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Abstract

The use of atom interferometers within inertial navigation systems is very promising due to the
potential for excellent bias stability and scale factor stability. This thesis presents the further
development of a two axis atom interferometer system able to measure horizontal accelerations
along two orthogonal axes and rotations along three orthogonal axes. An expression is derived
for the phase of the interferometer in a moving vehicle near the surface of the rotating earth to

better understand its use within an inertial navigation system.

Rubidium 87 atoms are collected in a side-arm 2D MOT and pushed into the ultra-high vacuum
chamber where they are captured in a 3D MOT. The atoms are then cooled to few pK through
optical molasses and prepared in a magnetically insensitive ground state with a narrow velocity
distribution using a series of microwave and optical pulses. Using a 7/2 — m — 7/2 sequence
of Raman pulses on an ensemble of atoms forms a Mach-Zehnder interferometer in which the
atomic wavepackets from each arm interfere coherently at the output to measure accelerations
or rotations. To improve the interferometer’s sensitivity, the noise and fringe contrast are opti-
mised, resolving fringes for an interferometer having a sequence of three laser pulses separated
by more than 25ms. Further analysis shows the interferometer’s shot-to-shot noise is 0.35ug,
almost an order of magnitude smaller than the MEMS accelerometer. Furthermore, this points
to the possibility of achieving a sensitivity of 100ng at 1s by increasing the repetition rate to
10 shots per second. By reversing the direction and/or the relative phase of the Raman beams,
the noise of the interferometer associated with acceleration and rotation averages down steadily

1/2 over more than 10 hours. The intrinsic phase bias of the interferometer is found to

as t—
be to be only few tens of milliradians with a drift of around a milliradian over 10 hours. For
an interferometer with pulses separated by 25ms this corresponds to a drift of only 10ng, a

thousand times better than the drift of the MEMS accelerometer.
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Chapter 1

Introduction

1.1 Motivation

Inertial navigation is a technique by which position, velocity, attitude and heading can be
dynamically calculated using accelerometers and gyroscopes. An inertial navigation system
combines the integrated signals over time from multiple accelerometers and gyroscopes, usually

three of each arranged orthogonally.

Inertial navigation systems (INS) have advanced since their inception in the 1940s. In early
systems the sensors were mounted on a stable plate that was connected to the main platform
by a series of motor-driven gimbals[2]. These systems were mechanically very complex and
susceptible to thermal variation due to the heat dissipated by the motors. An alternative
configuration was proposed in 1962[3] in which the sensors were mounted directly on the main
platform. This was known as the “strapdown” configuration. The required dynamic range of
gyroscopes in this configuration was about four orders of magnitude higher than in the gimballed
system, and a corresponding improvement in scale factor was also needed. Accelerometers were
also required to have a better performance, including bandwidth, scale factor and bias accuracy,
however this was less of a problem to overcome. Strapdown systems became a reality in the
1970s[2] after the development of the ring laser gyro (RLG) which was able to meet the dynamic

range and scaling factor requirements. This is by far the most common configuration in modern
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systems today[1].

Current state-of-the-art accelerometers and gyroscopes, such as microelectromechanical systems
(MEMS) devices, can offer high precision measurements however may still have severe errors
due to bias and bias drift[5]. Due to the double integration over time of the accelerometer
output signal, bias or scale factor drift over time results in an error in position that increases
with time. For applications over short timescales such errors may not be significant, however
for longer term applications the use of some additional sensor is necessary to reduce such an

error.

The advent of global navigation satellite systems (GNSS), such as the United States’ Global
Positioning System (GPS) in the 1980s, offered an external signal to aid the operation of
inertial navigation systems by providing accurate periodic updates of position, allowing the
internal errors caused by the inertial sensors to be corrected. Due to the highly accurate
position information at relatively low cost offered across the entire globe, GPS has quickly
become the primary signal used in augmented inertial navigation systems|(]. This technique of
augmentation in inertial navigation systems allows much lower-performing inertial sensors to be
used. Despite the extensive use of GNSS in augmented inertial navigational systems, it comes
at the cost of its vulnerability to jamming or signal degradation in challenging environments
such as underwater, indoors or deep valleys. Therefore, for particular applications or in the
interest of having a resilient system, a completely stand-alone inertial navigation system that

can provide high accuracy information for long periods of time would be advantageous.

Table 1.1 shows how gyroscope and accelerometer bias stability performances are typically
categorised in terms of application grade[, 7]. In general, the lower the bias instability, the
lower the error in position estimate for an inertial navigation system. Therefore low bias
instability is critical for applications that require a high degree of accuracy over long periods of
time. The standard definition of bias instability is the minimum point on the Allan deviation
plot. As the bias instability is very hard to be calibrated or filtered out[%], it is a very important
performance parameter to consider for an accelerometer or gyroscope in an inertial navigation

system.
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Application Grade Gyro Bias Instability | Accelerometer Bias Instability
Consumer /Commercial >1degs™! > 50 mg
Tactical ~1degh™! ~ 1mg
Navigation ~0.01degh™! ~ 25 g
Strategic ~0.001 degh ! ~1pug

Table 1.1: Inertial sensor application grades and the corresponding required bias stability
performance.

Other key performance parameters would need to be considered for a particular application.
These include the short term sensitivity, scale factor stability, bias offset, temperature sensitiv-
ity, and shock and vibration sensitivity, but it is the bias and bias instability that limits the

performance of existing high-end navigation systems.

Interferometry using cold atoms is a very promising approach to improving on existing inertial
sensors because of the potential for excellent bias stability and scale factor stability as indi-
cated in Figure 1.1. These figures, published in [J] are intended to give an overview of how
accelerometer and gyroscope technologies are predicted to compare in the future. Cold atom
interferometers are extremely sensitive to inertial forces and have an inherent stability due to

the use of individual atoms as test masses within a very isolated environment.
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Figure 1.1: The scale factor and bias stability achieved with different (a) gyroscope and (b)
accelerometer technologies, with the expected performance of cold atom sensors overlaid. The
stability requirements for various applications are also shown.

1.2 Cold Atom Interferometers

In an optical interferometer, a coherent light beam is split into two beams which travel along
different paths before being recombined on a beam splitter. Because of interference, the power
emerging in the output depends upon the difference of the phases accumulated along the two
separate paths. By monitoring the output power, this phase difference is determined, allowing
the interference to be a sensitive tool for measurements in many fields of science and engineering.
Interferometry was invented in the late 19th century and used in the famous “Michelson-Morley
Experiment” to disprove the existence of the proposed ether[10]. Initially interferometers used
light as the coherent wave source, however the technique has since been extended to matter-

waves, such as electrons|l 1, 12], neutrons[l3, 11], atoms[15, 16, 17] and even molecules[|&].

This thesis concerns an atom interferometer, in which the wave that is split and recombined

is the atomic wavefunction, and the measurement being made is of inertial forces, i.e. the
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acceleration and rotation of the atoms relative to the apparatus surrounding them. A matter-
wave interferometer sensitive to inertial forces was first demonstrated in 1975 using neutrons|[19].
Stimulated by the neutron experiment, several neutral atom interferometers were proposed in
the 1980s[20, 21, 22, 23] to measure a variety physical effects. However a major obstacle in the
development of atom interferometers was the difficulty of coherently manipulating the atomic

wavefunction in a way analogous to optical beamsplitters and mirrors.

In 1991, Kasevich and Chu provided the groundwork for overcoming this issue using Stimulated
Raman transitions[21]. These employ counter-propagating light beams to drive a two-photon
electric dipole transition between two hyperfine sublevels of the electronic ground state. The
light is sufficiently detuned from the intermediate excited state that there is a low probability
of single-photon scattering and this ensures that the transition amplitude is largely phase
coherent. Of course, a phase coherent transition can be driven by a microwave magnetic field,
but the microwave photon has very little momentum. By contrast the Raman beams impart a
two-photon recoil momentum when they drive the transition, and it is this recoil that allows

the atomic wavefunction to be split onto two separate paths.

When the frequency difference between the two light beams is resonant with the hyperfine
transition the wavefunction can evolve from state 1 to state 2 and back again: this is called
Rabi oscillation. If the Raman pulse is applied for the right length of time - a so-called /2
pulse - the atom is driven to a coherent superposition state with equal amplitudes for states
1 and 2, and these diverge along two separate paths because of the photon recoil. This /2
pulse therefore acts as a beamsplitter for atoms. Alternatively, if we apply a Raman 7 pulse,
the internal state amplitudes are interchanged (i.e. 1 > 2) and so are the momentum states,

therefore a 7 pulse is analogous to a mirror.

Kasevich and Chu made the first measurement of gravity using an atom interferometer in
1992[15]. By applying a series of 7/2 - w - 7/2 pulses, they were able to create a Mach-Zehnder
type interferometer with atoms. The phase accumulated by the atomic wavepacket was different
on each of the two separated paths by an amount proportional to the gravitational acceleration

g. By measuring the interference pattern in the probability of the two states at the output they
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were able to determine g.

Since this first demonstration of a gravity measurement using an atom interferometer in 1992,
there has been significant developments in the field of atom interferometry to measure inertial
forces, with numerous high sensitivity gravimeters[25, 26, 27, 28], gravity gradiometers[29, 30,

, 32] and gyroscopes[33, 34, 35, 306, 37] being demonstrated. The inherent high sensitivity
and long term stability of atom interferometers have also made them a desirable tool for studies
of fundamental physics and precision measurements, including measuring the fine structure[33]

and the gravitational constants[39, 31] and even dark energy searches[10, 11].

1.3 Towards Cold Atom Inertial Navigation Systems

Navigation systems using classical sensors can exhibit broad bandwidths and high dynamic
range, however they are limited at long times by the bias instability of the sensors. By contrast,
cold atom based systems will likely be limited by low repetition rates and dynamic range but

promise extreme long term stability.

The best of both worlds would be a hybrid system that employs both classical and quantum
sensors. By monitoring correlations between the classical and quantum signals, the bias drift
of the classical device can be tracked over time. A continuous high bandwidth hybrid inertial
sensor is then achieved by subtracting this bias drift from the output of the classical sensor. The
benefits and potential of a hybridised system have been demonstrated in recent work|[12, 43, 11],
primarily concentrating on incorporating classical accelerometers into cold atom gravimeter

systems.

In addition to their application to inertial navigation, cold atoms also have very promising
potential as ultra precise sensors in metrology, geophysics, civil engineering, and oil and mineral
exploration[15, 46]. Due to the wide range of potential applications cold atom interferometry
outside the laboratory, there has been increased focus recently on the development of more
transportable accelerometers[17, 48, 19, 46, 50] and gravimeters[51, 52|. These devices are

starting to operate outside the laboratory in noisy and challenging environments.
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1.4 Previous results

The aim of the wider ongoing programme at Imperial College London is to develop a complete 6-
axis (3-axis accelerometer and 3-axis rotation sensor) transportable hybrid inertial navigation
sensor which combines the fast bandwidth and high sensitivity of classical sensors with the
long term stability of the cold atom sensors. This wider work has involved developing three
generations of systems; a horizontal one Raman axis system, a horizontal two Raman axis
system and a three Raman axis system. The work presented in this thesis pertains to the two

Raman axis second generation system.

The first atom interferometer developed within the group was presented in [53, 51], demonstrat-
ing sensitivity to accelerations on one horizontal axis. The system was successfully operated in a
vibrating laboratory environment by combining the interferometer with a MEMS accelerometer.
The total phase noise of the interferometer was found to be 134 mrad at 1s which corresponds
to acceleration noise of 1.7ug. This was over an order of magnitude more than the sensitivity
goal of 100ng at 1s. This system was then successfully modified to operate outside a laboratory

environment.

The demonstration of this one axis cold atom accelerometer system was closely followed by the
design and assembly of a two axis system - the subject of this thesis. This system was also
designed with a sensitivity goal of 100ng at 1s. Initial demonstration and characterisation of
the interferometer fringes produced along both axes were described in [1]. The dominant noise
source was the MEMS accelerometer with an acceleration noise of 7.3ug per shot followed by
the detection noise of 3.5ug per shot. Sampling four times per second the total noise was 4.1ug

at 1s.

The focus of my PhD has been to build on the work of the two axis accelerometer system
presented in [1], with a particular focus on increasing the sensitivity (by improving the inter-
ferometer noise and contrast), characterising the bias of the two interferometers, and begin

extending the two axis accelerometer system to measure rotations.

The interferometer noise was improved by reducing the detection noise to 3 x 1073 per shot
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(which corresponds to 0.3ug per shot for an interferometer time of 25ms and contrast of 20%),
and reducing the acceleration noise of the MEMS accelerometer to 5ug per shot. The contrast
of the two interferometers’ fringes was increased to 22% and 18% by eliminating a residual
magnetic field gradient. The stability of the two interferometers was also improved by imple-
menting two techniques, known as k-reversal and m-flipping. Using both techniques, I further
characterised the noise of the interferometer phase associated with acceleration and rotation,

/2 gver more than 10 hours. I also measured the bias of the two

which averaged down at ¢~
interferometers, finding this phase component intrinsic to the interferometer (i.e. not due to

motion) drifts by a few milliradians over 10 hours.

Additionally, I derived an expression for the phase of the interferometer in a vehicle that is
accelerating and rotating near the surface of the rotating earth to better understand how an

atom interferometer would be used as part of an inertial navigation system.

1.5 Outline of Thesis

Chapter 2 provides an overview of the theory behind stimulated Raman transitions and how
these are used to coherently manipulate the atoms. Following this in Chapter 3 I derive an
expression for the phase of the interferometer in a vehicle that is accelerating and rotating near

the surface of the rotating earth and describe how to measure the interferometer phase.

I detail the experimental apparatus in Chapter 4, including the custom made vacuum chamber,
laser system and 2D and 3D magneto-optical traps. Chapter 5 describes the sequence of steps
required to trap, cool, and launch the atoms and to prepare their internal state so that they

are ready for the three pulse interferometer sequence.

Chapter 6 describes my investigation and optimisation of various noise sources in the inter-
ferometer and implementation of k-reversal and w-flipping techniques within the system. I
then go on to measure the interferometer bias along both axes and study the stability of the

interferometer phase.



1.5. Qutline of Thesis

In Chapter 7 I diagnose and correct the loss of contrast with increasing interferometer time
T, which was described in [I] and T demonstrate the interferometer’s sensitivity to rotation.

Finally, in Chapter 8 I summarise the contents of this thesis.



Chapter 2

Stimulated Raman Transitions

Since the first proof of principle atom interferometer experiments in the early 1990s there has
been considerable development in the field, resulting in various types of atom interferometer
systems. This includes development of a four pulse “butterfly” configuration[55, 50], or an even
larger number of pulses in systems employing the large momentum transfer (LMT) technique[57,
|. Bragg transitions have also become an alternative to stimulated Raman transitions to

)

coherently manipulate atoms[60, (1].

In this experiment we use ' Rb as the atomic source with a 7/2 - 7 - 7/2 Raman pulse inter-
ferometer sequence. My apparatus consists of two independent interferometers which measure
two orthogonal components of horizontal acceleration, and rotations about three axes. The
experimental apparatus design and assembly will be discussed in more detail later in Chapter

4.

2.1 Rubidium 87 Atomic Structure

Rubidium (Rb) is an alkali atom with two naturally occurring isotopes, 8'Rb and *Rb. Alkali
atoms are often used in atom optic experiments due to their single valence electron in the 5s

shell, which can be optically pumped on its closed cycling transition for cooling and trapping.

10
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In addition, the ability to easily achieve an atomic vapour of alkali atoms and the range of
readily available lasers at suitable wavelengths make these atoms an ideal candidate for such

experiments.

The valence electron in 8"Rb is found in the 5S; /2 ground state. Transitions to the 5P state
can be split into two lines; D1 (5812 — 5P1/2) and D2 (5S;/2 — 5P3/2). The D2 transition is
often used in experimental atomic physics due to its cycling transition for efficient cooling and
trapping of 8Rb. The key transitions within the hyperfine energy levels of the D2 line used in

this experiment are indicated in Figure 2.1.
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Figure 2.1: Hyperfine energy level structure of the D2 transition in Rb®, and the corresponding
cooling, repump and Raman transitions used in this experiment. The Zeeman sub-levels are
not explicitly shown here.

The 55/, ground state has two hyperfine levels, F' = 1 and I’ = 2. The atom can be laser
cooled by pumping atoms on the F' = 2 to F’ = 3 transition. However for efficient cooling to
occur, the majority of atoms must be cycling on this cooling transition. This is achieved by

the use of a repump light pumping any atoms out of the F' = 1 dark state.
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Both the mp = 0 Zeeman sub-levels of the two hyperfine states F' =1 and F = 2 provide suit-
able states for stimulated Raman transitions for interferometry. These transitions are depicted
in Figure 2.1, however the Zeeman sub-levels are not explicitly shown here. The choice for the

particular mp = 0 sub-levels is discussed in the following section.

2.2 Stimulated Raman Transitions in 5’Rb

The stimulated Raman transition is a very powerful technique used for the coherent manipu-
lation of cold atoms and ions using lasers. It can be thought of as the simultaneous absorption
and stimulated emission of photons by an atom. This process can be accompanied by a momen-
tum transfer, allowing the entanglement of the internal state of an atom with its momentum
state. This entanglement is key for this experiment as it allows different momentum states
to be resolved at the output of the interferometer even when they are spatially unresolved, as

discussed later in the next chapter.

The simplest form of a stimulated Raman transition occurs in the three-level A system, within
which there are two long-lived ground states that are coupled via an upper intermediate
state. In our system, we want to drive the microwave transition between the hyperfine states,
|F'=1,mp =0) and |F = 2, mp = 0), in the 55} level of ¥’ Rb atoms. It is the insensitivity to
magnetic fields of these hyperfine states which makes them an ideal choice due to the reduced
perturbation of the energy levels in the presence of any stray fields. The three-level A configu-
ration for our system, depicted in Figure 2.2, is driven by counter-propagating laser beams with
angular frequencies wy; and ws and wave vectors k1 and ks, respectively. The intermediate state
is the 5P5/, state. Assuming the atom starts in the lower hyperfine state |55 /2, F' = 1, mp = 0),
the simultaneous absorption of a photon of frequency w; and stimulated emission of frequency

wy drives the transition to the upper hyperfine state |55 /2, F' = 2,mp = 0).

Provided the population in the intermediate 5P/, state remains small, this level can be adia-

batically eliminated using a series of approximations|[24]. For simplicity let us label the lower
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Figure 2.2: Energy level diagram of a three level stimulated Raman transition. The simul-
taneous absorption of w; and stimulated emission of ws coherently drives the atom from
|FF=1,mp=0) to |FF=2,mp =0) via the intermediate state which is detuned by A from
the D2 line. The stimulated Raman transition is on resonance when 6 = 0.

hyperfine state, |551/2, F' = 1,mp = 0), as |1), the upper state, [551 /2, F' = 2, mp = 0), as |2),
and the intermediate state as |i). The two laser light fields with wavevectors k; and ks can be

approximated as the plane waves

&1 = Eycos(ky-r —wit+m) 21)

Ey = Eycos(ky - 1 — wot + 1)

The two Rabi frequencies associated with the transitions |1) <— |i) and |i) <— |2) are defined

as

o (ild B
1 2h (2.2)
o 2ld B
2 — 27’—L )

where d is the electric dipole moment operator. Let us define the hyperfine splitting as
whis = wWe —w,. The Rabi frequencies we use are less than 6 x 10%s™!, whereas A ~ 7 x 10?571,
whgs ~ 4 x 10" s7! and wy o ~ 4 x 10'° s71[62]. Therefore we are able to establish the frequency
hierarchy: wy o > whis > A > 0,8 5. Under this hierarchy, the rotating wave and adiabatic
approximations allow the intermediate state, |i), to be eliminated. The time evolution of the

two level system can then be described by[21]
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(1) = ca(t)e™ ™" [1) + eat)e " |2) (2:3)

where the initial state vector at time ¢ is

C1 (to)

Cg(to)

The state vector after some time ¢ is given by

c1(t + to) i6t/2 cos(Qt/2) — i% sin(Qt/2) —i et et gin (1t /2) c1(to) (2.4
=e , (2.
ca(t + to) —i%eﬂd) sin(2t/2) cos(Qt/2) + i% sin(Qt/2) | | ca(to)
where

B ker|?
5:wR_(whfs+keﬂ"v+ﬁ>

2m
P
A A
202129
Q _
A (2.5)
= 9+ (52
Cb = ¢2 - ¢1

The effective wavevector is given by k.g = ki1 — ko, v is the velocity of the atom and m is
the atom mass. Therefore the third and fourth terms in § are the Doppler shift and the recoil
shift, respectively. We use ¢; = k; -7 +1; to describe the phase of the Raman laser light fields.
The effective two photon Rabi frequency is given by (g, and the generalised Rabi frequency is
given by . The term % — % is the AC Stark shift, which is dependent on the detuning,
A, and the intensity of each beam. The effect of this light shift is undesirable but it can be

cancelled out using an appropriate ratio of intensities of the two beams. The Raman resonance
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condition, 07, is given by:

2 2 2
5_:&—&_(@)]%_(ths"i_keff'v_’_w)) (26)

2m

Looking at Equation 2.4 we can see that if 6~ # 0 we do not get a complete population

inversion of the states, reducing the total number of atoms that participate in the interferometer.

Assuming the Raman transition is exactly on resonance, i.e. 6~ = 0, we get
cr(t+to) cos(A/2) —ie"®sin(A/2) | |ei(to) 27
ca(t + to) —ie " ?sin(A/2)  cos(A4/2) ea(to)

where A = Qt is known as the “pulse area”.

Starting with all atoms in state |1), such that ¢;(tg) = 1 and cs(ty) = 0, the probability of

detecting the atom in state |2) after a Raman pulse of length ¢ is given by

251112 (%) : (2.8)

Qeff
Q

Py(t) = |ea(t + to)|* = ‘

2.2.1 w and 7/2 Pulses

Using the above equation for the state evolution of the system, we can demonstrate how these
stimulated Raman transitions can be used to manipulate the atoms and act as either a beam-
splitter or mirror. Let us first set the pulse area to Q0 = 7/2, which causes ¢; and ¢, to evolve

in the following way over a time 7

1 )
e (T +to) = —=(c1(to) — ie “ey(t 2.9
1T + o) \/5( 1(to) 2(to)) (2.9)
(7 +t0) = —=(—ic®ca(to) + eslto)) (2.10)
co(T = —(—1e"c c .
2 0 /5 1(o 2(lo
If the atom starts with ¢; = 1 (or with ¢; = 1), the atom ends up after time 7 having

equal probability of being in either state. This 7/2 pulse plays the role of a beamsplitter. In



16 Chapter 2. Stimulated Raman Transitions

comparison, setting the pulse area to {27 = 7 causes the probability amplitudes to switch,
acting as a mirror:

e (T + o) = —i(ea(to)e™) (2.11)

CQ(T + to) = —’i(Cl (to)eiid)) (2].2)

2.2.2 Momentum Transfer in Stimulated Raman Transition

Consider an atom in state |1, p), where p is its initial momentum. When this atom undergoes a
stimulated Raman transition from state |1) to state |2) it also absorbs momentum %k, from one
beam and loses momentum hks to the other beam. The final state is therefore |2, p + fikeg),
where ke = k1 — k3. Thus the momentum of the atom is correlated with its internal state. In

the case of the 7/2 pulse, these two degrees of freedom become completely entangled.

As mentioned earlier, my interferometer uses counter-propagating Raman beams. It is possible
to drive stimulated Raman transitions with co-propagating beams, however this configuration
is not useful in my interferometer. That is because its sensitivity to acceleration and rotation
is proportional to kg, which is very small for co-propagating beams. This is discussed in more

detail in Chapter 3.

2.2.3 Polarisation Requirement for Raman Transitions

The choice of polarisation of the two Raman lasers is extremely important to ensure the correct
transition is being driven. In our interferometer, we want to drive the transition between the
|FF=1,mp =0) and |F = 2,mp = 0) 55, states. This transition has no change in quantum
magnetic number, Ampg = 0, but a change in the total angular momentum quantum number of
AF = +1. Because the Raman transition is driven by two electric dipoles, d; and ds, each of
rank 1, their combined effect can only be of rank 0, 1, or 2. The scalar combination is strictly
forbidden to drive the transition because F must change. The tensor combination is forbidden

to drive pure J = 1/2 <» J = 1/2 transitions but is weakly allowed because of the hyperfine
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interaction. That leaves the cross-product d; x ds, and because we require Amp = 0, it is the

z-component of this that drives the transition.

For linear polarisation, the two light fields must be perpendicular to each other, for example ;&
and Fyy. To drive the transition with circularly polarised light beams, we require either circular
polarisation o /o™ or 07 /o~. The combination of ot /o~ light weakly drives Amp = +2

transitions and so is not wanted in our experiment.

The two light fields are initially polarised and are delivered to the apparatus along the two prin-
cipal axes of a single polarisation maintaining (PM) fibre. To achieve the desired polarisation, a
quarter-wave plate at the output of the fibre converts the beam polarisations to ot /o~. These
beams are then retro-reflected through a second quarter-wave plate such that the reflected
beam polarisations are 0~ /o™. In this configuration we have two pairs of counter-propagating
beams that are able to drive the desired Raman transition (07 /c" and 0~ /o~). These two
pairs have equal and opposite effective wavevectors, given by ke = £(k1 — k2). In order to
use just one of these two beam pairs we launch the atoms with velocity v. The Doppler shift
is upward for one pair and downward for the other, splitting the two Raman resonances by an

amount 2k.g - v. The detuning ¢ then allows us to select one resonance or the other.
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Figure 2.3: Retro-reflecting configuration used for the Raman beam to create counter-
propagating Raman frequencies k; and ko with opposite helicity.
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2.2.4 Raman Transitions within **Rb Atomic System
Light Shift

So far, we have imagined only a single intermediate P-state for the transition. however to calcu-
late the light shift in 8Rb we must sum over all the levels which the light fields couple. Figure
2.4 depicts the sublevels of 5P/, which together make the dominant contribution to the light

shifts of the |[F'=1,mp =0) and |F = 2,mp = 0) states. Both Raman laser frequencies, w;

F'=3
5p F'=2
F'=0
F=2

55
1/2 F1

-3 -2 -1 0 +1 +2 +3

Figure 2.4: All D2 line transitions for 6™ and o~ polarised light which contribute to the light
shift of the |F = 1,mp = 0) and |F' = 2, mpr = 0) states (red). The detuning is not indicated
in this diagram. There are two such sets of transitions corresponding to the detunings of w;
and ws.

and wy, drive both o™ and o~ transitions because of the retro-reflected four beam arrangement.

Therefore the light shifts for the two Raman transition states are given by

Apoy = Mgy + Ay

(2.13)

Aoy = Algy + A

where AT;> is the light shift of state 7 due to Raman frequency w;. The differential light shift
of the two hyperfine states is then given by A = Ajp9) — Aj1 ). As the light shift produced by
each beam is proportional to the beam intensity there can be some ratio of the two intensities

at which the two light shifts completely cancel each other out!. This is an effective method to

'Note this only works when Aj1,0y and Ajp gy have the same sign.
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set the differential light shift to zero across the entire Gaussian Raman light field, ensuring all

atoms interacting with the light experience the same generalised Rabi frequency.

Effective Two-Photon Rabi Frequency

The whole 5P manifold must also be taken into account to accurately calculate the effective two
photon Rabi frequency. Again assuming the two pairs of counter propagating Raman beams,
with " and o~ polarisation respectively, the possible paths that contribute to the Raman

transition between these states are shown in Figure 2.5.

F'=3
5P F'=2
3/2 e
F'=0
F=2

BN
1/2 Pt

-3 -2 -1 0 +1 +2 +3

Figure 2.5: The possible transitions and corresponding intermediate states within the D2 line
that are able to couple states |1) and |2) through the stimulated Raman transitions for both
the ot and o~ polarised light pairs. The detuning is not indicated in this diagram, here we
need only consider wy /wo pairs that satisfy the two-photon resonance condition.

In this case, the effective two photon Rabi frequency is given by summing over all the individual
Rabi frequencies with intermediate state |i) denoted by k
2[5 ]| Qx|
Qo = et i 2.14
where the individual Rabi frequencies are calculated using the Wigner-Eckart Theorem and the

Clebsch-Gordan coefficients which describe the coupling between different sublevels through

absorption or emission of a photon with some particular polarisation.



Chapter 3

Phase Shift

Using the § — m — 7 sequence of Raman pulses on an ensemble of atoms, we are able to
form a Mach-Zehnder interferometer in which the atomic wavepackets from each arm interfere
coherently at the output. The resulting interference pattern is dependent on the difference in
phases of the wavepackets travelling along the two arms. In order to be able to use an atom
interferometer as part of an inertial navigation system, it is important to know how this phase

difference is affected by the acceleration or rotation of the vehicle where the interferometer sits.

In this chapter we derive the phase terms for such a reference frame, and discuss how the phase

shift of the interferometer is measured.

3.1 The Interferometer Phase

In the interferometer only a phase difference has physical meaning. The two types of phase
difference discussed in the following are; (1) the phase difference between atomic wavepackets
interfering at the output which is denoted by “interferometer phase”, and (2) the difference
between the phase of a wavepacket at the input and its phase at the output of the interferometer,

denoted by “wavepacket phase”.

The interferometer phase can be calculated by solving the Schrodinger equation with the ap-

20
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propriate time dependent Hamiltonian. Results for this approach are well known [63, 61, 65].
Other equivalent approaches to calculate the interferometer phase also exist [66, (7]. The key
assumption that makes this calculation possible is the semi-classical approximation which re-
quires the higher-order position and momentum dependence of the Hamiltonian to be negligible
at the size of the wavepacket in each arm of the interferometer. Under this approximation it
can be shown that the expectation values of position and momentum of the wavepacket in
each arm follow the classical trajectories (for more information see [(5]). This approximation
requires variations of the Hamiltonian to be small with respect to the size of the wavepacket,
however it does not require the variations to be small with respect to the separation between
interferometer arms. Therefore this approximation remains valid for large separations of inter-
ferometer arms provided the wavepackets in each arm are sufficiently narrow in position and

momentum.

There are three contributions to the interferometer phase A® [63]. These are: (1) ®iy due to
the interactions of the atoms with the light, which I call the interaction phase; (2) ®p0p due
to the propagation of the wavepackets; and (3) Py, the phase difference due to the spatial

separation of the two interfering wavepackets at the final pulse, known as the separation phase.
AD = Dy + Pprop + Poep (3.1)

In Chapter 2 I showed how the interaction between the atom and the Raman light introduces
a phase shift in the atomic wavefunction when the light drives a transition in the atom. This

is accompanied by a momentum kick. Specifically (see Equation 2.7),

11,p) = —i |2, p + hikeg) €D
(3.2)

12, p + hikeg) — —i|1,p) e D

where 7 is the mean position of the wavepacket at the pulse time ¢, and ¢ is defined in Equation

2.5. Therefore the interaction contribution to the interferometer phase is

Ging = > EL(r,1;) = > Tr(rits) (3.3)
j i
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where (r;,t;) and (r;,t;) are the atom-light interaction positions and times in the upper and

lower arms respectively, and the plus (or minus) sign is selected for 1 — 2 (or 2 — 1) transitions.

The Feynman propagator for a particle travelling from point (r,, t,) to point (ry, t,) is A Y /e
where A is a normalisation, > . is the integral over all possible paths I', and Sr is the action
along each path. In our case, Sr > h and we need only take the integral along the classical
path [65] for which the action is S5 = [ Ldt, where L is the Lagrangian evaluated on the

classical path.
The propagation contribution to the interferometer phase is therefore

1 [
CDPFOP = ﬁ /t (Lupper - Llower) dt . (34)

Here t; and ¢y are the times of the first and last Raman pulses, while Lypper and Ligwer are the
values of the Lagrangian taken along the upper and lower paths. With constant acceleration

and no rotation @y, = 0 [65].

The separation phase @, arises when the classical trajectories followed by the centre of each
wavepacket do not overlap at the time of the last Raman pulse. In this case the centre of one

packet interferes with the wing of the other, causing an additional phase shift of [63]
Qg = =P - Ar (3.5)

where P is the average canonical momentum in the output state of interest, and Ar = ryer —
Tupper 18 the separation in space between the centres of the wavepackets from the lower and
upper arms at time ¢¢. This phase also vanishes when there is no acceleration and no rotation

since Ar = 0 in that case.

I note that when the classical trajectories of the wavepackets do not overlap at the final beam-
splitter, @y, becomes frame dependent. If we transform to another reference frame moving at
some relative velocity v, @y, increases by mv - r/h. However, the value of ® does not change

because there is an equal and opposite change in ®,.,,. I note further that the two output
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states differ in their average canonical momentum by the recoil hkeg/m, so when Ar # 0 they
have different @, and it would seem that their fringes may not have the requisite relationship
of sin?(®) and cos?(®). However, this same momentum difference produces a compensating

change in ®;, yielding an interferometer phase ® that is the same for both ports.

3.2 Calculating the Phase Shift Terms for our System

Figure 3.1 is a position-time diagram for the -7-7 interferometer, drawn without any acceler-

ation, where the solid and dashed lines represent state |1) state |2), respectively.

.9 2)
~+ s
o A4
o
n oA
Q o
1 Pe
ok C vl
e | 1)
7
o
/' i o
4 < D
o i R
B 1 R
+ I #
i i -
0 .
2 # 1 e
4 ’
o i %
# i A
o ’
¢ ’
4 i ’
ol i #
# i s
o 0
# i A
’ G
~ i #
i o
# .
o 0
e Ol
, e
¢ o
# "
B 1
i s

time, t

Figure 3.1: Position-time diagram of the interferometer sequence drawn without acceleration.
Solid and dashed lines represent states |1) and |2). Vertical grey lines at times tg, to + 7" and
to + 2T indicate the times at which the 7, 7 and 7 pulses are applied.

Taking the results from Section 3.1, we have the following expressions for the interferometer
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phase contributions in output port |1):

(Dint = ¢L(0: TA) - ¢L(T7 TC) - ¢L<T7 TB) + ¢L(2T> TD)

1
CDprop = ﬁ(SAC + SCE) - (SAB + SBD) (36)
1
(I)sep = ﬁ(pD +pE) : (TD - TE)
where S;; is the classical action along path between positions r; and r;, and p; = 855;7) is the

classical canonical momentum at position r; after the final beamsplitter.

We want to evaluate these phases for an atom falling freely under gravity when it is interacting
with Raman laser pulses whose optics are fixed to the vehicle that is accelerating and rotating.
Let us call the frame of reference fixed to the vehicle K and let the position and velocity of an
atom when viewed from that frame be  and v. When viewed from an inertial frame K that
does not rotate and whose origin Py is at the centre of the earth, the Lagrangian that describes
the freely falling atom is

1
Ly = ém'vg +mg,- 7o (3.7)

where m is the mass of the atom, vy is its velocity, rq is its position and g, is the acceleration
due to gravity. If frame K (i.e. the vehicle) rotates with angular velocity € around its own
origin and has velocity w relative to Ky, then the corresponding equation of motion viewed in
K (see §39 of [09]) is

Q
%:rxcfi—t+2vxﬂ+9x(rxﬂ)+(—Z—?%—g()) (3.8)

Because we are interested in navigating on the surface of the earth, it is convenient to write
’LL:QEXR—I—Ua (39)

where 5 is the angular velocity of the earth seen from Ky, R is the position vector in frame K
of a point fixed on the surface of the rotating earth, and v, is the velocity of frame K relative

to that point.
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Similarly, we write

Q=Qp+w (3.10)

where w is the angular velocity of frame K relative to that of the earth. Let us take Qg to

dw

be constant and let us assume |w| is constant, giving % = 97 = Qp X w assuming that the

direction of w rotates with the Earth as seems most natural. We recognise the second and third
terms in Equation 3.8 as the Coriolis and centrifugal acceleration, respectively. The fourth term
becomes

du dv,

—E—{—gO:gO—QEX(QEXR)—dt

(3.11)

Assuming that the vehicle is close to the point R, and the gravity gradient is small, the first
two terms on the right are equal to g, the gravitation acceleration as measured at the position
of the vehicle because that automatically includes the centrifugal correction due to the earth’s

rotation. With these substitutions Equation 3.8 becomes

d dva
d—’::rx(QExw)+2va+QX(7‘XQ)+Q— ;;

(3.12)

These approximations assume the change in latitude and longitude are small over the interfer-

ometer time, 2T.

The following procedure is used to calculate the interferometer phase shift:

1. Analytic expressions for r(t) and v(t) are determined by solving Equation 3.12. These

expressions are then Taylor expanded about ¢ = 0 to third order in t.

2. The interferometer is divided into path segments corresponding to the individual trajec-
tories between each of the light pulses. The trajectory for each path is determined using
the appropriate initial position and velocity. For the path directly after the first light
pulse whose velocity remains unchanged (path AB in Figure 3.1), the initial conditions
are:

r45(0) =714 = (T4, Y4, 24)
(3.13)

UAB(O) =Va = (UOEAJ Uyyus UZA)



26 Chapter 3. Phase Shift

The initial position for path AC is also 74, however the initial velocity for this path has
an additional recoil velocity hikez/m due to the momentum imparted by the light. The
initial conditions for subsequent paths of the atoms are then determined by the final
position and velocity of the previous path, plus any recoil velocity due to the light-matter

interaction.

3. The contributions ®;,; and @, are calculated by substituting the appropriate position

and momentum values into Equations 3.6.

4. In order to determine @, the position and velocity functions for each path are used to

calculate the corresponding Lagrangian given by [69],

1 1 dv,
Lzémvz—i—mv-ﬂxr—l—ém(ﬂxr)z—i—m(g— ;;)r (3.14)

retaining only terms up to third order in ¢. The classical action for each path is then
determined by integrating the Lagrangian along each path from the initial time, ¢;, to the

final time, ¢; + 7.

5. The interferometer phase is then the sum A® = @y + Peep + Pprop-

3.3 Results

Using the method described in Section 3.2 I have calculated the contributions to the interfer-
ometer phase A® as a power series in the time T between laser pulses, expanded out to order
T*. These are listed in Table 3.1. The third column repeats the coefficient of each term and the
last three columns provide a breakdown of the contributions to that coefficient. The first term
is by far the largest phase shift to be produced by the the acceleration a, which is (of course)
intimately linked with the gravitation acceleration g. Term number 2 is the main consequence
of rotation, usually called the Sagnac phase. Term 3 is a correction to term 1, which comes
from the centrifugal acceleration of the atom due to rotation of reference frame K about its

origin. Term 4 is the leading cross-coupling term between acceleration and rotation: it is just



3.3. Results 27

term 1 multiplied by the very small 2€Q 7. Similarly, term 5 is the order €27 correction to
term 2. Term 6 is the recoil velocity correction to term 5. Finally, term 7 is the correction to
term 1 of the second order in Q7. Let us suppose that the vehicle rotates at 1mrad/s and
the interferometer has 7' = 25ms. Then (27)? < 1 x 107 and the terms in Table 3.1 should
capture the effect of acceleration a at that fractional accuracy. The phase due to this rotation

should be correct at the level of 25nrad/s.

Term Number Phase Term Term Coefficient || Int | Prop | Sep
1 ~keg- (a—g)T? -1 -1 0 0
2 +2kei - v X QT2 +2 +2 | -2 | 42
3 —keg - QX (Qx 1y T? -1 -1 42 ) -2
4 —2keg- (a—g) x QT3 -2 2 +4 | 4
5 +3ke - 2 X (2 x vy) T3 +3 +3 0 0
6 +3 0 kg - 0 X (Q X ker) T +32 0 | —5 | +2
7 ~Tker - 2% (2% (a—g))T* -1 -1 0 0

Table 3.1: The vector form of the phase shift terms and the corresponding individual contri-
butions from the interaction, propagation and separation phases.

As discussed in Chapter 1, the purpose of this interferometer system is to measure the acceler-
ation and rotation with accuracies of 100ng and 1urads~!. It should be possible to relate these
to the interferometer phase with the required accuracy using just the terms presented in Table
3.1. These terms are implicit in other publications [63, 65, 68, 70, 71], but to my knowledge this
is the first time they have been written in this compact vector form as well as for the reference

frame of a moving vehicle on the surface of the rotating earth.

In order to consider the relative sizes of these term in more detail, I substitute typical values
into Table 3.1. Let us now define the direction of the x, y and z axes of the vehicle reference
frame at time ¢ = 0. As illustrated in Figure 3.2, the z axis points directly away from the
centre of the earth, and the x and y axes point due east and due north respectively. Therefore
at time ¢ = 0 we define Qg = (0,Qg,,Qg,) and R = (0,0, Rg). This gives g = (0, gy, 9.) =

(0, —Qp, Q5. RE, go. + Q%y Rpg). Let us assume that the Raman axis is aligned with one of the



28 Chapter 3. Phase Shift

principal axes x, y or z, and calculate the corresponding most significant phase terms. For

1

each orientation we assume the atoms are launched with typical velocities of 10cms™ along

1

the Raman axis, and 40cms~' along each perpendicular axis (so the interferometer will be

sensitive to rotations). In addition to the initial velocities (v,,, vy,, vs,), the following values
are used; g, = —9.81ms™?, r = (0,0,1m), Ry = 6.365 x 10°m, Qp, = cos (01at) 7.29 x 107°
rad/s, Qp. = sin (f15;) 7.29 x 107° rad/s and 6., = 51°. For the local rotation we take w =

(Imrad st Imrads™!, lmrad s_l), which greatly exceeds €2 and therefore dominates the value

Ys

50—, an interferometer time

of 2. The magnitude of the effective Raman wavevector is keg =

of T = 25ms is assumed between light pulses, and we take the acceleration to be a = (1ms™2,

Ims™2, 0).

Figure 3.2: Orientation of the vehicle frame axes at time ¢ = 0 relative to the surface of the
earth.

The ten most significant terms for each configuration are listed in Table 3.2, 3.3 and 3.4. All
the phase shift terms are given in rad. The 20 most significant terms for the interferometer

oriented along each axis can be found in Appendix A.
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Table 3.1 Term Number | Table 3.1 Phase Term || Phase Shift A® (rad)

1 —kega,T? -10 069.2

2 2kegvy, ,w, T 8.06

2 —2kev, Wy T? -8.06

4 —2k;effgzwyT3 +4.94

4 —hipayw, T —5.03 x 107!
2 hkegrv,,, . T 456 x 1071
2 k., U, T2 ~3.70 x 10~
1 —hiegeg. s, T 2.26 x 107!
1 —Okepa,Qp, T —2.85 x 102
3 —kogz awpw, T? —1.01 x 1072

Table 3.2: The ten most significant terms for the total phase shift of the interferometer along
the x axis, and the corresponding value in radians.

Table 3.1 Term Number | Table 3.1 Phase Term || Phase Shift A® (rad)

1 —kega, T? -10 069.2

1 kerrgy T* -166.58

2 — 2KtV W, T2 -8.06

2 ZkQHUzwaTQ 8.06

4 2keg g T -4.94

4 ke zw, T 5.03 x 107!
2 —2kegvaQEzT2 —4.56 x 107!
9 ety s, T 2.85 x 1072
3 —kegzawyw,T? —1.01 x 1072
3 —kefizawyQp, T? 5.70 x 10~

Table 3.3: The ten most significant terms for the total phase shift of the interferometer along
the y axis, and the corresponding value in radians.
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Table 3.1 Term Number | Table 3.1 Phase Term || Phase Shift A® (rad)

1 koig. T2 ~98 778.9

2 — 2k, w, T2 -8.06

2 kv, wy T 8.06

4 hetays T° 5.03 x 107!
4 —leﬁagcwyT?’ —5.03 x 107!
2 leﬁvaQEyTQ 3.70 x 1071
4 —legaxﬂEyT3 —2.31 x 1072
3 kengngQ 1.01 x 1072
3 oz aw?T? 1.01 x 1072
1 hiergyws T 8.33 x 1077

Table 3.4: The ten most significant terms for the total phase shift of the interferometer along
the z axis, and the corresponding value in radians.

As expected the dominant phase term along each axis is due to acceleration (term 1 from Table
3.1). For the assumed rotation rate, the rotation phase (term 2) is significantly lower than the
acceleration term. Reliable separation of these two phase shifts would be required for inertial
navigation. The 10 most significant phase terms when the Raman axis is aligned along any
axis are derived from terms 1 to 4. Therefore for any alignment of the Raman axis we expect

the most significant phase terms to be a combination of those listed in Tables 3.2, 3.3 and 3.4.

We see from Tables 3.2 - 3.4 that the largest contributions to the interferometer phase come
from terms 1, 2, and 4 in Table 3.1. It is convenient therefore to approximate the interferometer
phase as

AP = —keg-(a—g)T? 4+ 2keg -4 X QT? —2keg - (a — g) x QT? (3.15)

For an interferometer with T=25ms, the first term shows that an acceleration noise of 100ng

corresponds to noise in A® of 10mrad. This same 10mrad corresponds to angular frequency

noise of 1.2 urads~! assuming the perpendicular velocity of 40cms™!.
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3.4 Measuring the Phase Shift of the Interferometer

For an atom in some initial state |¥(0)), its state at the output of the interferometer is given
by:
(U (t)) = Uine [¥(0)) (3.16)

where Uy, is the operator for the total three pulse interferometer sequence 7/2 — 7 — 7/2. In
the case when |W(0)) = |1), the probabilities of the atom being detected in either state, |1) or

|2), at the output are:

Py = [ (1]¥(t)) |* = cos? (%) (3.17) Py = | (2|¥(t)) |* = sin? (%) (3.18)

Therefore the fringe pattern due to interference of the wavepackets from the two arms of the

interferometer is observed in the probabilities of the two output states.

For an ensemble of atoms starting in state |1), inhomogeneity across the cloud is likely to cause
some loss of fringe contrast of the overall interference pattern. We model this by writing the
probability of state |2) as

P,=P,— %COS A (3.19)

where Fy is the probability offset and C' is the contrast parameter. The interferometer is

dpP

most sensitive to changes in acceleration and rotation when |{52

| is maximum. The (small)

interference phase noise oag therefore corresponds to noise in P, given by

C
Op, = 5 0% (3.20)

Assuming oae=10mrad/v/Hz (corresponding to 100ng/+/Hz) and taking a typical value of 40%
for C', Equation 3.20 gives op, = 2 x 1073. This sets a goal for the desired noise level on the

steepest part of the fringe.
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Experimental Setup

4.1 Overview of Experiment

To perform the interferometer sequence and measure the output state probability, we require
an ensemble of atoms which can be coherently manipulated. For this experiment we use a cloud
of cold 8 Rb atoms. An ultra-high vacuum environment is required to reduce the likelihood of
collisions of the 8"Rb atoms with any background gas. A pressure below 10~7 mbar is necessary
for efficient trapping and cooling. However to preserve coherence of the state superposition

created in the interferometer, we require a pressure below several 10~? mbar.

The cloud of cold atoms is created by employing a 3D magneto-optical trap (MOT) at the
centre of the vacuum chamber. This trap is loaded by an approximately collimated beam of
atoms produced by a separate 2D MOT. The atoms are cooled to ~ 200K in the 3D MOT. The
polarisation gradient cooling technique is then used to further cool the atoms well below the
Doppler limit of 144uK[72], approaching temperatures of ~ 8uK. A series of state selection steps
are subsequently applied, including optical and microwave pumping, and velocity selection, to
produce a sufficiently cold cloud of atoms in the desired |F = 1,mp = 0) starting state for
interferometry. This atom cloud is launched vertically and horizontally, in a moving molasses,

m ™

before then applying the 7 - m - 7 sequence of Raman interferometer pulses. Finally, state

selective fluorescence is used to measure the population of atoms in both output states.

32
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This chapter describes the system that was designed and constructed to perform the atom
preparation and interferometry sequence. The system comprises two orthogonal Raman beams
denoted by Raman Axis 1 aligned north-south, and Raman Axis 2 aligned east-west as shown

in Figure 4.1.

1 SIXY UBRWIRY

o Raman Axis 2

Figure 4.1: Orientation of the two Raman beams within the vacuum chamber system.

4.2 Vacuum Chamber

The vacuum chamber is a sphere truncated at the top and bottom, depicted in Figure 4.2. It
has an inner radius of 225mm at the equator, and a height of 300mm between the top and
bottom inner surfaces, with 3mm thick chamber walls. It is made from 316 stainless steel,

chosen for its low magnetic permeability in order to minimise stray magnetic fields.

The chamber has a total of 34 standard knife edge flanges for attaching windows and other
components, all sealed using copper gaskets. Four equally spaced DN63CF flanges are located
around the equator. Two of which are used for the Raman fibre feedthroughs and collimating

optics, and the remaining two for the retro-reflecting mirrors. There are 12 DN40CF flanges
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also around the equator, spaced evenly between the larger DN63CF flanges. In addition, there
are 16 DN40CF flanges positioned £19° from the equator. Two DN160CF flanges are located

on the top and bottom flat surfaces, allowing installation access for larger internal components.

The chamber is designed to provide optical access for two orthogonal sets of Raman beams,
three mutually orthogonal MOT beams, and a detection beam, all of which must intersect at
the centre of the chamber. Figure 4.2a is a cut through the equatorial plane, showing the
Raman beams (blue), MOT beams (red) and detection fluorescence (yellow). The Raman
light enters the chamber through a fibre feedthrough located along each Raman axis. This
light is subsequently collimated, polarised and retro-reflected within the vacuum chamber. In
comparison, the cooling MOT light is collimated and polarised externally and enters the vacuum

chamber through anti-reflection (AR) coated windows attached to the vacuum chamber.

Raman fibre
feedthroughs

Raman mirror

modules

(a) (b)

Figure 4.2: (a) Cut through image in the equatorial plane of the vacuum chamber, published
in [I]. The two orthogonal Raman beams (blue) and equatorial cooling MOT beams (red)
all intersect at the centre of the chamber. The fluorescence light (yellow) collected using the
detection module (discussed in more detail later) is also shown. (b) External view of the vacuum
chamber showing the relative positions of the vertical and horizontal cooling MOT beams (red)
relative to chamber and Raman beam, published in [1].

To ensure the chamber reached a sufficiently low pressure, all components installed inside the

chamber were first cleaned and baked separately. The cleaning process consisted of an ultra-
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sonic bath and a subsequent series of acetone, methanol and isopropyl wipes. Once all internal
components were installed and all ports sealed, the chamber was heated to approximately 100°C
at a rate of 1°C/min. The chamber was then pumped using a turbo molecular pump (TMP)
while its temperature was maintained at 100°C. The process of heating the chamber ensures
any contaminants on the inner chamber walls evaporate and are subsequently pumped out.
After two weeks of baking under the turbo molecular pump, the pressure reached 10~®mbar.
At which point an ion getter pump (SAES NEXTorr D100-5) was switched on and the chamber
was then isolated from the TMP by closing an angle valve. A base pressure of 5x10~%mbar

was reached after a month of pumping.

4.3 Laser System

Figure 4.3 is an energy level diagram showing the transitions used in the experiment. The
light required for all these transitions is provided by a purpose-built laser system developed
by M-Squared Lasers. This laser system provides the two Raman frequencies, as well as the
cooling, repump, state selection and detection frequencies. This high power laser system can
output two frequencies at any particular time. The two frequencies are produced by two
independent titanium-sapphire lasers, with the frequency difference controlled in a master-slave
configuration. During a single experimental sequence the master laser frequency is changed by
more than 1GHz. The master light provides all frequencies to drive transitions indicated by
the red arrows, and the slave laser provides all frequencies to drive the transitions indicated by

the blue arrows in Figure 4.3.

4.3.1 Requirements for the Raman Light

Aspects of the Raman light that need to be considered include the detuning, A, from the
intermediate state (indicated in Figure 4.3), the intensity ratio of the two frequencies, and
their relative phase stability needed to meet the desired accelerometer sensitivity of 100ng at 1

second.
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Figure 4.3: Energy level diagram of the D2 line in 8"Rb with the various transitions driven
throughout a single sequence. All transitions indicated with a red arrow are driven by the
master laser, and those indicated by a blue arrow are driven by the slave laser.

The detuning and intensity ratio are important for zeroing the differential light shift as discussed
in Chapter 2. A detuning of 1.13GHz from the cycling transition with an intensity ratio of
approximately 0.583 is chosen to cancel this light shift. The choice of these parameters is

discussed in further detail in [1].

The final key design consideration is the phase stability of the beat note between the two
Raman frequencies. The phase of the atomic coherence induced by a 7/2 pulse at time ¢ is
Ker - T + ¢ei(r, 1), where ¢eg is the phase difference between the Raman lasers at the position 7
of the atom. Fluctuations of ¢.¢ therefore produce noise in the interferometer phase. To reach
the desired sensitivity of 100ng with an interferometer having 7' = 25ms, we require the noise

in the interferometer phase A¢ to be less than 10mrad.

4.3.2 MSquared Laser System Design

A schematic of the full laser system is depicted in Figure 4.4. The system contains two titanium-

sapphire lasers pumped by 15W and 10W at 532nm, producing 5.5W and 2.8W of master and
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slave light at 780nm, respectively.
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Figure 4.4: Laser system schematic. The master and slave titanium-sapphire lasers (MSquared
SolsTiS) are pumped by an MSquared Equinox and Lighthouse Photonics DPSS Sprout laser,
respectively. The master laser is locked to the Rb F = 3 — F’ = 3/4 crossover transition at
frequency offset f.o, within the vapour cell module. The slave laser is then phase locked to the

master within the phase lock module, generating a phase locked dual-frequency output.

The master light is frequency locked to an atomic reference using a vapour cell lock. A small

amount of the master light is picked off at BS1 and passes through an electro-optic modulator
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(EOM), producing sidebands at =4 f.om, before being sent into the vapour cell module. The blue
sideband is frequency locked to the ¥Rb F' = 3 <+ F’ = 3/4 cross-over transition by saturation
absorption spectroscopy within the vapour cell. The master laser output frequency can then
be tuned by adjusting f.om, which is supplied to the EOM by a voltage-controlled oscillator
(VCO). This frequency is able to be tuned by more than 1GHz while maintaining its reference

to the atomic transition.

The two lasers are then phase locked in a master and slave configuration through the phase
lock module depicted in Figure 4.4. A small fraction of both the master and slave light is
picked off at BS2 and sent into the phase lock module of the system. This light is incident
on a fast photodiode which detects the beat note of the two frequencies. This signal is then
amplified, divided by a factor of two, and mixed with a fpr,/2 = 3.417GHz signal synthesised
from a 100MHz reference oscillator. The mixed output signal is the phase lock error signal
which is close to DC. This error signal is integrated and fed back to a piezo-actuated mirror
and intracavity EOM inside the slave laser, creating a phase lock between the master and slave
laser with an offset in frequency of precisely 6.834682GHz. The beat note signal is passed
through an analog phase shifter (RF Lambda RVPT0408GBC) allowing adjustment of the
relative phase using an applied control voltage. The phase noise in the Raman beat note was

measured by MSquared Lasers and was found to be less than 11mrad for 1ms < T < 100ms

[73].

The two beams are overlapped at polarising beamsplitter BS2 forming a high power beam
consisting of both phase locked frequencies which are polarised orthogonally. This light is
then passed through a single pass master acousto-optic modulator (AOM-M). This particular
AOM acts as a global shutter for all output Raman light, as well as shaping the Raman pulses
temporally. The light is then split equally at BS3, after which each beam passes through
a second AOM (AOM-R1 or AOM-R2) before being coupled into two separate polarisation
maintaining fibres. These second AOMs also serve as shutters for each individual Raman

beam, providing light along only the desired axis. The output frequencies in each Raman fibre
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are given by

fmaster = fCO + feom + fAOM-M + fAOM-Rl/R2 (4 1)

fslave = fCO + feom + fPL + fAOM-M + fAOM—Rl/R2

where fco is the cross-over transition frequency, faom-m is the frequency applied to AOM-M,
and faom-ri/r2 are the frequencies applied to AOM-R1 /R2. There is 325mW of master and
185mW of slave light incident on Raman axis 1 fibre (corresponding to the fibre at the end of
the AOM-R1 path), and 355mW of master and 230mW of slave light incident on Raman axis
2 fibre (corresponding to the fibre at the end of the AOM-R2 path).

After BS4, a fraction of the master light is directed through a double pass acousto-optic modula-
tor (AOM-C). After BS5, a fraction of the slave light is sent through a single pass acousto-optic
modulator (AOM-R). These beams are overlapped at beamsplitter BS6 before the orthogo-
nally polarised beams are then coupled into the polarisation maintaining fibre. The two output
frequencies of this fibre drive the cooling, repump, state selection, blowaway and detection

transitions, given by

fmaster - fCO + feom + 2.]CAOM—C
(4.2)

fslave = fCO + feom + fPL + fAOM—R

where fco is the cross-over transition frequency, and faonm.c and faom.r are the frequencies
applied to AOM-C and AOM-R, respectively. This fibre output contains 990mW of master
and 23mW of slave light. The output frequencies from this fibre are 135MHz red detuned from
the transitions depicted in Figure 4.3 as the light is subsequently passed through fibre-coupled

AOMs operating at 135MHZ, which is described in more detail in Section 4.3.4.

Frequency Output During Sequence

The output laser frequencies during the sequence are tuned by ramping the frequency supplied
to the EOM, feom. In order to switch the laser between the various operating frequencies, the

vapour cell lock is first disengaged, feon is ramped to the desired frequency, and then the vapour
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cell lock is re-engaged. The various output laser frequency configurations and the corresponding
frequencies applied to the EOM and AOMs are detailed in Table 4.1. The frequency applied to

AOM-C is also adjusted during the sequence to output the desired frequency in the third fibre.

o
2
’ 7 2 = 5 £
= 2 D) )
= = n = m e~ A
feom 1.38GHz | 1.38GHz | 1.61GHz | 2.04GHz | 1.38GHz | 2.04GHz | 1.38GHz
4 - 15MHz - 15bMHz
1.52GHz
faom.c S4MHz S4MHz 71MHz - S4MHz - S4MHz
faOM-R -87MHz -87MHz -87MHz | - -87MHz - -87MHz
Jaomm || - - - -80MHz | - -8OMHz | -
- -80MHz - -80MHz -

JaoMR1/R2 | - -

Table 4.1: The frequencies supplied to the EOM and various AOMs during the different stages
of the sequence. During the molasses stage, the frequency supplied to the EOM is ramped in
order to cool the atoms further. During the blow away and detection stages fgowm is decreased
by 15MHz so that the master light is resonant.

4.3.3 Collimation and Polarisation of the Raman Fibre

The light beams at the two Raman frequencies, which are linearly polarised orthogonally within
the PM fibres, must be collimated, circularly polarised and retro-reflected such that we have
the desired 0% /o™ or 0~ /o~ counter propagating beam configuration. In order to reduce
the intensity variation across the atom cloud while still achieving sufficient intensity with the
present laser system, the Raman beam is designed to have a 40mm beam waist (/e field radius).
To avoid unwanted phase shifts of the light as the atoms move across the beam its divergence
is required to be less than 560urad. The optical system used to collimate and polarise the

Raman beams is illustrated in Figure 4.5a, and the collimation module when mounted to the
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chamber is depicted in Figure 4.5b. The light first passes through a doublet lens with focal
length of -25mm and diameter of 6.25mm, followed by an achromat lens with a focal length of
150mm and diameter of 50mm. The distance between the fibre and doublet lens is 52.5mm, and
the distance between the doublet lens and achromat lens is 122mm. This collimation system
employs a Galilean configuration meaning there is no intermediate focal point. Finally, a /4
waveplate transforms the orthogonal linear polarisation into circular with opposite helicity. The

optics are all housed within a stainless steel tube mounted inside the vacuum chamber.

Stainless steel

Raman fibre Doublet lens
feedthrough

(a) (b)

Figure 4.5: (a) Optical set-up used to collimate and circularly polarise the two linearly polarised
frequency components emerging from the Raman fibre. The light passes through a doublet lens,
achromat lens and \/4 waveplate producing a circularly polarised, collimated beam with a waist
of 40mm [I]. (b) The Raman collimator module mounted within the chamber containing the
optics and fibre feedthrough [1].

Two identical Raman beam collimator systems have been assembled and are attached to the two
PM fibres carrying the Raman light from the laser system. The collimators are arranged with
their optic axes horizontal and perpendicular to each other. The beam waist is measured to be
41.5mm with a divergence <200urad for both Raman beams. Further detail of the collimation

method and analysis can be found in [1].

The retro-reflecting configuration provides the required counter-propagating o®/o® polarisa-
tion, as discussed in Section 2.2.3. The retro-reflecting mirror module used to achieve this is
shown in Figure 4.6. The module comprises another \/4 waveplate placed in front of a mirror.
After passing through this A/4 waveplate twice, the helicity of the reflected light has the same
handedness. The \/4 waveplates in the collimation and retro-reflecting modules are identical,

with a specified reflectance of < 0.5% at 780nm. The mirror reflectance is > 98% at 780nm.
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The mounted optics are attached to a Radiant Dyes Laser and Accessories GmbH kinematic
mount which has two mechanical actuators for fine adjustment of the mirror when in vacuum.
A MEMS accelerometer is mounted directly to the back of the mirror as seen in Figure 4.6a.
This mechanical sensor is used to measure the acceleration of the mirror with sufficient accu-
racy to identify the order number of the atom interferometer fringe. Technical details of the
MEMS accelerometer will be discussed in more detail in Section 4.7.2. The mounting flange of
the retro-reflecting module contains electrical feedthroughs which are used to apply the control
voltages to the actuators, and to output the readout voltages from the MEMS accelerometer.

electrical
feedthrough

mirror

mechanical actuators A/4

(a) (b)

Figure 4.6: (a) Cut through image of the retro-reflecting module mounted within the chamber.
The \/4 waveplate, mirror and MEMS accelerometer are all indicated. (b) Full retro-reflecting
module attached to the DN40 flange with the electrical feedthrough used for in-situ control of
the kinematic mount and readout of the MEMS accelerometer.

4.3.4 MOT Fibre Output

The third fibre from the laser system, labeled “MOT output” in Figure 4.4, outputs orthogonally
polarised beams at the two frequencies described by Equation 4.2. This light is used for cooling,
state selection, blow away and detection. It is attached to a fibre distribution unit, where it
is split into 9 separate fibres (six 3D MOT, one detection, one 2D MOT cooling and one 2D
MOT push).
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Fibre Distribution Unit

A schematic of the fibre distribution unit is shown in Figure 4.7. The light from the MOT
output fibre is first collimated using a Schafter + Kirchoff 60SMS fibre collimator. This light
is then passed through a /4 waveplate which compensates a slight birefringence we discovered
in the fibre collimator. The orthogonally polarised master and slave beams are then separated
into two arms by a polarising beamsplitter. The polarisation of the slave beam is rotated 90°
by a \/2 waveplate before it is recombined with the master beam at a 50:50 beamsplitter. This
creates two arms of equal power in which the overlapped master and slave light beams are
linearly polarised along the same axis. A sequence of beamsplitters and mirrors splits the light
into nine independent beams. Each beam is then coupled into a Gooch & Housego 135MHZ
fibre AOM, driven by a voltage-controlled oscillator (VCO). A voltage-controlled attenuator
(VCA) adjusts the RF power and hence the output power from each fibre AOM, allowing us to
balance the six cooling beam powers. The chosen master and slave power outputs from each
fibre AOM are detailed in Table 4.2. Because the master and slave beams are not perfectly
overlapped, the relative efficiency of coupling into the output fibres varies from one output to
another. Consequently there is quite a large variation across the nine outputs in the ratio of

the master and slave powers.

Fibre Output || Master Power (mW) | Slave Power (mW)

Xt 194 1.1

X~ 19.4 0.4

Y 19.4 0.5

Y~ 19.4 0.8

7" 19.4 0.9

/s 19.4 0.6

2D MOT 100 2.2
Push 7 0.3
Detection 31.3 0.6

Table 4.2: Output master and slave powers for each fibre AOM from the distribution unit.
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Figure 4.7: Fibre distribution module used to create the nine separate beams from the main
MOT fibre. The polarisation of the repump light is rotated by 90" to overlap with the cooling
light. Nine separate beams are created using a series of beamsplitters with each beam finally the
coupled into a 135MHz fibre AOM. Individual RF signals are supplied to each AOM controlling
its operatign frequency.

MOT and Detection Beam Collimators

The detection and 3D MOT fibre outputs are all attached to modules which collimate and
circularly polarise the light. Each collimator contains a fibre coupler plate, 150mm plano-
convex lens, linear polariser and a zero order quarter-wave plate which generates a collimated
beam with a waist of 12.7mm and either left or right handed circular polarisation. The linear
polariser converts polarisation fluctuations into intensity fluctuations. This is desirable as the

intensity can be directly measured using the detection system.

The 19.4mW of cooling light in each 3D MOT beam provides a sufficient intensity of 7.9mW /cm?
(4.7Isat)[02]). The waveplates are set using a Thorlabs PAX1000 polarimeter which directly
measures the polarisation state of each beam. To create a 3D MOT we require four horizontal

beams with one helicity, and two vertical beams with the other helicity. The detection beam
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is retro-reflected by a mirror placed on the opposite window, making two counter-propagating

beams to ensure there is no average force pushing the atoms out of the detection region.

4.4 Atom Source using Magneto-Optical Traps

A MOT is a very useful technique in which atoms can be trapped and cooled along one cartesian
axis by employing two red detuned and circularly polarised counter-propagating laser beams
and a magnetic field gradient. The laser beams provide a damping force, while the magnetic

field ensures the atom-light interaction is position dependent|74].

To understand how a MOT works we consider a simple system in which we have two energy
levels, a ground level with total angular momentum, F' = 0, and an excited level with F'=1,
illustrated in Figure 4.8. The required magnetic field gradient is provided by a quadrupole field
which has a zero at its centre. The Zeeman effect results in a position dependent splitting of the
sublevels of the atom as it moves through the magnetic field. The red detuning of the counter-
propagating laser beams is essential for cooling as the Doppler shift experienced by atoms
travelling in the opposite direction brings the laser frequency closer to resonance, resulting in
a velocity dependent force which always opposes motion of the atoms. The position dependent
splitting of the Zeeman sub-levels then creates a position dependent restoring force, spatially
confining the atoms to the trap. To demonstrate the trapping effect let us consider an atom on
the right in Figure 4.8. Because the mrp = —1 sublevel is lower in energy than the mp = +1,
the left-going beam (polarised to drive Ampr = —1 transitions) is closer to resonance and exerts
a stronger radiation pressure than the right-going beam (polarised to drive Amp = +1). The
atom is therefore pushed towards the centre. Similarly, an atom on the left (where the magnetic
field is oppositely directed) will be more strongly pushed by the right-going, and again feels a

force towards the centre.
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Figure 4.8: Tllustration of a one dimensional MOT for an atom with a ground F=0 state and
an excited F'=1 state. The magnetic field gradient due to the quadrupole field produces a
linear Zeeman shift of the excited state’s sub levels with position. The red detuned circularly
polarised light and linearly varying magnetic field produces a restoring force on an atom which
pushes it to the centre of the trap.

The combination of the counter-propagating, red-detuned and circularly polarised beams with
the linearly varying magnetic field results in a velocity and position dependent force which is
always directed towards the centre of the trap. Assuming the friction arises solely from the
velocity dependence of the Doppler shift, the MOT force can be approximated by F' = —av—fx

[72], where v and x are the velocity and position of the atom, respectively.

Extending this arrangement to three mutually orthogonal axes results in cooling and trapping
of the atoms to some central volume. This configuration, known as the 3D MOT, is used in
my experiment. It is possible to load a 3D MOT from a partial pressure of Rb vapour[75].
However to minimise the background pressure in the chamber and reduce the loading time of
the MOT, we instead load from a collimated, high flux atomic beam created by an external 2D

MOTI[76, 77).
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4.4.1 2D MOT

The 2D MOT is created in an external cell which is attached to the chamber at an off equator
DN40CF flange. It cools and traps atoms along two orthogonal axes, creating a cloud of cold

atoms which is elongated along the third axis, directed towards the centre of the 3D MOT.

The 2D MOT assembly is provided by Cold Quanta Inc. and consists of a glass cell and
two pairs of rectangular quadrupole coils as depicted in Figure 4.9a. The coils produce a two
dimensional quadrupole field with a line of zero magnetic field down the z axis. The coils are
designed to provide a magnetic field gradient of 20G/cm/A along the x and y axes. The 30mm
x 30mm x 44mm cell contains 3’Rb dispensers which release the Rb when heated by an applied
current. On the chamber side of the cell is a 0.7mm diameter pinhole which allows the passage
of the atomic beam into the main chamber. The small diameter of this pinhole isolates the
UHYV main chamber from the higher Rb pressure within the cell that is required to accumulate
a large number of atoms in the 2D MOT. This pinhole also acts as a spatial filter, preventing
atoms with a large transverse velocity from exiting the cell[76]. The two orthogonal pairs of
counter-propagating beams in combination with the two-dimensional quadrupole field creates
a “cooling volume” in which atoms experience a restoring force radially towards the line of
zero magnetic field. Atoms entering this volume are cooled along the x and y axes, however
the z axis “longitudinal” velocity remains unchanged, creating two oppositely travelling thin,
collimated beams of atoms. The interaction time within the cooling volume must be long
enough for an atom to be cooled sufficiently such that its trajectory passes through the pinhole.
This interplay of finite cooling time and spatial filtering by the pinhole causes the longitudinal
velocity distribution in the output beam to be skewed to much smaller velocities than the room

temperature average [70].

In addition to the quadrupole 2D MOT coils, we also have two pairs of bias coils producing
approximately homogeneous transverse magnetic fields. These bias coils are used for fine ad-
justment of the ambient field within the cell to shift the cooling volume of the 2D MOT. These
coils are also rectangular and consist of 20 turns each. The atom cloud in the 2D MOT cell

will shift across the pinhole aperture with a current of £0.3A through the bias coils. The flux
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of the atomic beam leaving the 2D MOT can be optimised by adjusting the strength of the

magnetic field produced by the bias coils.

A fifth beam is directed along the z axis towards the centre of the chamber. This beam, known
as the push beam, provides a net momentum transfer to the atoms along the direction of
propagation. As there is no magnetic field along this axis, the push beam addresses only a
particular velocity class of atoms which is dependent on its detuning. The opposite cell wall

partially reflects the push beam, which also results in some additional cooling along this axis

78].

A4

A4

2D Cooling
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Figure 4.9: (a) Diagram of the 2D MOT cell and pair of quadrupole fields. The two orthogonal
pairs of counter-propagating beams all drive either ot or o~ transitions leading to cooling and
trapping along the x and y axes. The linearly polarised push beam is directed along the z
axis towards the pinhole of the cell. (b) Schematic of the optical set-up used to generate the
collimated cooling and push beams. All cooling light is supplied by the 2D MOT fibre, and the
push beam light is supplied in a separate fibre.

As described in Section 4.3.4, the light for the 2D MOT is supplied in a single fibre, and
another single fibre contains the push beam light. Figure 4.9b illustrates the optical set-up
used to generate the required cooling and push beams using these two fibre inputs. The cooling
light is collimated to a beam with a 9.5mm waist using two aspheric lenses. This light is then
split into two arms, one for each cooling axis of the 2D MOT, by a polarising beamsplitter. Both
arms contain 50mW of cooling light, with the power splitting controlled by a \/2 waveplate

directly in front of the polarising beamsplitter. The light in each arm is then passed through
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a beamsplitter and prism mirror, in order to increase the cross-sectional area of the beam.
A \/4 waveplate placed directly after the beamsplitter and mirror, transforms the linearly
polarised light into circularly polarised light. Since each beam after the second beamsplitter
has approximately 25mW, we have close to 171, of cooling light at the centre of the cell due to
each individual beam. The incoming light is then retro-reflected on the opposite side of the cell
by mirrors with integrated A/4 waveplates such that the reflected light has the same helicity
as the incoming. The 7TmW push beam is collimated to a beam waist (1/e? intensity radius) of
0.75mm using a fixed focus collimator. A kinematic mount allows fine tuning of the alignment

of the push beam relative to the 2D MOT cell and pinhole.

4.4.2 3D MOT

The stream of cooled atoms exiting the 2D MOT is then captured by the 3D MOT at the centre

of the chamber and cooled along all three dimensions.

Each of the six 3D MOT beams is set to the same 19.4mW, with a detuning of -15MHz,
ensuring the scattering force is balanced along each axis. This gives a total intensity provided
by the six 3D MOT beams of 28.4l,; at the centre of the trap. Such an intensity should be
sufficient to operate in the regime where the number of atoms trapped in the MOT becomes
independent of the laser power. Operating in this regime is desirable to minimise fluctuations
in the number of atoms trapped in the 3D MOT due to intensity drift of each beam. The six
MOT beam collimators are attached to the chamber allowing the light to enter through the
AR coated windows. The vertical pair of MOT beams will be denoted by Z* /Z~, and the two
horizontal pairs denoted by X /X~ and Y*/Y~. The alignment of each beam was set such
that light was coupled into the fibre of the opposite collimator to ensure a good overlap of the

counter-propagating beams. All six beams intersect at the centre of the chamber.

The quadrupole magnetic field for the 3D MOT is produced by two coaxial coils mounted inside
the chamber, with current running in opposite directions. To achieve a sufficiently dense and
cold 3D MOT, a magnetic field gradient of approximately 15G/cm is desired[79, 54]. The coils

are mounted inside the chamber in order to achieve such a magnetic field gradient without
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requiring a very large current. A diagram of the coils is shown in Figure 4.10. The coils have
an inner radius of 20mm, ensuring there is sufficient room for the vertical MOT beams to pass
through, and an outer radius of 64mm. The distance between the inner faces of the top and
bottom coil is 76mm. Each coil is attached to support legs which are in direct contact with the
main body of the chamber allowing efficient removal by thermal conduction of heat generated
by the current by thermal conduction. Both coils are wound using 1.1mm x 1.1mm rectangular

copper wire coated in a UHV compatible Kapton film.

The coils are designed to provide the magnetic field gradient of 15G/cm across the central area
of the vacuum chamber. The power dissipated in the coils as a function of current, and number
of radial and axial turns was calculated for this particular field gradient. It was found that the
power could be minimised to only 1.8W per coil when using 40 radial turns, 30 axial turns and
a current of 543mA. The expected magnetic field gradient as a function of distance from the

centre of the chamber for this particular configuration is shown in Figure 4.10b.
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Figure 4.10: (a) The coaxial pair of coils used to provide the quadrupole field for the 3D MOT.
The coil formers are attached to the chamber by three support legs, allowing efficient removal
of heat (the legs attached to the top coil former are not shown here). The six cooling MOT
beams are also shown, intersecting at the centre of the chamber. The black arrows indicate the
direction of the quadrupole magnetic field[1]. (b) The magnetic field gradient produced by the
quadrupole coils when using a current of 543mA, plotted as a function of distance from the
centre of the chamber.

When the supply voltage driving the coils is instantaneously reduced to zero, the magnetic field

1/e decay time is measured by a Hall probe to be 14ms, which is comparable to the L/R natural
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time constant of 11ms (for a measured resistance of 6.3(2 and an inductance of 60mH). The
time taken for the field to drop to below 10% was 31ms. It was found that the magnetic field
decay time could be reduced by running a reverse current through the coils for a short period
of time before then ramping the current back up to zero. We want a short magnetic field decay
time so that sub-Doppler cooling can become effective quickly. The optimum sequence was
found to be linearly ramping the current to -1.3A over 0.1ms, holding the current at this value
for 2.2ms and finally linearly ramping it back up over 7.2ms. Using this switch off sequence

allowed the magnetic field to decay to below 10% within only 10ms.

4.5 Bias Magnetic Field Coils

Three orthogonal pairs of coils are mounted outside the chamber to provide a homogeneous
magnetic field close to the centre of the vacuum chamber. This magnetic field is used to
cancel the ambient magnetic field of the laboratory, and to provide a uniform bias field of
known magnitude and direction which can be altered to suit the various different stages of the
sequence. Two of the pairs produce fields, denoted by By and By, in the equatorial plane
orthogonally to each other, approximately 45° to the Raman axes. The third pair provides a

vertical field, denoted by By.

The four equatorial field coils have a radius of 15cm, and a separation of 44cm, and the vertical
field coils have a radius of 10cm and a separation of 30cm. Each bias coil consists of 20 turns.
Figure 4.11a shows the expected magnetic field produced by each coil pair at the centre of the
chamber as a function of current supplied. Figure 4.11b shows the small magnetic field gradient
produced by the coil pairs when the supplied current is set such that a 1G magnetic field is

produced at the centre of the chamber.
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Figure 4.11: (a) The expected magnetic field produced by the vertical and horizontal coil pairs
at the centre of the chamber as a function of applied current. (b) The expected magnetic field
gradient along the axis of the coil pairs as a function of distance from the centre of the chamber.
Here it is assumed that the current supplied produces a 1G magnetic field at the centre of the
chamber.

4.6 Detection System

Following the atom preparation and interferometry pulse sequence we then want to measure
the number of atoms in each hyperfine state to calculate the transition probability, and hence
to infer the interferometer phase. We use state sensitive fluorescence, which involves measuring
the number of scattered photons when light of known intensity and detuning is incident on
the atoms. Using the known scattering rate, which is the rate at which a cycle of absorption
followed by spontaneous emission occurs per atom, the number of atoms can be inferred. A
photodiode is used to measure the scattered optical power which outputs a proportional current.
This current is converted to a voltage using a low noise amplifier which is then measured using

a National Instruments PXIe-4462 24-bit analog to digital acquisition card.

Four independent voltage measurements are used to calculate the transition probability. These
are; (1) the scattered light signal while resonant with atoms in the F' = 2 hyperfine level, V5,
(2) the scattered light signal while resonant with atoms in both hyperfine states, Vo, (3) the
background signal during the V5 measurement, By, and (4) the background signal during the

Vot measurement, Br,. The probability ratio, P, is then calculated using the background
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corrected voltage values for the number of atoms in the F' = 2 level, N5, and the total number

of atoms Nrgt.
Ny Vo — By

P p— pr—
? N Tot VTot - BTot

(4.3)

First, to measure V5 we shine detection light that resonantly drives the FF' = 2 — F’' = 3
transition. Next, Vp,; is measured by also driving the F' = 1 — F’ = 2 transition. All atoms
are then blown away using a single resonant beam, which provides a non-zero net force that
pushes the atoms out of the detection region. The background signals, By and Br,, are then
measured by switching on the corresponding light with no atoms in the detection region. The
length of each detection period is the same. The DAQ card samples at 200kHz and the mean
for each detection period is taken to give the final value for each individual measurement.
Optical pumping during the detection period as well as atoms that do not participate in the
interferometer but are still detected can lead to incorrect transition probability being measured.

To overcome this we measure the appropriate scale factors to account for these effects.

The fluorescence is collected using a system of lenses that was designed in [I] and is shown
in Figure 4.12. Lens 1 has a focal length of 125mm, and lens 2 has a focal length of 75mm.
The indicated relative positions of the lenses, Ly, Ly and Lj, are 140mm, 60mm and 59mm
respectively. A fractional solid angle of 0.007 is collected by the lens 1, and the transverse
magnification is 0.5. The collected light is incident on a Hammamatsu S2744-09 photodiode,
which has a large active area of 20mm x 10mm. This allows us to collect the fluorescence from a
region 20mm wide and 40mm high in the object plane. The active material is Si with a spectral
response of 0.58 A /W at 780nm, and a typical dark current of 3nA (maximum rated dark current
is 10nA). The output current from the photodiode is then amplified and converted to a voltage
using a trans-impedance amplifier. A low noise Femto DLPCA-200 variable gain amplifier is
used, with a gain of 10% to 10 V/A and a bandwidth up to 500kHz. The photodiode is

mounted outside the chamber as depicted in Figure 4.12b.

Two sets of these detection optics are mounted orthogonally within the chamber. Both sets are
in the equatorial plane of the chamber at a 45° angle from the Raman beams. The detection

optics are mounted in a stainless steel tube which is attached to the chamber internally at a
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DN40CF flange.

photodiode

Figure 4.12: (a) Cut through image showing single set of detection optics in the equatorial
plane collecting light (shown in yellow) from the centre of the chamber and imaging it onto
the photodiode. Lens 1 is 140mm from the centre of the chamber, lens 2 is 59mm from the
photodiode surface and the two lenses are separated by 60mm. (b) Cut through image of both
sets of detection beams viewed from above. The light collected (yellow) is imaged onto the
large surface area photodiode which is mounted to the chamber externally.

The dedicated detection light comprises two counter-propagating beams with opposite helicity.
With the bias magnetic field parallel to the optic axis, these beams drive either pure o™ or
o~ transitions, quickly pumping the atoms onto the cycling transition used for laser-induced
fluorescence detection. The detection beam is oriented at a 19° angle to the horizontal plane.
As soon as the vertical position of the atoms is more than £12mm from the centre of the
chamber they can no longer be detected as they fall outside of the detection beam, whose size
is limited by the aperture of the chamber windows. Alternatively, using the vertical MOT
beam pair allows the atoms to be detected over the larger vertical position range of +£20mm,
limited by the height of the photodiode. However one MOT beam drives o* transitions while
the other drives o~ transitions. This leads to considerable optical pumping of the atoms into a

dark state and therefore a decrease in the fluorescence signal with time, which hinders accurate
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measurement of the transition probability.

The absolute number of atoms can be inferred from the fluorescence signal by knowing the

scattering rate, Ry, for an atom is given by [72]

Rsc =

T s
2

1+5+ (20)T)2 (4.4)

where I' is the natural linewidth of the transition, s is the ratio of intensity of detection light
and the saturation intensity, and J is the detuning from resonance of the detection light. The

photodiode voltage can be converted to the number of atoms using the following equation:

VTot - BTot
Noytom = 4.5
: v Q hw Grot Ree (45)

where v is the transmission efficiency of light through the collection optics, €2 is the fraction of
photons collected by the optics, hw is the energy of a single photon and Gt is the total gain

of the photodiode and amplifier module in V/W.

4.7 Other Components

4.7.1 Microwave Horns

The state preparation scheme used to prepare the atom cloud for interferometry (discussed in
detail in Chapter 5) involves driving the (552, F = 1,mp = 0) = (5S1/2, F = 2,mp = 0)
magnetic dipole transition at 6834.682MHz. The microwave pulse is launched into the chamber
through a Pasternack PE9859/SF-10 horn waveguide. There are two of these mounted inside
the chamber. Horn 1 is attached to a flange 19° above the equator, and horn 2 is attached to
a flange 19° below the equator in the opposite direction such that the two horns are directed
towards each other. The motivation of this is to provide some control over the standing wave

pattern to ensure a strong microwave magnetic field at the site of the atoms.

The microwave fields are produced by two independent WindFreak SynthHD signal generators.
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These triggerable devices output frequencies between 10MHz and 15GHz with 0.1Hz resolution.
Both generators are referenced to the 100MHz clock used by the phase lock module within
the laser system. They are connected to the PXI machine through USB connection enabling
control of each RF output frequency and amplitude. The control circuit for the two microwave
horn waveguides is shown in Figure 4.13. The output of each WindFreak is passed though
a switch and amplifier. The switch provides 50dB of extra suppression when the microwave
power is supposed to be off. This is important because the interferometer operates over tens
of milliseconds and is therefore disturbed by even a weak resonant microwave field. The signal
generator and switch are turned on and the output passes through a 22dB gain amplifier to
drive the horn. A digital TTL signal is provided to both the WindFreak signal generator and

switch. Separate TTL lines are used for the two horns for individual control.

Windfreak g
SynthHD B

=T |

Windfreak S
SynthHD

Figure 4.13: Control circuit for both WindFreak signal generators. Two separate TTL lines
control the output of each microwave horn inside the chamber. Both WindFeak devices are
referenced to the 100MHz clock used by the phase lock module within the laser system.
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4.7.2 MEMS Accelerometer

As mentioned in Section 4.3.3, a classical MEMS accelerometer is mounted directly behind the
retro-reflecting mirror. The component of acceleration of this mirror projected along the Raman
axis is what the interferometer phase shift measures. By monitoring this acceleration with the
MEMS device it is possible to identify the order number of the interferometer fringe. Of course,
this requires the MEMS accelerometer measurement to have an uncertainty much less than
the fringe period % of the interferometer. We use an Innalabs AI-Q-2010 quartz pendulum
MEMS accelerometer which has a specified intrinsic noise level of 70ug for a bandwidth 0-
500Hz (i.e. averaging over 1ms). This is comparable to the 64ug fringe period for a 2T = 50ms
interferometer, and is much smaller than that when averaged over 50ms. Detailed operating
principles of the MEMS device will not be discussed here, but can be found elsewhere [30]. The
device outputs a current which is required to maintain the null position of an internal pendulum,
and this current is in turn proportional to the acceleration. A temperature measurement is also
output by the MEMS device which can be used to account for its temperature-dependent bias
and scale factor. A printed circuit board connected directly to the vacuum feedthrough pins
from each accelerometer contains a high precision resistor network manufactured by Vishay
Foil Resistors. This printed circuit board eliminates unwanted additional noise that would
be picked up by long connecting wires. Using a high a high precision resistance meter, we
measured resistances of 6000.40 £ 0.01 2 and 5999.71 + 0.02 €2 for readout of the acceleration
signal along Raman axes 1 and 2, respectively, and 2000.21 4+ 0.01 €2 and 1999.90 £ 0.02 €2 for
the temperature readout along Raman axes 1 and 2, respectively. The output acceleration and

temperature voltages are measured using a 24-bit National Instruments analog to digital card.

With the MEMS devices mounted within the retro-reflecting module inside the chamber, the
acceleration and temperature for each device was recorded simultaneously. Both devices were
switched on and run initially for the recommended 30 minute “warm-up phase”. The temper-
ature and acceleration outputs were then recorded after this. Both outputs were integrated
over 20ms for a total measurement period of 2000s. These recordings were taken overnight

to minimise ambient building vibrations. Figure 4.14 shows a time trace of the acceleration
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and temperature outputs, along with the corresponding Allan deviation of the temperature-
corrected acceleration.
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Figure 4.14: Acceleration and temperature measurements from the MEMS devices along Raman
axes 1 and 2. (a) Acceleration measured using the Raman axis 1 MEMS device. (b) Acceleration
measured using the Raman axis 2 MEMS device. (¢) Temperature measured using the Raman
axis 1 and 2 MEMS devices. (d) Allan deviation of the temperature-corrected acceleration
measurements along the Raman axes 1 and 2.

The noise of both MEMS devices at 20ms is 40ug (25Hz bandwidth) which is in agreement with
the specified quiescent noise of <70ug within the spectral band of 10-500Hz. Assuming the
MEMS accelerometer integrates over the period of the interferometer (20ms < 27" < 50ms) the
noise bandwidth will be 10Hz < § f < 25Hz. Therefore the MEMS noise for each interferometer

time will be a lot less than the interferometer fringe period.

The bias stability appears to be quite different between the two devices. This is evidenced by

the differing times and acceleration values at which the two Allan deviation curves begin to
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increase. The MEMS along Raman axis 1 is stable to 0.4ug at 5s, whereas the Raman axis 2
MEMS is stable to 0.1ug at 20s. The in-run stability for these devices is specified as <0.1ug
at 20s to 100s after the 30 minute “warm-up phase”. The drift of the MEMS along Raman
axis 2 is very close to this value, however the Raman axis 1 MEMS drift is much larger at
0.4ug, and occurs at a much shorter time of 5s. It is difficult to determine whether the source
of the drift is due to a larger than expected in-run stability of the device, or due to a slow
tilt of the apparatus. A tilt of approximately 50urad over 30 minutes would be sufficient to
cause the instability observed in the Allan deviation plot for the MEMS along Raman axis 1.
Nevertheless, as the sensitivity of both devices is sufficient to resolve the interferometer fringe
in the bandwidth range corresponding to typical operation of the interferometer, the source of

the drift is not investigated further.

4.7.3 Control System

The experiment is controlled using a National Instruments PXI system containing a PXle
8880 embedded controller alongside several individual data acquisition (DAQ) NI card mod-
ules. These are all housed within a single chassis to synchronise the analogue and digital
input/outputs. The sequencing of the laser is controlled by an independent MSquared DCS
Ice Bloc: Digital Timing Controller and Synthesiser, which controls laser output frequency and
power through a web-based interface. All other aspects of the experiment are controlled using
the MOTMaster software developed in-house, which controls the output analogue and digital
voltages generated by the NI cards. The two sequence control systems are synchronised at the

start of each sequence and then run independently.

The graphical interface of the MOTMaster software allows us to easily build a sequence of pre-
cisely synchronised patterns operating the digital and analogue input/outputs. A MOTMaster
sequence is composed of series of individual steps in which the state of each hardware chan-
nel is defined over some specified duration. MOTMaster converts this graphically represented
information to hardware level commands which are then sent to the PXIe controller. At the

end of each sequence, the data buffer from MOTMaster containing input analogue signals is
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transferred to the data visualisation software, AxelHub. In addition to the data visualisation,
AxelHub is also the main application to continuously measure the MEMS accelerometer during
the interferometer section of each sequence. Both programs (MOTMaster and AxelHub) have

been developed in C# using Microsoft Visual Studio and National Instruments NI-DAQ.



Chapter 5

Preparation of a cold atom ensemble

for interferometry

The apparatus described in the previous chapter enables an ensemble of 8’Rb atoms to be
captured, cooled sufficiently and prepared in the correct state ready for the three pulse inter-

ferometry sequence.

Figure 5.1 shows an overview of the steps that occur during the atom cooling and state prepa-
ration process. It begins by switching on the 3D magneto-optical trap (MOT) and the 2D
MOT which loads it. After 200ms, the 2D MOT is switched off and the 3D MOT is left on
for a further 10ms to allow all the atoms in the beam to arrive. The magnetic field of the
3D MOT is then switched off so that the MOT light can lower the temperature to ~ buK by
polarisation gradient molasses cooling. During this phase the rest frame of the optical molasses
can be made to move in order to launch the atoms. A series of state preparation steps then
prepare the atoms in the F' = 1, mpr = 0 state ready for interferometry. The state preparation
selects only a narrow band of velocities in order to have a small Doppler width for the Raman
transition, as needed to maximise the fringe contrast. Efficient cooling of the atoms by the

molasses is pertinent to maximise the number of atoms selected.

61
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Figure 5.1: Overview of the magneto-optical trap (MOT), optical molasses and state prepara-
tion stages. After step 6 of the state preparation a cloud of atoms in the F' = 1, mp = 0 state
with a narrow range of velocities along the Raman axis is ready for interferometry.

5.1 Optimisation of Doppler cooled atom cloud in 3D
MOT

In the 3D MOT the atoms are trapped at the centre of the chamber and cooled along all three

Cartesian axes. The temperature is typically a few hundred pK.

During the operation of the interferometer, there is an important trade off between the cycle
rate (to increase the sensitivity at 1s) and the loading time of the MOT (to increase the number
of trapped atoms). To optimise this trade off we maximise the rate at which atoms are captured

by the 3D MOT. The loading of a MOT can be described by the following rate equation:

dNyiot
dt

= R — BNyor, (5.1)

where Nyor is the number of trapped atoms, and R is the rate of capturing atoms and [ is
the rate per atom of loss from the trap due to collisions with the background gas. The loss
rate due to collisions between trapped atoms is negligible for the typical number densities in
a MOT [21]. Assuming a constant loading rate R and no trapped atoms at the start of the
loading time the number of atoms trapped in a MOT as a function of the time, ¢, is then given
by:

Nyor(t) = N (1 — 77, (5.2)

where N, = % is the steady state number of atoms trapped in the MOT. In our apparatus,

the loading rate R depends on the flux of atoms from the external 2D MOT that enter the trap
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volume with a longitudinal velocity less than the capture velocity of the 3D MOT [75]. As they
are falling under gravity after exiting the 2D MO'T cell, any atoms with a longitudinal velocity
of less than ~ 2m/s will fall below the 3D MOT trapping volume and will not be trapped.
The next two sections describe how the parameters of the 2D and 3D MOTs are adjusted to
achieve the highest loading rate of the 3D MOT. The temperature of the atom cloud in the 3D
MOT is not investigated in great detail as further cooling in an optical molasses is necessary

for interferometry.

The 2D and 3D MOT parameters were set to the values given in Table 5.1, with the 2D
parameters set following guidance from Cold Quanta. With the 2D MOT running continuously,
the number at atoms captured in the 3D MOT was measured as a function of time. It was
found to load 7.7 x 10® atoms/s for short times (< 0.4 s), reaching a steady state ~ 1.2 x 10°

atoms after 4 s.

2D MOT 3D MOT
Magnetic Field Gradient 37 G ecm™! 15 G em™t
Cooling Light Intensity 113.2 mW cm ™2 47.4 mW cm 2

Cooling Light Detuning || -2.5I" (I' = 27 x 6.06 x 10% s71) | -2.5T' (I' = 27 x 6.06 x 10° s71)

Repump Light Intensity 2.8 mW cm 2 1.2 mW cm ™2

Table 5.1: Initial parameter values for the 2D and 3D magneto-optical traps (MOTs). The 2D
MOT parameters are set following operating guidance.

5.1.1 Optimisation of 2D MOT Parameters

To optimise the loading rate of the 3D MOT, we first maximise the 2D MOT output atom flux
that is incident on the capture volume of the 3D MOT with a longitudinal velocity less than
the capture velocity. This involves maximising the number of atoms captured in the 2D MOT
cell, as well as investigating the effect of shifting the longitudinal velocity distribution using
the push beam. The brightness of the 2D MOT is dependent on the detuning and intensity

of the cooling light, as well as the magnetic field gradient of the quadrupole field [76]. Each
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of the 2D MOT parameters was individually scanned while monitoring the number of atoms
trapped in the 3D MOT after 200ms. The results for the frequency and power of the cooling

light, magnetic field gradient and dispenser current scans are displayed in Figure 5.2.
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Figure 5.2: The number of atoms captured in the 3D MOT after a loading time of 200ms as
a function of the 2D MOT parameters. (a) Varying the cooling light frequency with cooling
power set to 63mW, magnetic field gradient of 37Gem™! and dispenser current of 3A. (b)
Varying the cooling light power with cooling frequency set to -13MHz, magnetic field gradient
of 37G cm™! and dispenser current of 3A. (¢) Varying the 2D MOT magnetic field gradient with
cooling power set to 63mW, cooling frequency set to -13MHz and dispenser current of 3A. (d)
Varying the 2D MOT dispenser current with cooling power set to 63mW, cooling frequency set
to -13MHz and 2D MOT magnetic field gradient 17G cm™!.

It is evident that the 2D MOT output is not yet in the regime in which it becomes insensitive to
cooling power, therefore the 2D MO is operated using the maximum cooling power of 63mW.
The optimum 2D MOT cooling light frequency is found to be -13 MHz red detuned, with a

1 and dispenser current of 3.0 A. This optimal magnetic

magnetic field gradient of 17 Gem™
field gradient is much lower than the 37 Gem™! recommended by the operating manual, and is
similar to the field gradient chosen for the 3D MOT. As expected there is an optimal operating

current for the 8"Rb dispenser. Above 3.0A the output flux begins to decrease because the mean

free path of the Rb atoms becomes comparable to the width of the cooling volume. Using the
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optimised settings for the 2D MOT, the effect of the push beam on the 3D MOT loading rate

is then investigated with the results displayed in Figure 5.3.
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Figure 5.3: The number of atoms captured in the 3D MOT after a loading time of 200ms as a
function of the 2D MOT push beam frequency (a), and power (b).

We see that the optimum detuning of the push beam is —13MHz which is very similar to the
optimum cooling light detuning, suggesting the atoms are also cooled along this axis. The
optimal push beam power is 2.4mW, with power above this disturbing the the 2D MOT and
decreasing the capture rate. The corresponding intensity at the centre of the push beam is

2.7mW cm—2.

5.1.2 Optimisation of 3D MOT Parameters

Using the optimal settings for the 2D MOT, with approximately 7.9 mW cm™2 of -15MHz
detuned cooling light in each of the six 3D MOT beams, the magnetic field gradient of the 3D
MOT is varied and the number of atoms captured after 200ms is measured, shown in Figure
5.4a. A magnetic field gradient of 11 Gem™! is found to optimal. Following this optimisation
process of both the 2D and 3D MOT, the loading rate of the 3D MOT for short times (< 0.4
s) was increased from 7.7x10% atoms/s to 2.5x10% atoms/s. Figure 5.4b shows the number of

atoms captured in the 3D MOT when loading for 3s using the initial and optimised settings.

The magnetic quadrupole field is switched off in order to allow further cooling by optical mo-

lasses. If there is residual magnetic field, the atoms shoot off as a result of the differential
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Figure 5.4: (a) The number of atoms captured in the 3D MOT after a loading time of 200ms as
a function of the 3D MOT magnetic field gradient. (b) Loading curves of the 3D MOT using
the initial (red), and optimised (blue) settings. Following the optimisation process the atom
loading rate of the 3D MOT was increased from 7.7x10% atoms/s to 2.5x10? atoms/s.

radiation pressure caused by the Zeeman shift. By monitoring this movement, the three or-
thogonal magnetic bias fields were adjusted to cancel the ambient field. These cancelling fields
generated by the three pairs of bias coils described earlier in Section 4.5 are Bx = -0.17G, By

= -0.14G and B = -0.11G.

The temperature of the atom cloud captured by the 3D MOT is measured by observing its rate
of thermal expansion after switching off both the quadrupole field and the cooling light. The
temperature is determined from the linear fit of the square of the atom cloud size, o2, with the

square of the time, t?, as described by

kT
2= 2 4 —¢? 5.3
o oy + o ( )

where o2 is the initial size of the atom cloud at time ¢ = 0, k is the Boltzmann constant, T
is the temperature of the atom cloud and m is the mass of the atom. After switching off the
cooling light and allowing the magnetic field to decay, the cloud was imaged at intervals of 1ms.
The temperature was found to be approximately 300K, which is well below the temperature
expected from Doppler cooling in this MOT, but still far above the temperature of < 10uK

desired for interferometry. That requires further sub-Doppler cooling.
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5.2 Optimisation of Sub-Doppler Cooling

Polarisation gradient cooling is a mechanism by which atoms moving through a light field of
rapidly varying polarisation can be cooled below the Doppler limit by optical pumping between
differently light-shifted magnetic sublevels. The details of polarisation gradient cooling will not
be discussed here, but can be found elsewhere [75, 82]. The final temperature, T, in an optical
molasses is proportional to I/[0|[72], where I is the cooling light intensity and ¢ is the detuning.
In order to minimise the temperature, the cooling frequency detuning is ramped from -15MHz
to -140MHz. This is achieved by sweeping the EOM in the Rb vapour cell lock loop described
in Section 4.3. The repump frequency is kept on resonance with the F' =1 — F’ = 2 transition
to ensure atoms do not fall into a dark state. Subsequently the intensity of the cooling and
repump light in each beam is linearly ramped to zero by reducing the RF power to the cooling

and repump AOMs in the laser system.

Optimisation of both ramps is achieved by empirically minimising the molasses temperature.
After applying both ramps the cloud was imaged at intervals of 1ms to determine the tem-
perature using Equation 5.3. Shown in Figure 5.5, we find that temperatures of ~ 9uK for
the vertical velocity component and ~ 6uK for the horizontal components are achieved using
a 0.1ms frequency ramp, followed by a waiting period of 0.8ms before ramping the intensities
over 1ms. Approximately 20% of the atoms that are captured in the MOT are retained in the
optical molasses. This retention rate is not particularly high, however the remaining number

of atoms is sufficient.

5.3 Launching the Atoms

Recall from Section 2.2.3 that along each Raman axis there are two pairs of counter-propagating
beams able to drive Raman transitions. These have opposite Doppler shifts, so when the atom
cloud is launched with a sufficiently large velocity along the Raman axis, the two resonances

are resolved. We also choose to launch the atoms vertically to prevent them from falling under
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Figure 5.5: Ballistic expansion along the vertical and horizontal axes for the atom cloud after a
frequency ramp of 0.1ms, followed by a waiting period of 0.8ms before then an intensity ramp
of 1ms. Temperatures of 6.4uK and 8.8uK are estimated for the horizontal and vertical velocity
components, respectively.

gravity too far from the optic axis. In addition, a velocity component that is perpendicular to

the Raman axis allows the interferometer to sense rotations.

The atom cloud is launched along a counter-propagating pair of molasses beams by detuning
one by —df while detuning the other by +4§f. This results in the atoms being cooled to rest
in the moving frame which has a velocity of dv = Adf along the axis of the two counter-
propagating laser beams [33]. The choice of launch velocity along the three axes is discussed

in the following.

5.3.1 Horizontal Velocity Component Along Raman Axis

The launch velocity along the Raman axis needs to be large compared with the thermal velocity
so that the Raman resonance of one light beam pair is well resolved from that of the other as

a result of the Doppler shift. Recall the Raman resonance condition is met when 6~ = 0, and

[24]
Bl |

2m

02 Q2
0 = (—1——2> — WR + Whis + ke - U + (5.4)

A A

where the first term is the light shift of the resonance, wgp = ws — w; is the beat note of the

two Raman frequencies, wyg is the unperturbed splitting of the hyperfine states, and the fourth
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and fifth terms are the Doppler and recoil shifts, respectively. If we were to scan the beat
note and look at the fraction of atoms transferred for a 6uK stationary cloud, we would expect
to see the peaks for both pairs of counter-propagating beams centred on the same wgr with a
Doppler width of 149kHz. As we begin to launch the atoms along the Raman axis, the peaks
for the two pairs of counter-propagating beams begin to shift in opposite directions because
they have opposite values of kog. We must launch the atoms with sufficient velocity such that
there is minimal overlap between the two resonances. The Raman beat note can then tuned
up or down such that the resonance condition (6~ = 0) is met for one beam pair or the other.
We do not want a velocity that is too large as the atoms will have moved out of the detection
region by the end of the sequence. A velocity of 8 cms™! along the Raman axis corresponds to
a Doppler shift of £2205kHz for the two counter-propagating beam pairs. The splitting between
the two peaks is then 410kHz, which is much larger than the Doppler width given by a one-
dimensional Maxwell-Boltzmann distribution as demonstrated in Figure 5.6. The figure also
shows (in black) the lineshape for Raman transitions driven by co-propagating beams. This
line has a negligible Doppler shift so it is centred on 6~ = 0 and has a width given by the
inverse of the pulse duration. This line is suppressed by our choice of circular polarisations of

the Raman beams.
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Figure 5.6: Expected lineshapes as a function of the detuning of the Raman beat note frequency
for the co-propagating Raman beam pair (black), and counter-propagating Raman beam pair for
6pK atom clouds that are stationary (solid red), and launched with a velocity of 8cms™! along
the Raman axis (dashed red) The two counter-propagating Raman beam peaks are separated

by 405kHz when the atoms are launched with a velocity of 8cms™?.
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5.3.2 Horizontal Velocity Component Perpendicular to Raman Axis

In Chapter 3 we found that the leading interferometer phase term sensitive to rotation is pro-
portional to the velocity component orthogonal to both the Raman axis and the rotation axis.
Therefore to measure rotation about the vertical axis we must launch the atoms horizontally
and perpendicular to the Raman axis. We should make this velocity large to increase the in-
terferometer’s sensitivity to rotation, but it is limited by the size of the detection region that
can be imaged onto the photodiode (described in Section 4.6). This limiting velocity com-
ponent is shown as a function of interferometer 27" time in Figure 5.7a. Here we assume a
horizontal detection region at the centre of the chamber of £8mm, and a delay time of 35ms
between launching the atoms and the first pulse of the interferometer (which is required to allow
the laser to tune between the cooling, state selection and Raman frequencies). A horizontal

perpendicular launch velocity of 8cms™! is chosen which allows 2T times of up to 50ms.

5.3.3 Vertical Velocity Component

Launching the atoms vertically to keep them close to the optic axis of the Raman beam during
the interferometer stage of the sequence limits the variation in Rabi frequencies across the
cloud of atoms in order to minimise the associated loss in fringe visibility. Figure 5.7b shows

I as a function of time relative to the

the expected trajectory for a vertical launch of 30cms™
first interferometer pulse (35ms after launching the atoms). This launch allows the atoms the

atoms to remain within 10mm of the optic axis for interferometer 2T times up to 50ms.

This vertical velocity component causes the interferometer to become sensitive to rotations
about the horizontal axis perpendicular to the (horizontal) Raman axis. Therefore the Raman
axis 2 interferometer, which is oriented along the east-west direction as shown in Figure 4.1,
becomes sensitive to {2g, , the component of the earth’s rotation which points due north in the
lab frame. The corresponding phase from rows 7 and 8 of Table 3.1 is —2 kg Q2p, T' 2 (v, +9.T).

1

Launching the atoms with a vertical velocity of 30cms™ gives v,,=-4cms™! after the usual

35ms delay, then Qg gives an interferometer phase shift of 267mrad for an interferometer time
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of 2T = 50ms. This phase term can be eliminated by launching with a vertical velocity of

24.5cms™! such that v,, + ¢.7 = 0.
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Figure 5.7: (a) The maximum horizontal perpendicular launch velocity for different interfer-
ometer T times, assuming a horizontal detection region of £8mm and a delay of 35ms between
launching and the first Raman pulse. (b) Expected trajectory of an atom cloud launched ver-
tically at 30cms™!. Time is relative to the first Raman pulse which occurs 35ms after launch.

5.3.4 Full Launching Configurations

Figure 5.8 is a schematic of the four horizontal MOT beams relative to the two Raman axes. To
measure accelerations along Raman axis 1 we launch the atoms with velocity v{ in order to
resolve the two velocity-sensitive Raman resonances. To measure rotations about the vertical
axis using the Raman axis 1, we launch the atoms with velocity v}°" (composed of two orthogonal
components). Similarly, the required launch velocity when using Raman axis 2 is v3° for

rot

measuring acceleration and vi®* = v3 + vy for rotation. I choose to operate with vy = 'vll/2

= 8cms L.

Table 5.2 shows the frequency detuning required for each horizontal MOT beam in order to

achieve the desired launch velocities. The vertical MOT beam detunings are also given.
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Figure 5.8: Acceleration and rotation measurement launching configurations relative to the
Raman and MOT beams. Each MOT beam frequency is tuned either up or down to provide
to desired velocity along each MOT beam axis (vertical not shown).
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Table 5.2: Frequency shifts for the six MOT beams to launch the atoms in a moving molasses.

The frequencies of each of the six beams are linearly ramped over 1ms to allow enough time
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for the velocity of the atoms to reach that of the moving optical molasses. As outlined in
the sequence diagram in Figure 5.1, we launch the atoms before applying the frequency and
intensity ramps because the molasses is much more viscous at this point, and therefore brings

the atoms up to speed more quickly.

The atoms were initially launched horizontally along Raman axis 1 and vertically. The fre-
quency detunings for the MOT beams were set using values v#°° = 8cms™! and vy = 27cms ™.
Approximately 30ms after launching the atoms, the cloud was imaged at 1ms intervals using
two orthogonal CCD cameras which were both 45° to the Raman axes. The vertical and hor-
izontal centre of mass position of the atom cloud at each time interval was then calculated
for each camera. By measuring the horizontal position on the two orthogonal cameras we can
use geometry to account for the angle between the cameras and determine the true trajectory
along Raman axis 1. The measured position along Raman axis 1 as a function of time is plotted
in Figure 5.9a (blue) along with the vertical trajectories measured on the two cameras (red).
Using a least squares fit for the linear and parabolic trajectories, we measure the horizontal
launch velocity along Raman axis 1 to be 7.3440.07 cms~! while the vertical launch velocities
derived from the two cameras are 25.9440.06 cms™! and 26.344-0.04 cms~!. This horizontal

1 and vertical

launch velocity appears significantly lower than the target velocity of 8cms™
launch velocities differ by significantly more than their combined statistical error bar. These
discrepancies are probably due to misalignment of the optic axes of the cameras, which cause

systematic uncertainty.

This measurement was repeated when launching the atoms along Raman axis 2, again using

acc 1

frequency detunings in Table 5.2 corresponding to v = 8 cms™ and vyt = 27 cm s~ The
measured horizontal trajectory along Raman axis 2, and the vertical trajectories from each
camera are plotted in Figure 5.9b. We measure a horizontal velocity of v5° = 8.0640.14 cms™?,
and a vertical velocities of 27.3140.08 cms™! and 26.56£0.05 cms~!. The horizontal launch
velocity along Raman axis 2 agrees with the target velocity of 8 cms™! but again the two vertical
velocity measurements differ significantly from each other, indicating a level of systematic

uncertainty. Lastly we measure the launch velocities for vﬁ% using frequency detunings in Table

5.2 corresponding to vyer = 27 cms™! and vf/z = 8cms !, resulting in a target velocity of vﬁ%
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= 11.3cms™!. The measured trajectories are plotted in Figure 5.9c. We measure a horizontal
launch velocity of v}% = 10.7220.09 cm s~1, and vertical launch velocities of 27.16+0.11 cms™!
and 27.024:0.09 cms~!. The horizontal launch velocity is slightly lower than the target velocity
of 11.3cms™!, however the vertical launch velocities both agree very well with each other and

to the target launch velocity of 27 cms™!.

These measurements show that the launch method is working as expected, within a systematic
uncertainty of about 10% in the horizontal velocity and 4% in the vertical velocity. A more

stringent check using Raman spectroscopy is presented in Section 5.4.6.
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Figure 5.9: Measured vertical and horizontal atom trajectories using two orthogonal CCD
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detunings are given in Table 5.2 using values vy = 27 cms™, and v{® = V5 = v; 2 = 8
cms .
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5.3.5 Launching Stability

As a perpendicular velocity component induces a sensitivity to rotation for the interferometer
phase, the velocity of the atoms must be stable. The stability of the launch velocity was
measured by imaging the atom cloud 36ms after launch and looking at the stability of the
cloud’s centre of mass position. To decouple possible fluctuations in the initial position of the
atom cloud from fluctuations in the launch velocity, the stability of the atom cloud position
after 36ms was first recorded over a period of 30 minutes when it was not launched . The Allan
deviation of the cloud’s centre of mass 36ms after molasses cooling is shown in Figure 5.10a.
We find that the horizontal and vertical position of the atom cloud is stable to within 0.5 pixels

over 15 minutes. Using the CCD calibration of 36.4um /pixel this corresponds to ~18um.

The stability of the cloud’s centre of mass position was then measured when launching the atom
with velocity v3, again for a period of 30 minutes. The corresponding Allan deviation plot
for the cloud’s centre of mass position 36ms after launch is shown in Figure 5.10b. We again
find that the vertical and horizontal positions of the atom cloud are stable to within 0.5pixels
which corresponds to a spread in velocity of 0.05cms™. Assuming a vertical launch velocity of
26.93cms™! (average of the two vertical velocities measured) this corresponds to a stability of

~0.2%. Assuming a horizontal velocity of 8.06cm s, this corresponds to a stability of ~0.6%.
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Figure 5.10: Allan deviation plots of the atom cloud’s centre of mass measured with a CCD

camera 36.27ms after molasses. (a) The atom cloud when there is no launching. (b) The atom

cloud after launch along Raman axis 2 of 8.06cms™! and vertical launch of 26.93cms™*.
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rot

¢ and v} /2) were also measured.

The launch stability for the other two launch configurations (v}
All these measurements showed a 0.5 pixel noise level, which was practically the same whether
or not the atoms were launched. This strongly suggests that the method is limited by vibration
of the cameras, which are mounted on vertical posts attached to the grounded optical bench.
We think therefore that the 0.2% (vertical) and 0.6% (horizontal) velocity noise levels are upper

limits, rather than the real noise.

With the Raman axis oriented east-west, the vertical velocity makes the interferometer sensitive
to the earth’s rotation. Using an interferometer time of 2T = 50ms, the upper limit of 0.2%
uncertainty in the vertical velocity would result in a phase uncertainty of less than 1 mrad. This
is well within the required phase noise level of 10mrad needed to reach the desired sensitivity

of 100ng when operating the interferometer as an accelerometer.

However if the true instability of the horizontal launch velocity is 0.6%, it is not good enough to

! when operating the interferometer as a gyroscope.

achieve the desired sensitivity of 1.2urads™
Future work should to focus on measuring the horizontal launch velocity stability with a more
accurate method (such as Raman spectroscopy), and investigate ways in which the stability

of the launch velocity can be improved, for example employing a beam intensity stabilisation

system.

5.4 State Preparation into F'=1mp =10

5.4.1 Outline

Now that we have a sufficiently cold cloud with enough atoms (~ 10® — 10%) we want to ensure
they are in the required initial state for interferometry. After the cooling stage the majority
of the atoms will be distributed across the F' = 2 sub-levels, and so must be redistributed to
maximise the population in the F' = 1, mr = 0 state to perform interferometry. As mentioned
previously, the Raman transitions occur between the two hyperfine levels, F' = 1, mr = 0 and

F =2, mp = 0, chosen due to their low sensitivity to magnetic fields. We choose to start in the
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lower energy ' =1, mp = 0 level as it is simple to blow away any atoms initially in the F' = 2
sub-levels, as described below in step 6. The following steps provide an overview of the state
preparation scheme implemented to maximise the population in the F' = 1, mp = 0 sublevel.
A schematic of each step is shown in Figure 5.11. At each step a magnetic field is applied. For
simplicity the Zeeman shifts in only the lower levels are shown here, however there is indeed
splitting of the upper levels which has not been included. Here is a brief outline of the state

preparation steps. This is followed in Section 5.4.2 by further details of the methods.

1. Optically pump the atoms into the F' = 1 levels using light that is resonant with the
F =2 — F' = 2 transition. As this optical transition has a natural linewidth of 6MHz

[62], all the Zeeman sub-levels are excited.

2. Optically pump atoms out of the F' = 1, mp = +1 levels and into the FF = 1,mp = 0
sublevel using o™ and o~ polarised light that is resonant with the ¥ = 1 — F' = 0

transition. The circularly polarised light only excites the mp = +1 states.

3. A microwave pulse is then applied to drive all atoms, regardless of their velocity, from
the F' = 1,mp = 0 state to the F' = 2, mp = 0 ground state. In this step, the microwave
pulse lasts for around 150us, giving a resonance width of 6.5kHz. The Zeeman sub-levels
are able to be fully resolved so we excite only the F' = 1, mp = 0 level, even with the

imperfect microwave polarisation.

4. Atoms left behind in the I’ = 1 states are blown out of the interferometer region by the X+
MOT beam using only the repump light tuned close to resonance with the ' =1 — F' =0

transition. The bias field is either along Raman axis 1 or 2.

5. A Raman m-pulse is now applied to select a narrow velocity class of atoms in F' = 2, mp =
0 and transfer them back to the F' = 1, mp = 0 sublevel. A Blackman pulse of 100us is
used giving a linewidth of ~24kHz FWHM. The magnetic field is 1G along the Raman
axis, resulting in the Zeeman sublevels again being well resolved. The atoms selected

in this way have a significantly reduced velocity spread along the Raman axis compared
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with their initial thermal velocity spread. That is because their Doppler shift must lie

within the narrow width of the Blackman resonance.

6. Finally, atoms left behind in the F' = 2 states are blown out of the interferometer region
using a single MOT beam using only the cooling light tuned close to resonance with the

F =2 — F’ = 3 transition.
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Figure 5.11: Schematic for each step in the state preparation scheme. The atoms start spread
across the F' = 2 sublevels. After the six steps we have a narrow spread of velocities in the
F =1, mr = 0 sublevel.

5.4.2 Step 1: Optical Pumping into F'=1

The first two steps of the state preparation scheme involve optically pumping most of the
atoms from the F' = 2 sub-levels to the F' = 1, mr=0 sub-level. After the molasses stage, we
find almost all of the atoms are spread across the F' = 2 sub-levels. Using the two vertical
MOT beams, with the cooling light tuned to the FF = 2 — F’ = 2 transition and no repump
light, the atoms are optically pumped into the F' = 1 sub-levels due to the spontaneous decay
F' =2 — F = 1. Figure 5.12a shows the measured fraction of atoms cooled and launched
in molasses that are transferred to F' = 1 as a function of the duration of the pumping pulse.

With a magnetic field of 0.4G along the vertical axis, the last of the atoms are slow to be
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pumped, as shown by the green curve. That is because, whatever the polarisation of the light,
there are always superpositions of the magnetic sublevels within F' = 2 that are not excited -
dark states. These are destabilised by precession of the angular momentum around the field
at a rate determined by the Larmor frequency %,uBB /h. With a larger field the dark states
are removed more rapidly as shown by the blue and red curves. The stability of this optical
pumping step was measured by looking at the fraction of atoms pumped into F' = 1 from (shot
to shot) over 1000s using a step 1 pulse of 15us and a magnetic field of 1.9G. We find that the
fraction of atoms prepared in F' = 1 after the step 1 pulse is stable and reproducible over long

times.
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Figure 5.12: The fraction of cooled and launched atoms that are subsequently pumped into the

F =1 sublevels as a function of the step 1 pulse duration repeated for vertical magnetic field
strengths of 0.4G, 0.9G and 1.9G.

5.4.3 Step 2: Optical Pumping of F'=1 into my=0

The cooling light is then switched off and the repump light, tuned to the ' =1 — F' =0
transition, is switched on to drive 0" and o~ transitions. As these transitions only excite the
mp = *1 states, the atoms eventually fall into the FF = 1, mrp = 0 dark state which is not
destabilised by the magnetic field. To measure the fraction of atoms cooled and launched in
the molasses that are pumped into this dark state we subsequently apply step 3 (indicated by
(3) in Figure 5.11), a microwave 7 pulse which transfers the atoms from F' =1,mp =0 — F =

2, mp = 0. Optimisation of the microwave pulse is discussed in more detail in the next section.
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Figure 5.13a shows the fraction of atoms detected in F' = 2 after step 3, following a 15us step
1 pulse at 1.9G and a step 2 pulse of varying duration. After a step 2 pulse of 30us in a field of
1.9G, step 3 leaves 92% of the atoms in the F' = 2 level as indicated by the red curve in Figure
5.13a. The blue curve shows little deterioration when the field is reduced to 0.9G but a much
worse performance at 0.4G. Figure 5.13b shows the fraction of atoms detected in F' = 2 after
step 1 and step 2 only. We see that even without step 3 some atoms are being pumped by step
2 into the F' = 2 states. That is due to the off-resonant excitation of states having F’ > 0.

However this population is less than 2% at 30us and almost all of these scattered atoms are

blown away in step 6.
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Figure 5.13: (a) The fraction of atoms cooled and launched in the molasses that are detected
in F' = 2 after step 3, following a 15us step 1 at 1.9G and then step 2 with varying duration.
Results are shown for three different magnetic fields in step 2. (b) The fraction of atoms cooled
and launched in the molasses that are detected in F' = 2 after step 2 as a function of step 2
pulse duration following a 15us step 1.

5.4.4 Step 3: Microwave Pulse

Step 3, shown in Figure 5.11 (3), is the transfer from F' =1, mp = 0 up to the FF =2 mpr =0
in a magnetic field of 1.5G. We use the microwave horns described in Section 4.7.1 to drive
this 6.8GHz Amp = 0 magnetic dipole transition with the static magnetic field rotated to be
parallel to the magnetic field of the microwave horn. The axis of the static field is rotated over
2ms, so there is no danger of atoms being nonadiabatically lost from the the F' = 1,mp = 0

sub-level. This is followed by a period of 1ms to allow any induced eddy currents to dissipate.
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Figure 5.14 shows the Rabi oscillation of the Amp = 0 transition driven by the microwave
pulse. The fraction of cooled and launched atoms that are driven to F' = 2 by the microwave
pulse after applying steps 1 and 2 is measured as a function of microwave pulse duration. It
was found that the damping of the oscillation could be minimised by fine adjustments of each
bias magnetic field component. This was achieved by setting the microwave pulse duration to
the first minimum of the Rabi oscillation (~ 275us) and scanning the current in each field coil
minimise the transfer of atoms to F' = 2. We think this optimisation may be finding the best
direction for which the variation in Rabi frequencies across the atom cloud is minimised due to
a residual magnetic field gradient. After optimising the magnetic field, the Rabi oscillation has
a characteristic decay time of 10ms, with 92% of atoms detected in F' = 2 after steps 1, 2 and
3. The remaining 8% of atoms in F' = 1 are in the 1 sub-levels and therefore not addressed
by step 3. A square pulse width of 150us is used for the microwave pulse, giving a resonance
width of 6.5kHz. The Zeeman splitting is of order MHz in the 1.5G magnetic field, so this
ensures that we drive only the clock transition even though the microwave field is probably not

exactly parallel to the static field.
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Figure 5.14: Rabi oscillation of the magnetic dipole clock transition driven by the microwave
horn using the optimised bias magnetic field settings. The oscillation has a characteristic decay
time of 10ms.

Figure 5.15 shows the fraction of atoms in F' = 2 as a function of the step 3 microwave

frequency with (blue curve) and without (red curve) step 2. The peaks are labelled according
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to the various mprp — mp transitions being driven. The four outermost peaks of the red curve
originate from the states F' = 1,mprp = £1. They are greatly reduced in the blue curve, while
the three inner peaks, due to the mp = 0 atoms are enhanced. This confirms that step 2 is
indeed driving atoms from the F' = 1,mprp = +1 sub-levels to the I’ = 1, mr = 0 sub-level.
Indeed the central blue peak shows that after steps 1, 2 and 3, 90% of the atoms prepared
in the molasses have been driven by the clock transition into state F' = 2, mp = 0. There is
also a ~ 2% increase in the background F' = 2 population after step 2 due to the off-resonant

scattering. That leaves 8% of atoms in the F' = 1 sublevels.
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Figure 5.15: (a) The fraction of atoms in F' = 2 after step 3 with (blue) and without (red) step
2. The large reduction in the four outer most peaks confirms step 2 is transferring most of the
atoms from the F' = 1,mp = %1 sublevels into the F' =1, mp = 0 sublevel. (b) Magnified.

5.4.5 Step 4: Blow Away Pulse 1

Despite the high efficiencies of steps 1 to 3, there is still approximately 8% of atoms left in the
F =1 sub-levels after step 3. This atom population can be significant when compared with the
number of atoms selected by step 5 to be used for interferometry. Atoms left in the mp = +1
sub-levels will not produce fringes but are simply spectators that reduce the apparent contrast.
In addition to this, any atoms left in the mpr = 0 sub-level will participate in the interferometer

but will have a much larger velocity distribution, and therefore much lower contrast, than the

velocity selected atoms.
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To avoid this, these atoms left in the F' = 1 sub-levels are blown away by applying a single
MOT beam with repump light tuned close to resonance with the F' =1 — F’ = 0 transition.
It was found that using the X+ MOT beam was the most efficient to blow the remaining atoms
in the F' =1 levels out of the interferometer region. The number of atoms remaining in F' =1
after this blow away pulse was measured by looking at the fraction ]]Vvll—fof, where Niem 1S the
number of atoms in F' = 1 after step 1, 2, 3 and blow away pulse 1 (step 4), and Nyt is the
number of atoms in F' = 1 after step 1 and 2. The percentage of atoms remaining in F' =1 as
a function of step 4 pulse duration is plotted in Figure 5.16. Less than 0.6% of the number of
atoms in F' = 1 after step 1 and 2 remain in the F' = 1 level after step 3 and a step 4 blow
away pulse of 3ms. After loading the MOT for 200ms, we have approximately 2 x 10® atoms

in the F' = 2, mp = 0 sub-level after step 4.
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Figure 5.16: Fraction of atoms in F' = 1 after step 1 and 2 that remain after applying step 3
and the blow away pulse in step 4.

5.4.6 Step 5: Velocity Selective Raman 7 Pulse

Our maximum laser intensity for driving the Raman transitions corresponds to a minimum
7 pulse time of order 40us, and hence to a maximum natural line width of order 25kHz. In
our 6uK cloud the Doppler width is a much larger 150kHz and therefore the transition can

only be driven very inefficiently, resulting in poor contrast of the interferometer fringes. To
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achieve higher contrast, we use a long Raman 7-pulse to drive a narrow velocity subgroup from

F =2 mrp=0Dback to F=1mpg=0.

In preparation for this, we measure the Doppler shift distribution of the atom cloud by looking
at the fraction of atoms transferred from F' = 1 to F' = 2 by a Raman 7 pulse as a function
of the beat note of the two Raman frequencies, fr = $%. The atoms are prepared in the
F = 1,mprp = 0 state using step 1 and 2 before applying the Raman pulse. The spectra

produced by the two Raman axes are shown in Figure 5.17.
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Figure 5.17: Measured fraction of atoms in F' = 2 level after step 1, step 2 and a Raman 7 pulse
as a function of the Raman beat note frequency, fg relative to the clock transition frequency fy
using Raman axis 1 (red) and Raman axis 2 (red). The fits for each left-hand and right-hand
peak to Equation 5.5 are also shown in black.

As expected, we see two broad peaks on either side of a much narrower peak centred on
fo ~6834.682MHz in each spectrum. The two broad peaks correspond to the two counter-
propagating Raman beam pairs driving Doppler-shifted and Doppler broadened transitions.
The narrow central peak is from the co-propagating beam pair driving the velocity-insensitive
transitions. The presence of the co-propagating beam pair arises from imperfect polarisation
of the outgoing Raman beam. We fit the left and right peaks simultaneously to the Doppler-

broadened line profiles for counter-propagating Raman transitions given by:

“+o0o

Pz(fR):Po+/

— 00

Pas (v, 00, T) (PRaman (s Qur(LH), 0) + Praman (s Qur(RH), vR>) v
(5.5)
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where P, is a background, Pyp(v, vg, T) is the one dimensional Maxwell-Boltzmann distribution
of velocities for an atom cloud of temperature 7" moving along the Raman beam at mean velocity
VR, and Praman is the transition probability, as given by Equation 2.8, for a square Raman pulse

of duration 7, with effective Rabi frequency Q. and detuning ¢ given by

R kest]

0 =27 fr—2nfy — ke - VR —
2m

(5.6)

Here we assume the light shift is negligible as we find fr — fo &~ 0 for the centre of the velocity-
insensitive peaks in both spectra. The parameter values from the fits are summarised in Table

5.3, where we have left T, vg, Py, Qeg(LH) and Qcs(RH) as free parameters.

Raman Axis 1 Raman Axis 2
UR 8.021+ 0.007cms™* 7.80540.007 0.0lcms™!
T 6.8178uK + 0.0002uK 7.5717uK £ 0.0002uK

Qe (LH) || 70.98krad s~ 4 0.70krads™! | 77.04krad s + 0.34krads™*

Qe (RH) || 76.95krad s~ £ 0.50krads™! | 74.05krad s~ + 0.40krads™!

Table 5.3: Parameters from the fit of Equation 5.5 to the counter-propagating Raman peaks in
the spectrum using Raman axes 1 and 2.

The measured velocity along each Raman axis varies from value measured earlier in Section
5.3.4 using the CCD camera method. The velocity along Raman axis 1 now agrees very well
with the target horizontal launch velocity of 8 cms™!. However the launch velocity along Raman
axis 2 is now 0.2 cms~! lower than the target velocity. We think this may be a real discrepancy,
perhaps due to an imbalance in the scattering force in the molasses beams. This would have
to be fixed in a high precision gyroscope, but for the moment it is not important as we only

seek to resolve the two velocity-sensitive Raman resonances.

For the 42us Raman pulse that was used, the Rabi frequency corresponding to a 7 pulse is
74.7Tkrad s~!. This is very close to what we measure for the right-hand peak on Raman axis

2, with the left giving a slightly lower value. On Raman axis 1, one Rabi frequency is a few
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percent high and the other a few percent low. In all cases I conclude that the Raman light is

well set up.

The temperatures measured on the two Raman axes have astonishingly small error bars, which
I am hard pressed to take seriously. Suffice it to say they are not greatly different from the
horizontal temperature of 6.6uK measured in Section 5.2 using the thermal expansion method.
As expected the Doppler widths of the left and right hand peaks are much larger than the

~18kHz width of the Doppler-free central peak.

In order to design the velocity selection m-pulse that will be step 5, we first tune the beat note
frequency to the maximum of either the left or right-hand peak of Figure 5.17. Next we look

at the Rabi oscillation using a Blackman shaped Raman pulse whose profile is given by

21 1 2T 2 4
Q) = Qg | — + = — — — .
(1) 5(50+2005(Tt>+25cos(7t)> (5.7)

over the time interval —5 < ¢ < +3 and zero everywhere else. It is advantageous to use a
Blackman pulse for velocity selection as this eliminates the side-lobes that are present in the
line shape of a square pulse. This pulse needs to be long compared with the interferometer
pulses so that the Doppler width of the selected velocity group will be narrow compared with

the natural width of the interferometer pulses.

The atoms are again prepared in the F' = 1, mpr = 0 state using steps 1 and 2. The Blackman
pulse is then applied and the fraction of atoms transferred to the F' = 2 level is measured as a
function of the Blackman time 7, as plotted for both Raman axes in Figure 5.18a. These curves
do not exhibit Rabi oscillation because of the broad velocity distribution in the F = 1 cloud.
However we do see a peak around 95us on each axis and this we find to be a good indicator of
the m-pulse time for the atoms that are resonant. Therefore a Blackman time 7=95us is chosen

for the velocity selection pulse along each axis.

The numerically calculated resonance line width (FWHM) for a Blackman pulse is plotted in
Figure 5.18b as a function of 7. We find that for a 95us velocity selection pulse the natural line

width is 24.2kHz which is narrow enough in comparison with the ~25kHz natural line width of
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the interferometer pulses, and of course much less than the ~150kHz Doppler widths measured

in Figure 5.17.
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Figure 5.18: (a) The fraction of atoms in F' = 2 driven by the Blackman shaped velocity
selection pulse as a function of Blackman pulse time 7 for both Raman axes. (b) Resonance
line width (FWHM) for a Blackman shaped pulse as a function of pulse time 7.

Having chosen the velocity-selected pulse in this way, it is now used as step 5 to drive a narrow
velocity group in the opposite direction, namely from F = 2, mpr = 0 down to F' = 1,mp = 0.
This works well, as we shall see in Section 5.4.8, but we noticed that approximately 2% of all
the atoms in F' = 2 are driven down to F' = 1, even when the beat note is tuned well away
from the Raman resonance. This is due to off-resonant optical pumping via the P3/, states.
The majority of these atoms will not participate in the interferometer either because they have
mpr = +1, or when mp = 0, because their Doppler shift is too large for them to be addressed
by the interferometer pulses. This 2% constitutes a significant background that leads to a loss
in contrast of the interference fringes because only 10% of the atoms are velocity selected to

participate in the interferometer.

The detection protocol of the apparatus measures the final number of atoms in F' = 2 and
the total number. The ratio of these is Popeasured- Lhe denominator here includes the specta-
tor atoms, whereas we are interested in knowing the transition probability, P, for the clock
transition, given by

(5.8)

P2 = aPQmeasured
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where « is a scale factor. We determined the scale factor by first measuring the fraction of
atom of atoms in F' = 1 after the velocity selection pulse when the frequency is off-resonance
P, then when the frequency is on resonance P (maximum of the counter-propagating peak

in the Raman spectrum). The scale factor is given by

Pres (59)
o= — )
Pres_Poff

This makes the good approximation that a negligible fraction of the atoms are off-resonantly
pumped into F' = 1, mp = 0 state and then excited by interferometer pulses. We find that the
scale factors for Raman axes 1 and 2 are 1.32 and 1.23, respectively. These scale factors are

used for all results presented from here on when a velocity selection pulse has been applied.

5.4.7 Step 6: Blow Away Pulse 2

The final step in the state preparation scheme is to blow away all the F' = 2 atoms remaining
in the detection region. This is achieved using a single MOT beam with only the cooling light
tuned close to resonance with the F' =2 — F’ = 3 transition. After a blow away pulse of 3ms,

we reduce the remaining population of atoms in the F' = 2 level from ~ 90% to < 3%.

5.4.8 Final State of Atoms

After applying the full state preparation scheme we measure the Raman spectrum by applying
a square Raman 7 pulse and scanning its beat note frequency. The measured spectrum along
Raman axis 2 is shown in Figure 5.19. As expected we see a large reduction in Doppler width
of the left and right peaks, now measured on Raman axes 1 and 2 to be 25.44+0.4kHz and
24.240.3kHz. These agree well enough with the expected 24.2kHz for a Blackman velocity
selection pulse of 95us, indicating that most atoms should now be addressed by the interfer-
ometer pulses. These Doppler widths equate to atom cloud temperatures along Raman axes 1

and 2 of 1.03£0.03uK and 0.93£0.02uK.
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5.4. State Preparation into FF = 1,mpr =0
After loading the 3D MOT for 200ms and applying the six state preparation steps, we have
approximately 107 atoms in the desired F' = 1, mp = 0 state with a spread in Doppler width

[

of ~24kHz ready for interferometry.
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Figure 5.19: Measured Raman spectrum using square 7 pulse applied after the full state prepa-

ration scheme using Raman axis 2.

The stability of the full state preparation scheme was measured by looking from shot to shot

over 1000s at the fraction of atoms detected in F' = 1. The Allan deviation is plotted in Figure

5.20.
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Figure 5.20: Allan deviation plot of the fraction of atoms prepared in F' = 1, mz = 0 after the
full state preparation scheme. The noise appears to average down as 1/v/¢, indicated by the

grey dashed line.
The probability noise, op, shot to shot is 6 x 10~*. This is well below the required probability

noise of 2 x 1073 (discussed earlier in Section 3.4) to reach the short term sensitivity goal of
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100ng, indicating we will not be limited fluctuations in the state preparation. As indicated by
the grey dashed line, the noise in the fraction of atoms in F' = 1 averages down as 1/4/¢ out
to 500s, as one would expect for white noise. At 500s the fractional uncertainty is ~ 4 x 1075,
There is no indication of an upturn in the Allan deviation plot, suggesting the efficiency of the
state preparation does not drift over long times. This is important for achieving stability of

the interferometer.



Chapter 6

Measuring the Interferometer Noise

Sources

Following the state preparation scheme discussed in the previous chapter, we have approxi-
mately 107 atoms in the F' = 1, mp = 0 state ready for the three pulse interferometry sequence.
Initial interference fringes demonstrated using this two axis system are presented in [!], which
describes an interferometer of 7' = 12.5ms with a contrast C=30% using 3 x 107 atoms. That
interferometer has an acceleration noise of 8.1ug per shot. Sampling four times a second the

total noise was 4.1ug at 1s which is much higher than the 100ng target.

In this chapter we focus on reducing the noise found in [I]. The total noise is due to three
main sources; the detection noise, the quantum projection noise (QPN) and phase noise in the
optical beat note. This may be due to noise in the phase lock of the Raman lasers or noise
generated by vibration of the retro-reflecting mirror. When the fringe is plotted against the
reading of the MEMS accelerometer, the noise in that reading also appears as interferometer

phase noise.

91
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6.1 Initial Fringes

To create the 7/2 — m — 7/2 interferometer we must first find the correct pulse duration for a
7 pulse. After full state preparation we therefore apply a single Raman pulse and measure the
transition probability P, as a function of pulse duration. This initial Rabi oscillation is used
to estimate the duration required to achieve a m pulse, 7,. As with the velocity selection pulse,
T is estimated by the first peak in the Rabi oscillation. Setting the Raman pulse duration to
this initial estimate of 7, we then measure the transition probability as a function of the chirp
rate of the Raman beat note. A non-zero chirp rate may be required to ensure the Raman
beat note frequency remains resonant throughout the interferometer sequence if there is some
projection of gravity (or other acceleration) along the Raman axis. We find that the chirp rates
which maximise the transition probability are 1.495MHzs~! and 0.665MHzs~! for Raman axes
1 and 2, as shown in Figure 6.1a. Using the optimised chirp rates we then remeasure the Rabi
oscillations produced by the Raman pulse, shown in Figure 6.1b, to more accurately measure
7. along each Raman axis. We find 7, = 38us for Raman axis 1, and 7, = 43us for Raman axis

2. To create the /2 Raman pulses, we set the pulse duration to 7, and halve the power.
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Figure 6.1: (a) Measured fraction of atoms in F' = 2 as a function of chirp rate after single
Raman pulse along Raman axis 1 (red) and 2 (blue). (b) Rabi oscillation for a single Raman
pulse with optimised chirp rates along Raman axis 1 (red) and 2 (blue).

Next, we use the 7/2 — m — /2 sequence, with chirped pulses spaced by 7' = 1ms, adding a

phase jump, 7, to the beat note of the 7 pulse. Scanning 7 while measuring the final transition
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probability, P, produces the interferometer fringes shown in red in Figure 6.2. We then increase
the T" time to 3ms and 5ms, and repeat the scans to obtain the fringes shown in blue and green

in Figure 6.2. Each fringe is then fit to the following function
C
P,=F- - cos (AP — 2n) (6.1)

where A®, defined in Equation 3.15, is taken to be constant.
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Figure 6.2: Interferometer fringes produced by scanning the phase jump 7 of the = pulse for
T =1, 3 and bms along Raman axis 1 and 2.

The fringe contrast for short T<2ms is very similar along both Raman axes. However we
see a clear reduction in contrast with increasing T along Raman axis 1. The source of this

decoherence along Raman axis 1 is investigated in Chapter 7.

6.2 Noise Sources

Analysis of the 7=12.5ms interferometer described in [!] quantifies each individual noise con-

tribution. These were found to be as follows:

The quantum projection noise (QPN) on the transition probability is given by

(6.2)
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Assuming the interferometer is operating at the fringe slope such that P,=0.5, and with Np,; =
3x 107, the QPN on the transition probability is 9.1 x 1075 per shot. Recalling that acceleration
a contributes kg a T2 to the interferometer phase, we can convert noise in transition probability,

op, to uncertainty in acceleration, o,, by

. 20'13
"~ ClegT?

Oq

(6.3)

where C' is the fringe contrast in Equation 6.1 and we have taken sin (AP — 2n) = +1. For
the interferometer with 7=12.5ms and C=30%, this gives acceleration uncertainty of 25ng per

shot.

On the steepest part of the fringe, the noise in P, due to noise in A® is just

Cops
0' _—
P 2

(6.4)

In [1] the noise in A® due to noise in the optical beat note was measured to be 31lmrad per
shot. Hence the corresponding noise in Py is op, . = 4.7 x 1073, Using Equation 6.3 this

gives an acceleration uncertainty of 1.3ug per shot.

There is also uncertainty in P arising from noise in the fluorescence detection (see Section 6.3).
In [1] each of the four photodetector voltages, Vi, Vo, By and By, was averaged and read
out at intervals of Hus over a total of 300us. These 60 measurements were then averaged to
produce the four average voltages, from which P, is determined. The noise in P, was measured

in [1] to be 1.3x 1072 per shot, which corresponds to an uncertainty in the acceleration of 3.5ug.

The interferometer measures the relative acceleration between the atoms and the mirror because
the phase of the Raman beat note depends on the distance between the atoms and the mirror.
Hence, the acceleration of the mirror is indistinguishable from that of the atoms as far as
the interferometer is concerned. They can, however, be distinguished by means of the MEMS
accelerometer, whose voltage Vygvs is proportional to the acceleration of the mirror and hence
to the part of the interferometer phase due to the acceleration of the mirror. In order to take

out the mirror vibration noise it can therefore be convenient to plot the fringe against Vyigwms,



6.3. Detection Noise 95

expressed as an equivalent phase. In that case, the equivalent phase noise due to the MEMS
accelerometer noise was measured to be 180mrad in [1], giving a transition probability noise
of 2.7 x 1072, and an acceleration uncertainty of 7.3ug per shot. All these noise contributions
described in [1] are summarised in Table 6.1. We see that the interferometer can be much more
sensitive than the MEMS accelerometer, especially if the detector noise and phase fluctuation

noise can be reduced, the ultimate limit being set by the quantum projection noise.

Noise Source o,/shot | op/shot

Quantum Projection ogpn 25ng 9.1 x 107°
Beat Note Phase Fluctuations 1.3ug 4.7 %1073
Detection 3.5ug 1.3 x 1072
MEMS Accelerometer 7.3ug 2.7 x 1072

Table 6.1: Noise contributions found in [I] for the interferometer having 7=12.5ms and C' =
30%. Noises are given in terms of transition probability noise and acceleration noise per shot.

6.3 Detection Noise

Turning to my own research, I examine first the detection noise. The atoms are detected
through laser induced fluorescence using the detection system outlined in Section 4.6, initially
with a detection period of 300us to replicate the detection noise observed in [1]. We expect
contributions to the detection noise from the noise in the photodiode and transimpendance
amplifier. In addition, and this was not considered in [1], we expect noise from fluctuations in

the intensity and/or frequency of the detection light.

6.3.1 Initial Detection Noise

We first measure the detection noise due to the photodiode and transimpedance amplifier by

running the detection sequence with no atoms and no detection light. This dark current noise,
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averaged over the 300us measurement period, is 24uV. We now turn on the detection light, still
without atoms, and the signals By and Br, are ~80mV as a result of light scattered by the
apparatus into the photodiode. The noise in these signals is typically 300uV, corresponding
to a 0.4% fluctuation of the intensity averaged over 300us bins. Next we add atoms prepared
in the F' = 2 state after molasses, and the resonance fluorescence increases the signal to ~3V,
with a noise of 20mV, corresponding to 0.6%. As described in Section 4.6, there are two choices
of beams for detection; the dedicated detection beam pair and the vertical MOT beam pair,
both set to be resonant. A P, measurement is made by recording V5 and Vi, then blowing
the atoms away and recording B, and Br,. The red points in Figure 6.3 show a sequence of
P, values, measured every ~1.3 seconds using the vertical beams. These points are of course
close to 1, but have a standard deviation of 0.7%. The set of P, measurements using the
dedicated detection beams, shown in blue is Figure 6.3, has a similar standard deviation of
0.6%. This noise is roughly half the 1.3% per shot reported in [I] but still much greater than
one would expect from the measured intensity fluctuations. That is because the intensity of the
detection light is four times the saturation intensity, and hence the 0.4% intensity fluctuations
can only produce a 0.08% fluctuation in the scattering rate. Moreover, low frequency variations

of intensity (below ~1kHz) do contribute to the noise in P.
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Figure 6.3: Time trace of the measured P, value when the detection period for each measure-
ment (Va, Vo, Bz and Bry) is 300us when using the vertical (red) and detection (blue) beams.
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Therefore we conclude that the noise in P, must be coming primarily from fluctuations in the
frequency of the detection light. We can estimate the magnitude of these fluctuations by noting
that in this particular measurement, where P,=1 and the background is negligible, the noise in
P, op, is just @ Here V' = V5 = Vp is the fluorescence signal and o is the noise in the
fluorescence due to frequency fluctuations between measuring V5 and V. Taking op = 0.65%,
we see that 0;=0.4%. With a saturation parameter of 4 it is straightforward to show that a

detuning from resonance of 300kHz reduces the scattering rate by 0.4%, so we expect that this

is the order of magnitude of the frequency variations.

6.3.2 Measuring the Frequency of Detection Light

The frequency of the detection light is measured using a Thorlabs SA200 Fabry-Perot cavity.
Figure 6.4a shows the frequency fluctuations, df, around the mean frequency over a time
interval of bms. We see that the frequency does indeed fluctuate though not quite as much as
the ~300kHz we anticipated, so it is possible that some of this noise is real noise in P, caused
by imperfect state preparation. There is a very clear oscillation with a period of ~ 700us, so the
300us integration time for each voltage measurement is particularly unfortunate. In an ideal
world, we would have improved the laser system to remove this ~1.3kHz frequency modulation,
which corresponds to a natural resonance of the tweeter mirror, but the manufacturers were
unable to do so without fundamental redesign of the system, so we needed to find a pragmatic
solution. Still preparing the atoms in the ' = 2 state, we measured the noise op as a function
of detection period, with the results plotted in Figure 6.4b. This shows that the detection
period of 300us almost maximises the noise, whereas extending it to 600us reduces the noise to
below 3 x 1073, We therefore now use a detection period of 600us, which is still short enough

to produce little optical pumping during the V5 phase of detection.
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Figure 6.4: (a) Frequency fluctuations, J f, of the detection light measured on a Fabry-Perot

cavity over bms. (b) Detection noise measured as a function of detection length for each of the
Vo, Vo, Bs and B, measurements.

6.3.3 Measuring the Detection Noise as a Function of Ny and N

There can be circumstances in which the noise from scattered light and detector electronics,

0BG, cannot be neglected in comparison with the noise in the fluorescence, oy. Writing the noise

in Vo, as /07 + g and the noise in V as |/ P} 07 + 0gq (i-e. the noise that is uncorrelated

over 600us), it is straightforward to show that

1
VTot

\/2 PEo? + (14 P?)odg (6.5)

Op =

With P,=1 the fluorescence is bright enough that the second term under the square root can
V20

VTot

safely be neglected and we recover from the previous section. Since both o; and Vo are
proportional to the number of atoms, we expect op to remain constant as that number is varied.
The green curve in Figure 6.5 shows that this is indeed the case, and that the noise has been
reduced by choosing the longer sampling time. With P, reduced to 0.5, we expect op to drop
to \%%, which is half the size and still independent of the number of atoms. The blue curve
in Figure 6.5 shows the noise measured with P=0.5. This noise is slightly more than expected
and it rises a little when the atom number is very low, but there is qualitative agreement. The

behaviour is quite different when the second term under the square root in Equation 6.5 is the

dominant one. This is the case for the orange curve in Figure 6.5, where P,=0.01, and Equation
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6.5 gives the noise in P, as % Because the background noise is constant we expect op to
vary inversely with the number of atoms, and that is what we see in the data. When operating
the interferometer as an accelerometer we will normally choose to be near P,=0.5. The blue
curve in Figure 6.5 shows that for all atom numbers above ~ 5 x 10°, we expect the detection
noise to be less than 3 x 1073 per shot. This is significantly lower than the previously reported

1.3%x 1072 in [1]. We attribute this reduction to the extended detection period of 600us. For an

interferometer having 7'=12.5ms, that corresponds to an uncertainty in acceleration of 0.8ug

per shot.
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Figure 6.5: Measured detection noise on the transition probability, Py, as a function of the
total number of atoms for P, values 0.95, 0.5 and 0.01.

6.4 Measurement of Beat Note Phase Noise

To measure the phase noise in the Raman beat note produced by the laser system, we employ
a m/2 - m/2 Ramsey interferometer using the co-propagating beam pair, which is free of phase
noise from vibration of the retro-reflection mirror. The resonance has a negligible Doppler shift
so there is no need for velocity selection and all the atoms can be used. The atoms are pre-
pared using the state preparation scheme outline in Chapter 5, except that a second microwave
7 pulse replaces the velocity selection pulse. The Ramsey interference fringe for 7'=1ms shown
in Figure 6.6a is produced by scanning a phase jump 7 added to the second Raman pulse. We

then fix this phase at ~3.4rad so that the interferometer is sitting on the side of a fringe where
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it is maximally sensitive to changes in the phase of the beat note. There, we measure the noise
in Py using the 600us averaging time for each detector measurement. This noise is plotted in
Figure 6.6b as a function of the number of atoms, which is varied by changing the 3D MOT

loading time.
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Figure 6.6: (a) Interference fringe produced when scanning a phase jump 7 added to the second
pulse for the T=1ms Ramsey interferometer. (b) Measured noise on the transition probability
when the phase jump of the second Raman pulse is set to 3.4rad as a function of the number
of atoms.

We find that the standard deviation op reduces inversely with increasing number of atoms
until it reaches approximately 2.6x1073 and becomes independent of the number of atoms.
This noise level is close to the detection noise measured in Section 6.3.3, so we cannot say from
this data how much is due to phase noise and how much to detection noise. However, the
two can be distinguished by their different dependencies on the phase jump 7. At the peaks
of the fringe, P, has no sensitivity to small phase noise but has maximum detector noise. By
contrast, at P,=0.5, there should be maximum sensitivity to phase noise and half the detector
fluorescence noise. The data points in Figure 6.7 show the noise observed in P, as a function
of the phase jump n applied to the second Raman pulse. The green curve shows the expected
variation of the fluorescence noise (proportional to P,), while the red curve shows the variation

in Raman beat note phase noise (proportional to “2—17372

). When these two are combined in

quadrature we obtain the blue curve, which is a least-squares fit to the data. We conclude that
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most of the noise measured in Figure 6.6b is coming from phase fluctuations. Since ’dﬁ

| 0.3

in Figure 6.6a, the op of 2.6x1073 corresponds to noise in the phase of the Raman beat note
of a little below 10mrad. This is consistent with the measurement performed by M-Squared
by monitoring the beat note directly on a photodiode, also mentioned in Chapter 4. The peak
detection noise of 0.1% is roughly half what we measured in Figure 6.5. It is likely that this
improvement comes from having better control over the reproducibility of the initial F' = 2

fraction.
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Figure 6.7: Transition probability noise measured as a function of phase jump 7 added of the
second Raman pulse in the T'=1ms Ramsey interferometer with the corresponding total noise
fit (blue), Raman beat note phase noise (red), detection noise (green) and quantum projection
noise (purple).

We conclude that the phase difference of the beat note, sampled at two times separated by
1ms, is uncertain by ~10mrad. For the interferometer considered in Table 6.1, the pulses are
separated by T'=12.5ms. The experiment here does not probe that delay, but the measurements
carried out by M-Squared looking directly at the beat note showed that the standard deviation
of (¢p(t)—p(t+T)) is independent of T" over the range 2ms < 7' < 24ms. Assuming that this noise
is random, we can associate an uncertainty of o, = 10/ V2 mrad or 7mrad with the phase at any
time. In the the three pulse accelerometer, the interferometer phase is ¢(0) — 2¢(T") + ¢(27),
and the noise in this is \/6% = 17mrad. For the interferometer considered in Table 6.1,
where T' = 12.5ms, this level of interferometer phase noise corresponds to an uncertainty in

the acceleration of 690ng, which is only half the 1.3ug cited from [1] in Table 6.1. However,
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that number was inferred from the M-Squared beat note measurement in which there was some
uncertainty about bandwidth, so I think this (almost) direct measurement of 690ng is more

reliable.

6.5 Total Noise in Three Pulse Interferometer

The noise in the interferometer phase due to fluctuations, d¢(t) in the phase of the Raman beat

note can be written as the integral over time [$4]

50 — / g(1)do(t) = / o(t) Lt (6.6)

where ¢(t) is known as the sensitivity function. For the three pulse interferometer with pulse
duration sequence of 7./ — Tx — 752, and under the approximation 7, < 7', the sensitivity

function can be simplified to [35]

-1 0<t<T
git)=4q +1 T <t<2T (6.7)
0 elsewhere
Following reference [36], assuming the effective Rabi frequency Qg is constant, we can relate

the spectral power density of the beat note phase fluctuations, Sy(w), to the variance of the

interferometer phase 034 through the following

o= [ WGP S ) (65)

[e.9]

where G(w) is the Fourier transform of g(t). Looking at the transfer function |w G(w)* we
find, as one would expect, that the interferometer is insensitive to noise at low frequencies:
for frequencies less than 1/(27T') the transfer function is approximately f*T*. For increasing
frequencies the transfer function oscillates with zeros at integer multiples of 1/7". For frequencies

larger than the Q.¢, the transfer function acts as a low pass filter.
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As the apparatus is mechanically connected to the floor of the laboratory, there are vibrations
of the retro-reflecting mirror. A displacement, dz(t), of the mirror along the direction of the
Raman axis will shift the phase of the beat note by d¢(t) = 2 ko dz(t). Substituting this into
Equation 6.6, we see that the contribution to the interferometer phase resulting from mirror

vibration is

o7
6(I)vib =2 k‘g/ g(t)v(t) dt (69)
0
where v(t) = %£. Integrating by parts, as in [35], this can be re-written
5B, — 2 / F(#)a(t) dt (6.10)

where a(t) is the acceleration of the distance between the atoms and the mirror, and

t O0<t<T
flt)=— /g(t’)dt’ =0 2T —t T<t<2T (6.11)
0 elsewhere

Similar to the beat note phase, we can relate the power spectral density of the acceleration

Sace(w), to the variance of the interferometer phase through a transfer function [30]

o0

02y = (2F)? / | F(w)[2 Spee(w) dw (6.12)

—00

where F'(w) is the Fourier transform of the sensitivity function f(¢). Looking at the transfer
function we find it is flat at low frequencies, with a bandwidth of ~ 1/(27)Hz. In the case of

white acceleration noise S°

acc?

Equation 6.12 gives

8
02A<I> - gszfT3 Sgcc (613)

Equation 6.13 shows that mirror vibrations, unlike the beat note phase noise, produces inter-

ferometer phase noise that increases with 7.

Figure 6.8 shows the noise power spectral density of the mirror acceleration, as measured using
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the MEMS accelerometer mounted on the back of the mirror (see Section 4.7.2).

Frequency (Hz)

Figure 6.8: Noise power spectral density of the mirror acceleration measured using the MEMS
accelerometer.

We see that it is not flat at all, so the integral in Equation 6.12 needs to be done numerically to
compute the interferometer phase noise that the mirror vibration generates. The data points
in Figure 6.9 show the values of oag calculated from the measured S,.. using Equation 6.12

for integer values of T" between 1 and 20ms.

o 5 10 15 20
Interferometer Time, T (ms)

Figure 6.9: Interferometer phase noise generated by the mirror vibration calculated numerically
from the noise power spectrum of the mirror measured using the MEMS accelerometer.
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Although the noise spectrum is not flat, these points still fit well to the form A7T3/2. That is
not altogether surprising because the interferometer phase, A®, is proportional to 7?2, so as
long as the acceleration noise averages down as T2 we can expect oap o< T%2. The line in

Figure 6.9 is a least squares fit to these points which gives A=544573/2,

In order to measure the noise in A®, the interferometer was set to the point of maximum slope
and we recorded the noise, op in P». The data points in Figure 6.10 shows 2 0p/C' as a function

of T', where (' is the contrast of the fringe.
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Figure 6.10: Noise op in P, divided by fringe contrast C, plotted as a function of interferometer
time 7. Data points: measured when sitting on the steepest slope of the fringe. Solid line:
Expected noise, as calculated from the output of the MEMS accelerometer. The flattening at
large T' simply reflects the fact that P, is bounded between Py + C'/2.

If there is only interferometer phase noise, and that noise is small, then 20p/C is the inter-
ferometer phase noise. However, for large phase fluctuations with a Gaussian distribution and

standard deviation oag, it is straightforward to show that

20p/C = \/e*"A<I>2 sinh (ca9?) (6.14)

The solid line in Figure 6.10 shows Equation 6.14 in which we have used the value opp = A T%/2
and A = 544573/2 as calculated from the noise spectrum of the MEMS accelerometer. There is

excellent agreement between the measured interferometer noise and the calculated noise. The
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noise in op flattens off at longer values of T for the simple reason that P, cannot fluctuate
beyond the maximum and minimum of the fringe. With this amount of mirror vibration, we
see in Figure 6.9 that an interferometer with 7' = 15ms has an uncomfortably large phase noise

of 1rad, corresponding to an uncertainty in the acceleration measured by the interferometer of

28ug.

In order to explore beyond the noise of mirror vibration, we use the output voltage of the MEMS
accelerometer to give a continuous reading of the mirror acceleration, a(t). Putting that into
Equation 6.10, we compute the phase due to mirror vibrations, d®.;,, for each interferometer
measurement. Using 7" = 15ms, the red data points in Figure 6.11a show a plot of P versus
0P, as the fringe is swept out by the mirror vibration noise. There are 5,750 points taken

over 15 hours The solid red line is a fit to
C
P,=F — 5 COS (5(13\;1}3 + A(I)) (615)

with fitting parameters Fy, C' and A®. The blue data points are taken over the same 15 hours
with the same interferometer, except that the direction of k.g reversed by tuning to the Raman
resonance with the opposite Doppler shift (see Section 6.6). This fringe is essentially the same,
except that the mean operating point is now close to a minimum of the fringe. The residuals

of the fit, 0 P, are plotted in Figure 6.11b as a function of time.

We see that the noise in 0P is approximately 1%. There is also a slow drift within the range

+1%, which is presumably a drift in P.
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Figure 6.11: (a) Transition probability, P,, measured using an interferometer of T=15ms and
plotted against the interferometer phase shift due to mirror vibration. Red points: data mea-
sured over 15 hours with positive keg. Red line: fit to Equation 6.15. Blue points and line: the
same as red except that the measurements are made with negative keg. (b) Residuals of the
fits, 0 P, plotted against the time when each point was measured.

We distinguish the various different contributions to the noise by their dependence on d®;,, in
much the same way as the noise analysis was performed on the Ramsey fringe. The residuals
for +kqg plotted in Figure 6.11b are partitioned according to their value of §®.;,, into bins of
50mrad width. Bins with less than 10 data points are discarded to avoid under-sampling. The
standard deviation of the residuals in each bin, op, is plotted in Figure 6.12a as a function of

vibration phase, 0®.;,. This noise distribution is then fit to

o (0D i) = \/agPN + 02 + 0% (6.16)
where
OQPN = \/PQ((S(I)V”D) (]if;tPQ(é@Vib)) 7 (6.17)
Ophase = % sin (0@, + AP) opg, (6.18)
Odet = @ + B P (0Pyiny), (6.19)

and P, (0®y;,) is given by the red fit to the fringe in Figure 6.11a. Here oag is the uncertainty in
the interferometer phase, due to the combination of MEMS accelerometer noise and Raman beat

note phase noise. For this interferometer we had Ny, = 7 x 10° atoms. We leave oag, o and 3
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as free parameters. Figure 6.12a shows the fit for the total noise, o, and also the individual
noise contributions. We find oag to be (196+4) mrad for the + kg interferometer. Figure 6.12b
shows the corresponding results for the —k.g interferometer, which give oae = (15446) mrad.
I do not know why these disagree by more than the error bar returned by the fit, so I take
(175420) mrad as a representative value. The two fits agree on the size of the detection noise.
Table 6.2 summarises the results for the interferometer operating at maximum slope, with

C=16% and with T=15ms.
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Figure 6.12: The standard deviation of the binned fit residuals as a function of §®.y, (see text),
with the total noise function ((a) red and (b) blue), phase noise function (yellow), detection
noise function (green) and quantum projection noise function (purple) fits.

Noise Source op/shot oae/shot Equivalent

04/shot
Quantum Projection Noise 1.9 x 107* - 54ng
Detection Noise 6.0x 1073 |- 2.1ug
Phase Noise (including MEMS ac- | - 175+£20 mrad 4.940.6 ug
celerometer noise)

Table 6.2: Contributions from the individual noise sources for the T'=15ms interferometer with
C'=16%. Equivalent acceleration noise is calculated assuming the fringe is at the point of
greatest slope.

Knowing that the noise in the phase of the beat note contributes a negligible 17mrad to oag (see
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Section 6.4), we conclude that the noise intrinsic to the MEMS accelerometer is approximately
5pg. This is the noise in the bandwidth of the interferometer, which is ~ 1/(27T") ~ 30Hz. The
manufacturer of the MEMS accelerometer specifies a noise figure of < 7ug within the spectral
band of 0-10Hz. We see that theirs is quite a conservative specification. The 5Hug per shot
measured here is less than the 7.3ug found in [I]. We expect this is due to the use of a new
printed circuit board described in Section 4.7.2 (in place of the circuit containing unshielded
wires used in [1]). The measured detection noise of 6x 1072 per shot is twice the 3 x 107® shown
in Figure 6.5. It is lower than the 1.3 x 1072 reported in [1] because we have increased the

detection period from 300us to 600us.

6.6 Implementing k-Reversal

As described in Section 2.2.3, the retro-reflected laser beam configuration results in two counter-
propagating pairs of frequencies which can drive the Raman transitions. These have equal and
opposite wavevectors and therefore they have opposite Doppler shifts. The atoms are launched
with sufficient velocity along the Raman beams that the frequency of the beat note can be
tuned to select one pair or the other. The interferometer phase shifts due to acceleration or
rotation are all proportional to k.g and change sign when kg reversed. By contrast, various
undesirable systematic phase shifts, for example from light shift or magnetic field gradient, are
independent of the wavevector. These can therefore be eliminated by taking half the difference

between the phases measured using the +k.g interferometers.

In order to explore this idea, the red data points in Figure 6.11a were collected into groups
of Nqat = 15 sequential points, each group covering a total time of approximately one minute.
The points in a group spanned a wide enough range of d®.;;, that they could be fitted using
Equation 6.15 to determine the phase offset A® (+keq); and probability offset Py (+keg); as
measured in that i minute. The red points in Figure 6.13a show the sequence of phase offsets
determined in that way over the whole 15 hours. The red points in Figure 6.13b show the

sequence of probability offsets determined over the whole 15 hours. The blue points in Figures
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6.13a and 6.13b show the phase and probability offsets determined in the same way from the
dataset with k.g reversed. The phase offset drifts by approximately 0.4rad over the 15 hours.
It has the same sign for both signs of kg so this is a slow systematic error, not an effect of
motion. It is probably due to bias drift of the MEMS accelerometer or its readout electronics.

We also see a drift in P similar to that in Figure 6.11b for both +k.¢ wavevectors.
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Figure 6.13: (a) The measured phase offsets, A® for both £k (red and blue) interferometers
over the 15 hours. (b) The measured probability offsets Py for both k. (red and blue)
interferometers over the 15 hours.

Let us define the half sum and half difference of these phase offsets:

5 — AD(+keg); ‘;‘ AD(—ke); (6.20)

A, _ DO(Hka); _ AP (—Kes)i (6.21)

Using Nqat = 15, the light green points in Figure 6.14a show the evolution of ¥, which reproduces
the phase drift seen in Figure 6.13a. This is cancelled in the difference, A, as shown by the
light yellow points in Figure 6.14a. By increasing Ny, to 60 points (plotted in dark green and

yellow) we see the noise reduces.

The purple curve in Figure 6.14b is the mean fit uncertainty in A® across the entire 15 hour
data set, denoted by dae, plotted as a function of Ng,. We see that Org decreases with

increasing Ng.:;. Using a simulated data set, we find that the noise per shot in A®, oas, is
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obtained by multiplying dae by v/Naai. The blue curve in Figure 6.14b shows this noise per
shot. It is relatively flat between Ng,; values of 50 to 1000 and starts to increase for larger
Ngat- This increase is due to the drift in the phase offset becoming comparable with or larger

than the magnitude of the noise over the equivalent time for those large Ny, values.
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Figure 6.14: (a) The measured half sum, 3, and half differences, A, of the interferometer phase
offsets for tkeg over the 15 hour period when Ny, = 15 (light curves) and Ng,, = 200 (dark
curves). (b) The fit uncertainty in A® (purple), and the corresponding noise per shot (blue)
as a function of the number of points Ng, fitted to the fringe.

Taking the mean value of v/Nga: Oae between Ny, values of 50 to 1000 T estimate that the noise
in A® is 179mrad per shot. This corresponds very well to the total phase noise value of 175420
mrad per shot calculated in Section 6.5. This phase noise value includes contributions from
from errors in the acceleration measured by the MEMS accelerometer and noise in the Raman
beat note phase. Recalling that T = 15ms, this gives an upper limit of the noise contribution
from the MEMS accelerometer reading of 5.0ug per shot. Since the interferometer bandwidth
is ~30Hz this noise level is comfortably within the manufacturer’s noise specification, which is

<Tpg rms in the band 0.1-10 Hz.

I draw two conclusions from this section. (i) There is a small unwanted drift in the phase
offset A®(Lkqs) which can be eliminated using the k-reversal technique. (ii) When comparing
the accelerations measured by the interferometer and the MEMS accelerometer, the dominant

noise comes from the MEMS accelerometer.
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6.7 Implementing m Flipping

The technique we call © flipping involves shifting the interferometer phase by 7 radians for
every other shot, which we do by adding a shift of 7/2 to the phase of the middle Raman pulse.

This gives two transition probability measurements
C
Py(0) = Py — 7 cos (AD) (6.22)

C
Py(m) = Py — 3 cos (AD + 7) (6.23)
Taking the half difference of these two values gives

,_ B0) =P  C
P, = — 5 = g cos (AD) (6.24)

This removes the probability offset F to the extent that it remains constant between the two
measurements. Using a short interferometer of 7=0.5ms, we adjust the phase of the second
Raman pulse such that the fringe is at its steepest point, where A® = 7/2. Due to the relatively
small interferometer time 7', the vibration phase is small and therefore the interferometer stays

close to this point.
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Figure 6.15: (a) Measured transition probability values P»(0) and Py(7) (see text) for a T'=0.5ms
interferometer near the maximum fringe slope. (b) Transition probability Pj, defined as half
the difference of P»(0) and Py(m).
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Figure 6.15a shows the P,(0) and P,(7) measurements as a function of time. A very slow drift
can be seen over similar a timescale to that of the drift of F seen in Figure 6.13b. However the
magnitude of the drift in Py is slightly smaller here. The standard deviations of P,(0) and Py()
are 4.5x1072 and 4.5x1073, respectively. Figure 6.15b shows the 7 flipped Pj as a function of
time which has a standard deviation of 2.8x10~3. Multiplying this by v/2 gives the equivalent
noise in the transition probability, P, of 4.0x1073. This is only slightly lower than the noise
found for P,(0) and Py(m) because the drift is small compared with the noise. To further assess
the stability of the interferometer, Figure 6.16 shows the Allan deviation as a function of the

averaging time for the three quantities P»(0), Py(7) and Pj plotted in Figure 6.15.
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Figure 6.16: Allan deviation for a 7'=0.5ms interferometer for measurements sitting at the
fringe slope separated by 7 radians, P,(0) and P(7), and the “r-flipped” measurement Pj.

The Allan deviation curves are very similar for P»(0) and P(7) as one would expect, however
they both exhibit bumps that are characteristic of an oscillation in P,. Moreover, the curves
turn upwards between 0.5 to 1 hour. By contrast, the Allan deviation for Pj, which sits lower
by a factor of 1/ V2 as expected, has much less oscillation and does not turn up. We conclude
therefore that 7 flipping does not reduce the short-term noise, but is effective in eliminating

the drift in Py, improving the long term stability of the measured transition probability.
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6.8 Drift of the Interferometer Phase

From Equation 6.24 we see that fluctuations, 6(A®), of the interferometer phase produce
fluctuations of Pj, whose Allan deviation is shown by the orange curve in Figure 6.16. Since
these fluctuations are small and the interferometer is operating on the steepest part of the
fringe, 0(A®) is simply equal to § (2 P;/C). In order to learn more about the origin of these
interferometer phase fluctuations the experiment was repeated, but this time with reversal of

kg as well as m-flipping.

The green curve in Figure 6.17 shows the Allan deviation of (Pj(+keg) — Py(—keg))/C, which
is the part of the interferometer phase associated with acceleration and rotation. The noise
here averages down steadily as t~/2 over 10 hours because we have chosen the very short
interferometer time of 7'=0.5ms and because the real motion is very steady, being just the
rotation of the earth. By contrast, when P is averaged over both directions of kg, the quantity
(Py(+kes)+P5(—ker))/C picks out the part of the interferometer phase that is not due to motion

but instead intrinsic to the interferometer. The fluctuations of that are shown by the orange

curve in Figure 6.17 and these are qualitatively similar to the orange curve in Figure 6.16.
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Figure 6.17: The Allan deviation for the half sum (yellow) and half difference (green) for the
measured phases for the m-flipped +k.g interferometers with 7T=0.5ms.

We see that over a few hours the interferometer phase has an intrinsic instability at the level
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of a few milliradians. It seems likely therefore that there is an intrinsic interferometer phase
offset that is not perfectly stable. In the next section we look for such a phase offset, which we

call Pg.

6.9 Measuring the Interferometer Bias

Equation 3.15 shows that the interferometer phase due to acceleration and rotation of the
apparatus relative to the freely-falling atoms depends on 7T'. In our case, the significant terms
in this phase are proportional to 72, so let us write them as §72. A phase can be added to this
by means of a phase jump of 1 on the 7 pulse, as shown in Equation 6.1. Here, we investigate the
possibility of a further phase offset, ®y, which would seem to indicate acceleration or rotation
even in the absence of motion. Such a zero-error is known in the field of accelerometry as a bias.
Whereas real acceleration and rotation contribute to A® in proportion to 72, a bias phase is

constant, and this provides a way to identify it.

A fourth contribution to the interferometer phase can be made by chirping the detuning of the
Raman beat note from resonance, defined as 0~ in Equation 2.5. Let us write the beat note
frequency as wgr(t) = wr(0) + wi t, where wj, is the chirp rate, then its phase is given by

qu(t) = /wR(t) dt = wR(O) t+ %w}% t2. (625)

From Equation 3.6, we know that the contribution to interferometer phase A® from the phase

of the beat note is

Pr = ¢r(0) = 20r(T) + ¢r(2T) (6.26)

where 7' is the time between interferometer pulses. Substituting Equation 6.25 into Equation
6.26, the part of the interferometer phase due to the chirp of the beat note frequency is wp T2

Let us allow for the possibility that there is also a chirp in the hyperfine transition frequency,
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whis- Then, taking both chirps together, the detuning contributes an interferometer phase of
P epirp = Wi T? — whp, T? (6.27)
Collecting these phases together, the total interferometer phase is now given by
AD = (0 +wh —wiy) T + g — 21 (6.28)

The dots in Figure 6.18 show the transition probability P, measured on axis 2, as a function
of chirp rate wj with 7" = 4.00ms and 7 = 0. The frequency, wg, is set to be on resonance
immediately after the atoms are launched. In addition to sweeping out the fringe pattern, we
see that the scan of wj modulates the fringe amplitude. With the perfect chirp, the Raman
beat note remains on resonance as the atoms accelerate, but with a faster or slower chirp the
Doppler shift moves the light away from resonance and the fringe height is reduced. In order

to fit these points we adopt the empirical function

C wh — W 2
P=|F— 2 cos (¢0 + wh T2) exp _(}22—20) + B. (6.29)

o
Here, the expression in square brackets represents the fringe in the usual way, with ¢ standing
for (6 —wj) T? 4+ ®o, in accordance with Equation 6.28. The Gaussian function represents the
effect of detuning from resonance on either side of the ideal chirp w(. The solid line in Figure

6.18 shows this function after fitting to the data with Py, C, ¢g, wj, 0 and B as free parameters.

We see that this empirical fit describes the data well.
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Figure 6.18: Transition probability P, as a function of chirp rate wh/(27) of the beat note.
Dots: Measurements taken on Raman axis 2 with +keg and T' = 4ms. Line: Fit using the
empirical Equation 6.29.

In order to identify the bias on axis 2, ®4, we record and fit the fringe in this way for six values
of T ranging from 1ms to 5ms keeping 1 equal to zero. Figure 6.19 shows the interferometer
phase, A® = ¢ + w} T?, for each fit as a function of beat note chirp rate w}. We see that the
phases all converge at a “magic” chirp rate where the coefficient of 72 in Equation 6.28 is zero,
and A® is equal to the bias, ®. The magic chirp rate is determined by finding the wf, value for
which the standard deviation of the six A® values is minimised. We find that the magic chirp
rate for this interferometer is -679.5 kHz/s£0.6 kHz/s, and that the bias is 44 mrad+21 mrad.
On repeating the measurements with k.g reversed, the bias is found to be 58 mrad+12 mrad.
Taking the weighted mean of these two measurements, we conclude that the interferometer on
axis 2 has a bias of 55 mrad+10mrad. The cause of this bias is not known, but it does not seem
surprising that a bias of this magnitude would drift by a few mrad over 10 hours, as found in

Section 6.8.

According to Equation 6.28 the coefficient of T vanishes when the chirp rate equals (wj s, —0),
and we know from Table 3.1 that 6 reverses sign with the reversal of k.g. It is therefore
instructive to compare the magic chirp rates in these two experiments. When k.g was reversed,

the magic chirp rate changed from -679.5kHzs '4+0.6 kHzs™! to +683.9kHzs 140.4kHzs™ !,
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Figure 6.19: The total phase A® as a function of chirp rate, w /27 of the beat note frequency
for interferometer times 7" between 1ms and 5ms.

Half the difference of these gives §=682kHzs™!. We can understand this as the result of a
gravitational acceleration, as = 0.266 ms—2, along axis 2 (using 6 = kegas). Such an acceleration

would arise if axis 2 were tilted away from the horizontal by 1.6°, which is entirely possible.

Half the sum of the magic chirp rates gives a clock frequency chirp rate of wig/(2m) =
2.240.4kHzs™!. At the time of the Raman pulses the vertical velocity is -23cms™!, so this

1

corresponds to a spatial gradient in the clock frequency of 96 Hzcm™". We investigate the

cause of this gradient in the next chapter.

We turn now to Raman axis 1. Using the same method, the bias was found to be 57 mrad+68 mrad
with +keg and 77 mrad+48 mrad with kg reversed, giving a weighted mean of 70 mrad4+40 mrad.
The uncertainty in the bias here is much larger than on axis 2 (because the visibility of the
fringes is lower, as illustrated in Figure 6.2) but within the uncertainty, the two interferometers

have similar bias.

The two magic chirp rates on axis 1 were (1535.3+1.6) kHzs™! and (-1488.6+1.1) kHzs™!. The
half difference corresponds to a tilt of axis 1 at 3.4° from the vertical. Although this is quite

large, it is not implausible as no particular effort was ever made to level the axes. The half sum
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L which is ten times

corresponds to a chirp in the clock transition frequency of 23+1kHzs™
larger than we found on axis 2. In the next chapter we see that this much larger perturbation
of the clock frequency is the reason that the fringes lose contrast more readily on axis 1 than

on axis 2.



Chapter 7

Investigating the Inhomogeneity of the
Clock Transition Frequency along

Raman Axis 1

7.1 Measuring the Frequency Shift of the Clock Transi-

tion across the Raman Beam

At the end of Chapter 6, we found that the clock frequency has a chirp of 2.2kHzs™! on axis
2 and 23kHzs™! on axis 1. In this chapter, we identify the cause of these chirps and correct
them. We start by making a direct measurement of the clock frequency as a function of the

vertical position of the atoms.

The atoms are prepared in the F' = 1, mp = 0 sublevel by applying step 1 and 2 of the state
preparation, then launched vertically with a velocity of 45cms™!. After a chosen time of flight,
a 95us-long Raman 7 pulse is applied with a beat note frequency close to the Doppler-free
resonance frequency for the co-propagating beam pair. I then measure the fraction of atoms
transferred to the upper F' = 2,mpr = 0 sublevel as a function of this frequency in order to

obtain a resonance curve. Figure 7.1a shows the resonance curve measured on Raman axis 1

120
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92ms after launch, which returns the atoms to the initial launch position. We see that the
resonance is shifted to approximately 7TkHz below the unperturbed clock frequency, indicated
by the OkHz in the graph. This measurement is repeated at a variety of vertical positions by
changing the flight time. The red points in Figure 7.1b show the variation of the clock frequency
shift on axis 1 as a function of the position of the atoms. We see at once that this does not seem
to be a light shift, because the Raman beam has a width (intensity FWHM) of 49mm, whereas
this shift halves at +6mm and -18mm, corresponding to a FWHM of only 24mm. When the
experiment is repeated on axis 2 we obtain the blue points shown in Figure 7.1b, which exhibit
a much smaller variation of the shift than we see on axis 1. This is consistent with the much

smaller chirp that was measured in Chapter 6.
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Figure 7.1: (a) Fraction of atoms transferred to the F' = 2 level by the co-propagating beam
pair along Raman axis 1 as a function of the difference between the Raman beat note frequency
and the unperturbed clock transition frequency. (b) Shift of the clock transition frequency as
a function of height of the atom cloud relative to the initial launch height.

In order to make a more direct proof that the chirp is not due to the light shift, we now change
the magnitude of the light shift. As discussed in Chapter 2, we expect no light shift at all when
the two frequency components have an intensity ratio of 0.58. However, the data in Figure
7.1 were taken with ratios of 0.44 and 0.53 on Raman axes 1 and 2 respectively, as measured
by the light scattered into the detection photodiodes. These ratios are not equal, even though
the two Raman axes are supplied from the same laser system, presumably because of different

coupling efficiencies for each frequency into the two separate Raman PM fibres. After increasing
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the power of the slave pump laser from 7.1W to 8.55W, the new intensity ratios are 0.54 and
0.63 for Raman axes 1 and 2 respectively. The frequency shift is then remeasured on axis 1,
with the results shown in yellow in Figure 7.2a, together with the red curve reproduced from
Figure 7.1b. We see that the shift at Omm is reduced by a factor of 7, yet the range of shifts
is hardly altered. We conclude that this change of detuning has merely altered the (almost)
constant light shift and that the main cause of variation in the shift (and hence the chirp) is
unrelated to the light shift. On axis 2 we see that the light shift has changed sign, as expected
when changing from an intensity ratio 0.05 below the ideal value to 0.05 above, but there is no

qualitative change in the variation of the shift.
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Figure 7.2: The measured frequency shift across the Raman axis 1 (a) and 2 (b) beams for
vertical positions between +10mm and -20mm before (light) and after (dark) the intensity ratio
adjustment.

We conclude that the inhomogeneity in the clock transition frequency, and hence the chirp wyg,

measured in the interferometer, is not due to the light shift.

7.2 Raman Spectra and Optimisation of the Retro-reflecting

Mirror

After taking the narrow scans, such as Figure 7.1a, we looked at wider scans of the beat note

frequency in order to see the Doppler shifted resonances on either side, driven by the counter-
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propagating beams. The spectra taken on Raman axis 1 are plotted in Figure 7.3a, where we
see that the peak heights depended strongly on the height of the atom cloud. At +10mm, the
Doppler-free central peak is very small, while the Doppler-shifted peaks are not seen at all.
This suggests that the atom cloud at the +10mm position sees only one Raman beam, which
could be the case if the retro-reflection mirror on Raman axis 1 were misaligned. The same

experiment on Raman axis 2 shows much less variation of the spectrum with height, as seen in

Figure 7.3b.
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Figure 7.3: Raman spectra using the Raman axis 1 beam (a) and Raman axis 2 beam (b) when
the vertical position of the atom cloud is +10mm (red), Omm (blue) and -10mm (green).

We therefore adjusted the angle of the mirror on Raman axis 1 using the vertical piezo control.
The mirror was adjusted in small increments whilst monitoring the Raman spectra at the
+10mm, Omm and -10mm vertical positions until the Doppler-shifted peaks at the heights
+10mm were approximately the same height. The final Raman spectra at the +=10mm vertical
positions after this mirror adjustment are shown in Figure 7.4, together with the spectra shown

in Figure 7.3a. One sees that tipping the retro-reflecting mirror has solved the problem.

After making this improvement in the alignment of the retro-reflecting mirror, we remeasured

the inhomogeneity of the clock transition frequency and found no significant improvement in

that.
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Figure 7.4: Raman spectra using Raman axis 1 at the £10mm vertical positions before (light)
and after (dark) the retro-reflecting mirror optimisation

7.3 Magnetic Field Gradient

Having found that the chirp of the clock frequency is not due to the light shift, we turn now to
the possibility of a time-dependent Zeeman shift. To lowest order in the magnitude, B, of the

magnetic field, this Zeeman shift is given by

f=aB? (7.1)

with a=0.575 kHz/G? (Table 6 in [62]). The chirp of the clock frequency resulting from the
magnetic field is therefore

d
W = 27 CV%B2 (7.2)

In order to measure B directly, the atoms are prepared across the three mg sublevels in F' =1
by applying step 1 of the state preparation scheme. The bias magnetic field is then switched
from being vertical to pointing along the Raman axis 7ms after launch. After a further delay
time, we then apply a microwave pulse of 150us and measure the fraction of atoms transferred

to the F' = 2 level as a function of the microwave pulse frequency. The frequency difference
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between the mp = +1 <> mp = 0 peaks in the spectrum yields a value for B(¢) with the help
of the Breit-Rabi formula (Equation 24 in [62]). The Zeeman shift is then calculated using
Equation 7.1. The measurement is repeated for a variety of delay times and with the field
configurations for both axes 1 and 2. Figure 7.5 shows the Zeeman shifts measured in this way

as a function of the delay.
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Figure 7.5: Second order Zeeman shift as a function of delay after switching. Red: Zeeman
shift for axis 1. Blue: Zeeman shift for axis 2. Solid line is the quadratic least-squares fits to
the axis 1 points.

In Chapter 6, the interferometry measurements on axis 1 gave a clock frequency chirp of 23
kHzs™! at a flight time after launch of 51ms. Using the quadratic fit we extrapolate the data
along axis 1 out to 44ms after switching the bias field (equivalent to 51ms after launch), and find
its gradient at this point, to calculate a clock frequency chirp, is 25.4 kHzs™!. The agreement
of these two values provides strong evidence that the chirp measured in Chapter 6 is indeed
due to a time-dependent Zeeman shift. On axis 2, there are not enough data points in Figure

7.5 to evaluate the chirp at 44ms, but it is clearly much smaller than on axis 1.

The derivative of the Zeeman shift may come either from a time-dependence of the magnetic

field, or from motion of the atoms through a gradient of the field. The two contributions are

Whe = 2T (a(;st ) +v-V (32)> (7.3)
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The velocity of the atoms varies over the trajectory because of gravity, but at 51 ms, the second
term in Equation 7.3 would require a field gradient of ~1 G em™! to produce a clock frequency
chirp of 25 kHzs™!. This is so enormous that we can reasonably assume the first term in
Equation 7.3 is the relevant one and that there is some transient settling of the field that is still
in progress 44ms after switching onto axis 1. In order to check this we repeat the measurements
of B(t) but without turning on any field after switching to molasses. The purple data and fit
in Figure 7.6 show the result. For comparison, red data points shows the field variation that
was measured when the bias field was switched onto axis 1. A straight line fitted to the red

data has a slope of 20 Gs™!, whereas the purple line has a slope of 0.05 Gs™!.
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Figure 7.6: Magnetic field magnitude as a function of flight time. Red: B(t) on axis 1 with
interferometer fields switched on. Purple: B(t) without switching on the interferometer fields.

This demonstrates that the chirp of the clock frequency is indeed a transient Zeeman shift

associated with switching the interferometer fields on.

After reducing the size of the magnetic field along the Raman axis from ~1.5G to ~0.4G
B(t) was measured on both interferometer axes with the interferometer fields once again being
switched on. The transients are shown in Figure 7.7, with the main field subtracted so that
the very small variations can be seen. We find that the time-variation of the magnetic field in
the interferometer has been reduced by at least a factor of 100 on both axes by reducing the

magnitude of field produced by the bias coils.
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Figure 7.7: Residual field variation after fixing transient in interferometer fields. Red: axis 1.
Blue: axis 2.

It appears the large gradient along axis 1 is caused by switching on a ~1.5G bias field along
that Raman axis which involves reversing the polarity of the current in one of the two horizontal
bias coil pairs. After fixing the magnetic field transient, there was great improvement in the
fringes on both axes, as shown in Figure 7.8. The pale points show data taken before fixing
the transient, while the dark points show the fringes after fixing it. On axis 1 the contrast at
T'=20ms increased from 1.2% to 22%, while on axis 2 at T'=25ms the contrast increased from

2.8% to 18%.
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Figure 7.8: Interferometer fringes measured before (light points) and after (dark points) fixing
the magnetic field transient. (a) Using Raman axis 1 with 7=20ms. (b) Using Raman axis 2
with T'=25ms.
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We find that interferometer fringes with 7' > 20ms can now be resolved along both Raman

axes following the large reduction in the magnetic field transient.

After these measurements were made the apparatus underwent a general upgrade which involved
rebuilding various components. Following this, the magnetic field transient was small both for
0.4 G bias and 1.5G bias. We do not know the cause of the large transient, but it was fixed
by the upgrade. Further investigation into this will be described by the next thesis on this

experiment.

7.4 Interferometer’s Sensitivity to Rotation

Now that we have reduced the magnetic field transient, we finally look to measure the interfer-
ometer’s sensitivity to rotation. In Table 3.1 we saw that the leading terms in the interferometer
phase are

AP =k (g —a)T? +2keg- vy x QT? (7.4)

where v 4 is the velocity of the atom at the time of the first interferometer pulse. Because
the apparatus is mounted to a stationary optical bench, €2 is the Earth’s rotation. Using the
XYZ coordinate system illustrated in Figure 3.2, 2 = (O, Qp,,Q Ez)' Raman axis 2 is aligned
East-West, so keg on this axis lies along X (+kqg pointing East and -k.g pointing West). The
atoms are launched both vertically and horizontally along the Raman axis, so v 4 for axis 2 lies

in the XZ plane of Figure 3.2. Therefore for +k.g
AP =kes- (g — a)T? — 2keg vz, Qp, T° + g (7.5)

where v,, is the vertical component of vs on axis 2 and we have included the interferometer
bias, first introduced in Equation 6.28. Let us rewrite this phase shift in terms of a vertical
launch velocity v;,, and the delay between launching the atoms and the first interferometer
pulse, tgelay

A(I) = keﬁ‘ . (g — a,) T2 — leﬁf(’l}lz — gtdelay)QEy T2 + q)o (76)
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The derivative with respect to t4elay suppresses the part due to acceleration:

dAD

d tdelay

dd,

d Zfdelay

= 2keffg QEy T2 + (77)

We set out to measure this derivative on Raman axis 2 with 7' = 25ms by measuring A® at

two delay times, tqelay, of 48ms and 54ms and with both wavevectors Lk.g.

Due to a problem of instability of the laser phase lock, we were only able to perform 78
measurements at each particular delay time and wavevector. Figure 6.14 shows that the noise
in the fit reduces with the number of data points, Nga; up to Ng.s = 1000. Therefore we use all

78 data points in a single fit to get one phase value at each delay time with each wavevector.

With +k.g the fits give interferometer phases of 92426 mrad at a delay of 48 ms and 47+£28 mrad

at 54 ms. The corresponding slope is

dPy

ke g Vg, T?
g & * dtdelay

— 754+ 64rads™? (7.8)

With —Ek.g the fits give interferometer phases of 280+40 mrad at 48 ms and 82429 mrad at

54 ms, giving a slope of

d®,

d tdelay

—2ker g U, T? + = —33 +8rads™! (7.9)

Taking half the sum of Equations 7.8 and 7.9 we see that the derivative of the bias with respect
to the delay time is -20&£5rads~!. That is something that will require further investigation by

the next student. Taking half the difference in order to remove that offset, we find

2keir g U, T? = 12 £ 5rads™ (7.10)

or

Qp, =61 £ 25 urads™ (7.11)
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This result is consistent with the known value of g, = 46 urad in London. However the 25
prad s~ noise in Equation 7.11 is roughly half the angular velocity g, of the Earth in London.
The rotation noise could presumably be reduced by increasing the separation between the two
values of tgeay Or, as with the acceleration measurements, by increasing the time 7' between
interferometer pulses. For example by increasing the separation between the delay times to
30 ms, we expect the noise in the angular velocity to reduce to ~ 11% of the Earth’s angular

velocity in London at Surad s~!.

This sensitivity is the result of having 78 points in the fit. If we want the noise per shot we need
to multiply the fit uncertainty by /78, as outlined in Section 6.6. The four phase fits have an
average uncertainty of 31mrad which gives a phase noise per shot of 272mrad. At T'=25ms this
corresponds to an acceleration noise of ~2.7ug per shot, with each shot having a bandwidth of
20Hz. This is similar to the result of Section 6.6, where we found an upper limit on the MEMS

accelerometer noise of 5ug in the larger bandwidth of 33Hz.
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Conclusion

8.1 Summary

The aim of the wider ongoing project is to develop a 5-axis hybrid inertial navigation sensor
(2-axis accelerometer and 3-axis rotation sensor) which benefits from the fast bandwidth and

high sensitivity of classical sensors and the long term stability of cold atom based sensors.

We aim eventually to have an interferometer operating at T'=25ms with a phase noise oage
better than 10mrad at 1s. For such an instrument the corresponding acceleration noise is

! this corresponds to an

< 100ng and, assuming a perpendicular launch velocity of 40 cms™
angular velocity noise of 1.2urad s~*. The same level of acceleration noise results from transition
probability noise op, on the steepest part of the fringe of 2x1073. Early stages of this work
saw a one axis axis accelerometer developed and characterised [51, 53], followed by a two axis
accelerometer system [1]. The first demonstration and characterisation of the interferometer
fringes for the two axis system was described in [1], where an interferometer of 7=12.5ms had
C=30% using 3 x 10" atoms. The dominant noise source was found to be from the MEMS

accelerometer with an acceleration noise of 7.3ug per shot, followed by detection noise with an

acceleration (probability) noise of 3.5ug (1.3x1072) per shot.

The focus of my PhD has been to further develop this two axis system by improving the

131
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interferometer noise and contrast, characterising the bias of the interferometers and starting to

use 1t to measure rotations.

In Chapter 3 we derived an expression for the phase of the interferometer in a vehicle moving
near the surface of the rotating earth and discussed how the phase shift of the interferometer is
measured. We found in Equation 3.15 that the total interferometer phase is well approximated
by:

A = —keg-(a—g)T?* + 2kt - v4 x QT? —2keg- (@ —g) x QT (8.1)

To my knowledge this is the first time that the interferometer phase has been written in this

compact vector form as well as for this reference frame.

The experimental apparatus, including the M-Squared laser system is described in Chapter 4.
This includes a new dedicated detection beam which I built to provide detection light beams

having the polarisation required to suppress unwanted optical pumping described in [1].

The full sequence of state preparation steps to produce the final ensemble of atoms ready for
the three pulse interferometer is outlined in Chapter 5. Rubidium-87 atoms collected in a 2D
MOT side-arm were pushed over 200ms into a 3D MOT, formed by three orthogonal pairs of
cooling beams which overlap at the centre of the chamber. In this way we were able to load
over 10® atoms in 100ms cooled to around 300uK. Next, the 3D MOT quadrupole magnetic
field was rapidly switched off so that the temperature of the atoms could be further reduced
through the mechanism known as polarisation gradient cooling. Optimisation of the frequency
and intensity ramps of the cooling light resulted in an atom cloud with a vertical temperature
of 9uK and horizontal temperature of 6uK. Only about 20% of the atoms captured in the
MOT were retained in the final ultra-cold sample. This is not particularly high and should be

optimised by the next student.

During the optical molasses stage the atoms were also launched along the three counter-
propagating beam axes by cooling the atoms to rest in a moving frame determined by the
relative detuning of each counter-propagating laser beam. Three different horizontal launching

configurations atoms were demonstrated which were selected depending on the desired opera-
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tion of the interferometer: to measure acceleration along axis 1 or 2, or to measure rotation
about the vertical axis. The atoms were also launched with a vertical velocity to ensure they
remained close to the optic axis of the Raman beam during the interferometer stage, in order to
limit the variation of Rabi frequencies experienced by the atoms. The stability of the launch ve-
locity was measured, with an upper limit of 0.2% found for the vertical launch velocity and 0.6%
for horizontal launch velocities. With the Raman axis oriented East-West, the uncertainty in
vertical launch velocity combines with the Earth’s rotation to produce an interferometer phase
uncertainty of less than 1mrad for a 7" = 25ms interferometer. However if the instability of the
horizontal launch velocity is as large as the 0.6% upper limit, it is not good enough to achieve
the desired sensitivity of 1.2urads™! when operating the interferometer as a gyroscope. Future
work should to focus on measuring the horizontal launch velocity stability with a more accu-
rate method (such as Raman spectroscopy). It may be necessary to investigate ways in which
the stability of the launch velocity can be improved, for example employing a beam intensity

stabilisation system.

Following the cooling stage, a series of optical and microwave pulses were employed to prepare
an atomic ensemble of ~107 atoms with a narrow Doppler width of 24kHz in the F = 1, mp =0
state ready for interferometry. The shot-to-shot stability of this final number of atoms was found
to be 6 x 1074, well below the maximum desired probability noise of 2 x 1072 at 1s. The Allan

1/2

deviation decreased as ¢t~/ out to 500s, showing that the efficiency of the state preparation

was stable over long times - an important factor for achieving stability of the interferometer.

Chapter 6 describes the investigation and characterisation of the various noise sources in the
interferometer. First looking at the detection noise we found the the frequency of the detection
light was fluctuating by ~200kHz with an oscillation period of around 700us. The large de-
tection noise of 1.2x1072 reported in [1] was successfully reduced to 3x1073 by increasing the
detection period to 600us. Next we looked at the noise in a 7/2 — 7/2 Ramsey interferometer
using the co-propagating beam pair. Once the number of atoms was large enough, the noise
was dominated by detection noise and by noise in the phase of the Raman beat note. The peaks
and troughs of the Ramsey fringe are insensitive to the phase noise, whereas the steep sides of

the fringe are sensitive to both noise sources. By measuring the noise across all parts of the
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fringe, we determined that the shot-to-shot standard deviation of the Raman beat note phase
was 7mrad. Finally, the total noise in the three pulse interferometer was then analysed. We
concluded the dominant noise source is the MEMS accelerometer at approximately 5ug in the
bandwidth 0-30 Hz, which is quite a bit better than the manufacturer’s specification of < 7ug
in the 0-10 Hz band. This is also less than the 7.3ug measured in [1] due to the use of a new

printed circuit board for the readout electronics.

The second half of Chapter 6 describes how the interferometer was improved further by imple-
menting k-reversal and w-flipping techniques. The k-reversal technique, which involves taking
the phase half difference using the =+ kg interferometers, allows undesirable systematic phase
shifts that are independent of the wavevector (for example from light shift or magnetic field
gradient) to be eliminated. A slow systematic drift in the phase offset of around 0.4 rad over
15 hours was observed in both signs of kg, likely due to bias drift of the MEMS accelerometer
or readout electronics. Drift in the probability offset Py was also observed for both signs of
keg. The interferometer phase noise per shot was found to be dominated by the MEMS ac-
celerometer at 5ug. Finally, by shifting the phase of the middle interferometer pulse by /2
radians every other shot and taking the half difference of the two P, values, we could remove
the dependence on the probability offset Fy. We saw that this w-flipping technique does not

reduce the short term noise but does improve the long term stability.

Using both k-reversal and w-flipping, we found that the noise of the interferometer associ-

1/2 gver more than 10 hours.

ated with acceleration and rotation averaged down steadily as ¢~
Similarly we saw that the component of the interferometer phase that is intrinsic to the inter-
ferometer, i.e. is not due to motion, varied over 10 hours by a few milliradians. This intrinsic
phase bias was measured to be 70+40 mrad along axis 1 and 55£10mrad along axis 2. Within
the uncertainty both interferometers have a similar bias. The cause of this bias is not known

however it is not surprising that bias of this magnitude would drift by a few mrad over 10

hours.

In [1], and at the start of my project, the contrast of the fringes at long T" was much worse on

Raman axis 1 than on axis 2. Measurement of the phase bias also revealed a large difference in
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the chirp of the clock frequency between the two axes with 23kHzs™! on axis 1 and 2.2kHzs™!
on axis 2. Investigation of the source of this concluded that it was due to a change in the

magnetic field over time of 20G s~}

when the 1.5G bias field along Raman axis 2 was switched
off. The source of this large derivative was not identified, however it was reduced by a factor
of 100 by reducing the magnitude of the bias field. This produced great improvements in the
contrast of both interferometers. On axis 1 the contrast at T=20ms increased from 1.2% to

22%, while on axis 2 at T=25ms the contrast increased from 2.8% to 18%. For the first time

we were able to resolve interferometer fringes with 7' > 20ms along both Raman axes.

dA®
dtdelay

Finally we measured the interferometer’s sensitivity to rotation using the derivative on

Raman axis 2 to determine the angular velocity component (2, of the Earth. The uncertainty

in this measurement was 25urads™!

, roughly half Qp, in London. However this measurement
was not taken with optimal conditions to best demonstrate the interferometer’s sensitivity
to rotation. I estimate this result could very easily be improved to achieve a sensitivity of

~ Hurads~! by increasing the separation between the two delay times from 6ms to 30ms.

8.2 Outlook

A number of major improvements have been made to the interferometer as a result of my PhD
research. However, there are still several areas in which improvements are suggested to increase
the sensitivity of the interferometer as both an accelerometer and rotation sensor. The first
would be to accurately determine the stability of the horizontal launch when operating the
interferometer as a rotation sensor. I suggest first to measure the launch stability using a more
accurate method (such as Raman spectroscopy) before then (if necessary) investigating ways
in which the stability could be improved, for example employing a beam intensity stabilisation
system or replacing the voltage controlled oscillators (VCO) with more stable and accurate
direct digital synthesisers (DDS). The second area is further improving the detection noise,
which could be achieved through removing the frequency fluctuations within the detection

light or employing a beam intensity stabilisation system (as already suggested to improve the
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launch velocity stability). And finally the cycling rate of the experiments is currently limited to
1s! by dead time in the software. Improvement to minimise this dead time could reasonably

achieve cycling rates of up to 10s™1.

In addition to these suggested improvements to increase the system’s sensitivity, an area which
requires further investigation and characterisation is the phase bias of the two interferometers.
This should include understanding the source of this bias and eliminating (if possible) its
dependence on position or delay time within the interferometer. Finally, for this system to
measure any rotations (beyond the Earth’s rotation) the system must be moved onto a platform

which can rotate.

While there is still room for the interferometer to be further improved, my work here has demon-
strated that it is already clearly superior to the MEMS accelerometer. The noise in the Raman
beat note phase as determined in Section 6.4 is o4=17mrad per shot. For an interferometer
having T'=25ms this corresponds to 0.17ug per shot. The detection noise, as determined in
Section 6.3, is op = 3 x 1073 per shot and quantum projection noise, as determined in Section
6.5, is op = 1.9 x 10~ per shot. For an interferometer having T=25ms and contrast C' = 20%
these correspond respectively to 0.3ug and 0.02ug per shot. Adding these three noise values in
quadrature gives 0.35ug per shot. This is to be compared with the MEMS accelerometer noise
of 2.7ug per shot, as measured in Section 7.4. Assuming 10 shots per second in future, this is

close to the design goal of 100ng at 1s.

Moreover, the key advantage of the interferometer as an accelerometer and rotation sensor is
its long term stability. The MEMS accelerometer drift in Section 6.6 was 11ug over 15 hours
(i.e. 400mrad with T=15ms). By contrast the interferometer bias was found in Section 6.9 to
be only a few tens of milliradians, with a drift found in Section 6.8 of ~ Imrad over 10 hours.
For an interferometer having T=25ms this bias drift is only 10ng, which is a thousand times

better than the drift of the MEMS accelerometer.



Appendix A

Phase Shift Terms

The 20 most significant terms for each configuration are listed in Table A.1, A.2 and A.3. These
results assume an acceleration of 1ms™2 along the Raman axis when it is aligned with the x

and y axes. All phase shift terms are given in rad.

137



138

Appendix A. Phase Shift Terms

Table A.1: The 20 most significant terms for the total phase shift of the interferometer along

Table 3.1 Term Number

Table 3.1 Phase Term

Phase Shift (a, = 1ms™?)

1 —kya,T? -10 069.2

2 2k,vy ,w, T? 8.06

2 —2k, v, w, T -8.06

4 —2kzgzwyT3 +4.94

4 —2k,a,w, T —5.03 x 107!
2 2kxvyAQEZT2 4.56 x 107!
2 —2k,v,, Qg T? —3.70 x 107!
4 —2k, 9.0, T® 2.26 x 10!
4 —2kpa, Q. T —2.85 x 102
3 —ky zowpw, T? —1.01 x 1072
4 2k$gysz3 —8.33x 1073
3 —kp 20w, Qp, T? —5.70 x 10~*
4 QkIngEZT3 —4.72 x 107*
5 3kyv, ,waw, T 3.02 x 10~
5 3kpvy  wew, T? 3.02 x 1074
7 Ty gowow, T —1.08 x 10~
5 —3ky v, wWT3 —7.55x 107°
5 —3kzvaw§T3 —7.55 x 107°
5 3kyv, ,w,Qp. T3 1.71 x 1079
5 3kyy,,wo g, T 1.39 x 1079

the x axis, and the corresponding value in radians.
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Table 3.1 Term Number

Table 3.1 Phase Term

Phase Shift (a, = 1ms™?)

1 —kya,T? 10 069.2

1 kg, T -166.58

2 —2ky v, ,w, T? -8.06

2 2kyv, ,w,T? 8.06

4 Qkygzwag’ -4.94

4 k1. T 5.03 x 10~
2 kv, Q. T? —4.56 x 107!
4 2k, 0,0, T° 2.85 x 102
3 —ky zowyw,T? —1.01 x 1072
3 —kyzow,Qp, T? —5.70 x 10~*
3 —kyzowzQEyTz —4.62 x 107
5 3kyv, ,wyw, T3 3.02 x 1074
5 3ky vy Wy, T? 3.02 x 107
7 Thyg.wyw. T —1.08 x 107
5 —3kyv, ,w2T? —7.55 x 107°
5 —3k,v,, w2 T" —7.55 % 107
3 —ky 2005, QLT —9.62 x 105
5 3k, v, , w, Q. T 1.71 x 10
5 SkyvawzQEyT?’ 1.39 x 107°
5 3kyvy W Qp. T? 1.39 x 1079

Table A.2: The 20 most significant terms for the total phase shift of the interferometer along
the y axis, and the corresponding value in radians.
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Table 3.1 Term Number | Table 3.1 Phase Term || Phase Shift (g, = -9.81ms™?)
1 k.g.T? -98 778.9
2 —2k, v, ,w,T? -8.06
2 2k, v, yw, T? 8.06
4 2k, a,w,T? 5.03 x 1071
4 —2k,a,w, T —5.03 x 107!
2 2k.v, ,Qp, T? 3.70 x 107!
4 —2k,a, g, T? —2.31 x 1072
3 kzzowZTQ 1.01 x 1072
3 k., zow2T? 1.01 x 1072
4 -2k, gyw, T 833 x 1073
3 2kzzowaEyT2 9.24 x 10*
5 3k, vy wyw, T3 3.02 x 1074
5 3k, vy wew, T? 3.02 x 10~
7 — kg T? 1.08 x 10~
7 —Tk.g.w2T? 1.08 x 10~*
5 —3k.v,,w,T° —7.55x 107°
5 —3k,v, ,w3T? —7.55x 107°
3 kZZOQ?EyTQ 2.12 x 107°
5 3k, vy, wyQp. T? 1.71 x 107°
5 3k, vy, we g, T? 1.71 x 1073

Table A.3: The 20 most significant terms for the total phase shift of the interferometer along
the z axis, and the corresponding value in radians.
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