A COLD ATOMS GRAVIMETER FOR USE IN
ABSOLUTE GRAVITY COMPARISONS

by

Lingxiao Zhu

A thesis submitted to
The University of Birmingham

for the degree of
DOCTOR OF PHILOSOPHY

Ultracold Atoms Group

School of Physics and Astronomy

College of Engineering and Physical Sciences
The University of Birmingham

January 2018



UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.



Abstract

This thesis describes the construction of high precision absolute gravimeter, aiming at realising a comparison
with a state-of-the-art gravimeter. The instrument is based on performing Raman atom interferometry on
ensembles of laser-cooled 87Rb atoms in an atomic fountain. The highlight of this work is the demonstration
of an IQ modulator based optical single-sideband (OSSB) laser system providing a highly coherent light
source. The advantage this brings to atom interferometry is the suppression of the unwanted sidebands,
eliminating interference effects, especially the spatially dependent Rabi frequency and the interferometric
phase shift. Recently 5x10° atoms were launched at a rate of 0.5 Hz with a temperature of 10 K. After
improving the vibration isolation, we have observed interference fringes with a sensitivity of 225 uGal/v/Hz.
The preliminary accuracy is estimated to be 218 uGal. A study of systematic noise and bias sources has been
undertaken, finding that the limitation of the above performance is the vibration noise and Coriolis effect,
respectively. The apparatus has been transported to NERC Space Geodesy Facility in Herstmonceux, where

a comparison campaign is in preparation.
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CHAPTER 1

INTRODUCTION AND MOTIVATION

1.1 Gravity and Gravimetry

1.1.1 Brief History of Gravity

Gravity is a natural phenomenon, which holds us to the surface of the Earth and keeps our atmosphere
wrapped around our planet. It is the weakest of the four fundamental interactions in the universe, but acts
on all things from subatomic particles to macroscopic masses like planets. Since the ancient times, a lot of
scientists have been obsessed by exploring the principle of gravity. One of the most famous anecdotes in the
history of science is the story of an apple falling on Isaac Newton’s head which inspired him to come up with
the theory of gravity. In fact, the history of gravity studies can be traced back to around 350 B.C., when
the ancient Greek philosopher Aristotle concluded that the composition of an object determines the degree
of a natural desire to fall against the center of the Earth. He believed that heavier objects fall faster. This
blurry concept of gravity developed by Aristotle is completely wrong. However it was not until 1632 that
Gallileo Galilei brought scientific experiments into the conversation. He discovered that the acceleration of
falling bodies is independent of their mass and composition in his famous experiment dropping two spheres
from the Leaning Tower of Pisa in 158992 (In 1971, Apollo 15 moonwalker David Scott performed a live
demonstration of the experiment by dropping a geologic hammer and a feather at the same time. Eventually
both of them hit the lunar surface simultaneously [I]). From then on, people struggled for a philosophical
description of the origin of gravity. Initially the mainstream interpretation was governed by the ether theory.
This concept was abandoned after Isaac Newton released his universal law of gravity in 1687. In his famous

publication Philosophae Naturalis Principia Mathematica, Newton proposed mathematically that the force



can be expressed by a terse formalism:

Mm
F=G 2 (1.1)

where F' is the value of the force between two interacting masses M and m at a distance r and G is the
gravitational constant. His theory explains the tides and the motions of the planets around the sun. Over
a century later, Henry Cavendish obtained the first experimental measurement of gravity between two test
masses in the laboratory by using a torsion balance. In his measurement, the density of the Earth was
calculated, the value of which is within a few percent of current measurements. However, the fundamental
nature of gravity was still mystery. In the early 20th century, Albert Einstein finally came up with an
astonishing explanation in his General Theory of Relativity, which claims that gravity is a consequence of
the curvature of spacetime, the fabric of the universe. Based on that, his theory succeeded in accurately
predicting Mercury’s orbit, the gravitational redshift, the existence of black holes, gravitational time delays
and gravitational wave. In September 2015, the Advanced LIGO experiment detected a signal formed by a
gravitational waves, that appeared to come from the collision of two black holes directly [2]. This achievement

marked another milestone in the scientific history of gravity.

1.1.2 Gravity on Earth

On the surface of the Earth, a free-fall mass is accelerated towards the Earth. According to Newton’s law of

universal gravitation, the acceleration experienced by a mass m; is derived

g= Lo _gme

1.2
ml R2 ( )

where Fy is the gravitational force, R and m, are the radius and mass of the Earth respectively. The symbol
g for gravitational acceleration is the so-called ‘little g’, representing the gravitational force per unit mass.
Since the exact gravitational force depends on mass of objects, the gravitational acceleration g is commonly
used to specify gravity. We will show later that the explicit value of the ‘little ¢’ is dependent upon influences

in the local environment.

Gravity Units

In the International System of Units (SI), gravity is measured in N/kg or m/s?. However, in geophysics for
example, the preferred unit is the Gal from the Centimetre-Gram-Seconds (CGS) unit system in honour of

Galileo. 1 Gal is a large quantity compared with the terrestrial variations of gravity on the Earth. As a



result, units like mGal and pGal are more frequently adopted. In other fields like the petroleum industry,
another unit, known as the gravity unit (g.u.) is also used for gravity measurements [3]. Table shows the
equivalent units of common parameters used in gravity measurements in both CGS and SI. In this thesis, we

specify gravity in pGal or mGal.

Table 1.1: Parameters commonly used in the gravity measurement in equivalent CGS and SI system of units.
Other units used in application are also included.

Parameters CGS SI In application
Force of attraction 10° dynes 1 kg m/s? or newton (N)
Gravitational acceleration 1 Gal 1072 m/s? 10* g.u.
1 mGal 107° m/s? 10 g.u.
1 uGal 1078 m/s? 1072 gu.
Gravity Gradient 1079 Gal /cm 1079/s% 1 eotvos (E)

Gravity Variation

The gravity calculated by Equ. holds only for homogeneous or radially stratified spherical bodies. In
fact, the Earth is more like an oblate ellipsoid with heterogeneous density. The local gravity includes spatial
variation due to the size, shape and rotation of the Earth. For example, gravity varies from the equator
to the poles of rotation by about 0.5%, changing by slightly more than 5 Gal from approximately 978 Gal
at the equator to 983 Gal at the poles. Additionally the cumulative gravitational force of the Moon and
Sun on the Earth induces temporal variations of gravity at a given location. The maximum effect of the
Moon is approximately +0.11 mGal and the Sun causes a = 0.05 mGal maximum variation, resulting in a
maximum total variation within 24 hours of roughly 0.33 mGal [3]. Furthermore the terrestrial terrain also

has influences on the gravity. Table. [[.2] lists the sources of the spatial and temporal changes to gravity.

1.2 Gravimeter

High precision gravimeters are essential for gravity research. To some degree, the development of the gravime-
ter determines our knowledge of the gravity field. Generally gravimeters can be categorised into two basic
types: relative and absolute. Relative gravimeters only measure the change in gravity. Compared with abso-
lute gravimeters, relative gravimeters typically have higher sensitive and are easier to make compact in size.
However, in order to standardise relative measurements in different locations, relative gravimeters have to be
calibrated with a base station. Additionally, due to the instrumental drift, relative gravimeters also require

regular calibration.



Table 1.2: Approximate magnitudes of changes in gravitational acceleration at the surface of the Earth from
various sources [4l [5].

Source Magnitude (mGal)
Earth 980000
Latitudinal Variation 5000
Mountain ranges / ocean trenches 200
Mineral anomalies 100
Elevation by 1 m 0.3
Solid earth tides +0.015
Volcanic/seismic activity 0.2
Sun/Moon Tides 0.1
Mining/large constructions 0.1
Ocean tide loading +0.01
Ground water level +0.01
Postglacial rebound 0.01
Polar motion 0.008
Glaciers/Polar ice change 0.005
Atmospheric pressure 0.003-0.02 (0.0003/hPa)
Person at 1m distance 0.0005

The Earth’s gravity was first measured using simple pendulums and torsion balances. The pendulum
is the most rudimentary of absolute gravimeters, but it is difficult to achieve a better accuracy than mGal.
Torsion balances can only be used on relatively flat terrain due to their high sensitivity to irregularities on the
ground. Since these instruments also required hours of observations, they were replaced by other instruments
during the 20th century [6l [7]. Current commercial gravimeters are summarized below. The terminologies
used to assess the performance of the gravimeter are discussed in section and are consistent throughout

the thesis .

1.2.1 Relative Gravimeter

The relative gravimeter is simply a sensitive weighing device, measuring the variations of g. The basic
principle is to maintain the test mass suspended in the gravity field and the variations of g are obtained
by measuring the counter-reaction force necessary to keep the mass at its equilibrium position. The scaling
factor of these instruments needs to be calibrated by an absolute gravimeter.

Typically relative gravimeters are mainly spring-type, meaning the force on a mass due to gravity is
balanced by the restoring force of a spring [6]. In the beginning, the gravimeter springs were normally made
of metal or fused silica. In 1934, LaCoste made a gravimeter based on a zero length spring, whose force-
length graph passes through the origin or, at least, points toward the origin. This gravimeter has an oblique

restoring spring which counters the gravity torque. Since these two torques are designed to balance each



other for any angle of the beam in at first, the system will have infinite period. Small change in vertical
acceleration (or gravity) will cause a large movement [§]. One of the commercial gravimeters of this type
is the gPhoneX gravity meter from Micro-g LaCoste [9]. Another widely used spring-type gravimeter is the
CG5 Autograv from Scintrex (the CG-6 Autograv is the latest vesion), which operates by electro-statically
stabilising a proof mass attached to a fused quartz spring [I0]. The gravity variations are translated into a
voltage change of the capacitor plates that keep the mass at the null position. However, the above spring-
type gravimeters have fundamental problems such as the elastic variability of the spring, thermal noise in the
spring and mass loss from the test-mass, which result in the need for regular calibration. The superconducting
gravimeter is a new spring-type gravimeter which has small drift. The test mass is a metallic sphere made
from or coated with a layer of superconducting metal, which is levitated by a magnetic field generated by
current flowing in a superconducting coil cooled to 4K. Thus variations in gravitational or inertial forces are
proportional to the change in current needed to balance the test mass at the reference position. [11,[12]. The
iGrav superconducting gravimeter from GWR instruments achieves one of the best sensitivities and long-term
stability [I3]. Therefore the iGrav is often used to compare and calibrate other gravimeters [I4] [I5]. The
drawback is the gravimeter is hard to transport, bulky and time consuming to set up at new sites. Table
shows specifications of current commercial relative gravimeters.

Recently new technology has been employed in lab prototype systems to make gravimeters more compact.
One of them is the relative gravimeter based on microelectromechanical systems (MEMS) technology. The
reported sensitivity is 40 p Gal/ VHz with a stability capable of measuring the Earth tide [16]. Due to the
compact size and low cost, this MEMS gravimeter is promising for gravimetry in the future. However the

significant drifts are a major issue for recent applications.

Table 1.3: Comparison of commercial relative gravimeters with their reported specifications.

Representative CG5) & CG6 Scintrex  gPhoneX Gravity Meter iGrav
Principle Fused quartz spring  Zero-length spring tension Superconducting
Measurement Frequency 6 Hz 1 Hz
Noise 0.1 to 0.3 uGal/vHz 0.3 uGal/vHz
Precision 1 pGal
Resolution 1 uGal 0.1 pGal 0.001 puGal
Residual Drift 20 pGal/day 1500 pGal/month 0.5 uGal/month
Range 8000 mGal 7000 mGal
Power Consumption 4.5W 300 W 1.3 kW
Mass 8.9 58 kg 40 kg
Reference Datasheet [17] Datasheet [18] Datasheet [19]
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Figure 1.1: Schematic of the FG5 gravimeter.

1.2.2 Absolute Gravimeter

The absolute gravimeters currently used follow the free trajectory in vacuum of a test mass, which then
defines an inertial reference. The determination of absolute gravity is based on the measurement of the
fundamental acceleration quantities distance and time. The mass may be either launched or catapulted. In
order to measure the distance precisely, laser interferometry has been used, providing a transportable and
stable standard of length.

According to the ballistic trajectory, the free-fall type gravimeter can be sorted into two types: direct
free-fall and symmetrical rise-and-fall. The advantage of the direct free-fall is its greater mechanical simplicity
which contributes to a high data rate, while the symmetrical rise-and-fall method is less sensitive to some
systematic noise [20]. One of the most representative absolute gravimeters based on direct free-fall is the FG5
from Micro-g LaCoste [2T]. The basic principle of this instrument is depicted in Fig. Here a Michelson
interferometer whose mirrors are corner cubes is used to measure the distance traveled by the test mass
during a time T. One of the mirrors is fixed and set as a reference. The other corner cube moves vertically
in the gravity field. The counting of the optical interference fringes passing through the free movement
of the second corner cube gives a measurement of g. The optical fringes provide a very accurate distance
measurement based on absolute wavelength standards, and the accurate and precise timing of the occurrence
of these optical fringes are based on an atomic rubidium clock. [22] 23]. In this way, distance and time are

directly tied to time and length SI units. Another comparable absolute gravimeter is IMGC, which is based



on the symmetrical rise-and-fall method. This gravimeter mostly works on the same principle as FG5, except
that the beam splitter and the mirrors are combined into a monolithic plane-parallel glass plate [24].

These instruments have a very good accuracy, at the level of a few pGal. In a very calm environment,
they have a sensitivity of the order of a few pGal and a good long-term stability which makes it possible
to achieve sub-uGal resolutions after several hours of integration. However, its mechanical structure for
repeated free-falling prevents its use on a mobile platform and limits its cycle time (this is limited by the
damping time of the mechanical vibrations generated by the corner cube after each fall). The preferred drop
rate of the FG5 is 1 drop every 15 s [25]. In addition, the performance of corner cube gravimeters is subject
to long-term mechanical wear of moving parts.

Instead of a macroscopic mass, atoms have been found to be a good candidate to act as the test mass
in free-fall gravimeters. A cold atom gravimeter was first demonstrated by Mark Kasevich and Steven
Chu in 1991, with a resolution of 30 pGal after 2000 s of integration time [26]. From then on, various
institutes around the world have been studying the sensitivity and accuracy of these instruments and are
developing their own laboratory prototypes. Due to the improvements in compactness and robustness, atomic
gravimeters are promising for field applications. Recently, both AOSense and Muquans have developed
commercial gravimeters based on atom interferometry. Compared with corner cube type, atomic gravimeters
can not only become more compact but can also reach measurement rates comparable to relative gravimeters.
Additionally, the absence of any moving mechanical parts makes these instruments better suited for field

applications. Table shows specifications of current commercial absolute gravimeters.

Table 1.4: Comparison of commercial absolute gravimeters with their reported specifications.

Specifications FG5 & FG5X A10 AQG
Principle Free-fall corner cube Free-fall corner cube Atom interferometry
Accuracy 2 pGal 10 pGal A few pGal
Precision 15 uGal/vHz 100 pGal /v Hz 50 puGal /vVHz

Long-term Stability 1 pnGal
Measurement Rate few seconds 2 Hz

Power Consumption 500 W 300 W 300 W

Mass 320 kg 105 kg 100 kg
Refereence 21 [28] [29]

1.2.3 Atom Interferometry Gravimeter

As a stepping-stone to understand the mechanism of the atom interferometry gravimeter, the basic work-

ing principle of an atom interferometer is explained here. In fact, there are various approaches to atom
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Figure 1.2: The light interferometer (left) and atom interferometer (right) in Mach-Zehnder configuration.
Pathl (straight lines) and Path2 (curved lines) in the atom interferometry represent the trajectories of the
atom clouds with and without the homogeneous gravity. Modified from [32].

interferometry [30]. Current atom based gravity measurements mainly adopt the scheme of light-pulse atom
interferometry [26]. The detailed theory can be found in chapter [2| The construction of an atom interferom-
eter is based on a Mach-Zehnder interferometer as shown in Fig. In an optical interferometer, a light
beam is first split into two parts by a beamsplitter, redirected by mirrors, and then recombined by a second
beamsplitter. Measurement of the intensity at the output ports makes it possible to acquire information on
the phase shift accumulated between the arms of the interferometer during propagation [3I]. In an atom

interferometer, the splitting, reflection and recombining are realised by Raman transitions driven by laser

pulses [26], 25].

Principle

A resonant laser can drive the transition of a two level atom, from ground state |g) to excited state |e). The
transition probability oscillates sinusoidally as a function of the laser duration, which is called Rabi oscillation.
Assume a group of atoms are all in state |g) initially, we denominate a laser pulse which puts the atoms into
a superposition state of half |¢g) and half |e) as a 7/2 pulse while a laser pulse which completely flips the state
of the atoms is called a 7 pulse. In the 7/2-7m-7/2 type atom interferometer, the first 7/2 pulse puts half
of the atomic probability distribution into the excited state, creating a superposition. Due to momentum
conservation, atoms absorbing or emitting a photon also receive a momentum impulse. Consequently atoms
promoted to the excited state split spatially from the ground state atoms. The first 7/2 pulse works as a
splitter, introducing a velocity difference v=fik/m between the two states, where k is the wavevector of the
laser and m is the mass of the atom. After a free evolution time T, a 7 pulse flips both the internal and

external state of the two atom clouds, which acts as a mirror and redirects the atoms’ propagation. After



a second free evolution T, the clouds overlap. A third n/2 pulse mixes the two clouds together. Without
any perturbation in the paths, the population distribution between the two states is equal at the output.
Otherwise the probability of finding the atom in state |e) depends on the dephasing in the following way
P = %(1 — cos(A¢)), where A¢ is the phase difference acquired during the interrogation time. In atom
interferometer, A¢ = k - Az + fOTé(t)dt, where Az is the distance of atom moving and §(t) is the laser
detuning during the evolution time T. When atoms free fall in the gravity field, the interferometer phase is
given by:

A¢p = kgT? (1.3)

where g is the local gravity and we assume that the laser frequency exactly match the atomic resonance. In
fact, the frequency detuing can be generated by the Doppler effect during the atom free falling. In order to
compensate this phase shift, the frequency of the laser is chirped during the interferometry sequence. Thus
the interferometer phase is modified by A¢ = kgT? —aT?, where « is the chirp rate of the laser. Gravity can
be extracted by measuring the chirp rate o precisely, which cancels the Doppler shift as kgT? — agT? = 0.
The sensivity is proportional to T2 and is further enhanced by many atoms free-falling simultaneously, which
reduces the quantum shot noise limit[33]. Consider that the interrogation time 2T is 1 s and the transition
linewidth is 1 Hz, the gravity induced Doppler shift is about 10 MHz in this case, which is sufficient to spoil
the population transfer between the states. With 10 atoms in the sequence, a 10~? fractional change in the
acceleration can be detected. The best sensitivity reported is 4.2 pGal/v/Hz [34] (2T=600 ms). Table

shows the reported specifications of the atom interferometry gravimeters in labs worldwide.

State-of-the-art

In the past decades, efforts have been consistently made to improve the performance of the atom interferom-
eter as well as span its application into other fields. High sensitivity has been demonstrated by long baseline
[43] [44] [45], large momentum transfter [46] [47] and novel schemes [48][49]. In order to increase the sensitivity
further, atom interferometry in microgravity has been proposed, in particular, for fundamental tests such as
of the validity of the Einstein’s equivalence principle [50, 511 [52] 53]. Some demonstrations have been made
on the free fall tower [64] 53], the moving elevator [38], Zero-G aircraft [56] and even on a sounding rocket [57].
The systematic errors of atom interferometers have also been examined in detail [58]. Comparison with other
commerical absolute gravimeters indicates the advantages of atom interferometry gravimeters [59] 37, 41].
Benefit from the development of the atomic clock, new atomic species like strontium have been demonstrated

for gravity measurement [60]. For the field applications, a lot of effort has been directed towards improving



the compactness, robustness and transportability[61]. Projects like iSense [62], CAG [63] and QG-1[64] have
paved the road for the realisation of a mobile, non-laboratory-based sensor. Recently commercial products
like AQG and AOSence are in competition against other absolute gravimeters currently on the market.

In addition to gravity, atom interferometers have demonstrated the highest precision in the laboratory for
gravity gradients [65] and rotation [66, 67]. The unprecedented sensitivity and practically drift-free atomic
sensors are very interesting for applications, e.g. in oil exploration, inertial navigation [68] [69] or geodesy
[70]. In fundamental science, atom interferometers have been used to determine the Newtonian gravitational
constant [71], [72], fine structure constant [73], SI unit of mass [74] and test the weak equivalence principle

[75]. Future applications may include detecting gravitational waves [76] or dark energy [77].

1.3 Organisation of the Thesis

This thesis presents the construction of a reference platform under the UK National Quantum Technology
Hub (QT Hub) in Sensors and Metrology. The aim of this work within the hub is to build a high precision
gravity reference as a transportable calibration platform. The first step is to build a gravimeter comparable
with different state-of-the-art gravimeters. In this experiment, it is the first time that Raman light for atom
interferometry has been generated using a scheme based on single sideband modulation. The intrinsic phase
coherence of the phase modulated laser significantly reduces the interferometer phase noise induced by the
laser phase noise. The thesis is organised as below:

Chapter 2: The theory of atom interferometry is presented in detail. Special emphasis is given to the
derivation of the ratio in the state populations after a MachZehnder type sequence of Raman pulses and their
application in gravity sensing. Then the sensitivity function is introduced to estimate the impact of noise
sources on the gravity measurement. This tool is required in chapter 5 to characterise the performance of
the experiment.

Chapter 3: This chapter mainly focuses on the construction of an atomic fountain. The science chamber
is inherited from another project 'GGtop’. The former PhD students on the GGtop project, Alex Niggebaum
and Andrew Hinton, realized the mageto-optic trap (MOT) and achieved Ramesy fringes [78, [79]. The work
of the author starts from the optimisation of the MOT. In order to improve the robustness and stability of
the experiment, important modifications have been developed within this thesis, such as building free space
optics and changing control software. The chapter also describes how the moving molasses technique is used
to launch atoms upwards into the interferometry region.

Chapter 4: The realisation of the atom interferometer is presented. Special emphasis is given to the

10



Raman laser scheme which is based on single sideband modulation. Some key specifications of the Raman laser
system are measured. In addition, the advantage of our Raman laser system is demonstrated experimentally.

Chapter 5: In order to understand the limitation of the system, the noise and systematic errors of the
atom interferometer are analysed. The budget of the sensitivity of the gravimeter is calculated and the
accuracy of the gravimeter is evaluated.

Chapter 6: The entire system has been transported to the NERC space geodesy facility at Herstmonceux
for comparison with FG5 and CG5. New mechanical frames were built, which allowed the experiment to
be taken out of the lab. The process of packing, loading and unloading are summarized. Then the gravity
measurement protocol in the future comparison is presented.

Chapter 7: This chapter concludes with an outlook on future improvements.

11
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CHAPTER 2

THEORY

Matter wave interferometers can be realised in several ways. We present here the operation of an atom
interferometer using stimulated Raman transitions. This method enables using large momentum recoil to
efficiently separate, deflect and recombine the atomic wavepackets while allowing one to readout the inter-
ferometer using the populations of atomic states.

In this chapter we firstly present the principle of stimulated Raman transitions on a simplified three-level
atom. The result is used to perform a 7/2 — m — 7/2 interferometer sequence. The important equations
for extracting the gravity value from the measured phase are derived. Finally, the sensitivity function is
introduced as a tool to evalute the impact of various noise sources upon the interferometer phase noise. Its
application in calculating the interferometer noise induced by the laser phase noise and vibrational noise is

introduced. These derivations closely follow the contents in the literature [30] and also refer to theses |80} 81].

2.1 Stimulated Raman Transitions

The two hyperfine ground states can be coupled by stimulated Raman transitions, which are a two-photon
process. Assume an atom with two ground states |g) and |e) and an intermediate excited state |¢) as in
Fig. H The splitting of the two ground states is equal to weq. One pair of counter-propagating lasers with
optical frequencies w; and wy are used to drive the stimulated Raman transition. When the atom absorbs
or emits one photon, the external state of the atom is also changed by one photon momenta. Due to the

coupling of the internal and external states, we describe the atomic state as a tensor product of two Hilbert
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Figure 2.1: Left: A type Raman transition in three-level atom. The detuning A to the excited state |i) is
much larger than the natural linewidth I'. Right: diagram of the momentum transfer and spatially seperation
of atoms performed by a stimulated Raman transition.

spaces in the rest of the chapter:

l9,Py) = |9) ® P)
le,pe) = [€) @ [p + Tikeyy) (2.1)

li,p;;) = |i) @ [pyj)

where p is the momentum of the atom in state |g), ikeys is the transferred momentum by stimulated Raman
transition with the effective wavevector keys = ki — ko. Since the intermediate state can couple to two
frequencies and two ground states, three different momenta are given rise to, which are p,; = p + fiki1,p;o =
p + hks and p;3 = p + h(kess + ki). These new intermediate states |7, p;;) are indicated by the index j.
We will show later that these intermediate states can be eliminated adiabatically in case of large detuning

(A>T).

Resonance Condition

In order to drive the Raman transition effectively, the two-photon resonance condition must be satisfied. The

exact resonance condition can be derived by the conservation of energy between the initial and final states:

2 2
+ hk,
m1+hwg+pizm2+me+u

2.2
2m 2m (2.2)
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which is rearranged as the frequency difference of the laser:

k. hk?2
P-Kepp | ey
m

W] — W2 = We — Wy +
! 2m (2.3)

= Weg + Wp + Wree

where weg4 is the hyperfine state splitting, wp is the Doppler shift and wye. is the recoil shift. Due to the
Doppler shift term, only atoms in a limited range of velocities can contribute to the Raman transition.
This is the basic principle of how we perform velocity selection and cool the atoms further, prior the atom
interferometer (see section .

Time Evolution

In the interaction between the atom and laser, the time evolution of an arbitrary atom state can be written

as a linear superposition of the basis states in Equ. 2.1}
(W(1)) = ag(t)|9, py) + ac(t)le, Pe) + air ()i, pyr) + aia(t)|i, Pi) + aiz()]i, Pis) (2.4)
where a,(t) are time-dependent coefficients. Assume the electromagnetic field is:
E(r,t) = Eqjcos(ky - r —wit + ¢1) + Egcos(ks - r — wat + ¢2) (2.5)

where ¢1 2 are the initial phases. In the absence of spontaneous emission (A > I'), the Hamiltonian operator

of the three level system coupled to an electromagnetic field is:

~ 2

N P W/ 3
H = o+ hwglg) (gl + hwele) (el + wili)(i] —d - E (2.6)
where p is the momentum operator and d is the electric dipole moment operator. The last term V = —d - E

is the electric dipole coupling term using the electric dipole approximation. In order to eliminate the time-
dependent factors, the coefficients a,(t) are separated into a fast oscillation term and a slowly varying part
as:

Ipg |2

an(t) = cx(t)e st a1 (2.7)
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Inserting the wavefunction Equ. 2.4)and the Hamiltonian Equ. 2.6]with new variables[2.7)into the Schrodinger
equation:

Ld A
zha\\Il(t» = H|U(t)) (2.8)
it gives rise to new coefficients:

iég(t) :7glezAt—z¢1Ci1(t) =+ 79261(9—5—(&)99+62)t—l¢2ci2(t)

2 2
ice(t) :%ei@*wer%)t—i%Cig(t) i %eim-a)t_i%%(t)
Q L Doy ‘
it (1) == e A gy () 4 SR AT (1) (2.9)
Q ; .
icia(t) ZTng”(A*‘s*wchz)Hmz cy(t)
Qel

ic;3(t) :76—1‘(A+w69—63)t+i¢1ce(t)

where Q;, A,0,62 and d3 are defined as below:

—
Q= _{ild - Bylj) ; kl7) (2.10)

-k Ak |?
P 1+|1|

A=w — (W —wg + ) (2.11)

2m

korr Blkerl?
p ff+|ff|)

d=wi —wy —
wr T we (weg+ m 2m

(2.12)

hks - ke hk: - ke
by = =t gy = ===l (2.13)

In the above derivation, we neglect the fast rotating terms at optical frequencies w; — wy +wy (rotating wave
approximation (RWA)). In practice, the detuning A can deliberately be set to a value much larger than
the Rabi frequency €. Therefore the coefficients ¢,(t) and c.(t) vary much more slowly than explicitly
time-dependent terms. We can regard the coefficients ¢,(t) and c.(t) as constant in Equ. Hence the
atomic system is analogous to a two-level system via the process of adiabatic elimination of the excited state

coefficients. In the typical experimental setting where |A| > |d], |d2], |3, the new coefficients are given by:

Qe -
Ce(t) = —i (Q;f‘c celt) + —5% e_z(‘st""beff)cg(t))
2.14)
Cg(t) — 72 (ng‘lccg(t) + ;ffel(ét+¢ﬁff)ce(t))
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where we define the light shift of the two levels Q‘;C and QAC the effective phase between the two light fields

¢esr and the coupling frequency between the two ground states Q2c¢s as

[ Q1 Qe [ Q1 P [Qea

Q¢ = Q¢ = 2.1
g 4N 4(A —weg) € 4(A + wey) 4N (2.15)
Qyn=—""—"—""""LQcpp=—"""""—786" 2.1
9, A s h ( 6)
Gefs = P1 — P2 (2.17)
Dy s
Qepr = 2,Age (p1—2) (2.18)

Equ. can be resolved by following the solution in nuclear magnetic resonance spectroscopy [82]. The

evolution of these coefficients with time in the rotating frame is given by:

cg(to+7) U@ —0)/2
cAC )
X [(oos(Q”) + Msm(%))%(to) S sm(%)e“wentoweﬁ)ce(to))]
2 Q, 2 Q, 2 (2.19)
Ce(to +7) —e—UQ O HO)T/2
cAC ‘
< (eos(T) = =D sin (2T e (1) i 9L iy teesstorsenny 1))

where the off-resonant Rabi frequency €, is written as €2, = \/Qiff + (6 — 049)% and 61C = (Q1C — Q19)
is the differential AC Stark shift of the two levels. The results, transferred to the non-rotating frame, are

expressed by:

ag(to+ 1) — (A —42w,)7/2

Q, i(64C — 6§ Q, Q. Q7. .
< [(cos(Ty 4 O =9) D))ag(to) — i—2LL sin( =2l )eiwerstotdesn) g, (ty))]

2 Q, 2 Q, 2 (2.20)

ae(to + 7) :e*i(QACJr‘erz“’;)T/2
Q, i(64C — § Q, Q. Q, )
< lteos(57) =D sin( BT actto) — 5L sim( ST e o s 1)
where wers = wi — wo is the effective frequency
: p* P + 28k s|?
wg:Wg+2mh,we:we+T (221)
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Figure 2.2: Schematic diagram of a Rabi Oscillation. The pulse indicated by /2 pulse transfers half of the
atoms to the state |e) while the 7 pulse transfers all the atoms to state |e).

7/2 and 7 Transitions

If we consider that the atom is initially in the state |g, p) such that c4(to) = 1 and c.(tp) = 0. After the
resonant Raman transition with AC Stark shift eliminated (=0 and §4“=0), the temporal evolution of the

atomic system in the rotating frame is given by:

Q ) QAC,
Ce(T) = —isin— eéfzefwe”ﬂﬂ z (2.22)

Thus the internal state of the atom changes according to the product of the effective Rabi frequency Q¢

and pulse length 7. The population probability in both the rotating and non-rotating frame is expressed as:

1
|ce|2 = |ae|2 = 5(1 —cos(Qeys7)) (2.23)

We depict the variation of the population probability in Fig. [2.2] Excited by a pulse with duration satisfying

Qcgpm=m/2, the distribution of populations is equal. The wavefunction is written as:

B(r)) = %ug,m + (e, p+ Fkers)) (2.24)
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where atoms in state |e) move away from the other in |g) due to their momentum divergence Ap = hk.yy.
Such a Raman transition, called 7/2, is the atomic equivalent of a 50/50 splitter in optics. Similarly, a
transition 7 designates a pulse whose duration is twice that of a 7/2 pulse. In this case, population transfer
is complete, and all of the atoms transition from state |g) to |e). These two types of pulses are the tools

needed to produce an atom interferometer.

Phase Shift

According to Equ. Raman transitions also attach an additional phase onto the states. In a sequence
of Raman pulses, the final population is changed by the accumulated phases. Consider the general case of a
Raman pulse with length 7. The phase shift depends on the initial and final state. Table lists the phase

shift contribution of one Raman transition combining different initial and final states with

Q.7
2

i(6 — 04%)

o ) (2.25)

sin(

Table 2.1: Phase shift contribution terms induced by Raman pulses of length 7 to different combinations of
initial and final states. Cited from [83]

Transition Phase Shift
l9,p) = le;p) (—QIC - Q2 +0)F —6°
19,P) = |e,p + Iikeyy) (—Q4C — QA9 —0)7 — 5 — Oto — deyy
le,p + hkegr) — |e,p + hkeyy) O e O
le,p + hkesr) = 19,P) (=02 —QIC +0)T — T + 0t + deyy

2.2 Atom Interferometry

2.2.1 Mach-Zehnder atom interferometer

The Mach-Zehnder atom interferometer consists of a sequence of three Raman pulses 7/2 — 7w — /2 separated
by time T. As shown in Fig. the first 7/2 pulse acts as a beam splitter, putting the atoms into a coherent
superposition of |g,p) and |e, p + fikcsr). The two wave packets then spatially separate due to the photon
recoil transferred during the first pulse. After a free evolution for time T, a 7 redirects them towards each
other, inverting the internal states and velocities. Thus the two wave packets meet after a second interval T.

A last 7/2 pulse allows them to interfere.

19



I e— —
—
......... ....;............................;.
lg.p) ... 9P
n.... /e'c,...
/o ., 2
e o
%é‘:.,. .
‘e Cpp | o
) ", (O
‘A
P > .,-::..».
|9'p) e,
L
5 | - ] o
L T
J— n J—
2 2
A B C

Figure 2.3: Diagram of the Mach-Zehnder atom interferometer with three Raman laser pulses. The positions
where the Raman pulse is employed are labelled by A, B, C respectively. The first /2 pulse gives a momentum
kick to half of the atoms, causing them to move away. The 7 pulse inverts this separation and the final 7/2
pulse recombines the states. An interference pattern is then observed as population differences in the two
output states. The ratio of the output states is governed by the phase difference between the paths.

The effect of a Raman transition can be modelled by a matrix. The initial state is a vector composed
of the two probability amplitudes a4(to) and ac(tp). According to the coefficient Equ. [2.20} time evolution

equations in the matrix formalism are expressed as:

a to+ 7 a t
g,p( 0 ) _ M(t07¢eff79effa7—) g’p< 0) (2.26)

Qe,p+hkeyy (tO + T) Ge,p+hkeyy (t0>

Suppose that the Raman lasers are on resonance (6 = 0) and the AC Stark shift is eliminated §4¢ = 0. The

evolution matrix is given by:

. ’ . . ’
cos <‘Qe]2°f‘7') e~y T —iez(wefft0+¢ﬁff)sin (‘Qeéf"r) Wy T

M(t07¢effvgeff7’r) = . |Q | ! |Q [ i,
_Z’e—z(weffto‘f‘(i’eff)sin (%) e WeT CcoS (%ﬂ) e "weT

(2.27)

Between each Raman transition, the lasers are switched off and the wave function evolves freely during a time
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interval T. Substituting Q. = 0 into above equation, the matrix of evolution without coupling becomes:

M(r=T) = (2.28)

We can now calculate the population of the two states at the output of the atom interferometer by successively
applying Equ. onto the initial state. The matrix is written as the product of three matrices of Raman
transitions with durations 7 and 27 and two free evolution matrices. By choosing the time origin as the

center of the m pulse, the entire evolution matrix during the sequence is:

Mtotal = M(T + T, ¢C(2), Qeff, T)M(T)M(—T, ¢B(Z), Qeff, 2T)M(T)M(—T — 2’7’, ¢A(2), Qeff, 7') (229)

where ¢4(2), ¢p(z) and ¢c(z) are the light phase of the Raman laser at the atomic positions during the
three Raman pulses. The phase change during the pulse is neglected. After expanding the five matrices
and applying the initial states (ag,p(0) = 1, ac pink,.,,(0) = 0), we achieve the population probability of the

atoms in | e, p + fikcss) at the output:

[1 = cos(pa(z) = 208(2) + ¢c(2))] (2.30)

_ 2_
B ptnkess) =| Clepihk ) |7=

N | =

The probability is determined by the phase difference between the two arms. The interference fringes have a
100% contrast when the transitions are resonant, without light shift, which is analogous to optics, when the
splitters distribute the intensity equally between the two arms and the mirrors redirects all of the incident

light.

2.2.2 Phase Shift Due to g

The amplitudes of the population probability depends on the phase difference of the Raman lasers during the
transition. In the gravity field, the atoms are accelerated during free fall. The altitude of the atoms varies

as —%gtz. If the two Raman lasers are aligned vertically, their phase difference is written as:

P(t) = ¢(1) — ¢(2) = (w1 —wo)t — (k1 — ko) - z(t) + do(t)

= wefft — keff -Z(t) + 5¢(t)

(2.31)
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Since the constant or linear terms of the phase difference cancel in the interferometry phase, only the term
z(t) quadratic in t, and the phase noise term d¢(t) remain. Consider that the atoms fall along the equiphase
planes defined by the two counter-propagating lasers. At each transition, the phase difference of the lasers is

imprinted on the atoms at the position of the atoms falling along this vertical rule. Substituting Equ. [2.31]
into Equ. we have

A® = ¢a(2) —205(2) + dc(2) = keprgT? + 66(T) — 25¢(0) + 5(T) (2.32)

where the terms d¢(T') — 26¢(0) + d¢(T') represent the laser phase noise at the time of the three Raman
pulses.

On the other hand, if the frequency difference of the Raman laser beams remains constant while the atoms
are in free-fall, the Doppler shift given by dwp(t) = —kesy - gt is produced. Thus the resonance condition is
lost, the transition probability decreases and the contrast of the interferometry fringe also decreases rapidly.
In order to keep the pulses resonant at all times, we sweep the frequency of the three pulses to compensate
the Doppler shift as

Aw(t) = wo + at — to) (2.33)

Evaluating Equ. 2:30]in the falling frame, the final net phase shift is expressed as:
AD = (a —keys - g)T? (2.34)
Gravity is measured at the central fringe where av = K.y - g, meaning the Doppler shift is compensated.

2.2.3 Light Shift

In our experiment, we drive stimulated Raman transitions on the 8’Rb D, line, which is not a simple three-
level system. The hyperfine splitting of the excited level 52 Py /2 is shown in Fig. ﬂ The Raman transition
is driven between the two ground states |551/2, F=1)and |551/2, F = 2). When the atom interacts with the
laser, we need to consider the coupling with all four excited levels. In fact, due to dipole transition selection
rules, only the |52P3/27 F = 1) and \52P3/2, F = 2) states can be considered as the virtual levels. We define
the detuning A in respect to |52P3/2, F' = 1) and A1, Ag, Ag as the other three levels’ energy difference in
respect to |52P3/2,F/ = 1). Thus the light shift in Equ. can be rewritten by taking into account all
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Figure 2.4: Level scheme of the 8"Rb D2 line and the levels chosen for Raman transitions. Energy level
differences are not drawn to scale. Two-photon Raman transition is driven between the two ground states
|5Sl/2,F = 1) and |5Sl/2,F = 2) by Raman laser w; and ws. The detuning A is defined in respect to

|52P3/2, F' = 1) and Ay, A, Az are the detuning of the other three levels’ energy difference in respect to
|52P3/2, F' = 1). A = 2000 MHz is the experimental parameter in this thesis.

interactions between the laser and atomic levels:

QAC — Z Qg 9.2
4A+Ak (A+Ak_weg)
2 (2.35)
QA =Y Queal (Dol
2 KA+ AL twg) AT AL

where Q. = —(i, F' = k|d - E,,|F)/h is the Rabi frequency between the ground states g = 5251 /9, F = 1)
ore= |5251/2, F = 2), and the excited states |52P3/27 F = k) coupled by the laser w,. Taking into account
the Clebsch-Gordan coefficients and the linear polarisation of the Raman laser [84], the above equation can

be written as:

QAC_SE 5 1 03 5 1

=1 Gt 8(A — AQ)) + 1(24@ — Weg) + 8(A — Ay — w{,g))
02 1 1 1 Q2 1 1
gac — + + +—2( )
4 V120(A +weg)  8(A = At wey)  H(A—Aztwe,) | 4 1208 * 8(A — Ay) +5(A — As)

(2.36)
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Figure 2.5: The intensity ratio of Raman laser for cancelling the AC stark shift plotted as a function of the
detuning A.

where the Rabi frequency (; is geivn by involving the laser intensity I;, the saturation intensity I, and the

linewidth T'[84]:
I I;

Q= — :

| | \/5 Isat

The light shift changes the energy difference between the ground hyperfine levels (AC Stark effect),

(2.37)

resulting in a Raman transition that will not exactly satisfy the resonance condition. As a consequence, the

interferometer will have an additional phase shift due to the light shift:

AC AC
— 5A — 50

5D = (2.38)

Qeyy
where 51’30 and 5éc are the differential light shifts during the 7/2 pulse at A and C. According the euq.
and the light shift is a linear combination of the laser intensities. We can cancel the light shift by
(SAC

carefully choosing the ratio of the two laser intensities I; and Iy, where = 0. The ratio is a function of

detuning A and given by:

1 1 2 5 1
_ | Eo|? L (60(A+w€g) T IaATe T 5(A—A3+weg)) — (& + 75577
|Er|* L

(2.39)

5 1 1 1 2
(Ao T =80y — (05 + 7555 + 50a=59))

We plot the required ratio in Fig. 2.5 as a function of the detuning A. It is shown that, when A=2 GHz, the
light shift vanishes for R =~ 2.1. We will measure the actual ratio in experiment, which will be introduced in

chapter 5.
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Figure 2.6: Sensitivity Function gs(t) as a function of the instant phase jump of the Raman laser.

2.3 Phase Noise

During the interferometry process, various kinds of noise exist to shift the interferometry phase ®. In the
following sections, we will introduce a tool called the sensitivity function to characterize the sensitivity
of the interferometer to different sources of noise. This method was experimentally verified in the atom
interferometer [85] and is described in detail elsewhere[86] [87]. We summarize the explicit mathematical
formulas and make an application in evaluating the phase noise of the Raman laser and vibration noise. The

other effects (for example magnetic field) are evaluated with the same method in chapter 5.

2.3.1 Sensitivity Function

If an elementary phase jump ¢ of the Raman laser happens at time t, the transition probability P is changed

by §P. The sensitivity function g, can be defined as:

gs(t) =2 lim 0P(4,¢)

i == (2.40)

™
For simplicity, we assume the interferometer phase is ® = 57 where the transition probability is 1/2 and has

the highest sensitivity to the phase jump. With a small phase jump d¢, the transition probability is:

1~ cos(5 £02(00.1) 1 1 a(s6, )
B) - 2

P3¢, t) = (2.41)
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After substituting the above equation into the sensitivity function, we achieve the new sensitivity function:

gg(t) = lim 6q)(6¢a t)

Jim === (2.42)

The phase fluctuation d¢ is most probable to happen during the free evolution time or during the duration of
the pulse. We firstly assume the duration of the pulse is negligible with respect to the free evolution interval
T. If the phase jump takes place during the first free evolution (-T<t<0), it is also added to the phases of
the second and third pulses. Since the laser phase is considered constant elsewhere, the interferometry phase

shift becomes:

@ = 9(—T) — 2($(0) + 66) + (6(T) + 66) = 5 — 66 (2.43)

Therefore & = —d¢ and the sensitivity function is -1 for -T<t<0. In the same way we find g5 (t) = +1
for 0 <t<T. In the general case where the duration of the pulses is not negligible, the expression of g, is
obtained by modifying the matrices which comprise the total matrix of the interferometer (Equ. . If a
phase jump occurs during a pulse, the matrix of this transition is considered to be the product of the matrix
before and after the phase jump individually. Thus we can derive the complete sensitivity function for the

atom interferometer [83]:

sin(.(t+7)) -T—-2r<t<-T-—71

-1 “T—7<t<—71
sin(,t) —T<t<T

gs(t) = (2.44)
1 T<t<TH+T

sin(Q.(t—=T)) TH+7<t<T+27

0 else

The function is zero outside the interferometer. The visualization of the above function is plotted in Fig. [2.6

2.3.2 Laser Phase Noise

We now can evaluate the influence of phase noise of the lasers by:

0d = /gs(t)d¢(t) = /gs(t)%it)dt (2.45)

26



10! Nn
1071
o~
Ly
S
S 63
z
105k
107
0.1 10 1000 10°
f[Hz]

Figure 2.7: Double logarithmic plot of [H(w)|? for T=150 ms and 7=100 us, averaged after 16 oscillations
due to its highly oscillation behaviour. Cited from [83].

However, in practice, it is much easier to measure the phase noise in the frequency domain. Let S, and S
be the power spectral densities (PSD) of the phase noise of the Raman laser, expressed in terms of frequency

and phase. The variance of the corresponding interferometry phase noise is then written as:
“+oo
= [ 16w [ Suw)ds
0
+oo
= / | wG(w) |* Sg(w)dw (2.46)
0

+o00
:/0 | H(w) |2 S (w)de

where G(w) is the Fourier transform of the sensitivity function ¢,(t). H(w) is defined as a weighting function,

which is expressed as:

Foo w w T w T w
H(w) = / e~ it g (1)t — w42 ﬁésm( (T;” ) cos( (T;” ))+%sin(7T)) (2.47)

— 00

As shown in Fig. [27] the weighting function acts as a band pass filter. The low-pass filtering at high
frequency is characterized with a cut-off frequency given by f. = v/3Qgr/6mr=+/3/(127), due to the fact that
the response time of the atoms is necessarily limited by the Rabi frequency. Longer Raman pulses reduce the
contribution of the phase noise at high frequencies. It should be noted, however, that the number of atoms

selected by the Raman transition is low, resulting in degradation of the contrast of the atom interferometry
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Vibration {0

Figure 2.8: Vibration induced phase noise. The relative phase between Raman laser w; and ws changes
depending on the displacement §z which are depicted by black/grey lines. Modified from [88].

fringe. The series of zeros in the weighting function corresponds to the fluctuations whose period is multiples
of T 4+ 27. In this case, the perturbation of the phase jump is identical for all the three pulses and the

interferometry phase shift vanishes.

2.3.3 Vibration Noise

The counter-propagating frequency pair for the two-photon Raman transition is generated in using a retro-
reflection geometry: both beams enter the vacuum chamber from the top and a mirror located beneath the
vacuum enclosure retro-reflects both beams. The advantage of this configuration is that any mechanical noise
on the optical components before entering the vacuum chamber is common to all Raman beams. The phase
difference between the two Raman beams is then defined by the position of the retro-reflection mirror. In
chapter 4, a passive vibration isolator is used to suppress the seismic noise on the mirror. However, due to
the limited capability of the platform, the residual vibration is still a main limitation for the measurement
sensitivity. The sensitivity function is extended to evaluate the influence of the vibration noise. Following
the idea above, we define the sensitivity function due to vibration of the mirror as

ga(t) = 2 lim 0P (ba,t)

sa—0  da (2.48)

As shown in Fig. [2.8] considering an infinitesimal displacement 6z, the phase of the beam on the back

reflection path is changed by d¢ = 2k;0z =~ ks;0z. Therefore g,(t) can be expressed as:

d?g.(t 1 d?gs(t
gu(t) = gz(): 92()
dt keff dt

(2.49)

28



N s (\.n!\n..

107 10° 10’ 10
Frequency (Hz)

2
Figure 2.9: The square of the acceleration transfer function H,(w) for T=120 ms.

The PSD of the Raman phase noise induced by the vibration is therefore:

Sa (w)

Se(w) :kgffsz( ) = keff (2.50)

where S, (w) is the PSD of the vertical vibrations of the mirror in units of (m/s?)?/Hz. The corresponding

interferometry phase noise can be evaluated by:

\/ | s st 5, @51)

Fig. shows the transfer function |H,(w)|? for T=120 ms. The function behaves as a second order low pass

filter and the cut-off frequency is fy = The overall interferometer phase is most sensitive to frequency

2T

vibrations below 10 Hz.

2.4 Summary

This chapter presented a theoretical description of an atom interferometer based upon stimulated Raman
transitions. We discussed how Raman pulses transfer population and create the interference between the
atomic states. Emphasis was put on the derivation of the ratio in the state populations after a Mach-Zehnder
type sequence of Raman pulses. At the output, a Doppler phase shift is accumulated when atoms free fall

in the gravity field. This gives rise to a tool for high-precision measurements of gravity. Finally, we derived
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the sensitivity function as well as the phase noise transfer function in the form of Raman phase noise and
vibration. These tools will be used in chapter 5 to characterize the sensitivity limitation and the systemic

errors in the current experiment.
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CHAPTER 3

ATOMIC FOUNTAIN

This chapter provides a description of the experimental apparatus and the realization of the atomic
fountain. The science chamber is inherited from a previous project, which will be summarised in the first
section. The work of the author is presented from the second section onwards, focusing on the realisation

and optimisation of the atomic fountain.

3.1 Apparatus Review

3.1.1 Science Chamber

The experiment is operated in an ultra-high-vacuum (UHV) environment in the 10~ mBar region, in order
to minimise collisions of trapped atoms with background gas. Figure shows the schematic of the vacuum
system with some other components. The mechanical design and construction were done by former students,
Alex Niggebaum and Andrew Hinton. More details can be found in their theses [78] [79]. For a complete
description, the following paragraph will give a summary.

MOT Chamber: The material of the entire vacuum system is Titanium, which is a high-strength,
lightweight, low-magnetism and high resistivity metal. These properties help to suppress eddy currents and
reduce parasitic magnetic fields. The main part is the magneto-optical-trap (MOT) chamber for a three
dimensional MOT (3D MOT), which prepares atoms for the atom interferometer. The MOT chamber is
machined to be the shape of an octagonal prism. Six square surfaces are drilled orthogonally for optical
access of the MOT laser beams. The chamber is oriented with four beams having an angle of a=45° and the
other two perpendicular to the vertical axis respectively. The bottom of the MOT chamber is drilled with

holes of 40 mm in diameter for the Raman laser. A 20 mm thick window is mounted at a slight angle to
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Figure 3.1: Schematic of the main functional parts of the experimental apparatus.
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eliminate the risk of a standing wave forming from the window at the opposite end of the chamber. All the
windows are sealed by indium.

Pump: The UHV is achieved and maintained by an ion pump (SAES NEXTorr 100-5), associating ion
pump (6 1/s) and non evaporative getter. This combination provides an equivalent pumping speed of 100 1/s
with a compact size. The primary pump is housed by a T-piece and connected with the MOT chamber on
a CF40 flange. The T-piece keeps the ion pump away from the MOT chamber by 15 cm. Thus the strong
magnetic fields from the ion pump decay sufficiently to below 0.5 Gauss around the MOT chamber region.

Atom Source: The 3D MOT was initially fed from a 2 dimensional MOT (2D MOT). However, it was
removed because the pressure inside the chamber was found to be too high to trap atoms. This is possibly
because a careless mechanical design allows for poor connectivity between the 2D MOT chamber and its
compact ion pump. Instead, the rubidium source now evaporates from the rubidium dispensers, which are
installed on a CF16 flange. But the option of a 2D MOT is still open in the future.

Interrogation Tube: The interrogation region consists of a 50 cm long titanium tube. Each end of the
tube is connected to a cube, which has four indium-sealed windows for horizontal optical access.

System Mounting: The whole system is suspended on an aluminium frame of dimensions (HxWxD):
162.8 cm x 95.5 cm x 45.9 cm. This package also includes the vibration isolator. At the bottom of the
frame, three height tunable feet are mounted to provide the flexibility to align the apparatus and adjust the

direction of the atom launch.

3.1.2 Atom Trapping

The experiment starts by trapping atoms using the technique called magneto-optical trapping, which gen-
erates a spatially dependent force to trap neutral atoms[89]. The typical configuration of the MOT is
illustrated in Fig. Three pairs of counter-propagating laser beams are set in orthogonality. One pair of
anti-Helmholtz coils creates a quadrupole magnetic field, where the magnetic field in the MOT centre is zero
and increases linearly along all directions. Fig. shows the one-dimensional case. Atomic magnetically
sensitive my levels split proportional to the magnetic field strength due to the Zeeman effect. The polarisa-
tion of the laser beams are set to match the transition selection rules. Thus atoms are more likely to absorb
photons from the laser beam which is opposite to its motion. The atoms are hence pushed back towards the
centre.

Since thermal atoms generally have a momentum that is thousands of times higher than one single

photon’s, atom trapping must involve many absorption-spontaneous emission cycles, which requires the
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atomic structure to possess a cycling transition [90]. The specific requirement for 8"Rb is that a repump laser
is required to avoid atoms falling into the dark state F=1 where they would stop cycling. The level scheme
of 8"Rb is listed in Fig.

The temperature in the MOT is bound by the Doppler limit, which is 146 pK for rubidium [84]. After
the MOT is switched off, atoms diffuse quickly. In order to slow down the burst, a technique called optical
molasses is applied [9I]. The general procedure is to increase the laser detuning and decrease the laser
intensity within a few ms once the anti-Helmholtz coils are switched off. During this period, the mechanism
of polarisation gradient cooling can reduce the temperature of atoms further to a temperature which is limited
by the recoil limit (0.35 pK for rubidium [84]).

In the GGtop experiment, the MOT temperature was around 4 mK and the molasses temperature was
17 pK. This is the starting point for the atomic fountain and atom interferometry in the reference platform

project.

3.2 Atomic Fountain Design

As discussed in chapter 2, the sensitivity of atom interferometry is proportional to T2, where T is the free
evolution time in the atom interferometer. For high sensitivity gravimeters, large T is desired. However,
atoms released from the MOT chamber will start to fall downwards and be accelerated due to gravity. For
time scales on the order of 1 s, the atoms will fall about 5 m away from the original trapping region in the
vertical direction. It is impractical and uneconomical to build an enormous apparatus to achieve sufficiently
long T. One straightforward solution is to create a fountain to launch the atoms upwards. This rise-and-fall
geometry doubles the maximum interrogation time for a given apparatus [92], and also provides the potential
to build a gradiometer in the future [93]. The following paragraph will provide a detailed description of the
atomic fountain apparatus, including the laser distribution, the detection scheme and the control system.

The relevant results will be presented in the next section.

3.2.1 Moving Molasses Geometry

In a standard optical molasses introduced above, the frequencies of all MOT laser beams are equal and the
atoms are cooled isotropically in the laboratory frame. This is a so-called static molasses since the atom

experiences a null resultant force when its velocity is zero. If the frequencies of one pair of counter-propagating
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Figure 3.2: Geometry of a 3D MOT. Fig. indicates the typical configuration including the polarisations
of three pairs of laser beams and the anti-Helmholtz coils. The magnetic field in the MOT centre is zero and
increases linearly along all directions. The magnetically sensitive my levels split due to the Zeeman effect.
Fig. shows the one-dimensional case. According to the selection rules, beams labelled 40 and o— drive
the Amy=+1 and Amy=-1 transition respectively. Thus atoms are more likely to absorb the photon from
the laser beam which is opposite to its motion. (Fig. and Fig. are cited from Alex Niggebaum’s
thesis [78].)
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Figure 3.3: Typical spatial configuration of laser beams for moving molasses. The arrow in blue indicates
the vector of the launch velocity. The angle between the vector and the laser is labelled by a.

cooling beams are shifted by a relative detuning as

w1 = wp + Aw,wy = wy — Aw (3.1)

where wy is the normal frequency of the cooling laser and Aw is the relative detuning, atoms will be accelarated
along the beam direction until the Doppler shift compensates the relative detuning. A new equilibrium is
built in the atomic moving frame, where atoms will be cooled about a velocity v [94], [05]. Depending
on the orientation of the MOT laser beams, the moving molasses can be classified as one of three spatial
configurations as shown in Fig. one-dimensional moving molasses (0,0,1), two-dimensional moving
molasses (0,1,1) and three-dimensional moving molasses (1,1,1). The corresponding launch velocity and
direction are determined by the relative detuning and spatial configuration. Assuming the angle between the
launch direction of the atoms and the laser propagation direction is «, the velocities in the three configurations

are given by:

Aw
1):v=—
0,01 0=
2c0s(45°) Aw
L) :v=—""7"7-—"""— 3.2
0.1,1) 0= 2 (3.2
~ 3cos(54.7°) Aw
(L1,1) 0= —=m =

where k is the wavevector of the laser.

In our experiment, we trap atoms in a 3D MOT at first and we adopt the two-dimensional moving molasses
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(0,1,1) to launch the atoms. The frequency of the two top beams and bottom beams are red shifted and blue
shifted respectively relative to the side beams’ frequency. Thus the atoms achieve an equilibrium velocity

upwards with respect to the laboratory frame [96].

3.2.2 Optics Delivery

To realize the atomic fountain via the moving molasses, the optical delivery system should satisfy two basic
requirements as below:

(1) Three pairs of beams, namely the side pair, the top pair and the bottom pair of laser beams must be
controlled independently in terms of frequency and intensity;

(2) The power between one opposite pair of laser beams needs to be balanced in order to ensure the
launch direction is vertical. It means the intensity and polarisation of the laser must be stable.

In the previous experiment, a fibre optics delivery system consisting of commercially available fibre inte-
grated components was built, to satisfy the robustness and compactness requirements. Each fibre component
was spliced in order to reduce the amount of light intensity loss and polarisation fluctuations from angular
misalignment which is typically associated with fibre-to-fibre mating sleeves. However because of poor com-
ponent choices and careless assembly, the polarisation quality was degraded substantially and the polarisation
maintaining ability was ruined [79]. In this experiment, miniaturisation is not the chief concern. Therefore
a free-space optics delivery system was built to push the experiment on uninterrupted. In parallel, a further

exploration on building a fully integrated fibre system was executed in other projects.

Optics Delivery Scheme

We use the 87Rb Dy transition to produce all the optical frequencies in the experiment. Fig. shows the
level diagram. These frequencies lie around 780 nm and are easily accessible by laser diodes. The schematic
of the free-space system is shown in figure When designing the optics system, we also gave consideration
to compactness, robustness and power consumption. Finally two readily available commercial lasers (New
Focus, Vortex 6900) and one tapered amplifier (New Focus, TA 7600) were chosen to provide the light needed
for atom trapping, cooling and launching. (The Raman laser system will be discussed in detail separately in
the next chapter). In this optics delivery system, the reference and cooling laser share the same laser source
from Laser 1. The seed laser is fed into the tapered amplifier where the laser power is amplified to about
800 mW. Then the light is split into two parts via a polarisation beam splitter (PBS) :

(1) A fraction of the laser power (20 mW) goes through the PBS and subsequently propagates through a
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Figure 3.4: 3 Rb D, transition hyperfine structure, with frequency splittings between the hyperfine energy
levels. The frequencies used for the lasers in the experiment and their detunings from the respective energy
levels are labelled. Modified from [84].
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double-pass AOM setup. The returned light serves as the reference laser, which is injected into the locking
stage. The laser is locked on the transition ' =2 — F =3 by Modulation Transfer Spectroscopy (MTS)
[97].

(2) Most of the power is reflected by the PBS and delivered to the cooling laser stage, where the laser
is split into four paths. Each one includes a double-pass AOM (acousto-optic modulators), which is able to
control the frequency and amplitude of the light. Three of the beams returning from the AOMs are injected
into three separate 2:2 fiber splitters and lead to the MOT chamber, where they serve as cooling beams. The
last path is injected into a fiber and works as a detection beam.

The frequency tuning of the cooling laser beams during the molasses is achieved by varying the RF
frequency of AOMs in double pass configuration. The reference laser after double pass through AOM1 gets
a frequency shift of 2w, where w; is the frequency shift of the first-order diffraction in AOM1. On the other
hand, the cooling beams passing through AOMi achieve a frequency shift w; (i=3 to 6), where w; is the first
order shift in AOMi. Therefore, compared to the reference laser frequency, the frequency of the cooling light
is shifted by 2(wy — w;) [98]. All the required frequencies of the RF signals driving the AOMs are listed
in figure [3:5] The arrangement above decouples the synchronous change of the cooling laser’s intensity and
frequency when varying the frequency of the RF signal driving the AOM. For example, the frequency of the
cooling laser can be shifted by only changing w; and its intensity is controlled by changing the power of the
RF signal driving the AOMi. In the moving molasses, the top beams and bottom beams achieve a relative
detuning by shifting the frequency of AOM3 and AOM4 in the cooling laser stage. This setup also provides
flexibility when optimising the molasses. In addition, this method achieves a wide tuning range for the laser
frequency. If the bandwidth of a single pass AOM is 20 MHz, then the cooling laser can achieve a tuning
range of 80 MHz, which is about 13 times higher than the natural linewidth of 8“Rb.

The repump beam is generated using the second New Focus laser module. It is split into two paths: one
part is injected into one input port of the fibre splitter for the side beams; the other part is mixed with the
reference laser and phase locked on the transition F' =1 — F =2 using a modified ADF 4108 evaluation
board from Analog Devices.

During the construction of the optics system, we found a reflection from the cooling laser stage, which
interferes with the reference laser. The interference induced ripples on the demodulated signal of the MTS
and resulted in losing locking easily. This reflection was induced by the A/4 waveplate because of its low
reflectivity (about 5%). The interference still existed even after replacing it with an ultra-low reflectivity

waveplate. Therefore a 60 dB optical isolator (OL) (LIONS, FI-780-5TVC) is placed in the laser path.
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However an 80% transmission of the OL makes optical power loss inevitable.

The polarisation stability is the most basic concern for the optics delivery system. A trick is applied here
to maintain polarisation in the fibre. A true zero order \/2 waveplate is placed before each fibre coupler and
is used to match the laser polarisation with the axis of the fibre. In addition, a polariser is placed between
the waveplate and fibre coupler to clean the polarisation further in case any polarisation shifts are introduced

by optical components in the path.

Performance Test

After the free-space optics system was set up, a test in terms of the stability of the laser polarisation and beam
splitting was made. The test setup is sketched in Fig. One of the outputs of the fibre splitter transmits
light through a Glan—Taylor prism (Thorlabs, GT5) which has a Extinction Ratio 100000:1. The power after
the prism is measured by the power meter P1 (Thorlabs, PM100D). The other output of the fibre splitter is
projected onto the same power meter P2 without a Glan—Taylor prism in the path. Thus on the first power
meter, any laser polarisation and intensity fluctuation before the Glan—Taylor prism will be transferred into
changes in laser power. Comparing the measurement on both power meters, the splitter ratio of the optical
splitter is monitored. We choose the fibre splitter for the side beams deliberately since it is relatively far from
the laser source such that the fluctuation is maximized. Figure [3.6D] shows the measurement result which
lasted for four days. The laser on the two power meters show a common fluctuation, which is induced by the
fluctuation of the total laser power. The power on the P1 has a fluctuation of about 0.6%, which is mainly
due to the fluctuation of the laser polarisation. This indicates that, in the lab environment, the fibre splitter

can split the power steadily.

3.2.3 Detection Scheme

In atom interferometry, the transition probability is usually extracted by the normalized detection, which
includes two-state sequential detection [99]. The advantage of this method is that the proportion of the atoms
in hyperfine ground states is independent of the fluctuation of the total atom number. However, we employ
single state detection in this thesis due to its simple optics requirements. This is feasible because the total
atom number in the atomic fountain was checked to be stable in short time. In the meanwhile, a normalized
detection setup is being designed and will be employed in the future.

The detection is realized by fluorescence excitation using one sheet beam. The setup is shown in Fig.

The detection laser is set to be circular polarisation and its frequency is tuned to the transition F=2—F’=3.
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Figure 3.6: Stability measurement setup (Fig. and results (Fig. of the output light from one fibre
splitter in the free space optics system. The two outputs of the 1-to-2 fibre splitter are monitored by two
power meters respectively. A Glan-Taylor prism is placed in one path to transfer both the laser polarisation
and intensity fluctuations into changes in laser power. The angle of the half-wave-plate with respect to the
axis of the polarizer was set to be 22.5°. The measurement was last for four days.
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Figure 3.7: Schematic of the detection setup. Fig. shows the the configuration to generate the detection
laser. The laser is set to be circular polarisation. A combination of a negative cylinder lens (f=-7.7 mm) and
a positive cylinder lens (f=150 mm) generate a sheet beam with 30 mm in width and 1.5 mm in thickness.
The upper part of the laser is retro-reflected while the lower part is blocked. A pair of Helmholtz coils is used
to generate the magnetic field to define the quantization axis. Fig[3.7h] indicates the fluorescence collection
optics. The fluorescence emitted from atoms falling through the detection laser is focused on the photodiode
by combo of one 2 inch positive lens (f=60 mm) and one 1 inch positive lens (f=25.4 mm). The achieved
solid angle is 0.23.
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A combination of a negative cylinder lens (f=-7.7 mm) and a positive cylinder lens (f=150 mm) generate a
sheet beam with 25 mm in width and 1.5 mm in thickness. The upper part of the laser is retro-reflected
while the lower part is blocked. Thus atoms in state F=2 can be blow away when they pass the lower part
of the detection laser. A photodiode (Thorlabs, DET36A) is placed on the side to collect the fluorescence in
detection. The output of the photodiode is then amplified by a current amplifier (FEMTO current amplifier,
DLPCA-200). The transform from the output of the current amplifier to the atom number is derived as
below.

When atoms fall through the detection beam, the instantaneous fluorescence signal collected by the

photodiode is given by:

V(t) =G x I(t)
_Ox 1 X dNphoton X hw
dt

(3.3)

where G is the gain of the current amplifier, I(t) is the photon current, 7 is the quantum efficiency (measured

in A/W), dNphoton is the instantaneous photon number hitting on the photodiode and Aw is the energy of

single photon. Assuming the velocity of the atoms during the detection is stationary, the atom number in

the probed state can be expressed as:

_ J dNphoton
Ree xT7x A

- [V (t)dt
G XX Ree X T X hw x A

N
(3.4)

where R, is the scattering rate and 7 is the duration of time when fraction of atoms stays in the detection
beam and A is the solid angle of the detection window. Thus atom number is proportional to the area of the

fluorescence signal. After substituting all the parameters into the above equation, we achieve N=332 [ V (¢)dt.

3.2.4 Experiment Control

To operate the experiment, all of the electronics should follow a precise timing sequence. Timing jitter when
triggering the Raman pulses will induce additional phase shifts whilst atoms may be prepared in the wrong
state if the laser is switched at the incorrect time. Therefore the core function of the control system is to
generate a timing sequence, requiring a resolution down to a few nanoseconds with considerable stability.
The entire control system is based on a National Instruments sbhRIO-9632 FPGA. A scripted program

using Python generates the timing sequence. Although scripted programming is not as interface friendly as
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Figure 3.8: Schematics of the timing system.

Labview, it gives the flexibility to operate more complicated control flow. After configuring the sequence, it
is loaded on a FPGA and then executed on the hardware in real time. A synchronous timing system is built
specifically as shown in figure The reference frequency originates from a Rubidium frequency standard
(SRS, FS5725). A distribution amplifier is used to distribute this signal to multiple channels. Thus all of the

electronics is synchronized to the low noise 10 MHz frequency reference.

3.3 Atomic Fountain Results

The first step of the experiment is to load atoms into a magneto-optical trap and then launch them upwards
into the interferometry region with the moving optical molasses. The crucial purpose of this step is to include
as many atoms as possible in the atom interferometry sequence, enhancing the signal-to-noise ratio at the final
outputs. We therefore need to achieve high loading rates and low temperature atom clouds. By achieving
the first, the measurement bandwidth can be increased, whilst the second promotes slow expansion of atoms

after launch, which allows more atoms to be addressed in the centre of the Raman laser.
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3.3.1 MOT Characterisation

In the previous design, a two dimensional MOT (2D-MOT) was attached to the MOT chamber, which is a
common method for achieving high loading rates in cold atom experiments [I00]. However the maximum
loading rate of 2.7x107 atoms/s achieved was insufficient. After running for years, we could only detect a
weak fluorescence signal in the 2D-MOT chamber. Unable to solve the problem, we had to disconnect the 2D-
MOT chamber to inspect it separately. Instead rubidium dispensers were installed to act as the atom source.
In the following paragraph, the MOT is optimised with the newly-fitted dispenser. Some characteristics in
terms of atom number and loading rate are presented.

During the MOT, atoms are cooled and trapped from a room temperature vapour directly. However there
are various loss mechanisms that knock atoms out of the trapping region, for example the collisions with
background gas. The number of atoms in the MOT ultimately saturates when an equilibrium between the
loading process and the loss mechanisms is reached. To a good approximation, the dynamics of the MOT

loading and loss are governed by the rate equation:

R, .,
N:;(l—e ) (3.5)

where N is the number of atoms in the trap, R is the loading rate into the MOT and <y is the loss rate due
to collisions with all background gases [I0I]. Normally R is proportional to the background gas pressure,
namely the rubidium gas released from the dispenser. But increasing the pressure also leads to increased
collisional losses from the trap. We firstly optimise the current setting of the dispenser. The dependence on

magnetic field gradient and cooling laser detuning is also inspected afterwards.

Dependence on the Dispenser Current

Fig. shows the loading rates with varying dispenser currents, which is measured by collecting the fluores-
cence from the 3D-MOT and is then converted to an atom number. The optimal current is found to be 4.7
A, above which the loading rate would still increase but the steady state atom number would decrease due
to a high background pressure. To preserve the lifetime of the dispenser, it is operated at 4 A for the data

presented in the remainder of this work. With this current, 7.2x10% atoms are trapped after 3 seconds.
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Figure 3.9: Estimated number of atoms loaded into the MOT as a function of time after the quadrupole field
is turned on with different currents through the rubidium dispenser.

Dependence on the Magnetic Field Gradient

The effect of the magnetic field gradient is shown in Fig. The loading rate and the steady state atom
number is extracted after fitting the loading curves with Equf3:5] As the coil current increases, the loading
rate increases at first while the steady state atom number is stable around 7.7x108. Both level off when the
magnetic field gradient is between 10 G/cm and 12 G/cm. Then both the loading rate and the steady state
number decrease if the current of coils is continually increased. These characteristics can be explained as
below. For low magnetic field gradients, the trap depth is not deep enough to confine atoms. However in
the case of high magnetic field gradients, the Zeeman shift at the edge of the beams is comparable with the
detuning of the cooling beams from resonance, which degrades the cooling mechanism. In our experiment,

the magnetic field gradient is chosen to be 11 G/cm. The corresponding coil current is 0.85 A.

Dependence on Detuning

For the cooling laser detuning, we can find a rise-and-fall in both loading rate and the steady state atom
number, which is shown in the Fig. The argument above can also be employed to explain why the

steady state number of atoms falls when the laser detuning is small. For large detuning, the scattering force
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Figure 3.10: Dependence of loading rate and steady state atom number on MOT coil current (Fig. [3.10al)
and cooling laser detuning (Fig. [3.10b)).

is weak so that the number of atoms that can be captured decreases. In the experiment, the detuning of the

cooling laser is set to be -18 MHz, where 8 x 10® atoms are achieved.

Telescopes Alignment

To estimate the cloud size, a CCD camera was set up to collect a fluorescence image of the cloud. The cloud
size was measured at about 3mm in diameter. However a fringe across the cloud appears by accident as
shown in Fig. which is the result of spatially dependent polarisation gradient cooling [102]. Sisyphus
cooling depends on the splitting between ground state sublevels which can have a beat pattern if the three
pairs of trapping beams are not crossing at right angles. The varying cooling force is the reason for the

interference fringes. As shown in Fig. correct alignment of the cooling beams can eliminate the fringe
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(b)

Figure 3.11: Photos of interferometric fringe across the atomic cloud due to the misalignment of one pair
of counter-propagating cooling laser beams (Fig. [3.11a)). The interference is eliminated after improving the
alignment (Fig. [3.11b)).

over the cloud.

3.3.2 Atom Launching

After a consistent number of atoms, about 8 x 108, is loaded into the MOT, the atomic fountain is used to
launch the atoms into the interferometer tube along a ballistic trajectory. The cut-view of MOT chamber for
atom launching is shown in Fig. [3.12a] and the launching sequence is shown in Fig. [3:12b] During the loading
time, the six cooling beams are red-detuned by about 18 MHz (about -3T", where T is the line-width) from the
|FF=2) — |F "= 3) transition. When loading is complete, the quadrupole magnetic field is rapidly switched
off. In the meantime, the beams’ detuning is increased to -5I" and last for 5 ms to reduce the temperature
further by optical molasses. In order to accelerate the atoms upwards, a relative detuning between upper
and bottom MOT beams of Aw = 27 x 2.4 MHz is applied, which transfer the optical molasses state to a
moving frame. Instead of adding the ultimate relative detuning at once, the relative detuning is added with
a ramp, which is helpful to keep the atoms following adiabatically. After 2 ms, the beams detuning is further
increased to -10T" and the intensity is ramped down to zero during 3 ms. The repumping beam is kept on
during the whole launch sequence and is left on for another 1 ms to pump all of the atoms into the |F = 2).
According to Equ. the launching velocity is 2.7 m/s. In the paragraph below, we assess the quality of
the atomic fountain in terms of the temperature, launching efficiency and launch direction.

Temperature: It is subtle to optimise the temperature of molasses, which is determined by various

factors, for example the background magnetic field, the beam intensity balance, timing sequence etc. In
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Figure 3.12: Figure is the cut-view of atom launching in MOT chamber. The atoms are launched
upwards by 2D moving molasses. The MOT beams are indicated except that the side beam 1 is not plotted
in the figure. The state of the atoms can be detected when the atom cloud goes through the sheet beam in
the detection chamber. The fluorescence emitted from atoms is probed by photodiode as presented in section
Figure is the sequence of atom launching in the fountain. Horizontal dashed lines represent the
different detuning for the top and bottom cooling laser. The time axis is not to scale.
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Figure 3.13: Fluorescence signal in time-of-flight when atoms are launched and fall through the detection
laser on the way back. The atomic distribution is a Gaussian in the space and velocity domains.

fact, we have to experimentally inspect all the possible limitations to find an optimum. The measurement
is performed by launching the atoms upwards and collecting the fluorescence at a certain height, where a
slightly red detuned horizontal thin sheet beam is switched on. As the cloud expands during flight, the
atomic density distribution is a Gaussian both in the space (x,y,z) and velocity domain (v, vy, v;). This
can be written as:

($gt2-19)?

1 42
m 39t +1lo, — 7,3
n(t) = (52200 (36)

where [y is the distance from the MOT center to the sheet beam, g is the local gravity, vy = \/m is the
most probable velocity, T' is the cloud temperature, m is the atomic mass and k is the Boltzmann constant
[103]. The temperature is extracted after fitting the fluorescence signal in time-of-flight as shown in Fig.
After optimising for quite some time, we achieved a minimum temperature of 9.5 u K with a relative
detuning of Aw = 27 x 2.4 MHz.

Atom number: After submitting the fluorescence signal in Fig. [3.13]into the Equ. we achieve the
total atom number is 5x106.

Launching efficiency: To achieve higher interrogation times, we have to launch the atoms with a bigger
relative detuning. However we find the launching efficiency decays when increasing the relative detuning.
The TOF signal with varying relative detuning was measured and is shown in Fig. including the

theoretical case for comparison. We also collect the fluorescence signal at 3 ms after launching by using a
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Figure 3.14: Launch atoms with varying relative detuning. Fig. shows the fluorescence signal collected
when atoms move upward (solid line) and its corresponding simulation (dotted line). The data for 1.6MHz
coincides with the prediction, where the solid line and dotted line are overlapped. The data for other detuning

is referred to the corresponding prediction by the double arrows. The residual atoms in the MOT chamber
is probed by CCD camera 3ms after launching (Fig. [3.14b)).

CCD to look from the side of the MOT chamber. Quite a lot of atoms are left in the chamber or lost along
the path when the relative detuning is high. This is induced by the fact that the cooling laser beam size
is limited by the 1 inch window. The effective accelerating distance is not long enough when the relative
detuning is high so that moving molasses stop before some atoms are accelerated to the expected velocity.
Launch direction: The launch direction is inspected by tracing the cloud center during time-of-flight.
A detection beam is incident vertically from the top of the system while a CCD camera is mounted on the
bottom. Absorption images in x-y plane are collected at 20 ms, 25 ms, 30 ms and 35 ms after launching.
The center is extracted after fitting the data with a Gaussian function. We repeat the measurement over

40 hours. Both the launching direction and long-term stability are inspected. The results are presented in
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Fig. In a single launch sequence, the centre of the cloud shifts by 0.2 mm along the x direction and 0.1
mm along the y direction within 15 ms. Assuming there is no horizontal acceleration, the velocities along
the x and y directions are 13 mm/s and 6.7 mm/s along the x and y directions respectively. In addition, the
center of the cloud is oscillating over time, the amplitude of which are 0.1 mm in x and 0.4 mm in y. This is

induced by intensity drifts of the 6 cooling laser beams.

3.4 Summary

This chapter presented the construction and realization of the atomic fountain, which launches the atoms
about 40 cm above the MOT centre. For higher launching, the efficiency is decreased, resulting in some
atoms being left in the MOT chamber or lost along the path. Further improvement requires a higher power
cooling laser with larger beam diameter, which enhances the effective cooling during the initial portion of
the launch. The current setup is able to create atom clouds at a rate of 0.5 Hz with a temperature down to

10 pK, which paves the way for atom interferometry in next chapter.
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Figure 3.15: TOF measurement by absorption image in x-y plane. The centre of the cloud is extracted via
fitting the image by Gaussian function. The measurement is repeated near 40 hours.
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CHAPTER 4

RAMAN ATOM INTERFEROMETER

Atom interferometry with a Raman laser based on optical single-sideband (OSSB) will be presented in
this chapter. The prime target is to achieve a sensitivity as high as possible, which is typically limited by the
phase noise of the Raman laser and the vibration noise on the retro-reflection mirror. In this chapter, we will
introduce the novel solutions developed within our experiment to suppress these effects, enabling higher sen-
sitivity, and potentially allowing higher accuracy compared to existing approaches. This chapter will outline
the OSSB approach, demonstrate its use within atom interferometry, and perform initial characterisation of
its performance alongside characterisation of the gravimeter system.

The first section will focus on building an IQ modulator based OSSB laser system for the Raman laser.
This technique not only supplies a light source for the coherent manipulation of atoms but also eliminates
the residual effects arising from redundant sidebands. In this thesis, we combine the OSSB with second
harmonic generation (SHG) to extend the spectrum coverage. Thus integrated devices based on fibre com-
ponents in the telecom C-band can be employed in the experiment. The characteristics of the OSSB and its
non-linear optical frequency mixing counterpart are derived in theory and measured in experiment. In the
second section, a commercial passive vibration isolator is employed. In order to attenuate the perturbation
from the environment, a shield box is made to promote the performance of the platform. We realize atom
interferometry with the Raman laser based on OSSB. Some key results are presented, especially the atom
interferometry fringe with an improved sensitivity. In the last, we compare atom interferometry when per-
formed with the Raman laser based on the electro-optic modulator (EOM) and OSSB scheme. The emphasis

is given on measuring the spatially dependent Rabi frequency and the interferometer phase shift.
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4.1 Raman Laser

In atom interferometers, the Raman laser is usually implemented through optical phase locking (OPLL),
acousto-optic modulators (AOM) or electro-optic modulator (EOM). In the OPLL scheme, the relative phase
of two separate lasers is locked to an ultra-low noise reference oscillator by an optical phase-lock loop [104]
105, 106, 107]. However, this scheme usually requires the slave laser with high modulation bandwidth
to achieve low relative phase noise and inherently higher complexity, worse reliability and compactness.
Additionally, the phase servo system needs to be carefully designed to achieve low residual phase noise and
wide locking bandwidth of the OPLL [108]. The AOM scheme is usually simpler and more robust than OPLL.
Nevertheless, this scheme usually has a relative limited range of frequency shifting and lower efficiency [109].
Another feasible method is to create the Raman laser beams with phase modulation technique, such as EOM.
Due to the phase-coherence between the modulated frequency components, the phase-modulated lasers have
the advantage of low phase noise without the aid of OPLL. However, the EOM scheme usually produces
a double sideband (DSB) spectrum which contains redundant sidebands. These redundant sidebands not
only waste the optical power but also introduce extra undesirable interactions which adversely interferes
with the systems normal operation and impairs the performance. As a consequence, the Rabi frequence is
spatially depedent [94] and extra phase shifts are produced [I10]. Althougth the redundant sidebands can
be suppressed by introducing an optical filter [I11], it unavoidably complicates the system. Comparing with
aforementioned schemes, the full-carrier optical single sideband scheme (FC-OSSB) essentially preserves the
advantages of aforementioned schemes as most of the complexity is offloaded to the microwave subsystem,
which is more manageable. Furthermore due to the suppression of the redundant sidebands, the spatially

interference in EOM scheme can be resolved.

4.1.1 Optical Single Sideband Modulation

The FC-OSSB is based on a dual-parallel Mach-Zehnder phase modulator (MZM) [113], [114], which is essen-
tially an optical analogy of a Hartley modulator well known in microwave industry. The simplified architecture
of the dual-parallel MZM is illustrated in Fig. Two sub-MZMs, MZM; and MZMs, are joined to form
MZMg3. Each arm of the MZMs essentially works as a single phase modulator. MZM; and MZM; are respec-
tively driven by V; and Vg which are essentially the same modulation signal with a relative phase difference
¢e. MZMj 2 are biased by Vpc, , which induce +¢; 2 between the arms of MZM; 2. In the same manner
MZMs is biased with Vpe, that introduces an optical phase delay ¢3 between MZM; and MZMs. Assume

the seed laser is Epe™<? and a modulation signal w with modulation depth 8, the output can be expressed
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Figure 4.1: Tllustration of the architecture of an IQ modulator with dual-parallel nested Mach-Zehnder
interferometer waveguide (black), RF electrodes (blue, dashed) and DC electrodes (purple, solid)(modified
according to the datasheet [112]). The modulator is fed by a monochromatic laser beam, which is split into
two sub-MZMs, MZM; and MZM,. Two RF driving signals V; and Vg with a relative phase difference ¢.
separately modulate the laser beam and create sidebands in each sub-MZM. DC voltages, DC;, DCs and
DCj3, induce the optical phase delay in the corresponding sub-MZM.
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with the coefficients A,, and B,, defined as below:
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where F,, is the optical field at each arm, J,,(3) is the nth order of Bessel function and g is the modulation

index. For simplicity, assume small modulation index (8 < 1) and n=4, the output is simplified as:

Enzm = %[JO(ﬁ)Aoei“’“t
+ J1(B) Ayttt _ ] (B)Byeiwe @t
+ Jo(B) Aei @2t 4, (3) Byeilwo—2)t (4.3)
+ J3(B) Age’@e 3t _ Jy(8) Byel (w3t

+ Ji(B) Aget @t L T (B) Byetwe )]

The corresponding optical power of each sidebands is list as follow:

Py = 2B0J3(B)(cos® (¢1) + cos”(¢2) + 2c08(h1 )cos(p2)cos(¢s))

Pyy = 2E0J7 (B)(sin*(¢1) + sin®(¢2) + 2sin(¢1)sin(ga)cos(d3 — oe))

Py = 2B J7(B)(sin® (1) + sin®(¢2) + 2sin(1 )sin(p2)cos(ds + ¢e))

Pyy = 2E0J3(8)(cos?(¢1) + cos”(¢) + 2c08(1 )cos(¢2)cos(ds — 26c))

P_y = 2E0J3(8)(cos?(¢1) + cos(¢) + 2c08(¢1 )cos(¢2)cos(ds + 2¢.)) (4.4)
Py3 = 2E0J3(B)(sin*(¢1) + sin®(¢2) + 2sin(¢1)sin(¢a)cos(d3 — 3¢.))

P_g = 2EoJ3(B)(sin*(¢1) + sin® (¢2) + 2sin(¢1)sin(ga)cos(¢s + 3¢e))

Pyy = 2E0J7 (8)(cos*(¢1) + cos(¢) + 2c08(1 )cos(2)cos(ds — 4¢e))

Py = 2B0J2(B) (cos2(61) + cos?(s) + 2c05(91)cos(6z)cos (s + 46.))

where the coefficients A,, and B,, are extended. In a typical FC-OSSB modulation based on a 90° hybrid
coupler (¢. = %), -1st order and +3rd order sidebands are effectively suppressed, i.e. P_; =0 and P13 =0
[115]. In this case, the below equations should be satisfied: ¢1 = ¢2 = ¢ and ¢3 = ¢, = 5. Substituting

these constraints into Equ. [£.4] the optical power of all the sidebands are simplified as below:

Py = 4EoJ§(B)cos?(¢)

P,y = 8EyJ}(B)sin?(¢) P,=0
Py = 4EyJ2(B)cos?(¢) P_o = 4EJ2(B)cos?(¢) (4.5)
Pi3=0 P_3 = 8EJ3(8)sin’(¢)

Py = ABoJ3(B)cos?(¢)  P_y = AEoJ3(B)cos?(9)
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Figure 4.2: Stem plot of the power ratio of sidebands in respect to the carrier according to Equ. The y
axis is in log scale. In the calculation, 5=0.6 and ¢ = 7 /4.

After substituting $=0.6 and ¢ = /4 into above equations, we achieve P; /Py = 1.98 and P,/Py = P/ Py =
0.002. As shown in Fig. all the other sidebands are less than 10™* in respect to the carrier.

OSSB Combining with Sum-Frequency Generation

The spectral coverage of OSSB can be further extended to where there are no convenient light sources
or modulators available by non-linear optical processes such as second harmonic generation (SHG). In our
experiment, the OSSB modulator operates on 1560 nm wavelength light. The output is then converted into
780 nm by SHG to resonate with 8”Rb Dy line. A periodically poled lithium niobate ridge waveguide (PPLN
RW) is employed for the conversion. Unlike other non-linear processes, SHG of OSSB will unavoidably
degrade the OSSB because of the self-mixing characteristics, which pairs the different frequency components
of OSSB and creates undesired frequencies. The optical field of the self-mixing signal of Equ. 1] can be
expressed as [116]:
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The Cauchy product is applied in the above derivation to simplify the expressionEI The first term corresponds
to the SHG of the carrier frequency itself, which is the most common application of the PPLN RW. The
second and third terms are the SHG combining the carrier and one of the sidebands. The terms in blue,green
and red correspond to the SHG between any two of the sidebands. In the FC-OSSB modulation based on a
90° hybrid coupler, -1st and +3rd order sidebands are cancelled when setting ¢1 = ¢2 = ¢ and ¢3 = ¢ = 7.
Substituting these constraints and the assumption n=4 into Equ. the optical field after the PPLN RW

can be simplified as:

E? 4
EppLNn CX(?OJ(?(ﬁ)Ag + E2J5(B)J3 () BoAg)ed?et
+ (E(%JO(ﬁ)Jl(/B)A()Al)ej(2wc+w)t

+ (E2J(B)J1(B) By Ay el 2we—w)t
+(EBI0(B)2(B) Ao g + 11 (8)1(8) Ay Ay o+

+ (E2Jo(B)J2(B) Ao By — E2J5(B)J1(3) Bs Ay )ed (Pwe =2t (4.8)
+ (%gjl(ﬂ)Jg(ﬁ)AlAQ + %3 Ta(B) I (8) A Ay e b

— (E2Jo(B)J3(8) Ag Bs ) el (2e=3)!

BRI A A1+ 13 1(8) 4y ) e

+ (B3 Jo(8)Ja(B) Ao By + Jed (2ue—dw)t

It is shown in above equation, both the carrier and sidebands have terms contributed by the SHG of FC-
OSSB. The -1st order sideband after PPLN RW is non-zero any more, which is generated by the SHG of
the -2nd and +1st order sidebands of FC-OSSB. The SHG of the +1st and +2nd order sidebands of FC-
OSSB creates the +3rd order sideband after PPLN RW. In order to suppress these unwanted sidebands, the

modulation index 8 and DC bias voltages need to be set carefully.

Simulation

We assume the optical power ratio (OPR) between the +1st order sideband and the carrier at 780 nm (after
PPLN RW) is 1/2, i.e. -3 dB. With the proposed FC-OSSB scheme above, the OPRs of the sideband-to-

LCauchy product: For the power series >0 L anz™ and Y07 | bpa™, their product can be modified as

(3" ana™)(3 bpa™) =
n=1 n=1

oo k-1

> O ajbe_jaz") (4.7)
Jj=1

k=23
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Figure 4.3: The sidebands ratio referred to the carrier at 780 nm as a function of the Bessel cofficients and

bias phase when the ratio of +1st to carrier is fixed to be -3dB. Fig. and are the projection of the
Fig. onto the x-z and y-z planes respectively. The carrier and nth order sideband after PPLN RW is
wso and wg, respectively.
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Figure 4.4: The sidebands’ ratio referred to the carrier at 1560 nm as a function of the Bessel cofficient and
bias phase when the ratio of +1st to carrier at 780 nm is fixed to be -3 dB.The carrier and nth order sideband
in OSSB is wyp and w,, respectively.

carrier are simulated as a function of the bias phase ¢ and the modulation index 3. The result is plotted in
Fig. For visual display, we change the orientation of the figure axes and project the curves on x-z (Fig.
and y-z (Fig. respectively.

From the above figures, in order to suppress all the -1st, +2nd and -2nd order sidebands below -20 dB,
the modulation index f is limited between 0.5 and 0.7 and the corresponding bias phase ¢ is limited between
1.05 and 0.84 rad. If we intentionally suppress the -1st order sideband as low as possible, the +2nd order
sideband will increase to a saturated value at -18.06 dB. With the same conditions as above, the OPRs of
the sideband-to-carrier in FC-OSSB (1560 nm, before PPLN RW) are also plotted in Fig. Since the -1st
and +3rd order sidebands are cancelled, they are not plotted in the figure. With the same setting of the bias
phase and modulation index as above, the +1st order sideband is -9 dB while both the -2nd and +2nd order

sidebands are suppressed between -38 dB and -26.5 dB. The other higher order sidebands are much lower.

Broadband Frequency Shifter

One by-product of the OSSB technique is that the above laser system can also work as an agile optical
frequency shifter. Generally the optical frequency shift can be achieved through AOM and serrodyne mod-
ulation. The AOM is very mature but the limitations are the lower efficiency and a small frequency shift
range, i.e. tens MHz. The serrodyne modulation [I17} [118] provides a very convenient way to shift the optical

frequency. Nevertheless, the achievable largest frequency shift is about 1.4 GHz and the best efficiency was
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about 80% which are limited by the microwave non-linear-transmission-line (NLTL), aka comb generator
[118]. Multiple NLTLs are also needed to cover different frequency shifts. Contrary to these two frequency
shift schemes, the suppressed carrier optical single sideband (SC-OSSB) scheme is very simple and versatile.
If substituting ¢3 = ¢ = 7 and ¢; = ¢ = 7 into Equ. and we can also achieve SC-OSSB at both

1560 nm and 780 nm:

Enizyv = —2V2EJy(B)e? @0t Dt 4 0\/2 J5(3)ed (o3t (4.9)

EPPLN X 8E§J1 (ﬁ)Jl (ﬂ)ej(2w0+29)t - 16E(2] Jg (‘3)]1 (“B)ej(QWO_QQ)t (410)

It is shown that the SC-OSSB is independent of the driving modulation index, meaning that we do not
need to over-drive the modulator to achieve carrier suppression. The frequency shift range is limited by the
bandwidth of the modulator which can be as high as 20 GHz for commercial products and the suppression

of the carrier and undesirable sidebands can achieve better than 20 dB.

4.1.2 Raman Laser Setup

Due to the advanced development of the telecommunication industry, high-power and robust laser components
for near-infrared wavelength are widely available. Especially, with the aid of the non-linear wavelength
conversion processes like SHG, telecommunication wavelength lasesr can be converted to the rubidium Ds-
line wavelength, opening the gates to utilize the telecom laser for rubidium experiments [I19]. In our lab, few
experiments have accumulated abundant experience in building frequency doubled fibre laser system for cold
atom experiments. In Clemens Rammeloo’s thesis [120], a compact frequency doubled fibre laser system has
been built for both laser cooling and atom interferometry. The multiple frequency components are generated
by EOM. In order to suppress the unwanted laser frequency, we build the Raman laser system based on OSSB
which comprises a 1560 nm fibre laser and a dual-arm Mach-Zehnder (MZ) IQ modulator. The diagram of
the setup is illustrated in Fig. The 1560 nm seed laser is an erbium-doped fibre laser (NKT Photonics,
Koheras BASIK E15), which has a narrow linewidth (2 kHz) and high passive frequency stability. The optical
carrier with optical power 14 dBm is injected to a fibre IQ modulator (Photline, MXIQ-LN-40) to generate the
OSSB. Two RF driving signals are supplied by a microwave chain, which will be described in below section.
Because of the insertion loss and destructive interference of the optical power between arms, only about 2
dBm is output from the IQ modulator. An erbium-doped fibre amplifier (EDFA) from Orion Laser (YEDFA-

PM) has to be employed before the wavelength conversion. The module is principally chosen for its low input
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Figure 4.5: Diagram of the Raman laser system. The optical components in black and red indicate the
laser frequency in 1560 nm and 780 nm respectively. FS: fibre splitter; EDFA: erbium-doped fibre amplifier;
PPLN RW: periodically poled lithium niobate crystal waveguide; FP Cavity: Fabry-Perot cavity; AOM:
acousto-optical modulator;

power limit (> -10 dBm) and high amplification gain. Optical power at 1560 nm can be amplified up to 33
dBm. Afterwards a PPLN RW in a small fibre coupled package (WH-0780-000-F-B-C, NTT Electronics) is
used to convert 1560 nm wavelength laser to 780 nm wavelength laser. Considering the damage threshold of
PPLN RW crystal, the optical power of the input laser is limit below 30 dBm. The optical power of 780 nm
light is approximately 440 mW. In order to monitor the laser spectrum, a fraction of light before and after
the PPLN RW are led into Fabry-Perot cavities (FP cavity) by fibre splitters. Another fraction of the laser,
after PPLN RW, is divided to beat with reference laser for frequency stabilizing. The performance of all the
components except the IQ modulator has been analysed comprehensively in the thesis [120]. Here we mainly

examine the spectrum of OSSB combining with SHG as well as its modulation bandwidth.

Raman Laser Spectrum

The spectrum before and after the PPLN RW is measured by two FP cavities, whose free spectral range
(FSR) are 10 GHz (Thorlabs, SA210 ) and 1.5 GHz (Thorlabs, SA200) respectively. Here we define the
carrier and nth order sideband in OSSB is wy and w,, respectively while the carrier and nth order sideband

after PPLN RW is w4 and wgy,. The shorthand for the different frequency components is as:

Wn = We + NW
(4.11)

Wy = We, W] = We + W, W_1 = We — W...
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and 's’ is added to the subscript to refer the components:

Wsn = 2We + nw
(4.12)

Ws0 = 2We, Ws1 = 2We + W, w_1 = 2We — W...

As shown in Fig. the amplitude of these unwanted sidebands depends on the setting of the modulator.
To optimize the 780 nm FC-OSSB, we start from its counterpart at 1560 nm by adjusting ¢3 and observing
the suppression pattern of the different frequency components such as w_; and wgy. Further optimization
is achieved by adjusting ¢; 2. Subsequently, the power and the spectrum of 780 nm OSSB are adjusted
primarily through the modulation depth B but also ¢; 2. Eventually the temperature of the wavelength
conversion module is adjusted to shift the gain profile and finish the optimization. Fig. [1.6a] and [£.6b| show
the spectrum of FC-OSSB in 1560 nm and its self-mixing signal in 780 nm respectively. The RF driving
signals, I and Q, are set at 6.834 GHz. The FC-OSSB spectrum shown are acquired with a power ratio
ws1/wso, at -3 dB at 780 nm, as desired for compensating light shifts. The ws_; is not visible and the wgo
is approximately 21 dB below wyy. Meanwhile, concerning the 1560 nm components, the w_; is suppressed
better than 20 dB compared with wg. The other higher order sidebands are much smaller and can be
neglected. In the measurement, the RF power applied to the I/Q ports of the modulator is 13 dBm which
corresponds to =~ 0.74 based on the V; = 6 V. From the simulated result in Fig. the corresponding
OPR of wga/wso should be around -30 dB, which is -9 dB lower than the measured data. This is because
the OPR of w;/wg is higher than the simulated result. Thus the SHG term %ng(ﬁ)Jl (B) A1 AqeiPwet2w)t
increases the optical power at wso. The degeneration can be explained by the unbalanced RF power applied
on the I and Q ports and the non-identical waveguides on the two arms of the modulator.

The I/Q modulator is also used to realize SC-OSSB. Fig. shows the spectrum of SC-OSSB in 1560
nm. The wy is suppressed to the noise level. Nevertheless the extinction ratio of w_; is only better than
-16 dB with respect to w;. According to the Equ. the SHG between w; and w_1 will generate a laser line
proportional to —E2J;(8)J1(8) By Aye?@1tw-1)t the frequency of which is equal to ws. Thus the suppression
of wsg at 780 nm is considerably impaired. The revival of the carrier at 780 nm is clearly seen in Fig.
The wyg is only -16 dB compared with the frequency at wse. Meanwhile, the ws; amplitude is beneath the

noise level.
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Figure 4.6: Spectrum of FC-OSSB (Fig. and 4.6b)) and SC-OSSB (Fig. and 4.6d)). The spectrum is

measured before (black) and after (red) the PPLN respectively. Each figure is plotted in logarithmic scale.
The observed laser lines are labelled at the corresponding positions. The FSRs of cavities are marked by the
blue dash lines.The FC-OSSB spectra shown are acquired with a power ratio ws1/wso, at -3 dB at 780 nm,
as desired for compensating light shifts.
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Figure 4.7: The 780 nm sideband ratio verse the modulation frequency. The ratio ws;/wso is to -3 dB at
6.834 GHz. The subfigure (b) is the red dash boxed region in (a).

Modulation Bandwidth

In the gravity measurement with atom interferometry, the Raman laser is chirped to cancel the Doppler shift.
During the chirping, the OPR of the +1st order sideband wg; to carrier wsg should maintain the ratio to
eliminate the AC stark shift whilst the unwanted sidebands need to be suppressed low enough all the time
to reduce the Raman transition driven by other laser pairs. The tuning of RF driving signal w may produce
unwelcome side effects such as degradation of suppression and power ratio variation of ws/ws1. These would
primarily be caused by the frequency dependent characteristics of the microwave electronics driving the I/Q
modulator. The dependence of the FC-OSSB performance with w,, was investigated, and the results for w,
within 4-8 GHz are shown in Fig. Figure |4.7b| shows the enlarged region covering the experimental
frequency chirping for Doppler shift compensation. During scanning, the OPR of wg; /wyo is set to be -3 dB.
The sideband wss can be suppressed below -20 dB between 5 GHz and 8 GHz while the suppression of the
sideband w,_; starts to increase below 6.8 GHz. This is because the RF devices have a frequency-dependent
phase shift, which degrades the OSSB. However, for the range between 6.8 GHz and 6.86 GHz where the

atom interferometer operates, the sideband ws_; is suppressed below -18 dB.

4.1.3 Microwave Chain

A frequency reference chain is built to generate a low phase noise microwave source near 6.8 GHz to drive
the IQ modulator. The schematic is shown in figure [f.8] The chain is based on a multiplied crystal oscillator

(Wenzel, GMXO-PLD), which is highly integrated with multipliers to create 7 GHz from an oven-controlled
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Figure 4.8: Schematics of the microwave chain.

crystal oscillator (OCXO). The module can be phase locked to an external frequency, which is 10 MHz from
an atomic clock in our case. In the chain, the 7 GHz out of the GMXO-PLD is split into four channels, two
for the IQQ modulator, one for the microwave horn and the fourth is auxiliary. Each channel is able to mix
with an external RF source like direct digital synthesizer (DDS) or arbitrary function generator (AFG). The
down conversion frequency is filtered by a bandpass filter (ELHYTE, BP6834-70/T-5CS) before entering the
amplifier. The RF phase noise and the corresponding Raman laser phase noise will be evaluated in section

B.2.3l

4.2 Vibration Control

A stable inertial reference is vital for absolute gravity measurement. The phase planes of the Raman laser
works as an optical ruler to meter the relative acceleration of the free falling atoms in atom interferometry.
However, in the retro-reflection geometry, vibration imposed on the retro-reflection mirror can induce phase
noise, and even wash out the interferometry fringe. In fact, the inertial acceleration measured in the atom
interferometry is the combination of the gravitational and vibrational acceleration. As a consequence of
the equivalence principle, it is impossible to distinguish between gravitational fields and motion of inertial
reference, namely the retro-reflecting mirror in our case. Therefore a vibration isolator is required. As

a starting point, we purchased a passive vibration isolator (MinusK Technology,10BM-10). However, the
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performance of the platform is degraded due to the perturbation from the environment. We at first searched
for the main perturbation source in our lab and then formulated a usage scheme to enhance the isolation as

well as possible.

4.2.1 Passive Vibration Isolator

The passive vibration isolator 10BM-10 has a payload range between 0-4.5 kg. Employing a patented mech-
anism using negative stiffness elements, the system can provide vibration isolation with a vertical resonance
frequency of 0.5 Hz and a horizontal resonance frequency of 1.5 Hz [121]. Since the entire retro-reflection
mirror setup is only 2.2 kg, extra load has to be added to tune the horizontal and vertical resonance frequency
to the minimal. The residual acceleration on the platform is measured by two seismometers (Sercel geophone
L4C seismometers). In order to identify the main vibration source present in our lab and test the performance
of the passive vibration isolator, we deliberately set some specific scenarios to test. During the measurement,
one L4C is positioned on the baseplate of the vibration isolator while the other one is placed on the floor
next to the isolator. Fig. shows the amplitude spectrum density (ASD) of the residual vibration in these
specific scenarios.

Human Movements: When a human walks around the experiment, vibration on the floor ranges from 0.2
Hz and 100 Hz are all excited, especially between 0.2 Hz and 20 Hz. Although the passive vibration isolator
can suppress noise quite a lot, residual vibration on the platform is still increased when there is human
activity nearby, especially in the spectrum ranging from 0.1 Hz to 15 Hz, where our interferometer is most
sensitive. As shown in Fig. an apparent spike appears at around 1.7 Hz on both the floor and isolator
platform when human walks around. This should be the eigenmode frequency of the building.

Air Flow: When the vibration isolator works properly, the spring is adjusted quite soft (low stiffness). Thus
even if air flow pass the isolator, it can perturb the isolator, resulting in strengthening the residual vibration
on the isolator. As shown in Fig. after we housed the entire isolator setup with a box, the residual
vibration was reduced, especially the spectrum region below 2 Hz. With the box, the vibration is amplified
below 0.9 Hz and have a maximum amplification of 2 at resonance frequency. However, without the box, the
amplification starts from 2 Hz and reaches the maximum amplification nearly 100 at resonance frequency.
Building Floor: The building typically has eigenstates at frequency ranging from 0.1 Hz to 2 Hz [88]. The
plot of ASP in the lab (the second floor) and the ground floor of the building is shown in the Fig. [4.9¢| The
ground floor presents less vibration.

On the basis of the above results, a shield box is designed to enclose the passive vibration isolator setup,
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Figure 4.9: Power spectrum density of the vibration in specific scenes. In the measurement, one L4C is
positioned on the baseplate of the vibration isolator while the other one is placed on the floor next to the
isolator.
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Figure 4.10: Photograph of the shield box which attenuates the perturbation from the environment. The
vibration isolator platform is placed inside.

aiming to attenuate the perturbation from the environment in the lab. As shown in the Fig. the entire
house is built on a breadboard. Three speaker feet are mounted underneath the breadboard as the base of
the stand. In order to reduce the vibration from air flow and acoustic noise, the walls of the box consist of
lead barrier soundproofing and acoustic foams. On the top, a 2 inch hole is reserved for the optical access,

which is covered by a 2 inch \/4 waveplate.

4.3 Magnetic Field Control

The stray magnetic field can cause the atomic levels shift because of the Zeeman effect. This is one of the
systematic errors in gravity measurement (see section . Alghouth the first order Zeeman shift can
be eliminated via preparing atoms in magnetic insensitive state mp = 0, the quadratic Zeeman effect is
still present [84]. In order to attenuate the magnetic field, the entire interferometer tube is enclosed inside
an assembly of three-stage magnetic shield, which is made of 1 mm thick high-permeability nickel-iron-
molybdenum alloy. The shields are concentric cylinders and equally spaced. The innermost cylinder has a
length of 660 mm and a diameter of 150 mm while the outermost is 680 mm long and 130 mm wide. All the
shields sit on an acrylic plate, where three circle grooves are machined to fix the shields. Fig. [.11] shows

the residual magnetic flux inside the shields measured by magnetometer from Stefan Mayer Instruments
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Figure 4.11: Residual field inside the magnetic shields. Sub plots inset shows the flux homogeneity between
10 cm and 40 cm from the bottom of the cylinder.

(Fluxmaster). The longitudinal residual magnetic flux along the cylinder axis is attenuated below 10 mG
between 100 mm and 500 mm where the transverses magnetic flux along both North-East and South-East
are below 1 mG.

In the atom interferometry, the quantization axis is provided by a solenoid wound on a Teflon cylinder
surrounding the interferometer tube. Two helical groves with opposing direction of rotation are machined
on the outer mantle of the Teflon cylinder, with which the exact position of coils winding is addressed. A
laser driver is employed to supply the current for the coil. Fig. [£.I12h| shows the longitudinal and transverse
magnetic flux inside the quantization coil. Between 100 mm and 400 mm, the fluctuation of the longitudinal
residual magnetic flux is less than 10 mG whilst the transverse magnetic fluxes is below 10 mG and changes
within 1 mG.

After assembling the magnetic shields and quantization coils, the magnetic field present in the interfer-
ometer region needs to be measured precisely again. This is because the phase shift induced by the second
order Zeeman shift needs to be estimated quantitatively. In addition, the edge effects from both the magnetic
shields and quantization coil redirect the magnetic flux. Spatially inhomogeneous magnetic fields can induce

energy shifting, which employs additional acceleration on atoms. The detailed analysis will be present in

Chapter 5.
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Figure 4.12: Photograph of the quantisation coil. The magnetic field inside the solenoid is measured when
the current is 0.1 A.

4.4 Atom Interferometry Results

4.4.1 Raman Transition
Raman Laser Configuration

The basic principle of the Raman transition is presented in chapter 2. However, in order to drive the Raman
transition effectively, few more conditions should be satisfied.

(1) To measure the gravity, the Raman laser beams need to be configured in counter-propagating configuration
such that the Raman transition is velocity sensitive.

(2) The Doppler shift should be larger than the linewidth of Raman transition. After generated from the
single-sideband modulation, the Raman laser beams are led into the vacuum chamber via the same fibre and
then retro-reflected by the mirror on the vibration isolator. As shown in Fig. [I.13a] there are two pairs of
counter-propagating Raman lasers existing in the vacuum chamber with opposite effective wavevector, (ki1,
koo) and (kio, kop). Since the Doppler shift is larger than the transition linewidth, only one pair can be in
resonance and drive the two-photon Raman transition.

(3) The polarization of the Raman laser beams should be orthogonal. For a detuning bigger than the hyperfine
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Figure 4.13: Raman transition with counter-propagating laser beams.

splitting, the Rabi frequency is approximately given by[122]:

e2

Y *
where M is the dipole matrix elements. To maximize the transition probability, the driving fields E; and
E, must have orthogonal polarisation. In our experiment, the incident laser beams are of linear polarization.
A )\/4 waveplate is inserted before the retro-reflecting mirror. Thus the incident laser beams pass through
the A/4 waveplate twice, which is equivalent to a A/2 waveplate. We then rotate the waveplate until the

polarization of the retro-reflected laser is converted into the orthogonal polarization of the incident laser. In

the vertical quantization axis, the linear polarisation can be decomposed into circular polarisations.

r+iy) + (x —1 _
k112$:( y) ( y)%kllidiﬁﬂ»gll

2
(o +iy) - (@ — i) 419
2

koot = — koy =03, + 0xy

Thus there are four possible combinations which can drive the two photon Raman transitions, namely 01+1 +
Oy, 0F) — 0509, 071 + 04y and o7, + 05,. Based on the dipole transition matrix, only the pairs o3, + o5, and

011 + 05, are non-zero and contributes to the Raman transition [123)].
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Figure 4.14: Rabi Oscillation in Doppler-sensitive configuration. The Rabi frequency is fitted to be 117 kHz.

Rabi Oscillation

We determine the 7 pulse duration in experiment. In the end of the moving molasses, atoms fall to the ground
state |[F' = 1). After that atoms fly into the magnetic shields, where a Raman pulse is switched on. The
atoms transmitted to the state |F' = 2) will be detected in their way back to detection region. We measure
the probability of transition as a function of the Raman pulse duration 7. The result is shown in Fig.
According to the data, we achieve 7,=26 us. We also notice that the amplitude of the oscillations diminishes
as the pulse duration increases. This is because the thermal expansion of the atomic cloud degrades the

coherence.

4.4.2 Velocity Selection and State Preparation

Although the atoms in optical molasses have been cooled to temperature below 10 yK. The finite temperature
still corresponds to a velocity spread, where the Doppler broadening of the atomic resonance is wider than
the linewidth of the Raman transition. Thus, in the velocity-sensitive Raman transition, atoms in different
velocity classes are excited deconstructively, resulting in losing the fringe contrast in atom interferometry.
On the other hand, after moving molasses sequence, the atoms are pumped into the state |F' = 2). At that
moment, the atoms are randomly distributed in all possible Zeeman sublevels. To minimize the effect of stray
magnetic fields, only the atoms in the mpr = 0 sublevels are used. Therefore, prior to the atom interferometry
sequence, a stage where the atoms are addressed into a very narrow velocity distribution and the internal

state is prepared in magnetic-insensitive state mp = 0, is vitally important. The entire process is illustrated
in Fig. [£.15]

75



4
Z
Blow Away F=2
Velocity Selection F=2 _ L
After Moving Molasses =2 o —
g +* F=1 B
= - e
F=2 - - i
-
l I S F=1
+ _—0—
F=1 —
___ Counter-propagating Detection Beam
Raman Laser Pulse VE_p /=3
0 ms +59 ms +69 ms Sequence Timing

Figure 4.15: The visualization of the velocity selection and state preparation process.

The velocity selection is realized by stimulated Raman transition [124]. At 59 ms after moving molasses,
the atoms fly into the detection chamber, where the Raman laser beams are applied. A certain group of
atoms can be in resonant with the A transition |F = 2) — |F = 1) if the Doppler shift of their velocity
component parallel to the Raman lasers exactly compensates the Raman laser detuning. Then the velocity
spread of atoms transmitted to the state |F' = 1) is given by the Doppler-shift formula Av/c = Av/ (v +12),
where Av is the linewidth of the Raman transition and v 5 is the frequency of the Raman laser beams. Due
to the long lifetime between the two hyperfine states, the linewidth of the Raman transition is determined
by the interaction time, namely the Fourier width of the Raman pulse duration 7, which is much narrower
than the Doppler broadening of the atomic resonance. For atoms with velocity v, the corresponding Doppler
shift is dpoppler = kesr - V. Then the vertical velocity spread Awv, after the velocity selection is related to the

width of the Raman transition by:

Ab poppier -A 1
Av, = =2Doppler _ C1 2V (4.15)
keff V1 + 2 T~keff

If 7 is 50 us, Av, is about 1.2 mm/s, which corresponding to a temperature of

m - (Av)?

T —
kp

~15 nK (4.16)

where kp is the Boltzmann constant and m is the atomic mass of rubidium. Atoms in different velocity
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classes can also be selected by varying the frequency difference between the Raman lasers.

Fig. shows the fluorescence signal when the atoms remaining in the state |F' = 2) pass through the
detection beam. The curve area is proportional to the atom number. The presence of a dip in the curve
is interpreted as the amount of atoms being selected, with which we can count the selection efficiency. In
recent velocity selection scheme, there are 3x10° atom is selected, corresponding to 5% of the total launched
atoms (the atom number is calculated based on the Equ. . However the atoms are selected without any
specific mp sublevels addressed. In order to preselect the desired internal state, the magnetic field from the
quantisation coil is added to remove the degeneracy among mp sublevels. Sublevels in the state |F' = 2) are
split by AE = 0.7 MHz/G-m B [84]. By adjusting the frequency difference of the Raman lasers finely, only
the atoms in state |F' = 2,mp = 0) are in resonance and transmitted into state |F' = 1,mp = 0). Other
transitions, |F = 2,mp = —1) — |F = 1,mp = —1) and |F = 2,mp = 1) = |F = 1,mp = 1), can also
be reached by tuning the Raman lasers. Fig. shows the transitions of the above magnetic sublevles.
However, because of the threefold degeneracy in hyperfine states, only one third of the atoms is selected at
this stage compared with the case without the quantization coil. The red curve in Fig. [4.16a] shows the
fluorescence signal with the quantization coil on. There are 1.6x10° selected, corresponding to 2.6% of the
total launched atoms.

After atoms are selected in the external and internal state, the remaining atoms in the state |F' = 2) are
blown away when they carry on flying past the horizontal detection beam. The lower part of the detection
beam is not retro-reflected. Thus the excited atoms are exerted a force towards the chamber wall and pushed
away from the flight direction. Finally only atoms addressed in the narrow velocity spread along the Raman
lasers direction and in the internal state |FF = 1,mp = 0) remain. The spatial distribution of the atomic
cloud is like a cigar as shown in the last stage in Fig. Because the sensitivity of the atom interferometer
is ultimately limited by shot noise due to the finite number of atoms, a more efficient state selection sequence
is desirable. The initial atom number could be improved by incorporating optical pumping in the future. In
other experiment, Zeeman state optical pumping is used to increase the atom number by a factor of three

[125].

4.4.3 Interferometry Fringe

After velocity selection and state preparation, the remaining atoms carry on flying into the magnetically
shielded region. A Mach-Zehnder atom interferometer is operated by employing three velocity sensitive

Raman pulses(n/2-w-7/2), which split, redirect and recombine the atomic wavepackets. The total laser
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Figure 4.16: Results of the velocity selection and the spectrum of sublevels.
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Figure 4.17: The sketch of the Mach-Zehnder atom interferometer sequence. During the flight, the atomic
cloud expands freely, which is visualized by the area of the ellipse in pink. The evolution of the internal state
is represented by the population distribution among the internal sublevels. In addition, due to momentum,
the atomic clouds split, reflect and recombine in the trajectory.
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power is 240 mW with a beam size 30 mm in diameter (1/e? diameter) but the intensity ratio between
Raman laser beams needs to be adjusted carefully to cancel the AC Stark shift (see section . To
suppress the spontaneous radiation, the detuning of Raman laser A is chosen to be 2 GHz red-detuned from
the state \Fl = 1), resulting in 7 pulse duration equal to 26 us. Fig. depicts the timing sequence and
the corresponding manipulation of atomic wavepackets in internal and external states. Each Raman pulse
has rectangular shape in time with a separation equal to T. Considering the edge effect of the magnetic
shields and quantization coil, the first 7/2 Raman pulse is triggered on the place which is 5 cm away from the
bottom opening of the magnetic shields. The cloud is coherently manipulated into a superposition of states
|FF'=1,mp = 0) and |F = 2,mp = 0) with different velocities owing to the recoil velocity. A 7 pulse then
inverts the internal and external states. In the end of the atom interferometry, the two atomic wavepackets
converge spatially and are interfered by the third Raman pulse. At t=500 ms, the detection laser is turned on
for 50 ms to detect the transition probability. As discussed in Chapter 2, in order to compensate the Doppler
shift in free fall, the frequency difference between the Raman beams (namely the RF frequency applied on
the modulator) is chirped at a rate a & 27 x 25.1 MHz/s. The population distribution in different internal
hyperfine states at the outputs is related to the gravity by:

Pirp—smp—0) = =[1 — cos(keprgT?> — oT?)] (4.17)

N =

Fig shows the population of atoms in state |F' = 2, mp = 0) by scanning the chirp rate with T equals to
10 ms, 15 ms and 30 ms respectively. In the central fringe, the atomic population coincides at a crest. Thus
the phase shift induced by Doppler effect is compensated, which is independent of T. After fitting the data,
we obtain the chirp rate of interest at o = 27 x 25164858 Hz/s + 12 Hz/s. The local gravity ¢ is determined

as 9.817239(4) m/s? is obtained.

Improvement

After realization of the atom interferometer, a lot of efforts have been devoted to increasing the sensitivity by
increasing the interrogation time T. Before the implementation of the shield box for the vibration isolator, T
was limited below 50 ms. Beyond that, the fringe was completely washed out due to the increased vibration
noise from the retro-reflecting mirror. After improving the performance of the vibration isolator, T was
increased to 120 ms. In addition, the power of the cooling laser was doubled by replacing the previous
tapered amplifier by one with a higher gain (Thorlabs, TPA780P20), leading to increase the launching

efficiency and improvement of the signal-to-noise ratio of the fringe. Fig. [£.19shows the fringes with T=100
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Figure 4.18: Mach-Zehnder atom interferometer fringes as a function of chirp rate. The same measurement
is repeated with T equal to 10 ms, 15 ms and 20 ms respectively. The center fringe is indicated by arrow,
where the interferometry phase induced by local gravity is cancelled. After fitting the data, the chirp rate at
central fringe is 25164858 + 12 Hz.
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Figure 4.19: Mach-Zehnder atom interferometer fringes with T equal to 100 ms and 120 ms respectively.
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and 120 ms. The measurement was performed at a rate of 0.5 Hz. Each point is an average of three shots.
After fitting the data, we obtain the gravity uncertainty of 15 pGal when T=120 ms. Considering the total
integral time of the two measurement, we achieve a sensitivity f 225 puGal/v/Hz when T=120 ms. The

sensitivity limitations will be discussed in chapter 5.

4.4.4 Spatial Interference Elimination

In the EOM scheme, Raman lasers consist of a carrier frequency and an infinite number of sidebands separated
by the RF driving frequency. Thus the Raman transition can be driven by at least two pairs of frequency
combinations (we — Wy, we) and (we, We + Wy, ), where w, is the carrier frequency and w,, is the RF driving
frequency. As a consequence, the effective Rabi frequency has a spatial dependence with a periodicity of
Arf/2, where \,; is the wavelength of the RF applied[94] [126]. In addition, the multiple Raman transitions
also induce a phase shift which is spatially dependent in the atom interferometry [I10]. In contrast, Raman
laser based on OSSB scheme can suppress the unwanted laser considerably. Thus the interference caused
by the unwanted laser frequencies in EOM scheme can be eliminated. To verify this conclusion, we make a
comparison measurement in atom interferometry experiment with Raman laser based on EOM and OSSB
scheme respectively, the setup of which is shown in Fig[f20] In the measurement, only the modulator is
changed by either EOM or IQ modulator. The detuning A is set to be 2 GHz red-shift from the |F')=1
state whilst the total Raman laser power is the same. The RF frequency applied on both the EOM and 1Q

modulator is 6.834 GHz.

Spatial Dependent Raman Transition

Raman pulses were applied at different positions along the longitudinal direction in the interferometry region.
The pulse duration is set at 50 s, which corresponds to the 7 pulse duration at the start point. The RF
frequency applied to the EOM and I/Q modulator is equal to the separation between the ground state
hyperfine levels F = 1 and F = 2 (= 6.834 GHz). Figure shows the spatial dependence of the Raman
transition. The wavelength of oscillations is measured to be 22 mm which matches with the half wavelength
of the RF signal. The amplitude of the Raman transition was reduced a factor of two at the valley compared
with the crest. The same measurement was repeated in the FC-OSSB scheme, showing that the spatial
dependence is removed to below the experimental noise level. The fluctuation of the Raman transition is

less than 10%, which is induced by other perturbation, and shows no oscillatory spatial structure. Although

1The definition is made in section

81



Laser modulation
il 5 OSSB

: Q 1 T
—'-| I/Q Modulator I : : | t
E : W, Wg W
\__'_ DCBiases I S 50 Ws1
1560 nm S F—— . 780 nm
Seed Laser e
p 1 s

_________ )i W_1 Wy Wq Ws_1 Wgo Wy

W, . ................................... ; EOM
[

Microwave Chain

Figure 4.20: The Raman laser system for measuring the spatial dependence of the Raman transition prob-
ability. In the measurement, only the modulator are exchanged between 1Q modulator and EOM for the
OSSB scheme and double-sideband scheme respectively. The schematics of the spectrum in the two laser
schemes are visualized.
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Figure 4.21: Measurement of spatial dependent Raman transition. Raman pulses were applied at different
positions along the longitudinal direction in the interferometry. OSSB and EOM schemes are employed
respectively to generate the Raman lasers. All the pulse duration is fixed to be 50 s in the measurement.
When the Raman lasers are generated by EOM scheme, the wavelength of oscillations is measured to be
22 mm which matches with the half wavelength of the RF signal. The amplitude of the Raman transition
was reduced a factor of two at the valley compared with the crest. The same measurement was repeated
in the FC-OSSB scheme, showing that the spatial dependence is removed to below the experimental noise
level. The fluctuation of the Raman transition is less than 10%, which is induced by other perturbation, and
shows no oscillatory spatial structure. Two positions P1 (yellow) and P2 (green) are selected as a the test

L. . . P . ™ Q
positions for measuring the spatial phase shift in the next section. The set of — — 7 — — pulses are added on

the positions which are indicated by arrow in the same color.
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Figure 4.22: The interferometric fringes from different Raman laser schemes. From top to bottom, the
EOM (Uncorrected Raman Pulase) scheme assuming single global Rabi frequency, the EOM(Corrected Raman
Pulase) scheme compensating local Rabi frequency variation, and FC-OSSB.

the interference effect in EOM scheme can be reduced with small detuning (A < 1 GHz), this increases
contributions from spontaneous emission which can lead to loss the fringe contrast in atom interferometry

experiments.

Phase Shift and Contrast

The position dependent phase shift induced by the unwanted laser frequencies in atom interferometry [I10] can
also be eliminated by employing Raman laser generated based on OSSB scheme. To evaluate the performance
of the OSSB system, both schemes were used to operate a Mach-Zehnder atom interferometer at two different
sets of positions, P1 and P2, which are labelled in Fig. The time separation between pulses was set
to 10 ms. The sideband power ratio ws;/wso is chosen to be 1/2 to cancel the first order AC Stark shift.

Figure shows the atom interferometric fringes acquired by sweeping the chirp rate a under different
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modulation configurations. In order to further investigate the effect arising from spatially varying Raman
transition in EOM scheme, the measurements are performed under two different assumptions: (1) single
global Rabi frequency; (2) spatially dependent Rabi frequency. In the first case, the Raman 7 and 7 /2 pulse
durations are set based on the Rabi frequency at the first position of P1. In the second case, all the pulse
durations are set by the local Rabi frequency measurements. In the FC-OSSB scheme, the pulse durations are
set by the Rabi frequency at the first position of P1. By fitting the data, the phase shifts and the contrasts

for different conditions are extracted for comparison. The results are summarized in the table

Table 4.1: The phase shifts and the contrasts of the interferometric fringes from different Raman laser
schemes. The results for P1 and P2 are marked by black and red respectively. EOM(U): EOM(Uncorrected
Raman Pulase); EOM(C): EOM(Corrected Raman Pulase).

Phase Shift (mrad)  Contrast

P1 P2 Pl P2
EOM(U) 1509 2077 2% 12%
EOM(C) 1759 1294 20%  19%

OSSB 597 596 21%  20%

With the EOM scheme, the fringes measured at P1 and P2 shift away from the fringes measured with the
FC-OSSB scheme, regardless of whether the Raman pulses duration is corrected or not. Without correcting
the Raman pulse duration in the EOM scheme, the phase measured at P1 and P2 has a relative phase
difference 568 mrad. In addition, the contrast is reduced from 22% to 12%, nearly a factor of two decrease
between P1 and P2. After correcting the Raman pulse duration, the fringe contrast at P2 can be recovered to
19% but there is still a spatially dependent phase difference at both P1 and P2. However, with the FC-OSSB
scheme, the fringe at P2 is shifted by 1 mrad with a small contrast decrease around 1% compared with
the one at P1. As proposed in the paper [110], the EOM scheme is still adoptable for atom interferometry
application in high-precise gravity measurement by numerically calculate the phase shift induced by the
unwanted laser lines in the EOM scheme, which demands the atom interferometer parameters are precisely
estimated. However, the OSSB approach has been shown to effectively remove these concerns, and others,

without adding additional complexity to the laser system.

4.5 Summary

This chapter has discussed the construction of the essential components of the atom interferometer. The
laser system based on OSSB scheme supplies the Raman laser beams. While the single-sideband modulation

is degraded due to the SHG process, the first order sideband is still suppressed by -21dB. Thus the spatial
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interference induced by the unwanted laser lines is reduced significantly. Employing the Raman laser based
on OSSB scheme, the Mach-Zehnder atom interferometer was realized. After employing the shield box for the
vibration isolator, the interrogation time T was increased to 120 ms, allowing a sensitivity of 225 puGal/v/Hz

to be achieved.
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CHAPTER 5

ANALYSIS AND CHARACTERISATION

In this chapter, we start to evaluate the current limitation of the experiment in terms of the sensitivity
and accuracy. This also offers guidance for the further improvement in the future. In the following section,
we firstly introduce some equations and terminologies, providing definition for the reader. We then calculate
the potential phase noise present in the experiment such as that due to the detection, residual vibration
and Raman lasers. In the remaining sections, we will focus on analysing the interferometer phase shift and
estimating the systematic error of the gravity measurement. Finally, the budgets of the systematic noise and

errors are listed.

5.1 Definitions

5.1.1 Noise and Errors

As the introduction in chapter 2, the transition probability at the interferometer outputs can be simply

described by a trigonometric function:

P = A(1 + Ccos(®)) (5.1)

where A is the mean transition probability, C is the contrast and & is the interferometer phase. The normal
fringe versus the interferometer phase is depicted in Fig. [.1] In order to achieve the highest phase sensitivity,
we operate the experiment at the steepest slope of the fringe, i.e. the midfringe where ® = +7/2. Around

this point, the transition probability has an approximatively linear dependence on the phase variance:

OP = —ACsin(®)0® = —ACOP (5.2)
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In'terferometer Phase ®

Figure 5.1: Tllustration of the atom interferometry fringe versus the interferometer phase. The amplitude of
the oscillation is AC. On the slope of the fringe, an interferometer phase noise g can induce the fluctuation
of the transition probability by op.

Given an interferometer phase noise og, the induced fluctuation of the transition probability on the slope is
03/2, where we assume A = 1/2 and C' = 100%. If substituting the Doppler phase shift ® = k.srgT? into
above equation, the variability of gravity measurement o, induced by the interferometer phase noise can be

given by:
0%

= 72keffT2 (53)

Og

Similarly, if a phase bias §® is present in the experiment, the gravity error is calculated by dg = d®/2k. ;T2

This is how we calculate the noise and errors of gravity measurement in the following sections.

5.1.2 Terminologies

In the field of metrology, some terminologies are defined as a standard to assess the systematic specifications
of an instrument. However, some of these terminologies are indistinct in the field of atom interferometry
and even differ from the metrological definition. In this thesis, we follow the terminologies definition in the

reference [127, [128] and also take the common usage in other groups into consideration.
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Precision, Sensitivity and Resolution

Precision is interchangeable with terms like repeatability and short-term variability, which describes the
variance of repeated measurements under identical conditions. It is ascribed to the random noise of the
instrument. In the field of atom interferomtery, resolution and sensitivity are also popular to evaluate the
performance of the instrument. According to the usage in the reference [129] [130), [13T], the sensitivity is
often expressed in unit of g per shot, g/ V/Hz or g at 1s, which means the smallest observable change of signal
either in a single measurement or in unit time. Averaging multiple measurements can eventually increase the
sensitivity until reaching the instrumental or environmental noise floor. Then resolution is used to specify the
measurement uncertainty after a certain integration time, which is expressed in unit of g or pGal [25] [132] in
an atom interferometer. To some degree, we can regard the sensitivity as the resolution when the integrating
time is 1 s. However, in metrology, sensitivity is the quotient of the change in an indication of a measuring
system and the corresponding change in a value of a quantity being measured and resolution is the smallest
measurable change which causes perceptible change in the indication. In this thesis, in order to comply
with the established custom of terminologies usage in atom interferometry, we use the term sensitivity to
define the gravity uncertainty in single measurement. Its value is estimated in section [5.2] by evaluating the
standard deviation in gravity measurement (o4) caused by the variant of noise present in our experiment.
Resolution is used to evaluate the optimal gravity uncertainty after integrating a certain time and calculating

the short-term and long-term variability.

Stability

Due to the environmental changes and instrumental drift, the variability exhibited by the measurement
from day-to-day is different. In particular, with some time-dependent noise, the measurement data is non-
stationary, which means they are not evenly distributed across the frequency band. This results in the
standard deviation of the long-term data not converging. To estimate both the short-term and the long-term
variability of the gravimeter in time domain, Allan deviation is employed here [133].

Assume we have a sequence of equally spaced gravity measurement g, = g(t,) with ¢,,41 = ¢, + 7, where
7 is the interval between two consecutive measurements. The Allan deviation has the form of two-sample
variance [25]:

o2(27) = 51 — 90)?) (54)
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Figure 5.2: Illustration of the fringe visibility with varying amplitude of phase noise. The purple trace is
simulated date by adding the phase noise with a standard deviation o3™® into the Equ. The curve in
black is the fringe without any phase noise while the one in red is the curve fitting to the data

For long time separations ¢ = N7, the Allan deviation is given by:

2N—-1

T Y ) (5.5)
k=N

02(2,t) = 02(2,N7)

wIH
MZ

k;:

If the noise of consecutive measurements g,, is uncorrelated, then we have

04(2,NT) = 04(2,7) (5.6)

1
VN
One benefit of the Allan deviation is that it can be used to identify different measurement noise sources

[134; [135].

Signal-to-noise Ratio

The signal-to-noise ratio (SNR) of the experimentally observed interferometry fringes can affect the mathe-
matical fitting uncertainty and the gravity measurement precision accordingly. We can relate the the vari-
ability of gravity measurement to the SNR of the interferometer fringe. Suppose neither A nor C' fluctuate,
the SNR is defined by:

AC 1 1

N = —=— = — .
SNER op 0o keppT?04 (5.7)

Fig. [5.2| simulates the atom interferometer fringes with varying phase noise g¢ based on Equ. [5.1} Transition
probability with and without noise are plotted in blue and red respectively. With the phase noise increasing,
the contrast of the fitted curve (black) is decreased as well as the SNR. When the phase noise is 7/3, the
SNR is 100 while the SNR is reduced to about 3 when the phase noise is 7. The fringe is completely washed

out when the phase noise is add up to 27. Therefore, to guarantee the fringe readable, we have to limit the
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phase noise to less than 2.

Bias

Bias is similar to accuracy, characterizing the measurement offset from the true value. The discrimination
is that accuracy is a qualitative term referring to whether there is agreement between gravity measured by
gravimeter and its true value while bias is a quantitative term describing the difference. We adopt the term
bias to access the measure of the systematic errors. In the section we firstly analyse the systematic errors
and estimate the bias value. In the future, the bias will be identified by the comparison with other reference

standards like FG-5, which is in preparation (see chapter @

5.2 Noise

The noise appearing in atom interferometers can be organized in two classes, the noise due to the detection of
the quantum state of the atoms and the noise caused by the interferometer itself. In the atom interferometer,
with uncorrelated atoms, the fundamental measurement noise is the quantum projection noise (QPN), which
is uncertainty to find atoms in a state. This intrinsic noise defines the ultimate sensitivity of the instrument. In
practice, the measurement variability is often restricted by other noise like detection noise, seismic vibration,

Raman laser phase noise, etc.

5.2.1 Quantum Projection Noise

At the output of the atom interferometer, the atoms are in a superposition of states |F' = 1,mr = 0) and
|F = 2,mp = 0). The population distributed in the two hyperfine states is probed by fluorescence detection.
However, for an uncorrelated ensemble of atoms, the population measurement is uncertain and limited by
the quantum projection noise (QPN) [I36], which limits the sensitivity of an atom interferometer without
squeezing. For N atoms in detection, the variance of the transition probability is op = \/W ,
where P, = 1/2 is the probability of the atoms in the state |F = 2, mp = 0) at midfringe. Substituting the

above equation into Equ. the interferometry phase noise due to QPN is derived by:

1

_ 5.8
kefsz\/N ( )

O'g:

where kcyry is effective wave vector of Raman laser and T is the interval between Raman pulses. In our

experiment, there are ~ 3 x 10° atoms in detection. Thus the ultimate sensitivity is charactered by og ~
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0.24 pGal when T=120 ms.

Photon shot noise

Due to the particle nature of the laser, counting the number of photons incident on the photodiode has a
statistical quantum fluctuation, which follows a Poisson distribution [I37]. The standard deviation is equal
to the square root of the average number of photons: oppoton = v/ Nphoton- Similar to calculating the QPN,

the photon shot noise in the atom interferometer is:

PF:2(1 — PF:Q)
- _ r=2) 5.9
PSN \/ N x Nphoton ( )

In above equation, nppoton = (Rse X T X A) /47 is the mean number of photons hitting on the photodiode per
atom, where Rg., Rs. and A are the same definition in Equ. In order to reach the quantum projection
noise regime, at least 1 photon per atom should be detected, i.e. npnoton = 1. In the experiment, the solid
angle and detection duration are constants, which are 0.54 and 800 us respectively. The detection beam is
2 MHz red-detuned. Assume I = 314, the npnoton is calculated to be about 436 photons/atom. Thus the

photon shot noise is much lower than the atom shot noise. Its contribution can be neglected.

5.2.2 Vibration Noise

The vibration on the retro-reflecting mirror is the primary noise source to limit the interferometer sensitivity
in our experiment. In our lab environment, without any method to shield the mirror (placing the mirror
on the optical table), the interferometer interrogation time T is limited below 5 ms. Above 5 ms, the atom
interferometer fringe is completely washed out. After introducing the passive vibration isolator (MinusK), T
is increased to 50 ms. Especially after the platform is set up as the way we investigated (see chapter 4), T is
increased to 120 ms. Fig. shows the residual vibration measured on the vibration isolator as well as the
one measured on the floor. As described in section we can estimate the error of gravity measurement

related to the vibration noise by using formula:

(o > 1
=7 __ Hy |? 1
Ug kefsz \//0 | [ | T4w4 Sa(W)dw (5 O)

where S, (w) is the power spectral density of vibrational acceleration and Hy is the transfer function. Due to
the low-pass filters property of transfer function, the vibration is weighted with roll-off at frequencies higher

than 1/T. For T=120 ms, vibration above 10 Hz is effectively filtered as the red curve shown in Fig.
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Figure 5.3: Amplitude spectrum density of the vibration noise in our lab. Vibration on the floor and platform
are measured at the same time and plotted in silver and black respectively. The weighted vibration noise is
plotted in red with T=120 ms.

The blue dotted line is the accumulated o™ from low to high frequencies. Because of the vertical resonance
frequency of the vibration isolator at 0.5 Hz, vibration at frequency between 0.1 Hz and 1 Hz is amplified
and accounts for the major phase noise. Therefore in recent experiment, when T=120 ms, the interferometer

phase noise due to the seismic vibration is 407 mrad, amount to the sensitivity is of 170 pGal.

5.2.3 Raman Laser Noise
Influence of Raman Phase Noise

Our Raman laser is generated by the optical single sideband modulation (see section . Thanks to inherent
phase coherence of this modulation technique, we avoid suffering from laser phase noise induced by the
electronics of the phase locking. Besides, since the laser out of the modulator undergoes the same optical
paths, the phase coherence is maintained all the time. Therefore we can regard the noise from the RF
reference as the remain noise source. As presenting in section the RF reference is generated by 7 GHz
mixed with the RF signal out of the external RF source, which is arbitrary function generator (AFG) in this
measurement. We then use the signal source analyser (SSA, Agilent N9030B) to measure the phase noise.

As shown in Fig. the red curve represents the phase noise spectral density of the Raman laser which
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Figure 5.4: Measurement of the phase noise in Raman laser system. The measurement was performed with
the aid of a signal source analyser (Agilent, N9030B). The phase noise of the signal source analyser at
6.834 GHz is plotted in dashed line, which is converted according to the phase noise at 10 GHz in the data

sheet [13§].

is measured after the PPLN RW. We also measured the phase noise of the RF reference 6.834 GHz (blue
curve) and the 7 GHz (yellow curve) for comparison. Below 100 kHz, the phase noise spectral density of the
Raman laser overlaps the one of the RF reference very well. The bump at 20 kHz is caused by the phase
noise of the AFG. Above 100 kHz, the phase noise of Raman laser is higher than the one of RF reference,
which can be explained by the intensity noise of the seed laser. However, the transfer function of the atom
interferometer works as a low-pass filter. The weighted phase noise shown in green curve in the figure with
the cut-off frequency 38 kHz when the Raman 7 pulse duration is 25 us. Thus we can neglect the phase
noise contribution above 100 kHz. We recall Equ. to calculated the sensitivity limitation of the gravity

measurement due to the Raman laser phase noise:

Og =

\/ /+°° [H(2nf)S,(F)df (5.1)

effT2 kepsT?

where S,(f) is the phase noise spectral density of the Raman laser and H (27 f) is the weighting function.

Given T=120 ms, the induced interferometer phase noise is 18 mrad and the according sensitivity is 7.7 uGal.
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Influence of Raman Intensity

The Raman laser intensity is not actively stabilized in the experiment. The fluctuation of the intensity then
contributes to the interferometer phase noise by changing the Rabi frequency. Assume that the transition
probability relates to the Rabi frequency is given by P = A(1 + Ccos(§27)), where 2 is the Rabi frequency,
7 is the Raman pulse duration, C' is the fringe contrast and AC is the fringe amplitude. When the relative
intensities between Raman beams is fixed, the standard deviation of the transition probability due to the

total Raman laser intensity change is given by:

op = —0qACTsIn(Qr) (5.12)

Suppose the fringe contrast C=1, after employing the 7 /2 pulse, the variance of the transition probability is

ToQ  TWOT
f— T e— T e— .1
Tpm/2 = 00T = 5o 57 (5.13)

where I is the total Raman laser intersity. In a complete interferometer sequence (7/2 — 7 — m/2), since the

intensity fluctuation is independent for these three pulses, the variance is given by [25]:

V3moq  V3mor
op = 01237#/2 +0p, + afg,ﬂ/Q =5 — 9] (5.14)

At the midfringe, the interferometer phase noise induced by the Raman intensity noise is 0 = @ We
measured that the total Raman laser power changed 3% within one day, which was induced by the the
polarisation fluctuation in the fibre delivery system. Assume the fluctuation of the Raman laser intensity is

up to 3%, the corresponding interferometer phase noise is calculated to be 163 mrad.

Influence of Raman Laser Polarisation

The amplitude of the Raman transition also depends on the polarisation configuration of the Raman laser.

As we introduced in section the Rabi frequency is approximately given by:

2

e *
Qepr = pax B x B - M (5.15)

where M is the dipole matrix elements. In our experiment, the polarisation-maintain fibre directs the laser

with linear polarisation into the vacuum chamber and the A/4 waveplate before the retro-reflection mirror at

94



the bottom converts the linear polarisation to the orthogonal polarisation. However, due to the imperfection
of the coupling into the PM fibre or the temperature fluctuation of the environment, the polarisation of the
incident Raman laser presents momentary shifting. Assume the shifting of the polarisation of the incident
Raman is 6, then the angle between the incident and retro-reflected Raman laser is shifted by 26. According
to the Equ. the corresponding varying of the Rabi frequency is o0 = 26€). Recalling the transition
probability formula P = A(1 4+ Ccos(€27)), the fluctuation of the transition probability at the midfringe is
thus given by:

op = —ACsin(Q1)T0q = ng (5.16)

After substituting the polarisation extinction ratio of the Raman laser 30 dB into €, we achieve that the
fluctuation of the transition probability is 0.0016, amount to the interferometer phase shift is of 3.2 mrd and

the sensitivity is of 0.67 pGal when T=120 ms .

5.2.4 Timing Noise

In our experiment, the timing is mandated to the digital signal sequence out of the hardware (sbRIO-9627,
National Instrument), which is externally locked to the Rubidium clock (FS725, Stanford Research Systems).
All the other electronic equipments are also synchronized to the Rubidium clock. Therefore the stability
of the timing is substantially determined by the stability of the rubidium clock. As described above, if the
Doppler phase shift is compensated by chirping the Raman frequency difference, the sensitivity to the timing
of the Raman pulses is reduced. However, we operate the experiment at the midfringe, where the phase shift
is proportional to squared in integration time T. If the interval of the Raman pulses jitters, a phase shift due

to the fluctuation of T is given by:

06 = 2kep (g — am)Tor = iw% (5.17)

where ., is the chirp rate at the midfringe. Based on the specifications of the Rubidium clock, the short-term
stability is 2 x 1071 at 1 s. Substituting into the above equation, the interferometer phase noise is 0.5 nrad

when T=120 ms, which can be neglected in the experiment.

5.2.5 Tilting Noise

The entire apparatus was supported by the aluminium frame as shown in Fig[3.1] The Raman telescope is

mounted on the top. If the aluminium frame has oscillation modes or the building tilts, the Raman laser
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Figure 5.5: Measurement of the tilting of the aluminium frame over time.

vector swings around the gravity direction, resulting in measurement fluctuation. For small tilting angle, the

interferometer phase noise can be estimated by the below equation:
~ 2 2
op ~ kefng (o) (5.18)

where oy is the standard deviation of the angle fluctuation between the Raman laser and the direction of
the gravity. In order to achieve a sensitivity of 1 pGal in a single measurement, the short-term fluctuation
of the Raman laser vector should be less than 45 urad. We measured the tilting of the aluminium frame by
a two-axis inclinometer (DMP, Jewell Instruments LLC), which has a resolution to < 8.7 pyrad. As shown in
the Fig. the tilting of the aluminium frame within a period of experiment duty cycle (& 3s) is less than
the measurement resolution of the sensor. Assume oy = 8.7 urad, the corresponding uncertainty of gravity
measurement is 76 nGal, which can be ignored in recent experiment. However, the tower frame also develops
a long-term incline (about 15 prad in 10 hours), resulting in underestimating the gravity. This effect will be

discussed in detail in below section (.3.2

5.3 Systematic Errors

In this section, we analyse the potential systematic errors. Some effects affect the measurement of gravity

by modifying the Raman resonance condition (quadratic Zeeman effect, AC stark Stark effect, collisional

96



displacement), some determine the expression of the phase shift (vertical alignment of Raman laser, value
of kesyr), and others directly affect the phase difference between lasers (beam aberrations, influence of the

refractive index at the crossing of the cloud).

5.3.1 Magnetic Field

The first expected source of systematic errors comes from the Zeeman effect. Although the atoms are
prepared in the magnetic-insensitive state mp—g, the quadratic Zeeman effect is still present. Given an
external magnetic field, the quadratic Zeeman shift is derived by the Breit-Rabi formula [84]:

2 2
fiﬂB(QJ*QI) 2 _ 2
Un(z) = " honge B“ = kB(z) (5.19)

where £ is defined as the coefficient of the quadratic Zeeman shift. It is calculated k=575.15 Hz/G? for the
hyperfine sublevels |F = 1,mp = 0) to |F = 2,mp = 0) of the ¥ Rb ground states 525} 5. The corresponding

phase shift can be calculated by:

+o00
5 eoman = 2k / o(8) B()2dt (5.20)

— 00

where g(t) is the sensitivity function defined in chapter 2. In fact, thanks to the symmetry features of g(t),
a spatially uniform magnetic field doesn’t contribute to the interferometer phase. However, as shown in Fig.
the magnetic field inside the magnetic shields is spatially inhomogeneous. As a consequence, several
systematic errors are generated:

(1) The magnetic field gradient causes a force proportional to the energy gradients. Atoms are subject to

an additional acceleration equal to:
ay,=———-"2=—kB—2z (5.21)

Thus the gravity measured is biased by the parasitic acceleration.

(2) Due to the inhomogeneous magnetic field, the energy displacement is position-dependent, resulting in
the resonance condition being also position-dependent. Considering the spatial separation of the two arms
of the interferometer, the phase shifts due to the Zeeman effect are different between the two paths. The
calculation based on the Equ. [5.20]is not accurate.

(3) Because of the magnetic gradient, the atomic trajectory in the interferometer are deformed by the
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Figure 5.6: Magnetic field strength and the gradient inside the magnetic shields, which was measured by
magnetic-sensitive Raman transition.

magnetic forces. At the interferometer output, the centres of the wavepackets don’t overlap. Phase error
0@y arises.

We employ the magnetic-field-sensitive Raman transition to measure the magnetic field distribution inside
the shields [I39]. During the measurement, the quantisation coil current was set to be 0.1 A. Fig.
shows the longitudinal magnetic field and the second-order Zeeman shift accordingly. The magnetic field
gradient and the additional acceleration are also derived and shown in Considering the seperation
of the wavepackets in the two arms, we follow the atom interferometry in the path-integral description to

calculate the phase shift at the outputs, which is expressed as [140]:

B2 +7TA2  TB3+TA3

A@:keff-(rl—Q 9 9

) — (5w13 — 0wig + dwap — dwaa + dwsp — 6w3A)T (5.22)

where 7 is the central position of the wavepacket, dw is the detuning of the Raman transition, the two arms
of the atom interferometer are indicated by A and B, the 7/2 — 7 — /2 Raman pulses are indicated by
number 1,2 and 3 respectively. In above equation, the first contribution is expressed as a function of the
positions of the wavepackets when the Raman transition happens. This term is related to the deformation
of the trajectories of the wavepackets. The second contribution can be generated by the displacement of
the resonance condition induced. Since both the two terms are dependent on the positions, it is necessary
to determine the trajectories of the wavepackets inside the magnetic shields during the integration time.
Fig. shows the atomic trajectory with (solid lines) and without (dotted lines) the magnetic force. At

the output, the atomic clouds displace from the theoretical position by 14.8 nm. If we zoom in the outputs
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Figure 5.7: The atoms trajectory in atom interferometry sequence.

in presence of the magnetic force, the centres of the atomic clouds are separated by 0.016 nm. Since the
maximum separation of the two arms are 1.4 mm, the atoms in the two arms experience the same Zeeman
shift. Thus the phase shift from the second term of the Equ. [5.22] is neglected. Then we substitute the
positions of the wavepackets into above equation, the interferometer phase shift induced by the magnetic

field gradient is 202 mrad, corresponding to a systematic error of 87 uGal.

5.3.2 Raman Laser Alignment

The direction of the inertial force measured in the atom interferometry is determined by the orientation of
the effective Raman wave-vector k.r¢, which is equal to the difference between the vectors of Raman beams
k; and ko. According to the scalar product of the Doppler shift §® = k.;rg7?, the gravity is underestimated
if the Raman beams are misaligned with the vertical direction. As shown in Fig. the systematic errors
is mainly induced by inclination of the Raman telescope and platform of the retro-reflection mirror: if the
Raman laser telescope tilted by a angle 6 and the platform is inclined by an angle «, the Raman laser incident
beam k; is tilted by 6 and the orthogonal line of the surface of the retro-reflection mirror is inclined by 6 with

respect to the direction of gravity. Consequently, the retro-reflected beam ks is tilted by 2(6 4+ «) relative to

99



Raman Telescope

Tilt Sensor |~
*~

Tunable Mount

Accelerometer

/ Actuator
d

| Tilt Sensor
v

2(a+0)
Retro-reflect

Mirror

Vibration
Isolator

Figure 5.8: Illustration of the retro-reflection setup of the Raman laser beams.

the incident beam k;. In this case, the measured gravity is given by:

Kefr-g (k1 —ko)-g  kicos(0) + kacos(2a + 0)

= = = 5.23
Y= Tl el ~ Tl + s (5:23)
Then the systematic error on g is derived by:
k1(1 —cos(0)) + k2(1 — cos(2a + 0))
6 = — =
9=9—-9y k1 + ko g
= (ﬁ v P2 902 4 2ap)) (5.24)
Y2 Tk + ks g '

2

0
~ (3 +a?+af)g

In order to achieve an accuracy of §g/g = 1079 for the atom interferometer, the tilting need to be controlled
with an accuracy better than 50 prad. In our experiment, we align the Raman beams by a Michelson
interferometer. The procedure is visualised in Fig[5.9]

We firstly performed the Michelson interferometer to approximately align the incident beam k; with the
vertical. As shown in Fig. a beam splitter is inserted into the Raman beam path to direct a fraction
of light to the other output. A hollow corner cube is placed on the sides to retro-reflect the fraction of light

with a deviation less than 5 prad. The reference mirror on the bottom of the chamber is replaced by a

100



Beam \ k1
Splitter :‘L

\ | c
. orner
}(")_}/ Cube

Beam
Splitter

Corner

k, Cube

Ethanol

Figure 5.9: The procedure of Raman laser alignment. In Fig. the liquid mirror is used as the reference
to align the incident light vertical. In Fig. the liquid mirror is replaced by the reference mirror platform
to align the reflected light vertical.

101



730-2 T T T T T T T T T
§ Master
—— Master fitting i
¢ slaver
730 Slaver fitting T N
@
729.8 ¥ 1
o
]
E 7206} -
£
= §
=
=) 729.4 1
s
729.2 .
729 1
728.8 L] 1 1 1 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2

Raman laser power [a.u.]

Figure 5.10: The shifting of flight time when atoms are detected versus the power of Raman master and slave
laser. Solid lines are least squares linear fits to the data.

liquid mirror. Its surface is horizontal, so that the retro-reflection can only be parallel to the incident beam
automatically if the incident beam is perfectly vertical. Then both the retro-reflected beams are focused onto
the CCD camera to optimise the overlap. Considering that the surface of the liquid may agitate, we employ
the viscous Ethanol with a density of 99%. On the other hand, the container is chosen consciously to be big
enough to suppress the surface bend in the center because of the tension. However the interference fringes
are still too blurred to be observed on the CCD chip. We therefore have to only minimize the separation of
the beams at a great distance. This leads to an uncertainty of 100 pm over 1 m, that is 8 ~ 100 prad.

We then replace liquid mirror by the reference mirror platform and repeat the above procedure. After
this initial alignment, we can reduce the # and o with a uncertainty 100 prad. Substitute into Equ. [5.24]

the error on g is estimated to be 25 pGal if the both angles have the same sign.

5.3.3 AC Stark Shift

As we present in section the ratio between the intensity of the Raman master and slaver laser needs to
be set to the value which cancels the AC stark shift. In principle, for a Raman detuning A=-2 GHz, the light
shift is cancelled by setting the intensity ratio equal to 2.3. The actual ratio is determined experimentally
by the method as below [132].

With a fixed detuning of the Raman lasers, the resonance frequency of the Raman transition is determined
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by:

dw = wHFS + aIm + ﬂ-[s + 6wothers~ (525)

where wy pg is the unperturbed hyperfine splitting and dwothers is the frequency shift induced by others like
recoil shift. Due to the above detuning, the fraction of atoms selected in the velocity profile is related to the
light shift. Thus the arrival time at the detection chamber also depends on the light shift. Fig. [5.10] shows
the results of the arrival time when we fix I,,, and change I, and vice versa. The proper ratio of the Raman

laser intensity is determined by the ratio of coefficients o and 3:
(5.26)

After the linear fitting, we achieve that the intensity ratio is 2.38 when the Raman laser is red detuned of
2 GHz to the transition |F = 2) — |F' = 1), which is in good agreement with the ratio provided by the

theoretical calculation in section [2.2.3

5.3.4 Two-photon Light Shift

In the retro-reflection configuration, there are two pairs of counter-propagating Raman lasers with opposite
wavevectors able to drive the two-photon Raman transition. When the frequency difference of one pair is
tuned to be resonant with the hyperfine states, the Raman transition is driven. However, the other pair
which is off-resonant induces a light shift on the couped states. This effect is called two-photon light shift
(TPLS) [141]. During a Raman pulse, TPLS is given by:

02 0?

eff eff
5.27
j:8keff-v+4(:|:2keff~v+4wT) ( )

dwrprs =

where v is the velocity of the atomic cloud, w, is the recoil shift and the sign refers to the direction of the
wavevector. It is shown that the TPLS is proportional to the laser intensity and inversely proportional to the
velocity of atomic cloud. The systematic error can be estimated with the sensitivity function. Considering
that the TPLS only takes place during the Raman laser present, an additional function h(t) is employed
with h(t)=1 during the Raman pulse and h(t)=0 in other time. Then the phase shift due to TPLS effect is

estimated by the equation below:

2T
5(I)TPLS = / g(t)h(t)éprLSdt (528)
0
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Since the duration of the Raman pulse is neglected compared with the interval of pulses T, the TPLS is

considered to be constant during the Raman transition. Assuming that Q.;¢7 = /2, the phase shift is given

by:
_ owrprs(2T)  dwrprs(0)
0Prprs = a i
el il (5.29)
Qepp 1 1

" Ak 0(2T) v(O))

In our experiment, the velocity of the atomic cloud is 2.2 m/s at the first Raman pulse which is trigged
on 55 ms after the launch while the velocity at the last pulse is 0.15 m/s. Thus we can neglect the phase
shift induced by the two-photon shift in the last pulse. The phase shift due to the two-photon light shift is
simplified to:

Qeys

0PTPLS = =~ 1% (5.30)

Substituting the effective Rabi frequency Q. s¢/2m = 25 kHz and the velocity v9=2.2 m/s into above equation,
the interferometer phase shift induced by the TPLS is predicted to be in the order of d®rprs = 11 mrad,

i.e. a bias on gravity measurement of approximately 27.5 pGal.

5.3.5 Coriolis Force

Our laboratory is based on the rotating frame of the Earth. When performing an inertial measurements
in such a non-inertial reference system, a fictitious inertial force, Coriolis force, manifests in the measured

acceleration of an uncoupled test mass. The amplitude is given by:
QCoriolis = 2QEarth XV (531)

where Qpqrn = 72.7urad/s is the rotation of the Earth and v is the velocity of the test mass. Fig. |5.11
shows the relative position of our apparatus with respect to the Earth. Since the direction of the inertial
measurement is determined by the Raman laser wavevector k., only atoms with the horizontal velocity of
the east-west direction v,,_. implies a Coriolis force which has a non-zero projection along the wavevector
kess. As a consequence, not only the contrast of atom interferometry fringe is decayed but also a systematic
error arises in the gravity measurement [142]. Replacing g by acorioiis in the Mahnder phase equation, the
resulting phase shift is:

5<I)coriolis = 2Qearth ' (wae X keff)T2 (532)
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Figure 5.11: Tllustration of the relative position of the apparatus with respect to Earth’s rotation axis. The
local latitude is #. The direction of the Raman laser vector is indicated in red arrow. Atoms moves along
west-east direction with velocity vy, _e.

In our experiment, the horizontal velocity of the atoms is estimated by measuring the shift of cloud center
position during free fall. The standard absorption image technique is employed to photograph clouds at
variant free fall time (The cloud image is perpendicular to the vertical). As shown in Fig the cloud
center drifts 0.2 mm in 15 ms, corresponding to a horizontal velocity vy = 13 mm/s. Assume v,,_. = vy
and substituting vy and the local latitude (52°27'05" for Birmingham) into above equation we get a

systematic error of 186 pGal.

5.3.6 Environment Effect

The gravity value is highly dependent on the locations. In addition to the subsurface mass of the earth,
varitions in latitude, elevation, terrain and time also have substantial imapct on the local gravity. Table
summarizes some of the most important effects [27]. By default, we don’t include these environmental
effects into the estimation of the systematic errors when we operate the absolute gravity measurement.
However, with the knowledge of the gravity anomaly at the observed locations, we are able to distinguish the
instrument drift and compare the gravity measurements at different times and locations. Here we investigate

some environmental effects which are related to the geographical environment at the sites of our lab .
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Table 5.1: Uncertainties in Determining Environmental Sources Terms of Gravity

Source Signal Range (1Gal) Uncertainty (pGal) Time Scale
Solid Earth tides 300 0.2-0.5 Diurnal
Equilibrium ocean loading 20 0.2 Diurnal
Air pressure 8 1-5 Hours-Diurnal
Water-table Site-dependent Site-dependent Seasonal
Polar motion 10 <0.01 12.14 months

Tide Effects

A primary source of temporal variations in gravity is the Earth tides due to the gravitational forces of
the Moon and Sun and the rotation of Earth. The cumulative force of the tidal attraction exerts on the
Earth varies in a periodic of roughly 12 hours, dependent on the relative positions of the three bodies. The
maximum variation of the tidal acceleration within 24 hours is about 0.33 mGal. In a model of rigid Earth, the
instantaneous tidal acceleration can be calculated by a sum of time-dependent cosine functions [4]. However,
the tidal forces induce an elastic deformation of the earth’s body. Especially, at a site adjacent to the oceans,
the ocean loading also cause extra deformation. These deformations lead to additional gravity variations,
resulting in the theoretical calculations discrepant with the observed earth tides in phase and/or amplitude.
More sophisticated models are avaiable to predict the tides.[I43]. In the future, we operate a continuous
gravity measurement with our atom interferometer gravimeter and FG5 at the same region. Thus errors
between the actual Earth tide and the theoretical estimation can be evaluated based on the measurements

of the two instruments.

Gravity Gradient

The gravity is not spatially uniform. Theoretically, according to the Newton’s law of universal gravitation,
the gravity is inversely proportional to the square of the distance between test mass and the earth. Thus a
vertical gravity gradient of approximately -300 u Gal/m exhibits at the surface of the earth. The vertical
distance of our interferometer is of the order of 15 cm, which refers to a gravity variation about 45 p Gal. We
must therefore take this effect into account. In fact, the practical gradient value is site-dependent. However,
due to lack of the knowledge of the gradient in our lab, we use the theoretical gravity gradient to estimate its
contribution to the systematic errors. As in the case of the magnetic field gradient, the phase shift induced

by the gravity gradient can be derived with the path integral formalism and the first order is given by [25]:
3, 7
5(I)gradient = ’YkeffT (EQT - U) (533)
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where ~y is the local gravity gradient, v is the velocity of the atomic cloud at the first Raman pulse. Substi-
tuting the experimental parameters (y =-300 pGal, v = 2.2 m/s and T=120 ms) into above equation, the
systematic error due to the gravity gradient is -126.4 mrad, corresponding to -54 puGal.

For a gravimeter with an accuracy of 10 pGal, the gravity gradient value must be measured with an
uncertainty less than 55 pGal/m. A precise gradiometer is expected to measure the non-linearity of the

gravity at the gravimeter position in the future.

Atmospheric Pressure

The variation of the atmosphere pressure affects on the Earth gravity field through two effects: The mass of
the gas above the experiment exerts an attractive force opposite to that of the Earth on the atoms directly
and hence reduces the value of the measured g. On the other hand, the air over the site induces the elastic
deformation the Earth, changing the gravity indirectly. The second one is negelected here since its effect
much smaller than our recent targeted accuracy. The amplitude of the gravity variation is approximately
Ag = —0.36 uGal/mbar (the zero correction pressure is conventionally set at 1013.25 hPa) [144]. In typical
weather, from an anti-cyclonic situation to a low-pressure situation, the variation of pressure can reach fifty
millibars. The corresponding gravity variation is 15 pGal. Thus a barometer has been installed next to the

gravimeter to ensure the long-term stability. The absolute gravity measured can be corrected by the formula:
6gair = Kair(P - Pn) (534)

where P is measured pressure and P, is the nominal pressure which is given by:

000655 5 5550

P, =1013.25(1 — ————
013.25( 288.15 m

(5.35)

where h is the topographic elevation in meters.

Precipitation

The precipitation is extremely variable in the British Isles. For rainfall, it typically occurs about one day
in three in England. The rainfall can’t only change the levels of the lakes and rivers but also increase the
moisture content and groundwater level, resulting in an effect on the local gravity. The effect can be evaluated
by equation [145]:

8gp = +0.04192 g/cm? - d  mGal (5.36)
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where d is the mean density of the water slab in g/cm?®. For rainwater, d is substituted by 1 g/cm?3. Thus 10

cm of rainfall on the earth surface could increase the gravity by about 4 puGal.

5.4 Summary

This chapter analysed the sensitivity limitation and estimates the accuracy of the gravity measurements
from the current experiment. The systematic unvertainty is listed in table [5.2] The primary limitation
of the sensitivity is due to residual vibration, which generates an interferometry phase noise of 407 mrad,
corresponding to a sensitivity of 170 pGal in a single measurement. To reduce the vibration further, an active
vibration isolator with lower resonance frequency is under development [I46]. The second biggest term is
contributed by the intensity noise of the Raman laser, which is induced by the polarisation fluctuation in the
fibre delivery system. This problem can be overcome by employing an active control scheme in the future
[80]. After suppressing the above interferometer phase noise, the sensitivity is expected to increase to the
level of 10 pGal in single measurement.

Table shows the systematic errors budget. The biggest contribution is from the Coriolis effect, which
generates a systematic error of 186 uGal. It is subtle to adjust the launching direction vertically. In practice,
we can also revolve the apparatus until vg is perpendicular to the East-West direction. Thus the Coriolis
effect can be minimized. After the Coriolis effect, the most important phase shift is induced by the magnetic
field gradient, which induce a systematic error of 87 uGal. In order to reduce this phase shift, we can launch
the atoms further inside the shields, where the magnetic field is more homogeneous. The others contribute
a systematic bias of approximately 30 pGal. In fact, the explicit value of the above systematic errors can be

calculated precisely. The post-correction can be employed on the final gravity measurement.
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Table 5.2: Systematic Noise Budget

Source Interferometer Phase Noise (mrad) —Sensitivity (uGal)

Quantum Projection Noise 1 0.24
Photon Shot Noise Neglected

Vibration Noise 407 170

Raman Phase Noise 17 7.3

Raman Intensity Noise 133 56

Raman Polarisation Noise 3.2 0.67
Timing Noise Neglected
Tilting Noise Neglected

Total 179

Table 5.3: Systematic Error Budget

Source Interferometer Phase Shift (mrad) Bias (uGal)
Magnetic Field Gradient 202 87
Raman Laser Alignment 58 25
Two Photon Light Shift 11 27.5

Coriolis Force 438 189

Total 218
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CHAPTER 6

GRAVIMETER COMPARISON CAMPAIGN

The aim of the project is to build a high precision gravimeter which is comparable with the state-of-
the-art gravimeters. After we achieved the sensitivity 225 pGal/ VHz, a comparison campaign was put on
the schedule. In Aug. 2017, the entire experiment was transported to the NERC Space Geodesy Facility in
Herstmonceux UK for comparison with an FG5 from micro-g Lacoste. Figure shows the distance between
Birmingham and Herstmonceux. The characteristics of our atomic gravimeter are desired to be ascertained
via comparison. One of the main objectives is to ascertain the accuracy budget of our atomic gravimeter,
which is the key characteristic of an absolute gravimeter. In addition, the new site has lower vibration noise
compared with the one present in our lab (located in the second floor of the building by a road). The silent
environment conduces to improve the sensitivity further. This comparison also acts as the first test of being
a transportable calibration platform, which is the next step of the project. In the following chapter, we firstly
present the package of the experiment. The mechanical parts are rebuilt to improve the transportability and
stiffness. Afterwards the entire transporting process including loading and unloading is reviewed. In the last

section, we discuss the protocol of our gravity comparison with multiple gravimeters.

6.1 Package and Transport

6.1.1 Experiment Package

From the beginning of the experiment, we gave consideration to the transportability all the way. The entire
system was designed to consist of three parts with feasibility for package: the sensor head in aluminium
frame, the free space optics on breadboard and the electronics in rack. These subs-system were loaded on

a van for the transportation. Concerning the thrashing on the road and the limited space in the van, some
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Figure 6.1: The transporting route from Birmingham to NERC Space Geodesy Facility in Herstmonceux via
car. Cited from Google Map.

important modifications need to be made for the mechanical reinforcement and compactness.

Sensor Head

The previous sensor head was mounted on an aluminium frame as shown in Fig. The defect of this
design is that the sensor head just sat on the support pieces at three-point loosely, without any binding with
other components. Thus in high-mobility and shaky environments, the sensor head has the risk to topple
and fall. We then decided to rebuild the mechanical frame with thicker aluminium profile and redesign the
support pieces. The latter is shown in Fig. [6.2] The new aluminium frame has dimensions of 1.7 mx0.8
mx0.6 m. The sensor head is mounted 0.4 m above the ground, which reserves the space for the vibration
isolator platform. Although the entire apparatus is as heavy as 100 kg, four wheels attached on two sides
allow single person to transport it. Another dominating change is the support pieces. Both the previous and
new designs are zoomed in the sub-figures. In the new design, the support pieces are made of high density
Polyethylene (PE300/PE-HWST), which has a density 0.947 g/cm® and a tensile strength at yield 25 MPa.
This plastic material eliminates the troubles such as stray magnetic field, eddy current and leakage current.
Instead of coarse contact in previous design, the new support pieces are screwed on the MOT chamber. In
addition, a height-tunable post supplies an auxiliary support at the junction to ion pump. The entire vacuum

apparatus is amounted on the aluminium frame like the Eiffel Tower pattern.
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Redesign

Figure 6.2: The change of the support frame for the sensor head. Two support pieces made of high density
Polyethylene fix the vacuum apparatus on the aluminium profiles. A heigh-tunable post supplies a auxiliary
support at the junction to the ion pump. Four wheels on the sides of the frame allow the transport by single
person.

Free Space Optics

Originally the free space optics were set up on breadboards, which were amounted on the optical table. Some
of the components also spread on the optical table. For transporting, we compressed all the optics components
on two breadboards, which were amounted in stack in a moveable aluminium frame. The transform is shown
in Fig[6.3] The entire aluminium frame has dimensions of 1.4 mx1.3 mx0.8 m with two breadboards spaced
by 0.4 m. All the optics for atomic fountain including the laser modules, taped amplifier, laser locking and
distribution are set up on the bottom breadboard while the upper breadboard is mainly for the Raman laser
system including the OSSB apparatus, FP cavities and the laser distribution, locking and coupling setup.
Vibration absorber rubber is placed beneath the breadboards for damping the shaking and preventing the
deformation. On experiment, the two breadboards are lifted up at 0.8 m above the ground such that the
case filled with electronics for the locking and reference frequency can be inserted at the bottom. During the
transporting, the breadboards come down to lower the barycentre. Four wheels are mounted at the bottom,

which allow the transport by single person.
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On Experiment During Transporting

Figure 6.3: The aluminium frame for the free space optics. The components for atomic fountain and atom
interferometer are mounted on the bottom and upper breadboard respectively. The breadboards are lifted up
on experiment. The electronic for the locking and RF reference are placed underneath. During transporting,
the breadboards come down to lower the barycentre.

6.1.2 Transporting Tour

The entire experiment was loaded in a van. Figure shows the stages of loading, transportation and

unloading of the apparatus from Birmingham to Herstmonceux.

6.2 Comparison Blue Print

6.2.1 Gravity Measurement Protocol

The operation of the atomic gravimeter starts from a scan of the complete fringes by altering the chirp
rate of Raman laser for several values of T. According to the interferometer phase connected to the gravity
Al=(k.rrg — a)T?, fringes overlap at a position where the chirp rate exactly cancels with the product of
kerrg. Then gravity is extracted by scanning the desired chirp rate precisely. However, the measured gravity
value includes systemic errors, which can not be inspected by the above method. During the comparison,
we adopt a measurement protocol with a differential method to suppress some of the systemic errors. The
first step is to achieve a gravity measurement with a resolution at the level of uGal. Before, we already
achieved a sensitivity of 225 puGal/ VHz, which was limited by the seismic noise in our lab. Based on the
measurement of the CGH in Birmingham and Herstmonceux, the seismic vibration in Herstmonceux is a few
times lower than the one in our lab. Thus the sensitivity of our Al gravimeter is expected to arrive at few

tens pGal/v/Hz. After an integration time of 100 s, we can achieve a measurement resolution of a few uGal.
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Figure 6.4: Review of the loading, transportation and unloading of the apparatus from Birmingham to
Herstmonceux.
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Figure 6.5: The virtualization of the gravity measurement. Gravity value is achieved by fitting the curve
consist of 50 single measurements, which are distributed around the midfringes on the left and right slopes
half and half. Figure shows the atom interferometry fringe when interferometer phase is 0 while Fig.
and Fig. show the fringes when interferometer phase is +250 mrad and -250 mrad respectively.
The central fringe and midfringe are indicated by black and red dotted lines.

In the comparison, we will operate the measurement at 0.5 Hz. Thus each gravity value is a averaging of 50
single measurements, which will be realized by scanning a fringe with 50 points and fitting the data. The
details are presented below.

(1) Once the correct chirp rate is determined, the variation of the remaining interferometer phase is limited
to the interval (-m,m). The explicit value can be calculated from the distance away from central fringe. We
operate the interferometer on the slopes to the left and right of the central point, where the sensitivity to
phase fluctuation is maximal. For a single gravity value, a series of measurements consist of 25 points on the
left slope and 25 points on the right slope. In the beginning, the chirp rate of 25 points on each slope are
chosen as equally distributed around the chirp rate of the corresponding mid-fringe. The first gravity value
is achieved by fitting the data consisting of 50 single measurements. Afterwards, the above chirp rates are

repeated. The variation of the gravity is extracted by the shifting of the central fringe after fitting. The
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Figure 6.6: Flow chart of the gravity measurement with the scans of two fringes by measurements on the
slopes. The final gravity value is the half-difference of the gravity with an normal and the inverting light
vectors.

measurement is visualized in Fig. [6.5] In this way, we don’t need to scan the entire fringe while preserving
maximal sensitivity to phase fluctuations.

(2) Phase shift terms can be sorted based on the dependence of direction of the Raman laser wavevector.
For example, the phase shift due to the alignment of Raman laser beams and Coriolis force are wavevector
dependent while the AC Stark shift and Zeeman shift are wavevector independent. In the comparison, we
operate the above scheme with an normal and the inverting wavevectors +k sy and —k. s alternatively. The

corresponding phase shifts can be expressed as:

tkepst A® = keppgT? + A®(indep) + AD(dep)
(6.1)
~kepp i AD = —koprgT? + Ad(indep) — AD(dep)

Half-difference of these phase shifts makes it possible to eliminate the term A®(indep). Finally each gravity
value is calculated with up to 100 runs for the scans of two fringes by measurements on the slopes. The flow
chart is shown in Figl6.6] In our experiment, the operation rate of single measurement is 0.5 Hz. In principle,

gravity measurement with above protocol requires 200 s for each data point for g.
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6.2.2 Campaign Scheme

There will be five gravimeters involved in the comparison, which are two FG5, two CG5 and our atom
interferometry gravimeter (Al gravimeter). Figure shows the locations of each devices in the comparison
room, which is under the ground. During the measurement, the Al gravimeter will output one gravity value
every 4 mins. As a reference, we will also set the FG5 at the same operation rate, performing 1 drop every
4 mins. Furthermore, a trigger signal will be sent to both the AI gravimeter and FG5 for synchronization
in the beginning of each single gravity measurement. In the mean while, the relative graivmeter CG5 will
perform a measurement at a rate of 6 Hz, which contributes to supervise the transitory gravity anomaly.
Another role of CG5 is that it will be used to measure the vertical gravity gradients. The gravity value
measured with FG5 is given at a height of 122 ¢m while the Al gravimeter performs gravity measurement
100 cm above the ground. For the final comparison results, the gravity values will be given at the height of
111 ecm above ground, which is the mean height of the absolute gravimeters. The transfer of g is calculated
from the measured vertical gravity gradients by CG5 [37].

Due to the different rates of these devices, we can compare the short-term and long-term stability of
our Al gravimeter. Although CG5 only measures the gravity variation relatively, it has high sensitivity
and resolution. In the AI gravimeter, each gravity value is the result of a average over 60 points. In fact,
after fitting the data, we can also calculate the gravity value at each point backward. In this way, we
achieve a gravity measure at rate 0.5 Hz. Compare with the outputs of CG5, the short-term fluctuation of
the AI gravimeter can be evaluated. On the other hand, the two kind of absolute gravimeters, FG5 and
AT gravimeter, continuously perform at the same rate. Thus the long-term stability as well as the gravity

accuracy of the AI gravimeter can be determined.

6.2.3 Normalized Detection Scheme

The above comparison campaign requires the long-time stability of the device. In the previous experiment,
the gravity is measured by single state detection, which only probes the atoms number in the state |F = 2).
In this method, the variation of the fluorescence signal is treated as the variation of the transition probability
in state |F' = 2). This is feasible due to the fluctuation of the total atom number in short time is neglected.
However, due to the changes of environmental temperature, laser intensity, laser frequency, etc., the number
of atoms fluctuates randomly and may drift in long time. Thus with single state detection, the atom number
fluctuation contributes to the amplitude noise in interference signal. In order to overcome this problem, we

need to detect the proportion of atoms in each hyperfine ground state after the interference process, which
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Figure 6.7: The locations of the gravimeters in the comparison room.

is independent of total atom number. A normalization detection is required before the comparison starts.

6.3 Summary

In this chapter, we have discussed the package and transport of our experiment for the comparison campaign.
In order to avoid any damage or random tilting on the way, the aluminium frame to support the sensor head
and optics were redesigned with higher mechanical stability and better transportability. The system has been
settled in the comparison site and is under optimisation. The measurement protocols have been considered

at first for preparing for the comparison.
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CHAPTER 7

CONCLUSION AND OUTLOOK

7.1 Conclusion

This thesis presents the construction of an absolute gravimeter to act as a metrology reference based on
atom interferometry with laser-coolded 8"Rb atoms. The set-up realizes an atomic fountain to launch 5x10°
atoms at a temperature of 10 uK up to 0.4 m above the MOT centre. Higher launching is possible while the
launching efficiency is limited by the beam size of the cooling laser. In order to overcome the polarisation
issue in the fibre delivery system, free space optics were built to generate all the frequencies required for
atom cooling, trapping and detection. After set-up of the atomic fountain, the clouds of atoms were used
for gravity measurement with a Mach-Zehnder type atom interferometer. With the additions of magnetic
shields, quantisation coils and a vibration isolation platform, the setup reaches a short-term sensitivity of 225
pGal/v/Hz, which was limited by the vibration noise in the lab. After 300 s integration, the resolution was
improved to 15 puGal. The systemic errors were also analysed. The preliminary accuracy was estimated of
218 pGal, which was limited by the Coriolis effect. These characterisations are not the ultimate performance
and still require further optimisation. The improving is still carrying on whilst writing the thesis.

One of the highlights of this thesis is the demonstration of an IQ) modulator based optical single-sideband
(OSSB) laser system for atom interferometry. The suppression of the unwanted sidebands eliminates the
spatial interference due to multiple Raman transitions. Therefore the Rabi frequency and fringe contrast
maintain spatially stable. Raman laser beams generated by this technique are phase coherent, which con-
tributes to improve the sensitivity of gravimeter. In addition, this technique cancels the spatially dependent
interferometric phase shift, which reduces the errors in the absolute gravity measurement. We also demon-

strated the carrier-suppressed single-sideband system, which is proposed as an agile optical frequency shifter.
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Since all the components are fibre-coupled devices developed in telecommunication industry, the integration
and robustness of the laser system make it promising for the transportable cold-atoms based sensors. A
patent of optical frequency manipulation based on the OSSB technique has been filed (application number:
GB1712072.6), which paves the way towards future application and exploitation.

Finally the entire experiment was packed and transported to the NERC Space Geodesy Facility in Herst-
monceux. A gravimeter comparison campaign against FG5 and CG5 is in preparation. A higher sensitivity is
expected from the atom interferometry gravimeter compared to the laboratory because of the lower vibration

noise in the comparison site. The explicit accuracy will be determined after the comparison with FG5.

7.2 Outlook

The aim of the project is to build a high precision absolute gravimeter as a reference platform, the key
specifications of which are the sensitivity and accuracy. Due to the time constraints of the PhD study,
several possible improvements have not yet been implemented. I leave them as the prospects to advance the
overall experiment in the future.

(1) Higher atom number and lower atomic temperature are desired to improve the signal-to-noise ratio
of the interferometer fringe. To achieve higher loading rate, the system design includes a 2D-MOT and this
needs to be implemented. The cooling performance with the current atomic fountain setup is limited by
cooling laser power and beam size. Atoms can not be cooled and launched efficiently, resulting in quite a lot
of atoms being lost along the path, especially at high launch velocity. To overcome this problem, enlarging
the window size on the MOT chamber will be a solution. In addition, some interesting schemes can also
be used to promote the cooling. For example, 1D Raman cooling can be employed to reduce the vertical
temperature [I47], or clouds constrained inside a dipole trap can reduce the ballistic expansion of the atomic
cloud [I48]. These schemes are also feasible without making significant changes to the current setup.

(2) The performance of the OSSB based laser system needs to be examined in detail. Although we also
employed this laser system to perform atom interferometry, its effects on the sensitivity and accuracy of the
gravity measurement are still a question. So far we noticed that the RF driving signal has a frequency-
dependent phase shift, which is due to the group delay of the RF devices and the interference effect suffering
from the back reflection of RF signal. This problem not only may cause unwanted sidebands but also alters
the OPR of the +1st order sideband to carrier when we scanning the chirp rate in the atom interferometer
sequence. Fortunately we can calculate precisely the induced the AC stark shift to operate a post-correction.

We also can think about a programmable phase shifter to compensate this effect.
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(3) As we present in chapter 4, the OSSB based laser system also can work as an agile optical frequency
shifter. Thus a single laser to produce all the frequencies for the atom interferometer can be built. In addition,
all the components are fibre devices from telecommunication industry. Thus the laser system will be much
more compact, low cost and robust. But the polarisation in such fibre delivery system needs to be checked.
Carefully splicing can avoid this risk [79].

(4) Some active control schemes are required. The primary phase noise in our experiment is contributed
by the vibration noise. To isolate the vibration further, an active vibration isolator with lower resonance
frequency is desired [146]. Others like the Raman laser power and apparatus tilting also need to be monitored
and actively controlled [80].

(5) Improvements in the detection scheme towards the shot noise detection limit could be achieved by the
simultaneous detection of the two ground states [I49]. A cloud suspending technique is required to increase
the spatial separation of the atoms in each state.

(6) Systemic errors needs to be learned in more detail. Currently we have only examined leading order
systematic errors, and will assess additional terms as sensitivity and biases improve. For example, in high
accuracy gravimeters, the systemic errors such as the wavefront aberration, gravity gradient, timing errors

etc. need to be calculated precisely.
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APPENDIX A

RUBIDIUM INFORMATION

Table A.1: 87Rb properties including the Dy (5281/2 —>52P3/2) transition optical properties. Cited from [84].

Property Symbol Value
Atomic Number Z 37
Atomic Mass m 1.443 160 60(11)x10% kg
Wavelength (Vacuum) A 780.241 209 686(13) nm
Wave Numer (Vacuum) kr/2m 12 816.549 389 93(21) cm ™1
Lifetime T 26.24(4) ns
Decay Rate/Natural Line Width (FWHM) r 38.11(6) x10° s=!/27- 6.065(9) MHz
Recoil Velocity Uy 5.8845 mm/s
Recoil Energy Wy 27-3.7710 kHz
Recoil Temperature T, 361.96 nK
Doppler Shift (vgtom = vr) Awq(Vatom = vr) 2m-7.5419 kHz
Doppler Temperature Tp 146 pK
Clock transition Zeeman shift Aweiock | B2 27-575.15 Hz/G?
(J =1/2|er||J = 3/2) 3.584(4)x107% C-m

D5 transition dipole matrix element
Saturation Intensity
(|F =2,mp = +2) — |F = 3,mp = £3))
(isotropic light polarisation)

Tsat 1.669(2) mW /cm?
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Figure A.1: Two-photon o7 — o transition between magnetic sublevels of I = 1 and F = 2 in 3’Rb D,
transition. Multiples of dipole matrix elements (J = 1/2||er||J = 3/2) are indicated. Modified from [123].
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Figure A.2: Two-photon 0~ — ¢~ transition between magnetic sublevels of ' = 1 and F = 2 in 3’Rb D,
transition. Multiples of dipole matrix elements (J = 1/2||er||J = 3/2) are indicated. Modified from [123].
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Figure A.3: Two-photon ™ — 7 transition between magnetic sublevels of F = 1 and F = 2 in 8’Rb D,
transition. Multiples of dipole matrix elements (J = 1/2||er||J = 3/2) are indicated. Modified from [123].
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