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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 value of 5 10 2 at a1
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:pm.
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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, speci cally 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 speci cations of
stability and linewidth. This point e ectively 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

con guration 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 re ector 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 eld 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 bu er gas have less demanding requirements
for the laser used, than previously mentioned cold-atom experiments. The bu er 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 bu er 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 bene cial 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 bre-components in the telecom C-band range
(1530-1565 nm). This is e ective in meeting the deployment goals in the eld as bre
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

ampli cation, 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 ampli cation 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 e cacy 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 speci cations for the laser and associated optics.

Chapter 2 introduces the operation of semiconductor lasers and their role within
guantum optics. We explore atom-light interactions and their relevance in laser fre-
quency stabilisation methods, speci cally 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 eld. 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 eld-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. Speci c 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 intensi ed and a progressive number of photons are released. For the light to
be ampli ed and lasing to occur, the two edges parallel to the p-n junction are cleaved.
This creates an optical resonator and is what di erentiates 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 con ned in the direction perpendicular
to the junction plane (transverse direction) by e ectively turning the active region into

a waveguide. This is ful lled by ensuring that the active region has a higher refractive
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(@) (b)

Figure 2.1: (a) lllustration 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 ampli cation 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 con gu-
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 speci ¢ 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 signi cant 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 re ectivity 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 speci ¢ 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 modi cation in the refractive index of the
material. These alterations to the refractive index directly impact the cavity length,

thereby in uencing the laser wavelength. The lasing wavelength is de ned as,

m= — (2.1)
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Figure 2.3: A theoretical P-1 curve for a laser diode. Lasing occurs at applied currents
above the threshold current.

where o, is wavelength of them™ mode in the cavity of optical length nL. A slower
e ect 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 unmodi ed, 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. Speci cally, 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. Modi cations 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,

= h7‘:2nsp (2.2)
where h is the photon energy in a mode,P is the power in the mode, . is the
bandwidth of the laser cavity and ngp is the ratio of spontaneous 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 modi cation of Equation
2.2 was proposed by Henry [37], introducing a linewidth enhancement factor ,

h 2

= T‘:nsp(u 2): (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, ¢, IS correlated with the lifetime of a photon
in the cavity, with = 1=2 (. The lifetime of the photon increases remarkably at
longer cavity lengths [41], with the cavity length as well as the mirror re ectivity 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 re ectivity will therefore constitute to the spon-
taneously emitting photons having less signi cance as they result in more stimulated
emission within the cavity. Therefore, a balance in mirror re ectivity 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 a ect 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 e ects. 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 re ector
(DBR) lasers [46{48]. The con guration 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

di raction gratings using an external cavity outwith the laser diode.

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

. . - n n
grating is approximately equal to n§+ni.

The Flame module's diode laser con guration 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
con guration 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 ampli cation occurs and a cleaved
facet where the laser light is output. Typically, the DBR section of the laser is around
100 m or so [46,49]. A Bragg re ector is a periodic structure of alternating refractive

indices, ny and ny. The grating has a favoured re ection wavelength, gragg,

Bragg = 2 Neff (2.4)
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wherengss is the average refractive index di erence and 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, varyings; through

temperature tuning permits for the tuning of gragg and so the lasing wavelength.

Figure 2.5: Simulated model of a Bragg re ector using software package TFCalc. Plot-
ted is the grating re ectivity 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 di erence 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.

N2 N3
no+nqp*

The smaller n, the smaller the re ection at each step therefore a greater number of

The re ection r from each index step of the grating is approximately equal to

index steps are required for maximum re ectivity of the grating. The total re ection
of the Bragg mirror rg is calculated using transmission matrix theory [50] to derive the
electric eld distribution in a multi-layer stack. Matrix M, in Equation 2.5 describes

the 2 2 characteristic matrix for the n'" layer in the Bragg stack,

2 3

cos n ign Isin , 5

M, =4 (2.5)

ignsin p COS p

where and g are the phase thickness and optical admittance of the material, respec-
tively, and g 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 signi cantly. Fortunately, software
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packages are available to model and simulate the total re ectance 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 n are not available.
Figure 2.5 shows a simulated plot of total grating re ection 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 di erence between the two DBR layers was assumed to be 0.01. From
the gure, it is clear that once 1000 index steps are applied to the model, the total
re ectivity of the grating is maximised and centred at the Bragg wavelength of 780
nm. The total length of the Bragg re ector with 1000 stacks in this case is 105 m ,
in good accordance with typical DBR lengths as mentioned. It is then observed on the
gure that as the number of stacks are further increased, the DBR re ectivity 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 ofm 2 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 de ne 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 speci cation 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 = 7tan( g (2.6)

where feac is the focal length of the FAC, r is the desired radius of the beam, and
rwHm IS 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=€? angle if using =€ 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,

2 _ fsac
7 = 2.7
k 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. Speci cally, 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 eld requirements of reduced size, weight and power (SWaP) consumption
for portable and eld-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 signi cance 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 forms8Rb
and 8Rb, 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 &fRb for
its ground level and rst 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
ofJasjL Sj 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 for8’Rb, illustrating both the orbital, ne and hyper ne
atomic structures. Rubidium's D1 and D2 lines occur at 795 nm and 780 nm, respec-
tively.

as the ne structure of the atom.

Spectroscopic notation is understood as1?5*1 L ; with principal quantum number
n and L=0,1,2..., corresponding to L=S,P,D, etc. Excitations from the 5281:2 ground
level are therefore denoted as #,-, (lower excited) or 5°Ps_, (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 ne-structure splitting exists further splitting of the D1 and D2 transi-
tions. This is the hyper ne structure of the atom arising from the coupling of the total
angular momentum of the nuclear spin,l, and J. The total atomic angular momentum
FisthenF =1+JandjJ 1j F J+ 1. The magnitude of | for 8’Rb is 3/2,
derived from the nuclear structure of the isotope. The corresponding values oF are
shown in Figure 2.7.

This description has focused speci cally on8’Rb. The atomic structures for both

caesium and®Rb are extremely similar to the discussed. For8°Rb, the orbital and
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ne structures are identical to 8’Rb and they have the same resonant wavelength.
The hyper ne levels then di er as the magnitude of the nuclear spin, I, is 5/2 for for
85Rb [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 specic
pro le of the transmitted light is governed by several factors which a ect the atoms
both homogeneously and inhomogeneously. We will rst consider the most narrow
lineshape possible in laser spectroscopy experiments. This is the condition most de-
sired in spectroscopy setups, speci cally 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, nat. Heisenberg's uncertainty principle describes the broadening of the

spectral lineshape,

Et - (2.8)

where t = .4, E isthe energy dierence of the transition and ~ is the reduced
Planck's constant. Fundamentally, the nite lifetime of the transition results in a higher

uncertainty of the energy levels. As,

E =~ (2.9)

I = ; (2.10)
therefore,

! ! (2.11)

nat

where | is the frequency spread of the transition, usually expressed asna, 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 pro le,

na 1
L2 R T () (242

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

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

Figure 2.8: An example Lorentzian plot with the full-width half-maximum (FWHM)
labelled. At its narrowest this width is about 2 6.1 MHz for a transition in the D2
line of 8Rb.

The lifetime of the 8’Rb 5°S,_, | 5?P5-, transition is 26.2 ns [56], giving a natural
linewidth of about 2 6.1 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 e ect on the lineshape when the time between collisions cojiision , IS
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shorter than 5. Equation 2.13 shows the formula for cgjision »

1 mkgT 2
P 8

(2.13)

collison

where ¢ is the collision cross-sectionpP 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 cqnision » keeping the linewidth near that of the 4. 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 e ect, 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 e ect. Figure 2.9
shows analytically the pro le for the atoms in a gas as they travel in di erent directions
with respect to the laser light. The net result of this is then a broadened pro le, the

distribution of which is detailed below.

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 di erently than
in their rest frame due to the Doppler e ect.

Equation 2.14 shows the observed frequency of an atom for when it is moving either



2.2 { Atom-Light Interactions 20

towards the laser light or away from it, an increase in frequency shift and a decrease,

respectively.

19=1,(1 %) (2.14)

Here,! o is the resonance frequency in the rest frame of the atomy 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 mv?
P(v)dv = TS exp Ko T dv (2.15)
Substituting in v = w from Equation 2.14 into Equation 2.15 gives,
s
mc2 mc?(! 1g)?
P = — — 2 =g 2.1
MW= T 2™~ ZkeTi o2 &t o) (2.16)

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

r

2o (2In2)ksT
= — —— 2.17
Dopp c m ( )
Simplifying Equation 2.16 to,
2IO In2= 4n2(!  1g)?
Gl )= ————exp ——— (2.18)
Dopp Dopp

For rubidium atoms at room temperature pepp is around 2 510 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, uctuations in the laser current or temperature will consequently a ect
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 e ect, with the typical Doppler
broadening at 500 MHz wide leaving the hyper ne levels of®Rb's D2 line unre-
solved. Saturation absorption spectroscopy (SAS) allows for the hyper ne transitions
of an atom to be resolved, resulting in Doppler-free measurements and the subsequent

stable locking of a laser's frequency.

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 ! g 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 re ecting at a mirror to double-pass the cell and act as the probe.

Saturation absorption spectroscopy can be ascribed to two main e ects, 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
'ted <! 0. The Doppler e ect 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 N1(v) and N»(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! o, 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 8’Rb, 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 pro le is observed with
additional narrow peaks at the corresponding hyper ne transitions. These peaks are
Lorentzian and in optimal conditions can reach that of the natural linewidth.

As well as resolving the hyper ne levels of a Doppler broadened transition, addi-



2.3 { Laser Spectroscopy 23

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 ovek.

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 hyper ne levels. These crossover transitions are particularly convenient when it is
necessary to stabilise the laser slightly o 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 8’Rb, 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.
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Figure 2.12: An example saturation absorption signal of’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 hyper ne 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 ampli er (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 rst
derivative, the error signal, which is the output of the LIA. This is a speci cally
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 rst 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 ! Laser is scanned and detected by a photodiode. Consider a modulation

signal which takes the form,
Sref = SIN(! modt + ref) (2.19)

where! o4 is the modulation frequency,t is time and (¢ is the signal phase.
Applying this modulation signal to the laser frequency causes periodic changes in
laser frequency, ! . This then induces corresponding oscillations in the light detected,
A. The magnitude of A is then contingent on the laser frequency, and how close it

isto ! 9. The amplitude of the signal can therefore be considered as,

_ds

ASar

! (2.20)

where g—!S is the derivative of the absorption signal, and ! is the modulation depth.

The detected signal Sget When the laser is 0 resonance will have amplitude A
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Figure 2.14: An illustrative example of a frequency modulated laser interacting with
an atomic transition. The modulation depth ! directly changes the detected signal's
amplitude by A.

and a frequency! o4 Which matches that of the reference signal,
Sdet = ASIN(! mogt +  sig) (2.21)

This is the input of the lock-in ampli er. The rst 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 signalSes ,
A
Smix = T(COS( sig ref) COS(Z! modt + sig + ref )) (2-22)

The resultant mixer signal consists of a direct current (DC) term which is contingent
on the phase di erence 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 lter (LPF) with a cut-o frequency
lower than that of the modulation. This equation can be further simpli ed with some

control of phase, optimised when g ref = 0 and the rst term equal to 1. This
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simpli es the equation to Spix = TA Or Spix = g—,ST' 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 0 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 o resonance. This results in a detected
signal with a frequency twice that of ! ,og Which is Itered out by the LPF after the

mixing stage, giving a signal equal to zero.

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. Sget IS demodulated by mixing the signal
with Sier . An LPF is then applied to attenuate terms above the modulation frequency.
The result is a DC signal which is ampli ed 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 signab;es to the laser diode's current. The
output light is directed towards a double-pass spectroscopy con guration, realising SAS
as described in Section 2.3.1. The light is detected at a photodiode and sent to the input

of the LIA, Sget- The reference signal enters a phase shifter and is mixed witBye;. The
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resultant signal is then simpli ed with a LPF as discussed and ampli ed, 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 brie y discussed. dichroic
atomic vapour laser locking (DAVLL) [58] comes with the benet 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 speci ed 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 eld cancellation [62] as the
scheme relies on applying a controlled magnetic eld to distribute atoms to di erent
Zeeman levels. It is therefore sensitive to external magnetic elds 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.



2.4 { The Flame Laser 29

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 2 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 de ned 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 e ort 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 eld 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 t 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 5C to 30 C to record
the resultant wavelength. The tted line gives a gradient of 0.059 nm/ C. The tuning
range of the module ( 0.6 nm) is more than su cient for atomic spectroscopy applica-
tions, where the target wavelength of 780.241 nm is all that is required for interacting
with 8Rb and 8Rb'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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hops.

@) (b)

Figure 2.16: (a) Current tuning against laser wavelength for a Flame device at various
temperatures. A linear t 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 t.

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 e ciency of 0.72 mW/mA. Discussed in
Section 2.1, the slope e ciency of a laser represents the number of electrons to photons
produced, where the optimal outcome would be one photon for every electron. A slope

e ciency of 0.72 mW/mA therefore demonstrates a highly e cient laser source.

Figure 2.17: P-I curve of a Flame yields a threshold current around 60 mA with slope
e ciency of 0.72 mW/mA derived from a linear t.
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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 =€ 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=¢? beam diameter. The FAC focal length calculated for the chosen beam diameter is
therefore 0.6 mm, and a commercial o 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/ beam-diameter in the x-dimension andy-dimension for Figure
2.18ais 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 tted 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 x 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, theM 2 value. The M?2 value determines how
perfectly Gaussian a beam is, with a value of 1 revealing a transverse-electromagnetic
mode (TEM) of TEM oo 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, de ned as the minimal beam radius. The 1/e2 beam
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Figure 2.18: (a) Image of a Flame laser beam with the Gaussian distributions plotted

along the x and y dimensions. The 1/? beam-diameter for each dimension is 0.52 mm
and 0.55 mm forx andy, respectively. (b) The 1/€* beam-diameter in each dimension

versus the distance from the laser output. The calculated divergence is 1.75 mrad and
1.8 mrad for x and y, respectively.

radius propagating along a directionz is described as,

!
2 2

w(z)2= wo? 1+(z 2z0)? (2.23)

w2
where zg is the location in z where wp occurs. A lens of focal length 100 mm was
placed in front of a Flame module. A beam pro ler was positioned after the lens
on a translation stage to image the beam alongz. The recorded beam radii with
distance (from the lens) z are plotted and displayed in Figure 2.19 for both the x
and y dimensions of the laser beam. After determiningwgy and therefore zg from the
experimental data, Equation 2.23 was used to apply a t to the data and determine
the M 2 value. Figure 2.19 uses a xed t value of 1 for M2 in both the x 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 TEMg mode in both the x and y beam dimensions.

Figure 2.19: The measured laser beam radius with distance, succeeding a f=100 mm
lens, for the x dimension (top) and y dimension (bottom). A t was applied to the
data using Equation 2.23, where M was xed 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 rst
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 re ected light at the PBS is directed to a second PBS where the
light re ected here leads to the spectroscopy arm of the module.

The spectroscopy arm is a saturation absorption spectroscopy con guration. The
light enters a QWP, then a 12 mm glass-blown atomic vapour cell before hitting a
dielectric mirror and re ecting 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 hyper ne 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 rst
PBS. The re ected light, re ects 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 eld of laser spectroscopy, encompass-

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

2.4.3 Pin Con guration

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 O N O U] | W| N|

[N
o

=
=

=
N

Table 2.1: Pin Con guration for a standard Flame module.

The table shows that ten of the twelve pins are used. The rst 6 pins are what
drive the DBR laser, speci cally 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 ampli ed
externally, and sent to the input of a lock-in ampli er 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 nal 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, ampli cation of the signal is

necessary before it is sent to a lock-in ampli er. A 150 kOhm trans-impedance ampli er
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(TIA) 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 ampli er. 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 nicky to implement during the fabrication process of a module.
More signi cantly though, the wire wrap method is essentially a solenoid and the
production of magnetic elds will have an in uence 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 speci cally con gured 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 ( lsa = 1:6 mW/cm 2). 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) lters po-
sitioned before the second PBS with an optical density (OD) of 0.3. This OD value
e ectively halves the transmitted power for each added Iter. Typically, 3 to 4 |-
ters were employed, reducing the intensity () by a factor ranging between 8 and 16.
While the resultant intensity still surpasses |gg, it proves suitable for performing ad-
equate saturation absorption spectroscopy, where the conditior I sat IS typically
maintained.

In later modules, beam expanding optics were utilised as an alternative solution
to decreasingl . The main challenge encountered with the ND Iters pertained to the
de ection of the beam, necessitating their placement at an angle to mitigate re ections.
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 magni cation 2 has
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