurement[10].



This system suffers from some issues that are fairly unique to this design. Given the whole princi-
ple of operation is based around a carefully tuned magnetic balance, a high level of magnetic isolation
is required to remove environmental fields. This shielding requirement increases the size and weight
of the system relative to the CG-5. Like the CG-5 it is also highly susceptible to both tilt and vibration
noise meaning that in any real world environment long interrogation times and precise tilt alignment are

required to remove this noise.

1.1.3 Atom Interferometry

At the time of writing this thesis two commercial quantum gravity sensors widely are currently avail-
able, pQuans|11][12] and AOSense[13] gravimeters. Both apply the same underlying technique but take
slightly different approaches, though both suffer from the same limitations. They follow the same prin-
ciple of operation that will be described in this thesis, outlined in more detail in Chapter 2} but with an
important difference. The sensor outlined in this thesis is a gravity gradiometer that can take advantage
of common mode rejection to reduce the noise floor; gravimeters do not have this capability.

With no mechanical parts involved in the operation of an atom interferometer there is no degrada-
tion or resulting drift as for classical sensors. Instead, a cloud of atoms at micro-Kelvin temperatures
is used as an ensemble of test masses, manipulated with a laser and uses relative atomic state popula-
tion readout as a means of measuring the gravitationally induced Doppler shift. As this is achieved by
making a measurement of an object in free fall it provides a true absolute measurement of gravitational
acceleration.

Quantum gravimeters solve a number of the problems faced by classical systems, however they still
suffer from the two most devastating noise sources: sensor tilt and vibration. Tilt offset is problematic in
the same way as for the CG-5. In a quantum gravimeter the interferometry beams define the direction in
which gravity is measured, like the capacitor plates in the CG-5 (Fig[L.4), as such an angle between this
and the local gravity vector will lead to a projection and signal reduction. This means that a small angular
offset can very quickly lead to a large reduction in measured signal (see[1.2).

High susceptibility to vibration arises from the fact that the interferometry beams measure the phase

relative to a fixed reference, i.e. the input optic for the interferometry beams or a retro-reflection mirror



depending on the implementation. Vibration of this reference is an acceleration that couples to the atoms
in a way which is indistinguishable from gravitational acceleration, this can be averaged out with long
integration times. Compensating for these noise sources is possible but doing so usually requires very
large, heavy stages that adversely affect the size, weight and power (SWAP) of the system. Removing this
vibration noise requires an important design choice between two important factors for a survey system:
measurement time and SWAP constraints.

Long measurement times remove one noise source for sensitive gravimeters but introduce another.
Gravimeters that are capable of measuring the small changes to local gravity in a survey are also sensitve
to the motion of large masses, such as the tidal effect of the ocean or the moon[6]. These are a serious
noise source for gravimeters as over the course of a day they can cause a change to the measurement of
gravity of ~300 ,uGaE][l4]. Models have been developed to correct for this drift[15] but the precision of

the measurement is then linked to the accuracy of the model.

1.2 Our Goal

The approach considered in this thesis solves the most common problems suffered by gravity sensors.
Instead of taking a single spatial measurement of gravity, two are taken and a difference is determined.
Mechanically coupling together two classical sensors[16] with a separation between them allows a gra-
diometer to be constructed that benefits from similar common mode vibration suppression as a quan-
tum system. They still suffer from some of the same limitations as their gravimeter counterparts|17] as
they are subject to drift from mechanical wear and will only produce a relative gradient measurement.
Similarly the vibration suppression is limited by the mounting structure, for example any damping of the
vibration along path between the sensors will lead to a reduction in this common mode suppression. A
cold atom gradiometer removes these limitations, directly coupling together the two test masses with a
common reference beam placing a time-stamp on the two clouds which is inherently synchronous. This
common interrogation beam leads to a direct coupling of any systematic vibration directly onto both
clouds.

Quantum gravity gradiometers have been used at largest scale for tests of fundamental physics[18]

11 uGal=1078 m/s2 = 1.019 ng.
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Figure 1.5: For an interferometer the interrogation light is input from one end and retro-reflected from a
mirror at the base of the system. This leads to both atomic clouds being simultaneously interrogated by
the same light.

and in truck mounted systems that have been able to identify buildings from their horizontal gravity pro-
file[19][20] for almost two decades|21]. In a gradiometer both atom clouds are interrogated with the same
laser which is retro-reflected to provide a counterpropagating beam (Fig. allowing the probing of a
high momentum transfer interaction[22]. As the laser light measures the Doppler shift due to gravity an
acceleration of the reference mirror, such as vibration, will be indistinguishable from gravitational accel-
eration. For a gradiometer this acceleration noise will be imprinted equally onto both clouds allowing a
subtraction to remove it.

Performing two simultaneous measurements of gravity at different heights against a common refer-
ence it is possible to measure the gradient whilst removing noise sources. Additionally tilt sensitivity is
suppressed on the measurement; let us say that we want to see a gravitational signal of 1 ng, then the tilt

of the sensor 6¢ must then produce at most 1 ng of noise onto the measured value

1ng = g (cos(0) — cosby) (1.4)

Where this is considering a deviation of the ideal case, i.e. cos (0). A similar statement can be made for a

gradient signal of 10 Eﬂ

11 Etvos (E) = 1079 s~2= gZ;bgl

for two gravity measurements g and g» separated by a baseline b. This relation means
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Figure 1.6: The subject of this thesis, the portable gravity gradiometer constructed at the University of
Birmingham in its intended environment.

10E = 6g (cos (0) — cosBsg) (1.5)

Given the acceleration due to gravity g ~9.81 ms™2 and the gravity gradient §g ~3000E[23] then it is
possible to identify the acceptable tilt noise for the two cases. Rearranging these equations for the angle
sets the maximum tilt alignment variation that is acceptable to still see these signals, 0, <45 urad and
05 <81 mrad; demonstrating a reduction in tilt sensitivity of almost 2000 times for the gradiometer.

The vision of this thesis was a simple one; to demonstrate that a system based on cold-atom technol-
ogy was capable of being shrunk and ruggedized whilst maintaining a useful level of sensitivity, suffering
minimum reduction in functionality when in challenging environments. With this goal in mind choices
were made in how best to deliver a system that can work as a research prototype whilst a providing a
design that, once validated, could be used as the inspiration for future iterations. A brief outline of some
of the key design and technology choices made to enable this vision will be outlined below.

Traditional Magneto-Optical Trap (MOT) systems use independent six-beam delivery in order to pro-

vide three dimensional cooling to the atomic cloud[24] [25]. This leads to a large optical delivery system

10 E is the gradient signal expected from a 1 ng difference with a 1 m baseline.



increasing the size of a sensor. With multiple distinct inputs there is the possibility for relative alignment,
light intensity and polarisation vraiation which will introduce instability onto the cloud. These variations
can manifest as a change to the cloud position|26], atom number and temperature that could produce a
devastating noise on the gravitational measurement. To limit the impact of these effects a single beam
delivery was chosen, this ensures that all noise in the light delivery becomes common whilst facilitating
areduction in sensor volume.

Single-beam delivery allowed the use of a compact design for the ultra-high vacuum (UHV) system
whilst improving the stability of the atom cloud (see Fig. [2.6). Reducing the overall footprint of the science
chamber led to a streamlining of the system which in turn facilitated a reduction in system weight. The
reduction in weight comes from a small UHV system being inherently lighter and that is allows a simpler
design for the magnetic shields, often the single largest contribution to sensor weight.

Magnetic compensation is required to ensure that there is no field during the sub-Doppler cooling
process and a well defined field direction during the interferometry sequence. For a system that will be
frequently moved the most effective way to do this is with magnetic shields to provide passive compen-
sation, unfortunately introducing a substantial weight component. The use of advanced manufacturing
techniques is under investigation to allow for more compact shielding in systems with more complex ge-
ometries[27][28]. As these techniques are still immature, reducing the system size is the most effective
way to limit sensor weight.

Simplifying the chamber and mounting design allows the sensor heads to be made almost identical,
facilitating a modular manufacturing process that will provide a substantial benefit if converted into a
commercial product. Light generation is simplified by the fortunate synergy between the level structure
of 8Rb, with a 780 nm transition and years of development by the telecoms industry in creating quality
fibre coupled 1560 nm wavelength lasers. The availability of components for these wavelengths and the
ease with which the telecoms lasers can be frequency doubled allowed for the development of robust,
compact and agile lasers[29][30].

As the system (pictured in Fig. has begun to produce promising results and with the filing of a
patent[31] the design has begun to be used in a number of new projects within the University of Birm-

ingham and by industrial partners. Changing the requirements on sensitivity and SWAP it is possible

10



to explore different regions of the parameter space with modified designs to find new solutions to com-
mon problems. One such system has placed a focus on improving the sensitivity whilst reducing SWAP
constraints to find the operating limits of the design. Another is exploring the other end of the spec-
trum placing much more stringent constraint on SWAB to the point that it can be mounted onto a drone,
whilst maintaining the ability to perform atomic interferometry with reduced sensitivity. In addition to
these local projects new systems are in development in partnership with Teledyne e2V to harness the
work done in the context of a research project and create an industrial prototype to feed into an eventual

commercial product.

1.3 Sensitivity Requirement

To make a portable sensor, limitations must be placed on the SWAP requirements. As many of the choices
made in reducing sensor SWAP impact its potential sensitivity and stability, most laboratory systems are
built into a laboratory and stay there for decades. However a system that has to be moved and used in
the field has very different priorities; it must be as compact as possible whilst maintaining functionality.
In order to arrive at the system shown in Fig. these limitations had to be set such that the SWAP is
minimised but sensitivity was usefully high.

To set this sensitivity a test case (Fig. was considered where two gravimeters at points S; and S»
are aligned directly above a point like anomaly of mass M at distances z; and z respectively from the
sensors. The gradiometer baseline is defined as the separation between the two sensors, b = z; — z;. The

gravitational acceleration at the two points is given by

GM
81 = 7 (1.6a)
1
B GM
82 = —(Z1 PAVE (1.6b)

Setting b = z;, as is the definition for a near surface anomaly, the difference between the two signals in

Eq.[1.6]is given by
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Figure 1.7: The toy model for two gravimeters at points S; and S, above a buried point mass.

3GM 3
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For a given sensor if the anomaly of interest produces a signal smaller than this it will not be visible within
its resolution.
Now consider from the perspective of the atoms; the phase induced on an atom over the course of

the drop is

¢ = kegrg1 T (1.8)

Where ke is the effective wavevector of the two photon interaction (producing a momentum transfer of
Ikerr) and T is the length of time between the interferometry pulses, giving the “length" of the interfer-
ometer arms (see|2.3.3). For N atoms in the cloud there is a single shot sensitivity gain of 1/v/N. This
leads to a single shot resolution of

S — (19)

g ¢ VNkagiT?
Hence the difference given by Eq. [I.7]must be larger than or equal to the sensitivity given by Eq.

Assuming that S; and S, have the same sensitivity this tells us

12



1 3
3, (1.10)
VNkesT? e

There are three clear ways to improve sensitivity and meet this condition: increase atom number,
momentum transfer or the drop time. In a two-photon scheme the momentum transfer is limited by
the transition which can be probed and as such by the choice of atom. To take advantage of the 1560 nm
lasers used in telecoms this limits the choice to the D, line of 8’ Rb, setting the value of keg =~ 2x27/780nm ™.
In many photon interferometry schemes it is possible to increase ke but this introduces additional com-
plexity so only a two-photon scheme is used in this thesis. Increasing the atom number and drop time
of the interferometer can be achieved by changing the sensor geometry but from Eq. it is obviously
favourable to increase the T-time due to the T2 scaling. The atom number achievable in a system de-
pends on a number of specific factors like beam size, laser power and vapour pressure. Common atom
numbers for MOTs using similar technology are on the order of 3 x 108 [26][33](32], with roughly a 1%
transfer efficiency from the first interferometry pulse (see giving a value of N = 3 x 10°. Using these
values in combination with Eq. and Eq. [1.10]it is possible to determine the T-time required to detect
a given signal. In this case the signal is taken to be a 220 kg mass 3 m below the bottom sensor, the signal
expected from a void in cement (e.g. a sewage pipe) of 120 cm diameter and 2 m long, requiring a T-time

of

4 zf
3 VNketGM

=172ms. (1.1D)

We have set the minimum requirement of the total drop time; the T-time needs to be at least 172 ms
(2T =344 ms). Using ballistics this means a total drop of 58 cm, however given that gravity is a conserva-
tive field it is possible to gain the same T-time in a quarter of the distance by launching the atoms before
letting them again fall under gravity, producing an atomic fountain[34] [35]. With this trick the same 2T
time of 344 ms would only need a launch distance of 14.5 cm, which means that an absolute minimum
height for a gradiometer (with a 1 m baseline) is ~1.15m rather than the ~1.60 m without the launch.
This calculation was used as a guideline for the drop distance required in the system; more limitations

were imposed when aspects such as manufacturing capabilities and additional SWAP constraints were
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considered.

1.4 Thesis Breakdown and a Note on the Plotting Convention

Development of the gradiometer design concept will be outlined in Chapter[2} this will include prelimi-
nary characterisation measurements on prototype systems that validated each step of the process. The
final design of the completed sensor package will be covered in Chapter [3| with a brief overview of the
compact laser and control systems of the control package provided in Chapter[4]

System optimisation, characterisation and procedure will be outlined in Chapter [5|and results from
all field trials with the completed sensor, along with an explanation of their analysis, will be detailed in

Chapter|6]

Note on the plotting convention Much of the characterisation will need to be considered concurrently
for both chambers and large datasets, meaning it is useful to be able to plot them together in the same
plotting region. For some of the datasets considered it is also not practical to differentiate them with
different line or marker styles. Therefore the most effective way to present this data is to use different
colours for the different chambers; throughout this thesis all red data sets will represent the Top sensor

and any blue data sets will represent the Bottom sensor (as shown in Fig[L.7).

1.5 Statement of Contributions

This work has been undertaken within the scope of a larger project at the University of Birmingham
and has been a collaboration between the author and a larger team. Some of the work presented in
this thesis is the work of others given to provide a full understanding of the experiment, K. Bongs and
M. Holynski have provided general input and advice throughout. Substantial direct contributions have
come from: A. Kaushik who built and updated the laser systems, A. Niggebaum who made the computer
control system and intensity stabilisation circuits and A. Stabrawa who designed the bias coils and
optical delivery system (3.3). Additional contributions have been supplied by: A. Rodgers who developed

the ellipse analysis (6.2), B. Stray who helped in the assembly of the flight case and vacuum systems, D.
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Gilbert who helped in the development of the intensity stabilisation and J. Vovrosh who helped in day-
to-day system operation.

This contributed work is mostly confined to Chapter[4 General optimisation and day-to-day opera-
tion of the system has been a team effort, however all results presented in this thesis are the work of the

author.
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CHAPTER 2

BUILDING A PORTABLE QUANTUM DEVICE

In order to validate and characterise the potential of a prism MOT gradiometer the design went through
two initial prototyping stages before implementing into the final design. The initial stage tested the ca-
pabilities of the prism MOT[36] as a compact cold atom source, to ensure that the atom number used in
Eq. [1.11]is achievable. The second stage involved placing this prism MOT into a gravimeter with a more
developed vacuum system to test that this atom source is sufficiently cold to maintain good contrast and
the system pressure was sufficiently low as to make the impact of background collisions negligible (see
[2.3.3). The latter sections of this chapter will present the development of the gradiometer system. This

chapter started with some underlying theory required to understand the results that will be presented.

2.1 Magneto-Optical Trapping

The MOT is the workhorse of quantum sensors acting as the starting point for everything from rotation
sensors[37][38] and inertial navigation systems[39][40] to high precision clocks[41] and atomic gravime-
ters[35] for more than 30years[42]. Forming a MOT is a matter of implementing an optical molasses
scheme on a magnetically sensitive atomic transition in the presence of a position-dependent magnetic
quadrupole field.

To understand this let us consider the case of an atom with two energy levels |g,! = 0) and |e, [ = 1)
separated by an energy AE = hv with a transition linewidth of I'. Figure|2.1|presents the case of placing
this atom in a quadrupole magnetic field with the condition that B(z=0) = 0. Introducing a pair of

counterpropagating laser beams (L; and Ly) at frequency viaser makes it possible to drive the |g, [ = 0) —
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Figure 2.1: Simple energy level diagram for a two level MOT system. In an active MOT system the lasers
L, and L, would have o, and o_ polarisations respectively. The frequency of the laser is V45 and A is
the detuning from the atomic resonance.

le,l = 1) transition. Consider the case that L; and L, contain only light polarised to drive n-transitions,
in this case conservation of angular momentum means only the |g, my = 0) — |e, my = 0) transition can
be driven. For an atom moving towards L, with a velocity v the force experienced will be the difference

between the scattering forces from the two light sources,

Fscatt — hvlaser Rscatt — h E II/Isat @2.1a)
! Maser 2 1+ I, /T8 + 4 (A — ky .v)2 /T2
scatt _ hViaser Rscatt _ h E IZ/Isat 2.1b)
2 c Maser 2 1+ I/ I + 4 (A — ky.v)2 /T2
pmolasses _ Fzscatt _ Flscatt' @2.1¢)

Here the light intensities are given by I; and I, the transition saturation intensity is /%% and the wavevec-

tors of the two lasers are k; and k. Assuming that I; = I, = I itis clear that for an atom moving towards L,
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that F;°" > F>@"_ This will produce a force in the direction of propagation of Ly, oppposing the motion
of the atoms, that scales with velocity. This is the basis of an optical molasses and acts to slow the atoms
in a given direction, cooling them via radiation pressure[43].

Considering now the case where L, contains light that can drive a o_ transition only and L; can only
drive o transitions, therefore only the |g, m¢ = 0) — |e,my = £1) transitions can be driven depending
on the light source. In this modified case the optical molasses process described by Eq. [2.1c will still
occur but there is an additional frequency shift arising from the Zeeman shift on the upper energy levels.
This position dependent force will also have a bias towards one of the two lasers. In the region B > 0 the
scattering rate for the |g, me=0)—le,ms=-1) will be greater than that for |g, myg=0)—|e,myp=+1)as
the transition is closer to resonance, with the inverse being true for B < 0. The frequency shift due to the

Zeeman effect (vzg) is

meB(2)
VZE = —gF'UB hf (2.2)
_8rBmydB
> vzE(2) = T 42T m¢( (z) (2.3)
grup dB
= — 2.4
((2) W dz (2.4)

Where gr is the Landé g-factor for the fine structure, up is the Bohr magneton and the condition for

B (z = 0) has been imposed. This then modifies Eq. 2.1]with a position dependent component

h r I/1%3t
Mot _ P¥iaser T ' (2.5a)
¢ 21+1/1a +4(A-ky.v—{ (2)° IT?
por _ Viaser 0 1 (2.5b)

¢ 2141/ +4(A—ko.v+( ()% /T2
Where the fact that L, can only address the m¢ = —1 state and L; the m¢ = +1 state has been used to set

FéVIOT > FiVIOT and for z < 0 the converse is true

the sign on the { (z) term. It can be seen that for z > 0,
and for z = 0 then F}OT = FMOT, A position dependent force now exists on the atom which vanishes at

the centre, producing the trapping component of the MOT.
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From this it can be seen how a one-dimensional MOT could be implemented with the appropriate
choice of magnetic field profile, which can easily be extended to a 3D case with a quadrupole field and
a six-beam delivery[44] (Fig. [2.2a). Equations can also be used to easily show why a MOT with a
single beam delivery, like that in Fig. can be used to improve cloud stability. Taking now that I # I,
then the forces in Eq. [5.9|will have an intensity dependence, it is easy to see that if I; > I, the condition
FMOT (z = 0) = FMOT (z = 0) will no longer be satisfied. This will cause the position of the MOT to change

depending the relative intensities of the two beams.

Z

(@) (b)

Figure 2.2: (a) A traditional six-beam MOT with are individual delivery beams for all six co-ordinate axes
from six independent delivery telescopes. (b) In a prism MOT a single delivery beam provides the light
for all six capture directions.

For a system with a common input beam the condition that I; = I, is inherently true. As these tran-
sitions require circularly polarised light it is reasonable to treat any polarisation variation of the light as
a change in the useful intensity in the beam. This means that whereas the traditional six-beam MOT is
sensitive to both relative polarisation and intensity drift on the input light, in a single beam MOT these

are common mode on all six cooling beams providing a more stable system to work from (see Fig. [2.6).
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2.1.1 Capture Velocity and Volume

In a MOT system if an atom is moving sufficiently fast it will be able to completely cross the extent of the
MOT beam before it is cooled to the the point at which it can be trapped. The maximum velocity an atom
can have when entering the cooling beam that will result in capture is known as the capture velocity, v,.
Practically, the capture velocity of a given system is determined by a combination of the intensity of the
laser light, its frequency and the size of the beams. To determine the maximum capture velocity of the
system the easiest way is to consider Eq. [2.5a|for I — oo; this assumption will be used in[2.4]to compare

beam sizes at finite intensities. For I — oo the scattering force from any given beam is

hT’

F® =~ - .
2Alaser

(2.6)

The minus has been introduced as this is a retarding force and the oo label is used to signify variables
where infinite light intensity has been assumed. For an atom of mass m this results in an acceleration
that can be considered velocity independent

hT

a®=———, 2.7
2”nllaser @7

With this constant acceleration it is possible to consider the atoms as classical ballistic objects. If the final

velocity of the atoms is assumed to be 0 m/s relative to the background atoms then for a beam of width L

oo = | hI'L 2.8)
¢ m/llaser ' '

In the case of square input beams with side length L a good approximation of the capture volume

the capture velocity is

(V) will be L3 as the overlap region for the 3 beam directions would be a cube with side L. In a six-beam
system with high optical power (i.e. I — co) we have a relation for v.. This can be linked to the atom
number by considering Equation 3.10 in [45] where it is shown that the saturated atom number (/Np) of a

spherical MOT obeys the relation
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Ny o Avg. (2.9)

Where A is the area of a circular input beam. In the case of the prism MOT A = L? and Eq. shows that
ve x VL. Therefore it is clear from Eq. that the atom number scales as Ny o< L* = VC‘” 3. This means
that in a system of finite intensity the exact prism geometry will have a severe impact on the achievable
atom number. The importance of this will be explored in[2.4land used to validate the specific prism MOT

implementation used in our gradiometer.

2.2 Prism MOT Prototype

In order to test design choices for streamlining a single beam delivery system and allow for the character-
isation of the MOT, a simple prototype vacuum chamber was produced. This also allowed for evaluation
of the in-house manufacturing capabilities and robustness of the design with results from these tests
used to inform the design of the final system. During the design of the prism MOT, thought had to be
given to how it may be developed long-term into a complete sensor, in particular how the size and weight
of the system could be minimised. As discussed in[1.2|the magnetic shield is the leading source of weight
in a portable system and by using single-beam delivery the shield can be shrunk considerably. With the
removal of the additional telescopes that drive up the volume of six-beam systems the size will instead
be dominated by the prisms and the peripheral vacuum components. As prism size will have a direct
impact on the capture volume, and thus atom number of the MOT, this size will be set by the sensitivity
requirements of the system.

In an example case was considered using realistic values for the free parameters in Eq. to
determine the maximum possible sensitivity of the sensor. For this example a value of the order of 10®
was used for the MOT atom number, where it was assumed that only 1% of these atoms would be in-
terrogated during the interferometry sequence due to the velocity selective nature of Raman beams (see
Fig. [2.18). This atom number was representative of MOTs with a ~25.4 mm beam diameter (capture
volume of ~8600 mm?3). As showed this would provide appropriate sensitivity for anomalies of in-

terest it was decided that the prism MOT should have a similar capture volume, which would require a
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Figure 2.3: Diagram of the prism MOT prototype.

prism with side length ~20.5mm. As this was not available 20 mm prisms were used, giving a capture
volume of 8000 mm?. This was to be the limiting factor in the size of the sensor; the system needed to be
large enough to hold 20 mm prisms whilst also having the facility to attach vacuum components such as
pumps and atom sources.

This was achieved by mounting all vacuum components on a single back plate, opposite but in line
with the telescope delivery, to drive down the overall system footprint. Additionally, indium sealed win-
dows provided good optical access whilst not requiring bulky mounting flanges. A dispenserﬂwas used as
the rubidium atom source, this is a small metal capsule that acts like a filament; when current is passed
through it the metal heats up causing rubidium to be released from the surface. This option provides
two benefits over others atom sources such as ampoules; by mounting directly onto a CF16 power feed-
through it provides no impact on the footprint and maintains the cylindrical form factor of the vacuum
system. Additionally it provides a degree of control of the rubidium pressure allowing the optimisation of
loading times to give a desired repetition rate of the sensor.

The vacuum is maintained with a combination passive getter and active ion pumpﬂ this supplies

a 100V/s pumping speed split 95 : 5 between the passive and active pumps respectively. More compact

1 Saes 5G0125
2Saes NEXTorr 100-5D
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pumping solutions are used in later designs once calculations had been performed for the more complex
gravimeter vacuum system proving that more compact components with a lower pumping speed were
sufficient (see[2.3.1). The result of these design choices can be seen in Fig. where with the coils used
for generating the MOT field mounted there is no visible protrusion, aside from the large attachment
needed for the pump.

This prototype system is currently on loan to Gooch & Housego and they have kindly supplied a load-
ing curve produced with their home built laser (Fig. [2.4). This laser currently does not feature a fre-
quency lock and therefore is left free running, leading to the noise on the curve. This measurement was
performed with a detuning of ~13 MHz and a total optical power into the telescope of ~90 mW, split be-

tween the main cooling light and the repump sideband at a roughly 1: 10 ratio.

1e8
MOT Prototype No =2.7e + 08, T=1.01s

Atom Number

Time (s)

Figure 2.4: Loading curve for the prism MOT prototype demonstrating 2.7 x 108 atoms required for suffi-

cient sensitivity (Eq. | .

From this graph two conclusions can be drawn. The first is that the 20 mm prisms produce a satisfac-
tory atom number at saturation of 2.7 x 108, 10% lower than that assumed in the sensitivity calculation
(1.3). Using a higher optical power can potentially increase this value as it would lead to an increased ef-
fective capture volume (see the discussion in[2.4). The loading time is below the optimal of 700 ms, which

would allow for a 1 Hz measurement rate, but can be optimised by increasing the rubidium pressure in
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Figure 2.5: Left: The prototype system housed in its transport cage, below the vacuum chamber a rack
mounted fibre based laser (similar to that in[4.1) is mounted. Right: The first picture of the MOT produced
in the prism system with a very satisfying red glow.

the chamber (achieved by increasing the dispenser current).

A useful feature of this design is that small alignment posts were machined into the body of the cham-
ber and by gluing the prisms against these the high machining precision of the CNC machines is imposed
onto the mechanical alignment of the optics. As a result, if the system is robust at the point of assembly
then there should be no alignment creep over the lifetime of the sensor. If sufficiently stable then align-
ment should be maintained even if the sensor is in transit, requiring minimal adjustment of the input
telescope upon arrival to regain the MOT. This rigid, one time, alignment of the reflection optics however
removes any potential for adjustment in optimising the sub-Doppler cooling process therefore affecting
the final temperature of the cloud. As will be seen in[2.3.2] this was not a problem as temperatures below
3 uKwere achieved in the second stage test.

In order to create a portable module the cooling laser system was mounted into a 19 " rack box and
integrated with the vacuum system into a single 55x55x85 cm cage structure for ease of transport (see Fig
[2.5). This system has travelled a combined distance of over 2000 miles, in planes, trains and automobiles,
for presentations at conferences and public engagement events. It was eventually retired in favour a more
compact second generation vacuum chamber[46], the design of which was one of many inspired by this

system and constructed as part of an undergraduate Masters project.
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2.2.1 Prism MOT Stability

In [2.1] the assertion was made that due to the intensity sensitivity of the trapping force in Eq. the
prism MOT was inherently more stable. Previous work at the University of Birmingham[26] measured
the “walk" of the MOT centre for a six-beam MOT over the course of ~45 minutes. Here these results have

been reproduced alongside the same measurements performed on prism MOT prototype system.
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Figure 2.6: Position drift comparison between prism MOT and six-beam MOT. The data sets are both
over approximately one hour going from blue to red in the six beam case and yellow to green for the
prism MOT. The data for the six-beam MOT is reproduced from [26].

Figure shows these two datasets overlaid with one another; the data for the prisms spanned a
one hour period with a picture taken every 3 seconds taking the MOT centre as the point of highest in-
tensity. The MOT centre for the six-beam system varies by ~6 mm in the x direction and ~3.5mm in the

z-direction over the course of ~45 minutes, whereas the prism MOT has a range of motion less than 1 mm
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in the x and 0.2 mm in the z over a longer measurement period. There is probably less variation in the
z direction for the single beam system as this direction is cooled by the centre of the Gaussian intensity
profile and as such has substantially higher intensity than the side beams, making it less sensitive to drifts
over time. The residual motion present here is mostly due to alignment drifts in the delivery telescope
and retro-reflection mirror as this system had no custom designed mounting, an issue which was fixed

for the more subsequent designs by securing the telescopes directly to the chamber.

2.3 Prototype Gravimeter

Having validated the design of the prism MOT as a source with sufficient atom number the vacuum sys-
tem required modification to make it a viable test bed as an atom interferometer. Much of the design is
identical to that used for the gradiometer, which will be covered in depth in Chapter 3} here there will be
a brief overview of the changes made. Figure([2.7|shows a schematic of the vacuum system which differs
from that presented in Fig. the chamber has been extended to allow for a 15.5 cm drop (equivalent
of 2T =178 ms) and pumping is now performed by a separate ion pump and getter attached directly to

the chamber.
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Figure 2.7: Schematic of the gravimeter vacuum system. The ion pump and getter are now two separate
components mounted directly onto the chamber which has been lengthened to allow for the drop.
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This introduced a potential problem, with a significant increase in the vacuum chamber volume and a
reduction in pumping speed, with the new components providing 20:2 /s passive:active pumping speeds,
it may no longer be possible to achieve the same loading times as shown in Fig. 2.4 whilst maintaining a
sufficiently low pressure in the drop region. The first step was to perform a MOT loading measurement

using a system similar to that used for Fig. [2.4]with a laser similar to that described in[4.1]
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1.50

i
&

Atom Number
g

0.75

Time (s)

Figure 2.8: Loading curve data (blue) for the prototype gravimeter. By fitting to this data (black) a longer
loading time of 1.34 s and lower saturated atom number of 2.2 x 108 is measured when compared to the
MOT prototype.

This measurement used the same setup as that used in Fig. a detuning of 13 MHz and a total
optical power of ~90 mW. From this it is clear that the prism MOT integrated well into the gravimeter
design, giving a similar atom number and loading time. The decrease of roughly 20% in atom number
and increase of roughly 30% in loading time suggests that there is a difference in the rubidium pressure
between the two systems. This can be optimised with a higher dispenser current but will result in a
reduced dispenser lifetime and higher overall system pressure. With multiple dispensers it should take
a number of years before it becomes an issue. The concern of the pressure during the drop, requires a

more involved consideration of the potential gas load on the system given the new pumping speeds.
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2.3.1 Pressure Calculation

To reduce the overall system footprint the bulky combination active/passive pump was replaced with two
much smaller, albeit slower, pumps. The 95Vs of passive pumping was replaced by a Saes CF16 CapaciTlorr
that should provide 20V/s of pumping in the case of perfect conductance. It wasn’t possible to mount
directly into the chamber due to space concerns instead a custom nipple was used which quotes to give a
pumping speed of ~15V/s at its entrance. The 5/s active pumping was replaced by a 2 /s active ion pum[ﬂ

In an interferometry system the goal is to ensure that the pressure during the drop is as low as pos-
sible as background collisions cause a reduction in detected signal. Whereas in systems that load from
background vapour it is desired to have a high rubidium pressure in the MOT region to reduce loading
times. These provide competing requirements on the system, with higher rubidium pressure reducing
the MOT loading time but resulting in a decreased signal. Let us require that over the course of the drop
time 2T =178 ms such that only a single collision per atom can occur with background vapour, requiring
the mean collision time 7 < 27T. From kinetic theory it is possible to show that a gas at temperature T

has a mean collision rate of[33] [47]

[ 16
1 = no V2 = 0Py | —————. (2.10)
ﬂkaTK

Collision cross section o =3x10~'” m?[48] assumes that only rubidium-rubidium collisions need be

considered. The second equality has been made using the number density n = from the ideal gas

B Ik

8kpT
law and average velocity of a background gas (v) = 1/ BmK (for a gas particle of mass m) from kinetic
b2

theory. Requiring that 7 < 2T =178 ms and assuming that the background gas is in thermal equilibrium

with the chamber (Tx = 293K) results in the pressure requirement

P <2x10 8mbar. (2.11)

Where m =85.47 au[49] is the mass of rubidium arising from the relative abundance of its isotopes. For
the pressure of the system to be limited by the dispensers and not the background pressure, the back-

ground level must meet the condition set out in Eq. but would preferably be orders of magnitude

L Gamma Vacuum: 3S-DI-1H-5K-N-N
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lower. At times long after initial pump down this pressure should be dominated by the inherent gas load
of the system, given by window permeation and material outgassing. This means the ultimate pressure

can be determined by the ratio of this gas load, Q, and the pumping speed of the system ,S,[50] [51]

Q
Pyitimate = E (2.12)

In a system with negligible leaks and sufficiently long pumping time the impact of the initial water
in the system is negligible and the gas load will arise from both the outgassing of vapour trapped in the
materials used to make the chamber and the permeation of helium through the vacuum windows. Table
features the breakdown of the leading factors contributing to the gas load on the system. These
contributions arise from the main body of the vacuum chamber and the prism mount which have been
machined from solid titanium, with the commercial components made from low magnetic (316LN) steel
and all windows made from NBK7 glass. The feedthroughs feature copper pins with ceramic beads for

mounting of the dispensers and the optics have been secured in place with TorrSeal.

Material Area | Outgassing Flux | Outgassing Rate
(cm?) (mbar-1/s-cm™2%) (mbar-1/s)
Titanium 595 | 7x10712 42x1079
Steel (316LN) | 165 |3x107!3 5x 1071
Ceramic 15 1x10714 1x10713
Copper 51 2.9x1071 1x10712
NBK7 131 |5x10712 7x 10710
TorrSeal ~04 |[2x1078 8x 1077

Table 2.1: List of materials used in the vacuum system along with the surface areas as determined by the
CAD model of the system and the outgassing rates from literature [52] [53][54] [55]. The numbers shown
in this table are only a rough approximation as the exact value will depend on heat treatment and pre-
baking procedure. The area of TorrSeal has been approximated with a likely value as it is difficult to
determine the exact surface area covered.

The total outgassing rate is the sum of contributions from all individual elements of the system to give

anet rate of 1.3 x 108 mbar/s, Another gas load on the system is the helium permeation through the glass
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windows[51]. The mechanism behind this is that no solid is completely impermeable to all substances
so after a sufficiently long time the pressure will rise due to this passive leakage effect [56]. This rate
of pressure change depends on the window area (A), thickness (d), the difference between internal and
external pressure (AP) and the glass permeation rate (K)

KAAP

Que = I (2.13)

The value of Kygk7 =3.5x107!1 em?/s is the helium permeation rate for NBK7 borosilicate[57] glass
at 20 °C, approximately room temperature. Placing this value into Eq. with the window parame-
ters a permeation rate can be determined. Contributing to this is one 3" top window used to deliver the
light into the chamber, one 1" bottom window used for the retro-reflected light and eight 1" side win-
dows used for MOT monitoring and detection. Using the helium partial pressure in air for with a relative
abundance of 6 x 10~6% this gives the value AP = 5 x 10~ atmosphere = 5 x 10~2 mbar taking the internal

pressure as 1x 107 mbar.

Window | Area | Thickness Qe
(mm?) (mm) (mbar-1/s)
Top 3320 |10 5x 10721
Side 300 |5 1x10720
Bottom | 320 | 10 6x 10720

Table 2.2: Rate of Helium permeation through the windows in the sensor head.

Giving a total permeation rate of 1.5x 10~ !9 mbarl/s, which is orders of magnitude below the outgassing
contributions given in Table Getter pumps do not effectively pump noble gasses so when consider-
ing the ultimate pressure this can only be removed by the 21/s active pump. The ultimate pressure of the

system can now be found by combining these two contributions with Eq.

Qoutgassing  Qre _1.3x 1078 1.5x107%0

- n ~8x10" %mbar. (2.14)
STotal Slon 15+2 2

Pyitimate =

Equation only considers the passive background gas load on the system and does not account

for the impact of the dispensers. The result from Eq. is two orders of magnitude lower than the
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condition placed on the system by Eq. A gas load from the dispensers far in excess of the back-
ground contributions will be required to reach a collision rate during the drop sufficient to disturb the

interferometer.

2.3.2 Cloud Temperature

Finite-length counterpropagating Raman pulses have a velocity selective effect on atomic clouds[58][59],
arising from the fact that a finite pulse in the time domain produces a sinc function in the Fourier do-
main. Counterpropagating Raman beams are used as this causes the absorption and emission of a pho-
ton in opposing directions meaning that the momentum transferred at each of the pulses is given by the
sum of the two photon momenta[22], whereas copropagating beams induce a net momentum transfer

given by the difference between the two

nkgp ™ =hk + ko) (2.15)
kg =k —ky). (2.16)

A thermal cloud has a distribution of velocities, with a range of Doppler shifts across the cloud, mean-
ing the atoms can can interact with the range of frequencies present in the finite square pulse. However
only a subset will be within the resonance condition for both beams. A shorter pulse will have more
frequency components in the Fourier domain and as such will be resonant with a broader velocity distri-
bution of the atoms; longer pulses will have a more monochromatic representation in the Fourier domain
and select a narrower distribution.

An interferometer uses three Raman pulses of differing lengths meaning they will interact with differ-
ent velocity classes of atoms. To ensure that all three pulses will interact with all of the atoms present in
the first pulse it is desirable to perform an initial pulse with a more stringent velocity selective condition
and blow away the hotter atoms before the first interferometer pulse. A lower temperature cloud is de-
sirable as it will lead to an increase in the percentage of atoms which will be transferred by this selection
pulse, increasing the value of N in Eq. For a square pulse of duration 7 we take the cut-off frequency

in the Fourier domain as the full-width half-maximum (FWHM) of the associated sinc function, given by
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wrwaM = 1/7 [60]. For a laser of frequency waioms then the Doppler shifted frequency seen by the atoms
moving with velocity, v, is

2v
Watoms = Wlaser |1 — 7 . (2.17)

The factor of 2 in the Doppler term arises from the two counter-propagating Raman beams and the
velocity condition must be matched for both. The Raman laser can only drive the transition for atoms
whose Doppler shift is less than this FWHM value. Therefore by taking wjager — @Watoms = @rrywm = 1/7 itis
possible to use Eq. [2.17|to determine the value of the cut-off velocity,

[

Vcutoff = (2.18)

2WiaserT

Using the Boltzmann velocity distribution for the post-molasses atoms and vcytoff for T =50 us|61] it
is possible to determine the percentage of atoms that will be transferred. To do this for the gravimeter
system it requires characterisation of the cloud temperature, which can be obtained via light-sheet detec-
tion[62]. This is a type of fluorescence imaging where a thin sheet of light is used to illuminate a subset of
the cloud as it falls through the thin sheet and the emitted light is detected with a photodiode perpendic-
ular to the beam. The signal on the photodiode will be proportional to the number of atoms illuminated,
so if this is placed in the path of a moving atomic cloud it can be used to measure the spatial extent of
the cloud in the direction of motion. After sufficient free expansion times, the spatial distribution of the
cloud is dominated by its thermal nature allowing a temperature to be determined.

On the prototype gravimeter using a 7 mm wide and 0.3 mm thick light sheet it has been demon-
strated that by modifying the light frequency and intensity the temperature of the atom cloud can be
lowered via a process known as optical molasses[63]. With the introduction of a more developed control
package it was possible to implement this cooling step in a sequence scheme similar to that in[26]. Figure
[2.9]shows the result of a typical light sheet measurement performed on the gravimeter. The fit in this data

takes the Gaussian form

(x — x0)*
y(x)=Ae 20% 41y, (2.19)
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Figure 2.9: Gravimeter light sheet measurement.
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Figure 2.10: Boltzmann distribution of a 2.82 uK cloud. The shaded region shows the atoms that would
be transferred by a 50 s Raman pulse.
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The width of the cloud is taken as the FWHM of the Gaussian (20), giving the length of time it takes the
cloud to cross the light sheet. This can be converted into a cloud diameter by determining how quickly
the cloud is moving after accelerating under gravity for the duration of the drop (#4). Giving a final cloud

diameter of

dr=2g1t40. (2.20)

Using the initial cloud diameter, dy =2 mnﬂ to find the change in size over the course of the drop for
atoms with mass m and some drop time #; gives a relationship for the temperature[64]
2 _ g2
(a2-d2)m

r=\1 0 2.21)

kpt5
This gives a temperature of 2.82 uK for the data in Fig. Allowing the creation of a Boltzmann velocity
distribution that will be representative of the post-molasses atom cloud. Considering a velocity selec-
tion pulse of duration 50 us[61] (corresponding to a temperature of ~1nK) it is possible to determine
the percentage of atoms that will take part in the interferometry sequence using Eq. Figure
presents this graphically where the shaded region shows the atoms that would be transferred by the Ra-
man pulse. From this it can be seen that, for an atom cloud of 2.82 uK, a 50 us velocity selection pulse
would transfer ~ 3% of the total atoms. The loading curve for the gravimeter (Fig. gives an atom
number after a 3 seconds loading time of ~ 1.75 x 108, resulting in ~ 5.25 x 10® atoms present in the in-
terferometry sequence. This is almost double the 3 x 10° atoms assumed in for a good single shot
sensitivity, suggesting that the temperature possible in a prism MOT gravimeter is sufficient to meet the

sensitivity requirement.

2.3.3 Atom Interferometry

Having validated the design of the gravimeter for atom number, pressure and cloud temperature the final
step was to ensure that it was possible to perform atom interferometry in a representative environment.

The atom used in this system is 8’Rb, chosen for the good synergy between its fortunate level structure

1 An approximate value based on the relative size of the MOT relative to the prisms when viewed on the monitoring camera
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(as shown in Fig. and the easily available telecoms technology. The telecoms standard 1560 nm
lasers are easily frequency doubled to address the 780 nm D2 line of 8’Rb. Additionally the presence of
the |F = 2) — |F = 3) transition means that only a single low power repump laser is required to keep
atoms out of the |F = 1) dark state. The 6.834 GHz splitting between the two ground states is a frequency
that is easily generated by off-the-shelf components.

Atom interferometry manipulates atomic states and trajectories through the use of 7/2 and 7 du-
ration Raman pulses; these pulses induce a Rabi oscillation between the two hyperfine ground states of
87Rb with frequency Q. If all atoms begin in the lower ground state | F = 1) then the probability, |cp=o (t)|?,
of being in the excited state |F = 2) after some time, ¢, is[66]

lcp=2 () |* = sin? (%) (2.22)

The 7 and /2 definitions arise from the argument of the sin term. If a population inversion is desired
then after some time ¢ the probability of being in the excited state would be |cr=» (t’ ) 2 =1 meaning
that Qpt = 7 and for a population split it would require that Qp t = n/2. To characterise this in an
experiment a multi-shot scan is performed where a Raman pulse of variable duration is performed, the
relative population of the two states |F = 1) and |F = 2) is taken. Plotting this ratio as a function of the
applied pulse duration a Rabi oscillation can be scanned out as in Fig. [2.12|for the given setup.

A measurement of this type requires sub-microsecond timing control as typical pulse durations are
of the order of 10-20 us. Fast control is provided by the AOM on the output of the laser box driven by a
thermally stable DDS source and controlled from a home made FPGA control system.

In Fig. the values of the 7/2 and = times have been found by fitting a damped sin curve to the

data of the form[67]

y () = Ae” """ cos (wt + o) + Yo, (2.23)

Where Ais the oscillation amplitude, T the decay constant and oscillation frequency w. The two constants
Yo and ¢y are included to account for the offset from zero at the start and would ideally both be zero.

Figure shows the result of a calibration measurement for the prototype gravimeter, where rather
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Figure 2.11: Level structure of the D2 transition of 87Rb (adapted from [65]). The cooling and repump
beams are used in the MOT and optical molasses stages to cool the atoms and keep them out of the dark
state. R; and R, are the two frequencies of light required to drive the two photon Raman transition.
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Figure 2.12: Rabi oscillation for the prototype gravimeter during system tests outside of the lab.

than 100% transfer the maximum transfer is more like 9%. This damped nature arises from other loss
mechanisms, such as single photon interactions with the excited state and the thermal nature of the
cloud. This sets a a maximum possible contrast on the gravimeter of 9%.

The internal energy states |g) and |e) are directly linked with their external momenta as the higher
energy state will only be occupied after interaction with the light field[68]. This allows the two states to
be labelled with both their internal energy and external momenta. Thus these states become |g, p) and
le, p + fikesr) where hikes is the momentum given to the atoms by the light.

An atomic interferometer utilises a series of 7/2 and 7 pulses that act analogously to beam splitters
and mirrors in an optical Mach-Zehnder interferometer. The initially clean cloud of atoms in the |g, p)
state is placed in a superposition of two states with a /2 pulse. As this creates a momentum difference
between the atoms in each of the two internal states it causes them to spatially separate (see Fig. [2.13).
After some free propagation time, T, a m-pulse is applied that inverts the two states; leading one to lose
momentum and the other to gain an equal amount of momentum causing them to be brought back to-
gether until they overlap after the same free propagation time. Once the states are overlapped a final /2

pulse is applied to close the interferometer, if this measurement is performed in the absence of anything
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which can effect the atomic phase (e.g. gravity) it will recreate the original clean |g, p) state.
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Figure 2.13: The motion of the two atomic clouds in the absence of an external phase shift, in the ideal
the final |2, p + 271k, s r) state will be empty.

This is analogous to the optical case of a Mach-Zehnder interferometer (Fig. [2.14) where in the ab-
sence of a phase shift, i.e. A¢ =0, the signal of one output port will be maximised and in the other will

be minimised. If the value of A¢ is scanned this additional phase shift will cause the signal seen on both

diodes to oscillate.
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Figure 2.14: Optical Mach-Zehnder Interferometer, A¢ can be seen as analogous to gravity in the atomic
case.

For an atomic interferometer this is the same as introducing a phase difference between the two in-
terferometer arms, such as gravitational acceleration. This acceleration will induce a Doppler shift on
the light seen by the atoms, moving it away from the resonant case as § increases. In this off resonant
scenario there will be a change in the Rabi frequency of the atoms. The shift to the Rabi frequency means

that a m-pulse in the resonant case will no longer be a complete n-pulse in the off resonant case, leading
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to an imperfect state inversion. This will result in leaving some atoms in the |e, p + ikeg) output state of
the interferometer, it is the total number of atoms in this excited state that is of interest as this state can
only be populated due to phase shifts over the drop. Phase shifts will arise from both the gravitational
acceleration and any phase change of the laser between Raman pulses, as the phase of the light is im-
printed onto the atoms at each pulse. It can be shown|[26] [32] that the total phase difference between the

two paths can be given by

Diotal = Pupper — Piower = kettg T + (b1 —2¢p2 + ¢p3). (2.24)

Where ¢, (n = 1,2,3) is the phase of the laser at the instant of each of the three pulses. In a similar way to

Eq. it can be shown that the population of the excited is given by|32]

1
Pie,psnkan) = ICIE prnke | = 5 (1= €08 (@roqan] 2.25)

As the atoms fall they accelerate under gravity, this will lead to a frequency difference between the
Raman lasers that is time sensitive in the atomic frame, after time #4,0, the frequency shift seen by the
atoms wp(f) = —Keftg tdrop- This will increase 6 leading to a reduction in the transition probability and
a loss of fringe contrast. The frequency difference therefore needs to be chirped with rate a giving a

frequency difference in the lab frame of

w(t) = w(f) + alt - f). (2.26)

If o = 0 is taken as the time of the first Raman pulse then the phase shift due to the chirped frequency
between two pulses is given by ®cpirp = aT?. Using this to modify Eq. and then substitute into Eq.

the population of the readout state of the interferometer is

1
Plepthka = 35 [1-cos (@ ketg) T? + Praser) ] » (2.27)

Where the bracketed term in Eq. has been replaced by the net laser phase ¢jqge;. Performing an

atomic measurement of gravity in sensitive systems such as those in [32] and [18], it is the value of a that
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is scanned for multiple T-times (see[5.3). The chirp rate is also used to keep the Raman lasers on the
central fringe and if ¢bjaser is Scanned a sinusoid is traced, this is the method used to generate a gravity

fringe in the prototype gravimeter. Keeping ¢; » = 0 the total phase can be set by scanning ¢s.

Peak Ratio (Inside)

Signal-to-Noise = 1.7
0.0 0.2 0.4 0.6 0.8 1.0

Peak Ratio (Outside)

Signal-to-Noise = 0.9

04 056 08 10
Phase of Final Pulse (2m)

Figure 2.15: Comparison of fringes generated both inside (upper plot) and outside (lower plot) of the lab
environment for a T-time of 1 ms.

Figure[2.15[shows a comparison between two sets of data, each of which is the average of 5 complete
measurement cycles. The signal-to-noise values listed are the ratio of the RMS of the errorbars to the fit
amplitude. The lab-based measurements were those taken the day before the external measurements
and the second set were taken in the middle of a warm, sunny courtyard (Fig. [2.16), as can be seen the
amplitude and the phase of the fringe are essentially unchanged. However the noise on the data is fairly
substantially increased when outside, arising from increased thermal fluctuations and large variation in
background light levels. Over the course of these measurements it was found that heat dissipation in
the flight case provided a serious problem, as highly efficient packing does not leave much space for air
flow, introducing thermal noise on some component such as the VCOs causing them to drift over MHz
as the ambient temperature changed by degrees. Neither measurement used a vibration isolation stage
meaning that without the common mode suppression a gradiometer benefits from the acceleration of

the reference mirror will couple into the measurement.
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These problem areas were targeted for improvement in the second generation of the system. The fact
that with little adjustment to the system a fringe with a comparative signal-to-noise was generated in
both laboratory and external environments confirmed the robustness of the design. This final validation
step gave the confidence to move forward with these designs in a gradiometer configuration and provided

a direction in which to progress to improve the system.

Figure 2.16: The gravimeter prototype in its first foray outdoors to what has become the preliminary
testing ground for all portable systems.

2.4 Implementation in Gradiometry

Having proven the viability of the prism MOT gravimeter the design needed modification in order to
function as a gradiometer and benefit from the common-mode noise suppression. A number of poten-
tial implementations were considered and ultimately discarded in favour of opposite co-axial dual beam
delivery. This section will outline these different options and briefly compare them to explain the rea-
soning behind the final choice. To make this comparison we will refer back to the discussion of capture

velocity and effective capture volume presented in
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2.4.1 Prototype Gravimeter Capture Volume

In all real MOT systems the intensity of the cooling light will clearly not be infinite. However it is possible
to compare particular MOT geometries by modelling the effective capture volume with a finite and non-
uniform intensity distribution and then compare this to the infinite intensity case. To better explain
this let us consider the case of the prototype gravimeter where the MOT intensity is represented by the

Gaussian intensity distribution

(x — x0)?
I(x)=ILe 20°% . (2.28)

Figure[2.17]shows an overlay of this distribution with the position of the prisms in the chamber. The
central intensity Iy =2.55 mW/cm? has been set according to that measured in the cooling light for the real
system and the Gaussian width, 20 =21 mm, has been set by taking the required diameter of the telescope
to be 60, ensuring that 99.7% of the power in the beam is accounted for. The value of xy can be used to
account for position offset between the input telescope and the prisms but here is set to zero. From this
it is clear that the capture velocity for the central 2 cm will be much higher than that for the two reflected
beams, the symmetry of the Gaussian about 0 cm means the two side beams can be treated as identical.

From this two values of average intensity are found by integrating over the regions of interest; one
for the vertical (I, =2.37 mW/em? = 1.415*") and one for the horizontal (I3, =1.08 mW/cm?~ 0.651°%"). It is

immediately clear that the relationship given in Eq. Will not hold as these intensities are far below 15,

Calculating the scattering force directly from[2.1]causes Eq. [2.8|to take on the form

hkTL I/ 1% 2.29)
Ue = . .
¢ m 1+ 1/ +452/T2

Where the velocity dependence of the force has been neglected for simplicity and all terms are as defined
in[2.1.1] Using Eq. [2.29]it is possible to determine the horizontal and vertical capture velocities. Plotting
Eq. for beam sizes between 0-2 cm it is possible to compare these velocities and find the equivalent
beam size for the infinite intensity case. From Fig. [2.18|we can see that the capture velocity in this low
intensity case is the same as using substantially smaller beams with a much higher intensity. Using these

values the effective capture volume is only 340 mm3, about 4.3% of the maximum 8000 mm? for the infi-
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Figure 2.17: Gaussian intensity profile overlaid with the prisms in the relative locations used for the prism
MOT.

nite intensity case.

In the infinite intensity case the detuning term is no longer important as it becomes negligible next to
the intensity term. Thus in the non-infinite case part of the drop in effective capture volume is due to the
impact of this term. The simulation was repeated with A = 0 producing an effective capture volume of
8.2% of the maximum (~655 mm?) compared to the 4.3% with the 13 MHz detuning used in the MOT. This
shows that the detuning term will have an impact on the result but the intensity ratio is by far the leading
order contribution. The cases considered in[2.4.2use a non-zero detuning to be more representative of
the real world case.

This method can be used to optimise the size of prisms with respect to the predicted input optical
power. It is possible to see how this may lead to a situation where a higher atom number can be achieved
with smaller cooling beams. This could be done by imposing a top hat intensity profile onto a given
geometry leading to a more uniform capture velocity or by reducing the overall system and telescope size

leading to a better intensity distribution over the prism area.

43



60

ul
o

B
o

Capture Velocity (m/s)
w
o

N
o

— Mlsgt>
*  Vertical Capture Velocity
@® Horizontal Capture Velocity

10

0.0 25 5.0 75 10.0 125 15.0 17.5 20.0
Beam Size (mm)

Figure 2.18: Capture velocity with beam size comparing the real gravimeter prototype system to an ide-
alised infinite intensity case.

2.4.2 Gradiometer Geometry

In order to create a prism MOT gradiometer the core requirement is that there be two prism regions
separated by the desired baseline. A number of potential solutions to this problem are presented in Fig.
however a decision had to be made as to which would be implemented. Initially the most attractive
design was one with two entirely independent MOT regions (Fig. [2.19a), where the cooling telescopes
were perpendicular to the Raman beams. This implementation was low risk as each MOT system could
be fully independent whilst enabling the Raman beam to couple the two systems together. However
this also presented some major drawbacks. As the Raman beam would need clear line of sight between
the two clouds it would have to fit between the prisms in the two regions therefore meaning it would
need to be small. This would lead to a greater intensity gradient over the cloud and a greater reduction
in interferometer contrast. Additionally implementing this design would move away from the compact
cylindrical form factor developed in the gravimeter leading to a much larger and heavier sensor. This idea
was therefore discarded as too heavy and not sufficiently sensitive.

The other four designs are different implementations of that used in the gravimeter, to distinguish
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Figure 2.19: Potential Gradiometer implementations.
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between them let us consider the model for capture volume developed in For this discussion the
designs which take advantage of two counterpropagating delivery telescopes (Fig. and Fig.
shall be considered as the same dual telescope (DT) approach. That using two sets of prisms in different
parts of the much larger input beam (Fig. will need to be considered as two separate regions as
they will lie in very different parts of the intensity profile, these are the dual capture regions (DR). For the
beamsplitter (BS) implementation in Fig. it is assumed that the beamsplitters are perfect 50 : 50

beam splitters.
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Figure 2.20: Capture velocity versus capture volume for the designs shown in |2.19a|, |2.19b| and |2. 19c|

The values used in the model are the same as those used in the example in[2.4.1} Iy = 2.55 mW/em? and
o =21 cm for prisms of length 20 cm. For the DR case the value of o has been scaled up to account for the
extra 40 cm region arising from the additional prisms and the value of Iy has been scaled down to ensure
that there is the same total optical power in the prism region. Treating the capture region as a cuboid the

capture volume is then

VC = dH X dH X dv. (2.30)
Where dy and dy are the effective horizontal and vertical beam sizes respectively. The ideal volume curve
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is taken by cubing the infinite intensity beam size, d°°, and referencing it to the same capture velocity,

that is

V® = d%3, (2.31)

The same comparison between v, and the ideal measurement is made to give the effective capture
volume. The important comparison here is between the volumes of the different implementations; as
discussed in the atom number, N, is proportional to VC‘“ 3 and Eq. shows that the single shot
sensitivity scales with 1/v/N. This means that the sensitivity of the sensor will scale as 1/ V?/3, meaning
that the larger the capture volume the more sensitive the gradiometer.

The results in Fig. show that the most effective use of optical power is the BS approach giving an
effective capture volume for one MOT region of 5.6% of the infinite intensity case, with the DT approach
at 4.3% of maximum and the two DR regions at 2.2% and 0.4% of the maximum. From this it is clear that
the DR approach is much less efficient than the other two approaches. The BS design has a higher capture
volume than the DT design however the outputs of the 50 : 50 beam splitters would not be perfectly
stable and would vary with polarisation of the input light, leading to an uncommon drift in both atom
number and cloud temperatures. These would both produce an uncommon phase noise on the ellipse
(see Chapters[5|and|6|for details), thus this approach was discarded.

This left the option of the DT approach, as the two implementations are sufficiently similar it was pos-
sible to attempt both with a single system. Using the modular design of the gravimeter a gradiometer was
implemented by placing two of these designs facing each other and in the middle a double-sided mirror
was mounted with the option to remove it and attempt the alternate implementation. Both designs have
their own benefits; by keeping the modules separate using a central mirror, the MOT intensity within a
chamber is entirely common for a given system and will provide the stability seen in Fig. however it
means that the Raman beams are also decoupled so that intensity or polarisation drifts would introduce
uncommon phase noise onto the measurement. On the other hand removing the mirror would have the
inverse effect; the vertical MOT beams would now be common between the chambers but uncommon
in a single MOT system and could thus suffer from the instabilities seen in the six beam MOT data from

Fig. but the Raman beams would be perfectly common and thus any phase noise would be common
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between the two clouds. As some of the results in Chapter[5|will show, the approach with the mirror was
initially implemented and provided a more stable MOT source, but the mirror was ultimately discarded

as the uncommon noise on the Raman beams was seen to be a greater concern.

48



CHAPTER 3

SENSOR PACKAGE

Manipulating atoms to sub-uK temperatures requires isolating them from the external environment: vac-
uum prevents collisions between the cooled, trapped atoms and the hot atmospheric gas and magnetic
shielding is required to allow precise manipulation of the magnetically sensitive atomic substates (see
and[5.4.1). The sensor package supplies this controlled environment for the atoms and the light is
generated by the control package as in Chapter[4}

The discussion in this chapter will continue from the end of Chapter[2} providing details of the specific
gradiometer implementation. Utilising two independent gravimeter modules (modified from and
placing one above the other in a gradiometer configuration (Fig. [3.1). The optical input for the chamber
delivers both the Raman and cooling light along the chamber’s common central axis, by retro-reflecting
the input Raman light off a common reference mirror it is possible to maintain complete independence
in the two gradiometer arms whilst benefiting from the common mode suppression.

Removing the central reference mirror allows the light to directly couple the two gravimeter systems.
The sensor has adaptive capabilities beyond this impactful change to the optical system. As will be shown
in each of the sensors was separately mounted into its own rigid structure providing the facility to
make changes to the sensor package geometry with minimal changes to the complete system. It is pos-
sible to change the baseline, total sensor height and alter the system into a launch configuration taking
advantage of the full chamber length, with only a few minor changes to the sensor infrastructure. This
also allowed for easier manufacture and assembly whilst producing a less risky platform for transport; if

there was a leak in a single sensor then the other would not be contaminated.
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Feature Value Comments Related Constraint
. . _ _ . Sensitivit
Drop Distance/Time | 155mm/2T =178 ms 2T =366 ms with launch from Eq.
Cylindrical Sensor Outer Facilitates compact N/A
form Factor Diameter = 220 mm geometries as per Ch.
Weight of Sensor ~50kg Can b.e positioned by Survey Viability
a single person
. In Drop: 86 mm . . Sensitivit
Chamber Diameter Maximum: 97 mm Set by prism size of 20 mm from
Eases manufacture/assembly
Independent Sensors N/A and facilitates adaptability N/A
Pressure ~5%x1079 mbar/ With/without dispenser load, Ea.b.11
Low 1019 mbar measured with ion pumps q|e
Can be used to launch or
Adaptability N/A drop atoms and test both N/A
DT geometries from
Coaxial Dual Required for cylindrical
Beam Delivery N/A form factor N/A
CUmblll(:.al 5m .Pr0V1des a smgle N/A
onnection input connection

Table 3.1: Outline of key features of the experimental system.

Two way communication is provided between the sensor and control package (Ch. [4) with a 5m
umbilical connected to a distribution box at the base of the sensor. The umbilical delivers light and power
to the sensor whilst providing transmission of diode signals and fibre delivery to the control package to
monitor the sideband ratio on an optical cavity. This flexible connection enables surveys to be performed
over localised regions, moving only the sensor whilst leaving the control package stationary. All the top
level features outlined here and in earlier chapters are summarised in Table[3.1}

Each sensor head is a fully integrated atom interferometer in its own right with a design almost identi-
cal to that of the original prototype gravimeter; to better understand the way in which either sensor head
fits together a cross section of the CAD model is presented in Fig. Each sensor head features its own
vacuum system to isolate the atoms, a double layered magnetic shield over the full length of the system
and a second double-layered shield encompassing the central interferometry region. This provides pas-
sive magnetic shielding in the MOT and an increased shielding factor in the interferometry region, the

high shielding in the central region and the bias coils provide a well defined field direction for the inter-
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Figure 3.2: Cross section of the Top sensor head, the region enclosed by the black dashed region repre-
sents the location of the prisms in the Bottom sensor head.
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ferometry sequence. A photodiode in the MOT region monitors the cloud during the atom preparation

and a photodiode at the bottom of the drop provides the facility to read out the atomic states (see|5.1.3).

3.1 The Vacuum System

The vacuum system is little more complex than the diagram in Fig. presents. The central science
chamber is pumped with the same passive/active pumping components as the gravimeter (see [2.3.1),
however the active pump has been placed on the end of a 76 mm long CF16 nipple to reduce the magnetic
field introduced in the MOT region by the pump’s permanent magnet. A CF16 valve is used to seal the
system off from the atmosphere and a four-pin power feedthrough supplies current to the dispensers,
all of which is mounted to the back of the chamber (see Fig. .4). Internally the prisms are secured to a
separate mount that is lowered to the correct depth and glued to the wall of the chamber (see[3.1.1) and
the ten windows are secured with indium seals (3.1.2).

Placing the active pump at the end of a nipple will act to reduce its effective pumping speed in the
chamber due to the limited capacitance. Effective pumping speed at the entrance to the chamber (Segf)

is related to the true pumping speed, S, and the nipple conductance, C, by the relation[70]

1 1
—+—.
S C

3.1)

1
Sefr
As the length of the nipple, L =76 mm, is much greater than its diameter, d =16 mm, it is reasonable to
treat it as a long round tube. Assuming that the gas inside the vacuum system is at the same temperature
as the atmospheric gas outside the system (T, 293 K) the conductance of the nipple is given by|[71]

3 (1.6x1073)°

C=121— =121 x =6.5x1073m’s = 6.51/s. (3.2)
L 7.6x 1073

The effective pumping speed of the active pump is therefore 1.5Vs. A drop of 3% in total pumping
speed for non-inert gases but a drop of 25% for noble gases, using this modified value for active pumping
in Eq. leads to an increase in the ultimate pressure of the system of ~1.5x10~'! mbar. The impact
on the system pressure is a change of less than 2% whilst almost tripling the distance from the ion pump

magnet to the MOT region, giving an order of magnitude reduction in the field seen by the atoms.
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Figure 3.3: Two dispensers mounted onto a single four-pin power feedthrough with barrel connectors
that have had a slit cut into them. Ceramic beads are used to ensure that the barrel connectors do not
come into contact with the chamber wall, causing a short.
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The four-pin copper electrical feedthrouglﬂ supplies the connection to the in vacuum rubidium dis-
pensers. The Bottom chamber has the dispensers mounted directly to the feedthrough as in Fig.
while the Top chamber the prism mount (see[3.1.1) and connected to the feedthrough with four lengths
of 1 mm Kapton insulated Wireﬂ Placing the dispenser on the prism mount moved the atom source closer
to the MOT region and was hoped to provide a high rubidium pressure in the MOT region whilst limiting
the pressure during the drop. This was deemed unnecessary for the Bottom chamber as the gravimeter
prototype proved the effectiveness of the feedthrough mounted design.

The science chamber is the region in which the atom cloud is prepared and manipulated as it pro-
vides space for the drop after the initial atom cooling stage. The science chamber consists of a tube of
titanium 233 mm long; with an internal pocket 221 mm deep and an inner/outer diameter of 65/85.9 mm
within which the atom manipulation takes place. At one end the chamber diameter increases to 97 mm
to provide room for four CF16 knife edges to interface with the vacuum components, this presents the
same minimal footprint as the MOT prototype (Fig. [2.3a).

To position the prism mounts at correct height and orientation, four shallow grooves (~0.5 mm deep
with a radius of 32 mm) are machined into the internal edge of the vacuum chamber (see Fig. . These
match protrusions on the prism mount (see[3.1.1) that were machined to produce a tight fit between the
two components, by changing the length of the groove they can be used to set the depth of the prisms
within the chamber. In the Top chamber the base of these grooves are 38.7 mm from the front window
and 183.8 mm in the Bottom chamber. This allows an almost identical design to be used for both the Top

and Bottom chambers, changing the length of the groove to fix the prism at the desired height.

3.1.1 Prism Mount

Increasing the chamber length to allow the cloud to drop meant it was no longer possible to reach the
base of the system by hand to secure the prisms in place, to solve this the prisms were first aligned on
a separate mount before lowering into the chamber. Alignment was achieved with the same technique
as the MOT prototype, posts machined into the mount with a precision CNC machine. The depth of the

prisms in the chamber was set by small grooves in the wall of the chamber (see Fig. [3.4), the radius of

L Kurt J. Lesker EFT0043032
2KurtJ. Lesker FTAK10010
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Figure 3.4: Left: Birds eye view of the chamber front showing the location of the positioning grooves
relative to the prisms. Right: A cross sectional view of the Top science chamber where the depth of the
positioning groove has been circled.
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curvature of these grooves matches the curved protrusions in the prism mount. The close fit of the two
parts meant it was difficult to lower the mount into position but aids in keeping it in place, between this
precise fit and the use of TorrSeal at the base of the groove the prism mount was firmly secured.

The approximate quantity of TorrSeal in Table is the estimated total surface area, arising from
gluing the prisms to the mount and the mount to the chamber. To minimise the impact of this high gas
load the mount was prebaked at 160 ° for roughly 12 hours, this is a necessary step due to the limits placed
on the bakeout temperature by the indium (see[3.1.2). The relatively short drop times used in this sensor
mean the gas load from TorrSeal does not limit the performance of the sensor (Eq. [2.11). In systems
with longer drops this would be problematic so finding a replacement for TorrSeal is desirable for future
development, with a mechanical solution being the ideal.

After the pre-bake the mount was lowered into the chamber with a specially designed tool (Fig.
using the M6 threads in the mount. Once the glue was given time to set a vigorous shake test was per-
formed by hand. This was to emulate placing the system in transit as if it could not survive a manual test

the vibrations in a moving vehicle would likely dislodge the optics.
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| Depth Setting Protrusion |

Figure 3.5: Left: Prism mount for the gravimeter system showing the parts used for mechanical align-
ment. Right: The tool used to lower the mount into position.

3.1.2 Indium Sealing

In the design of the sensor ten windows were required on each chamber for monitoring the atoms and
to allow for delivery of the light and monitoring. Of these ten windows eight are 1" diameter and 5 mm
thick windowsﬂused to provide side ports for monitoring the MOT or detecting the atoms, one is a 72 mm
diameter and 5 mm thick Windovxﬂ at the front of the system to allow full illumination of the prism region
and one is a 1" diameter and 10 mm thick 1/20 flatness Wil’ldOV\El on the back of the system. These are
affixed to the chamber with a soft metal indium seal. Indium grants an advantage over other soft metal
seals, such as lead; the compression flanges used to push the window onto the surface can be re-
moved once the weld has formed. This allows the windows to be recessed into the chamber without
protruding from the surface and maintaining the cylindrical form factor.

1 mm diameter indium wire is used to form the cold weld between the window and the chamber[73].
This bond can be formed without baking by preparing the indium with an acid bath before applying
pressure[74]. This method was not an option due to a lack of appropriate health and safety equipment
requiring an alternate solution. The compression on the windows is maintained whilst the system is

pumped down and baked, the resulting pressure differential is sufficient to keep the window affixed to

L Thorlabs WG11050-B
2 Knight Optical WQK7501-Al1
3 Newport 10BW40-30AR.16
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Figure 3.6: Left: The uncompressed indium ring under the window with a clear gap around its edge.
Right: The compressed indium seal post bake, under compression it has spread into the chamber open-
ing reducing the clear aperture.

the chamber once the compression flange is removed.

The compression flanges for this system attached to the threaded holes around the window recesses
of the science chamber. The process for creating an indium seal was as follows; the indium was cleaned
with acetone and optical tissue then cut to approximately the correct lengt}ﬂ This was placed around a
jig of the correct diameter and the wire was cut to length at an angle to provide a larger bonding surface,
these ends were then pressed together carefully to form a uniform ring of indiunﬁ This ring was then
placed between the window and the chamber, as evenly about the window aperture as possible (see Fig.
3.6), a similar ring of Teflon was placed above the window to protect it and even out the pressure on the
indium.

For the side windows these flanges were in two parts as the curved surface only provided ~5mm of
thread, making precise application of pressure difficult. The first part attached directly to the chamber
and the other screwed into this whilst applying pressure to the window (see Fig. [3.7a). To ensure even
distribution of pressure the side windows had six securing threads present for their compression flange
and the more problematic windows had eight. Initially each screw was tightened by hand until they
came into contact with the top of the compression flange. Using a torque wrench each screw was then

tightened in order (see Fig. until it reached 0.5 Nm of torque, this order was then repeated each time

1Al tools went through the same cleaning process as the chamber.
2A rule of thumb is that it should not be possible to tell where the bond was made
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(b) The order in which screws need to be tightened to evenly compress indium under a window.

Figure 3.7: Design and use of compression flanges for indium sealing windows to the chamber.

upping the torque applied by 0.2 Nm. Once at 1.5 Nm the final step was repeated, i.e. every screw was
tightened twice at the 1.5 Nm value.

Once compressed the indium should present a smooth and shiny surface (Fig. with no distinctive
features. If it is possible to identify a seam or join in the layer then it will be present a leak risk. To the
side of each window recess there is a 1 mm diameter hole that is parallel with the surface of the reces-
sion; in the eventuality that the window seal leaked these would be used to apply sealant directly to the
indium rather than needing to flood the area, this functionality was never needed. Indium sealing win-
dows places a limit on the maximum baking temperature of the system, the melting point of indium is
156 °C[73] however local history with indium sealing suggests that heating much above 120 °C can create

problems. This lead to the baking limit on the system of ~110 °C, far from either of these limits.

3.1.3 Cleaning and Bakeout Procedure

Preparing an ultra-high vacuum (UHV) system requires a high degree of cleaning to remove material that

will introduce a substantial gas load to the system. Once cleaned the system is heated whilst attached to
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an external roughing pump (known as baking) to remove any residual gas from the system; with sufficient
cleaning the baking procedure will mostly remove water. The components manufactured by the in-house
workshop (science chambers and prism mounts) required intense cleaning. All those purchased from
external companies arrived clean and sealed so were not reprocessed. The first step of cleaning uses
paper towels to remove substantial grease deposits from the surface of the material before, a series of
solvents and an ultrasonic bat}E| were then used to clean all remaining residue.

The cleaning procedure for the gradiometer system is the same as that for the prism MOT and gravime-
ter prototypes. An initial 1 hour cleaning cycle with the ultrasonic bath and 1% solution of detergenlﬂ and
tap water was used to remove any remaining machine grease. These components were then rinsed in tap
water before a 1 hour ultrasonic cycle in distilled water. The same 1 hour cycle was then performed for an
isopropanol bath. The isopropanol was then switched to a clean batch and an ultrasonic cycle was per-
formed for 30 minutes. After this cleaning procedure the components were left to dry before being placed
in a 200 °C vacuum oven and left to prebake for 55 hours. This pre-bake shortens the bake required once
the system is fully assembled due to the temperature limits imposed by the indium.

For the gravimeter this process resulted in a pressure as measured by the ion pumps of ~107° mbar
after a 2 week bake at ~i110°. The discrepancy between this value and that given in Eq. [2.14]is expected
as the outgassing rates of materials vary substantially with the exact bakeout procedure and the values
used for Eq. [2.14|were approximate based on the literature. The gradiometer followed the same bakeout
procedure and achieved similar levels in pressure without dispenser load; with dispenser load the pres-
sure as given by the ion pumps 107!° — 10~" mbar depending on operating current. The high end of this
range was only reached as a dispenser began to run out and was heated in excess of 700 °, the typical

operating pressure is at the low ~2 x 10~ mbar (corresponding to a mean collision time of 1.8 s).

3.2 Magnetic Field Control

Controlled manipulation of the magnetic substructure of ' Rb is necessary to create a cold atom gravime-

ter. The use of a gradient field creates the position-dependent force in the MOT (2.1) and a uniform bias

L Ultrawave U500H
2Liquinox
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field provides a well defined direction for the Raman interactions. To provide this controlled environment
is a twofold process; the system initially requires isolating from external fields and then the desired field
is generated with a set of solenoids.

The magnetic isolation is provided by two sets of double layered u-metal shields. These shields are
open ended cylinders, taking advantage of the cylindrical form factor and so will provide no shielding
along the shield’s central axis but substantial shielding radially. The attenuation quoted for the gravimeter
shieldsﬂ is > 30,000 in the centre of all four layers of shielding. This will provide substantial shielding in
the interferometry region and has been measured to reduce the Earth’s magnetic field to below 1 uT in
the MOT region. This generates a Zeeman frequency shift of <10 kHz, three orders of magnitude less than

the 13.2 MHz detuning of the cooling laser and 21.9 MHz/cm from the MOT coils.

3.2.1 MOT Coils

Having sufficiently attenuated the background Earth field it was necessary to generate the trapping field
for the MOT. As shown by Eq. and Fig. the field required to generate a MOT has a symmetric
field gradient of opposite sign about a central point of zero field. To generate this field profile a separate
mount was made to allow for the coils to be easily slid on and off the system. The coils for the prism MOT
prototype generated a field gradient of ~3.1 G/cm/a, but were found to generate a substantial amount of
heat despite the good air flow around them. To reduce the power consumption and heat generation of
the coils time was spent modelling the field profile for different coil parameters (separation, number of
turns, wire thickness, coil diameter) within the geometric confines of the existing design.

The result was a pair of coils of inner diameter 90 mm, outer diameter of 106 mm and 75 turns per
coil. This produced a field gradient of ~3.9 G/cm/a whilst almost halving the power consumption. The
model, generated numerically using the Biot-Savart law, is presented in [3.8| beside measured values for

the MOT field and the calculated field gradient, showing a good agreement between the two.

1With an almost identical geometry.
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Figure 3.8: MOT magnetic field and field gradient l) at 3 A operating current.

3.2.2 Bias Coils

The interferometry region requires a uniform and well defined field direction. A high level of radial field
attenuation is provided by the four layers of shielding in the interferometry region, meaning that any
non-negligible field contributions will be axial only. To generate a well-defined quantisation axis and
break the degeneracy between the Amy = 0 transitions (see a single layered, 18 turn, solenoid was
placed inside all layers of shielding. The goal of this design was to produce a compact coil that reached
the desired field strength in as short a region as possible and produced a good uniformity over the inter-
ferometry region. The result utilised a 3D printed mount with grooves into which 0.9 mm diameter wire
was set and produced a field uniformity of < 0.2% over the central shielded region (Fig. 3.9).

Sensitive cold atom gravimeters remove first-order magnetic shifts by preparing in the magnetically
insensitive m s = 0 sub-state of 87Rb hyperfine ground state. Second order effects are more persistent and
apply a shift to the measured gravitational acceleration that cannot be separated from the gravitational
measurement[75]. These second-order effects lead to a stringent requirement on the uniformity of the
magnetic field profile over the interferometry region. A gradiometer system such as this does not suffer
from these effects if they are temporally stable; these higher order effects will induce this same shift to
the value of gravity measured by each cloucﬂ that will result in an offset in the gradient measurement. If

measurements relative to a reference are taken, as in a survey, these offsets will subtract out of the final

11t is not required that this shift be the same for both.
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Figure 3.9: Measured and simulated bias field profile of the gravimeter coil at a current of 0.2 A.

result, meaning that the field uniformity requirement is suppressed for a survey-ready gradiometer.

This suppressed magnetic gradient impact is useful given the profile of the bias coil in Fig. A
high concentration of turns is present at the edge of the coil allowing the field to reach its maximum
value within 1 cm of the coil edge, a gradient this sharp would be problematic if the effect were unstable.
This rapid gradient is balanced by a reduced concentration of turns near toward the inner edge of the
coil resulting in a uniform field. The data presented here was measured on the gravimeter prototype
coils and using a current of 200 mA, this will be representative of the gradiometer coils with an identical
design. The gradiometer field profiles have been measured using atomic spectroscopy, the results will be

outlined later (5.4.1).
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Figure 3.10: Diagram of the main experiment telescope. Both cooling and Raman beams are delivered
to the telescope from the same direction and reflected to ensure that delivery into the chamber is near
coaxial.

3.3 Optical Delivery

The optical delivery system is the sub-system responsible for delivering the light from the control pack-
age to the sensor and the atomic readout signals from the sensor to the flight case. The main delivery
telescope had to fit within the system’s spatial constraints and maintain the cylindrical form factor. Ad-
ditionally the limited power of the Raman laser meant that the cooling and interferometry beams could
not be the same diameter, requiring a more complicated optical system. These issues were solved with a

telescope that can be seen in Fig. with a schematic in Fig.
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Polarising ﬁbresﬂ deliver the light directly into one of two collimatorﬂ with output beam sizes of
~19 mm and ~7 mm for the cooling and Raman beams respectively. The cooling arm features a polariser
(an artefact from before the introduction of polarising fibres) and a quarter waveplate. The light from this
collimator is reflected off a 0.5" mirror on a kinematic mount, providing the only alignment capability
in the system. This gives the facility to adjust the alignment of the cooling light to place the focus of the
beam near the edge of the D-mirror before it is collimated by a 3" lens producing an collimated output
beam with a 1/e? diameter of ~53 mm.

The Raman beam focuses to a point near the edge of the D-mirror placing the foci of the two beams
as close together as possible. After passing through the same 3" collimating lens the Raman beam has a
1/e? diameter of ~20 mm. This results in some small offset angle between the cooling and Raman beam:s,
with the Raman beam mechanically locked coaxial to the science chamber. The stabilisation diode is
mounted behind the second-back polished mirror to pick up the light that leaks through and provide a
signal to the intensity stabilisation circuit (see[4.3) which is used to remove the intensity drift arising from
polarisation fluctuations.

The full optical delivery system is shown in Fig. [3.11]where the prism mount is used to represent the
location of the MOT. Considering the system from the top down; the telescope is as previously described
and level with the MOT are two pieces of imaging equipment used to monitor the pre-drop cloud. One
is a small, untriggerable CCD camera to monitor the MOT visually on a screen, the other is a photodiode
and lens system used to measure loading curves. Below this is the detection region with a second diode
used for detecting the fluorescence of the cloud during the detection sequence when illuminated with
the main MOT beam, the signal is then amplified and transmitted back to the flight case. A 3D printed
periscope and opposing mirror generate a balanced light-sheet for time of flight measurements, as dis-

cussed in More details of the detection procedure will be given in Ch.

Interface Box

The sensor and control package are connected with a 5m umbilical, at the base of the sensor is a box

which provides an interface with the electrical connections and two fibre inputs, this box then distributes

11X Blue IXS-POL-780-125-10-Box-FA-NA
2Cooling: Thorlabs F810APC-780, Raman: Thorlabs TC12APC-780
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Figure 3.11: The chamber based optical delivery for the Top chamber

the light to the appropriate part of the system. Figure shows the details of this distribution - the
polarising fibres on the input are to ensure that any polarisation noise induced over the umbilical is
removed before distribution. The optical switch delivers the cooling light to either the telescopes or the
light-sheet periscope. The light-sheet output also acts as a light dump for the cooling light during the
drop due to light leakage through the AOM. The switch induces a ~ 50% loss in cooling power so it would
be favourable to remove if the light-sheet and dump facilities were not required.

The monitor outputs were initially used as pickup points for the stabilisation circuits, however it was
not sufficiently representative of the light into the chamber so was switched for the telescope based
diodes. The Raman monitor is now delivered to a cavity providing information on the sideband ratio
(see Ch. [4). The secondary set of polarising fibres ensure that additional polarisation fluctuations are
removed before the light enters the chamber, these fluctuations are then projected as intensity nosie and

can be removed by the stabilisation system.
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Figure 3.12: The fibre distribution system for the experiment light. The whole system, along with electri-
cal distribution, fits into the base of the system with a volume of ~8 dm?.

3.4 Integration

To couple together the two sensor heads via an external mechanical mounting structure and common
light sources an adaptable mounting structure was developed. The integrated sensor assembly mounts
the sensors facing each other, separated by their baseline, as in Fig. on a rigid mechanical structure.
This structure is custom made forty piece assembly (Fig. and provides much of the “Adaptability" as
in Table[3.1] Despite the forty individual parts there are only eight unique designs; enabling easier mass
manufacture should this sensor be adapted into a product.

The sensor consists of four separate modules as seen in Fig. with each module labelled from
(1] to [4]. [1] and [2] are the Bottom and Top sensor heads respectively; the vacuum components and
coils near the top of [1] and the detection diode visible near the bottom shows this is the Bottom sensor
as the MOT is formed at one end and will fall towards the telescope. The two sensors are joined with
module [3] on which there is a central cross piece into which the retro-reflection mirror is mounted. This
cross piece can be removed without disassembling the rest of the system to allow the chambers to be
directly coupled together with the light. Module [3] also allows for a change to the system baseline by
exchanging the uprights for those which are longer or shorter, changing the length of this module only
and the separation of the two chambers. Module [4] is the system base with similar uprights to the rest of

the support structure, the length of these can be easily changed to alter the total height. The base of [4]
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Figure 3.13: Left: The forty piece mounting structure before assembly. Right: The four modules the sensor
package can be easily broken down into after assembly.

Figure 3.14: Pole and pockets pairings of the mounting structure, the end of each set of uprights features
one of these features allowing for easy modification of the system modules.

connects to a separate tripod base with fine machine threads on its legs, this allows precise adjustment
of the system tilt. The interface box (Fig. is built into this tripod base.

To connect the pillars end-to-end they feature a set of 0.5" protrusions and pockets as in Fig.
The 0.5" diameter allows direct interfacing with standard commercially available optomechanics, a par-
ticularly useful feature during assembly allowing the sensors to be secured to the table before they were
mounted onto the rest of the system (as can be seen in module [3] in Fig. [3.13). These pockets are present
on all the pillars of modules [3] and [4], whereas the protrusions are on the edges of the pillars in mod-
ules [1] and [2], this produces complete symmetry in the assembly for modules [1], [2] and [3] about the

central mirror mount in module [3]. This means that to switch from the drop configuration to a launch
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configuration the sensor just needs to be lifted out of module [4], inverted and then slid back into module
[4]. A functionality that has never been utilised as the laser scheme needed for the launch is still under
development. The final assembly introduces a set of plastic covers (covered internally with black tape) to
block out background light and make the system splash proof. Standing at roughly 175 cm tall, with an
outer diameter of ~30 cm and weighing just under 50 kg the system is both smaller and lighter than most

members of the team.

Figure 3.15: The detailed CAD model of the system presents a fairly accurate representation of the final
product, as can be seen here.
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CHAPTER 4

CONTROL PACKAGE

There are two sides to creating a portable atom interferometer. The sensor package as described in the
previous chapter is responsible for isolating the atoms from external influences whilst allowing their
controlled manipulation with light. The other side is dedicated to the control of the experiment; gen-
eration of all light responsible for interacting with the atoms and the core control of the system, timing
and sequence structure. In this system these two sides have a distinct physical split; the sensor head as
described in the previous chapter and the control package which is contained within a 90 cm deep 20 U
high 19 " rack unit mounted into a portable flight case. With a 5 m long umbilical providing two way com-
munication for light, power and detection signals between them. This umbilical allows for the sensor to
be freely moved in the field, with small scale surveys to be performed by moving the sensor head only
and leaving the flight case in a fixed location. Figure[4.1shows a top level breakdown of the distribution
of subsystems within these two packages.

The choice was made to construct all control elements into 19 " rack units as they provide a standard-
ised interface in a compact form factor. These are mounted within a flight case that has sufficient room
for 20 UE] on a single side and is deep enough to fit two full sets of 40 cm deep 19 " boxes back-to-back.
Mounting the control into this rugged, portable platform allows it to be protected and easily moved in
the field.

Much of the space in the flight case is taken up by power electronics: five 2 U programmable bench-
top power supplies and a single uninterruptable power supply (UPS) occupying the full bottom 2 U of

the flight case. A new custom-made power supply is being characterised that merges the 10 U of vari-

2The height of any 19 " rack box is given in terms of U, where 1 U=4.45 cm.
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Figure 4.1: To use a biological analogy, the control package is the “brain" and the sensor package is the
“body" with the umbilical acting as the nervous system.

able supplies and 1 U of IGBT control boards into a single 1 U box, freeing up a quarter of the flight case
volume. Of the remaining space 10 U is dedicated to the home-built lasers plus their associated locking
systems; one for the cooling light and one for the Raman, more compact lock boxes and careful design
of laser components provides potential for this to shrink. The rest of the space is occupied by control
electronics, constant voltage supplies, RF electronics, intensity control and the core computer control.
The purpose of the flight case is to generate and control the light required to interrogate the transi-
tions of 8’Rb as shown in Fig. There are three transitions of interest: the main |F = 2) — IF' =3)
cooling transition, the |F = 1) — |F =2) repump transition and the two photon Raman transition on
|F =1) — |F = 2) via the intermediate detuned state. The cooling laser is the common light source for
the L) and L, beams as in Fig. It is necessary to provide repump light as it is possible for the cooling
light to excite an atom into the |F =2) — IF' = 2) transition which then has a chance to decay into the
|F = 1) state, removing it from the cooling cycle. Repump light is used to keep the atoms out of this dark
state. To do this the lasers need to be frequency stabilised to an atomic transition in a way that allows for a

few 100 MHz of control in order to produce a molasses sequence or frequency chirp (see[5.1). The system
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Figure 4.2: Schematic breakdown of the cooling laser, this is all contained within a single 2 U rack unit
with the exception of the spectroscopy and lock box.

outlined in this chapter is responsible for generating all the frequencies and timing needed to control the

atoms. For a complete overview diagram see Appendix A.

4.1 Cooling Laser

A fully fibre-based laser system generates both the cooling and repump light integrated into a single 2 U
rack mountable box, the output light is fully stabilised and controllable. The frequency is locked with
modulation transfer spectroscopy (MTS) to a transition in 8Rb with a DDS providing frequency control
over a ~200 MHz range. The intensity is controlled with an AOM fed with an RF signal with a variable
amplitude gain that is set to maintain a constant intensity into the chamber (see Fig. and[4.3).

The seed lasers used in light generation are a telecoms standar(ﬂ that generate light at 1560 nm, this
is frequency doubled to 780 nm, making it resonant with the 8’Rb D2 transition. This allows us to take
advantage of these compact, low linewidth, fibre coupled lasers (150 kHz in use[33]) with a low frequency
noise over a large operational temperature range (15 °C - 55 °C)[76]. Complete fibre delivery was used as
a free space system would be unstable during transport requiring realignment at each new survey site.

Figure [4.2| shows the implementation used in this system generating ~40 mW of 1560 nm light from
the main output and a secondary monitor ~1 mW that provides the input for the Raman offset lock. The
main output is split 50 : 50 between the output of the light chain and the spectroscopy, used to lock the
cooling light to the |F = 3) — |F' = 4) transition of 85Rb (seel4.1).

The electro-optical modulator (EOM) produces a sideband on the cooling light with a controllable

modulation frequency generated by a VC(f] with a frequency range of 6.52-6.68 GHZEI Control of the

L NKT Photonics : Koheras Basik E15
2 Mini-Circuits ZX95-6640C+
3Measured to have a higher maximum frequency than the quoted 6.64 GHz

72



modulation frequency allows the sideband to be kept resonant with the |F = 1) — |F =2) repump tran-
sition whilst the carrier frequency is scanned. With only a single seed laser used for both cooling and
repump light there is a substantial reduction in system complexity, but does not allow for generation of
light resonant with the repump transition only. This means there is no facility to produce a blow-away
pulse on the |F = 1) state and complicates two-state detection. An approach under investigation is to
overdrive the EOM with a higher-power VCO in order to fully suppress the carrier.

The modulated laser frequency is then amplified with a 2W erbium doped fibre ampliﬁeﬂ (EDFA).
This is frequency doubled with a second harmonic generatmﬂ (SHQG) that has an efficiency of 50%. An
AOM (transmission efficiency of ~ 50%) on the output provides variable control of the light intensity (see
in addition to providing fast switching. Due to transmission of the 0?" order when the AOM is “off"
~5 uW of light is leaked requiring the optical switch in Fig. [3.12]to ensure that the atoms do not interact

with this near-resonant light during the drop.

Spectroscopy

The spectroscopy box is housed in a separate 2 U rack unit and enables the frequency stabilisation of the
cooling light to the |[F =3) — |F ' = 4) transition of 8°Rb. The MTS module is the only part of the control
system that features free space optics, constructed using miniaturised optical mounts (as featured in
[77]) which were developed as part of the QUANTUS collaboration[78][79]. These have been proven to
withstand repeated 50 g decelerations[80]. Figure[4.3|shows the layout of the spectroscopy box, the input
light is modulated at ~1.13 GHz using an EOM. This is the frequency difference between the |F = 2) —
|F' = 3) transition of 8Rb and the |F = 3) — |F = 4) transition of 8°Rb allowing the probing of the #*Rb
atoms in the rubidium cell.

The EDFA amplifies the input light, dumping 90% of this light, this is because if the EDFA does not
operate at a sufficiently high amplification it enters an output mode with discrete jumps in intensity to
give an output that averages the right power level. MTS produces a sharp, Doppler free error signal with a
background that is independent of fluctuations[33][81] making it perfect for a system that will be placed

in unstable environments. To provide frequency control of the cooling laser the driving frequency of the

1 Koheras Boostick OEM
2WH-0780-000-F-B-C NTT Electronics
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Figure 4.3: Schematic of the spectroscopy box, contained in a single 2 U rack box with the MTS module
contained within its own smaller enclosure.

first EOM in the chain is a mixture of a constant 1.057 GHz and a variable DDSH frequency. This sets
the position of the locked side-band relative to the experimental output of the cooling laser, shifting this

modulation frequency thus moves the carrier frequency equivalently.

4.2 Raman Laser
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Figure 4.4: Raman laser for the system, it is a modification of the same fibre laser used for the cooling
light.

The Raman laser is used to generate the light for the interferometry pulses; requiring two frequen-
cies with a controllable frequency separation equivalent to the hyperfine ground state splitting of 3 Rb
(~6.834 GHz). The implementation is very similar to that of the cooling laser with some modifications;

rather than locking to an atomic transition the Raman is slaved to the cooling laser with an offset lock. In

1 Novatech 409B
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place of the EOM used to generate the repump sideband an IQ modulatoﬂ generates a single frequency
sideband. For a detailed treatment of the operation of an optical IQ modulator see [82] and [32].

The offset lock generates a beatnote between the Raman and cooling lasers that is filtered and then
sent to a comparator board. On this board the input frequency is split between two arms; one with a high-
pass filter (HPF) that removes frequencies below a cutoff (fpr) and then attenuates by -3 dB, in the other
there is no filter and a -6 dB attentuation with a reverse bias. Recombining these two signals results in a
sharp zero crossing when the input beatnote is greater than fpr, as the arm with lower attentuation is no
longer filtered. The board outputs a voltage proportional to the sum of the two contributions, therefore as
the slave frequency is scanned there is a sharp zero crossing from negative to positive voltage at fr;pr[83].

In the offset lock the beatnote is mixed with an additional 390 MHz, shifting the effective frequency
at which this zero crossing occurs and producing a larger detuning than possible with the comparator
board alone. The resulting detuning from the |F = 2) — |F' = 3) transition is ~1.1 GHz, a larger detuning
would be desirable but the low Raman power would cause this to have a detrimental effect. This system
can be implemented with either an IQ modulator or an EOM, however the unwanted 1°* order sideband
generated by the EOM introduces a spatial variation in the Rabi frequency over the course of the drop
(Eq. . This spatial variation leads to decreased contrast on the Rabi oscillations, removing it reduces

the noise on the ellipse (see[5.4).

4.3 Intensity Stabilisation

Using fibre only delivery removes many of the risks associated with alignment drift during transport that
would require readjustment upon arrival at a site. Additionally it removes the need for ultra-clean con-
ditions in the optical distribution as free space systems require consistently high surface quality over the
lifetime of the experiment. Fibre delivery comes with a major drawback; applying variable stress, either
mechanical or thermal, will lead to fluctuations in the polarisation of the output light[26][84]. The 5m
umbilical fibre means both of these stress sources will be present; to remove the impact of these vari-
ations a polarising fibre is placed on all telescope inputs, projecting polarisation noise onto intensity.

Variation in intensity is easier to correct for with the introduction of a stabilisation system utilising the

1iXBlue MXIQ-LN-40
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AOM to intensity control in the lasers. The control is provided with the circuit in Fig. and the light

intensity level is monitored using the diode behind the back-polished mirror in the optical delivery tele-

scope (see Fig.[3.10).

Control
Voltage
e Variable . e
~150MHz |——|Amplifier oo Switch Amplifier |AOM
Telescope | Arduino lControI
Diode Circuit Voltage

Figure 4.5: Applying a variable gain to an input diode signal allows control of the light level as measured
at the telescope whilst also facilitating stabilisation.

Stabilisation is implemented with a variable attenuator on the 150 MHz driving frequency of the AOM,
so the power of the driving frequency can be adjusted to maintain a constant light level. All of the op-
tical processes involved in atom interferometry are intensity dependent, however some require variable
intensity (see therefore stabilising to a rigid set point is not possible. To stabilise but maintain the
required control the light level set in the sequence changes an output voltage, the Arduino receives this
voltage and uses it to set a variable gain, this feeds a variable RF attenuator which in turn controls the
output of the AOM. The power of the AOM driving frequency is then proportional to the desired output
level, maintaining a stable light level whilst providing absolute intensity control.

Both Top and Bottom telescopes feature a stabilisation diode as seen in Fig. allowing a choice of
stabilising to either the Top or Bottom telescope in the current implementation. Should this not provide
sufficient stability there is the possibility of introducing an additional AOM to give independent control
of both experimental arms. Figure[4.6a]shows the level of variation seen in the MOT light over the course
of a little over an hour. Using the model presented in this ~ 8% variation in intensity leads to a
~ 9% variation in effective capture volume and as such should result in a similar level of atom number
fluctuation.

Looking at the difference between the two chambers allows the effectiveness of this approach to be

quantified. A ~ 8% overall variation is reduced to a ~ 2% variation in the difference between the arms,
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(b) MOT light stabilised to the Bottom telescope input.

Figure 4.6: MOT light level variation for both the case of stabilised and free running. Each of the datasets
has been normalised separately to its mean in order to provide a better comparison. The few rogue points
visible near the end of the stabilised data set arise due to the duty cycle of the device, a sequence is
regularly resubmitted leading to a downtime and thermal changes to the AOMs in the lasers.

meaning the majority of the variation in the light is therefore common to the two chambers and must
arise from drifts before the arms are split. The remaining 2% will arise from the separate delivery and
will not be possible to remove in the current implementation of the system. Figure reinforces this
conclusion, with the light stabilised to the Bottom chamber. The stabilisation has clearly reduced the
noise on the Bottom input to below 1% and that in the Top to ~ 2% meaning that the Bottom has been
stabilised at the cost of the Top. Using the model built in[2.4.1|these 1% and 2% variations in light level be-

come approximately 1.5% and 3% variations in effective capture volume, a better than twofold reduction

in the noise.
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Section 5.1] will give a detailed outline of the experimental sequence but it briefly needs to be con-
sidered here. The total length of a sequence is ~2.3 s consisting of a 0.5 s for Raman stabilisation, 1.5s
MOT loading and ~300 ms for the interferometry sequence and readout. The time given over to Raman
intensity stabilisation is before the MOT is loaded, there is therefore a 1.5s window during which time

the Raman intensity is free running and can drift before it interacts with the atoms.
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(b) The light level has been stabilised to the Bottom telescope input.

Figure 4.7: Drift of the Raman light level with time for both the stablised and free running cases. The

rogue points in the stabilised data set are similar to those in Fig. and likely arise due to the same
thermal cycling of the AOMs.

Similar data for the Raman stabilisation is presented in Fig. the rogue points around the edge of
the data set appear to occur at the start each new new batch of experimental runs, it is unclear precisely
why this happens. The results seem to support the data seen in the MOT stabilisation with regards to

the ~ 2% uncommon noise between the outputs suggesting that this is the fundamental limit to this
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style of the intensity stabilisation. There is a common long term drift of ~ 4% over ~12 hours despite the

stabilisation, down from ~ 20% in ~1 hour for the free-running case.

4.4 Computer Control

The core of the computer control system is the National Instruments sbRIO-9627 FPGA board, providing
100 digital outputs and 4 16-bit analogue outputs. These generate a set of 40 digital outputs via a set
of 5 buffer boards. The outputs are used to control most of the experimental sequence with a timing
resolution of 100 ns, by supplying voltages to VCOs, switch control and generating triggers. Rather than
use the inbuilt analogue channels a choice was made to derive these from the digital outputs as they
presented a timing jitter on the order of 10 us, which was not seen on the digital channels. As the digital
channels output a 0 - 5V signal is adapted to provide the 0 - 20 V output range required to drive the VCOs.

Python is used as the experimental interface with the control system. A set of centralised classes pro-
duces a database of all control functions and a given sequence calls these into an individual script. This
ensures that certain parts of the sequence, i.e. the MOT loading and optical molasses, use consistent pa-
rameters in all scripts whilst it was possible to explore other parameters without the risk of impacting any
other measurement scripts. This also allowed for easy interfacing with multiple hardware components;
the FPGA control, DDS communication and oscilloscopeE] readout to occur in the same base script as
the sequence definition. The FPGA core is clocked to its internal 40 MHz reference; a potential future
improvement is to exchange this to the 100 MHz source used to lock the DDS to provide a common ex-

perimental clock and improve the timing resolution, this is currently not seen as an issue.

1 Picoscope 5442D
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CHAPTER 5

EXPERIMENTAL PROCEDURE AND CHARACTERISATION

Characterisation of systematics is required to best optimise the experimental sequence and generate the
best results for a specifics of a system, such as beam alignment and optical power. The virtue of a gra-
diometry survey is that offsets which are constant in time will be removed during the subtraction. Mea-
sures were introduced to mitigate the impact of time varying systematics, such as the intensity stabilisa-
tion in[4.3]

To perform a meaningful gradient measurement with a cold atom source, a set of specific actions
must be performed at specific times. These procedures are common amongst atom interferometers
but the exact implementation will vary from system-to-system. A sequence begins by preparing the
atomic source by trapping and cooling 107 — 108 8’Rb atoms to around the Doppler limited temperature
of 146 uK][65]. A process known as “optical molasses" can then be implemented on the MOT to further
reduce the motion of the atoms below the Doppler limit[85], typically producing single uK temperatures
as in the gravimeter measurement in Fig. Following the preparation of the atomic source a sequence
of coherent Doppler sensitive Raman pulses are used to couple together the two hyperfine states of 8 Rb
such that the final state readout depends on the gravitationally induced Doppler shift experienced by the
clouds. This chapter will present the standard experimental sequence used for the results in this thesis

and some characterisation of systematics will then be outlined.
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5.1 Experimental Sequence

Over the lifetime of the experiment a number of hardware changes have been made to the system, some
of these have required changes to the optimum sequence; the most substantial of these was the removal
of the central retro-reflection mirror changing from the implementation shown in Fig. [2.19cJto that shown
in Fig. This made all light common for the two clouds; all drifts in the Raman light would now
be common mode and their effect suppressed in the ellipse. However the vertical MOT beams will be
delivered by different input telescopes, in the worst case scenario this could lead to the drift seen in Fig.
returning along the gravity axis.

Over time changes to the system hardware or in understanding of the system have required changes
to the experimental sequence. Some historic data (e.g. was obtained with an implementation differ-
ent to that presented here, the version shown in this section is accurate as of August 2018 and will be a
good representation for most data taken as part of this thesis. All sequence based timings will be given
with respect to a common ¢ = 0 reference, this is taken to be the moment at which the MOT light power

ramp finishes (as shown in Fig. and the atoms can be described as in free fall.

5.1.1 Atom Preparation

As described in[4.3]the first 0.5 s of any given sequence is used to stabilise the intensity of the Raman light.
To do this the Raman light is pulsed on from ¢t =-2.024 s to t =-1.524 s during which time the intensity sta-
bilisation is triggered. The atomic sample is then prepared by loading a MOT from background vapour
from £ =-1.524 s to t =-24 ms. During this time the prism region is illuminated with light that is red de-
tuned by 13.2 MHz from the |F = 2) — IF’ = 3) and a repump sideband resonant with the |[F = 1) — IF’ =2)
transition. From ¢ =-1.524s to ¢t =-24 ms the MOT coils are powered with a current of 3 A providing the
magnetic quadrupole field needed for the spatially dependent MOT force in three dimensions.

MOT loading in the gradiometer system results in ~ 5 x 107 atoms after 1.5 s, which will have a tem-
perature at the 100’s uK level. The Doppler-limited temperature (146 uK[65]) of the MOT corresponds
to a cloud RMS velocity of 20.5 cm/s, over the course of a 175 ms drop the cloud will expand to a diam-

eter of ~7cm. This would lead to a substantial drop off in signal size and contrast with many of the
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Figure 5.1: Optical molasses cooling sequence and state preparation.

atoms apertured by the detection window or seeing substantially different Raman intensities as the cloud
spreads over the Gaussian intensity profile. Cooling the cloud further utilises an optical molasses se-
quence to provide cooling below the Doppler limit by deactivating the coils, removing the trapping force,
and changing the light frequency and/or intensity to gradually cool the atoms whilst reducing the recoil
effects. The optical molasses sequence (shown in Fig. was developed from those used in [26] and [61]
and then optimised for this system.

The molasses sequence has two features of note; one of these is the fact that the MOT light turns off
between ¢ =-24.1 ms and ¢ =-17.1 ms. At ¢t =-24.1 ms dispensers and MOT coils are deactivated, given the
sub-microsecond response of the AOM and the 1.2 us turn off time for the IGBTsE] (with a ~1 ms turn off
time measured for the coil) means the light turns off before the current carrying components. The dark
time allows the eddy currents generated by this rapid switch off to dissipate without inducing a kick on
the atoms, this has been found experimentally (Fig. to reduce the temperature of the Top cloud and
effect the time of arrival for both clouds. During this time period the cloud is at the MOT temperature and

will therefore experience rapid expansion when the confining forces are removed, a shorter dark time will

18650713
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result in a more localised cloud and a better fringe contrast, the result is a trade off between these two
effects. The shortest dark time presented here is 4 ms as at shorter times the Top cloud was impossible to

distinguish above the background light.
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Figure 5.2: Effect of pre-molasses dark time on cloud at detection.

For the Bottom cloud increasing the dark time appears to only have a negative impact, with its tem-
perature increasing in a linear fashion by ~4 uK over the 11 ms scanned and the arrival time trending
away from the value of 178 ms as expected from ballistics. Conversely, the temperature of the Top cloud
decreases till a dark time of 7 ms before beginning to increase, with a similar convergence towards the ex-
pected time of arrival levelling out in the 7-9 ms dark time range before diverging. This is to be expected
as during the dark time the atoms are in free fall until the molasses process begins and the optical forces
are reintroduced. As a result of this free fall time after 4ms (or 15ms) the two clouds will be 0.08 mm
(1.10 mm) lower in the system than they were as a MOT. This would result in a difference in time-of-
arrival between the 4 ms and the 15 ms dark times of ~0.6 ms. The arrival times measured in the Fig.
vary by 0.78 ms for the Bottom chamber and 0.87 ms for the Top meaning this initial free fall will be a
substantial contribution to this offset. The calculation of the time-or-arrival offset has been made using

the assumption that as soon as the optical forces return the centre of mass of the cloud will instantly stop
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falling, this residual velocity will introduce an additional effect that has not been considered here.

The difference in response for the two clouds potentially arises from the proximity of the dispenser
to the MOT region in the Top chamber. A high current carrying wire in close proximity to the cloud will
generate a strong source of eddy currents that need to dissipate. At a dark time duration of 7 ms the linear
response seen in the Bottom cloud begins to manifest in the Top cloud, given that this corresponded to a
similar temperature of ~8 uK and time of arrival in both clouds this value was taken to set the dark time
during the sequence.

The other feature in the sequence is the dip in MOT power at ¢t =-4 ms which coincides with the
deactivation of the repump light. The power drop is to account for the light from the repump sideband
that will return to the carrier when the EOM is turned off (~ 20% of the total optical power). The sideband
is switched off to provide state preparation for the system; due to limitations of the cooling laser it is
impossible to have a pure repump pulse. The consequence of turning off the sideband is that a clean
|F = 1) starting state for the cloud can be prepared collecting the atoms in the dark state then blowing
away any remaining |F = 2) atoms with a pulse of |F =2) — |F = 3) light.

The effectiveness of this state preparation method can be tested by removing the blowaway pulse
at ¢t =10.9ms. Scanning of the duration of the state preparation time will provide information of the
minimum off time required to reach maximum population in the clean state. The longer the repump
light is left off, the longer the atoms that decay into the |F = 1) state will be removed from the cooling
cycle. It thus becomes a trade off between signal and cloud temperature. The results from Fig. are
gathered with the state readout method that will be described in In these results it can be seen
that after 4 ms almost 100% of the atoms can be transferred in the Bottom chamber and 85% in the Top.
At ~5ms the population of the |F = 1) state begins to drop off suggesting that the effect of removing
the atoms from the cooling cycle is becoming dominant. These competing factors placed the optimum
duration of the state preparation time at 4 ms, roughly the midpoint of the peak in Fig. The final step
in the sequence is the aforementioned blowaway pulse at t =10.9 ms, delivered through the MOT port,

this ensures that the initial cloud is in a clean |F = 1) state.
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Figure 5.3: Scan of state preparation time, 0% corresponds to no atoms detected above the background
pulse but 100% is just the maximum of the dataset. See for the detection process used to gather
these results.

5.1.2 Raman Pulses

As described in[2.3.3|the frequency difference between the Raman beams needs to be chirped with a rate
a to ensure that the two photon process stays on resonance with the ground state splitting. Magnetically
sensitive substates in the hyperfine ground states of 8 Rb means that if the degeneracy is not strongly
broken then weak external fields can introduce a varying transfer rate in addition to the gravitational
phase shift. In an ideal system the atoms prepared in a clean |F = 1) state would be placed in a large
magnetic field to break the degeneracy of the states and a microwave frequency pulse used to transfer
only the atoms in |F = 1,my = 0) into |F = 2, my = 0) and the atoms in the |F = 1, my = 1) state would

then be blown away. This process requires both an independent repump laser and a microwave delivery
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source in the sensor head, neither were possible to include in this system so a complete state preparation
was not available.

The impact of the atoms in these magnetically sensitive states can be mitigated, by placing the falling
cloud in a bias field that is strong enough to break the degeneracy between the states. It is possible to
address the |F = 1,my = 0) — |F = 2, my = 0) with minimal impact from the other states (see fora
more details). It can be seen from the spectrum scan (Fig. that by ¢ = 65 ms the atoms are sufficiently
far inside the bias coils that this degeneracy is broken. It is therefore possible to interrogate the
cloud inside this region with minimal worry about external magnetic fields.

During an interferometry sequence the separation between the Raman pulses (7-time) is T = 50 ms,
it was found that the optimum time to start a sequence is t =68 ms, placing the other two Raman pulses
at t = 118ms and t = 168 ms. The pulses at t = 68, 168 ms are the 7/2 pulses and that at ¢t = 118 ms is the
7 pulse, ideally the pulse type would be the only impact on the duration however (as will be discussed in
there is an inhomogeneity in the Rabi frequency with height. The frequency chirp on the Raman
modulation frequency is not a true continuous chirp and is performed by making a phase continuous
step in the RF signal that drives the Raman IQ modulator 1 ms before the pulse occurs.

Before any given experimental run the Rabi frequency is characterised and due to the spatial inho-
mogeneities an oscillation is performed at each of the three pulse heights. As discussed in[2.3.3|the def-
initions of the /2 and n pulse durations come from the time taken to induce a Rabi flop between two
states and place an atom into either an equal superposition of the two states or completely invert the
states respectively. To measure this in a real system an AOM applies a variable length Raman pulse to the
cloud, the relative state population is then read out. Plotting this ratio against the length of the applied
pulse traces out a Rabi oscillation.

The oscillation in Fig. [5.4]is heavily damped due to the large range of velocities in the cloud perpen-
dicular to the Raman beam. The atoms are spread over a large area of the Gaussian intensity profile of
the Raman beam leading to the presence of many different Rabi frequencies overlapped for a given mea-
surement. The same effect will result in increasingly damped oscillations as the cloud falls further. The
fit in Fig. [5.4|follows the same form as Eq. 2.23|with w = Qpggp;.

In an undamped system the z-time is half the period of oscillation of the Rabi frequency Qg,p; and
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Figure 5.4: Typical Rabi oscillation for a Raman pulse at ¢ =68 ms.

the m/2-time is half of that. However for a heavily damped oscillation such as that in Fig. this defini-
tion no longer holds as the the time at which half the population is transferred is not the same as half the
time the whole population is transferred. As a result the definition is taken to be the time at which half
the population is transferred, these are the 7/2-times as presented in Fig. Figure[5.5)shows the Rabi
oscillations for the times of the three interferometry pulses, as the cloud falls there is clearly an increased
damping effect on the oscillation. As the thermal atoms fall further they are given longer to expand and
will be spread over a greater extent of the intensity profile of the Raman beams, leading to more different
Rabi frequencies present in the oscillation.

A choice was made here to select the 7 and 7/2 times based on the average Rabi frequency at a given
height. This will produce a fringe with the largest amplitude as the most atoms will be interacted with

as the average Rabi frequency is used. This means that hot atoms have an increased impact on the final
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result, an alternative under investigation is to use the 7 and 7/2 times as defined by the Rabi oscillation at
the highest point of the system, where the cloud is most dense and thermal effects will be minimised. This
will allow the Raman pulses to interact with only the coldest atoms, increasing the contrast but leading

to a drop in the fringe amplitude.
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Figure 5.5: The result of performing a Rabi oscillation at each of the three pulse locations. The increased
damping effect arises from the thermal cloud spreading out over a larger distribution of Raman intensi-
ties.

5.1.3 Detection

To provide phase readout of the interferometer the population of the |F = 2) state needs to be determined;
if the state preparation produces a completely clean initial state then the only atoms that will end in the
excited state must arise from the Raman pulses. There are a number of ways to generate this readout that

provide varying levels of information. They all rely on one of two measurement techniques: absorption
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imaging[86] which measures the shadowing effect of the cloud when backlit by resonant light or fluores-
cence imaging[87] which measures only the light scattered by the cloud relative to a background level.
Variations on these techniques can be employed to gain more information about a cloud, for instance a
light sheet measurement as outlined in[2.3.2]is a type of fluorescence imaging that provides both spatial
and time-of-arrival information about a cloud.

This system implements a basic form of fluorescence imaging which enables the cylindrical form
factor; the cloud is illuminated by a set of pulses from the MOT input port removing the requirement for
a separate delivery telescope. These are timed to illuminate the cloud to provide the signal and then only
the chamber to provide a background level. Figure[5.6/shows the timing of the detection sequence; first
a 100 us pulse of cooling light only is shone onto the cloud resonant with only the atoms in the |F = 2)
state, 50 us later both cooling and repump light illuminate the cloud for 100 us giving a readout of the
atoms in both the |F = 1) and |F = 2) states. After a 1 ms gap the same cooling and repump light is used
to illuminate the region again, this is to clean the detection region by acting as a blowaway and provide
a diagnostic tool for system noise; for example noise on the light frequency can be seen as an oscillation
in the decay of this peak. Following a further 1 ms break the initial pulse sequence is repeated to give
a background light level; first cooling light only then cooling and repump light. Subtracting this from
the first two peaks will suppress background light level fluctuations. 50 us later a pulse of Raman light is
shone into the chamber for 300 us to provide a diagnostic on the Raman intensity.

The power in the repump sideband for detection sequence [5.6|is not the same as during the MOT
loading and molasses sequence (Fig. [5.I). As mentioned in [4.1] the EOM in the cooling laser has the
option for a high power input, this higher power option is used to generate the sideband in detection.
This provides more light resonant with the atoms of interest (those in |F = 1)) and results in a higher
signal-to-noise ratio on this peak.

The pulses are labelled 1 — 6 as they appear in the detection sequence and it is the sum over their
duration that is used in the data analysis. These sums will be labelled with the peak numbers, i.e. for
peaks 1 — 6 they have sum I; — Is (see Fig. [5.6). If the first pulse is considered sufficiently short, minimal
atoms are transferred from the |F = 2) state into the |F = 1) and this can be treated as a two state readout.

Atom number fluctuations can then be removed with the following normalisation process
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Figure 5.6: Detection sequence for the system. The peaks are labelled by their position in the sequence,
i.e. from left to right they take labels 1 —6.
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Equationp.1]is referred to as the “Peak Ratio" and provides the readout for all atomic data in this the-
sis. Some older data in this thesis used longer timings in the detection sequence (pulse 1 and 2 durations
of up to 3ms) in these the normalisation assumes that ; is the signal only from atoms in |F = 2) and I,

only from atoms in |F = 1). For this data the normalisation is slightly different

Pr—» L -1

~ . (5.2)
Protar (1 =11) + (12— I5)

This is only the case for a small amount of the data and it will be made clear when it is relevant. Unless

otherwise stated Eq. [5.1]provides the value of the “Peak Ratio".

5.2 Temporal Variation

In a lab based experiment it is important to understand as much about each component and remove
as many noise sources as possible. The same is true in a portable system, however the bounds put on
acceptable noise levels will be different as the system only needs to be “sensitive enough" as described

in[L.3] In this case some of the most interesting results arise from comparing two of the designs shown
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in Fig. As previously mentioned the original experimental setup utilised a central retro-reflection
mirror (Fig. to couple together the phase of the Raman beam whilst keeping each sensor as an in-
dependent module, after approximately a year of operation this central mirror was removed (Fig. [2.19d).
Similar characterisation was performed in both cases and in some cases it has been seen to reduce noise
sources whereas it has increased it in others. This section will make a comparison between these and
present some additional system characterisation that has impacted the way the experiment has devel-

oped.

5.2.1 MOT Stability

In an atom interferometer a measurement is made with repeated iterations of the experimental sequence
as outlined in the previous section whilst scanning the phase relationship between the two Raman lasers
in the final pulse. This means that any inconsistencies between shots will manifest as an inconsistent
reference and thus introduce noise on the signal. Shot-to-shot variation in MOT atom number will lead
to changes in the absolute value of I separate to any transfer induced by the Raman pulses it is possible
to remove these changes through normalisation (Eq. [5.1).

Similar to initial atom number fluctuations if there is a variation in the cloud temperature then there
will be a variation in the amplitude of I;. This comes about as a result of the discussion in[2.3.2]where
if the temperature of the cloud is doubled then the number of atoms that can be interrogated by the
same duration Raman pulse reduces by a third due to the increased velocity distribution. To characterise
the variability in this a series of light sheet measurements were performed over the course ~6 hours and
put through the same processing as the data in Fig. This measurement was performed in the both
gradiometer configurations after optimising for each.

The first point of note is that the average temperature is similar for both configurations; 7.2 uK and
8.0 uK for the Top and Bottom chambers respectively with the mirror, 8.3 uK and 7.1 uK without the cen-
tral mirror. The variation in the measured temperature is substantially worse without the mirror, both the
chambers giving a deviation of ~1.6 uK up from ~0.5 uK with the mirror. This is easily understood if one
considers Eq. the radiation force experienced by an atom is related to intensity of the light. Figure

shows that, even when stabilised, the intensity from opposing telescopes has a slow differential drift
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Figure 5.7: Top: The variation in cloud temperature with time with the central retro-reflection mirror.
Bottom: The same result after the central mirror has been removed. There is a distinct increase in both
the average temperature and the noise on the temperature in the case that the mirror has been removed,
this is to be expected as variations in cooling light will no longer be common within a given module.

of ~ 2% and a quick noise of ~ 0.5%. During the late stages of the optical molasses sequence the detuning
becomes large meaning that the atoms have an increased sensitivity to light intensity, this differential
drift can lead to unbalanced cooling along the vertical direction during the molasses stage.

The same light sheet data can be used to determine the consistency of the time-of-arrival of the two
clouds in the detection region as seen in Fig. If the time-of-arrival variation arises as the result of
the power instability during the molasses stage this means the atoms receive an initial “kick” before the
drop which would register as a spurious acceleration in any measurements. This could also result from
the MOT “walking" along the vertical direction as in Fig. by removing the mirror the clouds have
become susceptible to relative drift of the light out of the two experiment telescopes. This potentially

means the walk seen in the six-beam case may be present along the vertical direction for the prism MOTs.
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From ballistics it can be found that the difference between a time of arrival of 176.2 ms and 175.8 ms
corresponds to a difference in starting position of 0.7 mm. This is well within the drift seen for a six-
beam MOT in Fig. due to the uncommon drifts between the cooling beams, so this conclusion has
some merit. Both of these effects are additionally problematic as there are spatial asymmetries between
the two clouds, meaning that either a position or velocity offset can introduce phase differences. These

inhomogeneities will be explored later in this chapter.
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Figure 5.8: Variation in the arrival time.

Figure[5.8/shows an interesting effect of removing the mirror, one which was expected but noteworthy.
By removing the isolation between the two sensors the independent variation in light level between the
two inputs has created a less stable atom source, however this noise is common between the clouds; with
a correlation in the dataset when the mirror is absent. Coupling the noise together in this way gives the

potential to take advantage of the phase noise suppression that will arise from the use of common Raman
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beams, the main motivator behind removing the mirror.

5.2.2 Frequency

During the optical molasses stage the effectiveness of the cooling depends directly on the force of the
light, over the course of the sequence; it is important that the way this force changes is consistent from
shot-to-shot. The temperature noise of the cloud seen in Fig. must arise from a variation in the
force experienced by the atoms. The scattering force (Eq. has a dependence on both intensity and
frequency;, it has been shown that when stabilised the intensity of the cooling light has a 0.5% variation
over time (Fig. [4.6b). This will have an impact on the temperature variation of the cloud additionally as
the light level into the chamber is low, i.e. I/ I, = 1, the stability of the cooling laser frequency can have
a large impact on the force seen by the atoms.

Figure[5.9a|shows the result of measuring the frequencies of both the cooling and Raman laser with a
High Finesse WSU2 wavelength metre over a 14 hour period. The internal calibration laser frequency was
also recorded and the noise level presented here with the dashed lines is the standard deviation of the
frequency of this laser. Every half an hour the wavelength metre recalibrates to this calibration frequency
causing the discrete jumps in cooling frequency. The data shows that the noise on the cooling laser is well
within the noise of the calibration laser so can be considered stable to within 2 MHz over the full 14 hour
period. The Raman presents similar discrete jumps but features an additional variation above this 2 MHz
noise floor which is not present on the cooling laser.

The Raman laser is slaved to the cooling meaning that any frequency noise on the cooling would be
passed directly onto the Raman. The initial 6 MHz spike on the Raman is not present on the cooling
and thus it must arise as part of the locking sequence for the Raman. Figure shows the effect this

frequency variation would mean as a force on the atoms, found by adapting Eq.

hoT I/
¢ 21+1/1% +4(A—wy)? /T2

scatt —

(5.3)

The frequency variation as on the y-axis of Fig. is given by wy, such that w = 0 when the laser
is at the desired detuning. The values plotted in Fig.[5.9b]are the force applied to the atoms by light of the

given frequency as a fraction of the force at the intended frequency (A =13.2 MHz). It is not possible to
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Figure 5.9: (a) Measurement of the long term stability of the experimental lasers as performed with a
wavelength metre that has a noise level of ~2 MHz (represented by the dashed black line). (b) The impact
this frequency noise would have on the scattering force of the cooling laser as a fraction of the force at
the standard experimental detuning of 13.2 MHz.
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know for certain due to the frequency noise on the wavelength metre but the noise on the cooling light as
presented here could lead to as much as a 20% variation in the cooling force experienced by the atoms.
Frequency variation of the Raman laser would change the effective Rabi frequency of the atoms (see Eq.
but given the ~834 MHz detuning a 6 MHz noise will produce at most a 0.5% change. It will be shown
later in this chapter that larger variations occur due to spatial inhomogeneities and intensity variation so

this noise can be considered negligible.

5.2.3 Raman Interactions

As outlined in2.3.3]the principle of operation behind an atom interferometer is to use a set of two-photon
Rabi oscillations to couple internal energy levels to the external momentum state of the atom. A two-
photon Rabi oscillation between states |g) and |e) has a generalised Rabi frequency, Qg, which is pro-
portional to the Rabi frequencies of the two component transitions, Qg; and Q;,, via some intermediate
state |i). This is given by the relation[88]

QgiQei

Qo= ——. 54
8= T4rAg (5.4)

Where Ap, is the detuning from a resonant transition in a three level system, in this thesis Ar = 834 MHz
is the detuning of the Raman laser from the |F = 2) — |F = 2) transitio The Rabi frequencies, Qg;
and Q;., are those associated with one of the two transitions via the intermediate state and as such are

proportional to the magnitude of the incident light field[89]

Qge S8 |Egi||Eei| =EgiEei. (5.5)

Where Q,,; is the Rabi frequency associated with the light field resonant with the |n) — |7) transition. In
order to measure the Rabi frequency in the system a Rabi oscillation is performed by taking roughly 15
measurements with different length pulses and fitting a damped oscillation to the result. Repeating this

measurement multiple times and monitoring the value of I; it is possible to see the impact of intensity

n much of this thesis the Raman detuning is given as 1.1 GHz, this is relative to the |F = 2) — |F =3) cooling transition
as this is the frequency to which the Raman laser is offset locked. However as it is not possible to perform a transition from
|[F=1)— IF’ = 3) it is less valid to refer to in this context.
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variation on the n-time of the cloud. Results of this measurement are presented in Fig. where the

value of I; is given as a percentage variation about the mean.
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Figure 5.10: Variation of 7-time without intensity stabilisation overlayed with the average value of I for
the 15 oscillation. There is a clear inverse correlation between the two, as expected.

From this data we see the expected result, as the Raman light into the chamber varies the Rabi fre-
quency measured varies inversely. Using the process applied to the gravimeter data in[2.3.2]it is possible
to gauge the impact this n-time variation would have on the percentage of atoms transferred by a pulse.
Considering the Bottom chamber with an average temperature of 7.1 uK (from Fig. [5.7]in the absence of
a mirror) and z-time range of 11.0 - 11.9 us this will result in a variation in transferred atom number of
8.6 — 8% respectively. This means that a variation in Raman light power of ~ 4% can lead to variation in
the value of I; of almost 10%.

With sufficiently good intensity stabilisation this variation in z-time can be reduced. However Eq.
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shows that the effective two-photon rabi frequency will scale with the optical power in each of the
contributing Raman frequencies. The light seen by the stabilisation diode is a combination of the carrier

and all the sidebands and can only provide a measurement of total power. That is to say

Eotal = Egi + Eei, (5.6)

is kept constant by the intensity stabilisation. It cannot account for any drift in the relative size of these
fields, if Eg; — Eg; —AE and E,; — E.; +AE then Eq. will stay constant but Eq. will vary. This means
that a sideband ratio variation will lead to a noise on the Rabi frequency even if the total light intensity is
kept constant.

There is an additional nuance that arises from the optical delivery system; due to independent varia-
tions in polarisation, coupling efficient and splitting ratio there will be intensity noise on the two Raman
input arms that cannot be removed by the stabilisation. In this system both telescopes feature light that is
resonant with two Raman frequencies and an appropriate choice of chirp rate determines which paring
is used to probe the transition (see. For now take Eg; to be stable but impose the 2% uncommon
intensity noise seen in Fig. onto E,;. This will impose a direct 2% noise onto the Rabi frequency due
to Eq. the effective Rabi frequency is not only sensitive to the sideband ratio of the light but also the
relative intensity out of the two telescopes.

This sensitivity to sideband ratio is problematic as it has been shown to vary with both the frequency
of the RF input to the IQ modulator (Fig. and with time (Fig. [5.11b). These noise sources will map
directly onto the effective Rabi frequency within the chamber and will later be shown as the leading order
noise source in gradient measurements (6.4.1). As the varying sideband ratio is not visible in the value of
Ig it is monitored with an optical cavity. The labels on the peaks in Fig. 5.11a|are associated with which of
the frequencies in the modulated light it is associated with: R; is the carrier, R, is the desired first order

sideband, H/2 is the unwanted first order sideband and Rj is a higher order sideband (Fig. .
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Figure 5.11: (a) Shows the relative optical power of the sidebands for optimised IQ voltages (see Fig.
for the peak definitions). (b) Shows how these peak sizes vary over the course of 14 hours.
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Figure 5.12: When an EOM is driven with modulation frequency vy it creates an infinite set of sidebands
separated by v,.

5.3 Chirp Rate

The chirp rate, a, is frequency change per unit time applied to the driving frequency of the IQ modulator
in the Raman laser to ensure the modulation frequency keeps the two-photon transition on resonance
as the cloud drops. This rate of frequency change can be used to perform a precise measurement of

gravitational acceleration[32], this can be seen from Eq. (restated here for convenience)

1
PIE,p+hkeff) = E [1 —COos (((l - keffg) T2 + (yblaser)] . (5.7)

If & = kef g then the only variation in the excited state population will arise from the laser phase. A
measurement of « is made by scanning its value for a given T-time; this is then repeated for two other val-
ues of T. Three sets of measurements are required to identify the point at which all oscillations will inter-
sect allowing for precise determination of the chirp rate. This should only be possible for non-harmonic
values of T in the case that a — k. rg = 0, providing an accurate value of gravity for a known value of k¢
up to the 1/ T2 resolution of the chirp rate scan.

Performing this measurement for the gradiometer system provides the correct chirp value that will
maximise the signal from a given sensor. The measurement shown in Fig. has a noticeably worse
signal-to-noise ratio for the Bottom chamber as this is dataset was captured during a period of low signal
in the Bottom chamber. This set of historic data uses the normalisation scheme set out for by Eq.

High frequency measurement noise has been filtered by performing a binned averaging process on
sets of 20 nearest neighbour points. It is not completely clear from the measurements presented here but

there does appear to be an approximate overlap point with a value of a =-25.177 MHz/s. This is taken from
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Figure 5.13: Chirp rate scans performed on the two clouds, the true chirp rate a = —25.17 x 103 + §a kHz/s
with the offset applied to make the data more legible. This is a historic data set (December 2017) and uses
the older normalisation style as mentioned in

the data for the Top chamber, in the data for the Bottom no definitive value can be taken, but it does not
outright disagree. At the University of Birmingham there is a well optimised gravimeter with a T-time
of 120 ms that has performed these measurements and given a value of ref =-25.1649 MHZ/s[32]. The

difference is expected as any systematic offsets between the two setups will manifest here.

5.3.1 Choice of Raman Beams

It is useful to stop here briefly and consider what this chirp rate means in terms of the system. As the
single light source is used for both telescope inputs the same R; and R, are present in both beams. This
means that there are two possible orientations that each of the Raman contributions can take, either R;

delivered by the Top telescope and R, delivered by the bottom or the inverse. As will be explained the
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choice or chirp rate sets which set is used.

In this system the frequency difference between R; and R; is set by the modulation frequency of the
IQ modulator, vys. This is generated by beating a variable DDS source against a constant 7 GHz reference
and passing the result through a low pass filter. The chirp rate is applied to the variable DDS frequency

so the modulation frequency at any given time is thus given by

vy () =7000 - (vo + aAt) MHz. (5.8)

Where v is a reference frequency at reference time 7, and At = ¢ — f; is the time between this reference
and the time the pulse is performed. The chirp rate « is the rate of frequency change and can be either
positive or negative; the modulation frequency will increase if @ < 0 and decrease if @ > 0. To explain how
the orientation of the Raman beams is chosen let us consider the system in Fig. the two possible

cases are represented by the coloured arrows.

R, R, AnAwp.

VM

R0 IR,

>Freq.

Figure 5.14: Frequency shift depending on chirp rate choice

In this system only the carrier and the higher frequency sideband are used. Let us consider the two
possible orientations for R; and R, in turn. In the case of the blue arrows (R; from the Bottom and R»
from the top) the falling atoms will see the frequency of R; increase and R, decrease due to the Doppler
shift, to stay on resonance with the two photon transition vj; must therefore increase, requiring a < 0,
similarly the left hand (orange) case will require a > 0.

The standard for this experiment is to take @ < 0 meaning that it operates with R, delivered by the Top
telescope and R; delivered from the Bottom. This can also be used to determine in which direction the

atoms receive their momentum kick. As the atoms are prepared in the |F = 1) state and the frequency of
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R, is greater than that of R; they must first absorb an atom from R, and then emit one into R;, producing

anet momentum kick in the direction of gravity.

5.4 Spatial Variation

A stable atom source is required to create an atom interferometer that must then be interrogated by three
repeatable Rabi oscillations in a uniform environment. Variations in the conditions under which these
oscillations occur introduce systematic offsets or noise sources onto the atomic readout. In this system
there are spatial inhomogeneities that arise from the magnetic field profile within the chamber and a

spatial variation of the Rabi frequency.

5.4.1 Magnetic Field Profile

When Rabi flopping is induced between the two hyperfine ground states of ®’Rb, there are a number of
possible transitions to transfer the atoms between the |F = 1) and |F = 2) states (see Appendix A of [26]).
In the absence of a magnetic field all these paths are degenerate and will contribute to the measured Rabi
oscillation at the same two-photon resonance frequency. Introducing a bias field breaks this symmetry
depending on the way in which the states are aligned with respect to the applied field. This field induces

a frequency shift, Avz on the state proportional to the value of m£[90]

_ MBgFrmMyB

AVZ h

(5.9)

Where pp is the Bohr magneton and gr = —%, +% is the hyperfine Landé g-factor for the |F = 1) and
|F = 2) states respectively. The opposing signs on the frequency shift of the two hyperfine states means
the net frequency shift for a transition between them is twice the value given in Eq. As discussed in
[2.3.2]a Raman transition has a Fourier limited linewidth so a pulse of length 7 has a transition linewidth
of Avg = 1/7p. Asufficiently strong magnetic field allows probing of this Zeeman dependent substructure
with a two-photon Raman pulse. If the splitting induced by the field is sufficiently large relative to the
linewidth of the Raman transition it is possible to detect this substructure by scanning the two frequency

difference of Ry and R,. For a typical n/2-pulse duration, T = 5 us, a field of <285 mG would allow this
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Figure 5.15: Simulated Zeeman splitting in 190 mG magnetic field an a Raman pulse of 7 =5 us.

structure to be probed with less than a 1% contribution from the other my states within 3o (o = 1/7)
of the central m¢ = 0 frequency. This creates a problem in a sensitive experiment. Consider the case
presented in Fig. where scanning the frequency difference between the two Raman lasers allows
identification of the Zeeman substructure.

In making a measurement of gravity the central [F =1, m¢ = 0) — |F = 2, my = 0) resonance is used to
ensure that any measurement is independent of the first order Zeeman effect giving reduced sensitivity
to external magnetic fields. It can be seen that in this very low field (B =190 mG) case choosing the cen-
tral resonance will still give a contribution to the interferometer from the magnetically sensitive states,
approximately 14.2% contribution within 3o of the central peak frequency. Over the course of a survey
external magnetic fields are likely to vary from site-to-site and shot-to-shot and will be an uncommon
contribution to the two clouds. In the above example changing the applied field from 190 mG to 191 mG
changes the contribution from the side peaks to 13.9%. The effect of this can be mitigated by applying a
well defined bias field that provides good splitting between the m  states.

In gravimeters the uniformity of this field over the course of the interferometry region is important
as inconsistencies will lead to small changes in the second order Zeeman shifts on the m ¢ = 0 resonance
and field gradients will induce acceleration onto the atoms. Any offset which is constant shot to shot

will change the measured value of gravity proportionally, in a gradiometer system this will manifest if the
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gradient profile is different for the two clouds. In which case it will manifest as a phase difference, if this
difference is constant then it will be systematic on all measurements and not affect the output from a
survey.

If a strong bias field is applied it is possible to use this frequency shift to map the magnetic field profile
within the interferometry region. Figure[3.9|presents the field profile of the gravimeter bias coil measured
with a Hall probe before the coils were mounted onto the system. If the atoms don'’t fall centrally through
the coils or there is a secondary source of magnetic fields then this would skew the profile seen. Making
measurements of the m s spectrum over the course of the drop it is possible to map the precise magnetic
field profile seen by the atoms. With this it will be possible to identify the locations at which the peak
splitting seen in Fig. will be large enough to allow a (first order) magnetically insensitive Raman
transition.

The results in Fig. are for the 18 turn gravimeter bias coil powered with 200 mA to produce a
maximum field of ~260 mG. The gradiometer features two identical pairs of coils both powered with
300 mA, this would give an expected magnetic field strength of ~400 mG. This can be converted into
an expected frequency shift of ~530kHz on the my = £1 transitions using Eq. In order to see the
resonances of the three Zeeman sensitive transitions a scan should be performed over a ~1.5 MHz range.

The scan range in Fig. [5.16]is much larger than the suggested 1.5 MHz as the frequency shift given by
Eq.[5.9]is an incomplete model. As the atoms fall they accelerate under gravity causing the frequencies of
the two Raman beams to be Doppler shifted away from resonance. To maintain the resonance condition
the difference between the two beams must be chirped (Eq. [2.26), allowing the probing of the Doppler
sensitive transition. To be resonant with one of the non-degenerate Raman transitions the frequency

difference between the two Raman beams, vag (¢, B), is

VAR (AL, B) = vo+ aAt+ Avy (B). (5.10)

Where At is the length of time the atom has been in free fall and Avyz (B) is the frequency shift due to
the local magnetic field B. The value of Avz(B) can be positive, negative or zero depending on the m;
state of interest. In Fig. there are two large amplitude peak triplets that are symmetric about 0 MHz.

These arise from the two possible choices of chirp rate as described in with the left hand triplet
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Figure 5.16: Scan of the Raman sideband frequency difference after ~100 ms of free fall. The larger sets of
triplets on the far left/right extremes of the plot arise from probing the Zeeman sensitive transitions with
counter-propagating linearly polarised light. The central triplet is the same Zeeman sensitive transitions
probed with the small amount of Doppler insensitive circularly polarised light present in the input beams.

corresponding to & < 0 and the right hand corresponding to a > 0. The Zeeman splitting is applied on
top of this effect resulting in the two triplets of possible transitions.

The central triplet arises from a Doppler free transition as its position does not change over the course
of the drop. This arises from the co-propagating Raman transition where R; and R, are both delivered
from the same telescope, the same Doppler shift has been applied to both frequencies and thus vanishes
in the difference. In a well defined bias field this transition can only be driven by circularly polarised light
present in the co-propagating beams, as the light in the telescopes is intended to be linear the presence
of these peaks tells us that the Raman light in the chamber does not have a clean polarisation. The lower

amplitude of these peaks is a result of the lower amount circularly polarised light, resulting in a slower
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Figure 5.17: Magnetic field profile inside the science chamber as measured by the atoms, the black dashed
lines represent the locations of the Raman pulses used in the current experimental sequence.

Rabi oscillation and lower transfer from a pulse of the same duration.

All three triplets have the same dependence on magnetic field as the Zeeman frequency shift is inde-
pendent of light polarisation. This provides six measurements of the magnetically induced Zeeman shift
from a single set of data. The results shown in Fig. [5.17] were found by taking the frequency difference
between the my = +1 peaks and the my = 0 peak of a given triplet and averaging, with the errorbar set by
the standard deviation of these values.

From this it is now possible to assess whether the field generated here will be able to sufficiently sep-
arate the magnetically sensitive peaks. From the data in Fig. 5.17]it can be seen that the field strengths at
the times of the pulses are 315 mG, 413 mG and 354 mG for the first, second and third pulses respectively.
Modelling these fields in the same way as the results in Fig. it is possible to determine the impact of
external field noise on these measurements. Considering only the contribution from the my = +1 peaks
that falls within 3¢ of the my = 0 peak frequency it can be found that the impact of the magnetically sen-

sitive states in these fields is 0.243%, ~ 1 x 1073% and 3.7 x 1072% respectively. The deviation arising from
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a change about the field strengths of 5 mG is highest for the first pulse giving a difference on ~ 0.11%.
A m-pulse transfers roughly 22% of the atoms (Fig. this magnetic sensitivity will not be the leading
order noise on a measurement.

Figure also shows that the 0.2% variation in field strength seen in the bias field when charac-
terised off the system (Fig. is increased to ~ 3.5% over the same region. The non-finite cloud size
means the result here is the average value in all three dimenions, but could also arise from the presence
of additional magnetic field sources not present in the original measurement. The background field in
Fig. can be measured by reversing the direction of the bias field and repeating the same measure-
ment as in Fig. the resulting fields can then be subtracted. This is preferable to removing the bias
field entirely as unless the background fields provided a frequency shift greater than 20 (200 kHz corre-

sponding to a field strength of ~145 mG) it will not be able possible to distinguish the peaks.
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Figure 5.18: Background field profile.

Figure shows a strong residual field with a fairly interesting shape. It is suspected that this is due
to the magnetisation of the inner experimental shield, as it lies only 2 mm from the wire creating the bias

field. The shape of the residual field matches that expected close to the edge of the bias coil given the
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higher concentration of windings near the edges that decreases near the centre. The difference in the
two field profiles shown in Fig. will present an offset to the measured gradient value but will be a

constant systematic and as such will not present a problem.

5.4.2 Spatially Dependent Rabi Frequency

In addition to the varying magnetic field within the chamber there is a spatial effect that arises from
the generation of unwanted sidebands in the Raman light (Fig. 5.12). Using frequency modulator such
as an EOM or IQ modulator generates an infinite number of frequencies offset from the carrier by the

modulation frequency v, such that

VR; = VR, + V. (5.11)

Where n = +1,+2, +3, ... is the modulation order of the i‘”* sideband. It has been explained that the mod-
ulation frequency is set to keep the difference between R; and R, on resonance with the splitting of the
hyperfine ground states of 8’Rb. As all sidebands have the same modulation frequency this results in an
infinite number of frequency pairs that are resonant with this splitting, each v, further detuned than
the last. In the case of weak modulation the majority of the optical power remains in the carrier and
the primary sidebands, given high detuning and low optical power the higher order sidebands can be
considered negligibly small.

It has been shown[35][91] that all these pairs contribute to the effective Rabi frequency, in this weakly
modulated case the effective Rabi frequency can therefore be assumed to arise from the carrier and pri-
mary sidebands only. This results in two frequency beatnotes that are resonant with the hyperfine split-
ting, the vp,:vg, + v pair and the vg,:vp, — vy pair. These two beatnotes will have a different phase

evolution in space meaning there will be a spatial dependency on the effective Rabi frequency[92]

Q. Q
Qr,Qp, ikl | B R ikl (5.12)
2AR R, ZARIR’

2

Qerr() =

Where ks = 2nvy/c is the spatial phase evolution of the modulation frequency and !/ is the distance

between the cloud and the mirror. This spatial variation can be characterised by performing a Rabi oscil-
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lation measurement over the course of the drop, the resulting spatial variation is presented in Fig.
The finite spatial extent of an atom cloud has long been known of as a problem in interferometry, as
the cloud spreads over the Gaussian intensity profile of a Raman beam there will be a large number of
Rabi frequencies present. A vertical dependence on the measured Rabi frequency resulting from the sec-
ond sideband introduces an additional component to this noise. The period of the spatial scillation is
~2.2 cm, the wavelength of the RF modulation frequency.

The cloud size overlaid on the results in Fig. has assumed a starting diameter of 2 mm and ex-
pansion velocity in the vertical direction of 6.2 mm/s based on velocity selection by a 5 us pulse, a typical
pi/2-pulse duration in the experiment. Taking the most extreme instance of #-time variation across the

cloud (the middle pulse) results in a difference in 7-time of 1.1 us for both chambers.

—— Top Chamber - Bottom Chamber = —— Cloud Size

20 40 60 80 100 120 140
Position After Drop (mm)

Figure 5.19: Rabi variation with height using an EOM, the cloud size is set by assuming an initial diameter
of 2mm and a velocity selective Raman pulse of 5 us.

This spatial variation couples into an issue seen earlier in this chapter, the time-of-arrival variation.
The 0.4 ms variation seen in Fig. has been shown to be equivalent to a start position variation of
0.7 mm. Again considering the middle pulse, this noise of 0.7 mm would lead to a change in the 7-time
for the centre of the cloud of ~0.5 us. This is a smaller effect than the 1.1 us change due to the spatial
extent of the cloud but unlike the gradient across the cloud it is not a systematic effect and will result in
a phase noise on the gradient measurement. This issues is exacerbated by the fact that the oscillation is

approximately 7 out of phase between the two clouds. Given that time-of-arrival variations are seen to be
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Figure 5.20: The results of Rabi oscillations for the two chambers first using and EOM to generate the
Raman sideband and then and IQ modulator.

common (Fig. the effect of this change on the relative 7 times for the two clouds will have opposite
effects meaning it will not be removed by the common mode suppression.

From these considerations it is clear that there is much to gain by removing the parasitic transition
through the use of an IQ modulator in the Raman laser, also giving arbitrary control of the sideband-to-
carrier ratio. Figure shows a comparison of two Rabi oscillations taken at the position of the final
pulse, in one case using an EOM and the other and IQ modulator. There has been a clear gain in both
amplitude and contrast due to the increased uniformity in the light seen by the cloud removing the less
desirable Rabi frequency components.

Figure 5.21]has repeated the same Rabi frequency with height measurement now using the IQ mod-
ulator to produce only the desired sideband. Again considering the central pulse the new variation of
m-time across the cloud has reduced to ~0.2 us and the effect of the time-of-arrival noise has been re-

duced to ~0.1 us. An interesting feature of this data is that as the atoms get lower in the chamber the
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Figure 5.21: Rabi variation with height using IQ modulation and common input beams for both clouds.

effective suppression of the IQ appears to reduce. This is the manifestation of the effect seen in[5.11a} as
the suppression changes with the driving frequency of the RE As the atoms fall the modulation frequency
is chirped to keep them on resonance so over the course of the drop the IQ modulator will be supplied
with different driving frequencies. The unwanted sideband suppression was optimised for the time of
the first pulse, high in the chamber, so the largest deviation from this optimised case would be expected
at the bottom of the drop.

In this chapter certain characteristics of the system have been identified and presented along with
their potential impacts. There has been some discussion of how changes made have either reduced in-
stabilities or minimised the sensitivity of the system to those instabilities. In the next chapter the results
of measurement campaigns in both real world and laboratory environments will be presented alongside

the data processing used as part of their analysis.
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CHAPTER 6

MEASUREMENT CAMPAIGNS

As outlined in|1.2|the overarching goal of this thesis was to create an atom interferometer that is highly
portable whilst maintaining a useful level of sensitivity. To demonstrate this measurement campaigns
were performed with anomalies of comparable signal size, one in a laboratory and one al fresco. This
chapter will address the results and analysis involved in turning measurements from these campaigns
into usable measurements of gravitationally induced phase. Once these have been considered the method-
ology and results from the two campaigns will be presented. The first of these was a three point mea-
surement campaign that hoped to prove the durability and sensitivity in highly adverse conditions (see
figures and|[6.10) by detecting an anomaly of 265 E. The second was a stationary measurement in a
laboratory environment where a signal of ~280 E was modulated in time between three orientations to

introduce a varying signal that could potentially be seen above phase drifts.

6.1 Systematic Offsets

When constructing an absolute gravity sensor, systematic offsets such as those mentioned in[5.3|will add
an offset to the measured value of gravity. If we consider Eq. the value of « is used to compensate
for the Doppler shift experienced by the cloud as it accelerates in free fall. During a drop the cloud is
decoupled from the mechanical components of the system and as such does not experience this vibra-
tion. However during the Raman pulse the effect of this vibration is imparted onto the cloud through the
instantaneous velocity of the light reference, i.e. the mirror or the input telescope. This velocity acts to

apply an additional Doppler component to the light seen by the atoms, moving it further from resonance.
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It is impossible to separate the velocity component due to the motion of the mirror from the acceleration
of the cloud induced by gravity so would look like an offset in the measured chirp rate. The measured

chirp rate can therefore be broken down into a number of components

®measured = Fgravity T Qvibration T Xother- (6.1)

The amer term is included to account for any sources of spurious chirp other than vibration, for
instance if there is a strong magnetic gradient this will impart an acceleration onto the atoms. Most
sources of acceleration will be constant, for instance the field gradient at the edge of the interferometry
region as shown in Fig. is a systematic offset so can be characterised and corrected. For vibration
this will not be possible as it will vary over the course of a single shot and require compensation during a
measurement, this is the reason most gravimeters include a substantial source of vibrational isolation or
utilise long interrogation times, whilst it is intrinsically suppressed for gradiometers. Let us consider Eq.

[5.7]for two gravity sensors where it has been assumed that @yibration = Qother = 0

1
P‘jl;»p‘*'hkeff) = ngf ) cos ((keffg - agravity) T? - ¢laser) (6.2a)
pB _ps ! k 5 ity) T? 6.2b
|E,p+hkeg) — " of f 5 Cos (( eff(g+ g) - agravzty) - (,blaser)- (6.2b)

The value of ¢j,5er Will be the same for both clouds up to any delay introduced by the propagation
time of the light. The factor of 1/2 has been absorbed into the offsets POTf r and Pff r which arise from
experimental concerns such as decoherence effects and the presence of background atoms. The gravity
difference term, 6 g, arises from the position dependence of gravity relative to its source, it is the differ-
ence in phase arising from this gradient that is being observed in an ellipse. Scanning the value of ¢age;
from 0 to 2w will trace out a sinusoid for each sensor (referred to as a fringe) with some phase offset
between them as shown in Fig. [6.1p. Creating a Lissajous figure with these two sinusoids results in a
set of values that have an elliptical relationship; for discrete values of ¢ with uniform spacing they will
correspond to points with uniform spacing on the ellipse (the white faced markers on Fig. [6.1k).

If some common phase noise is introduced onto both clouds, i.e. vibration, the effect on the fringe

can quite clearly be devastating. The noise present in Fig. is less than 27/5 (i.e. 20%) but the fringe
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is clearly indistinguishable in the data. However as this phase is common for both clouds this will act to
move the points to some arbitrary phase whilst staying constrained to the ellipse, conserving the phase

difference between the sensors. Common phase noise on the two clouds can be more than a single 2%

and the common mode suppression will be maintained.

A

Top Chamber

o

No Noise

(a) (C) Ao Bottom Chamber ® Phase Noise
EARAUN o @
N 4
30.23 Laan K o® *e  l022
3 A s *a A o
2 A N R A o °
Q. 0.18{4 . A N ° o
~ A A 4 o L =
Il A A a A . I
w A N A © o
Q 0.13 N A I A‘ o £
AA ZQAAAA o @]
ApnD o m
(b) o 0.17 3
-~
A a a 4 © L
023t 4, ., Agad ¢ <
IS A N A ‘ 1 ® ° rﬁ‘
o AA A o
g 0.18{ v Ao : © ot
N 5, N a . . o
g a Al A o
a. a A A ® o®
0.137 , A A a,s o A o 0.12
O AA . A,A A 4 ® ceo°
0.0 0.5 1.0 1.5 2.0 0.10 0.15 0.20 0.25
Phase (m) P = 2/Protar (Top)

Figure 6.1: The evolution of the relative state populations with laser phase: in the absence of any
phase noise, in the presense of 20% common phase noise. the Lissajou figure produced by the
two sinusoids demonstrating the effect of the common mode noise suppression.

For a gradiometer with the aim of performing surveys in unstable conditions, it is useful to know the
exact value of a to provide the best ellipse contrast (i.e. the amplitude for the ellipse in the x or y direc-
tions). However as the aim of this experiment is not to give an absolute measurement of the gradient but
to track local spatial changes, any systematic phase offset between the two clouds is unimportant as long
as itis constant in time. The offset between the field profiles as seen in Fig.[5.17or any deviation from the
true value of @ will manifest as a change to this phase offset, but not adversely affect the measurement.
This will introduce, potentially large, arbitrary phase offsets between the two clouds that cause the ellipse
to give an artificially small or large gradient value compared to the true Earth gradient, leading to a more
“open" or “closed" ellipse. It has been found that a larger phase difference can help provide a lower error

on the ellipse fitting as a too small phase difference causes the ellipses to tend to a line introducing an
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ambiguity as in which side of the ellipse should be associated with a given measurement point, a larger

ellipse makes this determination easier.

6.2 Ellipse Analysis

A gradiometer performs a measurement simultaneously on two interferometers against some common
reference, these measurements have a phase offset, here due to gravity gradients. By plotting the results
parametrically any common phase shifts manifest only by moving a given point around an ellipse (see
Fig.[6.1), conserving the phase relationship between the measurements. Spatial dependence of the phase
offset (6¢pg = 6gkerr T?) is the quantity of interest when performing a gravity gradient survey. Tracking
the changes in the value of ¢ as the sensor moves over an anomaly it is possible to see changes this
anomaly introduces to the gradient as 6 ¢ will change depending on the displacement between the sen-
sor and the anomaly. Comparing different measurement points it is possible to remove any temporally
stable offsets, like those mentioned in the previous section, as they will feature equivalently in all mea-

surements.

6.2.1 Fitting the Ellipse

Acquiring a value for ¢y is non-trivial, as the equation for an ellipse is non-linear in both x and y. For
an ellipse with radius along the x-axis of A, radius along the y axis of B and centred at (xo, yo) the relation
is

(x—x0)? N (v- J/O)2

e Bz 1. (6.3)

This makes using standard linear fitting algorithms difficult. The fitting algorithm used in this thesis is a
method developed|2] utilizing Markov chain Monte Carlo algorithms to fit to the parameter space, which
will be briefly explained here. For the ellipse data presented in this chapter the convention is to place the
value of Pr—y/Pry:4; for the Top sensor on the x axis and that for the Bottom sensor on the y. Instead
of using Eq. to define the relationship between the two parameters it is simpler to define x and y

parametrically with respect to a variable 0
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Z?F:Z .
x=— = Asin(0) + xg (6.4a)
P
Total
PB
y=—3=2 = Bsin(0 + Ady) + yo. (6.4b)
l)T
otal

Fitting these equations still presents a problem for off the shelf fitting algorithms and as such a
Bayesian Monte Carlo approach is used. The problem is now one of finding the set of values of parame-
ters, v, that best match the data, z. Contained within y are all the free parameters of the system described

in Eq.[6.4]such that

All variables within y have a range of possible values they can take. This parameter space is explored
through 15,000 iterations whereby a Bayesian method is used to iteratively move towards the most likely
set of values for y. This is done by evaluating Bayes’ theorem for each set of y in turn[93]

p(y)p(zly)

Navslal o 6.6
p(rlz) @ (6.6)

where p (y|z) is the probability that for some set of data z there will be a given set of values for y, similarly
for p (zly). The probability distributions of y and z are p (y) and p (z) respectively. The numerator of Eq.
gives you the likelihood that a given set of parameters y fits the data and the denominator is the prior
probability distribution of the data.

To find a good fit this calculation is iterated through many values of y and compared to the current
saved value. If the current data is labelled with y and the comparison set with y/ itis possible to determine
which set best matches the data by taking the ratio of the two values of p (y|z)

p(riz) _ p(y)p(ey) 6.7)

p(riz) p(y)pley)

If this ratio is greater than one then the current set of parameters, y, is a better fit to the data and if it is
less than one the comparison set of data, y’ is a better fit. At each comparison stage the best fit to data is

saved and used as the reference for the next point then by selecting different sets of values from the known
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distribution of y and repeating this process as many times as possible the values for y will converge
towards the most likely solution. This process also provides the way the error in the phase difference
(6(/)?” ) is quantified. After a large number of iterations there should be a small, localised parameter
space for the values of y that will be explored in future iterations, meaning that there are many different
possible values for all entries of y with similar probabilities. All quoted ellipse parameters are the most
likely value of y (i.e. the “saved value" for the final iteration) and the error is the standard deviation in
the parameter values for the last 25% of the iterations. For a standard run this is 3750 parameter choices.
This is deemed as a representative measure of the error on the phase as it will reflect the range of possible
values for 6¢p that could fit the data, with a more noisy data set having a large spread of possible values

at similar probabilities.

Verifying Data Normalisation

This error determination method allows the verification of the normalisation technique outlined in the
detection sequence in the context of the impact it has on the phase error. Using data recorded
over the course of almost 10 hoursE] the data was processed in two different ways before an ellipse was fit.
One set, labelled as “Normalised", uses the same process of shot-to-shot normalisation as shown in Eq.
The other, labelled as “Avg. Normalised", was normalised to the average value of I, (see Fig. for
the definition) for bands of 90 measurements that are used to fit the ellipse, this scaled down the data to
allow for an easier comparison but also removed any slower run-to-run variations.

Figure plots the value of 69{)? " against time for the two approaches. It is clear here that not nor-
malising the data shot-to-shot results in a much larger parameter space for y and thus there must be a
larger error on the result. The fact that the error on the “Avg. Normalised" tends towards the value of the
“Normalised" data, suggests that the shot-to-shot variations become less prominent in the system over
time. This is potentially due to the system reaching an equilibrium state as the dispensers thermalise
after activation at the start of the day or the system reaches a stable rubidium pressure given the duty
cycle of the measurements.

That the average normalised data has a higher error can be explained by observing the shot-to-shot

data and fitted ellipses that result from the analysis as in Fig. There is no clear ellipse shaping in

1168 discrete ellipse runs of 90 shots each.
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Figure 6.2: Effect of normalisation style on ellipses fitted to sets of 90 measurement shots over the course
of 10 hours.

the average normalised data and there is a substantially higher spread, to be expected if there is a noise
source that has been suppressed. The data normalised in the standard way has a clear shape that matches
the fit well, making it clear by eye that normalising shot-to-shot reduces the noise level on the data. This
validates both the normalisation method and the use of the standard deviation of the fit parameters as a

reasonable metric for the error as it clearly increases for worse data.

6.2.2 Phase Corrections

In a gravity survey there will be spatially dependent variations on any given measurement that do not
arise from the anomaly of interest. They arise from both large and small scale geography changes and
should be constant in time for a given measurement point. There are a well established set of corrections
for these effects in gravimetry, however they will need to be adapted for use by a gradiometer. Any given
measurement of gravity g relative to some reference planeﬂis a combination of a number of correction

terms and the “true" value of gravity g[94]

gM:g+6gL+6gB+6gFA+6gTer. (6.8)

Un gravimetry this reference point is usually taken as the geoid. In a survey there is a freedom of choice for this reference to
be placed at any point at which the sensor has performed a measurement.
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Figure 6.3: Left: Data normalised with Eq. that shows a good correlation with the ellipse. Right:
Data normalised to the average background for all the data points that shows a much larger spread and a
clearly worse match to the data.

« Latitude and Bouguer corrections: The latitude correction, g, accounts for the fact that the
Earth is not a perfect sphere, with a larger radius near the equator. For a geoid measurement a
correction is required to account for this bulging to ensure all measurements are made relative to
the same reference radius. In gradiometery this correction will be identical for both sensors and
so will subtract out. The Bouguer correction, §g?, arises from large changes in local terrain, such
as the presence of hills or valleys. This will also manifest near identically for both sensors so will
subtract out. It is worth noting that if a local survey is performed rather than a reference geoid
measurement these corrections would subtract out both in the Lissajous measurement and when

comparing measurement points to see changes.

* Free air correction: §g/' arises from a change in the vertical distance with respect to the anomaly
due to changes in local topography, but does not account for any material that has been introduced
into the space under the sensor. It is as if the sensor has been levitated and the void under filled
with air (hence the name). The value of §g©* can be found by differentiating Eq. |1.6{over space for

a given change in height Ak
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§git=2dr=—Ah. 6.9
& or r3 (6.9
For a gradiometer it is the difference in this value for the two sensors that is of a concern. As they
have a different distance from the centre of mass (CoM) from the anomaly this change will manifest

differently, the phase shift for each of the sensors is therefore

GM
</J§A= kerr ART? (6.10a)

FA3
Ry

GM
FA _

('bT - keffRFA?’
T

ART? (6.10b)

Spra=dy" — 1" =kersGM

1 1
ﬁ—ﬁ) hT?. (6.10c)
Ry Ry

The distances R and R54 are the distance of each sensor from the centre of gravity (CoG) of the

anomaly with this height change (for the Bottom and Top sensors respectively). Assuminéﬂthat this

small change in height does not produce a substantial change to the values of Rz and Ry calculated

in Fig.[6.5|then

REA~Rp+Ah (6.11)

REA = Ry +Ah.

As the height of the sensor changes during a survey Eq. will therefore result in a variation in

the phase difference of the two sensors.

« Terrain correction: 5g’¢"

can be viewed as complimentary to the free air correction. The Terrain
correction accounts for the new mass introduced to hold the sensor at the new elevation that was

negated in the free air correction. If the distance from the bottom sensor to the CoG of the new

1A more rigorous treatment would include this analysis but if A% is sufficiently small it should have minimal impact on the
location of the CoG.
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terrain is R7¢", the average density of the material is p and the volume of material introduced is V

then there will be an additional gravity contribution of

6gTer _ GPV

= e (6.12)

Applying this to two sensors separated by a baseline, b, the phase shift introduced by this change

in mass will result in a differential phase shift

GpV
Ter _ keffRT{)erz T2 (6.13a)
GpV
R T e Ay (6.13b)
(RTer + b)
1
8¢ =k GpV T2, (6.13¢)

RTer2 B (RTer + b)2

It has been assumed that RT€"

is small such that the CoG lies at the same point as the CoM of the
new material. If the sensor is lowered then the density term will be negative, as mass was removed,

A¢ ey will therefore be signed depending only on change of mass.

Tilt noise: As mentioned in gravity sensors are sensitive to tilt as only the projection of gravity
on the internal reference is measured. As expanded on in this effect also manifests on gra-

diometers but is substantially suppressed. For a gravimeter this projection is

g™ = gcosh. (6.14)

As this is not constant in time but will vary as the external influences on the sensor change it can-
not be characterised as a single offset. By monitoring the value of the tilt, 8, over the course of a
measurement the effect on ellipse phase can be corrected. Consider that the phase measured by

either of the two sensors is

gy = gcosO+0ght +ogLe (6.15a)
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g =(g+0g)cosO+5ght+5g1e". (6.15b)

As the sensors will both have the same tilt applied and the true gravity value for the top sensor is

just that of the bottom with some difference dg. Taking the difference of the Eq. [6.15a]and [6.15b|

then converting to a phase gives the full correction term

~ 6¢¥_6¢FA_5¢T€F

cosf

Sbg (6.16)

Where 6 (/)é,‘/’ is the result of the ellipse fitting algorithm and §¢y is the true local gravity from an anomaly.

This correction term will be used in the processing the survey phase difference data.

6.3 Tunnel Survey

In order to test the validity of the system as a portable sensor, field trials were required in an appropriate
real world environment. A site was chosen located on the University of Birmingham campus where a near
surface maintenance tunnel provided the perfect target to test the capabilities of the sensor. As will be
outlined in this section this meant working in highly averse conditions with the sensor protected from the
rain, wind and snow by nothing more than a gazeboE] intended for summer use. Before the discussion of
the result the site will be presented in greater detail and there will be some discussion of the methodology

used over the course of the measurement campaign.

6.3.1 The Survey Site

In March of 2018 the performance of the system was such that detecting an anomaly seemed feasible, a
survey location was identified near the Physics West workshop on the University of Birmingham campus.
The potential anomaly (see Fig. was a service tunnel that came within 30 cm of the surface, giving the
subsurface void a vertical cross section of 2.11x2.61 m. The signal from this anomaly would depend on

the density of the surrounding material, but making the reasonable assumption that it is concrete, then

I Tesco’s finest Outsunny 3m x 3m Pop Up Gazebo Water Resistant - Blue
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Figure 6.4: The site before setup on the first day of the survey. The red rectangle shows a region in which
the distance to the surface drops to 30 cm, leading to an increase in the detected signal.

a 1 m slice would have a mass equivalent to more than 13 tonnes. This site had additional merit as there
was good access to power and overnight storage facilities whilst being sufficiently close to the lab that
transport and staff availability would not be an issue.

In advance of attempting the survey a calculation of the expected signal size was performed to ensure
that the anomaly would present a large enough gradient to be detected by the sensor. The simple way to
do this is to model the 13 tonnes as acting at the CoM of the void, the issues with this is that the distance
from the sensor to the top of the anomaly is less than the height of the anomaly. Due to the inverse
squared relationship of gravitational acceleration with distance this means that the CoM and CoG of the
anomaly would not lie at the same point. To calculate the location of the CoG for each sensor a numerical
simulation was performed. To do this we return to a similar case to that of [L.3| where the two sensors

detect a gravitational acceleration given by

8B=—5" (6.17a)

8r=—5" (6.17b)

Each infinitesimal element of the anomaly will contribute its own infinitesimally small force to the
total experienced by the atoms. If the density is assumed constant across the anomaly region, a good

approximation given it is an air filled void, then the only varying contribution will arise from the distance
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Figure 6.5: Given the physical parameters of the anomaly and those of the sensor, the CoG relative to each
chamber is labelled after integration of the signal across the anomaly, the integrated values of Eq.
and Eq. are the dashed (blue) and solid (red) lines respectively. The top of the anomaly is located at
Az =0m. The values of Rz and Rt include systematic offsets of the system: the thickness of the tarmac
above the anomaly, the distance from the ground to the bottom sensor and the separation between the
two sensors.

term. For the purpose of this model the mass was set to be equivalent to a 1 m vertical slice of the void.
By calculating the contribution of a test mass at each of these positions it is possible to determine where
the CoG can be set for each of the two sensors. In Fig. [6.5|the Bottom sensor is offset from the top of the
anomaly by a total 91 cm with 30 cm from the depth of the anomaly and 61 cm from the sensor geometry,
the Top sensor head is offset from this by the baseline of 75 cm.

In Fig. the sensors have been placed in the negative Az region as per the diagram. By finding
the average of the gravity signal across this region, the CoG will be located at the value of Az at which
matches this. Performing this analysis for each seosnr in turn gives Rg = 1.69m Rr =2.58 m. These are
offset from the CoM of the anomaly by 45 cm and 31 cm respectively. Given that the baseline of the sensor
is 75 cm these are non-trivial offsets. Using these distances it is possible to model the 1 m slice as a point
mass at Rg and Rt for the two sensors and use that to approximate the phase difference expected by the
gradiometer.

In a survey the factor of interest is the difference in the average ground density between two points,
rather than the true mass of the anomaly. To understand this consider the two cases represented in Fig.

in the left hand case a measurement is performed in the presence of an anomaly, the surrounding
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Figure 6.6: Sketch of the impact of taking a background measurement. Assuming everything else is con-
stant it simply means there is a comparison between an anomaly with or without material present.

concrete therefore contributes to the acceleration measured and whilst the void contributes nothing. In
the alternate case the void is filled with concrete so this provides an additional contribution to the mea-
sured acceleration that was not present in the original measurement. If the right hand case is considered
zero and the left hand as a positive gravity value it is reasonable to see that the void could be defined as
having a negative density that has the same magnitude as concrete (Eq. [6.18). Due to this symmetry it is
easy to see how a survey could identify both regions of high density, such as buried resources, or regions

of low density, such as pipes and tunnels.

Pvoid = —Pconcrete- (6.18)

Using Eq. and the values of Ry and Rp from the model, it is possible to find an approximate
phase change induced by the void. One must first find the difference between the signal measured by the

two sensors as in[L.3|

2 2
RB RT

0 8void = 88 — 81 = GV Pyoid (6.19)

This is then subtracted from a background level
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1 1
6g = 6gbackground - 6gvoid = GV pconcrete (_2 - _2) . (6.20)
R R
B T
Where 6 gpackground = 0 and the situation in Fig. in the absence of a void is considered as 6 g = 0. The

phase shift expected from the void relative to the background is therefore

6(/)g = keff TZGVPconcrete

1 1
R_123 - R_ZT) . (6.21)

This gives a value of 6 mrad for the 1 m slice considered in this example, a more thorough treatmeniﬂ
of the system predicted a gradient value of ~8 mrad. In the weeks preceding the survey measurements
were taken in order to characterise the state of the system and if the value of the phase error 6(/)? " was
sufficiently small to see the signal. The ellipse featured in Fig. is representative of the state approx-
imately two weeks before the survey. If the error was maintained at 27.86 mrad over the course of the
survey and if the number of ellipses produced was N then with the 1/1/Ng reduction in error it should
be possible to see a 6 mrad signal after integrating over 22 ellipses, with a signal-to-noise ratio of 1. With
90 shots per ellipse and a 0.3 Hz measurement rate this should take approximately 110 minutes, this be-
comes 13 ellipses and 65 minutes for an 8 mrad signal.

The final verification before performing a live survey with the sensor was to perform a survey with
a CG-5 gravimeter, verifying the simulated 8 mrad signal and provide information on the gravity profile
of the area that may have not been present in this initial treatment. For instance the presence of an
additional smaller void, a region of high density buried material or the proximity of buildings would all
impact the true signal of the area. Given that the edges of the ~12 m long survey region were within 2m
of the buildings it was important to determine if these would introduce a contribution to the signal that
has not been accounted for in the simulation.

One of the main drawbacks of the CG-5 is the presence of a drift with time as the mechanical stress
on the spring causes it to gradually stretch. This results in a drift with both linear and non-linear compo-

nents. To ensure an accurate measurement this is calibrated against a base station over the course of the

measurements and allows for the drift to be removed. Figure 6.8 shows the outcome of the CG-5 survey

IFor this treatment the anomaly was considered as a large number of small cubes and the same calculation as above was
performed on a finer mesh.
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Figure 6.7: An ellipse and fit representative of the state of the system approximately two weeks before the
survey.

with both the raw and corrected data. This provides a value of gravity over the survey region but will need
to be converted into a gradient signal.
From Eq. if one takes the ratio of two gravity values then what remains will be the ratio of the

square of their distances to the anomaly. As such it is reasonable to say that

2
RB

8r=8B— (6.22)
R}

Following the same analysis as in Fig. with the CG-5 geometry the value of Rcgs =1.25m can
be found. Using this value with Eq. and a gravity difference of ~65 uGal from Fig. then it can
be found that gr = 14.4 uGal and gp =31.7 uGal. Using these values with Eq. then the phase shift

expected due to the gravity gradient from the tunnel will be

O¢pg =6.98 mrad. (6.23)
Performing the same analysis for the smaller background signal seen at -4 m a phase difference of
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Figure 6.8: Results of a preliminary survey of the site performed with a Scintrex CG-5, 0 m denotes the
location of the centre of the anomaly. The linear component correction is the drift in the CG-5 measure-
ment as referenced against a reference base station.

O¢g ~ 4.5mrad can be found. This may potentially arise from the proximity of the 4.5 mrad point to a
building at the edge of the survey site, this would introduce an increased local mass above the sensor not
present in the preliminary analysis. The result in Eq. [6.23]is similar to both the simple and more thorough
models considered when analysing the survey site. If the system performance remains at that seen in Fig.
then the larger of these signals should be usable after averaging over the course of 16 ellipses at 90

shots each. However the smaller signal would require the averaging of 39 ellipses.

6.3.2 Methodology

An anomaly which is highly localised will present a good contrast with respect to the background points,
in this case the simplest survey which will make the feature evident involves three measurements. One
of these needs to be at the point of highest signal, i.e. directly above the anomaly, the other two need to
be either side as far from it as possible to present the lowest signal. For the data presented in Fig. [6.8|this
would result in a shift in the ellipse phase of ~7 mrad or ~4.5 mrad for the outermost points of the survey,
both signals that should be detectable with minimal averaging time.

Due to the highly limited testing of the system in external environments it was unclear what level of
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Figure 6.9: The author providing indisputable proof that the sensor is person portable if appropriate care
is taken.

noise to expect by removing it from a laboratory and how this would impact the long term sensitivity.
To mitigate the effect of this the survey was performed in two different ways over two different days to
determine if either method produced a lower sensitivity to long term noise. Survey 1 consisted of four
sets of 600 shots taken on each of the three measurement points, distributed randomly over the course of
10 hrs of measurement time, resulting in a total of 2400 individual shots that should present minimal bias
with time. Survey 2 involved a single ~4 hr measurement on each of the survey points, performing 4200
shots, the increase in measurement data allowed for a longer integration period to potentially reduce the
impact of noise. It was found in the analysis that due to slow drifts experienced it was impossible to see
any discernible trend from Survey 2 hence only the results from Survey 1 will be presented.

For a portable sensor, even one that stands at ~1.7 m tall and weighs ~50 kg, the simplest way to move
the sensor from point to point is to transport it by hand. The ultimate proof that the sensor is portable
is that this can be done by a single person, as in Fig. although it should be noted that training is
required to do this safely. This also works as proof of the system robustness, with minimal finesse taken in
moving and placement of the sensor it was sufficiently stable to be moved from point to point in a matter
of minutes needing only re-levelling to put it back in a functional state. The levelling was performed
manually using the fine machine threads of the tripod base of the sensor and a readout from the same tilt
sensor used to determine the data in Fig.

After every set of 600 shots (roughly every 30 minutes) readings of the optical power, the Raman side-
band to carrier ratio (i.e. the amplitude of R,/ R;) and the Rabi oscillations at the three pulse heights were
taken. This allowed the sideband ratio and the unwanted sideband suppression to be kept reasonably
constant over the course of all measurements, minimising the impact of the spatially dependent Rabi

frequency (see[5.4.2). These steps were taken in an attempt to minimise the influence of some of the
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Figure 6.10: Weather data courtesy of the UK Met Office weather station at Coleshill.

noise sources that are present on the sensor both inside and outside the lab.

The conditions seen over the course of the survey were fairly adverse, taking place in the middle of
“The Beast from the East"E| one of the most severe and coldest storms experienced in the UK for decades,
this would present a challenge even for well established systems such as the CG-5. Figure[6.10|shows the
weather data over the survey period from the nearby Coleshill weather station supplied by the UK Met
Office. Here it can be seen that over the course of the survey there was a substantial temperature variation
from -0.5° to 10.2 ° as well as large spikes in wind speed. For a gravimeter these conditions would have
been fairly devastating with the wind alone introducing sufficient tilt and vibration noise to invalidate
the data.

The environmental conditions presented in Fig. and Fig. demonstrate just how far from

lhttps://en.wikipedia.org/wiki/2018_Great_Britain_and_Ireland_cold_wave
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Figure 6.11: The gazebo which acted as home over the course of the survey. Through the sodden window
it is possible to see the glow of the computer screen and in the background is what remained from the
recent snow storm. A true “We're not in Kansas anymore." moment.

ideal lab conditions this. With the temperature fluctuations introducing noise on power of the laser, fre-
quency noise arising from temperature sensitive RF components and light intensity noise in the chamber
arising from changes to the polarisation in the fibres. The impact of the rain was mitigated with the sys-
tem’s magnetic shields and blackened plastic covers acting to make it splash proof, whilst the effect of
heavy rain was removed with a 3x3 m? gazebo. The gazebo acted to provide some level of comfort for the
survey team that was highly necessary on some survey days when the weather decided to be particularly
unkind as is quite clear from Fig. This was potentially the most important tool of the survey, other
than the sensor itself, as in the winter of 2018 the UK experienced freak storms generating high winds,

low temperatures and heavy rainfall.

6.3.3 Results

5th gth

In all the survey period lasted 5 days between 5™ and 9" March 2018. Initial teething problems arising

from lack of survey experience meant that the first two days were spent characterising the system and

7th with the data from

planning the survey methods. The data of interest comes from Survey 1 on the
Survey 2 discarded as the noise on the measurement was seen to be worse using this measurement tech-
nique.

Rigidly mounted to the base of the sensor is a tilt meter that provided tilt data of the system relative
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to it’s internal x and y axes (0 and 6,). By treating the measurement plane of the sensor as rigid and

perpendicular to the sensor itself it is trivial to show that the conversion to tilt of the sensor 6 is

6 = arccos (cosfy + cosb) (6.24)

This is the 6 that will be used in the correction given by Eq. The tilt correction can only be applied
post-process to fitted ellipse phase data with Eq. meaning it is not possible to perform a shot-to-shot
correction. Instead the average value of this tilt is applied as correction to the ellipse phase after fitting,
this will result in a phase noise that cannot be corrected. To determine if this would be problematic,
consider the maximum tilt recorded over the course Survey 1 of ~1.8 mrad. Equation shows that
this impacts the phase as 1/ cos0, for the expected ¢ =7 mrad this will introduce a shift of 11.3 nrad

(~ 1 x107*%) so will be negligibly small and ignored as a result.
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Figure 6.12: The tilt data from Survey 2, during the breaks in the data the sensor is being moved between
measurement points.

Looking at individual ellipses (such as that in Fig. [6.13a) an interesting feature can be noted, the single
ellipse performance appears to be better in survey conditions, with an almost twofold decrease in 6(1)? r
(as compared to Fig. [6.7). No quantifiable reason for this has ever been found, however it has been seen

that many of the RF components in the flight case are sensitive to temperature variation, particularly

during hot summer months. The flight case features 12 box mounted fans to remove heat from the box,
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however the airflow near the thermally sensitive components has been measured to be negligible. Figure
shows that temperatures during the survey were substantially lower than would ever be seen in the
lab, the working theory is that this allowed for the temperature of the flight case to stay sufficiently cool
for the components to operate more consistently.

Even with this improvement the ~14.2 mrad noise on the single ellipse fit too high to see the tunnel
without integrating, theoretically requiring only 450 measurements (~25 minutes) to produce a signal-
to-noise ratio of 1. Figure combines all 2400 shots taken on the central data point. For this much
data the error would be expected to reduce to 2.75 mrad but the result seen here is that expected from
averaging over only 990 shots, roughly 2.5 times less data. This suggests that a drift is present on the data
that is sufficiently slow it cannot be removed by integrating over such short time scales or it is a noise
source that does not follow a normal distribution. The noise level of 4.28 mrad should still be sufficiently
low that the 7 mrad and 4.5 mrad signals are visible with a signal-to-noise ratio of more than 1.

The analysis reveals a weakness of the fitting algorithms based on the least square of residuals when
used to fit an ellipse, there is a heavy bias towards outliers. In Fig. [6.13b]this manifests as a poor fit to the
data at the thinnest portion of the ellipse, near its semi-minor axis, whereas near the upper right edge
the fit appears to have been pulled out slightly to match the outermost points. Correlated noise on the
sensor outputs that does not act on the phase would manifest by applying amplitude or offset noise to
the ellipse, these would both act to make the ellipse more noisy along the semi-major axis. Offset noise
would act to move the centre of the ellipse, introducing a spread on both edges equivalently, amplitude
noise however would scale with signal amplitude, i.e. it would have a greater impact in the top right
corner of the plot, this appears to be the case here.

For all three data points the 2400 shots were combined to give a single ellipse fit. Noise causing a
spread of the data along the semi-major axis of the ellipse appears in all three data sets and a similar bias
in the fitting algorithm appears. Applying the phase correction from Eq. on the results of these fits
provides the result seen in Fig. A topographic scan revealed that point 1 was 15.8 cm below point 6
and point 11 was 18.5 cm below and the tilt term has been negated. In this data point 6 has been defined
as the zero point for both elevation and phase.

The expected phase values from the preliminary CG-5 survey are marked on the graph for easy ref-
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fit of the ellipse.
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Figure 6.14: The phase data arising from Survey 1. To compare this result to Fig. point 1 will be located
at ~4.5m, point 6 at ~0m and point 11 at ~-4 m. The expected value is that determined using the CG-5

(Fig. modified using Eq.

erence. In spite of the substantial error on the signals there is a distinct difference between the phase as
measured at the central point and that seen on the edge points. This data suggests that after having ap-
plied appropriate corrections to the data a trend is visible in the phase which is indicative of the expected
signal from the tunnel, but does not allow a definitive claim of detection. This result shows that the sensor
performed above expectations, as the thermal stability was a well known source of noise and the survey
was performed before the introduction of Raman intensity stabilisation. From the same data we can see
that the errorbars present are unlikely to improve with longer integration times as the improvement seen
in Fig. does not match that expected for the current integration times.

The way the drift and noise manifested provided a direction to focus the efforts and improve the
sensor performance. The increased spread of the data points along the common mode axis (i.e. the y = x
line) of the ellipse suggests that the source of the noise is something which was common to both sensors
but introduces minimal phase noise. Therefore the noise must arise from the light or timing of the system
as these are the only two components of the sensor head that are common for both clouds. A potential
culprit for this was the detection light, since the intensity was stabilised (Fig. this suggests that it

would be frequency noise of the cooling light introducing this drift.
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Another possibility is a drift in the intensity of the Raman beam, given that the stabilisation as out-
lined in Chapter[d4]had not yet been implemented. Raman intensity would be highly sensitive to temper-
ature given the thermal sensitivity of light polarisation in fibres. Similarly temperature sensitive is the
Raman sideband ratio as generated by the IQ modulator as the two RF signals were transmitted through
3 m cables to the modulator. At RF frequencies small changes to cable length or signal propagation speeds
can lead to large phase drifts on the signal. If these were experienced differently by the two cables it would
manifest as a phase drift on the signal due to the return of the position dependent Rabi frequency (more
analysis is done on these effects in[6.4.1). The result of this survey gave reassurance that the sensor was
both sensitive and robust enough to survive real field trials but suffers from a lack of stability that limits

its ultimate performance.

6.4 Lead Detection

After improving sensor stability with intensity stabilisation on the Raman light, an increase in measure-
ment rate and changes to the RF delivery the sensor was deemed ready for another survey. Given the
potential thermal sensitivity it was decided to perform the survey with an anomaly of comparable mag-
nitude but in a more stable laboratory environment.

The setup took advantage of the attractive nature of gravity; placing a mass centrally between the
two clouds produces a larger gradient than the same mass placed directly below the system. This was
achieved by placing two lead masses symmetrically about the central axis, mid-way between the two
sensor heads, (Fig. [6.15). This produced an upward pull on the Bottom cloud and a downward pull on
the Top cloud doubling the effective contribution from the lead. The symmetry of the setup also meant
that off-axis components would be removed.

Each lead mass consisted of 20 5x10x20 cm lead bricks in stacks of 5 layers with 4 blocks per layer.
The result was an anomaly of approximately solid lead with a total weight of ~225kg and an identical
setup on the other side of the system. The CoG of the lead was assumed as equivalent to the CoM of the
block, a reasonable assumption as it will be equidistant from both clouds and thus any offset would be
the same. It is possible to find that x =235 mm, R =442.5 mm and 6 =32.1° given the known baseline of

b =750 mm.
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Figure 6.15: Left: The lead placed around the sensor in the “lead" position, the Top sensor is visible and
the Bottom is below the optical tables. Right: Schematic of the experimental setup, placing lead at the
midpoint of the two sensors it is possible to maximise the gradient signal by producing opposite phase
shifts on the two clouds.

Using these parameters with Eq. and correcting for theta with Eq. the expected phase differ-

ence induced by the lead is

O0¢read = 10.5mrad, (6.25)

a signal which is approximately a 50% larger than the tunnel and measured in a more stable laboratory
environment. Using 20 smaller lead blocks to construct the anomaly presented an option to modulate
the signal to whatever level desired, that is to say anywhere between 0 and 20 blocks could be used. Three
cases were considered and are presented in Fig[6.16] The first is the case of maximum signal with the lead
placed as close to the sensor head as it is possible and will result in the phase difference in Eq. The
second is the case of minimum signal, the lead is moved as far from the sensor as possible whilst keeping

it on the optical tables; this is the “null" case and will result in a phase shift on the sensors of

6 Nu = 2.1 mrad. (6.26)

From Eq. and[6.26]it can be seen that ¢y ead — S¢nun = 8.4 mrad, which is a signal slightly larger

than that expected from the tunnel. The final orientation is a mid-point between the two extreme cases,
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Figure 6.16: The three orientations of lead shown would have one of three effects (from left to right):
maximise the gradient signal, minimise the gradient signal or produce half maximum gradient signal on
the ellipse. By modulating between these three regularly and in a random order it would allow the effect
of the lead to be seen above any drifts the system may experience.

half the lead is placed in the “lead" position and half in the “null" position (this mixed case is labelled as
“half"). This should lead to a result that is the midway between those in Eq. and giving a value
of

O¢parf = 6.3 mrad. (6.27)

Varying between these orientations in a semi-random fashion was hoped to serve the same purpose
as randomising the data capture process during the tunnel survey. Taking many measurements in these
different orientations in a random order throughout the day was hoped to make it possible to see jumps

in the phase above any background drift.

6.4.1 Results

The approach to the stationary lead survey followed a similar approach as the more successful tunnel
campaign; a measurement was taken in a given lead configuration for 1620 shots, a process which took
approximately 1 hour. The state of the system was then changed and the measurement repeated. Long

term measurements were taken overnight in the “half" and “null” configurations to allow for potentially
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long integration times. Limited access to the lead used to create the anomaly meant that it was not pos-
sible to perform overnight measurements for all three configurations. Figure presents the result of
the ~48 hour measurement campaign. Over the course of the survey there is a drift on the phase of the

ellipses at of roughly 120 mrad, enough to dwarf the expected 8.5 mrad signal from the lead.
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Figure 6.17: The result of the two day lead modulation survey. Each of the phase value is the result of
1620 measurements and the sideband ratio is recorded after every 90, the drift in the phase shows a good
correlation with the sideband ratio.

Also shown on Fig. [6.17]is the primary Raman sideband ratio (R,/R) which was monitored after every
90 shots. Given the ~ 7/2 offset in the spatial variation of the Rabi frequency as seen in Fig. [5.19]it was
conceivable that if the sideband suppression varied then this would induce a phase change on the ellipse.
The data presented here shows a definite correlation between the sideband ratio and the ellipse phase. A
measurement was performed by manually adjusting the sideband ratio and taking 90 shots (~4 minute)
to determine if there is a direct causative relationship without longer term drifts impacting the result.
Figure shows that the sideband ratio has a direct impact on the phase of the ellipse. For each of
these measurements the power in the Raman beam was seen to fluctuate by ~1 mW over the course of
270 measurements.

Given the impact the sideband ratio has on the phase of the ellipse it was important to identify the
origin of this drift. Using the tilt-meter mounted to the sensor an ambient temperature reading was

recorded over the course of the lead measurement campaign alongside the tilt data. Figure shows
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Figure 6.18: The sideband ratio was manually changed whilst maintaining constant total Raman power.
A 90 shot ellipse measurement was performed at each value, the result is a clear correlation to which a
linear relationship was fit.

this temperature variation overlayed with the IQ sideband ratio, showing another very strong correlation.
This suggests that in spite of the more thermally stable laboratory the sensor is still highly sensitive to
temperature drifts.

The likely source of this temperature sensitivity comes from the two RF inputs to the IQ modulator,
they are generated on one side of the flight case and then connected to the other with two separate 3m
coaxial cables. This identified two potential sources of temperature sensitivity: the length of the cable
can change as the conducting material expands or contracts with temperature and the dielectric constant
of the PTFE insulator can change producing a substantial phase delay on the signal. It is fairly simple to
model the magnitude of these two effects over the relevant temperature range considered here, this phase
change can then be used to model the change in the sideband ratio with Eq. 4.4 from [32]. The relevant

equations will be reproduced here for simplicityﬂ

11n [32] the carrier is labelled as Py and the two sidebands as P41 where P, is the desirled sideband. The convention in this
thesis has been to use R) to refer to the carrier, Ry to refer to the desired sideband and R, to refer to the undesired sideband.
The thesis will remain internally consistent but its important to note the difference to avoid confusion.
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Figure 6.19: The change of primary sideband ratio against time as compared to the temperature variation
measured at the sensor head. Discretisation of the temperature data is due to the limited resolution of
the temperature sensor and makes it impossible to see any rapid variations. A correlation is clear despite
some short term deviations around the 2 hour and 20 hour marks.

Ry o< J§ (B) (cos? y1 +cos? y2 +2cos y1 os y2 cos x3) (6.28a)
Ry o J%(B) (sin® x1 +sin® y2 +2sin y; sin y2 cos (x3 — xe)) (6.28b)
Ry o J?(B) (sin® 1 +sin® y2 + 2sin g1 sin y2 cos (3 + xe)) - (6.28¢)

Where J,, (8) is the n'" order Bessel function, § is the modulation index, y; » 3 are the voltage controlled
phase differences of the internal interferometers and y. is the phase offset between the two input RF
signals. The common leading order constants have been dropped as only the ratios are of interest.

A change to the primary sideband ratio will not directly impact the phase of the ellipse as this effect
will manifest as a change to Rabi frequency common to both clouds (Eq. [5.5). However it does impact the
spatial Rabi frequency, in Eq. changing the value of Qp,Qp, will also change the Q R;Q r, term will.
This will lead to the spatial Rabi frequency varying with time, introducing a phase dependent component.

Phase noise induced by changing cable length can be determined by modelling the cable as a solid
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piece of copper, with a thermal expansion coefficient of xy =16.5 #m/m K. The phase change on the RF

induced by the change of cable length, yjengm, can be calculated

27K TM Lcable AT
Xiength (Tk) = TMA“‘ cm K (6.29)
RF

For a cable of total length L.,pe, a temperature change ATk and an RF wavelength in the cable of Agr =
Ccopper/ VRE = 0.71c/vgg. This allows the change in phase over the full temperature range to be approx-
imated, a 0.5K change as seen in Fig. [6.19 will result in a length change of 24.75 ym. For a signal with
vgr =6.83 GHz this shift can be maximised by assuming it only applies to one of the cables resulting in a
4.7 mrad phase shift.

The phase delay in coaxial cables as induced by temperature change has been presented in [95]; the
paper shows that different cable designs can have vastly different effects on their phase delay they in-
troduce. Figure 3(a) and 4(a) of [95] present the response for SS402 cable which has a similar design to
the MIL-DTL-17 cable used in the system, a tape based PTFE insulator and is manufactured by the same
companyﬂ so will have a similar response. Over the 18-20°C temperature range it is shown that there
is a phase delay coefficient of xpp ~1ps/mK. This produces a phase shift due to the change in dielectric

constant

xprD (Tk) = 27xpp Leable ATk VRE (6.30)

Applying this over the maximum temperature range of 0.5 K produces a range of induced phase delays of
31.6 mrad.

Assuming that the only time dependence arises from the temperature dependence on the RF signals
due to the above effects it is possible to determine the temperature dependence of the sidebands. Taking
the ratios of the Eq. [6.28band Eq. [6.28c|with respect to the Eq.[6.28a|the following relations can be found

for the temperature dependent sideband ratios

Ry _ J3(B) can? (1+cos(y3—(m/2+6x.(1)))
R J%(B) x (1+cosys)

(6.31a)

! Harbour Industries
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R, J2(B) , (L+cos(ys+(m/2+8ye (D))

2=t

R J2(B) anx (1+cosys)

(6.31b)

Given that there is freedom of choice in the phase values the simplification has been made that y; =
12 = x- The phase offset between the RF inputs has been modelled as a constant shift of 7/2 with a time

dependent modulation

T
Xe (D) = §+5xe(t), (6.32)

where it is assumed that d . ( = 0) = 0. With these conditions and the knowledge from measurements
R
that R—2 (t=0)=0.615and R—2 (t =0) = 0.061 the values of the free parameters were found numerically to
1 1

be

B =0.552 (6.33)
x =4.056rad
X3 =2.206rad.

These match the initial conditions with a deviation of less than 1%. Taking these as constant in time it
is now possible to determine the effect the temperature variation has on the sideband ratios if it only
impacts 0y, producing the result in Fig. When compared to Fig. [6.19]it is clear that the simulation
closely follows the ambient temperature variation and correlates with the measured sideband ratio.
These results reinforce the belief that phase noise in the delivery cables will introduce a thermal sen-
sitivity on the sideband ratio, which scales linearly with cable length. The order of magnitude difference
of the two effects means that this is not the leading order contribution to the variation, it must arise from
an effect not considered in this analysis. The obvious source for would be the values given by Eq.
which have been assumed constant over the course of the measurement. The two phase values y3 and y
(or y1 and y» in a more complex model) are set with voltage outputs of a benchtop power suppl;ﬂ This

power supply is quoted as having a voltage ripple of 1.5 mW RMS, a setting accuracy of 0.05% +5 mV and

1Rhode & Schwarz HMP2030
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Figure 6.20: The variation of the primary sideband ratio over the course of the 48 hour lead survey. The
simulated effect is clearly much smaller (roughly an order of magnitude) than the measured impact,
however it can be seen that it follows the temperature variation closely. The lower plot has reduced the
y-range of the other to better display the variation in the simulation.

a thermal voltage coefficient of 0.01% + 2 mV/k[96]. For a 0.5 K temperature variation and given an output
of ~6.5 V|I|on the three channels this can mean a noise upwards of 12.4 mV on the output of the supply. It
is difficult to simulate the effect of this voltage noise on the IQ phase without a far more in depth analysis,
however during the tunnel survey changes of tens of mV were used to maintain the sideband ratio so it is
feasible that this voltage noise is the problem.

The sideband ratio has also been seen to change with the RF input power, historically this change was
used to correct for the change in sideband magnitude with frequency as seen in Fig. The temper-
ature variation can potentially introduce a variable attenuation into the RF delivery chain by changing
the efficiency of the amplifiers, the attenuation of the cables or couplers, then this would manifest by
changing the value of the modulation index . It is also possible that the Lithium-Niobate crystal in the
IQ modulator itself introduces the temperature sensitivity itself. Finally, the temperature in Eq. [6.19is
the ambient temperature measured at the sensor head, however all these effects would manifest inside
the flight case. If the change in ambient temperature was caused by changes in the heat output of the
flight case then it is highly likely that the variation would be far higher internally. If this difference were

an order of magnitude along the path of the RF cables then this would make the simulated IQ variation

IThe highest voltage output from the power supply for y3.
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almost identical to the measured.

Here the results and analysis of two sets of survey data, utilising a portable quantum sensor, have
been presented. The first measurement campaign placed the sensor in a relevant but highly unstable
environment and through manual monitoring and tuning over the course of nearly 12 hours results in-
dicative of the expected signal are visible (Fig. [6.14). The second campaign placed the same sensor in a
more stable laboratory environment to detect an artificially created anomaly of comparative magnitude
to that of the external survey. Due to long term drifts and substantial temperature sensitivity of the IQ
modulator used to create the sideband Raman frequency it is not possible to identify the signal. The po-
tential cause of the drifts has been suggested and analysis performed that identifies a component, but the
leading order issue has not yet been identified. These results strongly suggest that with improvements to
system stability and reduction in thermal sensitivity the system will be capable of detecting more chal-
lenging targets. The next survey is currently planned for December 2018 with the hopes of detecting an

anomaly on an active building site.
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CHAPTER 7

CONCLUSION AND OUTLOOK

In this thesis the design and operation of a prism MOT gradiometer has been outlined from the initial
system prototypes to a survey ready operational sensor. At each stage of development the suggested de-
sign has been tested and validated, showing that the single beam delivery system is capable of producing
atom numbers in excess of 2.7 x 10% and reaching temperatures below 3 uK, when paired with a compact
laser system based on telecoms technology. Single beam MOTs have been shown to provide substantial
improvements to the system stability and have been integrated into a design that provides a compact
cylindrical form factor for the vacuum system, providing a substantial simplification to system geometry
and reduction of system mass. The low footprint design was modified to allow the cylindrical form factor
to be implemented in a gravimeter system, which was used to demonstrate comparative performance in
both a laboratory environment and outside in direct summer sunlight. The signal-to-noise of the fringes
changed from 1.7 to 0.9 from the move outside, demonstrating that with improvements to control mea-
sures and utilising the common mode suppression of a gradiometer the design had potential as a survey
ready device.

Working from this well validated position the system design has been outlined in detail to showing
an efficient implementation of a single beam MOT in a gradiometer orientation which is capable of func-
tioning as a research tool whilst remaining a system that can be manufactured en masse. The sensor
features two modular vacuum chambers independently capable of maintaining a pressure an order of
magnitude below that required for a 2T =176 ms gravimeter, a compact bias coil of only 18 turns that can

provide less than 0.2% variation in magnetic field strength over the central 8.5 cm interferometry region
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and an adaptable mounting structure providing an adjustable 75 cm baseline. Once implemented into
the gradiometer it has been shown that atom numbers of ~ 5 x 107 and temperatures of ~7.8 uK can be
seen in both sensor modules, with the drop in performance relative to the gravimeter likely arising in-
sufficient laser available laser power. The same vacuum infrastructure has been prepared to allow the
sensitivity to be quadrupled by implementing an atom launch with only minimal changes needed to the
outermost layer of the sensor. Through use of these innovative designs this has all been implemented in a
sensor with a total weight less than 50 kg that has been demonstrated to be moveable by a single person.

Pairing this robust sensor design with a portable control package it has been possible to perform sur-
veys in highly adverse conditions. Filtering, actively stabilising and manually removing possible noise
source a survey was performed during the month long stormy period in the UK dubbed “The Beast from
the East", with a total temperature range of more than 11 °C and maximum wind speed of 30 ms experi-
enced over the course of the survey. Temperature variation of almost 7 °C and wind speeds of more than
10 m/s were experienced over the course of the successful survey with the sensor detecting a result indica-
tive of the expected 230 E signal. Having proved the sensor could provide good results in highly adverse
conditions a second measurement campaign was attempted in a more stable environment with an arti-
ficially created anomaly of ~280 E. This campaign produced a less promising result as manual correction
of the most problematic noise source was no longer provided and the sideband ratio from the IQ modu-
lator was allowed to change by almost 20% over the two day measurement campaign. A clear correlation
was seen between the temperature variation, the sideband ratio and the measured ellipse phase with a
linear relationship identified between the sideband ratio and ellipse phase. The results of this campaign
were inconclusive despite the improved environmental stability. Work is ongoing both on the sensor to
prepare it for a new campaign outside the lab in December 2018 and on the data available from the cur-
rent campaigns as given the clear correlation between sideband ratio, temperature and ellipse phase it is
possible that the drift can be removed in post processing if a causative link can be determined.

With the success of the design presented in this thesis large industrial partners have begun to utilise
the intellectual property[31] generated to develop their own prototypes for commercial applications.
Teledyne e2V have been working with the local group for a number of years to develop their own gra-

diometer prototype, constantly learning from the progress of this system and have begun the process of
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building more by harnessing the same core design in two recently funded projects (REVEAL and FREEZE
RAY 2). RSK is heading up a consortium, in which the University of Birmingham is the largest academic
partner, to develop a separate system with a similar design to demonstrate an improvement in the field
over the CG-5 (PIONEER). Additionally the original prism MOT prototypes are in constant demand from
industrial partners to act as a test bed for their own technology, with one currently in use by Gooch &
Housego to test their laser systems and the other used locally as a teaching tool, demonstrating they are
functional for both academic and industrial work.

Work is continuing at the University of Birmingham on this system and those inspired by it. The MOT
prototypes are a standard teaching tool and the gravimeter prototype has recently been rejuvenated as
part of a new project which has it mounted to a rail. The two new systems mentioned in are in the
construction phase using modified designs of the components presented in Chapters[3|and[4} exploring
the two extremes of the SWAP:sensitivity scale. Both expected to produce their first measurements by
March 2019.

The output of this thesis has more than exceeded the expectations that were laid out at its commence-
ment, whilst still in its early days it has proven the potential of the system as a whole to function as a
gradiometer in adverse conditions. The system is acting as a testbed for new ideas, models and tech-
niques to advance the readiness of cold atom sensors and has demonstrated to companies the potential

for investments, harnessing the design for commercial applications.
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