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Abstract

This thesis describes the experimental characterisation of the Flame laser module within
the context of quantum technologies. Alter UK have developed a compact module de-
signed for frequency stabilisation of a laser, measuring 6 cm x 4 cm x 1.5 cm. The
Flame module employs an internal saturation absorption spectroscopy setup to lock
a distributed Bragg reflector laser diode to an integrated alkali vapour source. This
eliminates the necessity for external optical components specifically in the laser locking
process, resulting in a reduction of the experimental footprint. The Flame’s compact
design makes it particularly well-suited for the advancement of deployable atomic sen-
sors, aligning with the industry drive towards more efficient and portable quantum
technology solutions.

We explore a device’s frequency stability, revealing a o, value of 5 x 107!2 at a 1
second integration time, which verified the module’s suitability for laser cooling appli-
cations. The Flame was integrated into a portable cold-atom system to showcase its
practicality and durability outside a laboratory setting. We investigate the module’s
adaptability, utilising 780 nm and 852 nm devices to fabricate two respective optically
pumped magnetometers. The first system exhibited promise as a co-magnetometer,
while the second proved more suitable for portable magnetic sensing applications, de-

livering a sensitivity of 3 pT'/v Hz.
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Chapter 1

Introduction

The invention of the laser in 1960 [1] welcomed a rapid evolution in atomic physics.
Laser-light generation marked a substantial improvement over the previously developed
discharge lamps, which lacked the vital attributes of coherence and tunability [2]. The
ensuing decades witnessed revolutionary progress from an initial proposal that laser
light could possibly exert a force to decelerate atoms in the 1970s [3], to experimentally
achieving the cooling and trapping of atoms in the 1980s by several research institutes
[4-7]. Research capabilities were therefore transformed by the laser and its ability to
manipulate and interrogate atoms.

To this day, a considerable amount of funding and research is directed at developing
atomic sensors for devices in atom interferometry, atomic clocks and optically pumped
magnetometers. These devices have applications in gradiometry [8], gravimetry [9],
rotation sensing [10,11] and precision timing [12]. To capitalise fully on their sensing
potential, these technologies must be transported from the laboratory to real-world
environments. This involves massively reducing the size, weight and power (SWaP) of
the setups and, therefore, the individual components with which they are comprised.
Research in the past decade has geared towards this particular goal. This has encom-
passed addressing the size of lasers, optics [13, 14], vapour cells [15, 16] and vacuum
systems [17,18].

The introduction of semiconductor laser diodes [19,20] paved the way for inexpensive

and widely accessible laser sources. The capabilities of diode lasers in the last few



decades alone have advanced rapidly, with typical output powers of around 10 mW
in the 1990s [21], to kWs in the 2010s [22]. The substantial progress made in atomic
physics during the 1900s could be advanced with diode lasers which are considerably
compact devices.

The main challenge in integrating the standard laser diode into application areas
in atomic physics, specifically those employing cold atoms, is the stringent set of char-
acteristics that the laser must possess. A requisite for the laser linewidth is that the
laser be much narrower than the natural linewidth of the atoms being probed. For
rubidium the natural linewidth is around 6 MHz, meaning a typical laser linewidth of
<1 MHz is essential [23,24]. Additionally, the frequency stability over time should stay
within a few MHz [25] for suitability in experiments which are to be operated contin-
uously. Optical feedback methods ensure a laser diode operates at a single frequency
while reducing its inherent linewidth. However, laser diodes operating as “free-running”
still exhibit linewidths rendering them unsuitable for precision measurements involving
laser cooled atoms. Additionally, their frequency inevitably drifts through external fac-
tors. Active laser frequency stabilisation is therefore essential, with atomic transitions
deemed as exemplary candidates in laser stabilisation schemes attributed to being ex-
tremely stable frequency references. Laser frequency stabilisation techniques based on
atomic vapour cells are the logical choice for lasers which are to be used in quantum
sensors and are therefore the most commonly employed method.

Saturation absorption spectroscopy is a commonly used laser stabilisation method,
requiring a limited number of components and space to operate. However, setups within
a laboratory can still occupy a considerable amount of space when implementing. It
prompts the consideration of employing compact laser sources, such as laser diodes,
when external and large setups are required for the laser to meet the specifications of
stability and linewidth. This point effectively leads us to the purpose of this thesis,
and the introduction of the Flame laser module.

Alter UK have fabricated a module capable of frequency stabilising a diode laser
while occupying only 6 cm x 4 ¢cm x 1.5 ¢cm in volume. The Flame module has an internal

configuration of saturation absorption spectroscopy to lock the laser to an integrated



alkali vapour source. To achieve this, the package includes a temperature stabilised
distributed Bragg reflector laser, a glass-blown vapour cell, internal photodiode and
accompanying optics, and outputs over 150 mW of optical power. This eliminates any
need for external optical components for laser locking, leading to a huge reduction
in the experimental foot-print. This is consistent with the field goals of reducing the
SWaP of components, beginning with the laser itself.

There are, however, applications in quantum technology that do not necessarily
require frequency stabilised lasers. Optically pumped magnetometers (OPMs) which
employ vapour cells with the inclusion of a buffer gas have less demanding requirements
for the laser used, than previously mentioned cold-atom experiments. The buffer gas
is added to mitigate the spin destruction of the atoms, at the cost of broadening and
frequency shifting the atomic optical resonances. Manipulating and probing the atomic
states can therefore be achieved with free-running, larger-linewidth lasers, in the range
of 100 MHz [26] for OPMs operating with cells containing buffer gas. The Flame
module’s compactness and ample optical power, however, make it an ideal candidate
for use in portable OPMs, where a high intensity laser is beneficial for spin-polarising
more atoms and augmenting the overall detected magnetic measurement signal. This
makes the Flame an attractive and versatile laser product, suitable for integration with
other quantum technology components in the development of compact and deployable
atomic sensors.

Alternative, state-of-the-art laser systems commonly used in quantum technologies
include frequency-doubled telecom lasers [27-31]. These systems are highly popular
due to the well-established maturity of fibre-components in the telecom C-band range
(1530-1565 nm). This is effective in meeting the deployment goals in the field as fibre
components help ensure setups remain compact and robust. These telecom lasers are
frequency doubled to address alkali atoms such as rubidium and potassium, atomic
species used widely in laser cooling experiments. However, this technology begins to
falter when alternative alkali species, such as caesium, are required, as they necessitate
seed lasers in the 1700 nm range. Additionally, these systems typically require optical

amplification, which are widely available but expensive components. Alter’s Flame



lasers, on the other hand, operate directly at the resonant wavelengths for a given
atomic species. They deliver high optical power (>150 mW), thereby eliminating the
need for additional optical amplification and components such as frequency doubling,
non-linear crystals. This thesis details two Flame laser modules, one operating at 780
nm for use with rubidium atoms and the other at 852 nm for caesium.

The work in this thesis was conducted in the Experimental Quantum Optics and
Photonics (EQOP) group at the University of Strathclyde using Flame lasers fabricated
by Alter UK engineers. This thesis outlines Flame modules in various experimental se-
tups to demonstrate the efficacy of the laser product as a whole. The experiments
undertaken in this project delve into applications within the realm of quantum tech-
nologies such as laser cooling and optically pumped magnetometers. The theoretical
discussions in each chapter are therefore intentionally concise, given the diverse range
of topics and applications covered. Each chapter presents only the most pertinent in-
formation for basic understanding of the topics introduced and for the overall brevity
of the thesis. The aim is to provide the basic understanding enabling the reader to
appreciate the technical requirements for the application and how that translates into
performance specifications for the laser and associated optics.

Chapter 2 introduces the operation of semiconductor lasers and their role within
quantum optics. We explore atom-light interactions and their relevance in laser fre-
quency stabilisation methods, specifically for saturation absorption spectroscopy. The
chapter concludes with an overview of the Flame laser module. This includes the
laser’s operation and design, the future considerations and a discussion of similar de-
vices within the field. Chapter 3 describes how overlapping Allan deviations are used
to determine the frequency stability of a laser. We introduce a ‘three-cornered hat’ ex-
periment in order to determine the individual stability of the Flame laser. The chapter
concludes by comparing the Flame’s stability when locked to an external spectroscopy
setup, to the setup within its own package. Chapter 4 integrates a Flame laser with a
commercial compact vacuum package to exhibit a field-deployable cold atom system.
The system build, design considerations and challenges are presented. Lastly, Chapter

5, incorporates Flame modules in optically pumped magnetometer sensors. Two sepa-



rate magnetometer sensors are introduced, one employing natural rubidium atoms and

the other caesium.



Chapter 2

The Flame

2.1 Semiconductor Lasers

Semiconductor lasers at their core work by electron-hole recombination in a p-n junc-
tion. Figure 2.1 gives a simple illustration of their structure and operation. The p-side
of the junction accommodates an excess of holes, while the n-side possesses an excess
of electrons. Metallic contacts are attached to each side of the junction. By applying a
forward-bias current as depicted in Figure 2.1a, the holes and electrons will be pulled
towards one another within the junction. The recombination of holes and electrons in
the active region releases photons whose energy roughly matches that of the band-gap
energy. Specific emission wavelengths for diode lasers are therefore achieved using ma-
terials with appropriate band-gaps. As the forward current is further increased, this
process is intensified and a progressive number of photons are released. For the light to
be amplified and lasing to occur, the two edges parallel to the p-n junction are cleaved.
This creates an optical resonator and is what differentiates a diode laser from a typical
p-n junction diode [32].

The resonator provides optical feedback and has a certain loss associated with it.
When the gain of the light within the cavity exceeds the loss, lasing occurs and is sus-
tained through stimulated emission. The light is confined in the direction perpendicular
to the junction plane (transverse direction) by effectively turning the active region into

a waveguide. This is fulfilled by ensuring that the active region has a higher refractive
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Figure 2.1: (a) Illustration of a diode laser chip with a forward-biased current being
applied. The lasing occurs in the active region where recombination of electrons and
holes unfolds as the current applied is increased. The cleaved facet creates the laser
cavity for amplification of the emitted light. (b) The p-n junction revealing the excess
of holes and electrons on each side of the p-n junction. The emission wavelength of
the created photons closely corresponds to the band-gap energy of the semiconductor
material.

index than the cladding layers, constraining the light from escaping to the p-n regions.

Typically, a suitable semiconductor for a laser would have a direct band-gap configu-
ration. Figure 2.2 shows a plot of commonly used semiconductor materials, their lattice
constants and corresponding wavelengths. Substrate materials, additionally shown on
the right hand y-axis, are paired with materials that have similar lattice constants
to form alloys, which are then used to create laser diode devices. The tuning of the
laser diode emission wavelength is then dependent on the ratio of the two materials in
the fabrication process of the alloy material. For example, many laser diode devices
operating in the visible wavelength spectrum going into infrared consist of aluminium
gallium arsenide (AlGaAs). It can be seen on Figure 2.2 that AlAs and GaAs are lattice
matched, with their associated wavelengths spanning from around 600 nm to 900 nm.

Lasing begins after a specific threshold current is applied to the diode. The output
power then increases linearly with current, with ideally one photon being produced
for each applied electron. Figure 2.3 shows a typical output power versus injection
current plot for a laser diode, where it becomes apparent that following from the laser
threshold there is roughly a mW increase in light for each mA applied. The threshold

current is governed by the losses within the optical resonator, with the output coupling
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Figure 2.2: Various semiconductor materials are shown with their lattice constants
and associated wavelengths. Additionally shown are commonly used semiconductor
substrate materials, where lattice matching of a substrate and other semiconductor
materials is crucial in fabricating laser diodes of varying emission wavelengths. The
material information for plotting is from [33].

contributing as a significant loss. Typically, high-power laser diodes exhibit higher
losses within the cavity which consequently increases the amount of current needed to
reach lasing. This is to ensure that the laser intensity inside the cavity is not too high,
which could damage the optical facet leading to laser failure. The reflectivity of the
end facets are therefore important considerations when fabricating laser diodes.

A laser diode operating just above threshold is typically multi-mode, and as the cur-
rent is increased further one specific mode prevails. The frequency of the laser is tuned
through current injection and junction temperature variations. Temperature changes
adjust the band-gap energy of the p-n junction, therefore changing the emitted photon
energy. As the injection current increases, it leads to a higher carrier concentration in
the active region. This, in turn, causes a modification in the refractive index of the
material. These alterations to the refractive index directly impact the cavity length,

thereby influencing the laser wavelength. The lasing wavelength is defined as,
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Figure 2.3: A theoretical P-I curve for a laser diode. Lasing occurs at applied currents
above the threshold current.

where ), is wavelength of the m!* mode in the cavity of optical length nL. A slower
effect on the refractive index also occurs in the active region with the change in tem-
perature from the injection current and ambient temperature.

The free running linewidth of an unmodified, single-frequency diode can be as wide
100 MHz [34]. Although not a limitation for applications such as the lasers used
in compact disc players, precision experiments which depend on extremely narrow-
linewidths become unattainable. Specifically, for the applications discussed in this
thesis the laser needs to be single-frequency, narrow-band, stable and to the order of
100s of kHz. Modifications of laser diode chips are therefore essential to overcome some
of the sensitivities which stand-alone laser diodes are susceptible to.

The Schawlow-Townes Equation [35] states that there is a fundamental limit to a

laser’s linewidth relating to the quantum nature of light,

ThvAv,?

Av = —p T (2.2)

where hv is the photon energy in a mode, P is the power in the mode, Av, is the
bandwidth of the laser cavity and ng, is the ratio of spontanecous to stimulated emis-
sion [36]. The Schawlow-Townes equation, however, it not suitable for semiconductor

laser diodes. Semiconductor lasers have much larger fundamental linewidths than their
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solid-state counterparts due to the refractive index variation of the semiconductor ma-
terial with carrier density. This detrimentally broadens the linewidth as it couples in
additional intensity and phase noise to the laser output. A modification of Equation

2.2 was proposed by Henry [37], introducing a linewidth enhancement factor «,

hvAv.?
Av = %nwu +a?). (2.3)

Typical values of « are calculated to be between 2 and 5 [38-40], limiting how
narrow a semiconductor’s linewidth can be by a factor of 5 to 26 of the Schawlow-
Townes limit. The dependence of a semiconductor’s frequency on the applied current
is therefore a limitation in achieving a narrow-linewidth laser.

The bandwidth of the laser cavity, Av,, is correlated with the lifetime of a photon
in the cavity, with v. = 1/277.. The lifetime of the photon increases remarkably at
longer cavity lengths [41], with the cavity length as well as the mirror reflectivity there-
fore having a consequence on the overall linewidth. This is intuitive when considering
processes such as spontaneous emission. During spontaneous emission, photons of ran-
dom phase are added to the lasing, broadening the frequency spectra. Increasing the
cavity length or increasing the mirror reflectivity will therefore constitute to the spon-
taneously emitting photons having less significance as they result in more stimulated
emission within the cavity. Therefore, a balance in mirror reflectivity must be found to
ensure that the power inside the cavity is kept at safe values to protect the laser diode,
as well as a photon’s lifetime being prolonged for as long as possible. Disturbances
to the laser light can additionally prevail from external factors, such as mechanical
vibrations. The frequency of a laser is intrinsically related to the integer number of
wavelengths between the mirrors which make up the cavity, as discussed. Mechanical
perturbations which cause the cavity mirrors to move consequently affect the frequency.
This is more impactful the shorter the cavity as any displacement of the mirrors will
constitute a larger fraction of the length, resulting in a broadened frequency output.

Increasing the length of a laser cavity make it less sensitive to these effects. Imple-

mentation of frequency selective devices, such gratings, can simultaneously guarantee
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the attainment of the required wavelength of light whilst reducing the laser linewidth
by the cavity formed. These devices are integrated with laser diode chips to increase
the length of the cavity, resulting in coherent, single frequency and narrow-linewidth
laser sources.

Amongst the most used laser diode types are extended cavity diode lasers (ECDLs)
[34,42,43], distributed feedback (DFB) lasers [44,45], and distributed Bragg reflector
(DBR) lasers [46-48]. The configuration of a DFB and DBR laser are extremely similar,
with both devices integrating periodic Bragg mirrors to ensure wavelength selectivity.
DFB lasers, however, have the grating structure integrated along the entire active
region while DBR laser diodes have the structure separated from the active region. In
contrast, ECDLs extend the laser cavity with optical components such as lenses and

diffraction gratings using an external cavity outwith the laser diode.

Cleaved Facet

m]3[ 2]

nsp A

< —p< >
Active Region DBR Region

Figure 2.4: Tlustration of a DBR laser diode chip, not to scale. The cavity of the
laser is extended by integrating a DBR region. The reflection at each index step of the

. . . na2—n
grating is approximately equal to T

The Flame module’s diode laser configuration is that of a DBR. The company chose
to use DBR laser diodes due to the availability of high-power laser diode chips of this
configuration that can be seamlessly integrated into a compact package. Figure 2.4
shows the layout for a DBR laser, not to scale. This is an optical resonator consisting
of at least one Bragg mirror, an active region where amplification occurs and a cleaved
facet where the laser light is output. Typically, the DBR section of the laser is around
100 wm or so [46,49]. A Bragg reflector is a periodic structure of alternating refractive

indices, n1 and no. The grating has a favoured reflection wavelength, Apyqgg,

ABragg = 2nes fA (2.4)
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where n. s is the average refractive index difference and A is the periodicity of the grat-
ing. The wavelength selectivity of the DBR region guarantees that a single longitudinal
mode is elected, keeping the laser single frequency. Furthermore, varying n.rs through

temperature tuning permits for the tuning of Ap;.gy and so the lasing wavelength.

100 r m

100 Index Steps
200 Index Steps
500 Index Steps
1000 Index Steps
2000 Index Steps

(o]
o

(o))
o
T

Total Reflectivity (%)
N
o

775 780 785
Wavelength (nm)

Figure 2.5: Simulated model of a Bragg reflector using software package TFCalc. Plot-
ted is the grating reflectivity against output wavelength for various alterations to the
number of index steps. The substrate material chosen in the model was AlGaAs and
the refractive index difference was assumed as 0.01. The total length of the DBR. sec-
tion at 1000 steps was found to be 105 microns in this example.

no—ni

The reflection r from each index step of the grating is approximately equal to 724

The smaller An, the smaller the reflection at each step therefore a greater number of
index steps are required for maximum reflectivity of the grating. The total reflection
of the Bragg mirror ry is calculated using transmission matrix theory [50] to derive the
electric field distribution in a multi-layer stack. Matrix M, in Equation 2.5 describes

the 2x2 characteristic matrix for the n* layer in the Bragg stack,

cosp3 iq, tsinf
M, = " " " (2.5)
1GnSinfy, o8y,
where 8 and ¢ are the phase thickness and optical admittance of the material, respec-
tively, and ¢ at normal incidence is equal to the material refractive index. As the

number of index steps grows, the computational burden and complexity involved in

computing each matrix from every layer escalates significantly. Fortunately, software
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packages are available to model and simulate the total reflectance of the Bragg grating.
To illustrate this concept, software TFCalc [51] was used. The DBR laser chip used
in the Flame is a commercial product. Therefore, due to the proprietary nature of the
DBR, comprehensive information regarding parameters such as An are not available.
Figure 2.5 shows a simulated plot of total grating reflection versus wavelength for a
varying number of index steps. For this example, the substrate material chosen was
AlGaAs which is the material employed in the active region of the Flame’s DBR. The
refractive index difference between the two DBR layers was assumed to be 0.01. From
the figure, it is clear that once 1000 index steps are applied to the model, the total
reflectivity of the grating is maximised and centred at the Bragg wavelength of 780
nm. The total length of the Bragg reflector with 1000 stacks in this case is 105 pm,
in good accordance with typical DBR lengths as mentioned. It is then observed on the
figure that as the number of stacks are further increased, the DBR reflectivity begins
to saturate and additional index steps are no longer necessary.

The output beam from a standard laser diode would ideally be a Gaussian beam.
However, the light exits from an asymmetric, rectangular area, as depicted in Figure
2.6. This is an extremely small cross-section, typically tens of um? in area [21], resulting

in a substantial beam divergence at the laser output.

Figure 2.6: Typical output beam of a laser diode with divergence angles in the parallel
and perpendicular directions shown. The asymmetry of the active area results in an
elliptical output beam.
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We define two spatial directions of the output beam, the direction parallel (lateral)
to the junction plane and the direction perpendicular (transverse). Typically, the beam
divergence of a laser is given on the specification sheet upon purchase as the angular
distribution of the intensity in these two directions, usually in (°) at the full-width
half-maximum (FWHM) value. Since the vertical direction of the lasing area is much
shorter than the horizontal, the beam diverges much faster in the transverse direction
than it does in the lateral. Collimation lenses are usually placed after the laser output
to attempt to rectify the beam divergence. Typically, fast-axis collimator (FAC) lenses
are chosen to collimate in the beam’s transverse direction. These lenses are cylindrical,
have high numerical apertures and their focal lengths can be appropriately chosen by
considering the desired beam diameter and known beam-divergence in the transverse
direction,

r

frac = tan( P (2.6)

where frac is the focal length of the FAC, r is the desired radius of the beam, and
OrwH M 1s the divergence angle of the laser diode in the fast-direction. Note that the
divergence angle is generally given as the FWHM angle on a data sheet, and is usually
converted to the half-width 1/e? angle if using 1/e? terminology for the beam radius or
diameter. This is roughly 85% of the FWHM angle and the factor of two on the angle
denominator can be neglected.

Subsequent to this, a slow-axis collimator (SAC) can be added to collimate in the
slow or lateral direction. The focal length is chosen such that the ratio of the transverse

divergence angle to the lateral is equal to the focal length ratio of the SAC to the FAC,

0L _ fsac
0y  frac

(2.7)

The Flame module consists of a commercial DBR laser diode and crucially, suitable
collimation lenses had to be chosen by Alter engineers to create a collimated, Gaussian

beam. The selected lenses are discussed further in Section 2.4.
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2.2 Atom-Light Interactions

This thesis is based on laser modules which include an integrated atomic vapour cell
for laser frequency stabilisation. Specifically, Flame devices based upon rubidium and
caesium spectroscopy are included. Lasers are vital in atomic spectroscopy, where co-
herent, tunable and stable light permits for the manipulation and probing of atomic
transitions. The implementation of semiconductor laser diodes paves the way for ad-
dressing the field requirements of reduced size, weight and power (SWaP) consumption
for portable and field-tested atomic sensors. This is attributed to laser diodes being
relatively compact, reliable, inexpensive and easily accessible [52]. Before the mecha-
nisms used to achieve laser frequency stabilisation are described, the atomic structure

of the species should be introduced.

2.2.1 Atomic Structure of Rubidium

Caesium and rubidium hold particular significance within the domain of quantum op-
tics. Both species, as all alkali metals, possess a lone valence electron within their
outer shells. Additionally, the atomic transitions of interest for the respective species
fall within the infrared spectrum, a wavelength range well accommodated by an abun-
dance of laser diode devices. Rubidium occurs naturally in two isotopic forms, 8°Rb
and 8"Rb, with a relative abundance of 72% to 28%, respectively. In the interest of
brevity, we will consider the atomic structure of 8’Rb only, noting that caesium and
85Rb have similar structures.

We consider only the unpaired valence electron surrounding the nucleus, populating
the s-shell in the ground state. Figure 2.7 shows the energy level diagram of 3’Rb for
its ground level and first excited state, the p-shell.

The total electron angular momentum, J, is a contribution of the orbital angular
momentum of the outer valence electron (L) and the spin (S), resulting in various values
of Jas |[L— S| < J < L+ S. The valence electron has spin S=1/2 and L=0 in the
s-shell and therefore J=1/2. Considering now the excited state where L=1 introduces

two values of J, 1/2 and 3/2. The p-shell is then split in energy from what is known
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Figure 2.7: Energy diagram for 8Rb, illustrating both the orbital, fine and hyperfine
atomic structures. Rubidium’s D1 and D2 lines occur at 795 nm and 780 nm, respec-
tively.

as the fine structure of the atom.

Spectroscopic notation is understood as n**1L; with principal quantum number
n and L=0,1,2..., corresponding to L=S,P,D, etc. Excitations from the 5251/2 ground
level are therefore denoted as 52P, /2 (lower excited) or 52 Py /2 (upper excited) energy
states and correspond to what are coined the D1 and D2 transitions, respectively. These
resonances occur at 795 nm for the D1 line and 780 nm for the D2 of rubidium [53].
The Flame modules used in this thesis are concerned only with D2.

Beyond the fine-structure splitting exists further splitting of the D1 and D2 transi-
tions. This is the hyperfine structure of the atom arising from the coupling of the total
angular momentum of the nuclear spin, I, and J. The total atomic angular momentum
F is then F = I+J and |J — I| < F < J + I. The magnitude of I for 8’Rb is 3/2,
derived from the nuclear structure of the isotope. The corresponding values of F are
shown in Figure 2.7.

This description has focused specifically on 8’Rb. The atomic structures for both

caesium and ®°Rb are extremely similar to the discussed. For ®®Rb, the orbital and
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fine structures are identical to 87Rb and they have the same resonant wavelength.
The hyperfine levels then differ as the magnitude of the nuclear spin, I, is 5/2 for for
8Rb [54]. Caesium’s resonance transitions occur at 895 nm and 852 nm for the D1

and D2 lines, respectively, with a nuclear spin of 7/2 [55].

2.2.2 Lineshape of Spectral Lines

Interacting resonant or near resonant laser light with an atomic species will see a de-
crease in the transmitted light as photons are absorbed by the atoms. The specific
profile of the transmitted light is governed by several factors which affect the atoms
both homogeneously and inhomogeneously. We will first consider the most narrow
lineshape possible in laser spectroscopy experiments. This is the condition most de-
sired in spectroscopy setups, specifically when seeking to frequency stabilise a laser.
Atomic transitions manifest as exceptional frequency references, with the most narrow
lineshapes constituting to the strongest laser locks and frequency stabilities.

The linewidth of the absorbed light is determined by the lifetime of the atomic
transition, 7,.¢. Heisenberg’s uncertainty principle describes the broadening of the

spectral lineshape,

AEAt > 1 (2.8)

where At = 7,4, AFE is the energy difference of the transition and A is the reduced
Planck’s constant. Fundamentally, the finite lifetime of the transition results in a higher

uncertainty of the energy levels. As,

E = hw (2.9)
AFE

Aw=—"" (2.10)

h

therefore,

1
Aw =~ 2.11
“ Tnat ( )

where Aw is the frequency spread of the transition, usually expressed as I'yq:, the
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FWHM value of the spectrum. This is coined the natural broadening of an atomic
transition, an example of homogeneous broadening. The resultant lineshape of this

absorption spectra is a Lorentzian profile,

Fnat 1
27 (w —wp)? + (Tnat/2)?)

L(w,wp) = (2.12)

The lineshape function as a result of this mechanism is given by Equation 2.12.
The parameters w and wy are the laser frequency and the resonance frequency of the

transition, respectively. This gives a lineshape similar to that shown in Figure 2.8.

1
FWHM = —

Wo

Figure 2.8: An example Lorentzian plot with the full-width half-maximum (FWHM)
labelled. At its narrowest this width is about 27 x6.1 MHz for a transition in the D2
line of 8"Rb.

The lifetime of the 8"Rb 525’1/2 — 52P3/2 transition is 26.2 ns [56], giving a natural
linewidth of about 27 x6.1 MHz. It is then an obvious requisite that the linewidth of
the laser which is to interact with the atoms is less than this value. An overview of the
requirements of the laser used in spectroscopy will be discussed in Section 2.3.3.

The natural linewidth constitutes the narrowest visible feature in a laser spec-
troscopy setup. Additional broadening mechanisms such as pressure broadening within
the atomic gas also contributes to the detected lineshape. This occurs when the atoms
collide with one another as well as with the cell walls. This is also a homogeneous mech-

anism, and takes effect on the lineshape when the time between collisions, T.oiision, 1S
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shorter than 7,,4;. Equation 2.13 shows the formula for T.o;sion,

1
1 amkgT \ 2
Teollison ™ 0. P ( 83 ) (213)

where o, is the collision cross-section, P is the pressure, m is the atom mass, T is the
temperature and kg is Boltzmann’s constant. Working at low cell pressures therefore
aids the prolonging of T.oision, keeping the linewidth near that of the I'jq:. This is
typically pressures in the mTorr range for cells to be used in atomic spectroscopy, where
homogeneous broadening of the atomic transitions scale as 20 MHz per Torr [26].

Experimentally speaking, however, the natural linewidth is not realised using a
standard laser spectroscopy setup. This is a consequence of the Doppler effect, governed
by the random thermal distribution of the atoms within the atomic vapour. Moving
atoms encounter laser light of varying frequency due to the Doppler effect. Figure 2.9
shows analytically the profile for the atoms in a gas as they travel in different directions
with respect to the laser light. The net result of this is then a broadened profile, the
distribution of which is detailed below.

Broadened
spectrum

Stationary
atoms

Atoms travelling

Atoms travelling away towards laser

from laser

Figure 2.9: An example picture of a Doppler broadened atomic transition. The atoms
travelling towards and away from the laser observe the laser frequency differently than
in their rest frame due to the Doppler effect.

Equation 2.14 shows the observed frequency of an atom for when it is moving either
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towards the laser light or away from it, an increase in frequency shift and a decrease,

respectively.
W = wo(1+2) (2.14)
c

Here, wy is the resonance frequency in the rest frame of the atoms, v is the velocity
of an atom and c is the speed of light. The distribution of the velocities is described
by the Maxwell-Boltzmann distribution, where P(v)dv is the probability of an atom

travelling from v to v + dv,

m mU2
P(v)dv = , | - d 2.15
(v)dv 27rkBTexp< szT) v (2.15)

Substituting in v = C(ww;owo) from Equation 2.14 into Equation 2.15 gives,

2 20,5 )32
P0)dv = me . (_mc (w—wo)

27TkBT(,U02 o QkBTwOQ

) = G(w,wp) (2.16)

This is Gaussian distribution due to the Doppler broadened atoms, with FWHM,

2w0 (2ln2)szT

I_‘Dopp =

; = (2.17)

Simplifying Equation 2.16 to,

G(w,wp) =

2/in2jm (_45”2(“’—%)2> (2.18)

FDopp I-‘2Dopp

For rubidium atoms at room temperature I'p,,, is around 2w x510 MHz [57], two
orders of magnitude greater than the natural linewidth of the atoms. This type of
broadening is an inhomogeneous mechanism, as an individual atom’s interaction with

the light is contingent on its velocity with respect to the laser.
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2.3 Laser Spectroscopy

2.3.1 Saturation Absorption Spectroscopy

Methods based on laser precision measurements are reliant on the laser being stable in
frequency for long periods, as well as narrow in linewidth. Laser diodes such as ECDLs
and DBRs, can intrinsically reach suitable linewidths as discussed in Section 2.1. Over
time however, fluctuations in the laser current or temperature will consequently affect
the frequency. This section will introduce laser frequency locking and the methods
which can be used to achieve it.

Atomic transitions are perfect candidates for stabilising lasers to as they are ex-
tremely stable frequency references. Atomic samples at room temperature produce
broadened absorption spectra due to the Doppler effect, with the typical Doppler
broadening at ~500 MHz wide leaving the hyperfine levels of 3’Rb’s D2 line unre-
solved. Saturation absorption spectroscopy (SAS) allows for the hyperfine transitions
of an atom to be resolved, resulting in Doppler-free measurements and the subsequent

stable locking of a laser’s frequency.

Pump —¢ o ® Probe

~—@ ® o—

Group 1 Group 3 Group 2

>

X

Figure 2.10: The basic setup for saturation absorption spectroscopy (SAS). Counter-
propagating laser beams are directed at an atomic sample. The atoms are grouped
depending on their direction of travel. Tuning the laser to wy results in both beams
addressing the same group of atoms. This leads to the pump depleting the ground-
state atomic transitions as the laser is scanned across resonance, increasing the probe
transmission through the cell.

The method can be described with reference to Figure 2.10. Two counter-propagating
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laser beams are directed at a cell of atoms. Each beam is obtained from the same laser
hence possess the same laser frequency. Labelled in Figure 2.10 are three groups of
atoms based on their velocity within the cell. The group 1 atoms are considered as
travelling in the negative x-direction, group 3 are stationary atoms and group 2 are
atoms moving in the positive x-direction. For illustrative reasons only, we consider
that the pump beam is more intense than the probe. This is often not the case, such
as in the Flame module, where the counter-propagating laser beams are obtained by
the pump beam reflecting at a mirror to double-pass the cell and act as the probe.

Saturation absorption spectroscopy can be ascribed to two main effects, saturated
absorption of the atomic transitions but most dominantly, optical pumping. Primarily,
let us consider that the pump and probe beams are red-detuned from resonance, with
wred < wp. The Doppler effect declares that the atoms in group 1 will absorb the pump
beam as the group 2 atoms absorb the probe. Figure 2.11 illustrates this scenario,
where Nj(v) and Ny(v) are the population densities of the ground and excited states,
respectively, as a function of atom velocity. The pump and probe beams are interacting
with separate velocity groups when the laser is detuned from resonance, and each laser
populates atoms from the ground to excited state.

As the laser is tuned to wg, the pump and probe beams both interact with the group
3, stationary atoms. Considered in Figure 2.11 and the scenario above is a two-level
atom, when instead a multi-level picture should be used. Let us consider the D2 level
of 87Rb, as described in Section 2.2.1. If the pump beam populates atoms from F=2 to
F’=1, the atoms will spontaneously decay to either F=2 or F=1. Atoms which fall to
F=1 are no longer involved in the optical pumping process, and the laser interacts with
less atoms. Atoms which decay to F=2 will continue to be excited by the intense pump.
The probe therefore has less atoms to interact with, resulting in an increase in the probe
light transmission as the pump depletes the population in F=2. As the laser frequency
is scanned across resonance, a Doppler broadened Gaussian profile is observed with
additional narrow peaks at the corresponding hyperfine transitions. These peaks are
Lorentzian and in optimal conditions can reach that of the natural linewidth.

As well as resolving the hyperfine levels of a Doppler broadened transition, addi-
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Figure 2.11: The population distribution of a two-level atom as a function of the atom
velocity due to the pumping and probing laser beams. We consider the resonant velocity
here to be the laser detuning from resonance over k.

tional peaks named crossover transitions are apparent. These transitions are a result of
the F’ levels sharing a common F ground state. Therefore, when the laser frequency is
halfway between two F’ levels, the group 1 and 2 atoms are excited simultaneously. The
moving atoms experience being on resonance with both F’ levels due to the counter-
propagating beams. The symmetry of this process produces crossover peaks between
two hyperfine levels. These crossover transitions are particularly convenient when it is
necessary to stabilise the laser slightly off resonance from an atomic transition. This is
relevant and will be discussed in detail in Chapter 4.

Figure 2.12 shows an example signal of the probe laser’s transmission during SAS
of 87Rb, with the transitions labelled. In the following section, we will discuss how
the Doppler-free spectroscopy of an atomic species can be used to provide a stable

frequency reference for laser locking.



2.8 — Laser Spectroscopy 24

100

90

(e}
o

Transmission (%)

~N
o

60

-500 -400 -300 -200 -100 0 100 200
Frequency (MHz)

Figure 2.12: An example saturation absorption signal of 8’ Rb for the excitation of F=2
to the F’ levels. The crossover transitions are denoted as co.

2.3.2 Laser Frequency Stabilisation

Doppler-free spectroscopy permits the hyperfine transitions of an atom to be resolved.
The resultant signal produces a narrow spectral feature with a known and stable fre-
quency, which a laser can be stabilised to. A lock-in amplifier (LIA) is implemented to
output a control signal, or an error signal, to stabilise the laser frequency to the peak
of an atomic transition. Any drift in the laser frequency will be realised and counter-
acted by a proportional-integral-derivative (PID) feedback loop in the LIA, re-tuning
the laser’s frequency to be on resonance by the appropriate amount.

Figure 2.13 shows a simulated example signal of a Lorentzian peak and its first
derivative, the error signal, which is the output of the LIA. This is a specifically
desirable signal as it is asymmetric and the control loop can determine both the distance
in frequency to reach resonance and the direction the feedback should be applied. When
the laser is on resonance with the atomic transition, the error signal will equal zero.
This stabilisation technique is achieved in this project by introducing a modulation to

the laser frequency.
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Figure 2.13: A simulated Lorentzian signal and its first derivative which is known as the
error signal. This is the signal used to lock a laser to the peak of an atomic transition,
advantageous as the asymmetry conveys the direction in which the laser has drifted.

Referring to Figure 2.14, a Lorentzian-like absorption peak is observed as the laser
frequency wrgser is scanned and detected by a photodiode. Consider a modulation

signal which takes the form,

Sref = sin(wmodt + Qbref) (2.19)

where w04 is the modulation frequency, ¢ is time and ¢, is the signal phase.
Applying this modulation signal to the laser frequency causes periodic changes in

laser frequency, Aw. This then induces corresponding oscillations in the light detected,

AA. The magnitude of AA is then contingent on the laser frequency, and how close it

is to wg. The amplitude of the signal can therefore be considered as,

s

T dw

AA Aw (2.20)

where % is the derivative of the absorption signal, and Aw is the modulation depth.

The detected signal Sg.; when the laser is off resonance will have amplitude AA
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Figure 2.14: An illustrative example of a frequency modulated laser interacting with
an atomic transition. The modulation depth Aw directly changes the detected signal’s
amplitude by AA.

and a frequency wy,,q which matches that of the reference signal,
Sdet = AAS’L'TL(medt + ¢sig) (221)

This is the input of the lock-in amplifier. The first stage of the LIA is to demodulate
the detected signal, simply by multiplying the signal by the reference. This is executed

by a mixer, and the modulated signal is multiplied by reference signal S,

AA
Smiw = T (COS((bsig - (bref) - COS(QWdet + ¢sig + ¢ref)) (222)

The resultant mixer signal consists of a direct current (DC) term which is contingent
on the phase difference between the detected signal and the reference signal, and an
alternating current (AC) signal which varies at twice the modulation frequency. The
second term can be eliminated by use of a low-pass filter (LPF) with a cut-off frequency
lower than that of the modulation. This equation can be further simplified with some

control of phase, optimised when ¢4y — ¢rey = 0 and the first term equal to 1. This
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simplifies the equation to Sy, = % or Spiz = %%, a DC term proportional to the

derivative of the absorption signal. This is the output of the LIA, the error signal used
to the stabilise the laser. Both the phase control and LPF are included components
in the LIA, as shown in Figure 2.15 which overviews the integration of SAS and the
use of LIAs for frequency stabilisation. When the laser is off resonance, the detected
signal’s frequency component does not match that of the reference signal as the applied
modulation periodically shifts the laser on and off resonance. This results in a detected
signal with a frequency twice that of wy,,q which is filtered out by the LPF after the

mixing stage, giving a signal equal to zero.
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Figure 2.15: The experimental setup for frequency locking a laser. A laser is frequency
modulated and employed in a saturation absorption spectroscopy setup. The detected
light at the photodiode enters the LIA, Sget. Sger is demodulated by mixing the signal
with Spcr. An LPF is then applied to attenuate terms above the modulation frequency.
The result is a DC signal which is amplified and sent to a feedback loop. The feedback
directly applies the necessary adjustment needed for the laser to maintain resonance
by feeding it back upon the laser current.

Figure 2.15 illustrates the setup for laser locking which is used in this thesis. The
laser is frequency modulated, by applying a signal S,..f to the laser diode’s current. The
output light is directed towards a double-pass spectroscopy configuration, realising SAS
as described in Section 2.3.1. The light is detected at a photodiode and sent to the input

of the LIA, S4e;. The reference signal enters a phase shifter and is mixed with Sg.;. The
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resultant signal is then simplified with a LPF as discussed and amplified, before being
sent to a feedback loop. The output of the LIA determines if the laser is on resonance
and the provided feedback is directly applied to the laser to maintain resonance. The
experiments detailed in this thesis use commercial diode-laser controllers (DLCs) with
integrated LIAs and feedback control to drive and lock the Flame laser.

The method described above and used in this project is known as dither locking,
used in conjunction with SAS. There are of course various other laser locking meth-
ods relying on atomic frequency references which should be briefly discussed. dichroic
atomic vapour laser locking (DAVLL) [58] comes with the benefit of a large capture
range, meaning that the laser can experience frequency disturbances in the range of 100s
of MHz [59] whilst remaining locked to the specified point. This is due to the method
relying on single-beam absorption through the vapour cell. The accuracy of the lock
is, however, inadequate compared to Doppler-free methods, such as dither locking via
SAS, polarisation spectroscopy [60] and modulation transfer spectroscopy [61]. Each
of these techniques rely on pumping and probing beams, with the latter two not re-
quiring direct modulation of the laser which can be advantageous. Modulation transfer
spectroscopy relies on modulation of the pump via electro-optic modulator (EOM) or
acousto-optic modulator (AOM) which can be expensive and bulky components. Alter-
natively, polarisation spectroscopy often requires magnetic field cancellation [62] as the
scheme relies on applying a controlled magnetic field to distribute atoms to different
Zeeman levels. It is therefore sensitive to external magnetic fields in the experimen-
tal environment. Dither locking is arguably the most simplistic method of the three
to implement, requiring the least amount of components or considerations meaning
that the setups can be kept compact. Ultimately, quantitative measurements such as
recording the stability of the laser using the selected locking method and measuring the
laser linewidth are crucial in determining if the technique is adequate for the required

application.
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2.3.3 Laser Cooling Requirements

To give an overview of the discussed content thus far, fundamental atomic physics ex-
periments rely on narrow-linewidth and stable laser sources. Semiconductor laser diodes
serve as fundamental devices due to their attractive features, namely being inexpensive
and readily accessible. To achieve the accuracy required in terms of frequency stabil-
ity, the Flame uses frequency modulation in conjunction with saturation absorption
spectroscopy to lock a laser to an appropriate atomic transition.

Laser cooled atoms serve as the starting point for many quantum technology ap-
plications, particularly in atomic clocks and atom interferometry. These experiments
rely on atoms which have been slowed, ensuring longer probing times for highly precise
measurements. To conclude this section, an outline of the typical laser requirements
for the applications relating to cooled atoms will be reviewed.

The three most stringent laser parameters are the laser linewidth, the output power,
and the frequency stability. As discussed, a requisite for the laser linewidth is that
it is much narrower than the natural linewidth of the atoms being probed. This is
around 27 x 6 MHz for rubidium and typically a laser linewidth less than 1 MHz is
essential [23,24]. Additionally, the stability of the laser frequency over time should stay
within a few MHz [25]. The required laser output power in cold atom applications is not
as tightly defined and varies between experiments. Typically 10s of mWs [15,63-65]
is required for cold-atom clocks, increasing to 100s of mW for atom interferometers
[9,66-68], particularly for those which utilise Raman pulses [10] for manipulation of
the atomic state. With these considerations in mind, let us now introduce the Flame

laser.

2.4 The Flame Laser

This thesis is based upon various Flame models fabricated by Alter UK, mostly oper-
ating at 780 nm or 852 nm. In this chapter, we have focused on semiconductor laser
diodes, and their vital role within atomic precision measurements and quantum tech-

nology applications. This section will describe how the Flame module is fabricated,
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its operation, as well as redesigns and realisations made throughout the course of this
project. We will conclude this section with a brief discussion on similar laser packages
to the Flame.

Section 2.3.3 provided an overview of the conventional laser requirements for laser
cooling experiments. However, it did not delve into the contemporary push towards
achieving portability and compact setups in recent times. Considerable effort has been
dedicated to developing compact cold-atom platforms and sensors, where it is addition-
ally imperative to address the size of the laser system and the choice of lasers used.
The unique attribute of the Flame is its ability to be frequency stabilised to within
its 6 x 4 x 1.5 cm package. This surpasses standard laboratory setups for frequency
locking in terms of volume, where a plethora of space and large optical components are
used to laser lock. This makes the product a competitive laser source in the market
as it confronts the field goal of miniaturisation. A comparison of the Flame with other

compact and integrated laser systems will be discussed in Section 2.4.10.

2.4.1 Flame Characteristics

The semiconductor material employed in the active region of the laser diode is AlGaAs
for Flame devices operating at 780.241 nm. Figure 2.16 show the laser current and
temperature tuning rates with wavelength. In Figure 2.16a, the current was tuned
from 100 mA to around 250 mA, the maximum operating current of the laser. The
temperature was kept at a constant value each time and the wavelength of the output
light was recorded. This was repeated for four temperature values. A linear fit was
added to each iteration, giving an average current tuning rate of 0.0014 nm/mA. For
Figure 2.16b, the operating current was kept at a constant value of 200 mA as the
temperature of the thermoelectric cooler (TEC) was tuned from 5°C to 30°C to record
the resultant wavelength. The fitted line gives a gradient of 0.059 nm/°C. The tuning
range of the module (~0.6 nm) is more than sufficient for atomic spectroscopy applica-
tions, where the target wavelength of 780.241 nm is all that is required for interacting
with 8’Rb and #Rb’s D2 line atomic transitions. This target wavelength is reproduced

consistently with the laser, and the particular module tested did not experience mode
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Figure 2.16: (a) Current tuning against laser wavelength for a Flame device at various
temperatures. A linear fit was added to each example, giving an average gradient of
0.0014 nm/mA. (b) An example of the temperature tuning rate of a Flame at a constant
current of 200 mA. This results in 0.059 nm/°C based on a linear fit.

Figure 2.17 shows an example P-I curve for a Flame module. The threshold current

for the DBR laser is around 60 mA, with a slope efficiency of 0.72 mW /mA. Discussed in

Section 2.1, the slope efficiency of a laser represents the number of electrons to photons

produced, where the optimal outcome would be one photon for every electron. A slope

efficiency of 0.72 mW /mA therefore demonstrates a highly efficient laser source.
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Figure 2.17: P-I curve of a Flame yields a threshold current around 60 mA with slope
efficiency of 0.72 mW /mA derived from a linear fit.
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The DBR’s FWHM beam divergence, as given by the manufacturer, is (6 x 26)°
for the lateral and transverse direction, respectively. This is conventionally converted
to half-width (HW) 1/e? values, (5.1 x 22.1)°. Alter engineers then chose appropriate
FAC and SAC lenses using Equations 2.6 and 2.7, with 0.5 mm selected as the Flame’s
1/e? beam diameter. The FAC focal length calculated for the chosen beam diameter is
therefore 0.6 mm, and a commercial off the shelf (COTS) FAC with this focal length
was procured. For the SAC, the calculated focal length of 4.3 mm was not obtainable
and the closest focal length available was selected.

Figures 2.18a and 2.18b present an example beam image of a Flame device at the
module output, along with the typical beam divergence. The output of the module is
considered as the distance at 0 mm, the actual distance from the laser facet is around
50 mm or so. The 1/e? beam-diameter in the z-dimension and y-dimension for Figure
2.18a is 0.52 mm and 0.55 mm, respectively. These values closely resemble the desired
beam diameter of 0.5 mm. The beam-diameter as a function of distance from the
module output was recorded to determine the divergence of the beam. A straight line
was fitted to each the x and y diameters, returning gradients of 0.0035 and 0.0036,
respectively. These gradients are the beam divergence full-angles measured in radians.
The half-angle divergences, as is conventionally preferred, are therefore 1.75 mrad and
1.8 mrad for the « and y dimensions.

Figure 2.18b displays that the x and y dimensions of the laser beam diverge at
similar rates, exhibiting a circular beam. It is useful to additionally determine the
beam quality factor [69] of a laser, the M? value. The M? value determines how
perfectly Gaussian a beam is, with a value of 1 revealing a transverse-electromagnetic
mode (TEM) of TEMgyy and any value above indicating the presence of additional
contributing modes.

Determining the Flame’s M? value involved focusing the laser beam output to

ascertain the beam waist, wp, defined as the minimal beam radius. The 1/e? beam
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Figure 2.18: (a) Image of a Flame laser beam with the Gaussian distributions plotted
along the z and y dimensions. The 1/e? beam-diameter for each dimension is 0.52 mm
and 0.55 mm for = and y, respectively. (b) The 1/e? beam-diameter in each dimension
versus the distance from the laser output. The calculated divergence is 1.75 mrad and
1.8 mrad for z and y, respectively.

radius propagating along a direction z is described as,

2
w(2)? = wp? <1 + (2 — 20)? (M2)\2> ) (2.23)

TWwo

where zg is the location in z where wy occurs. A lens of focal length 100 mm was
placed in front of a Flame module. A beam profiler was positioned after the lens
on a translation stage to image the beam along z. The recorded beam radii with
distance (from the lens) z are plotted and displayed in Figure 2.19 for both the z
and y dimensions of the laser beam. After determining wg and therefore zy from the
experimental data, Equation 2.23 was used to apply a fit to the data and determine
the M? value. Figure 2.19 uses a fixed fit value of 1 for M? in both the = and y
dimensions. Errors in the recorded beam radii are included but are smaller than the
marker size. These errors are determined by the standard deviation of the beam radii

(in each dimension) after 50 frames for each distance. Figure 2.19 indicates that the
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Flame laser tested has a TEMyy mode in both the x and y beam dimensions.
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Figure 2.19: The measured laser beam radius with distance z, succeeding a f=100 mm
lens, for the = dimension (top) and y dimension (bottom). A fit was applied to the
data using Equation 2.23, where M? was fixed to equal 1.

2.4.2 Module Layout

The Flame consists of COTS components, packaged and aligned by Alter engineers.
Figures 2.20a presents an image of a Flame laser, with Figure 2.20b showing an anno-
tated version. A DBR laser diode and accompanying fast and slow axis collimators are
aligned on a TEC bench. The TEC controls the laser diode temperature and therefore
the tuning of the laser frequency, as discussed previously in this chapter. The first
optical component following on from the FAC and SAC lenses is a polarising beam-
splitter (PBS), where the majority of the laser light is transmitted to the output window
of the module. This is typically more than 150 mW in output power and varies between
laser diode chips. The reflected light at the PBS is directed to a second PBS where the
light reflected here leads to the spectroscopy arm of the module.

The spectroscopy arm is a saturation absorption spectroscopy configuration. The
light enters a QWP, then a 12 mm glass-blown atomic vapour cell before hitting a
dielectric mirror and reflecting back towards PBS 2. The majority of the light is
transmitted at the PBS and directed towards the integrated photodiode of the module.

The double passing of the light at the vapour cell allows for the narrow hyperfine levels
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Figure 2.20: (a) A photograph of a Flame module with the lid removed to show the
various optics which allow for SAS and frequency stabilisation of the laser. This is a
model photograph of the module, and the modules used in this thesis do not contain
the additional telescope included in this image. (b) A labelled version of (a) with the
beam path depicted. Starting at (1), a DBR laser is collimated with FAC and SAC.
The majority of the light (typically more than 150 mW) is transmitted at the first
PBS. The reflected light, reflects at a second PBS leading to the spectroscopy arm
of the module. The beam doubles passes a quarter wave-plate (QWP) and a vapour
cell to transmit at the second PBS for detection at a photodiode. (PBS: polarising
beam-splitter, QWP: quarter wave-plate)

of the atomic species to be resolved through SAS.

The integrated spectroscopy scheme of the laser permits the frequency to be sta-
bilised, eliminating the need for external optical components. The result is a compact
module, frequency stabilised in-house and outputting over 150 mW of power. The
Flame is therefore an appealing product in the field of laser spectroscopy, encompass-

ing a selection of the key traits, discussed in Section 2.3.3.

2.4.3 Pin Configuration

The Flame’s outer body consists of 12-pins to electrically drive the module. Table 2.1
overviews the function at each pin. The distance between the pins (2.54 mm) are such
that commercially available 24-pin zero insertion force (ZIF) sockets can be inserted

into the pins and locked into place with easy removal.
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Pin| Function
TEC-

TEC+

Laser Anode
Laser Cathode

Thermistor

Thermistor
Photodiode Cathode
Photodiode Anode
Unused

Cell Heater

Cell Heater

Unused

O 00| | O O = W| N| —

—
o

—_
—_

—_
[\

Table 2.1: Pin Configuration for a standard Flame module.

The table shows that ten of the twelve pins are used. The first 6 pins are what
drive the DBR laser, specifically through current and temperature control. Separately,
the cathode and anode of the integrated photodiode are connected to pins 7 and 8 for
outputting the spectroscopy signal electronically. This signal would then be amplified
externally, and sent to the input of a lock-in amplifier for demodulation and deducing
the derivative signal to lock the laser frequency to. It is useful to both drive and lock
the laser from the same device. Commercially available laser drivers such as MOGLabs
DLCs and Vescent drivers account for this, where laser diodes can be both driven and
locked using these drivers. For all of the work presented in this thesis MOGLabs DLCs
are used for driving and stabilising the modules.

The cell heater is the final component considered, heated by applying a DC current
to pins 10 and 11. The heater is a copper wire wrapped around the vapour cell for

early Flame models, and is discussed further below (Section 2.4.5).

2.4.4 Detection

After the spectroscopy signal is detected at the photodiode, amplification of the signal is

necessary before it is sent to a lock-in amplifier. A 150 kOhm trans-impedance amplifier
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(TTA) with a bandwidth of 530 kHz was designed by a colleague. This bandwidth was
carefully chosen to ensure that the modulation frequency, which is 250 kHz standard
from the MOGLabs DLC, was within the 1 dB passband of the amplifier. The TIA is
powered by 12V, interfaced with the DLC via a FireWire cable.

2.4.5 Heating the Cell

The vapour cell used in the integrated spectroscopy of the Flame is 12 mm in length.
This is a short cell, meaning at room temperature there are not enough atoms to provide
a spectroscopy signal with a high signal to noise ratio (SNR). The cell must therefore be
heated to increase the atomic vapour density. To heat the cell in preliminary modules,
this was achieved by wrapping a copper wire around the cell and applying a DC-current
to the wire. For later models and designs, printed circuit board (PCB) heaters were
implemented. This provides more uniform heating, as well as ease of application as
the wire-wrap proved finicky to implement during the fabrication process of a module.
More significantly though, the wire wrap method is essentially a solenoid and the
production of magnetic fields will have an influence on the atomic spectroscopy. This
was not an observed issue between models, but nonetheless converting to PCB heaters

was considered a design upgrade.

2.4.6 Flame PCB Board

A PCB was fabricated for increased user functionality and protection of the module
pins. A 24-pin ZIF plug was used to grip the 12-pins of the module. The ZIF plug was
subsequently soldered to the designed PCB. The PCB was specifically configured with
integrated slits, strategically positioned to accommodate the passage of wires. These
slits serve the dual purpose of facilitating wire insertion and providing strain relief for
enhanced durability. Figure 2.21 shows design prototypes of the PCBs, designed on
KiCad. The two slits for mitigating the pressure applied to the Flame pins can be seen

at the bottom of the PCB.
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Figure 2.21: The fabricated printed circuit board for attachment to the module pins is
shown here. The two slits on the bottom half of the boards are for feeding through the
wires to alleviate stress on the pins.

2.4.7 Beam Expanding Optics

The beam intensity at the spectroscopy arm of the module is many orders of magnitude
higher than the saturation intensity of rubidium (Is = 1.6 mW/cm?). Such intensity
completely saturates the atoms within the vapour cell, necessitating a reduction in the
beam intensity.

To address this challenge, initial modules utilised neutral density (ND) filters po-
sitioned before the second PBS with an optical density (OD) of 0.3. This OD value
effectively halves the transmitted power for each added filter. Typically, 3 to 4 fil-
ters were employed, reducing the intensity (I) by a factor ranging between 8 and 16.
While the resultant intensity still surpasses I, it proves suitable for performing ad-
equate saturation absorption spectroscopy, where the condition I > I, is typically
maintained.

In later modules, beam expanding optics were utilised as an alternative solution
to decreasing I. The main challenge encountered with the ND filters pertained to the
deflection of the beam, necessitating their placement at an angle to mitigate reflections.
Additionally, employing a larger laser beam includes interaction with a greater number

of atoms within the cell as it extends to a larger area. A telescope of magnification 2 has
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been included in recent modules, positioned between the two polarising beam splitters.
This successfully reduces I by a factor of 4 and is a considerably better solution than

the filters employed previously.

2.4.8 Optical Isolation

It has been realised that the module is extremely sensitive to optical back-reflections.
Optical isolators providing around 60 dB isolation have been essential components for
the various Flame modules used in this thesis. Figure 2.22 shows spectra examples
using the internal vapour cell of the Flame, for 30 dB isolation (red) and 60 dB (blue).
It should be noted that the distinct steps seen in the figure approximately every 350
MHz constitute to the free-spectral range of the cavity setup for the demonstration, i.e.
the element which is providing the feedback. This is approximately 43 c¢m in distance

from the laser diode.

1 T T T T T

——60 dB isolation

- — 30 dB isolation
T

Transmission (%)
o o
o o)

. ;

o
N
T

0.2

-0.5 0 0.5 1 1.5
Frequency (GHz)

Figure 2.22: An example Flame module spectroscopy signal with 60 dB of optical
isolation (blue), compared with only 30 dB of isolation (red). Based on this figure it is
evident that a Flame module requires more than 30 dB of optical isolation for optimal
operation.

The experiments detailed in this thesis all include external optical isolators deliv-
ering 60 dB of isolation to the laser. This is an obvious inconvenience when the goal
is to keep the experiments small, and preferably the isolators would be located inside

the Flame package. However, isolators on that scale are scarce with high optical loss.
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Additionally, as isolators are highly magnetic, it should be proceeded with caution if

one was to be placed in such close proximity to the spectroscopy arm of the module.

2.4.9 Example Signal

Figure 2.23 shows example signals for a 780 nm Flame module with an integrated
rubidium reference cell. The top image shows the SAS signal for 8"Rb (left) and ®*Rb
(right), with their resulting error signals in the bottom plot. A MOGLabs DLC was
used which provides 250 kHz of frequency modulation to the laser, applied directly to
the module current. The integrated LIA of the DLC produces the error signal which

can be used for locking the laser.
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Figure 2.23: Example plots of a Flame’s SAS signal and the resultant error signal for
the 8"Rb F=2 to F’ (left) and 8°Rb F=3 to F’ (right) transitions.

2.4.10 Future Considerations and Similar Devices

The Flame modules used in this thesis output in free-space. In each of the experi-
ments to be detailed the lasers were externally fibre coupled to be integrated into the
relevant demonstrations. A future consideration is for the modules to be fabricated
as fibre-coupled devices. This will increase user functionality and aligns with the ob-
jective of maintaining compact experimental setups. Possible obstacles in employing

this approach, however, relate to the optical isolation required when fibre coupling.
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Integrating the isolators to within the package, as discussed in Section 2.4.8, could
consequently implicate the spectroscopy. An approach to tackling this could be mag-
netically shielding the vapour cell in future modules. This solution is used in [70], which
details a compact laser spectroscopy module similar to the Flame.

Table 2.2 outlines similar compact laser packages which include integrated atomic
vapour cells for laser frequency stabilisation. Each example accomplishes this through
Doppler-free spectroscopy, employing frequency modulation achieved by modulating the
current of the laser diode. The laser modules detailed in [70-73] additionally include
the laser driving and locking electronics. This is a long term objective for Alter and the
Flame module which is currently driven and locked using commercial DLCs, and would
simplify user experience majorly. The Flame surpasses each in laser output power,

making it more versatile for the applications discussed in Section 2.3.3.

Company Laser Power
or Research | Package Additional Info.
Output
Group Volume
DBR laser and
3
Alter UK 36 cm >150 mW COTS components
DFB laser and
COTS components.
Humboldt Total volume of
Universitit zu | 35 cm3 6 mW 400 cm? [71], which
Berlin [74] includes all driving
and locking elec-
tronics
. . ECDL. Total vol-
University of ume of 500 cm? in-
Neuchétel [70, | 200 cm? 3 mW . .
cluding driving and
72] . :
locking electronics
DFB laser. To-
University  of tal volume of 630
. 4 220 cm? 70 mW cm?® including driv-
Neuchatel [73] . .
ing and locking elec-
tronics

Table 2.2: Similar devices to the Flame in the literature, highlighting some of the key
characteristics.
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In [73], they additionally present a version of their laser head which includes an
AOM (total laser-head volume 2400 cm?). The AOM allows for laser frequency shifting
from an atomic resonance, a necessary step in many cold atom and clock experiments.
This implementation doubles their laser-head volume, however, and would not be viable
in a Flame package which is fairly compact. Presented in [16] by Dyer et al., frequency
control of their laser is achieved by sandwiching an atomic vapour cell between magnetic
coils. This introduces a frequency shift via the Zeeman effect, and when integrated with
SAS allows for controllable frequency tuning from a locked atomic transition. This could
be much more easily executed in future Flame modules requiring limited changes to
the current design.

Noteworthy commercial products include Vescent’s D2-210 Saturated Absorption
Spectroscopy Module [75]. This device is an already-aligned spectroscopy module which
requires laser input from the user via free-space or fibre, 500 cm? in volume. Company
TEM Messtechnik’s ‘CoSy’ unit [76] works similarly to Vescent’s, around 730 cm?® and
requiring fibre input for the laser light. The University of Nottingham presented an
additively manufactured atomic spectroscopy module [77], 90 cm?® in volume. The
device requires three fibred laser inputs, which permits frequency stabilisation of the
necessary laser frequencies to achieve laser cooling (see Chapter 4), as well as frequency

tuning control as briefly mentioned above.



Chapter 3

Laser Frequency Stabilisation

and Analysis

The Flame module and its ability to be frequency stabilised has been described in
Chapter 2. It has been briefly discussed in Section 2.3.3 the typical laser requirements
for suitability in laser cooling experiments. It is therefore imperative that the Flame
modules are characterised in terms of their laser linewidth and frequency stability
which are stringent parameters. Typically, < 1 MHz linewidth is essential [23,24], and
a short-term (7=1-10s) frequency stability in the range of 10712 is desired for locked
laser systems [70,72,78].

Frequency stability analysis is mostly achieved in the field by performing an Allan
variance [79]. An Allan variance is a statistical tool which evaluates fractional frequency
fluctuations of an oscillator. This is commonly achieved experimentally by beating two
lasers of differing frequencies against one another at a photo-detector and recording
the beat-frequency with a device such as a frequency counter. The recorded frequency
data is then post-processed for stability analysis and an Allan variance is performed.

Let us firstly assume that the laser whose stability performance is pursued is beaten
against a secondary laser whose frequency is not drifting with time. The stability of

the beat note will then provide the frequency stability of the laser under test and will
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have fractional frequency,

o f(t) _ fav . g
y(t) - fO - fO )

where f(t) is the measured beat frequency at a given time ¢, fg, is the average recorded

(3.1)

beat frequency in the data-set and fy is the nominal laser frequency. The fluctuations
in frequency during time ¢ will then be equal to Af.

This provides a fractional frequency array which the Allan variance is to be per-
formed on. Let us first consider the non-overlapping version of an Allan variance, the

original Allan variance proposed in [79],

M—-1

- (yir1 — i) (3.2)
=1

1
y(r) = 2(M — 1)

g

where y; are the " values of M y(t) samples, averaged over an integration period 7.
The non-overlapping Allan variance has since been replaced with an overlapping
version. This version considers all possible combinations of overlapping samples in
the fractional frequency data-set for a given 7, increasing the confidence factor in the
stability result. The overlapping Allan variance or deviation is the most frequently

used method for frequency stability analysis [80].

. 2
M—2m+1 [ j+m—1
9 1

o) = I —am 11 2 D Wim — ) (3:3)

i=1 i=j

Here, m = 7 /79, where 7 is the averaging time and 79 is the experiment measurement
time.

Both Allan variance methods surpass standard variance methods, which are non-
convergent for specific noise effects in the data-set. Figure 3.1 shows an example plot
for the noise sources which are revealed after performing an Allan deviation to the
fractional frequency data of an oscillator, where an Allan deviation is the square root
of the variance, o, (7). It is shown that the various noise effects are expressed by the
slope of the Allan deviation.

Typical Allan deviation plots, similarly to Figure 3.1, start with initial improve-

ments in the stability due to the averaging down of the noise at short 7. This slope
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Figure 3.1: An example overlapping Allan deviation plot, depicting the various slopes
that arise due to noise effects.

tends to flatten out when the noise floor of the experiment is reached, until inevitably
rising and decreasing in stability due to averaging at longer 7. It is worth noting that
the final points on a typical Allan deviation plot will show large error bars, as will be
seen, due to averaging at long 7 including a limited sample of (y;t+m, — yi) values.

The overlapping Allan deviation is the tool of stability analysis used in this chapter

to characterise the Flame module.

3.1 Experiment - The Three-Cornered Hat

In the introduction of this chapter, we discussed a method for assessing the frequency
stability of a laser source. This method involved beating the laser against a secondary
laser, recording the drift of the beat note, and then executing an overlapping Allan
deviation analysis on the collected fractional frequency array. In this description, we
made the assumption that the secondary laser is stable in frequency which in practice is
not the case. In actual fact, a beat-note signal contains the relative frequency drift and
noise from both laser sources. It is therefore the combined frequency stability of each

laser that is observed in analysis, without means of determining which of the lasers are
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contributing the most to the instabilities.

In this section, we implement a method which allows for the individual stability of
a laser to be identified, allowing for the characterisation and development of the Flame
module. This is achieved using a “three-cornered hat” experimental setup [81].

Described fully in [81], the three-cornered hat considers employing two or more
reference oscillators to induce the stability of an oscillator under test. Consider three
lasers A, B and C. Beating laser A with respect to B provides a combined frequency
stability 031 p- Similarly, beating laser A-C and B-C renders stabilities 01240 and O'%C,
respectively. Assuming that these three lasers are independent of each other, their com-
bined stabilities are therefore a product of the individual stabilities of each oscillator,

and so we have,

01243 = 0124 + 0123 (3.4)
oho =04 + ot (3.5)
J%C = 0123 + U% (3.6)

It cannot be known with certainty the absolute stability of each oscillator following
from these equations. Instead, the absolute stability of an individual component can

be determined by employing simultaneous equations derived from equations 3.4 to 3.6.

1
o4 = 5(0,24B+U%C_0'2BC) (3.7)

Equation 3.7 conveys how a three-cornered hat can be executed for characterising
the frequency stability of laser A, the laser under test. This technique is beneficial as it
is an inexpensive and relatively simple evaluation for determining laser stability. Addi-
tionally, it is a seemingly obvious method for Alter to endorse in order to characterise
future laser builds in-house, since multiple modules can be tested simultaneously.

It should be noted that although the three-cornered hat permits for the uncorrelated
noise sources of each laser to be determined, any correlated sources will still be present

in all three lasers. The three lasers and experimental setups to be detailed below will
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be correlated in temperature, pressure and any acoustic noise as they were performed
in the same laboratory simultaneously. They were however driven by independent
laser drivers, locking electronics and spectroscopy setups. A secondary point to be
highlighted is that the minus sign in Equation 3.7 signifies that the additional two
lasers must be similar in stability to the laser under test, or the solved equation falls

into a negative value due to noise.

]

HWP PBS HWP PBS PBS  RbCell

Figure 3.2: The experimental setup for the three-cornered hat. The three lasers to be
tested are fibre launched to the experiment. Each laser is locked to a 7.5 cm Rb cell
using SAS and frequency modulation of an AOM. This ensures only the pump beam
is modulated (dashed lines). The clean probe signal from each laser is sent to a fast
photodiode for beat-note measurements to be conducted. (HWP: half-waveplate, PBS:
polarising beam splitter, NPBS: non-polarising beam-splitter)

Figure 3.2 displays the three-cornered hat experimental setup. There are three op-
tical setups of SAS to allow for the locking of each individual laser. Two variations
were made to how saturation absorption spectroscopy was achieved, specifically to how
the pump beam was frequency modulated. In the first iterations of the experiment,
for Figures 3.3 and 3.4, frequency modulation was specifically not applied to the laser
itself, but instead to the pump beam only via an AOM. This was to initially establish a

fair comparison of all three lasers, as frequency modulation couples into laser linewidth
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broadening which is directly related to the modulation depth applied. A voltage con-
trolled oscillator (VCO) (Z2X95-200+) generated the RF for each AOM. The frequency
modulation was supplied by a waveform generator, mixed with the VCO output using a
bias-tee. The mixed signal was supplied to each AOM, with the modulation frequency
and depth controlled by the frequency and amplitude at the waveform generator. These
parameters were kept identical for all three AOMs. Each frequency modulation signal
was additionally sent to the reference input of a LIA for appropriate demodulation
of the SAS signal. The experimental setup from Figure 3.6 onwards is a result of di-
rect current modulation applied to the lasers and will be explained within. Since the
pump and probe beams have different frequencies, the resonance condition changes.
The lasers no longer equally address the zero velocity class and instead their resonant
velocity class is Doppler shifted from wqg by 2’”’#.

The three lasers were fibre coupled and launched to the three-cornered hat bread-
board. This was to ensure that each laser produced the same beam diameters and were
collimated, for fair comparison and ease of beam-overlapping at the fast photodiode.
The pump beam of each laser is frequency modulated at an AOM and directed to a 75
mm rubidium glass vapour cell. The probe light overlaps with the pump at the vapour
cell and is reflected at the PBS to a photo-detector. Each laser is subsequently locked
after demodulation at three separate lock-in amplifiers. A fragment of the light in each
set-up is picked off for the probe to be directed to a fast-photodiode which detects the
beat-note signals of each two-laser combination. The beat-notes are optimised using an
RF spectral analyser, with one of the three beams blocked for the beginning of the ex-
periment. The beat-note signal is conveyed to a frequency counter, wherein the central
frequencies are recorded. This is repeated until we have three beat recordings, A-B,
B-C and A-C. An overlapping Allan deviation is performed on each beat note using
software Stable32 [82]. After the Allan deviation for each laser pair is determined, the
three-cornered hat can be executed. For each of the Allan deviation plots to come, the
data-sets were recorded over a period of 5 minutes. It should also be noted that the
systems were in a steady-state before starting the experiment.

Figure 3.3 shows the overlapping Allan deviations for each two-laser combination
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Figure 3.3: The overlapping Allan deviations for each of the two laser combinations.
Laser A is a commercial ECDL, B a home-built ECDL and C is the Flame. A 1//7
fit has been added to each, corresponding to the dashed line in each plot.

where Laser A, B and C is a commercial ECDL, a home-built ECDL and the Flame (a
DBR configuration), respectively. A 1/4/7 fit was applied to the data to show that the
limiting noise in the experiment is white frequency modulation (FM) noise at about
7 = 2s. Each laser combination hits around 4 x 10~12 before another type of noise begins
to dominate. Initial observation of the three presented plots in Figure 3.3 show similar
Allan deviation plots for each of the paired lasers, however, a conclusive answer to the
frequency stability portrayed by each individual laser is possible by a three-cornered
hat execution.

Figure 3.4 shows the overlapping Allan deviation from the three-cornered hat anal-
ysis of the three lasers under test. The presented data leads to the conclusion that
the three tested lasers exhibit comparable frequency stabilities when locked to similar
spectroscopy setups. This finding was considered a positive result, specifically for the
Flame as it demonstrated that there were no inherent issues with the laser and its
accompanying electronics to cause unlocking or laser frequency drifts. This develop-
ment was a beneficial step towards establishing the Flame as a competitive laser in the
market, achieving parity with other commercially available products.

The laser diode configuration of the Flame is a DBR, which are presumed to be
wider in laser linewidth than ECDL’s due to their shorter cavities (see Section 2.1).

Interestingly, the seemingly larger linewidth has not contributed to frequency insta-
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Figure 3.4: The result of the three-cornered hat, outlining the individual frequency
stability of the three lasers under test. The three lasers are considered equal in terms

of their stability following this analysis.

bilities when compared to ECDLs. To prove this, the beat-note signal for each laser
pairing was recorded, each at approximately 2 seconds measurement time. Figure 3.5

shows the three beat-note signals with Lorentzian fits and their FWHM shown.

1 Lasers AC 1 Lasers BC 1 Lasers AB
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Figure 3.5: Beat-note measurements at a 2 second measurement time for each of the
two-laser combinations. Their full-width half-maximum linewidths have been labelled

in each for comparison of laser linewidth.

Similarly to the three-cornered hat analysis, simultaneous equations can be used
to estimate the laser linewidth at a 2 second measurement time for each laser. This
gives laser linewidth’s of approximately 386 kHz, 204 kHz and 556 kHz for lasers A, B
and C, respectively. The linewidth of the laser therefore does not have an effect on the

frequency stability in this experiment. Additionally, Figures 3.4 and 3.5 validate that
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the Flame’s linewidth and stability are satisfactory values for laser cooling applications.

3.2 Experiment - The Flame’s Internal Lock vs External

Demonstrating that identical spectroscopy and locking methods gave alike Allan de-
viations allowed for future demonstrations to use only two lasers in analysis and the
three-cornered hat was no longer implemented. A valuable analogy could then be es-
tablished by comparing the Flame’s laser frequency stability when locked to a standard
75 mm rubidium vapour cell against its internal cell, which measures 12 mm in length.
This would be a key insight into demonstrating the main asset and benefit of the laser
module, which is the internal locking of its spectroscopy. For this demonstration, both
lasers used were switched to current modulation and the AOM’s were removed from
the setups. This was to allow for an impartial comparison of techniques as to stabilise
the Flame to the internal cell of the module, the module must be current modulated
as described in Section 2.4.3. The Flame’s cell heater was heated to achieve optimal

absorption, around 45 °C.

—4—Flame Locked to External Spectroscopy
—4—Flame Locked to Internal Spectroscopy
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Figure 3.6: Comparison of the Flame laser locked to an external SAS setup to the
internal spectroscopy arm of the module. The Flame is beaten against an ECDL for

both configurations and the setup has been switched to current modulation with the
AOM removed.

Figure 3.6 shows the overlapping Allan deviations for the Flame when locked to
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an external SAS setup, to the internal SAS of the module. These Allan deviations
were the result of the Flame and one of the two ECDLs from the previous plots beaten
against one another, where it is deemed not important which of the ECDLs were used
considering the result of Figure 3.4 and the three-cornered hat.

It is clearly observed that regardless of the spectroscopy setup that the laser is
stabilised to, the stability of the laser frequency is the same. This is an extremely
favourable outcome for the Flame. It can be concluded that the module can achieve
frequency stabilities with deviations in the kHz range, competent for cold-atom appli-
cations, and that this can be executed within its 60 x 40 mm module footprint. Figure
3.6 is showing that bulky laboratory based setups can confidently be reduced in the
form of Alter’s Flame module.

Comparing Figure 3.6 to any of the three plots in Figure 3.3 shows a slightly lower
stability but at a much quicker degradation of stability for the current modulation
technique. It is believed the lower stability is due to a slightly tighter laser lock being
achieved with the current modulation method for this particular measurement. The
stability of this lock then degrades much faster, likely due to the inherent instability
introduced by modulating the laser current directly to achieve frequency modulation

of the pump beam.

3.3 Conclusion

The results presented in this chapter show a focus on short-term frequency stabilities,
with early rises in the Allan deviation plots observed at around 1 second. Various
factors are believed to be the cause of this. For example, the intensity of the lasers,
as well as the cell temperatures were not stabilised. For the locking of the lasers via
current modulation, the error signals were Doppler background limited, meaning any
change to the absorption signal due to laser intensity or temperature drifts would have
a direct impact on the error lock point. These parameters would need to be stabilised
and investigated further if long-term stability measurements were desired. Additionally,

a non-Doppler limited background of the error signal can be achieved using a third-
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derivative approach [83].

In this chapter, we explored using a three-cornered hat experimental setup in order
to investigate the individual frequency stability of the Flame. From this, we were able
to draw the conclusion that it was equally effective to use only two lasers for our laser
stability analysis. This simplified future evaluations, and the Flame was then analysed
by beating it against just one other laser source.

It is noteworthy that this represents the first instance of frequency stability mea-
surements conducted with a Flame device. The stability reached using the Flame’s
internal spectroscopy for stabilisation was around 5x107'2 at 1 second, demonstrating
kHz deviations from the lock point. This proves the Flame’s feasibility in laser cool-
ing applications from within its 36 cm® package, matching well with integrated laser

systems published in the literature at similar integration times [70-72, 78].



Chapter 4
Magneto-Optical Traps

In the late 20" century, great interest emerged in using laser radiation to manipulate
and cool particles. After the initial proposal in 1975 by Hénsch and Schawlow [3],
the concept of laser light potentially decelerating atomic motion spurred extensive
experimental research and investigation [4-7].

In this chapter, the Flame is demonstrated in a portable magneto-optical trap ex-
perimental setup. Laser cooled atoms are the first step in various precision applications,
such as atom interferometry and atomic clocks. Additionally, there has been a push
in recent times towards utilising laser cooled atoms for field-deployable quantum sen-
sors. This has involved the development of the various components which make the
experiment, with SWaP reduction being pivotal for progress in the field.

Testing the laser in a quantum technology experiment was the next step in validating
the Flame’s functionality, following from the frequency stability evaluation shown in

Chapter 3.

4.1 Laser Cooling

Introduced in this section are the basic principles to describe the method of laser cooling

atoms. Photon momentum, Ak, is transferred to an atom amid atom-light interactions.

54
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An excited atom is recoiled parallel to the direction of the light with momentum,
p = mv = hk (4.1)

where m is the atom mass and v the atom velocity. The velocity is therefore modified
by v = % The atom emits a photon of frequency wy in a random direction upon
decay, enduring another velocity change v in a direction opposite the emitted photon.
This presents no net change in atom momentum over multiple absorption cycles. The
atom therefore experiences a change in velocity dependent exclusively on the incoming

laser light. An exerted force, Fy.qt, accelerates or decelerates the atom as the photon

absorption and emission cycle continues. Fs.q4 can be described as,

Ap Ap

£ _ = 4.2
At 1/Rscatt ( )

Fscatt =

where Rgequ is the scattering rate of the photons, related to the natural linewidth (T")
of an atomic transition and the fraction of the population of atoms in the excited state

(p22). This becomes,

(4.3)

T I/I
Rscatt = 5 / sat

(1 + 1/ Isat 4 402/T2)
Here, =(wr, —wy) is the laser detuning from resonance, I is the intensity of the light

and I, is the saturation intensity of the atoms. The scattering force then becomes,

T I/Iat

Fscart = hk—
" 2 (14 1/ILsq + 46%/T2)

(4.4)

The scattering force, however, exerts its influence solely in one direction and does
not consider the Doppler shift experienced by the moving atoms.

Consider instead two counter-propagating lasers whose frequencies are red-shifted,
wr, < wp. The light appears as blue-shifted for atoms which travel toward a laser
attributable to the Doppler effect, therefore absorbing more photons from that laser.

Equation 4.3 can be slightly modified to account for the laser detuning from resonance,
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(4.5)

T I/I
Rscatt = E / sat

(1 + I/Isat + 4(5 + k'U)Q/F2)
The total force influencing the atoms is now a consideration of each laser’s respective

scattering rates,

Ftot =

hkT ( I/ 1sat I/1sat ) (4.6)

2 \14+1/Lq +400 — kv)2/T2 14 1/Ioq + 4(6 + kv)2/T2

Equation 4.6 reveals that the force exerted on an atom is dependent on the atom
velocity. This relation is shown analytically in Figure 4.1, where the black solid line
shows the total force acting upon an atom as a function of its velocity and the dashed
lines the applied force from each laser. The force applied is positive (negative) for an

atom travelling with negative (positive) velocity, ensuring deceleration of the atom.

Figure 4.1: The velocity dependent force which acts on an atom in an optical molasses.
The black line depicts the combined force due to the counter-propagating lasers. In
this example, I=1I4;.

For efficient atom cooling in three dimensions, three pairs of counter-propagating
lasers can be utilised. This technique is coined optical molasses, based on the Doppler
cooling mechanism. Although the optical molasses technique has the ability to cool

atoms, it is not effective in trapping them.
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4.2 Trapping

Integrating the damping force described above with the Zeeman effect gives a position
dependent force which confines the atoms as well as cooling them, known as a magneto-
optical trap (MOT). The position dependent force is created by the introduction of
a magnetic field. This breaks the degeneracy of the hyperfine (F') levels of an atom,
introducing 2F+1 magnetic sublevels (mp) to the atomic structure which was discussed

in Section 2.2.1. The energy shift of the sublevels with respect to a low magnetic field

? is,

where pp is the Bohr magneton 2?1 of an atom with electron charge e and mass me,

and gp is the Landé g-factor, equal to -1/2 and +1/2 for F=1 and F=2 respectively
for 8"Rb. This gives a linear split in energy at low magnetic fields, and is known as the
Zeeman effect.

The Zeeman sublevels therefore increase with respect to the applied ?—ﬁeld. To
understand how this mechanism is applied for trapping atoms, we refer to Figure 4.2
below. This is a hypothetical example for basic understanding of the working principle.

In this example, we consider a F'=0 to F'=1 transition. The F’'=1 state will have
mp levels -1, 0 and +1 attributable to the applied magnetic field § Transitions
which change mp sublevels by -1, 0 and +1 are described as 0, 7 and o transitions,
respectively, driven by the specific polarisation of the induced light. Selections rules
dictate that light that is right (left) circularly polarised will induce o* (o7 transitions,
when the applied ﬁ—ﬁeld is (anti-)parallel to the light propagation. The figure shows
two circularly polarised lasers of opposite-handedness red-detuned from wy. An atom
travelling in the positive z-direction will interact and absorb more photons from the o~
beam, forcing the atom into the centre of the trap through the damping force described
in section 4.1. An opposing force is applied to atoms moving in the opposite direction
upon interaction with o™ light. Thus, a position dependent force is realised as the atom
is brought closer to resonance whichever direction it travels, pushing the atom towards

the trap centre.
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Figure 4.2: A simplified version of a one-dimensional magneto-optical trap. A g—ﬁeld
is applied increasing with magnitude in the positive z-direction. This introduces mpg
sublevels on the F’=1 transition from -1 to 1. Two counter-propagating lasers are red-
detuned from wy, circularly polarised with opposite handedness.

The example above oversimplifies the concept of a MOT. In practice, a pair of
anti-Helmholtz coils is employed, ensuring that the magnetic field at the trap centre
is zero. The magnetic field then increases proportionally with distance in both the
positive and negative x-directions. The method is easily applied in three dimensions
by using three pairs of counter-propagating beams in each direction for most effective

cooling and trapping.

4.3 Grating MOTs

The two laser beams essential for each dimension of cooling in MOTs require a consider-
able amount of optics. Reducing the number of laser beams is therefore a key step in re-
ducing the size of the experimental apparatus. The development of the pyramid MOT,
as detailed in [13], introduced the application of applying a single incident beam on a
pyramidal hollow mirror to effectively generate the three pairs of counter-propagating

beams, mirroring the configuration found in a conventional MOT. This idea extended
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to tetrahedral-MOTs [84] which permitted for improved optical access using angled-
mirrors, realising a four-beam MOT. The most significant development, however, came
from the tetrahedral configuration being formed from the first-order diffraction of a sin-
gle incident beam using microfabricated gratings [14]. These diffracted beams achieve
the balance of radiation pressure from the incident beam to permit for laser cooling
in three-dimensions. A schematic of a gMOT configuration is shown in Figure 4.3.
The introduction of the grating magneto-optical trap (gMOT) enabled the significant
reduction in both the space and components necessary for cooling and trapping atoms.
Furthermore, gMOTs offer the advantage of simplified optical alignment and integration

into the apparatus, facilitated by the planar nature of the optic.

Diffracted Input
Beams 4~ Beam

7N~

Figure 4.3: Schematic of a grating MOT chip. A single input beam is diffracted at
the grating surface to form the beams necessary for laser cooling. Not included in the
schematic are the anti-Helmholtz coils.

The description of the optics and mechanisms which describe MOTs have so far
neglected another essential component for effective laser cooling. Ultra-high vacuum
(UHV) chambers are implemented to mitigate thermal collisions of the rubidium atoms
with background gases, actively pumped in the range of 107 mbar [85] by an ion
pump. The alkali is then released into the chamber typically by dispensers. For the
configuration used in this chapter, a gMOT chip has been integrated into a vacuum
cell with attached dispensers and ion pump. We refer to this as a gMOT cell, which

requires the input of a single beam and anti-Helmholtz coils for the creation of laser



4.4 — Experiment - Portable Magneto-Optical Trap 60

cooled atoms. In this chapter, we test a commercial, compact gMOT package fabricated
by CPI-TMD [86] along with a Flame laser module to demonstrate a portable magneto-
optical trap.

4.4 Experiment - Portable Magneto-Optical Trap

The experiment introduced in this chapter aimed to determine the capabilities of a
compact and portable cold-atom system on a mobile platform. The motivation for this
reverts back to the ideas presented already in this thesis. It has been highlighted that
there has been significant funding in the past decade directed towards reducing the
SWaP consumption of the components integral to quantum technologies. Demonstrat-
ing a MOT in a portable manner therefore aligns with this objective.

The total system presented in this chapter incorporates two main compact quantum
technologies. The Flame to provide the frequency stabilised laser light, from Alter UK,
and a gMOT vacuum chamber package by CPI-TMD. This experiment thus explores
the integration of commercial quantum technology products for demonstration of a
transportable magneto-optical trap.

An overview of the cold-atom platform is described, with the various structural
elements split into individual sub-sections. The fabricated sensor is a first-version at-
tempt. The challenges entailed in transforming a portable system from what is typically

an extremely bulky and lab-based experiment are discussed.

4.4.1 Experimental Setup

The experimental setup was split into multiple subsystems as depicted in Figure 4.4.
The individual components are colour coded to outline the individual 19” rack cases,
combined to give the overall system. The sub-systems are explained in further detail
below.

e Laser Driver - This is the electronics used to stabilise the laser frequency. A
commercial DLC is used to drive and lock the laser. A trans-impedence amplifier

is essential for amplifying the photodiode signal before it reaches the DLC’s lock-in
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Figure 4.4: The various sub-systems which the cold-atom system is comprised of. The
colours of each component are representative of the rack case they were constructed in.

amplifier. This is a custom PCB and is described in Chapter 2. Also discussed in
Chapter 2 is the requirement to heat the integrated vapour cell of the Flame to increase
the density of the rubidium atoms. This is done by applying current to a wire wrapped
around the cell.

e Laser sub-system - This sub-system provides the light for laser cooling the atoms.
The laser module used is a 780 nm Flame, frequency stabilised to the integrated rubid-
ium cell. An EOM is used for the required repump light in the laser cooling process.
An AOM in a double-pass configuration allows for the control of the laser frequency
and intensity. The laser light is then fibre coupled, to be delivered to the fibre input of
the gMOT subsystem.

e RF Power sub-system - Windfreak Synth HD devices are used to generate the
RF frequencies required for the AOM and EOM devices. The AOM requires around
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30 dBm of RF power provided by an RF amplifier.

e gsMOT system - This is the cold atom sub-system, CPI-TMD’s compact grating
magneto-optical trap. This device contains a vacuum cell with an integrated grating
chip to allow for the generation of cold atoms, with accompanying optical beam delivery
coming from an optical fibre input. Additionally incorporated in this package are the
required electronics to drive the MOT coils, the ion-pump and the rubidium dispensers.

e Detection Scheme - This is the sub-system for detecting the atoms. A camera
takes triggered images of the atoms, with a photodiode in place for detection of the
MOT fluorescence.

e Control and Monitoring - A custom electronic board was created to monitor
the environment during deployment, as well as to implement control sequences on the
system. The environmental monitor records the temperature, humidity, magnetic fields,
accelerations and location and is controlled by a RasberryPi Pico board.

e Laptop - A laptop is used to control the RF power, the control and monitoring
sub-system and to process the MOT images from the detection scheme.

e Power sub-system - This system converts the power from a car battery to the
required voltages to drive the majority of the system. Multiple DC/DC power supplies
are used for conversion of the 12V DC battery to the +5V, +24V and -24V DC needed
for various components. Additionally, a power inverter was chosen to generate the
230V AC necessary for components such as the DLC, laptop chargers and multi-socket
extension cords.

e Battery - An 110Ah 12V car battery is used to power the entire system.

These various sub-systems were then packaged into five 19” rack cases (laptop not
included), where the colours illustrated in Figure 4.4 indicate the components which
make up each rack. The number of rack units per case is shown in Table 4.1 below, in
addition to the total estimated power budget for each rack.

Figure 4.5 shows an image of the overall portable system built in this project. The
total volume of the rack cabinet chosen was 18U. This gave an extra 3U of space, of
which could be utilised for a shim-rack in future builds. A stretch goal of the project was

to incorporate magnetic shim coils in order to cancel background magnetic fields. This
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. Estimated Power

Rack Units Budget
MOGLabs DLC 2U T0W
gMOT Rack 3U 22W
Laser Rack 3U 19W
Power Rack 2U Not Applicable
Car Battery 5U Not Applicable
Total: 15U 111W

Table 4.1: Estimated power budget and total size in rack units for the system. For
the laser rack, the components considered are the Flame’s cell heater (1W), the AOM
amplifier (12W) and the WindFreak device which drives the AOM and EOM. For
the gMOT rack, the individual components are the gMOT package (15W) and the
environmental detection and control board (7TW).

was eventually not implemented due to time constraints but is hoped to be considered
in future iterations. The sub-sections which follow display images of each of the racks

with a detailed analysis of the components.

Power Rack -

Figure 4.6 shows images of the power rack. The power to the rack is facilitated via a
12V DC car battery. Figure 4.6a shows the custom designed, panel mounted rack wall
for the power rack. This was designed with safety, robustness and practicality in mind.
Starting from left to right, these include a plug socket for the AC-powered components,
an international electrotechnical commission (IEC) lead-input delivering the 12V from
the battery, and a power-switch connected to the IEC lead for safety. Finally, presented
are RS PRO heavy-duty power connectors (part number 171-5732), designed to endure
currents of up to 16A. These connectors are interfaced to the output of the DC/DC
converters, enabling the power transfer to the other racks.

The interior of the rack is depicted in Figure 4.6b. Starting from the bottom left is
the power inverter used to convert the 12V DC to the 230V AC necessary for powering
AC devices, such as the DLC. The exact model shown in the image is RS Pro model

816-0034, however, this was not the device used in deployment and will be discussed in
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gMOT Rack

Power Rack

Figure 4.5: The portable cold atom system fabricated in this chapter, with each rack
and individual component labelled. The sensor is 60 cm L x 60 cm D x 90 cm H in
volume.

Section 4.4.2. The device was screwed to the rack wall for convenient connection to the
plug socket output. Following from the inverter are the the DC/DC converters. From
left to right these are 5V, +24V and -24V devices. The 5V DC was required to power
the Flame’s integrated vapour cell and environmental monitoring device. The AOM RF
amplifier required 424V, and the -24V was included to power the shim-rack. The shim-
rack was not implemented due to time constraints, though is expected to be included
in future iterations of the system. The power from each of the DC/DC converters is
connected to the socket version of the RS PRO heavy-duty power connectors (part

number 171-5733). The sockets are screwed securely to the rack wall.

Laser Rack -

Figure 4.7 shows an image and labelled drawing of the laser rack. This rack consists

of the optical breadboard and fibre launch, the RF components and the necessary
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Figure 4.6: Photograph of the power rack displayed at different angles. (a) The custom
designed rack wall. From left to right: a plug socket to the power inverter, an IEC
lead supplying the power from the battery, a power switch and three connectors which
interface with the DC/DC converters for the transfer of power to the gMOT and laser
racks. (b) The interior of the power rack. Left to right: the power inverter, a 5V
DC/DC converter, a +24V DC/DC and a -24V DC/DC.

electronics to drive them. The top section of the figure shows the custom designed rack
wall of the laser rack. Additionally, a pound coin is shown on the left-hand side of the
rack to gauge the compact size of the optical components.

The 780 nm Flame module used is driven and frequency stabilised by a MOGLabs
DLC. The electronic breakout board for the DLC is panel mounted to the rack, ‘DLC
Board’ in the labelled figure of Figure 4.7. The DLC Board is connected to the ap-
propriate pins of the custom PCB Flame driver. Described in Section 2.4.6, the Flame
PCB driver interfaces the Flame laser with the electrical components to drive and lock
the module. A SubMiniature version A (SMA) cable connects the photodiode output
signal of the Flame to the rack wall via ‘SMA Connector’, interfaced with the input
of the trans-impedance amplifier on the other side of the wall. Additionally wired to
the Flame PCB is the vapour cell heater. This gets powered by 5V DC, obtained from
the power rack, wired via ‘Power Connector’ on the labelled image. A resistor was
connected in series to reduce the current induced.

Additionally labelled are the devices which drive the AOM and EOM, a WindFreak
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Figure 4.7: Photograph of the laser rack aligned with a labelled schematic. The top red
boxes show the rack-wall of the laser rack. The panel mounted components needed were
an SMA connector, grommet hole for the fibre transfer, the MOGLabs electronic driver
board, universal serial bus (USB) connectors and power connectors which transfer the
DC voltages from the power rack. The yellow boxes show the laser bread-board, an RF
amplifier and a WindFreak SynthHD device. This device supplies the RF powers and
frequencies for the AOM and EOM devices. The beam path is depicted, where green
and orange rectangles represent half-waveplates and quarter-waveplates, respectively.
(OI: optical isolator, TS: telescope, FC: fibre-collimator)

SynthHD and an RF amplifier for the AOM. The WindFreak outputs the RF powers
and frequencies for the EOM and AOM devices. The device is both powered and
controlled via USB connection to the laptop, interfaced using the ‘USB Connector’ on
the rack wall. The RF amplifier amplifies the WindFreak signal intended for the AOM
by 30 dB and is powered by +24V DC from the power rack.

Finally, there are incorporated grommet holes mounted on the rack for the optical
fibre and temperature probes from the environmental monitor to be inserted through
for travel to the other racks. This is labelled as ‘Fibre Output’ on Figure 4.7.

The optical breadboard is highlighted (black) with the beam path depicted. For the
optical components, Thorlabs miniseries range was chosen [87]. These components are
more compact, lighter and less vibrationally sensitive than standard components used
in labs. This permitted the size of the optical breadboard to be reduced significantly.
Pedestal posts 12.5 mm in height (MSP05/M) were chosen, which include pre-mounted
set screws for the mounting of the optical components. These posts are then secured

onto the breadboard with clamping forks and therefore the heights of these components
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are not adjustable. Custom mounts of aluminium were machined to account for the set
height of the optical components. This was for securing the Flame, optical isolators,
EOM, AOM, as well as a few of the optics to the breadboard.

The Flame laser used generates 150 mW of 780 nm light. The beam is directed
towards two optical isolators. To accommodate the restricted breadboard size, it was
necessary to source optical isolators in smaller form factors with large beam apertures.
EOT Tornos optical isolators (OIs) provide around 33 dB of optical isolation, a 4 mm
aperture and are 40 mm long. Optical isolators, especially to such a high degree of
isolation, have proven to be crucial for Flame modules designed for fibre-coupling.
This is discussed and demonstrated in Section 2.4.8. The beam is then recollimated
by a 1:1 telescope (TS) before being directed to an EOM. The EOM procured is from
QUBIG (PM-RB-6.6), used to produce the optical side-bands necessary for the repump
light in the laser cooling stage (~3%). This device is powered by 20 dBm of 6.574 GHz
of RF power via the WindFreak, which is the maximum power output available using
a WindFreak device.

Following from the EOM, the beam travels to a PBS where the majority of the
light is transmitted. The polarisation of the light is controlled and optimised by a half
wave-plate (HWP), depicted as green rectangles in Figure 4.7. The transmitted light
enters a double-pass AOM configuration with a cat-eye lens setup. This is to ensure the
beam is not misaligned as the frequency of the AOM is altered in the optical molasses
stage of the experiment. A 110 MHz AA Opto-Electronic AOM (MT110-A1-IR) was
chosen and in steady-state MOT operation was employed at 101.45 MHz with -4 dBm
of RF power delivered via the WindFreak. This was amplified by a 31 dBm AA Opto-
Electronic RF amplifier (AMPB-34-10.500). This enabled the laser to be around 10
MHz detuned from the F’=3 cooling transition of 8"Rb, with the Flame locked to the
F=2—F'=1 & 3 crossover transition of its integrated cell. The polarisation of the light
was optimised to ensure that the majority of the light is reflected at the PBS after the
double pass of the AOM using a quarter-wave plate, orange rectangle in the labelled
figure. A second telescope was included in the beam path to increase the beam by 1.5x

to optimise the fibre coupling (FC). The light is then fibre launched via a polarising
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maintaining fibre, which travels to the ‘Fibre Output’ grommet hole for insertion to
the gMOT rack.

Finally, a 3D printed mount was fabricated in order to secure in place the Flame
PCB driver and ZIF plug connector which is attached to the 12-pins of the module.
This was to mitigate concerns that whilst the system was in motion, the ZIF connector
would respond to the vibrations, causing strain on the module pins, loose connections
or permanent damage. The back of the PCB was secured to the wall of the mount via
nylon screws and can be seen seen on the picture image of Figure 4.7.

The laser sub-system provides 23 mW of laser cooling light from the output of the
polarisation maintaining fibre, a sufficient value for generating cold atoms in a gMOT
configuration [15,88,89]. The majority of the optical loss is from the double pass AOM
configuration, where around 54% of light is lost (83% diffraction efficiency in the first
pass and 65% in the second). The fibre coupling efficiency is around 50% which is also
a major factor of optical power loss. The footprint of the laser breadboard is 20 x 25
cm with the highest point around 7 cm, leaving ample space in the 3U 19” rack chosen
for the laser rack of the system.

The next stage of miniaturisation for the laser rack could include fibred optical
components. This would undoubtedly reduce the volume of the breadboard, whilst
mitigating the risk of optical misalignments. Fibred Flame devices are in development
at Alter and could be used in future iterations of this system with fibred EOM and
AOM devices.

gMOT, Control and Detection Rack -

The rack which integrates the gMOT package as well as the control, monitoring and
detection sub-system is shown in Figure 4.8. The rack-wall was once again custom
designed to interface with the laser and power racks.

CPI-TMD’s gMOT sub-system consists of an ultra-high vacuum cell with an inte-
grated grating, allowing for the conditions to create and trap cold atoms with beam-
delivering optics and coils. This is all contained within a 33 x 8.8 x 10.4 cm package,

including an electronic board which drives the MOT coils, ion-pump and rubidium
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Control Board

Confocal Detection

gMOT

Figure 4.8: Labelled image of the gMOT rack. This rack is comprised of the gMOT
vacuum package, the detection scheme and the electronic control board.

dispensers. All that is needed from the user is 5V DC, and the laser light delivered via

the optical fibre input, which comes from the laser rack as described above.

Anti-
Helmholtz
Coils

Beam Launch

Optics Electronics Fibre in

Figure 4.9: The interior of CPI-TMD’s gMOT package. The cooling and re-pump light
enter at fibre in and are beam-launched to the grating MOT vacuum cell. A pair of
anti-Helmholtz coils sit directly above and below the cell to ensure that the applied
magnetic field is zero at the MOT location. The PCB which powers the coils, ion pump
and dispensers is shown.
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Figure 4.9 shows a labelled image of the gMOT package with its lid removed re-
vealing the internal components. The fibre from the laser rack is input at ‘Fibre In’. A
separate, internal fibre of the gMOT then launches the light towards a quarter wave-
plate to achieve the required circularly polarised light, as described in Section 4.2. The
circular light hits a mirror and is directed towards a quad grating chip where four
diffracted orders are generated. Magnetic coils in an anti-Helmholtz configuration sit
directly above and below the gMOT cell, as labelled. Some alterations to the coil re-
sistance was necessary to successfully produce the magnetic field gradient (~15 G/cm)
needed for atom trapping when powering the coils from the PCB. The 5V DC to
power the device can be provided from either USB power from a laptop or from the 5V
supplied from the power rack.

The detection and control schemes were tasks assigned to a colleague and electronic
engineer, respectively. The PCB for in-house control and environmental monitoring
is managed by a Raspberry Pi Pico through serial commands. Table 4.2 outlines the
control hardware and their output channel objectives. The implementation of the
control board communication to the physical components was an assigned responsibility
of a colleague. This was executed as a guided user interface (GUI), written on PYQt5.
Due to time constraints, some of the implementations were not executed. Control of
the gMOT coils and dispensers was not executed due to issues with the gMOT PCB.
It was found that the push switches for the magnetic coils did not offload the current to
the coils fully when switched off, and so this control was not implemented. Switching
off of the MOT was instead controlled by powering down the RF power to the AOM
via the WindFreak device.

For environmental monitoring, the board is outfitted with both on-board and off-
board 3-axis magnetometers (GY-271 modules). Onboard humidity and temperature
sensors (DHT22), which measure temperatures in the range of -40°C to +125°C and 0 to
100% humidity readings. Three off-board temperature sensors (DS18B20), measuring
within -55°C to +125°C. These sensors could be transported easily through the back
panel grommet holes of the racks, where one was placed in the laser rack (can be

seen bottom left of Figure 4.7). The Global Positioning System (GPS) was recorded
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H Channel Information Physical Control H
e 2x channels e 1x channel used for photodiode input for
e 16-bit analog to digital converter measurement of atom loading curves.
e (0 to 10V
e 2x channels e 2x channels to be used for control of ana-
e 16-bit analog to digital converter log AOM driver (not implemented).
e (0 to 10V

e 3x channels
e 16-bit digital to analog converter
e -10 to 10V

e These channels were for future magnetic
field cancellation control.

e 4x channels
e General purpose input output time-to-
live (TTL)

e 2x channels to be used for controlling
gMOT coils and dispensers (not imple-

. 0/5V mented).

e 5x channels

e General purpose input output TTL e 1x channel used for camera trigger.
¢ 0/3.3V

Table 4.2: Table overviewing the control hardware for the experiment

using a U-blox 7 module and the acceleration via an on-board accelerometer, GY-521
(MPU-6050).

A confocal optical system was employed to address the considerable scattering
present in gMOT systems. The detected light was divided between a triggerable cam-
era (CS166MU1/M) and a biased photodiode (PDA36A2) for imaging and monitoring
of the cold atoms at the 2.5 cm diameter window of the gMOT. Consolidating the
camera and photodiode signals into a single imaging system was adopted to minimise

the sub-system’s footprint.

Laser Driver and Car Battery -

These final two items occupied the remainder of the space on the rack. The MOGLabs
DLC is 2U in volume and was chosen due to familiarity and ease of operation. The
device drives the laser, frequency modulates the light via modulation of the current
applied and has an in built lock-in amplifier for demodulating the signal and locking to

the error signal. As will be discussed, more compact devices should be considered for
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future iterations. Additionally, devices that do not require operation on AC voltages
should be considered, allowing for the exclusion of the power inverter. Figure 4.5
showed there was still 3U of space available in the overall cold-atom system, therefore
the laser driver did not necessarily pose as a hinder to the size of the system from the
rack cabinet chosen in this project.

The battery used was a 12V, 110Ah car battery, 39.2D x 24W x 17.1H cm. Table
4.1 showed that the estimated power budget of the overall system was 115W, allowing
for almost 10 hours of usage from the battery. An extra battery was purchased and

placed in the system as a precaution but was not anticipated to be needed.

4.4.2 Results and Realisations

This chapter highlights the systems engineering required to transform a typically large
and laboratory-based system into a portable one. Such a transformation involved iden-
tifying and addressing numerous challenges, leading to several key insights and realisa-

tions.
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Figure 4.10: An example atom loading curve produced by the portable system in the
lab before the field trials.

Figure 4.10 shows an example of a MOT loading curve, measured in the lab before

the field trials. The MOT was turned off and on by configuring the AOM RF power.
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The resulting atom loading curve is fitted using the following equation [90],
N(t) = Neg(1 — exp(—t/T)) (4.8)

where NV equals the number of atoms in the MOT at time ¢, 7 is the MOT loading time

and N, is the equilibrium number of atoms in the MOT.

Yo/~ /.

Universityol <& %
Strathclyde
Glasgow

=

Figure 4.11: An image of the system in the back of a van on the day of the field trails.
The system is powered by the car battery. The laser was found to on the day unlock
consistently, resulting in only brief periods of cold atoms being achieved during the

trials..

The number of atoms trapped and the MOT loading rates measured in the lab
were consistent and the system was considered reliable. Figure 4.11 shows an example
picture of the cold atom system in the back of a van on the day of the field trials. The

system successfully powered up and cold atoms were achieved. However, the laser was
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found to unlock consistently, staying locked for no more than about 30 seconds at a
time. Described in this section are some of the realisations made both before and after
deployment. Based on these findings, decisions have been made for the future iterations

of this system in the hope for a more robust cold-atom system in version two.

Electronic Issues -

As a seemingly obvious route for powering AC devices in a portable manner, power
inverters were chosen. Having trialled multiple different models and types of inverters
in this project, however, it was concluded that these devices would not be elected as
an effective solution again. Table 4.3 below summarises the devices tested, with the
complications found with each highlighted. A total of four inverters were bought over
the course of the project, of which, three of them were found to induce noise on the
photo-amplified spectroscopy signal of the Flame. The noise was so apparent that it
hindered the laser locking process with the error signal being drowned out by the noise.
The inverters used varied in terms of wattage, price and both modified and pure sine
wave devices were explored.

Table 4.3 shows the main issues found with the different inverters throughout the
course of the project, with induced electronic noise being the biggest culprit and the
hardest issue to mitigate. Inverter “1” was identified as the sole power inverter to
not impede the laser locking process as it did not produce additional electronic noise.
However, it was the only inverter of the four to cause a drop in the maximum current
limit of the laser diode controller, meaning the laser frequency could not be tuned to
resonance with the 3’Rb F=2 transition. This specifically happened when an extension
lead was used and multiple devices were plugged in. Two pure-sine wave power inverters
were purchased as it was theorised that modified sine inverters were not efficient or
reliable enough for powering the AC devices. However, this change did not result in
any improvement to the induced noise.

Inverter “1” was the only device to not induce noise to the system. It is assumed
that the electronic noise issues are an effect of a grounding matter, of which “1” does

not submit to. It was found that if only the DLC was powered by inverter number “17,
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Pure Sine Wave

Part Number | Power (W) vs Modified Issue

Ultimate gg r;m:f mdlfei
1 | Speed USSW | 300 Modified o IWSGV o (f CW

300 Al asSer driver cur-

rent dropped.
Noise induced un-
less pressure to

2 RS Pro 816- 500 Modified chassis - mechani-
0034 .
cal issue. No laser
current drop.
Yinleader Noise issues. No
3 | 500W Voltage | 500 Pure Sine laser current
Transformer drop.
Noise issues. No
laser current
RS Pro 179- . drop, no miti-
4 3325 300 Pure Sine gation of noise
by pressure to
chassis.

Table 4.3: The various power inverters purchased for the experiment and the challenges
faced with each.

the current limit of the DLC minimising was resolved. Therefore, for demonstrations
of the system powering outside of the laboratory, inverter “1” was used. This was the
most acceptable solution due to time constraints, although it meant that additional
components which require AC power (laptop chargers for example) had to be avoided
as to not overload the inverter.

In improvements made to the current system or future builds, it is unlikely that
power inverters will be utilised, an insight gained as a result of this work. Instead,
portable DLCs which run off of DC voltages should be explored, with the additional
advantage of reducing the real-estate of the overall system. An investigated solution
which required basic resources and minimised alterations to the initial setup was ex-
plored by operating the MOGLabs DLC on DC power. This was achieved by supplying
approximately 15V DC directly to the device, bypassing the transformer. This method

was determined to effectively drive the laser with the exclusion of the power inverter
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and is a route which will be considered in the next iteration of this project if minor
modifications are desired.

Noise from the power inverters were not the only source of electronic difficulties.
In general there were grounding issues relating to many of the components which form
the portable system, with all of the racks needing to be grounded to the power-rack
to mitigate some of the noise induced. Subsequently, it was discovered that as more
electronic components were added to the system, for example the detection camera or a
laptop, the problem persisted. The above issues were a consequence of the system being
powered from the battery, which was a requisite for the system being portable. These
various noise concerns were fairly unanticipated and a considerable amount of time was
spent investigating in order to mitigate them. Unfortunately, on the deployment day
this was the root cause of the system creating cold atoms for only short periods of time,

as the locking electronics were disrupted with random bursts of noise.

Environmental Dependence -

Figure 4.12 shows trials of the cold-atom system in motion within the university build-
ing and outside of the laboratory. A steady-state MOT was realised, with the atom
fluorescence recorded, as measured by the photodiode in the con-focal detection scheme.
Simultaneously, the acceleration and magnetic fields were recorded by the environmen-
tal monitor to determine any correlation in the parameters to the MOT number. This
experimental run lasted for 235 seconds before the laser became unlocked resulting in
the MOT being lost.

Figure 4.12a displays that accelerations exceeding 0.6 g were recorded on the trial
run, with a standard deviation of 0.1 g. Figure 4.12b presents the magnetic field
measured during the same corridor run. The maximum field was 3.8 G, with a standard
deviation 0.7 G. The atom number throughout the duration of the MOT steady-state
varied with a standard deviation of 11% of the normalised value. The laser unlocking
does not appear to correlate with either of the environmental factors, where the most
significant changes in acceleration and magnetic field occur closer to the beginning or

middle periods of the measurement. It is believed that the laser became unlocked due
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Figure 4.12: A trial run of the portable system outside of the laboratory. A steady-
state MOT was created and the system was transported in a corridor. The normalised
atom number compared with the recorded: (a) accelerations (b) magnetic fields, are
presented.

to the grounding issues mentioned before.

Overloading of Rb -

In an attempt to power the gMOT dispensers using the integrated device PCB, the
dispensers were inadvertently overrun and the vacuum cell was overfilled with rubidium.
We believe this caused the Rb partial pressure to saturate. Rubidium vapour pressure
is fairly high, with a strong dependence on temperature (around an order of magnitude
every 20°C). This occurred in the run up to the system being deployed and remained
for several weeks.

The outside temperature had dropped to about zero degrees Celsius, which saw an
advantageous opportunity for investigating this matter. The entire setup was trans-
ported outdoors for several hours to allow the vapour cell temperature to decrease. This
was a profitable experiment, where there are limitations in lowering the temperature
of a vapour cell from within a lab environment. Using cooling methods such as dry ice
around the cell, for example, could result in the atomic vapour condensing. Being able
to transfer the system with ease to a cold environment allowed us to safely attain a
reduced rubidium pressure and increase the MOT loading time.

Trapped atoms are lost from the MOT due to collisions with hot, un-trapped rubid-
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ium atoms and collisions with background gases. This permits for the pressure within
the cell to be determined [17,91] by characterising the MOT loading curve, specifically
by considering the loading time 7. This is particularly useful in cold atom experiments
which do not contain pressure gauges, especially in compact sensors such as TMD’s
gMOT.

The loading time 7 can be considered as the MOT lifetime, described in [17] as,

1

T= 4.9
YPy. + B PRy (4.9)

Here, Ppgy is the rubidium pressure and Py the background vapour pressure within
the cell in mbar, explicitly everything else that is not Rb. The corresponding loss
coeflicients due to collisions with hot rubidium atoms and the background gases are de-
scribed by 3 (3.3 x 107 mbar~!s™!) and v (3.73 x 10" mbar~!s~1) [91], respectively. The
pressure of the rubidium in the vacuum cell will increase drastically with temperature,

using the following equation retrieved from [53],

1961.258
log1oPry = —94.04826 — —7 - 0.037716871 + 42.57526log10T (4.10)

The pressure of the background gases can then be found by rearrangement of Equation
4.9.

The entire cold-atom system was sat stationary outside for several hours until a
steady temperature was reached. The temperature of the cell was measured by placing
a thermo-couple on the copper pipe of the ion pump. The system was then transported
back inside and loading curves were recorded as the temperature of the system started
to rise with room temperature.

Figure 4.13 shows a comparison of the loading curves for the apparatus at two
different temperatures. Detailed also on each sub-figure is the equilibrium number
of atoms in the trap and the calculated background pressure, by rearrangement of
Equation 4.9.

The MOT loading time increased roughly by a factor of 7 after the system was

cooled down. An unexpected outcome of this experiment was the factor of 10 increase
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Figure 4.13: Comparison of the loading curves with an ~11°C difference in measured

temperature. The loading curve has been fitted using equation 4.8. The atom number,
loading times and calculated background pressures are labelled as N, 7 and P, respec-

tively.

in the background pressure as the temperature of the cell increased. This suggests that
either the model used is incomplete, or there is a gas present in the vacuum which
has a more significant temperature dependence with pressure than anticipated. The
measured 7 values were then compared to the theoretical values using Equation 4.9. A
sensible value of 1078 mbar was chosen for Py, with an adjustment in place to account
for the ideal gas law. Figure 4.14 shows the experimental 7 values as a function of the
temperature of the cell, compared with the theoretical values.

An important aspect to consider is that although we successfully reduced the pres-
sure within the vapour cell, uncontrolled parameters were prevalent. This was a best-
effort attempt, with limited alternative solutions. Throughout this trial, the laser was
kept on the entire time and was repeatedly locked. Similarly to the deployment in the
van, the electronic issues caused by the portable-powering of the system resulted in
continuous and random unlocking of the laser. The variability in the goodness of the
lock during each re-lock may have contributed to the discrepancy between the experi-

mental data and the theory. Additionally, the thermocouple was placed on the copper
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Figure 4.14: The experimental 7 values against cell temperature plotted with the the-
oretical values of 7, using Equation 4.9. The included error bars are representative of
the error calculated in loading curve measurements of a different setup.

pipe of the ion pump, where theoretical values are derived from the coldest point of the
cell. For this reason, the temperature values have been offset by 5 degrees for Figures
4.13 and 4.14. The measurement ideally would be repeated and averaged to deduce the
error in the results. This was challenging to do as the temperature was uncontrolled
and rose quickly once the system was moved back indoors. The errors bars included
in the plot are representative of the calculated standard deviation for loading curve

measurements in a different experiment.

4.4.3 Conclusion

It is possible for the footprint of the system engineered in this chapter to be reduced
massively. Alternative diode laser controllers could considerably decrease the system
volume, with the added gain of improved functionality. Commercial DC-powered laser
controllers such as Koheron drivers [92] could be integrated with a microcontroller to
create a digital laser controller, for example. Strangfeld et al. [71] utilise a RedPitaya
StemLab with a tailored extension board to both drive and frequency stabilise a DFB
laser. Additionally, they have devised an accessible field-programmable gate array

(FPGA) tool [93] which facilitates the automatic locking and re-locking of a user-
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selected atomic transition. This would have undoubtedly improved the user friendliness
and overall volume of the portable cold-atom source described here.

Additional downsizing of the system include minimising the laser sub-system through
eliminating the EOM and AOM components. It is possible for the repump light, for
example, to instead be generated from direct modulation of the laser diode [94]. Ad-
ditionally, the double-pass AOM configuration resulted in about 50% of optical power
being lost in alignment. There are alternative frequency stabilisation schemes which can
allow for the frequency control needed whilst neglecting these devices. Schemes such as
DAVLL (see Section 2.3.2) could be utilised, giving a large tuning range at the expense
of a less stable lock. Methods which rely on the Zeeman effect for frequency shifting
the atoms with a controlled magnetic field [16,60] could also be employed. Portable
atom interferometers in the literature achieve the frequency stabilisation and control
needed in a variety of forms. Frequency offset locking is elected by many [9,28,67,95],
permitting for the exclusion of EOM and AOM devices, though requiring more than
one laser source. This solution likely would have increased the optical power output of
the trap beam if adopted in the system, though procuring additional lasers would be
expensive with no real save on form-factor.

Table 4.4 overviews the system built in this project against other portable MOTs
in the literature, as well as to two quantum sensors. Specifically, the size, weight and
power of each is over-viewed. The system real-estate could have been substantially
reduced by use of fibre coupled devices. It was discussed in Section 2.4 that Alter plan
to fibre-couple future Flame modules. A frequency stabilised Flame device with a fibred
output could be used in conjunction with fibred AOM and EOM devices for simplistic
integration with the gMOT device. Portable atom interferometers and MOT devices
are widely comprised of all-fibred components [9,28,67,96-99], which are inherently
less sensitive to vibrations and mechanical perturbations.

Portable magneto-optical traps are on the greater part comprised of the essential
components which could eventually transform them into sensing devices. The limiting
factor in doing so in the setup discussed in this chapter is largely due to the optical

output power. Atom interferometry, as discussed in Section 2.3.3, requires 100s of
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Citation System Size Weight | Power Addltlon'al
Type Information
This MOT 60 cm x 60 cm x 30 k 11 W Free-space optical
work 90 cm & components.
Frequency-doubled
[98] MOT gg ;:;:11 x 20 em x 10 kg | 80 mW | telecoms system. All
fibre components.
Frequency-doubled
telecoms system. All
[97] MOT i’g CCE X 35 e x 6.5 kg | 80 W | fibre components.
System was flown on a
drone.
Laser system -
(25 cm x 30 cm x Powered by mains.
cm g - eight includes laser
95 MOT 8 5k Weight includes 1
Science Package - system only.
(7.2 cm x 42 cm)
Bose- Weight includes two
Einstein layer mu-metal shield.
Con- System is designed for
[100] den. 65 cm x 95 cm 246 kg | 364 W achieving BECs - con.
sate sists of two separate
(BEC) vacuum systems.
. System is designed to
[101] éﬁ?;e 121 L 75 kg | 320 W | load strontium atoms
into an optical lattice.

Table 4.4: A comparison of the cold-atom system described in this chapter compared to
similar systems in the literature. This specifically focuses on the SWaP characteristics
of each.

mW of light, specifically for experiments which rely on Raman laser pulses. Similar
portable MOTs utilise fibred components with optical amplifiers [97,98], which would
enable the future adaption of their system for atom interferometry applications. Such
a transformation is beyond the scope of this project, where the primary aim was to
deploy a cold atom system in a vehicle.

This experiment predominantly served as a showcase for commercial quantum tech-
nology products, Alter’s Flame laser module and CPI-TMD’s compact vacuum system.
As a first version, the developed cold-atom system is considered a success. Major

electronic grounding issues when powering from the car battery impeded the van de-



4.4 — Experiment - Portable Magneto-Optical Trap 83

ployment test. Time must be spent on identifying the fundamental cause, however,
it is believed that reducing the number of components could tackle this. Additional
work is also required to address the control hardware for improved user capabilities
and organisation. With these refinements and future considerations of laser controllers
used, a more reliable, robust and compact system is believed to be achieved with future
builds.

As a closing statement, the Flame successfully endured the deployment test within
the vehicle and additionally demonstrated resilience during prolonged exposure to al-
most freezing temperatures when operated outdoors for several hours. During both
outdoor trials, it was observed that the frequency of the laser maintained resonance
with the atoms, and there appeared to be no issue with the abrupt changes in temper-

ature or environment.



Chapter 5

Magnetometry

Described in this chapter are two magnetometry experiments based on a free-induction
decay configuration, employing alternate Flame devices as the laser source. Free in-
duction decay (FID) magnetometry exploits the spin-polarisation of atoms as they are
optically pumped by laser light. In the presence of a magnetic field, the atomic spins
precess at the Larmor frequency as the pump is turned off, detected by monitoring the
rotation of a weaker probe beam.

For these experiments, we rely on the atoms being polarised for as long as possible
and therefore mechanisms such as collisions between the atoms with each other and the
cell walls should be minimised. To prolong the spin-coherence lifetime of the atoms,
therefore, a buffer gas can be added to the atomic vapour cell. The presence of the
buffer gas in the cell effectively mitigates the decoherence of the atomic species by
reducing cell wall collisions, prolonging the atomic coherence. However, a consequence
of this inclusion is the occurrence of alkali atom collisions with the buffer gas molecules.
Excessively high buffer gas pressures can lead to this being the primary depolarising
contribution. Ideally, the alkali-wall collision rate and alkali-buffer gas collision rate
are approximately equal. This minimises the intrinsic relaxation properties of the cell,
as discussed in [102]. Additionally, the buffer gas leads to a broadening and frequency
shifting of the optical resonances. The collisional broadening is directly proportional
to the pressure of the added buffer gas, ~20 MHz of broadening for each Torr with
a -8 MHz/Torr frequency shift using nitrogen (N2) buffer gas [103]. A suitable buffer
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gas pressure should therefore be selected for magnetometry cells which incorporate
buffer gas, accounting for the broadening whilst ensuring that the spin-coherence of
the atoms is maximised. The magnetometers introduced in this chapter utilise micro-
electro mechanical systems (MEMS) atomic vapour cells with added buffer gas. The
main advantages of using MEMS cells are that they are mass-producible, inexpensive
and compact enough for chip-scale devices.

The integrated vapour cell of the Flame is therefore redundant in magnetometry
sensors which utilise MEMS cells with added Ny buffer gas. The broadening and shifts
caused by the buffer gas results in the incorporated vapour cell within the module being
GHz detuned from resonance with the broadened MEMS cell atoms, for typical pres-
sures of around 200 Torr or more. This broadening effect relaxes the stringent require-
ments on the lasers used in these experiments compared with the cold atom applications
discussed previously, especially in terms of linewidth. For example, OPMs operating
with buffer-gas cells could suffice with a laser linewidth less than 100 MHz [26]. There-
fore, typically the lasers in this application do not require to be frequency stabilised,
highlighting once more that the Flame’s integrated vapour cell can be dispensable in
magnetometry applications.

Laser diodes are the most commonly used laser devices in OPM experiments,
especially for portable and compact sensors. Vertical-cavity surface-emitting lasers
(VCSELs), for example, are extremely favourable due to their reduced dimensions and
low-power consumption. The main advantages for using a Flame laser for such an ex-
periment is twofold. The compact size of the module assists in the need for portable
OPMs, aiding applications such as geophysical surveying, fundamental physics areas
and medical applications [104-106]. The second is the Flame’s high-optical power.
The more intense the optical pumping light, the more atoms that are interacted with
creating a higher spin polarisation and SNR. This is an advantage that lasers com-
monly used in portable experiments, such as VCSELs, cannot contend with. The high
output power of the Flame may also be utilised to provide two or more independent
beams paths, resulting in magnetic gradiometric measurements which are often desired

in unshielded real-world magnetometry applications.
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This chapter introduces two free-induction decay magnetometry sensors which use
Flame modules, one based on rubidium atoms and the other using caesium. Both
species are commonly used, each offering distinct benefits. Caesium for example has
a higher vapour density at equivalent temperatures compared to rubidium. This is
advantageous in terms of power consumption in a system where SWaP is a concern.
Rubidium offers benefits such as a lower spin-destruction cross-section compared to
caesium [103], leading to a lower rate of spin-destructive collisions and therefore a

longer coherence time.

5.1 Free-Induction Decay Magnetometry

OPMs boast a wide array of benefits over other magnetic sensors such as flux-gates or
Hall probes, with increased sensitivity performance and accuracy being the key qualities
which surpass conventional devices. The choice of OPM configuration depends on the
specific use case or intended application, with each configuration offering distinct traits
and advantages. For example, the spin-exchange relaxation-free (SERF) configuration
[107,108] operates at low magnetic fields strengths of around 100 nT which sets a limit
on the dynamic range. It does however achieve extremely high sensitivities, making it
suitable for biomagnetism applications. Radio-frequency (RF) magnetometers have also
displayed high sensitivities [109,110]. This scheme also enables a tuneable detection
frequency far from sources of technical noise, however, again the dynamic range of
the sensor is limited providing a challenge for implementation in conditions where
the magnetic field amplitude may vary (i.e. onboard moving vessels). A FID sensor
is a straightforward technique to implement. Furthermore, it has the dynamic range
required for operation in unshielded environments such as the Earth’s geomagnetic field,
paving the way for its use in portable sensing systems. An additional advantage is the
device accuracy, as the high-intensity pump light is extinguished during the probing
measurement stage, preventing excessive light shifts.

In general, OPMs operate by measuring the Larmor frequency, wy,, of spin-polarised

groundstate atoms as they precess around an external magnetic field, |§| The strength
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of the magnetic field is calculated through the relation,
wr, :7g|§| (5.1)

where 7, is the gyro-magnetic ratio of the atom, a fixed value given in Hz/T describing
the ratio of an atom’s magnetic moment to its angular momentum.

Measurements of wy, in an FID sensor are performed by pulsed optical-pumping of
an atomic sample with circularly polarised light which creates an atomic orientation.
By separately probing the atoms with a weaker, linearly polarised beam, the precession
of the atoms around |§| is detected by the resulting optical rotation of the probe light.
The optical rotation is detected using a balanced polarimeter device connected to a

data acquisition (DAQ) device. This signal takes the form of a decaying sinusoid,

S(t) = Asin(wpt + ¢)e " (5.2)

where A is the amplitude of the signal, wy, is the Larmor frequency, ¢ is the phase and
v is the decay rate.

The more atoms included in the spin-polarisation build up, the higher A and there-
fore the higher the SNR. This is achieved experimentally by interacting with as many
atoms as possible, augmented by increased atomic vapour densities, longer cell path
lengths, and a more intense pump beam. The decay rate v of the signal is inversely
related to the coherence lifetime of the atoms. Prolonging the spin-coherence of the
atoms will therefore increase the measurement time and the overall sensitivity of the
sensor. The atomic cells in this chapter therefore include nitrogen buffer gas in order
to minimise decoherence processes such as atomic wall collisions.

A key metric for an OPM sensor is the sensitivity. A magnetometer’s sensitivity
describes the smallest magnetic field change that is able to be resolved by the sensor.
The sensitivity of an OPM is estimated by performing a discrete Fourier transform
(DFT) on the time domain data for recorded magnetic fields. This conveys the data
in the frequency domain and the noise floor of the sensor is found. FID sensors have

demonstrated sensitivities in the 10s of f7'/+/ H z levels in unshielded environments [106]
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and 100s of fT level using novel spin-polarising techniques [111].

5.2 Experiment - FID With Natural Rubidium

The most commonly used atomic magnetometers consist of caesium atoms or an isotope
of rubidium. In this section, we introduce an FID experimental setup consisting of a
cell of natural rubidium atoms.

Having two isotopes present results in two distinctive precession frequencies. There-
fore, the model equation (Equation 5.2) to describe this process for a cell containing

natural rubidium atoms becomes,

S(t) = Asin(wpit + ¢1)e” "™ + Bsin(wrat + ¢o)e 72! (5.3)

where the parameter definitions are the same as previously discussed, except now de-
scribing the precession for each isotope. The gyro-magnetic ratios for ¥Rb and 8"Rb
atoms are 4.67 Hz/nT [54] and 7 Hz/nT [53], respectively. In the presence of an external
magnetic field, the 8’Rb atoms will precess around the field with a Larmor frequency
1.4989 times faster than the ®Rb atoms. The objective of this experiment was to
demonstrate this variation in the Larmor precession frequency. For the experimental
results to follow, we define the first half of the equation as 8°Rb’s contribution and the
second half as 8"Rb’s.

Figure 5.1 depicts an example of the individual FID signals for each isotope when
influenced by the same magnetic field (top), compared with the sum of their contri-
butions (bottom) in accordance with Equation 5.3. It has been assumed that 8°Rb’s
precession signal is larger in amplitude than 8”Rb’s due to its higher natural abundance.
The resultant signal does not represent a single exponentially decaying sinusoid, unlike
single atomic species or isotopes.

Figure 5.2 shows the spectrum for the MEMS cell used in this experiment against
a 75 mm glass-blown vapour cell. The MEMS cell here is 3 mm thick and contains
around 200 Torr of Ny buffer gas. The 200 Torr of buffer gas results in 4 GHz of

broadening of the optical transitions due to collisional broadening and the hyperfine
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Figure 5.1: Simulated data displaying the individual FID signals for each isotope in
the presence of the same external magnetic field (top), compared with the resulting,
combined FID signal which will be detected (bottom). The 3’Rb atoms precess ap-
proximately 1.5 times faster than 3Rb. The lower natural abundance of 8’Rb results
in a lower number of atoms which are interacted with. This lower signal amplitude has
been accounted for in this simulated data.

levels of 3Rb and 8"Rb are therefore unresolvable. This means that the pump laser
will be simultaneously polarising both isotopes of rubidium as it is scanned across the

cell.

5.2.1 Experimental Setup

The experimental setup was as shown in Figure 5.3. A single 780 nm (Rb D2) Flame
laser was used, which performs both the optical pumping and probing. Optical pumping
in OPM systems is more commonly employed on the D1 transition line, due to the
higher achieveable total spin polarisation [103]. However, recent results utilising D2 line
optical pumping for Rb and Cs have also demonstrated excellent sensitivity performance
[111,112].

An AOM is used to modulate the laser’s amplitude. This offers a simpler solution
compared to the direct modulation of the Flame, while also allowing precise control over
the signal’s high and low levels. A square wave is applied to the AOM via a function

generator, raised to a high level during the pump stage before being lowered to a much
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Figure 5.2: Example spectra of the MEMS cell (red) used in this experiment compared
with a 75 mm reference cell (blue) of natural rubidium. The transitions of the ref-
erence cell from left to right show 8Rb F=2—F’, ¥Rb F=3—F’, ¥Rb F=2—F’ and
8TRb F=1—F’. The MEMS cell is displayed as a single peak with the hyperfine levels
unresolved due to the 200 Torr of buffer gas.

lower intensity for the probing stage. To achieve FID in the single laser scheme, the
light should be elliptically polarised. Elliptically polarised light is used to compensate
for the ideal case of having circularly polarised pump light for optically pumping the
atoms and linearly polarised probe light for detection. A QWP is placed before the cell
to achieve this ellipticity, with a HWP after the cell to ensure equal light is directed to
each detection arm of the polarimeter when separated at a PBS. Separating the probe
light into two separate channels enables differential polarimetry to be used. The two
individual light ports are m out of phase with each other, enabling the differential to
be taken which enhances the SNR.

The atomic sample is a 3 mm thick MEMS cell of natural rubidium, heated to
75°C to increase the atomic density. An external magnetic field of about 25 pT was
produced by a pair of Helmholtz coils, applied in the transverse direction to the beam-
propagation cancelling the Earth’s magnetic field. Ideally, the external field applied in
a lab setting would emulate the the Earth’s field (~50 pT') if characterising a portable
sensor for geomagnetic sensing. For this experiment, the coils available produced a

maximum field of around 25 pT" which was sufficient for this demonstration.
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Figure 5.3: Schematic of the setup for achieving FID. The Flame laser light is amplitude
modulated at the AOM via a square wave. The modulated signal, depicted here as a
dashed line, acts as the pump laser on high-level and the probe on low. Elliptically
polarised light is realised at the QWP. A magnetic field is applied at the Rb MEMS cell
transverse (z-direction) to the beam propagation axis (z-direction). A HWP is used
to balance the power in each detection arm where the detected signals are subtracted
from one another for the optical rotation of the probe light to be measured

5.2.2 Experimental Results

Figure 5.4 shows an example signal of the FID sensor based on natural rubidium, with
an experimental fit applied using Equation 5.3. By fitting to the experimental data, the
various parameters of the FID signal can be extracted. Table 5.1 shows the parameter
results for Figure 5.4.

Table 5.1 shows that the values of wy and wro can be extracted with high accuracy
using the fit to values which match that of the theory. These parameters will however
depend on the laser frequency, and it was of interest to examine the variation at different
laser detunings. An FID trace was captured at various laser frequencies, as recorded
by a wave-meter, to observe the effect on these parameters.

Figure 5.5 shows four example FID traces as the laser frequency is scanned across
the resonance profile of the MEMS cell. The laser frequency detuning is relative to ®®Rb
F=3—F’, as shown in Figure 5.2. The laser detuning was varied by approximately 10

GHz in total. Equation 5.3 was applied to each trace to extract the experimental
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Figure 5.4: An example FID trace of the sensor, with a fit applied. The various
parameters obtained from the model are revealed in Table 5.1.

parameters. It is observed that as the laser frequency is increased, the FID signals
begin to resemble less of a decaying sinusoid, and more of the superimposed signal. In
Figure 5.6, we compare the extracted Larmor ratios of 8"Rb to 8°Rb (wrs : wr1) as the
laser frequency is altered.

Figure 5.6a shows the extracted Larmor frequency ratios as a function of laser
frequency detuning. The green dashed line indicates the theoretical Larmor ratio value
of the two isotopes (1.4989). The black dashed lines show plus and minus 0.5% of the
theoretical value. Also plotted is the absorption profile of the MEMS cell as the laser
frequency is scanned.

It is evident that the first 3 data points give inaccurate values of this ratio, this is
specifically due to the extraction of wrs. It is assumed at this stage that the laser is
predominately interacting with the 8°Rb atoms alone, or with a very limited number
of 8"Rb atoms. The standard decaying sinusoidal fit is most appropriate at this stage
with Equation 5.3 ineffective. Once the laser is scanned to the other side of the MEMS
absorption profile towards 8’Rb F=1—F’, more of the 3’Rb atoms are involved in the
optical pumping process. The fit then gives accurate values of the precession ratios of
the two isotopes to within 0.5% of the theoretical value, as observed in Figure 5.6b.

The natural abundance of the isotopes will contribute to the optimal laser pumping
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Ratio of 3"Rb

85 87
Rb Rb to 55Rb

Amplitudes
Extracted 66.1 mV 4.9 mV 0.07
Larmor Fre- o 1165 kHz | 27x174.6 kHz | 1.498
quencies
Phase 130° 236° P2 — $1=106°
Decay Rate 24.7 kHz 24.3 kHz 0.98
Calculated
Magnetic 24.95 uT 24.94 u'T 0.9995
Fields

Table 5.1: The experimental results of Figure 5.4. The ratio of the Larmor frequencies
(wr2 : wr1) match that of the theory for this particular FID trace.

frequencies for extracting accurate ratios, with 8Rb 72% in abundance compared to
8TRb at 28%. As the laser frequency is increased closer to resonance with 3Rb F=1—F",
there remains a considerable interaction with 8Rb atoms due to their higher natural
abundance.

To expand on this further, the decay rates and amplitudes for each isotope as a
function of laser frequency were explored. The decay rates and amplitudes of the 8’Rb
atoms are only displayed from about +1 GHz of detuning onwards due to the poor
fit for this isotope for the preceding frequencies. By applying a single sinusoidal fit
(Equation 5.2) to the files where wrs was unsuccessfully extracted, it was observed
that the extracted parameters for 3Rb gave the same values as those using Equation

5.3. The values for 8Rb have therefore been plotted for all measured laser frequencies.

Figure 5.7a shows a decrease in the relaxation rate for each isotope as the laser
is tuned further from the trough of the MEMS cells optical resonance. Employing
the laser at this frequency therefore extends the atomic spin coherence time. The
probe beam reaches maximum absorption at around 0 detuning, power broadening
the isotopes during detection. This perturbs the atoms and induces them to decay

much faster, a consequence of using one laser source for both pumping and probing.
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Figure 5.5: Four example FID traces as the laser frequency is scanned. KEach trace
includes a fit using Equation 5.3. The FID trace develops into a signal which resembles
less of a decaying sinusoid as the laser frequency is blue detuned from 8°Rb F=3—F’

Typical FID sensors which employ separate pumping and probing purposefully detune
the probe far from resonance so as to avoid this detrimental residual optical pumping
effect (occurring at ~1 GHz on this scale).

The sensor’s optimal laser frequency is one which maximises the signal amplitude
and minimises the decay rate. Figure 5.7b shows the extracted amplitudes for each
isotope. The highest number of atoms were spin-polarised for each isotope at maximum
absorption. It was initially expected that the ratio between the extracted amplitudes
would reveal the abundance ratio of the isotopes at this laser frequency, with amplitude
A being roughly 2.5 times B. This was never realised, and the amplitude of A is at
minimum around 6 times greater than B. This allows us to conclude that there are far
more 3Rb atoms involved in the optical pumping process at any given laser frequency
in this demonstration.

Figure 5.8 shows the extracted phase from the model for each isotope and the phase
difference. Referring to 5.8a, we see an approximate m phase shift in ¢; indicating a

change in the optical rotation direction of the isotope. This occurs as we begin to



5.2 — FBxperiment - FID With Natural Rubidium 95

1.5}

1.495} °e oo

1.49 ¢

Larmor Frequency Ratio
Larmor Frequency Ratio
o

1485

Laser Detuning (GHz) Laser Detuning (GHz)
(a) (b)

Figure 5.6: The laser detuning as a function of Larmor frequency ratios (wre : wr1).
Both plots display the theoretical ratio (green dashed) and plus and minus 0.5% of this
value (black dashed). (a) Shows the detuning with the MEMS cell absorption profile
(red), included for clarity on where the optical pumping is occurring. (b) Zoomed in
image of the high-accuracy values which fall within 0.5% of the theory.

pump the atoms from ®Rb F=3—F’ to F=2—F’, as the laser frequency is increased.
These two transitions have opposing Landé gp factors, causing a change in the atomic
precession direction as the F=2 level is introduced to optical pumping. Furthermore,
this process contributes to the missing data from detunings around -1.9 GHz to 0.3
GHz. At this stage, no FID signal was observed as the two ground levels of ®*Rb are
simultaneously pumped, causing decoherence through spin-exchange collisions due to
the opposite directions of precession.

Figure 5.8b shows the phase difference between the two isotopes with varying laser
frequency. This difference is not random with laser detuning, however, the trend is
not completely understood. The optical pumping dynamics in this demonstration are
complex due to the single beam configuration combined with two-isotopes, consisting
of a total of four ground states. Fully understanding the results of the sensor would
require further investigation, with decoupling the pump and probe beams considered
a key start. This would enable the separate beams to be polarised circularly and
linearly for the respective pump and probe, rather than the elliptical light used in this
demonstration. Additionally, it would permit the probe to be detuned further from
resonance for both isotopes ensuring the probe does not majorly influence the atoms

through power broadening and light shift mechanisms.
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Figure 5.7: (a) The decay rates for each isotope as a function of laser frequency and
(b) the extracted amplitude for each isotope.
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Figure 5.8: Laser frequency detuning and the influence on (a) ¢ and ¢2 values and (b)
the difference in ¢ and ¢s.

5.2.3 Conclusion

The work shown here is a compelling start to what is known as a co-magnetometer. A
co-magnetometer is a sensor capable of simultaneously measuring the spin-precessions
of multiple atomic species from within the same cell volume. The motivation towards
such a sensor pertains to its feasibility for inertial rotation sensing. Co-magnetometers
are commonly executed using alkali noble-gas cell mixtures [11,113], dual alkali com-
binations [114] or atomic samples comprised of a single species [115-118]. Typically,
co-magnetometers operating in environments with magnetic field gradients suffer from
errors due to the difference in thermal diffusion between species. This can cause the

measured magnetic fields to be marginally different due to the gradient affecting their
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average position in the cell volume. Single species co-magnetometers are therefore ad-
vantageous in reducing the systematic errors that are associated with using two or more
species [118].

No effort was put into this demonstration to reduce the size of the experimental
setup, nor was the experiment tested in a magnetically shielded environment. The mag-
netically unshielded laboratory resulted in high-relaxation rates due to large magnetic
gradients. A shielded system would greatly improve this, as magnetic gradients would
be greatly reduced, resulting on improved coherence times and therefore measurement
times. Continuation of this experiment could include miniaturisation for portable use,
as well as separating the pump and probe lasers as discussed. There is ongoing research
within the EQOP group at Strathclyde towards the active tuning of buffer gas pres-
sures in MEMS cells [119]. This technique could be beneficial in this demonstration to
reduce the cell pressure which would permit the transitions to be distinguished, pro-
viding clarity on which transitions and isotopes are being optically pumped at a given
laser detuning. Subsequently, the laser scan tests performed in this section could be
repeated at varying buffer gas pressures to identify the optimal cell pressure for the co-
magnetometer sensor. Finally, the advantage of the abundant optical power deliverable
from the Flame device would be well suitable for multiple OPM sensing channels. This
could be achieved, for example, by introducing fibre-splitters redistributing the optical
power to various MEMS cells and detection schemes.

Although this experiment has demonstrated its potential relevance in co-magnetometry
applications, far more straightforward FID systems can be developed. Considering more
than one isotope complicated the analysis of the magnetometer signal due to the atoms
precessing at different frequencies. Additionally, using only one laser source is not opti-
mal for ensuring that the probe light does not interfere or disturb the polarised spins in
the detection stage. In the following section, we introduce a caesium based FID sensor

with separate pump and probe laser sources, improving on these drawbacks.
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5.3 Experiment - FID With Caesium

Aligned with previously discussed points, such as the need for portability and bringing
quantum technologies out of the lab, an 852 nm Flame was used to demonstrate a
compact and accurate free-induction decay magnetometer. The general idea was to
integrate a Flame laser into existing University of Strathclyde (UoS) quantum tech-
nology [120] and compare the performance to other magnetometers which operate in
different configurations. Additionally, the system was to be compact enough to be
packed up with ease for outdoor and unshielded measurements of the Earth’s field.
This section therefore links in suitably with Chapter 4, with the overall goal to
demonstrate a quantum sensor for portable and outdoor use, albeit an alternative ap-
plication. Both chapters therefore demonstrate the Flame module’s adaptability within
the realm of quantum technologies. In addition, this section presents an improved FID
setup from that presented in Section 5.2, where certain issues were highlighted. Caesium
is frequently used as the atomic ensemble in magnetometry experiments, particularly in
magnetometers that utilise MEMS vapour cells containing Ns. As seen in the previous
section, the inclusion of the buffer gas can cause the two isotopes and the total of four
ground state transitions of natural Rb’s D2 line to overlap, complicating the signal
analysis. This section by contrast considers only one isotope, allowing for alternative
data extraction methods not permitted in Section 5.2. Separate pump and probe lasers
are also employed to prolong the spin-coherence of the atoms, with measurements being

performed in a magnetically shielded environment.

5.3.1 Experimental Setup

The experimental setup is illustrated in Figure 5.9. The laser sources used are an 852
nm Flame and an 895 nm VCSEL for the pump and probe beams, respectively. The
Flame laser light is amplitude modulated by the AOM and fibre launched ready for
integration to the overall magnetometer sensor head. The sensor head consists of a fibre
input for the Flame light and a VCSEL for the probing laser. Both beams are directed

to and overlapped at a 200 Torr caesium MEMS cell, glued to a dielectric mirror, which
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is sandwiched between the vapour cell and a PCB heater. Perfect overlapping of the
beams at the cell is essential for achieving an optimal FID signal. The probe laser
strikes the centre of the mirror before being reflected and directed towards a PBS for
balanced photo-detection. Whilst it is not intended that the pump beam also reflects
towards the detection scheme, it is not a significant concern if it does as it is turned off
during the probing stage. The design of the sensor consists of only a few components to
provide scope for scalability and portability. This is in contrast to a typical laboratory
based sensor which tend to employ a plethora of components for optimal performance.

Figure 5.9 shows the optical breadboard layout for the Flame, which is fibre launched
to the overall sensor head. The breadboard is 24 cm by 19 cm. Thorlabs miniseries
range is used (see Chapter 4) for the optical components to keep the overall size of
the setup to a minimum. Additionally, two optical isolators at 30 dB isolation were
included, essential components to reduce optical feedback issues (see Chapter 2). Con-
trary to Chapter 4, Thorlabs 10-3D-780-VLP optical isolators were chosen. These are
more easily accessible and cost-effective. The aperture size is smaller than the EOT
optical isolators used previously, though this was not found to be an issue here. The
852 nm Flame module produces 185 mW of light at its output. The light follows the
path depicted in Figure 5.9, before being amplitude modulated at the AOM and re-
collimated with a 1.5x magnification telescope. The beam is then directed to a fibre
collimator for launch to the sensor head. The diffraction efficiency achieved was 83%
and the fibre coupling efficiency was 62% allowing for a maximum optical power of 65
mW at the end of the fibre to the sensor head input.

The sensor head is a 3D-printed design, made of high-temperature resin. This design
was based on a previous version used in a double-resonance configuration, designed by
Strathclyde’s Stuart Ingleby. Previous versions of the sensor-head utilised two separate
VCSELs for the pumping and probing beams. These components are compact and are
easily glued into the sensor-head package, using a push-fit insert. Using the Flame as the
pump laser offers a significant advantage over the VCSEL by substantially increasing
optical power and therefore optical pumping. Since the Flame’s free-space light is

instead fibre launched to the magnetometer sensor head, the main alterations made
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Figure 5.9: An 852 nm Flame laser is amplitude modulated at an AOM and fibre
launched to the overall magnetometer sensor-head. Green blocks are HWPs. (OL:
optical isolator, TS: telescope, FC: fibre-coupler). The sensor is comprised of the Flame
fibre input, a VCSEL to probe, a QWP (yellow block), a 200 Torr Cs MEMS cell and
a detection scheme. Image not to scale.

to the design were therefore the optical fibre’s insert. The yellow block on the image
demonstrates a quarter wave-plate. This component is 5 mm in diameter, with the
fast-axis indicated by a flat edge as provided by the supplier. This permits the QWP
to be glued into the sensor-head with the fast-axis aligned orthogonally to the direction
of propagation of the pump beam. Orientation of the fibre-insert by 45° with respect
to the fast-axis of the QWP then attains circular polarisation of the pump light.

The caesium cell is 3 mm thick containing around 200 Torr of nitrogen buffer gas.
The cell is heated to around 70 °C through resistive heating of a PCB coil. The cell
heater is periodically driven by a square wave with an ‘on’ state when pumping and
‘off’ when probing. This prevents any additional magnetic fields being present during

detection.
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5.3.2 In-house Fibre Collimators

A requisite for the fibre connector is that it must be non-magnetic considering the
proximity of the fibre input to the atomic vapour. This aspect made this a partially
challenging demand for this version of the sensor, and a custom adaption was neces-
sary. Non-magnetic fibre connectors do exist commercially, such as used those used
in [121]. However, this component proved to be both too expensive and bulky for this
demonstration. Custom and compact fibre collimators were instead fabricated in-house

using readily available Thorlabs components.

Figure 5.10: Inventor screenshots of the in-house fibre collimator. From left to right,
it displays the GRIN lens (blue) and the pig-tailed fibre end, both placed inside of the
glass mating sleeve. The GRIN lens in each example is varied in distance from the fibre
and in angle with respect to the 8° fibre end-face.

Thorlabs provide all glass components for fabricating custom fibre-collimators in-
ternally. The collimators are composed of pigtailed glass ferrules (with a standard
connector located at the opposite fibre-end), aligned with a gradient-index (GRIN)
lens both glued within a glass mating sleeve. The components used for the portable
FID sensor were part numbers PMPFX5, GRIN2308A and 51-2800-1800 for the fibre,
GRIN lens and ferrule sleeve, respectively. The fibre itself is a polarisation maintain-
ing, angled physical contact pigtailed ferrule. The glass ferrule of the fibre is therefore
angled at 8° to minimise back reflections, the GRIN lens end-face is also angled for
the same purpose. This makes the alignment of the components slightly more chal-

lenging to implement, as both the distance between the fibre-end and the lens must
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be controlled as well as the rotation to allow the angles to match when fabricating the
collimator.

Figure 5.10 shows an example of the components on Inventor with the GRIN lens
at differing distances and angles. The glass sleeve is 10 mm long with the fibre and the
lens 5.6 mm and 4.4 mm long, respectively. The optimal distance between the fibre
ferrule and the GRIN lens for a collimated beam is 0.27 mm. However, to ensure a
definite overlap of the pump beam with the probe, this version of the fibre-collimator
prioritised a large beam (~3 mm diameter) at the distance matching where the fibre
sits to where the cell is situated in the sensor. This was to guarantee that as many
atoms as possible were optically pumped without assurance at this stage that the pump
and probe beams were aligned to the same location at the cell. Future versions should
focus on collimating the fibre output, increasing the beam intensity and involving more
atoms in the spin build up. This would demand perfect overlapping with the probe
laser which may require multiple sensor-head prints, and driving the VCSEL before
gluing to each print. The project time limitations at this stage did not permit for these
trials.

After the preferred beam-diameter was chosen and the rotation of the GRIN lens
angled end-face was aligned with the fibre ferrule, the components were UV cured using
optical adhesive. The subsequent stage involved securing the fibre collimator to the
OPM sensor head. This was initially intended to be screwed-in at the fibre aperture for
easy insertion and removal, but more crucially for control of the polarisation alignment.
The fast-axis of the QWP is fixed in place in the sensor as discussed. The polarisation
of the light at the vapour cell is thereby controlled by the orientation of the fibre-insert,
preferably 45° to the QWP fast-axis for perfectly circular light. However, securing the
fibre-insert using nylon screws led to slight misalignments of the pump through the
MEMS cell. Ultimately, for this version of the sensor the fibre-collimator was aligned
manually and glued in place using 5-minute epoxy adhesive. The position was optimised
by observing an FID signal whilst rotating the collimator, with the highest signal
amplitude indicating that the pump laser was mostly circular at that orientation. This

solution poses a high risk, particularly if the fibre is damaged. Future versions of the
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sensor should consider more careful design of the fibre aperture position. Additionally,
a design for a rotating mount for the QWP could be a more elegant approach for control

of the pump light polarisation.

5.3.3 Synchronous Modulation

The optical pumping efficiency can be greatly boosted by driving the atoms at the
Larmor frequency during the pumping stage [122]. This method becomes more effective
at higher fields, such as the Earth’s at 50 uT. Since the magnetic field is transverse to
the beam propagation direction, atoms become deflected from the beam propagation
axis to a greater extent for increasing field strength. This limits the achievable spin-
polarisation and expedites the decoherence at higher fields due to the exerted torque.
Actively pumping the atoms at the Larmor frequency therefore increases their spin-
coherence. This method, known as synchronous modulation, was employed in this
experiment. This approach however does require prior knowledge of the field being
measured. In a laboratory based setup, this poses no issues, as the sensor can easily
be employed to initially measure a known applied field.

To employ synchronous modulation, programming of the function generator driving
the pump is necessary. This is to execute the arbitrary waveform needed, which is
frequency mixed with an RF input (WindFreak SynthHD) to drive the AOM.

It should be noted that this approach could not be used in Section 5.2 due to the
two rubidium isotopes precessing at different Larmor frequencies. This underscores
the improved design of this sensor in terms of implementation, and as will be seen, in

detection and analysis.

5.3.4 Data Extraction Methods

Section 5.2 demonstrated the signal analysis required to extract the experimental pa-
rameters of the FID signal. This was achieved by fitting a damped sinusoid to the
signal, using either Equation 5.3 for the co-magnetometer, or Equation 5.2 where only
one isotope is considered. This is constructive for analysis within a laboratory environ-

ment as it gives an accurate and thorough extraction of the key information concealed
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in the signal. In a portable environment however, performing this post process is not
ideal. Instead, an instant and continuous method for determining the magnetic fields is
sought. In this demonstration, we elected to use a frequency counter for the recording
of the Larmor frequencies to provide a direct reading in an unshielded environment.
This method does not capture the full parameters of the signal, and only provides
the oscillation frequency information, as the active tracking of the magnetic field was
prioritised.

The setup for recording the Larmor frequencies for the portable FID-sensor is shown
in Figure 5.11. A digital delay instrument is included (DG535). A square-wave from
the function generator (Keysight TGF4042) is used to heat the cell using a pulsed
approach, active only in the pumping stage as mentioned in Section 5.3.1. This is the
trigger input to the delay generator, with a time delay with respect to the trigger being
manually altered by the user. This gives an appropriate output signal, sent to the
external gating input of the frequency counter (Keysight 53220A). The gating period
of the frequency counter can then be set to trigger during the probing stage only. Note
that triggering the gating period to the falling edge of the square wave resulted in the
frequency counter beginning the measurement whilst the pump was briefly still on.
Implementation of the delay generator was therefore essential to delay the trigger by a
few ps before the measurement begins.

Figure 5.11 shows the simulated signals essential for driving the sensor and record-
ing the measured magnetic fields. The atoms are pumped synchronously during the
pumping period and then probed (blue). The cell heater is driven by a square wave
(red) with a repetition rate matching that of the synchronous signal, 1 kHz in this ex-
ample. The black signal is the gating period for the frequency counter, where the delay
and width of this signal are controlled by the delay generator. Fine tuning the width
of the delay pulse is necessary to ensure that no pump light leaks into the frequency
counter measurement. By implementing this method, the recorded Larmor frequencies
can be used to assess the performance of the magnetometer synonymous to the fitting

regime.
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Figure 5.11: Simulated plot displaying the various signals which drive the experiment.
The square wave (red) drives the cell heater. Synchronous modulation is applied during
the pumping period, detecting an FID signal during the probe (blue). The black signal
is a delayed wave with respect to the square signal. This is the gating period for the
frequency counter measurement and is controlled by a DG535.

5.3.5 Results - FID Signal for Portable Sensor

The remainder of this section will demonstrate the performance of the compact FID
sensor. The sensor was placed in a 3-layer pu-metal shield for its shielded sensitivity to
be determined for each of the results to follow. Figure 5.12 shows an example absorption
reference signal for the Cs D2 line (blue), compared with a similar MEMS cell to the
one used in this experiment (red). The transitions shown are F=4 — F’ and F=3 —
F’ from left to right.

Pumping on the F=3 groundstate transition is most effective as it permits more
atoms to accumulate into a stretched Zeeman state. These are states where the mpg
level is at its largest attainable value (mp=F'), with a higher atomic population in the
stretched state realising more atoms precessing together in phase. Atoms which are
excited to F’ are redistributed to each groundstate transition upon decay. Pumping
on F=3 results in atoms which spontaneously decay to F=3 being reintroduced to
the optical pumping, eventually resulting in most atoms being distributed into F=4.

Pumping on F=4, however, results in atoms which decay to F=3 being lost in the
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Figure 5.12: Example spectra of caesium’s D2 line using a 75 mm reference cell (blue),
compared with a MEMS cell similar to the one used in this experiment (red). The
MEMS cell is 3 mm thick with an estimated 200 Torr of nitrogen included. Displayed
from left to right is the F=4—F’ and F=3—F’ transitions.

optical pumping process. This is an effect widely known and implemented, with works
including [123] publishing and discussing this. The pump laser is therefore tuned to

F=3 for most optimal pumping in this experiment.
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Figure 5.13: Example FID trace using the compact FID sensor with a decaying sinu-
soidal fit applied. The decay rate of the signal is 2.9 kHz.

An example FID signal for the portable sensor is shown in Figure 5.13. The external
magnetic field was set to about 5 pT', resulting in a Larmor frequency of 2w x18 kHz

(79=3.5 kHz/pT [55]). Ideally, the Earth’s field of 50 uT" would be emulated in the
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shield. A lower field was chosen due to magnetic gradients from imperfect coils within
the shield. The gradient increased with higher field strengths and had an effect on the
measurement parameters, where lower field operation mitigated more significant gradi-
ents. The pump light was synchronously modulated to correspond with the measured

Larmor precession.

5.3.6 Results - Comparison of Data Extraction Methods

Comparison of the fitting regime and the frequency counter method was performed.
Figure 5.14 displays example root-spectral density (RSD) performances of the magne-
tometer using post-process fitting against the frequency counter analysis. The total
measurement time in each example was 1 ms, with a pumping period of 400 ps. One
second of data was taken for each method, giving ~1000 frequencies in an array for the 1
kHz repetition rate of the experiment. One second of data gives a sensitivity estimation
with a large error. Therefore, taking more independent one second measurements gives
a more accurate measurement of the field with a lower associated error. A RSD was
performed on the data to reveal the calculated sensitivity of the sensor. Comparison of

the two methods with their resulting sensitivities is shown in Figure 5.14 below.
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Figure 5.14: Comparing the calculated sensitivity of the sensor using the standard
fitting regime and the frequency counter method. (a) The estimated sensitivity using
the fitting method is 6.9 £ 0.60 pT/v/Hz. (b) A value of 6.1 & 0.70 pT/v/H z is realised
when employing the frequency counter. Both measurements were 1 second long and
repeated 40 times for averaging.

Figure 5.14a, using the fitting method, calculated the magnetometer sensitivity to
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be 6.9 £+ 0.60 pT/ v/ Hz. This matches extremely well with Figure 5.14b, which used
the frequency counter for the measurement of wy, attaining an average sensitivity of
6.1 £ 0.70 pT/ V/Hz. This provides evidence that a frequency counter can replace the
modelling method and in a much faster and simplistic way. For Figure 5.14a, the one
second measurements were repeated 40 times for averaging. This is a computationally
heavy task as the software uses iterative fitting to each FID signal to extract the Larmor
frequency for each measurement. The frequency counter however records continuously

for a set duration and can be averaged appropriately post measurement.

5.3.7 Results - Magnetometer Stability

The magnetometer described in this section has an eventual goal for portable demon-
strations. The temporal characteristics of the sensor’s sensitivity over long periods
would therefore be useful for determining its capabilities in the field. A helpful tool for
analysis to perceive this is an overlapping Allan deviation.

Allan deviations have been described and shown experimentally in Chapter 3. Here,
instead of looking at the stability of an oscillator in terms of its frequency stability,
an Allan deviation can be used to depict the stability of the magnetic field recordings
of the sensor. This can help identify the noise sources inherent in the sensor as well
as external factors which add to the measured magnetic noise. Additionally the o
values calculated by the Allan deviation give a direct reading of the sensor’s magnetic
sensitivity at varying time scales.

Figure 5.15 displays an example overlapping Allan deviation of the recorded mag-
netic fields over a measurement period of around 15 minutes. A 1/4/7 fit shows the
limiting noise in the experiment is white FM noise at around 1 second integration time.
The measurement shows that the noise floor of the sensor is 9 pT at 2 seconds, before
the magnetic stability begins to degrade and drift for the remainder of the measure-
ment. The o, value of 10 pT at 1 second integration matches reasonably well with the
sensitivities calculated at this measurement time as shown in Section 5.3.6.

The early rise in the Allan deviation plot could be due to a number of factors.

Although the sensor was in a magnetic shield, the caps of the shield could not be
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Figure 5.15: An overlapping Allan deviation to determine the magnetic stability. A
1/4/7 fit has been applied (dashed lines). The noise-floor of the magnetometer is 9 pT
at two second integration time.

secured and the laboratory the sensor was measured in is extremely magnetically noisy.
This would have manifested as real signal drift during the measurement, adversely
affecting the stability of the magnetic field measurements. To mitigate this concern
the sensor should be tested, unshielded, in a magnetically quiet environment such as in
rural areas far from sources of magnetic noise. This requires the sensor and the various
components which drive it to be portable, and is the next step in fully characterising the
sensor. An important point to highlight is that the Flame is not frequency stabilised
in these demonstrations as it is not required to be. The VCSEL was found to be much
less versatile in the controlled temperature environment, the laser TEC needing tuned
consistently over relatively short periods of time (every 30 minutes or so). Fluctuations
of the probe frequency would have adverse effects on the measurement, such as light
shift mechanisms and excess optical pumping during detection [111]. This could have
contributed to the early drift in the Allan deviation plot. The VCSEL therefore needs to
be stabilised to ensure that any degradation in the magnetic stability is not from laser
frequency drifts of the probe laser. This can be done using far more simple methods
than those mentioned in this thesis, as the stability of the lock can afford to drift by
100s of MHz due to the high presence of buffer gas. This is hoped to be achieved in
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this project by stabilising the VCSEL TEC voltage to a PID control loop. Polarisation
drift is another concern, where simply touching the optical fibre can cause changes to
the FID signals. This is expected to be mitigated by extra fibre protection such as
plastic cladding and housing.

For measurements at longer integration times, programming of the frequency counter
is necessary. The frequency counter is capable of recording a maximum of 1M readings
before ending a measurement on its internal memory. For the 1 kHz repetition rate of
the experiment, the frequency counter reaches the maximum capacity of readings at
16.6 minutes. Interfacing with the frequency counter via Python through serial com-
munication will permit the frequencies to be stored within the software and not the

memory of the device, allowing for longer measurements.

5.3.8 Results - Field Switching

Synchronously modulating the atoms in the pump stage is a beneficial method for
augmenting the spin-coherence. It is, however, a less valuable approach when the
magnetic field to be measured is unknown or is varying in time. This makes the method
ill-suited for portable and unshielded magnetic measurements. Instead, a field-switching
approach [111] was implemented to replace the synchronous method. This technique
actively improves the state preparation process by introducing a magnetic field along
the optical-pumping axis. This significantly avoids the deflection of the atoms from the
optical pumping axis caused by the transverse bias field, thereby ensuring more atoms
are maintained and spin-polarised. Advantageously, this method could be applied to
this specific sensor with minimal changes. A high magnetic field (100s of pT) was
applied parallel to the beam propagation axis by implementing a pair of Helmholtz
coils around the sensor-head. Synchronously modulating via the arbitrary waveform
was then not necessary for this setup. Similarly to before, the field-switching coils were
only active during pumping.

Figures 5.16a and 5.16b display an example FID signal and sensitivity measurement
after employing field-switching coils. The sensitivity measurement was realised using

the fitting method, and the frequency counter was not implemented in this example.
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The amplitude of the signal increased by a factor of two compared to Figure 5.13 where
synchronous modulation was implemented. The decay rate of the atoms also improved,
decreasing from 2.9 kHz to 1.8 kHz using this refined spin-polarisation technique. Ad-
ditionally, the sensitivity of the magnetometer was enhanced roughly by a factor of two,
demonstrating 3 + 0.3 pT'/ VHz. The implementation of the field switching method

has developed the sensor closer to sub-pT performance.
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Figure 5.16: An FID trace and sensitivity measurement to show the improvement
of the sensor when switching from synchronously modulating the atoms to using a
field switching approach [111]. (a) The amplitude of the FID trace has increased by
a factor of two with decreased atomic decay rate when compared with Figure 5.13.
(b) The sensitivity was calculated to be 3 £ 0.3 pT'/v/Hz, displaying a factor of two
improvement.

5.3.9 Conclusion

In this section, we exhibited an accurate and compact FID sensor. We applied novel
spin-polarising techniques to improve the initial sensitivity by a factor of two and ex-
plored improved data extraction methods using a frequency counter. Using a frequency
counter, we were able to determine the magnetic stability of the magnetometer using
overlapping Allan deviations. This analysis tool could eventually be implemented to
compare the compact FID sensor to magnetometers operating in different configura-
tions using the three-cornered hat method described in Chapter 3.

As a first-version, reaching a few pT'/ V/Hz sensitivity is considered a promising

start, with the capabilities at this level making it suitable for measurements of Earth’s
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magnetic field. The next steps using this version of the sensor consist mostly of hard-
ware organisation to condense the driving electronics for eventual portable use. Other
improvements such as stabilising the probe laser and minimising polarisation drifts, as
mentioned, are to be implemented.

It is believed that future iterations of the sensor will achieve even better performance
by improving the engineering of the sensor head design, such as the alignment of the
pump fibre input and its collimation. Rotation mounts for the QWP are additionally

hoped to be designed to improve the process for achieving circular-light.



Chapter 6

Conclusion and Outlook

This thesis has aimed to characterise Alter’s Flame module experimentally in applica-
tions pertaining to quantum technologies. The Flame’s ability to be stabilised to within
its own module finds the product most relevant in application areas which employ laser
cooled atoms. It has been well covered in this thesis that such experiments require the
laser to be extremely stable in frequency. To prove the efficacy of the Flame in this
field area, it logically followed that the initial step was to test the frequency stability of
the module. This provided the finding that the frequency stability of the module when
locked to the internal spectroscopy was 5x107'2 at a 1 second integration time. This
corresponds to kHz deviations in stability and demonstrated the viability of the Flame
for a significant number of laser cooling applications.

Following from this, the laser was integrated into a deployable cold-atom system.
This required condensing a conventionally large setup and rendering it portable. The
additional advantage of this experiment lay in the opportunity to showcase the Flame
alongside another commercial, quantum technology product in CPI-TMD’s compact
vacuum package. The overall system build was 60 cmm L x 60 cm D x 90 cm H in
size, occupying an 18U rack case. The system successfully powered and operated cold
atoms in a portable manner in addition to demonstrating durability when exposed to
low temperatures. Unforeseen electronic issues disrupted the deployment test, which
caused the laser to unlock consistently.

Finally, Flame modules were tested as the laser source used in two optically pumped
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magnetometer experiments. This was advantageous as it permitted for the laser to be
tested in an alternative quantum sensing device. The first magnetometer discussed
incorporated a 780 nm Flame laser and a MEMS cell of natural rubidium atoms as the
sensing element. This sensor found pertinence in co-magnetometry applications, rele-
vant in rotation sensing. It was however a complex setup with respect to understanding
the optical pumping dynamics at play. Only one laser source was employed to func-
tion as both the pump and probe which is not optimal in mitigating power broadening
and light shift mechanisms. The second sensor introduced an 852 nm Flame device
and a caesium MEMS cell. Two laser sources were utilised to serve as the pump and
probe beams, permitting for more optimal pumping and probing detuning frequencies.
This developed sensor-head is extremely compact, 5 x 2.6 cm in size. The sensor was
tested in shielded environments, exhibiting 3.0 + 0.3 pT'/v/Hz sensitivity performance.
Since the conclusion of this thesis, this sensor has been tested in field measurements in
Eskdalemuir Magnetic Observatory by a colleague. The results of this trial showed ex-
tremely promising results when compared to British Geological Survey’s own magnetic
measurement data and is expected to be published in the near future.

Quantum sensors in the literature frequently use fibred devices which inherently
exhibit lower sensitivities to vibrations and mechanical disturbances. At present, Alter
are in the process of fabricating fibre coupled Flame modules. In particular, future
work includes trialling a fibre coupled Flame device in the portable MOT system built
in this project. This will permit the modules in general to be integrated with existing
quantum technology more effortlessly than the free-space modules used in this thesis,

which were externally fibre-coupled for integration to each setup discussed.
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