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Abstract

As the world is steering towards the full maturity of the second
quantum revolution, more and more applications of quantum objects
are being developed in the eld now known as quantum technologies.
Within this research landscape, my PhD project aims at contributing
to this push, in particular for what concerns quantum sensors realised
with cold neutral atoms.

The objective of my work was in fact to realise an experimental
setup to cool and trap rubidium (Rb) atoms: rst via a Magneto-
Optical Trap (MOT), then inside a Hollow-Core Photonic-Crystal
Fibre (HCPCF). The nal aim is to demonstrate the possibility of
delivering these atoms through a HCPCF with one end inside the
vacuum chamber and the other (sealed) far from it, to use them for
magnetometry or accelerometry applications. While doing so, the
interaction of light with the atoms con ned in the bre also has to be
studied.

My work was devoted to the assembling of the Ultra-High Va-
cuum (UHV) setup hosting the MOT, and the laser system necessary
to interact with the atoms. The latter was fully realised in-house, us-
ing only bre components to make it more compact, easily operable
and maintainable.

Both target tasks were successfully achieved. The vacuum cham-
ber can reach stable pressures 8 10 °mbar. The laser setup is
capable of deliveringup to ' 40 mW of optical power at 780 nm,
with line-width ' 0.6 MHz. These values were also proven to be
functional by e ectively achieving MOTs of ' 8 10’ atomsin a
consistent way.

Future prospects for my work will be to nalise a conveyor belt
dipole trap setup, to trap the atoms from the MOT without magnetic
elds, and move them directly inside the HCPCF. Subsequently, the
physical processes relative to the atom-light interactions in the quasi-
1D con nement of the bre core can be studied. Quantum sensing
measurements with atoms, both in free-space and within the bre,
can also be performed.
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Introduction

Within the landscape of active research in the eld of quantum techno-
logies, there is great interest in studying novel devices and emerging
phenomena. Concerning the devices, quantum sensors based on cold
neutral atoms are showing promising results to be widely used for mag-
netometry, gravimetry and accelerometry applications. The present-day
setups, although high performing, are still cumbersome and expensive,
as they require UHV setups and high-quality laser systems. To address
these shortcomings, a proposed solution is to integrate HCPCF in the
design of the sensors: thanks to their hollow cores, these bres could
be used as miniaturised UHV chambers, con ning atoms inside them

in a quasi-1D geometry, and moving them far from the chamber where
they were prepared. Works on this topic are still seminal, but interest in
itis clearly visible, e.g. by the funding of the CRYST " 3 consortium? for
studying light-atom interaction inside HCPCF. The work presented in this
thesis was in fact carried out as part of this research programme.

The long-term objectives of my research group within the consortium,
is to study the atom-light and atom- bre interactions inside HC bres. At
the same time, we aim at realising a proof-of-concept of a magnetometer,
using Rb atoms con ned and displaced inside a HCPCF.

The main objective of my PhD has been to build a MOT for Rb atoms,
including the UHYV, optical, and laser setup. The goal was to achieve
a stable MOT cloud, and prepare it to be injected in a Kagome HCPCF.
Only one tip of the bre is placed inside the vacuum setup, while the
other (sealed to avoid air leaking inside) lies outside of it. This way, the
nal setup is ready to explore and characterise the displacing, cooling
and sensing properties of cold Rb atoms, con ned in a hollow bre. With
respectto this nal goal, my work serves as a foundation for future research

1The consortium was funded by the European Commission via the H2020 FET pro-
gramme (grant agreement ID 964531), with the aim of miniaturising quantum sensors
based on cold atoms using HCPCF, and studying emerging phenomena arising from the
light-atoms interactions in a 1D constrained environment [1].
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on the topic. This thesis is in fact also structured as a guide and manual to
the instrument, aimed at future students and researchers working with it:
not only to know the operative details of the setup, but also to understand
the scienti ¢ context in which it is used.

From a practical point of view, during my PhD | assembled the vacuum
system necessary to isolate the Rb atoms and brought it to UHV conditions,
while facing the challenge of having a HCPCEF sticking out of it. Then |
realised a frequency-reference rack box which implements a Masterlaser,
to which the Coolerand Repumpetasers of the MOT are frequency-locked.
These were also fully assembled during my PhD, using telecom-grade

bred components. This was done to make the setup reliable but also easy
to handle for the nal users: itis in fact compact, does not require periodic
re-alignments, has a low risk of exposure to laser radiation as all light is
guided inside bre components, and is in general more a ordable than
commercial systems.

All the objectives described above were achieved, at least partially. The
vacuum setup is now steadily operating at pressures ' 8 10 1 mbar,
and the laser system delivers stable beams, with narrow line-widths
" 0.6 MHz. This was also practically demonstrated by being able to
consistently achieve a stable MOT of' 8 10’ Rb atoms, which is cur-
rently undergoing characterisation to measure its temperature. The laser
setup for injecting the atoms in the HCPCF is still under development: it
will consist of two counter-propagating 1064 nm beams, with combined
optical power  5W. They will be used to create a stationary wave acting
as dipole trap for the atoms in the MOT. By changing the frequency of one
of the two beams via an Acousto-Optic Modulator (AOM), the stationary
wave can slide and drag the atoms in the HCPCF. At the moment, the

rst of the two beams is ready to be injected into the bre and characterised.

The layout of this thesis is the following.
First, a brief overview of the state-of-the-art of quantum sensing with cold
neutral atoms is presented.
It is followed by theoretical descriptions of the HCPCF guiding mechan-
isms, and the MOT working principles.
Then, a thorough description of the assembled setup is given, focusing
on the vacuum setup and its attachments, the laser system and the bre
setup.
Finally, the characterisation processes and the results obtained are de-
scribed, providing all the experimental values necessary to operate the
setup.



Quantum Sensing with Cold
Neutral Atoms

Cold neutral atoms are a very promising platform for developing quantum
technologies, in particular quantum computers, quantum simulators and
quantum sensors.

Concerning the rst two applications, cold atoms can be used as qubits
for quantum computing and quantum simulation applications. In particu-
lar, qubits can be encoded in Rydberg atoms [2] and are usually placed in
quasi-arbitrary geometries using optical tweezers or lattices, then they are
collectively or singularly addressed with resonant laser light [3, 4]. This al-
lows the freedom to implement di erent quantum-gate architectures [5] or
to directly simulate more complex physical systems, e.g. low-dimensional
Ising models [6]. Current-day setups are scaling-up in a promising fash-
ion [7], and the interest in the eld is also shown by the availability of
commercial systems to perform quantum computation and/or simula-
tions [8].

Regarding sensors, using the quantum properties of neutral atoms to
build precise sensors is an idea already more than half a century old [9].
Neutral atoms are well suited for timekeeping [10] and to perform meas-
urements of magnetic, gravitational and inertial forces, through the ob-
servation of Zeeman e ect and Larmor precession, and the use of atom
interferometry [11 13]. After decades of improvements, the sensitivity
of these devices increased and e orts were put in place to miniaturise
such sensors [14, 15]. They can in fact provide at the same time scalar and
vectorial measurements of magnetic and gravitational elds, with high
accuracy.

In this chapter | present an overview of the use of cold neutral atoms
as sensors, to provide the scienti ¢ and technological context in which
this thesis was carried out.



1.1 Atom Magnetometry

An easy and well-established way of using neutral atoms to sense magnetic
elds, is to use the Zeeman transitions between some of their hyper ne
states: the energy separation between these states depends on their mag-
netic qguantum number mg and the magnetic eld they are subject to,
which can numerically be calculated a priori [16]. By shining light on an
atomic ensemble, resonant or quasi-resonant with such transitions, the
external magnetic eld can be deduced, as rst demonstrated by Parsons
et al.in 1961 [9]. Alkali atoms are well suited for this, due to their lone
electron in their outer Sshell, and their use (even commercially) has been
well established for over a decade now: these sensors are mainly based on
vapour cells containing the desired atomic species at room temperature,
which is biased by a xed magnetic eld to induce the Zeeman splitting of
their states, which is later observed through resonant spectroscopy or spin
resonance measurements [17]. These setups are very simple, compact and
reliable, but if cold atoms are used rather than thermal ones this can allows
for higher spatial resolution, while maintaining high sensitivity [13]. Their
use however has some downsides, mainly their increased complexity and
lower signal-to-noise ratio compared to classicatensors. Atthe present day
this makes such devices expensive an not very widespread, although re-
search into the development of more reliable and readily available sensors
is very active [18 20].

Present-day atomic magnetometers mainly use vapour cells as they
are cheaper and easier to operate. Their main elds of application are
in Biology and Medicine, where sensors prototypes are being developed
to detect magnetic elds generated by the electrical pulses of heart and
brain for screening purposes [18]. Atomic magnetometers are also em-
ployed in geological and maritime survegs the terrestrial magnetic eld,
with the aim of detecting magnetic anomalies to gain information on the
underground/underwater composition [19]. Applications to industrial
activity are also in use, such as magnetic induction tomographtp detect
corrosion in pipelines and ships, or lithium batteries safety testingip to
magnetic communicatioat high frequencies over long distances [20].

The compactness and high sensitivity of atomic magnetometers make
them good candidates for space applications. Missions are in fact being
developed, aiming to use these sensors to map the magnetosphere of
deep-space-objects, perform geomagnetic surveys with micro- and nano-
satellites, and to use highly accurate atomic magnetometers as naviga-
tional instruments alternative to satellite-based system such as GPS [21].
Moreover, applications to fundamental physics research, such as time-
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reversal violation of electric dipole moments are also being considered [22].
This section is focused on alkali atomsbased sensors (as they are the

most relevant to this work), rst describing the principle of operation

of vapour cellbased systems and then expanding it to cold atomsones.

Finally | present a brief overview of the present-day applications of atomic

magnetometers.

1.1.1 Optically-pumped Atom Magnetometry

With the development of atomic magnetometry various types of devices
have been developed, which can be classi ed as either scalar or vectorial,
based on the measured magnetic eld parameters [23, 24]. Regardless of
this, all atomic magnetometers are based on the physical phenomena of
Zeeman splittingof the hyper ne electronic levels of atoms, and Larmor
precessionf the magnetic moment of the sensing atoms [19]. The simplest
way of realising such sensors is to use thermal vapours of atoms, but in
recent times an interest in using cold atoms is present, as they allow for
better spatial resolution of the measurements [13].

Before describing the technical di erences of various magnetometers,
| present their general working principle in the next paragraph, i.e. how
magnetometry can be performed via optical pumping. Then | describe
the di erences between scalar and vectorial, before nally presenting the
advantages and technical di culties of cold atoms magnetometers.

Thermal Vapour Magnetometers

Let us consider a vapour of atoms. For each of them, the energy states that
can be populated by the electrons on the outer Nt shell are determined by
the following quantum numbersL is the orbital angular momentum and S
is the spin angular momentum; the ne structure of the electron states is
due to the spin-orbit coupling, with the resulting total angular momentum
Jtakingthevalues jL §j,jJL §j+ 1,...,L+ S;the hyper ne structure of
the electronic states arises from the coupling of Jwith the nuclear angular
momentum |, giving a total atomic angular momentum F, which can take
the valuesjJ I},jJ 1)+ 1,...,3+ |.

While immersed in a weak magnetic eld B, the hyper ne energy
levels of the atoms with total angular momentum quantum number F are
splitinto 2F+ 1 Zeeman sub-levels, with an energy di erence DE between
adjacent ones equal to

DE = ggnpB (1.2)
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where gg is the ground-state Landé factor and ny is the Bohr magneton. A
review of the relevant calculations of the Zeeman e ect, speci c for Rb
atoms, can be found in [25, 26].

The magnetic quantum number mg = F,F 1,..., F measures the
atomic-spin component along a given quantisation axis. If no optical
pumping with laser light is performed each mg-substate will be thermally
populated, which corresponds to an unpolarised medium in which the
atomic spins are randomly oriented. If most of the atoms are put into one of
the extreme hyper ne substates mg =  F, macroscopic spin polarisation
along the direction of the quantisation axis is achieved, and we say that
there is orientation of the atomic-spin ensemble. This is important for
atomic magnetometers as it allows for a collective response of the atoms
which depends on both the magnitude and direction of external magnetic
elds. Thus, the rst step toward making the atomic medium useful for
magnetometry is to orient a sizeable fraction of the atomic spins in the
same direction (i.e. magnetising it). Using the Hamiltonian for a light-
atom dipole interaction, the following angular-momentum selection rules
for the driven atomic transitions can be derived:

8
3DL= 1

DS= 0 1.2)
2 DJ= 1,0

DF= 1,0

and for circularly polarised light ( s* and s being right- and left-handed
respectively) we also have that, for photon absorption transitions:

+ _
s¥) Dmg=+1 (1.3)
s ) Dmg= 1

In general, by optically pumping with s* light along the z-direction
an atom, its total atomic spin tend to orient in that direction. As mg is
the projection of the F vector on the quantisation axis, atoms with higher
values of mg feel higher torque from the external magnetic eld and tend
to better align to it compared to atoms with lower mg. Moreover, when
atomic spins in the medium are parallel or antiparallel to the direction
of the laser beam, the amount of light absorbed varies depending on
the spins (and thus states) distribution, as due to the selection rules (1.2)
some transitions become unavailable (see Fig.1.1 for an example). Thus
in general, as the magnetisation M = § m;/ V is due to the sum of all
the atomics magnetic moments m;, one can detect the direction of atomic
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Figure 1.1: Example of optical pumping with s* light on the 8Rb D line,
illustrating two of the possible excitations and associated decay paths;
the Zeeman splitting energy of the state FO= 2, mg = 2 relative to the
unperturbed level is highlighted. (i) Lightistunedtothe F= 1! F9= 1
transition, with initial mg = 1 as example; this transition allows many
decays and isleakyas it allows atoms to relax in various F = 2 ground
states. (i) Pumpinginthe F= 1! F9= 2 transition is preferred since
it allows to populate and make use of the F = 2,mg = + 2 state (circled
in orange); this state cannot be pumped as there is no excited state with
mg = 3reachable with s* pumping light, so atoms saturate to this state
during continuous pumping.

magnetization optically, since the amount of light transmitted through the
medium is proportional to the projection of M onto the light wave-number
K.

An external magnetic eld acting on polarized atoms with total mag-
netic moment M induces a torque that aims to align M with the eld
lines. Since the magnetisation results from atomic spins with angular
momentum, this torque induces a precession motion of the spins, known
as Larmor precession. This precession happens with a Larmor frequency

w, = — = ¢gB 1.4
L R g (1.4)
where DE comes from (1.1),g is the gyromagnetic ratio of the atom, and
B is the amplitude of the external magnetic eld.

By using a photodiode to measure the light transmitted through the
vapour in the cell with a probe beam, it is possible to observe the electro-
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magnetically induced transparency when resonant light coming from a
pump beam is shone on the atoms, and the measured signal oscillates at
the Larmor frequency.

Scalar vs Vector Magnetometers

The simplest form of magnetometry consists in measuring only the mag-
nitude of a magnetic eld, without gaining information on its direction.
These sensors are known as scalar magnetometers. By contrast, vector
magnetometers can also measure the direction of magnetic elds, resulting
slightly more complex than their scalar counterpart.

Scalar Magnetometers - Scalar magnetometevgork by detecting the Lar-
mor precession of atoms in the magnetic eld [24, 27]. First, optical pump-
ing is performed to polarise the atomic ensemble with a resonant s* pump
beam of light. Asecond, linearly polarised, o -resonant probebeam is then
shone on the pumped atoms. Due to the phenomenon called paramagnetic
Faraday rotation, the probe polarisation is rotated by an angle q after in-
teracting with the pumped atoms [28]. This rotation is proportional to the
projection of the magnetisation of the atoms M on the probe direction [29],
and thus the value of goscillates at the Larmor frequency w, at which M is
precessing the external magnetic eld. Thus, by measuring the periodicity
of the polarisation rotation ¢ of the probe, the scalar value of the external
eld can be obtained using (1.4) [30]. A schematic representation of a
scalar magnetometer is shown in Fig.1.2a.

Vector Magnetometers - There are several main approaches to realise
vector measurements starting from a scalar atom magnetometer [31]. It
is possible to extract orientation information of the magnetic eld by ap-
plying a bias B eld in one direction, using magnetic modulation and
two probes in two orthogonal directions, as their signals are proportional
to the components of the eld in corresponding directions. Then it is
straightforward to geometrically calculate the direction other than amp-
litude of the external magnetic eld. Furthermore, to overcome a possibly
su ered disturbance of a weak oscillating magnetic eld driving the Zee-
man transition to magnetic eld measured, circularly polarised light with
power modulation could induce atomic magnetic resonance in the ground
state, giving the same result. This latter method has the advantage of not
requiring a bias magnetic eld, allowing for all-optical magnetometers,
which are the most widespread in present-day applications [12].

In conclusion, vector magnetometers (schematically represented in
Fig.1.2b) simply expand scalar ones by adding either a magnetic or optical
modulation, and also using two orthogonal probe beams rather than one.

8



(@) (b)

Figure 1.2: Scheme of the basic principle of optically pumped atomic mag-
netometry, using right-handed polarised light s* as pump to saturate
Rb atoms in a mg = + 2 state (see Fig.1.1.(a) Scalar magnetometethe
spins of the optically pumped atoms precess around the external magnetic
eld to be measured B at the Larmor frequency w/ ; a linearly polarised
p probe beam is used to detect the oscillations, as its polarisation is op-
tically rotated by an angle gwith the same w| frequency; adapted from
Li et al.[24]. (b) Vector magnetometea second probe beam is added to a
scalar magnetometer; by comparing the simultaneous measurement of the
optical rotations of the two probes it is possible to reconstruct the direction
of B.

Cold Atoms Magnetometers

Magnetometers based on thermal atoms are strongly limited by the e ects
of having a large velocity distribution within the atomic ensemble. This
causes the spatial spreading of the atomic cloud, but most importantly
makes the Doppler shift of light resonant with the electronic transitions
more relevant. Conversely, atomic systems are well suited for measure-
ments requiring high spatial resolution and precisionThe suppression of
thermal collisions and atomic di usion is the key factor contributing to
these advantages [32]. However, due to the small size of the traps, the
total number of available atoms is many orders of magnitude less than
in the case of vapour cells, directly impacting the signal-to-noise ratio
of the measurements. But cold atoms still have longer spin-coherence
times compared to cm-sized vapour cells, making them well suited for
measurements with high spatial resolution [13]. Ultimately, the complex
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setups and measurements protocols required are the main reason for the
limited use of cold atoms magnetometers in practical applications.

There are two main techniques to perform magnetometry: with cold
(UK mK) or ultra-cold atoms ( < pK, with the possibility of achieving
Bose-Einstein Condensation).The rst is similar to measurements done
with thermal atoms: a cloud of cold atoms is kept in an optical dipole trap,
and the Larmor precession of its atoms is measured via phase-contrast
imaging as described in the previous paragraph. This method is non-
destructive for the atomic cloud, allowing for repeated measurements
without requiring intermediate cooling phases [32]. The second involves
holding the ultra-cold cloud or Bose-Einstein Condensate (BEC) in a weak
magnetic trap: the spatially varying density of the condensate is a measure
of the potential energy, hence of the local magnetic- eld variation, which
can be indirectly measured via imaging of the BEC cloud [33].

1.1.2 Applications

Atom magnetometers can detect both static and dynamic magnetic elds
with sensitivities unparalleled by most other classical and quantum
sensors [34], with only SQUID-based devices performing better [35].
Although complex, atom magnetometers do not require bulky and power-
consuming systems to be cooled downto K temperatures as SQUIDS,
and in recent times there has been a great push towards realising compact
devices with practical applications [36]. This is made possible by using
bre light sources, which are more versatile and less bulky than free-space
ones [37], and by using miniaturised vapour cells, allowing the sensing
part of the instrument to be closer to the eld to be measured [18, 19].
Cold-atoms-based sensors are still under developments, with only few
applications having been demonstrated so far.

Due to their high sensitivity, atom magnetometers are ideal candidates
to perform non-invasive imaging of biological tissues: this involves arrays
of miniaturised sensors used to detect electrical pulses of e.g. the brain or
heart of a patient, with immediate applications in medicine and biology
having been already demonstrated. Moreover, thanks to the portability of
recently developed sensors, atomic magnetometers already see application
in surveying Earth's magnetic eld for mapping and anomaly detection. A
similar use has also been proposed to perform geomagnetic measurements
in space using airborne, miniaturised sensors. Finally, given the fact that
atomic magnetometers are becoming increasingly less expensive to manu-
facture reliably, the rst applications in monitoring industrial processes
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have been recently achieved. In the following paragraphs, | present a brief
overview of the main present-day applications of these sensors.

Biology and Medicine

Using extremely sensitive atom magnetometers to map the magnetic elds
generated by neural currents in the brain enables the localisation of brain
activity. This highly innovative technique, called magneto encephalo-
graphy, is a highly promising non-invasive technique for imaging brain
function (which can also be extended to heart imaging) [18].

Magneto-EncephaloGraphy (MEG) - Unlike invasive intracranial electro
encephalograms, which records electrical signals by placing electrodes
directly on the exposed surface of the brain, this technique is non-contact-
based, and stands out for its ability to capture neural activity. Systems
based on arrays of miniaturised alkali metal optical magnetometers have
superior performance when compared to commercially aFyaiIabIe systems
based on e.g. SQUIDs. Although the latter have T/ Hz sensitivities
(one order of magnitude better than alkali-based devices [38, 39]), atomic
sensors have the advantages that they do not need liquid helium cooling,
have excellent mobility, and strong economicvs\pplicability. To perform
this type of measures, sensitivities below pT/  Hz are needed, and were
rst demonstrated in 2006 by Xia et al.[40]. In the following years, further
developments were carried out, in particular to miniaturise and make atom
magnetometers more competitive. Advancements have been e ective to
the point that recently wearable helmets, either rigid or exible, sporting
arrays of hundreds of sensing micro-cells, have been proven e ective
in observing brain activity in humans. The measurements performed
allowed to image cerebral activity at low frequencies ( . 10s) with spatial
resolutions of 1 mm [39, 41].

Magneto-CardioGraphy (MCG) - The same technique used for imaging
the brain can be extended to heart imaging, and is known as magneto
cardiography. The assessment of human heart magnetism is a valuable
tool, particularly to evaluate the health status of fetuses. Conventionally,
the measurement has been carried out using the SQUID system (as it
requires higher sensitivity compared to brain imaging), but due to its high
cost it is often di cult to deploy and use on a large scale. Shah et alin
2013 were the rst to employ atom magnetometera for this purpose, being
able to achieve a sensitivity better than 10fT/ Hz [42]. In less than a
decade the e orts to make these devices more accessible gave astounding
results, rst obtained on animal organs [43] and later developed realising
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easily portable systems which improve patient comfort, are inexpensive
to use, and performs on par with SQUID devices [44].

Geology and Aerospace Applications

The high sensitivity, compactness and relatively high sturdiness of alkali-
metal-based atomic magnetometers, suits them for a wide range of applic-
ations outside of laboratory environment [19].

Geomagnetic Applications - In particular vector magnetometers are sulit-
able candidate for positioning and navigational applications, which can be
performed by accurately mapping the geomagnetic eld in a desired loca-
tion [31]. In addition to pursuing a higher sensitivity, the miniaturisation
of optically pumped magnetometers has also been a hot research topic for
along time. The rst chip-scale atomic magnetometer was realised in 2007
by Schwindt et al, using a micro-faBricated Rbvapourcellof 1 2 1mm?3
to achieve a noise level of 5pT/ Hzinal 100Hz range [45], paving
the way for portable sensors for measurements of geomagnetic anomalies.
With the passing of years the miniaturisation process continued, while
aiming at improving the sensitivity of some orders of magnitude in on-
the- eld applications [46]. Presently, atomic magnetometers are being also
manufactured by various companies, primarily Geometrics, GEM, Scin-
trex, and CAE. Their products are compact and tailored for marine, land,
and airborne magnetometry. Their high performance and reliability make
them available for mapping geologic structures or for mineral exploration;
military applications are also inevitably possible.

Aerospace Applications - With the increasing interest and progress in
highly sensitive, small and portable devices, some space-based applica-
tions of miniaturised alkali-metal magnetometers are also being proposed
and developed [21]. Precise knowledge of environmental magnetic elds
is crucial for many space-based science missions. As of today, magneto-
meters have been mainly used to map elds and for attitude control [23,
47], as well as for studying planetary atmospheres and climate [48], and to
detect liquid water [49]. The main sensors used up until now are uxgate
magnetometers, which are not perfectly suited for missions in extreme
environments g:lue to their fragility) and whose sensitivity is limited to
only 10pT/  Hz. Thanks to their small size and low power consump-
tion, vector atomic magnetometers have been proposed as an alternative
to heritage sensors for future missions [15]. A proof-of-concepbdemonstra—
tion of a y-worthy sensor, achieving a sensitivity of 15pT/ Hz at 1 Hz
while consuming less than 1 W and weighting less than 5009 was recently
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presented, showing a promising path for near-future space-applications
of atomic magnetometers [50].

Industry

With the ongoing miniaturisation and increased sensitivity of atomic mag-
netometers, their use has expanded into numerous industrial applications,
including magnetic imaging, battery monitoring, and magnetic commu-
nication. Atomic magnetometers o er contact-free magnetic eld measure-
ments, making them invaluable for safety inspections, battery diagnostics,
and related research areas. This section provides an in-depth analysis of
their industrial implementation, drawing insights from the review by  Bal
et al.[20].

Magnetic Induction Tomography (MIT) -  Detecting and imaging objects
is a critical challenge across various industries. Infrastructure such as
pipelines and ships can corrode or crack over time, posing signi cant
safety risks. MIT, when performed with atomic magnetometers, can serve
as a powerful imaging technique thanks to the principles of electromag-
netic induction [51]. The core principle involves applying an alternating
magnetic eld, which induces eddy currents in the target conductor. As
the object undergoes changes, such as corrosion or structural damage, the
eddy current distribution and intensity shift accordingly. This imaging
process involves two main steps: rst, determining the spatial distribution
of the magnetic eld when the conductivity and magnetic permeability are
known (essentially solving an eddy current problem); second, reconstruct-
ing the image using algorithms to map the distribution of conductivity
and permeability, based on the characteristics of the excitation eld, the
detected signals, and the boundary conditions. Atomic magnetometers are
highly suited for MIT due to their high sensitivity and wide bandwidth.
The rst proof-of-concept device was demonstrated by Wickenbrock et al.
in 2014, using edge detection algorithms to accurately identify the size
and position of aluminium targets [52]. More recently, portable RF atomic
magnetometers have enabled electromagnetic induction imaging in un-
shielded environments [53]. These advancements meet the requirements
of standard industrial applications, such as non-destructive inspections
of vessels and pipelines, o ering high sensitivity without the material
damage associated with conventional methods.

Battery Monitoring - Thanks to their high energy density, strong output
power, lack of memory e ect, and rapid charge-discharge capabilities,
lithium-ion batteries are ubiquitous in electronic devices, electric vehicles,
and grid energy storage systems. However, they face persistent issues like
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dendrite formation and uncontrolled growth, which can lead to internal
short circuits, thermal runaway, or even battery explosions [54]. Non-
destructive battery diagnostics have thus become a research priority. Using
them it is possible to identify internal defects without compromising the
structural integrity of the battery. Traditional non-destructive techniques,
such as X-ray or neutron di raction and Raman spectroscopy, can however
alter the material properties of the battery under investigation [55]. Since
lithium-ion batteries contain magnetic materials, magnetic eld variations
can reveal internal current changes via the Biot-Savart law, where shifts
in current correspond to detectable external magnetic eld changes. By
monitoring these magnetic eld variations, battery health can be assessed,
and eventual faults pinpointed. The rst demonstration of a non-contact
method for detecting lithium-ion battery charge states and defects is fairly
recent, and was conducted by Hu et al. in 2020 [56]. They employed an
atomic magnetometer with a sensitivity of 20T/ Hz (corresponding
to 8 nA current sensitivity) within a magnetically shielded environment
to measure the battery's magnetic susceptibility, e ectively correlating
local charge states with internal defects. More recently, in-situ detection
methods for assessing the capacity consistency of power battery packs
have been introduced, demonstrating that atomic magnetometers can
detect nT-level magnetic elds around active batteries [57].

Magnetic Communications - Modern radio communication systems face
challenges related to data security and electromagnetic interference. One
promising solution to these issues is low-frequency magnetic communica-
tion. This method is less a ected by environmental media like water or
soil due to their minimal impact on magnetic permeability [58]. Addition-
ally, low-frequency signals are preferred for long-distance communica-
tion. Atomic magnetometers exhibit superior sensitivity to low-frequency
magnetic elds compared to traditional induction coils, which require
larger and more expensive antennas as frequencies decrease. The rst
use of atomic magnetometers for magnetic communication was demon-
strated by Gerginov et al.in 2017, achieving reduced ambient noise in-
terference, and achieving a communication range up to 320 m with a
1 kHz bandwidth [59]. More recently, a single-channel Rb atomic magne-
tometer successfully received Zeeman-split resonance magnetic signals
from Rb atoms, demonstrating its capability for very low-frequency (VLF,

3 30kHz) communications [60]. Future research in this topic will focus on
enhancing signal-to-noise ratios and expanding bandwidth, with atomic
magnetometers expected to outperform traditional systems by o ering
stable signals, faster transmission rates (in the kHz range), and resilience
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against environmental interference. Atomic platforms also allow to over-
come the limitations of large antennas and low bandwidth in conventional
magnetic communication systems.

1.2 Atom Accelerometry

Neutral atoms can be exploited to realise an accelerometer by using them
in a matter-wave interferometer setup, which requires cooling down atoms
to pK temperatures or reaching BEC states [61, 62]. In this way, it is
possible to directly measure the inertial forces applied on the atoms, by
looking at the state-population fringes at the interferometer output [63].

These sensors have mainly been used to accurately measure gravity,
either for fundamental research such as measuring the gravitational con-
stant G [64] or for geophysics and vulcanology applications [11]. Recently
their use as accelerometers and rotation sensors has also been experiment-
ally achieved [65].

Moreover, thanks to their high sensitivity and to the fact that atomic
accelerometers can measure absolute gravity and do not su er from meas-
urement drift, contrary to other optomechanical and solid state devices,
they are a promising platform for space-based applications such as satellite
orbital monitoring [66] and geodesy studies of small celestial bodies [67].
Finally, their use to study exotic phenomena connecting quantum mechan-
ics to gravity such as gravitational Aharonov-Bohm e ect or even to detect
dark matter, have been proposed both on ground and in space [68 70] and
represent further future applications of atomic accelerometers.

1.2.1 Atom Interferometry

Light interferometryis a technique that uses coherent electromagnetic waves
to investigate a wide array of physical quantities, from wavelengths to
distances and spatial displacements to the refractive indexes of the medi-
ums crossed by the sampling light. Its applications cover a wide variety
of elds: astronomy, metrology, oceanography, seismology, just to name
a few [71]. These interferometers work by splitting, recombining, and
interfering light through two spatially distinct trajectories. Atoms, like
photons and other particles, possess a wave particle duality [72] and thus
they can interfere similar to light waves.

Atom interferometry can be used to realise sensors of inertial e ects [73].
Throughout the last decades it has been used to accurately measure the
Earth rotation, gravity gradients, h/ mcgand accelerations [74]; other than
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sensing applications, atom interferometers are used also for basic science
research, such as studying the gravitational Aharonov-Bohm e ect [75]
and the Einstein equivalence principle [76]. Regarding quantum sensors,
present-day main applications are gravimetry, in particular for geophysics
and vulcanology [77], and accelerometry, especially for gyroscopes and
space-based applications [78].

Matter-wave Interferometry

Analogous to light interferometers, matter-wave interferometers use beam-
splitter pulses to divide atomic wave packets into spatially separated
paths. The trajectories are then manipulated using mirror pulses, and
nally recombined with another beamsplittepulse to create interference
patterns [79].

The above mentioned pulses are generated exploiting Rabi oscilla-
tions [16]: when a two-level atomic system interacts with coherent light,
with energy hwgeresonating with the electronic transition from ground
jgi to excited je state, the population of the two states oscillates as follows

— 1+ coswWt

o | 15)

Pe(t) = =5

where W is the Rabi frequency, which characterises the strength of the
atom-light coupling and is de ned as

hgj# dje Eg
h
where #is the light polarisation vector, d is the atomic dipole operator,
and Eg is the electric eld amplitude. Shining continuous resonant laser
light causes the atomic system to oscillate between the ground and excited
states with a period T = 2p/ W (see Fig.1.3). Ap -pulsepromotes an atom
from the ground to the excited state with unit probability, by turning on the
resonant eld foraduration T/2;ap/2 -pulsecreates a superposition of the
two states, by switching on the led for half the time of a  p-pulse (i.e. for
T/4 ). See Fig.1.4 for a visual representation of the pulses. The momentum
transfer from the laser to the atoms during these transitions results in p -
pulses acting as mirrors and p/2 -pulses as 50/50 beam-splitters, as in the
rst case the atom has 100%probability of receiving a momentum variation
and changing trajectory, while for a p/2 -pulse it is a 50% probability.
Independently from the interferometer geometry, by having atoms
travel separate path we can observe interference fringes after reuniting

W = (1.6)

16



Figure 1.3: Rabi opping of the population of ground jgi and excited jei
states of a 2-level atomic system initially in jgi, under a continuous stream
of coherent resonant laser light. The oscillation periodis T = 2p/ W,
where W is the Rabi frequency.

(@) (b)

Figure 1.4: p-pulse (above) and p/2 -pulse (below) as: (a) plot of the
state population evolution; (b) visual representation of the excitation and
momentum transfer from photon to atom. In (a) the x-axis is scaled to
represent the angular evolution, i.e. 2pT. In (b) the rst element of the
ket states is the electronic state (ground g, or excited €) while the second is
the atomic momentum; we are assuming the starting atom to be at rest
in the ground state, and the photon of the light pulse to be carrying a
momentum hk.
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them. That is because the probability atoms have to be wither in the jgi
or jel state depends on the phase di erence gained by the atoms between
the interferometer arms. Such fringes can thus be observed by varying the
phase of the nal beamsplitter laser pulse [80].

Among the several possible techniques and geometries possible, the
most common way of performing gravimetry and accelerometry is using
stimulated Raman transition (SRT) in a Mach-Zehnder interferometer [81],
which will be discussed in the next section.

Raman Mach-Zehnder Interferometers

In order to perform accurate measurements of gravity or acceleration using
atom interferometry, the two paths of the interferometer have to achieve
a signi cant phase di erence. It is preferable to use a pair of long-lived
states on which to perform Raman transitions, rather than relying on short-
lived states of a 2-level system; together with a Mach-Zehnder geometry
with two spatially separated paths, it provide a reliable architecture for
atom interferometry [81]. In this section | provide a brief overview of this
technique.

Raman Interferometry - Stimulated two-photon Raman transitions
between hyper ne ground states (see Fig.1.5) involve atoms initially in
statejli. An atom absorbing a photon from a laser with wave-vector k1
receives a momentum hk 4, followed by stimulated emission into a second
laser with wave-vector ko, resulting in a net momentum transfer:

Dp = hky hky = hkegt

2Rk ;. .7
We now consider the atoms to be two-level systems for simplicity, and all
of them being in ground state j1i. The population of the two states evolves
in time Rabi opping, following (1.5) but with an e ective two-photon
Rabi frequency given by
Wi W5
2D

where W; and W, are the Rabi frequencies of the laser beams, andD is the
detuning from the excited state. Depending on the laser pulses duration,
p and p/2 pulses can be realised, as discussed in the previous section,
thus realising mirrors and beam-splitters for atomic waves.

Mach-Zehnder Interferometers - The geometry of a Mach-Zehnder atom
interferometer is shown in Fig.1.6. Initially the atoms are all in the ground
statejli; then, a rst p/2 -pulse acts as a beamsplitter at timet,, equally

Wett =

(1.8)
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(@) (b)

Figure 1.5: Stimulated two-photons Raman transition process in a three-
level atom. (a) A two-level system with two hyper ne ground states  j1i
and j2i with energy separation d, and an excited state je ; the Raman
lasers, with wave-vectors k, and k,, have ared-detuningD with respect to
the transition to je. (b) Dynamics of the two-photons Raman transition
process: two counter-propagating laser beams (wave-vectorsk, and k),
interact with the atoms and induce a net momentum transfer, depending
on the k¢¢f of the Raman transition. Adapted from Xin [82].

separating the atoms in two arm; a p -pulse then acts as mirrors at time
to, to put the atoms in reuniting paths; nally a second p/2 -pulse acts
as a nal beamsplitter at time t3, mixing together the atoms on the two
separate arms. At the end of the interferometer, the population of the
ground state j2i is given by [83]

1 cog(Df xt/2)
2

Pai = (1.9)
where x is the two-photon detuning of the transition jli ! | 2i (see
Fig.1.5a),t = p/ Wit is the duration of a p-pulse, and Df is the phase
di erence between the interferometer arms. From Eq.(1.9), it is clear that
the population of the atomic states depends directly by this relative phase,
and can thus be probed by scanning the relative phase of the Raman pulses,
which changes the state population, giving rise to interference fringes.
[84]. Following the path integral approach proposed by Bongs et alin [85],
a direct derivation of Df can be done. First, we decompose the phase
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Figure 1.6: Space-time diagram for a Mach-Zehnder interferometer in the
presence of gravity. Each of the three necessary Raman pulses is made
up by two counter-propagating lasers with wave-vectors kq and k, (see
Fig.1.5a): the rstisa p/2 -pulse, acting as a beamsplitter to equally divide
atoms in two separate trajectories (the armsof the interferometer); the
second is ap -pulse, acting as a mirror to re ect the atoms on separate
arms into converging paths; the nal is another p/2 -pulse, acting as
a beamsplitter to recombine the atoms in order to achieve interference.
Adapted from Xin [82].

variation into three separate terms:

I.e. a propagation, a separation and a laser term. The propagation term
arises from the path integral of the Lagrangian L of the atomic wave pack-
ets, along the separate classical trajectories of the two interferometer arms,
and depends on the total energy of atoms and their spatial propagation;
the separation term is due to the partial overlap of the two interferometer
arms at the end of the interferometric sequence, and depends on the di er-
ence in path length Dx and the de Broglie wavelength of the atoms | 3; the
laser term comes from the atom-light interaction during the two-photon
stimulated Raman transitions, and depends on the relative phase of the
light f (t;) applied at time t;. The analytical form of these terms is the
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following:
8

3 Df prop = % L(r(t), (1) dt (1.11)
3 Df sep= 2'? Dx (1.12)
" Dfjas= f(t) 2f (t2) + f(ta). (1.13)

If we consider the case of only having a constant gravitational acceleration
g and no rotations, Df prop = Df sep= 0. Then the di erential phase is
given by (1.13) only, which can be made explicit to show its gravitational
dependence [82]:

Df g=  KetfgT? (1.14)

where K¢+ is the e ective wave vector of the Raman transition (see (1.7)
and Fig.1.5b), and T is the time of ight of the atoms between two consec-
utive laser pulses (i.e. half the total time of ight within the interferometer,
see Fig.1.6).

The last results can also be generalised for rotation and other accelera-
tions sensing, by expanding Df propand Df sgp[74]. Anin depth discussion
of the e ects on non-quadratic force potentials and nite laser pulses on
the atom phase evolution, necessary for a correct and precise analysis of
state-of the art interferometers, is also discussed by Bertoldi et al [86].

1.2.2 Applications

Considering two interferometers with the same size and geometry, one us-
ing light and the other atoms as sensing medium, Clausershowed that the
atom interferometer can achieve sensitivities to rotations and accelerations
which are respectively a factor of  10'°and 107 better compared to
the light interferometer [73]. This is due to the fact that atoms are slower
than photons and posses mass, which both makes them more sensitive to
inertial forces. In recent years, commercially available atomic gravimrt;ters
have reached the same sensitivity of classical ones ( 10 Gal/ Hz),
while already having the advantage of allowing continuous, long-term
absolute measurements, without drifts (which also a ects other quantum
gravimeters, such as superconducting ones). With technological advance-
ments, atomic gravimeters are starting to be more and more extensively
used in the domains of geophysics, vulcanology, oceanography, and for
precise airborne acceleration measurements for both practical (e.g. gyro-
scopes and radiation pressure sensors) and fundamental applications (e.qg.
dark matter and gravitational waves detection).
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The following paragraphs present a brief overview of the present-day
applications of these systems. The description mainly follows the review
by Fang et al. [87], classifying atomic accelerometers as static gravimeters,
dynamic gravimeters or space interferometers, according to their intended
use.

Static Gravimeters

Over the past decade, interest in atomic gravimeters has grown signi c-
antly. These devices typically consist of physical, optical, and electrical
systems. The physical system includes the sensor head, where laser cooling
and atomic interference occur; the optical system generates the necessary
laser beams; and the electrical system drives the components and processes
measurement signals.

Recent designs integrate laser cooling, Raman interference, and de-
tection within a single laser beam [88]. Systems can be categorized as
free-space, modular, or bre-based: free-space systems utilize integrated
optical components on a bench, reducing system size [89]; modular sys-
tems enhance portability through smaller optical modules [90]; and bre-
based systems usel.5 mtelecom componentsto o erlongevity, reliability,
and reduced sensitivity to environmental factors [91].

Sensitivity limitations in modern systems are primarily due to laser
phase and frequency noise, as well as environmental vibrations, which can
be mitigated through real-time compensation techniques and a posteriori
data analysis. Systematic errors (including inclination, gravity gradients,
two-photon frequency shifts, Coriolis forces, and laser frequency instabil-
ities) can also be e ectively evaluated and suppressed. State-of-the-art
atomic gravimeters achieve accuracies around5 Gal, with resolutions be-
low 0.5 Gal for integration times spanning several thousand seconds [87,
92].

Atomic static gravimeters are being increasingly applied in practical
contexts. In 2009, they were rst employed in an International Comparison
of Absolute Gravimeter@CAG) pilot study [93], with their use expanding
to six devices by 2017 [94]. They have also been instrumental in pre-
cise measurements of the gravitational constant G [64]. More recently,
an industrial-grade atomic gravimeter, designed for eld experiments,
was deployed to monitor seismic and volcanic activity at Mt. Etna (Italy)
within the NEWTON-g project [11]. Additionally, these instruments have
been proposed for fundamental experiments, such as observing the grav-
itational Aharonov-Bohm e ect [68] and detecting gravitational waves
and dark matter [70, 95].
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Dynamic Gravimeters

Atomic gravimetry could be well suited for dynamic gravity measurement
with high spatial resolution on moving carriers (e.g. aircraft, ships, and
land vehicles). These environments are subjected to high levels of vibra-
tions, which are a primal source of noise in atomic gravimeters. Vibration
suppression and rotation compensation are thus of paramount importance
to dynamic atomic gravimeters.

Aircraft Accelerometers - The rst application of dynamic atomic gra-
vimeters involved measuring horizontal acceleration in aircraft [96]: a
classical accelerometer monitored vibrations, allowing for fringe restora-
tion through vibration compensation. Under standard 1g conditions, the
resolution exceeded noisy uctuations by gver 300 times, achieving a sens-
itivity of approximately 2 10 “ms 2/ Hz in micro-gravity conditions.
This approach has also facilitated stable, long-term vertical acceleration
measurements in laboratory settings [97].

Marine Gravimeters - For marine applications, dynamic atomic gravi-
meters require two-axis inertial stabilization to maintain alignment with
gravity, o ering higher spatial resolution than satellite altimetry [98]. Re-
cent designs have achieved precisions around 1.62mGal [99].

Airborne Gravimeters - Airborne environments pose great challenges
due to intense vibrations across wide frequency ranges. Advanced vibra-
tion suppression techniques have enabled measurement errors comparable
to classical sensors (approximately 1 mGal), with superior long-term sta-
bility (improved by a factor of 5). Comparisons with marine, land, and
satellite gravity data show minimal discrepancies, with means and stand-
ard deviations below 2 mGal [100]. Additionally, atomic gravimeter data
have improved quasi-geoid models by approximately 50% near coastal
regions [101].

Inertial Navigation -  Gravity measurements from moving vehicles are
vital for inertial navigation systems, with some leveraging vibration com-
pensation [102], and others targeting both rotation and acceleration correc-
tions [103]. Continued research will support the development of compact,
transportable atomic gravimeters for vehicular use.

Space Atom Interferometers

Atom interferometers applications to measure acceleration and rotations
on spaceships and satellites are also being developed. Given the micro-
gravity environment of space, the time of ight 2T of atoms in an interfer-
ometer can be much longer than in Earth-based ones, and unprecedented

23



high-precision measurements are expected. The presence of lower vibra-
tions compared to terrestrial and airborne vehicles would also contribute
to higher performance. However, most present-day atomic gravimeters are
bulky, and the miniaturisation e orts necessary for realising ight-worthy
devices are still huge.

Nowadays, atomic space interferometers are primarily aimed at fun-
damental research, such as testing Einstein's weak equivalence principle
tests, with experiments already deployed in the Chinese Space Station [78]
and in the International Space Station [104]. Mapping the terrestrial gravit-
ational eld has not been achieved yet, although there is a signi cant push
in setting up missions to achieve that in the near future [105]. Moreover,
research towards realising sensors for satellites to monitor gravitational
anomalies, radiation pressure and other small forces acting on satellites
in low-Earth-orbit is currently under development [66], together with
precise and drift-free gyroscopes [106]. Further proposed advancements
are to use compact atomic interferometers to map the gravitational eld
of small celestial objects such as asteroids and comets, to assist probes
in their rendez-vous with them [107], and the realisation of detectors for
dark matter and gravitational waves [108].
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2 Theoretical Background

As stated in the Introduction to this thesis, the objective of my PhD was to
realise an experimental setup to trap rubidium atoms, cool them to sub- pK
temperatures, and later trap them inside hollow-core bres. Although
during this project the work | carried out was mainly experimental, a solid
theoretical background is fundamental in understanding and planning
the practical work.

The novelty in the setup | assembled comes from the conjugation
of well-established cooling and trapping techniques, with cutting edge,
innovative HCPCFs. The latter in particular are of great interest, in the
fact that the physics behind their light-guiding mechanisms falls outside
of the standardknowledge regarding optical bres. As they have hollow
cores, Total Internal Re ection (TIR) cannot be used to transport light
along the bre axis, as this requires a higher refractive index in the bre
core [109]. Thus other guiding mechanisms, such as Photonic Band-Gap
(PBG) and Inhibited Coupling (IC) were developed [110, 111]. These rely
on photonic microstructuremade out of glass in the bre cladding, to create
a photonic analogue to atomic lattices of electric conductors and insulators,
which allow for certain modef light to be guided. The theory behind
these mechanisms is widely known, while the technological know-how to
realise them in a satisfying way was developed only in recent times [112].

Concerning atom trapping and cooling, MOTs are nowadays the stand-
ard tool for this task (particularly for Rb). Their technology is in fact
mature enough that chip-sized devices of this kind have already been
developed [113]. The knowledge and literature on them is extremely vast,
and the interested reader is suggested to delve deeper init[114 116]. How-
ever, a general description of these devices is still useful and necessary to
the scope of this thesis. In particular regarding how light interacts with
quasi-two-levels systems in conjunction with external magnetic elds, and
how this interaction can be used to exert trapping forces on them.

This chapter provides a detailed description of HCPCF. The focus will
mainly be on the physics behind their guiding mechanisms; an overview
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on their usage and novel applications will also be presented; then, a brief
description on their fabrication process will also be mentioned. Finally,
the principles behind the functioning of MOTSs will be presented, with
mentions on how experimental instabilities of the trapping light used can
a ect the atoms trapping.

2.1 Hollow-Core Photonic-Crystal Fibres
(HCPCF)

The ability to reliably transmit light at long distances allows humanity

to communicate in a fast, reliable and often secure way. Present-day tele-
communication networks are based on highly engineered optical bres,
on which the internet relies to keep the World Wide Web and all its ap-
plications functioning [117]. These bres have solid cores and are based
on the principle of TIR, thus are able to only transmit light, at speci c
wavelengths.

Recent scienti ¢ and technological progress now permits to have op-
tical bres with hollowcores, based on di erent guiding mechanisms of
light such as photonic band-gapnd inhibited coupling[118]. These novel
types of optical bres are known as HCPCF, and allow to transport phys-
ical objects such as nanopatrticles in their core, other than only light [119].
The possible applications are varied and manifold; of particular relevance
for this work is the possibility to transport ultracold atom clouds along
them using dipole traps, while still being able to address the atoms with
resonant light, thanks to their ability to also transmit light in their hollow
cores [120].

This section provides an overview on the physics of HCPCF (after
a brief discussion of solid core ones), and discussion on some of their
present- and near-future-applications. The reader interested in deeper
details on the subject is directed to the comprehensive review of Debord et
al.[118], which was used as the main reference for this section.

2.1.1 Solid Core Fibres

Regular, solid-core optical bres are cylindrical dielectric wave-guides,
usually made of silica glass i.e. SiO, [109]. This material has an absorption
spectrum, shown in Fig.2.1, with a minimum at 1550nm, which is in fact
the common standard telecommunications wavelength, or C-band[121].
These bres possess acoreof refractive index n; which guides the light,
surrounded by a cladding layer of refractive index n,, nally protected by
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Figure 2.1: Attenuation spectrum in a silica optical bre, in the infrared
band; the di erent contributions are shown in dashed lines, with the res-
ultant spectrum shown in a continuous line. The vertical bands highlight
the common transmission windows [122]: in purple, the 15" window is
mainly used for multimode bres; in orange, the 2" window is com-
prised by the O-band(original, 1260 1360nm) and was historically the
rst band used; in red, the 3™ window is mainly comprised by the S-
(short, 1460 1530nm), C- (common, 1530 1565nm) and L-bands(long,
1565 1625nm), with C-bandbeing the most widespread, as it is also
centred on the so called Erbium window Adapted from Ch.280f [121].

a polymeric protective cladding, as shown in Fig.2.2a. The con ning (or

guiding) mechanism of light is based on Snell-Descartes law:
sing
Sing N1

where ¢ is the incidence angle at an interface between refractive indices ny
and ny, and ¢ is the transmittance angle; see Fig.2.2b for reference. Given
the critical angle of incidence for which ¢ = 90 :

. n
Oc = arcsin —2 (2.2)
ny
forany g  qcthere is no transmitted light present; all of it is re ected
at the core-cladding interface, giving rise to the so-called TIR. It is this
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(a) (b)

(©)

Figure 2.2: (a) Cross section of a typical step index optical bre, highlight-
ing its main components; the plot shows the refractive index variation
along the diameter (usually 0.001. Dn. 0.01). (b) Visual representation
of Snell-Descartes law. (c) Schematic view of light ray guiding in a step
index bre: the incoming ray is refracted in the bre core, and if its incid-
ence angle at the core-cladding interface is greater than the critical value
for total internal re ection ¢, then the ray can be guided by the bre; the
acceptance angle and NA of the bre derive directly from this.
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phenomenon which allows light to be guided in the solid core of optical
bres, with the necessary condition of n; > n,. The value of n; and n»
also determines the so-called numerical aperture (NA) of the optical bre:

NA = nising
q
= n2 nj (2.3)
= SiNGgy

with g, being the acceptance angle atthe bre tip; see Fig.2.2c for reference.
As of now, we considered light as a ray, but a more accurate approach is
to study light propagation in bres treating it as an electromagnetic wave,
as in Ch.10of Saleh and Teic[109]. That means solving Maxwell equations,
having the boundary conditions be imposed by the cylindrical dielectric
core and cladding. These special solutions, known as modes, each have
distinct propagation constants, characteristic eld distributions in the
transverse plane, independent polarisation states, which do not change as
the mode propagates through the bre. We can consider an optical bre as
a medium with refractive index n(r) which, in the simplest case of a step-
index bre (see Fig.2.2a), isn(r) = nyinthe core (r < a)and n(r) = nyin
the cladding (r > @) [121]. We assume that the outer claddingradius b  a
so that it can be taken to be in nite. Each component of a monochromatic

electric and magnetic eld in the bre obeys the Helmholtz equation
h [
r2+n?(r)kd U=0 (2.4)

where U is the electromagnetic potential and kg = 2p/ | o, with | g being
the light wavelength in vacuum. Exploiting the cylindrical geometry of
the bre we can assume a solution to (2.4) in the form:

U(r,f,z)= u(ne e 12~ 127 (2.5)

where b = k; is the propagation wave-number, and the meaning of the
coordinates is made clear in Fig.2.3. Using this ansatz for (2.4) in cylindrical
coordinates, we get a set of di erential equation for the radial part of the
Wave-func8tion:

< du 1du 2 2 -
7+ F_r+ kT 2 u=0, r< a(core) (2.6)
d? 1d 2, 12 = c i .
drlzJ r dlrJ' g°+ 2z u 0o, r> a( |add|ng)

where we de ned
& = ngg b2 e
g2= b% n3k3
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Figure 2.3: Cylindrical coordinates system for bres with axis along the
z-direction. From Ch.100f [109].

which are conveniently positive, while kr and g are real numbers, as
guided modes have to satisfy b < nqkg in the core and b > nykg in the
cladding (see Ch.90of Saleh and Teic[L09]). The analytical solution for u(r)
to (2.5) inthe limit r ! ¥ is well known to be:

Ji(krr), r< a(core)

Ki(gr), r < a(cladding) (2.8)

u(r) p

where J|(x) is the Bessel function of the rstkind and order |, and K,(x) is
the modi ed Bessel function of the second kind of order |. The boundary
conditions for the electric and magnetic elds atthe core-cladding interface
determine that, for any azimuthal index |, there exists multiple solutions
to the boundary conditions with discrete values b;,, m= 1,2,3,.., each
representing a di erent mode. A mode is therefore determined by the two
indices | and m, which characterise its azimuthal and radial distributions,
respectively. Linearly Polarised (LP) modes with indices (I, m) are usually
labelled LP,,,, some examples of which are reported in Fig.2.4. Depending
on the properties of the bre, a di erent number of modes can actually
propagate through it. The boundary conditions for Eand H elds give the
following single variable characteristic equation:

JiaX¥) _ K a(Y)

3100 <i(Y) @9
where
X = kra
Y= ga (2.10)
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Figure 2.4: Some of the fundamental LP modes, with their azimuthal | and
radial m indices reported. From Sardis et al[123].

Remembering (2.7) we can de ne the bre parameter
V= X%+ Y2

a
2p —NA (2.11)

= aky(nZ n3)

which can be seen as a sort of normalised frequency of the guided light,
and used to determine the number of modes that can propagate through
a step-index optical bre, as will be discussed in the next paragraph.

Multi- and Single-Mode Fibres

An intuitive way of understanding which mode can be guided in step-
index optical bre, is to look at the graphical solution of (2.9), reported in
Fig.2.5. Each graphical solution X, corresponds to a di erent bre mode
with propagation constant by, and radial distribution ujy,(r). Itis clear
from the image that as V increases, the number of bound modes (i.e. the
intersections in the graph) does too, since the LHS is independent of V,
while the RHS moves rightward as it increases. For step-index bres, the
smallest possible roots are Xg; = Ofor | = 0, and X;; = 2.405for | = 1.
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Figure 2.5: Graphical construction for solving the characteristic (2.9), with

| = Oand V = 10; the left- and right-hand-side (LHS and RHS respectively)
are plotted as a function of X, and the intersections are the solutions. The
LHS has multiple branches intersecting the abscissa at the roots of J| 1(X),
while the RHS intersects each branch once and meets the abscissa when
X = V; the number of guided modes therefore equals the number of roots
of J; 1(X) that are smaller than V. From Ch.100f [109].

This means that, as the bre parameter of a bre increases, also does the
number of modes that it can propagate; in particular, for an optical bre
to be single mode, it must satisfy the condition

V < 2.405. (2.12)

An alternative graphical visualisation of this process is to introduce the
normalised propagation constant [124]

2 02
g= (Pl 1 (2.13)

ng n;
whose values varies between 1 (for modes fully guided in the core) and 0
(for modes fully propagating in the cladding. By plotting the dispersion
relation B(V), as shown in Fig.2.6, it is possible to see that at a given
frequency the optical eld in the bre is a superposition of modes, each
with a di erent propagation constant b, and obtain the same result of
(2.12).

Polarisation Maintaining Fibres

In a bre with circular cross section, each guided mode has two independ-
ent polarisation states, with the same b, [109]. The two components are
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Figure 2.6: Dispersion relation of B versus V for a step index bre (see
inset for the index distribution): the coloured lines represent di erent
LP-modes, with the abscissa value at which the vanish is highlighted; it is
clear that for V < 2.40nly the LPy; mode is present, and thus guided, in
the bre. From Sillard and Molin[124]

independent, thus by injecting light with a single polarisation, light should
remain in that polarisation state. However bre imperfections, mechanical
strains, temperature variations and bending, result in the possibility for
optical power to be transferred between the two possible polarisations.
This random phenomenon poses no challenges if the bre has to solely
transmit light power, as its total value remains constant. However, in
many bre optics applications it is important to preserve light polarisation
(e.g. for interferometers or coherent optical communications). Polarisation-
Maintaining (PM) bres are thus required for such applications. In order
to construct them, the circular symmetry of a conventional bre must be
abandoned, e.g. using bres with non-circularly symmetric cross sections
or with stress-induced anisotropy of the refractive index. Some examples
of these bres are shown in Fig.2.7. These solutions eliminate the polarisa-
tion states degeneracy, as the two propagation constants are now di erent.
This introduces a phase mismatch which reduces the coupling e ciency
between the two states, keeping separated the lights guided therein.
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Figure 2.7: Cross-section images of various types of PM bres. It can
clearly be seen that none of them has circular symmetry; in particular
panda, bow-ti@nd elliptical stressbres maintain polarisation by inducing
non-circular stress on the bre core (in white) using glass structures (in
dark grey), while elliptical corebres rely on the core symmetry not being
circular. From Donalds and Tumminell[125]

2.1.2 Photonic Crystal Fibres (PCF): Overview

One drawback of solid-core TIR optical bres, is that a core with higher
refractive index than the cladding is needed. This is usually glass, and no
physical object can be inserted in. HCPCF solve this and allow to have an
empty core with no solid material, by exploiting so called photonic crystals
structures in the cladding. These consist of optical nanostructures in which
the refractive index changes periodically, and bres using this guiding
mechanism are known as PCFs. In synthesis, PCF incorporate a defect in
the periodic cladding structure, either through geometric alterations or
refractive index variations, to form the core.

In this section, based on the review by Debord et al[118], a brief over-
view of the di erent PCF types is provided, illustrating how the cladding
structure in uences light guidance. Fig.2.8 provides a schematic compar-
ison of the core and cladding modal content for three HC bre types: (a)
TIR, (b) PBG, and(c) IC. The coloured bands along the n¢¢; axis, de ned
by b = ne¢¢k, indicate mode distributions. Cladding modes appear as
orange rectangles on the left, core mode intensity pro les on the right, and
material refractive indices as dashed lines.

In TIR bres (Fig.2.8a), the cladding has a uniform refractive index
Ng, supporting a continuum of modes with ng¢f < ng. Introducing a
core with a higher index ngq con nes discrete modes within the range
Ng < Nett < Ngg, as the cladding cannot support modes at these e ective
indices

PBG bres (Fig.2.8b) eliminate the need for a high-index core by em-
ploying a micro-structured cladding. This exhibits alternating bands and
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Figure 2.8: Modal content representation of the three di erent optical
guiding bres: (a) TIR; (b) PBG;(c) IC. From Debord et al[118].

gaps in its modal spectrum, analogous to electronic band-gaps in solids.
Modes are con ned within hollow or gas- lled cores when their  ng¢ falls
within these gaps, even for nqss < ngr = 1. From this perspective, TIR
can be viewed as a special case of PBG guidance, with a high-index core
defect.

Finally, IC bres (Fig.2.8c) achieve guidance without relying on high-
index cores or PBGs. Core and cladding modes coexist at the same
(w, nets) without signi cant coupling or leakage. This occurs because
modes with identical ng¢s may di er in wave-vector, reducing overlap
between core (f cord ) and cladding (jf ¢jad) €lds. The coupling condition
hf clad D3jf cord ! O, where D, represents the transverse index pro le,
is met through spatial separation or phase mismatch between core and
cladding modes. This guiding mechanism was rst introduced in 2007 by
Couny et al[111] to explain the behaviour of Kagome HCPCFs.

2.1.3 Photonic band-gap (PBG) Fibres

Low-loss photonic band-gap guidance in HCPCF is possible if no clad-
ding modes exist close to the ny, = 1 line for a given frequency range.
To study and implement this, the modal spectrum of the bre cladding
must be accurately known. This can be derived by borrowing solid-state
physics concepts, such as Bloch theorem, and by directly solving Maxwell
equations. However, the more intuitive (but still highly predicting) Tight
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Figure 2.9: lllustration of the analogy between: the 1D TMB in an atomic
structure (on the left) and the 1D P-TMB in an optical wave-guide (on the
right). From Debord et al[118].

Binding Model (TBM) from solid state physics have been successfully ap-
plied to HCPCF lately [110], and is now known as PhotonicTight Binding
Model (P-TBM).

This section follows the review work done by Debord et al[118], de-
scribing this theoretical model and showing how it can be applied to
HCPCF.

Photonic Tight-Binding Model

In solid-state physics, the TBM explains electron bands as given by the
superposition of electronic wave-functions from individual atoms. The
relationship between real space and energy structure in Hilbert space is
graphically described in Fig.2.9a for 1D crystals. For a large number of
atoms N and lattice pitch L (the spacing between atoms), energy states
become discrete andN-degenerate. DecreasingL causes wave-function
overlap, splitting degenerate states into Bloch bands. The band width
increases asL decreases, creating allowed bands separated by forbidden
band-gapgsee Fig.2.9b).

This concept can be extended to photonics, where guided modes in
high-refractive-index regions mirror electronic states of solids. Photon
pulsation w replaces energy E, and e ective refractive index ngss sub-
stitutes quasi-momentum qg. Dispersion diagrams in (W, n.f¢) Space can
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Figure 2.10: (a) Density of photonic states (DOPS) in a high inclusion PCF,
consisting of a glass material with a uniform index ng = 1.45(dashed ho-
rizontal line) and high index cylindrical-shaped inclusions with diameter
dn = 0.46 L andindex ny = 1.5 (b) intensity pro le of representative
cladding modes within the Wigner-Seitz unit cell of the photonic structure,
which is shown in the inset. From Debord et al[118].

be drawn in a similar fashion to (E, nef¢) ones, to help visualise guided
modes (Fig. 2.9c-d). Here the pitch L represents the rod spacing, while
more generally it is the spacing between the hole centres of the photonic
structure [126], and is used to normalise the plot to the normalised fre-
quency kL .

Although an incomplete toy model, we can draw some general con-
clusions [127]: at small kL , allowed bands are sensitive to pitch changes,
which tune PBG-HCPCF transmission spectra; at large kL , bands narrow
or reduce to single lines, with minimal variation. Fig.2.10 illustrates these
properties in an all-solid bre with a triangular lattice of high-index inclu-
sions. In large pitch regimes, modes are localized in high-index regions,
represented by Wannier functions [128]. Fig.2.10b shows intensity pro les
for kL = 70, resembling guided modes in solid-core bres.

In conclusion, we can a rm that TIR is a special case of PBG guidance,
with a higher-index core defect guiding light within specic  ngss and kL
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Figure 2.11: (A) SEM image of a PBG HCPCF designed for1064nm guid-
ance;(B) close-up of its cladding structure, with the red circle indicate the
interstitial apex (corresponds to (b)), the violet ellipse highlighting the
silica strut (corresponds to (d)), and the air hole is shown by the orange
dots (corresponds to (c)). (a) Propagation diagram for the cladding lattice:
DOS is zero in the black regions and maximum in the white ones; the
upper x axis shows the corresponding wavelengths for 800nm guided
light (L = 2.15um). The position of the three modes highlighted in (B)
are also reported using the same letter coding, and are shown in the lower
gures: the rsttwo modes have ng¢s = 0.995(represented by the dash-
dotted white line in (a)), whereas the air mode is shown at kL = 15.5and
Ness = 0.973 Adapted from Couny et al[110], Debord et al[118].

ranges. PBG bres support multiple guiding windows, even for core
materials with lower indices than the cladding, as long as the core index
ts inside region A of Fig.2.10a.

PBG in HCPCF

PBG-HCPCF were rst demonstrated by Couny et al.in 2007 [110]. In
Figg.2.11A-B are shown the cladding lattice structure and unit cell, with
the guiding components highlighted. Cladding modes dier by  ng¢s Or

38



Figure 2.12: (a) Propagation diagram for the HCPCF cladding lattice of the

bre in Fig.2.11, with a gallery of the di erent guided modes; (b) evolution
of the interstitial apex mode for di erent kL values, showing the mode
size reduction as kL increases. FromDebord et al[118].

geometry, which can be used to identify them. The unit cell features
glass sheets forming a hexagon around an air hole. Bloch modes show
intensity pro les con ned in apices (B), struts (C), and air holes (D), with
hybridization causing power distribution within the struts.

Finally, Fig.2.12a shows DOPS over a wider range of KL , and Fig.2.12b
illustrates mode con nement increasing with kL , transitioning from Bloch
to Wannier functions. It is clear that the light con nement is enhanced as
the normalised frequency increases.

To conclude, Light et al.[129] designed a HCPCF with two band-gap
windows, optimized via P-TBM to control band positions, whose results
are summarised in Fig.2.13. Here the double-PBG arises from strong anti-
crossing between apex and strut bands, enabling guidance at both  1um
and 1.5um.

2.1.4 Inhibited Coupling (IC) Fibres

Guidance in hollow-core optical bres can occur even without a PBG, as
depicted in Fig.2.8c. This was rst observed in the Kagome lattice HCPCF,
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Figure 2.13: Calculated DOPS for the structure illustrated in the top-left
inset, with a strut thickness of t = 0.01L and apex meniscus curvature
of r = 0.19_. The grey line crossing each band-gap shows the e ective
index of the fundamental core-guided mode of a 7-cell core bre. In the
bottom-right inset the cladding modes of apexes alone (red) and struts
alone (blue) are shown. Adapted from Light et al.[129].

introduced by Benabid et al.which supported core-mode guidance with
low losses, despite the core and cladding modes having similar e ective
indices [130]. This bre exhibited a broad transmission spectrum without
a PBG, ruling out guiding mechanisms like ARROWS[131] and Fresnel
re ections [132]. The observation raised the question of how modes with
the same e ective index could avoid hybridising, as traditional bre optics
theory suggests that modes with similar indices interact strongly. However,
this does not hold for HCPCFs: the same n, does not imply a matching
wave-vector, and their interaction depends on both phase matching and
spatial overlap. This guiding regime is known as IC.

The following sections are dedicated to the theory behind IC, focusing
on Kagome lattice HCPCFs, which are the type used in this study. The
contents are based on the review by Debord et al[118].
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Theoretical Background

The theory of optical guidance in Kagome-like HCPCFs borrows concepts
from quantum mechanics and solid-state physics, particularly the concept
of bound states in the continuum (BICs). These are localised waves that
coexist with a continuous spectrum of radiating waves, initially proposed
by Von Neumannand Wignerin 1929 [133]. In solid-state physics, BICs
occur due to symmetry incompatibility between localised waves and the
radiation continuum, preventing the former from coupling to the latter.
BICs can be viewed as resonances with in nite lifetimes, while quasi-BICs
(QBICs) are nite resonances with a high quality factor. These phenomena
are also present in electromagnetic, acoustic, and water waves [134].

In 2007, Couny et al. extended the BIC and QBIC concepts to bre
photonics, showing that core modes in Kagome HCPCFs are phase-
matched to a cladding mode continuum [111]. However, the core and
cladding modes interact weakly due to strong transverse phase mismatch
and the high localisation of the cladding mode within the glass web. The
lack of a PBG is con rmed by the DOPS diagram reported in Fig.2.14b.

The interaction between core and cladding modes is illustrated in
Fig.2.14c, showing three types of modes. The rst (labelled A and C) are
highly localised silica modes with large azimuthal index m and radial
number I, with mode A showing no radial variation ( | = 1) and mode
C exhibiting one oscillation (| = 2). The second type (labelled B and D)
consists of lattice air modes that are weakly coupled to the silica modes.
The third type (labelled E) are hybrid modes formed by coupling silica
and air modes. These hybrid modes occur at speci ¢ frequencies given by
the resonance condition:

2t .
|,~:T nZ 1 ~j2N (2.14)

where t is the glass strut thickness, ng the glass refractive index, and j is the
radial number [135]. At these wavelengths, the HE;;-like cladding mode
is phase-matched with the silica modes, leading to hybridization. This
e ect is observed when the core's HE;; mode interacts with the cladding
modes near the resonance wavelengths, as shown in Fig.2.14c.

IC bres rely on two key principles: a strong transverse phase mis-
match, and weak spatial overlap between core and cladding modes [118].
The overlap integral between the core and cladding modes takes the form
of the inner product hy cord D3jY ciad » @and can be minimized by reducing
their spatial overlap and ensuring phase mismatch. The overlap integral
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Figure 2.14:(a) Kagome lattice cladding HCPCF, with a zoom on its unit
cell. (b) Calculated normalized DOPS diagram as a function of the real
part of the e ective index and normalized wave-number: modes in the low
DOPS intervals (blue regions) near the air light line ng¢s = 1 (white dashed
line) are labelled (A) and (B), within the band is present a strong anticross-
ing between a lattice-hole mode (relatively at red curve) and a particular
type of mode associated with the network of connected silica struts, and
is labelled (E). (c) Kagome lattice cladding modes (same labelling as in
(b)): in the upper half of the gure, (A) and (C) are respectively a core and
a cladding mode for a frequency kL = 50, while (B) and (D) for kL = 100,
(E) shows the mode of the anti-crossing state; in the lower half of the gure
the same modes are shown, in a nite-sized bre rather than in a in nitely
large Kagome lattice. Adapted from Couny et al[111], Debord et al[118].

is expressed as:

X
Fcore(ra Q) l:clad(r, Q)r drdq 0. (2-15)

Recalling Sec.2.1.3, in the large pitch regime the cladding modes are highly
localised, thus reducing the overlap with air modes and improving mode
isolation [136].

The second method to reduce overlap is to ensure a large phase mis-
match between the core and cladding modes:

d(feadr@) feodr Dy graq! 0. (2.16)
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