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R E S U M E N

En el presente trabajo, se ha estudiado el potencial de procesado de los láseres de fem-
tosegundo en las fibras ópticas con el fin de desarrollar nuevos sensores ópticos. Para ello,
se ha empleado un montaje de inscripción transversal clásico para irradiar la fibra óptica
y un sistema híbrido (longitudinal y transversal) para procesar la zona de la punta de la
fibra. Además, se han utilizado diversos métodos de caracterización. Esto último es de
vital importancia para determinar las propiedades ópticas de las inscripciones producidas,
que a su vez son esenciales para el posterior diseño e implementación de estas en estruc-
turas fotónicas tales como sensores de fibra óptica. Por este motivo, se han presentado y
analizado cuatro técnicas de caracterización para el estudio de las muestras procesadas. La
perfilometría de campo cercano refractado (RNF) para medir precisos perfiles del índice
de refracción de las fibras ópticas y cualquier guía inscrita. La microscopía de fase (QPm)
que a través de una serie de imágenes de intensidad permite reconstruir una imagen de
fase (proporcional al índice de refracción). Esta última técnica junto a la de compensación
de Sénarmont (microscopía que permite medir el retardo de un material birrefringente),
se han empleado para caracterizar una serie de inscripciones en NdY: SrF2. Estas técnicas
han confirmado cambios de índice de refracción a dos tasas de repetición distintas (siendo
la repetición baja la que proporciona cambios más suaves y la alta la más adecuada para la
inscripción de guías de onda) con un retardo que sugiere birrefringencia inducida por el
estrés causado por la expansión permanente del volumen focal. La micro espectroscopía
Raman puede medir los cambios estructurales de un material. Como prueba de su utilidad,
se ha empleado en el estudio de procesos surgidos en la regeneración de redes de Bragg en
fibra (FBGs). Los perfiles de las muestras con/sin regeneración revelan varios indicadores
de expansión que sugieren que la estructura precursora al recocerse imprime un cambio
en el historial térmico (temperatura ficticia) de la fibra que actúa como red regenerada de
Bragg en fibra (rFBG).

Estas técnicas se han empleado en el estudio de la inscripción producida a lo largo de la
fibra y en la punta de la misma. En el primer caso, se ha analizado la inscripción de guías
de onda en dos configuraciones distintas. La primera configuración consiste simplemente
en la inscripción mediante la exposición directa del haz focalizado en la fibra mientras que
en el segundo caso, ésta se encuentra sumergida en líquido adaptador de índice, dispuesta
entre un portaobjetos y una lámina cubreobjetos para reducir así las aberraciones causadas
por la geometría cilíndrica de la fibra. El método de exposición directa produjo estruc-
turas de tipo II con una región de filamentación que presentaba fuertes cambios de índice
de refracción positivo. Esta región fue empleada para concebir una nueva configuración
de interferómetros de Mach-Zehnder (MZI) que se han empleado como sensores de tem-
peratura, curvatura (mostrando una sensibilidad y rango dinámico significativos para las
dimensiones del sensor) y cambio de índice. La segunda configuración, empleando óptica
adaptativa, se utilizó para generar redes de difracción, tanto de Bragg, como de periodo
aleatorio. Estas últimas se han escrito en diversas fibras estrechadas y se han empleado
como espejo selector en un láser de fibra de cavidad lineal. Este láser supone el primer
intento de generar láseres de cavidad lineal empleando conjuntamente fibras estrechadas
y redes aleatorias. El láser resultante tiene una potencia de salida de 15.4 dBms.
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En la punta de la fibra se han escrito varias redes de difracción, estudiando su compor-
tamiento dependiendo del tipo de fibra (monomodo, multimodo, de varios núcleos o de
plástico), la zona de inscripción (superficie o en su interior), su inclinación, etc. Algunas
de estas configuraciones se han empleado para desarrollar sensores tanto extrínsecos como
intrínsecos. Como sensores extrínsecos se ha estudiado el desplazamiento e inclinación,
mostrando resultados inmunes a la fluctuación de potencia. Para sensores intrínsecos, se
ha caracterizado la temperatura y curvatura de la fibra. Este último parámetro ha sido
medido gracias al patrón interferométrico de las fibras de múltiples núcleos, mejorado
gracias a la inscripción de la red de difracción. Estos sensores proponen unas bases para
consolidar estructuras transductoras más complejas.

Resumiendo, durante la tesis se han estudiado las propiedades de las interacciones de
haces láser de femtosegundo en diversos tipos de fibras ópticas para posteriormente, in-
scribir estructuras ópticas (tanto en la superficie como en su interior) de un interés para
el desarrollo de nuevas estructuras transductoras. Con ellas, se han demostrado sensores
intrínsecos basados en interferómetros Mach-Zhender así como basados en estructuras
grabadas en la superficie de las fibras (sobretodo em un extremo de las mismas).

Futuras líneas de investigación deberían girar en torno a la inscripción de guías de onda
y FBG de mayor calidad e inscripciones en punta más complejas, como por ejemplo vórtices
ópticos y hologramas binarios.

Este trabajo ha sido validado por la comunidad científica internacional con la publicación
de 4 artículos en revistas internacionales de primer cuartil, 6 comunicaciones a congresos
internacionales y 3 nacionales reconocidos todos ellos en las actas o proceedings de los
mismos que cuentan todos con ISSN y/o ISBN. Además, se encuentran en revisión dos
artículos de revista y varios en preparación para su remisión.
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A B S T R A C T

In this work, the processing potential of Femtosecond (fs) lasers in optical fibers have
been studied, focusing on in-fiber and end-fiber inscription. In the first scenario, attention
has been drawn towards waveguide inscription in two different configurations. The first
one involves direct exposition of the focused pulse while the other involves adaptive optics.
This later configuration consisted in sandwiching the optical fiber between a microscope
slide and a coverslip to reduce aberrations caused by the cylindrical geometry of the fiber.
The direct exposition configuration produced a type II structure with a filament region
with high positive Refractive Index Change (RIC). This region was used to manufacture
a Mach-Zehnder Interferometer (MZI) that has been used as a temperature, bending and
Refractive Index (RI)sensor. The adaptive optics configuration was employed for grating
inscription, manufacturing Fiber Bragg Gratings (FBGs), and Random Fiber Gratings (RFGs).
These later were inscribed in Tapered Optical Fibers (TOFs) and used as a mirror in a single
cavity laser.

Several diffraction gratings were inscribed at the fiber end face. Attention was drawn
towards their inscription at different types of optical fiber (Single Mode Fibers (SMFs),
Multi Mode Fibers (MMFs), Multicore Fibers (MCFs) and Polymer Optical Fibers (POFs)),
zones (surface, bellow surface) tilts and dimensions. Some of the studied configurations
were applied for both extrinsic and intrinsic sensing. Displacement and tilt sensing were
demonstrated with immunity to power fluctuations. Temperature and bending were also
demonstrated. The bending sensitivity was achieved thanks to a MCF interferometric Far
Field Pattern (FFP) enhanced by the inscribed diffractive element.

The present structures were modeled and characterized by several tools whose relevance
in fs processing is discussed.
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1
I N T R O D U C T I O N

The experimental demonstration of the laser (1960) was the success that enabled the
conception of the new field of knowledge known as Photonics. It is one of the six Key
Enabling Technologys (KETs) that the European Union Commission regards as essential to
its sustained economic growth. It is also highly valued in the European Commission’s
programme Horizon 2020 being implicitly or explicitly featured in the work programme
of each of the programme’s priorities. Several of their topics have been identified as clear
opportunities by independent institutions [1]. Its potential stems from its broad versatility
that allows its application in different sectors such as biomedicine, industry, metrology,
telecom, and sensing [2, 3].

In the bio sector, photonics has proven to be an indispensable technology for its develop-
ment and continuous modernization. The advances achieved in surgery [4, 5, 6] detection
[7, 8] and even manipulation [9] revolutionized the entire field. In the conventional in-
dustry, their contributions not only consisted of the improvement of the current drilling,
welding and cutting techniques [10] but also introduced new forms of noninvasive struc-
tural study [11].

The application of photonics to metrology caused a revolution in high precision non-
contact measurements. Several significant improvements in metrology stem from optical
interferometry [12], allowing reliable profilometers and distance or velocity sensors.

The field of telecom is one of the most enriched by this technology. The optical communi-
cations exhibit enormous bandwidth1, good isolation, immunity to interference, crosstalk,
and exhibit really low transmission loss. This is thanks to the development of optical fibers
that allow light to be guided and act as a very low loss transmission media [13].

The state of the art of sensing techniques is highly influenced by optical devices. Various
optical effects can be exploited to measure several parameters [2]. Pockel’s effect can be
employed to measure alternate current voltage [14], Faraday’s effect can also be used for
magnetic field sensing [15], acusto-optic effect can be used for turbulent media measure-
ment [16]. Interference effect is not limited to metrology; it can sense any parameter that
can produce a phase change2 and diffraction effect can also measure several changes such
as temperature, strain, RI,...

All of these effects are relatively easy to produce; this led to Elias Snitzer to study the
behavior of an optical fiber as a cavity equivalent to a Fabry-Perot Interferometer (FPI) [17].
After that, the optical fiber was no longer regarded as a simple pipe of light but also as a
reliable transducer. This potential led to the development of Optical Fiber Sensors (OFSs).
There are several ways that an optical fiber can act as a sensor, several of them will be

1 The optical carrier frequency for Infrared (IR) is around 105 GHz which is an outstanding improvement respect
to metallic cable systems with a bandwidth around 500MHz [13].

2 Which is a considerable number.
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24 introduction

reviewed (and developed) in the later chapter. The current trend looks for more compact
sensitive and multi-sensing devices3. For that reason, there is an increased effort in the
development of new OFSs designs.

As mentioned, the key device that photonics has offered in the later century is, of course,
the laser. Among the massive amount of applications the laser technology can provide,
material processing supposes a massive step in the micro and nano world where other
conventional methods are just outdated. The ultrafast pulsed lasers or Femtosecond (fs)
lasers exhibit superior properties for laser micromachining and microprocessing compared
with other devices. This superiority makes them very interesting for processing applica-
tions where microscale resolution is required. This is the case of OFS where transducer
structures can be inscribed in regions of ≈ 100µm [19].

There are several works addressing fs laser inscription in optical fibers, becoming a very
active research field. These studies revealed the potential of these lasers for manufacturing
OFSs shorter than 1mm [20]. An example of mature technology enhanced by fs lasers are
the fs inscribed FBGs that exhibit higher intensity than conventional Ultraviolet (UV) FBG.
However, there are still several challenges that must be faced.

Particularly, optical sensors usually employ optical structures that decouple/couple modes
and change their propagation direction. However, there is little work employing fs laser in-
scribed waveguides in the optical fiber. Waveguides are a critical step towards complex OFS

with several sensing elements in the same region [21]. Thus, new ways of fiber inscription
and implementation should be studied. Thus, the inscription of waveguides (with opti-
mized optical properties) inside optical fibers are of paramount importance to conceive
and develop new advanced and microscaled sensing structures [22].

Interferometric, grating and other advanced laser inscribed structures will be considered
in this work to generate new knowledge and technique able to contribute to state of the
art.

Finally, the FFP of an optical fiber addresses several data about the fiber end-face prop-
erties. The inscription of patterns at the end-face can highlight some internal parameters
of the fiber or the screen surface. The most straightforward pattern that can be inscribed
into a fiber end-face is a diffraction grating. Works addressing diffraction gratings at the
fiber end-face surface usually employ thin film layer, which increases its manufacturing
cost and complexity [23]. In contrast, fs lasers can inscribe diffraction gratings with good
control and tunability, inscribing chirp, apodization or more complex structures. However,
the amount of manufactured diffraction grating based sensors inscribed with fs lasers is
quite modest.

The present doctoral dissertation tries to contribute to the photonic sub areas mentioned
above. These contributions will produce a solid background for new developments in the
field of Optical Fiber Sensors (OFSs).

The dissertation will be divided into the following sections:

chapter 2 will introduce several basic aspects of optical material processing with em-
phasis on the fs laser processing of optical fiber and a quick state of the art of OFSs.
The chapter is thought to contain all the relevant theory of the following chapters.

chapter 3 will state the main goals of this PhD given the current state of the art.

3 Examples of this need are the lab-on-chips systems designed for several functionalities implementation in a
single substrate for the measurement of small biological samples [18].
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chapter 4 will review the setup, tools and techniques employed in the following chap-
ters. The most relevant techniques will be applied in actual cases to show their
performance and utility.

chapter 5 will focus on the transversal inscription in the fiber. Here, two inscription
ways will be studied and employed in manufacturing OFSs and other elements.

chapter 6 will focus on the fiber end-face inscription. Diffraction gratings will be stud-
ied and employed in several scenarios. This characterization will lead to the design
of several FFP based OFSs.

chapter 7 will briefly summarize all the work performed and all the relevant results
highlighted.

chapter 8 will propose future lines for the continuation of the work performed in the
dissertation.





2
P R O C E S S I N G O F O P T I C A L M AT E R I A L S

Material processing covers the series of operations that transforms industrial materials
from a raw-material state into finished parts or products. It accounts for a wide amount of
processes that may be distinguished mainly between forming the material into the desired
shape and altering the material’s properties (due to changes in the microscopic structure of
the material). A clear example of the first group is machining, which encloses any process
in which material is removed gradually from a workpiece [24]. This can be performed
by cutting, abrasive or another non traditional process. This late group covers the recently
emerged techniques such as Chemical machining, Electrical-discharge machining, Laser-
beam machining, etc... Examples of altering material’s properties processes are the thermal
treatment or vapor deposition.

Post-processing accounts for any operation performed to an already processed product
in order to change or enhance its functionality. As in any other industry field, processing
of optical materials is vital not only to sustain and improve its own field but also to pos-
itively impact various economic sectors thanks to technology diversification. This makes
improvement of processing techniques essential to the impact and development in optics
and photonics related technology.

This chapter aims to introduce to the fs laser processing of optical fiber. This topic could
easily fill several books like [18], being each of the elements subjects of extensive study
and research. Thus, this introduction will review each of their parts, namely; Dielectric
materials (and optical fiber), processing of materials and fs lasers, separately. The purpose
is not an in-depth revision of the topics and state of the art but a review of the key concepts
required to understand the big picture. These concepts will be applied in the later chapters
to produce scientific work.

The chapter will be divided as follows:

section 2 .1 Will briefly review the properties of optical materials and how they can be
modified by laser processing in comparison with other techniques.

section2 .2 Will address different ways in which Refractive Index (RI) can be modified.

section 2 .3 Will review the state of the art of the fs laser from a historical and physical
perspective. The modifications performed to dielectric materials will be highlighted.

section2 .4 Focuses on the processing of optical fibers and how they can be turned into
a sensor.

section2 .5 Will close the chapter putting all the pieces together.

27



28 processing of optical materials

2.1 M AT E R I A L S A N D T E C H N I Q U E S

Optical materials are the core and principal components of photonic devices and optical
setups. Light can be efficiently guided and modified by them allowing precise control of
several optical phenomena that may be employed in communications, sensors, radiation,
research, etc...

In this section, both optical materials and laser processing techniques will be briefly
introduced. The material review will be focused mainly on the intrinsic optical properties
that make them suitable for optical manipulation. Other processing techniques will be also
introduced as a reference.

2.1.1 optical properties

2.1.1.1 Refractive Index

Refractive Index (RI) is one of the most important parameters that can define a material
from an optical perspective. In its simplest definition, it is the rate of light velocity in the
material and the vacuum. As light is an electromagnetic wave and hence, governed by
Maxwell’s laws, its velocity can be related to the medium permittivity ε and permeability
µ by v = (µε)−1/2. RI can be therefore expressed in the so-called Maxwell relation

n =
c

v
=

√
εµ

ε0µ0
∼
√
εr, (1)

here, εr =
ε

ε0
is the dielectric constant, permeability has been neglected as µ is very close

to µ0 for most materials. From this definition, it is clear that light will propagate at a differ-
ent speed, having an influence on the phase of electromagnetic waves. Two light rays with
the same initial phase traveling equal distances in different RI will exhibit phase difference.
This is crucial for interference theory. However, the effect of a material RI over light proper-
ties is not limited to phase. When light reaches the intersection of two media with different
n, it will split into a transmitted wave propagating with a different direction in the second
medium and a reflected wave propagating the incidence medium. Both transmitted wave
directions and coupling rate between the incident wave and reflected/transmitted wave
will depend on RI following Snell’s law and Fresnel’s equations:

sinφ = n sinφ ′′ (2)

t‖ =
2 cosφ

n cosφ+ cosφ ′′
(3)

t⊥ =
2 cosφ

cosφ+n cosφ ′′
(4)

r‖ =
n cosφ− cosφ ′′

n cosφ+ cosφ ′′
(5)

r⊥ = −
n cosφ ′′ − cosφ
cosφ+n cosφ ′′

.(6)

In Eqs. 2-6, φ, φ ′′ are the incident and refracted angle respectively. r⊥, r‖, t⊥ and t‖ are
the perpendicular and parallel reflection and transmission amplitude coefficients, finally, n
is the quotient of RI of refracted medium over incident (n = n2/n1). These formulas are a
direct result of electromagnetic boundary conditions. Materials with proper RI can change
light phase, split beams with desired coupling ratio and deviate beam trajectory. All of
this has been assumed for εr = cte which is true for homogeneous and isotropic media.
Permittivity can change depending on the position, direction and even the frequency of
electric field that is irradiating the media
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ε(r,ω) =

εx ′x ′(r,ω) εx ′y ′(r,ω) εx ′z ′(r,ω)

εy ′x ′(r,ω) εy ′y ′(r,ω) εy ′z ′(r,ω)

εz ′x ′(r,ω) εz ′y ′(r,ω) εz ′z ′(r,ω)

 . (7)

In non-magnetic and transparent materials, this tensor is symmetric (εij = εji), and thus
can be diagonalized choosing an appropriate reference system (x,y,z) called principal axes

ε(r,ω) =

εx(r)(r,ω) 0 0

0 εy(r)(r,ω) 0

0 0 εz(r)(r,ω)

 , (8)

where εx εy and εz are the principal dielectric constants. Optical materials may be classi-
fied in the following groups depending on these values:

group i : isotropic When εx = εy = εz materials are called isotropic and permittivity
is not influenced by direction, materials with cubic lattices are usually found in this
group.

group ii : uniaxial There is only anisotropy in a principal axis called Optical Axis (OA),
usually depicted as εe while the other two axes share the same value εo (o and e
account for ordinary and extraordinary1). When εo < εe, media is said to be positive
uniaxial, being the opposite case negative uniaxial. This group encloses trigonal,
tetragonal and hexagonal systems.

group iii : biaxial There is no equivalent crystallographic directions εx 6= εy 6= εz.
Common biaxial structures are orthorhombic, monoclinic and triclinic lattices.

The anisotropy in the electric permitivity produces a change in electric field E compared
to displacement D being no longer parallel. From Maxwell’s equations it is deduced that
this mismatch between E and D produces also a difference between energy and phase
propagation2. Assuming plane waves and employing Maxwell’s equations the relation
between phase propagation direction k̂, D and E is

D =
1

µ0v2

[
E − k̂(k̂ · E)

]
. (9)

This relation is depicted in Fig. 1.a. From this equation, the phase velocity v can be deduced
establishing the condition D · k̂ = 0:

∑
i

k2i
v2i − v

2
= 0, (10)

where vi =
c
√
εi

and i=x,y,z are the principal axes. Eq. 10 has two solutions that corre-

sponds to two monocromatic plane waves with phase velocity v1 and v2 and orthogonal
linear polarizations. Let’s assume an uniaxial media with εo = εx = εy 6= εz = εe and
an incident plane wave. The plane containing propagation direction and Optical Axis is
called principal plane. The electric field can be decomposed in components perpendicular

1 This notation was first used in 1669 by Erasmus Bartholinus while studying the optical properties of calcite.
2 Having also different velocities.
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Figure 1: Relation between the electric field E, the displacement vector D the auxiliary field H, the
phase propagation direction k̂ and energy propagation direction ρ̂ (a). A plane wave with
both electric field parallel E‖ and perpendicular E⊥ to the principal plane of a negative
uniaxial material. In the material, the perpendicular field remains unaffected traveling
at no. However, the wavefront of the parallel field will propagate at different velocities
depending on direction, exhibiting a lateral displacement while propagating through the
material (b).

(E⊥) and parallel (E‖) to principal plane. Fig. 1.b depicts the OA, the principal plane and
the incident plane wave. From Eq. 10 it is deduced that

(v2o − v2)
[
(k2x + k

2
y)(v

2
e − v

2) + k2z(v
2
o − v

2)
]
= 0

v1 = ±vo (11)

v2 = ±
√
v2o cos2 γ+ v2e sin2 γ. (12)

The perpendicular component E⊥ will propagate at velocity vo, thus, a RI no. In contrast,
the parallel component will propagate at a velocity v2 and hence, n2 that depends on the
angle between OA and k̂, γ. Uniaxial crystals split the incident light in two waves with
different RIs. When a plane wave perpendicularly crosses the material (with thickness L),
parallel and perpendicular components will exhibit a phase difference ∆φ at the exit of the
material

∆φ =
2πL

λ
(n0 −

1√
n−2
o cos2 γ+n−2

e sin2 γ
). (13)

If the propagation direction is perpendicular to OA, retardation ∆φ = 0 and both compo-
nents will propagate with no. When light propagates perpendicular to OA, then n2 = ne
and the retardation will achieve a maximum value for the given material length L.

This phenomenon is called birefringence and draws considerable attention for its capa-
bility to modify the polarization state of an incident wave. Birefringence is measured by

∆n = n0 −ne, (14)

that accounts for the maximum difference in the RI of the material. Another interesting
parameter is the retardation or retardance Γ ,
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Γ = L(no −ne). (15)

Which is the maximum lagging distance after both rays have exited the crystal. Retardance
measures the maximum Optical Path Difference (OPD) that sample can produce, being an
essential parameter for sample characterization.

2.1.1.2 Absorption

In most cases, only the real part of RI is taken into account as its imaginary counterpart
usually is negligible. RI can be represented as n = n+ iκ. κ is also called the extinction
coefficient and its effect in a plane wave will be

E = Eoe
i(k0(n+iκ)k̂~r−ωt) = E0e

i(k0iκk̂~r)ei(k0nκr−ωt) = E0e
−k0κk̂~rei(k0nk̂~r−ωt) (16)

I ∝ |E0e
−k0κk̂~r|2 ⇒ I = I0e

−2k0κk̂~r = I0e
−αk̂~r (17)

where αmeans the absorption coefficient. When this value is high, light propagating in the
media will be exponentially attenuated as it propagates (Fig. 2.a). When light is intended
to propagate along an optical material, high absorption is not desired. However, there are
several cases where light filtering is desired. Several coatings are designed to exhibit high
absorption at particular wavelengths.

λ0

λ

n α n(ω)

tt

II

(a) (b)

λ0

Figure 2: Absorption through a material (a), chromatic dispersion (b).

2.1.1.3 Dispersion

As mentioned above, RI changes with frequency and it is responsible for dispersion
effects. The most characteristic example of light dispersion is a prism illuminated with
white light. Due to Snell’s law, the light will be refracted with a different angle as a
function of its wavelength, generating a chromatic dispersion (Fig. 3.a). Dispersion effect
can also be manifested when a pulse light propagates through a dispersive material. Its
temporal pulse width will increase as light at the extremes of spectral broadband will travel
at different speeds (Fig. 2.b). In addition, it generates different values from phase velocity
and group velocity.

2.1.1.4 Geometry

Finally, from Eqs. 2-6, it is clear that incidence angle mostly determines the interaction
of light with an optical material. This value can be controlled in several ways, but one of
the most important is the shape of the optical material. This is not an intrinsic property
of raw optical materials but its role in several optic devices can be decisive. Four obvious
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examples of the potential exhibited by selected geometries are prisms, lenses, diffraction
gratings and waveguides. Prisms can change the trajectory of light, lenses can converge
and diverge light rays, being indispensable for beam shaping and microscopy; diffraction
gratings split incident light into a set of diffraction orders whose direction angle depends
on the period; finally, waveguides can guide light through its core being the building block
of optical communications.

f

(a) (b)

(c) (d)

f

Figure 3: Examples of geometry exploit: prisms(a), lenses (b), waveguides(c) and diffraction grat-
ings (d).

The working principle of waveguides is based on total reflexion. There is a slab media
with n1 (core) surrounded by a media n2 (cladding) with n1 > n2, as depicted in Fig. 3(c).
Propagating light rays with incident angles to n1 −n2 intersection higher than the critical
angle will suffer internal reflexion being forced to propagate along the n1 cavity. Waveg-
uides are of special interest for the thesis outline as its manufacture process is different
from prisms and lenses. In order to produce one of the aforementioned products, only a
shape-shifting process is required to manufacture the instrument 3. On the contrary, opti-
cal waveguides require rather core/cladding sealing process or some kind of processing to
modify RI of core or cladding as well. For example, for optical fibers which are the most
common type of waveguide, the core n1 value is achieved by doping the silica material
and the cylindrical shape is achieved by a drawing process.

2.1.1.5 Summary

The most fundamental properties of optical materials have been quickly reviewed, namely
RI, absorption, dispersion, and geometry. Absorption and dispersion are direct conse-
quences of RI complex and frequency dependent nature but its effect is sufficiently notori-
ous to be considered separately. The geometry is another key parameter that determines
the optical behavior of the element. Thus, the processing of optical materials, not only
for shape-shifting but also for RI modification, is indispensable for several optical devices
manufacture. In the following section, the potential of the laser as a material processing
tool will be highlighted.

3 At least from a theoretical point of view, several treatments are applied to the glass such as coating deposition
in order to enhance its functionality.
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2.1.2 laser processing

LASER is the acronym of Light Amplification by the Stimulated Emission of Radiation,
referring to its underlying principle of function. It is an amplifying light source that gener-
ates highly coherent and monochromatic light with small divergence4. There were invented
around 1958-1957 independently by Bell’s laboratory and the University of Columbia5. Its
appearance unleashed several patents and upgrades up today. This is caused by its intrin-
sic properties and its potential to achieve high intensities that quickly draw the attention
of the industry. Few years after its invention, many proof concepts came up and applied
its results to prototypes and research6. These first reports and proposed applications were
laser drilling, welding7 and heat treating8 followed by beam cutting in 1967 [28]. In the
70s, thanks to a decade of laser technology development and the spread of laser applica-
tions, led to a boom in laser industrialization. Last decade applications were implemented
into the industry and product line. The first automobile containing laser-cut parts was
launched in 1975, laser hardening was applied by first time on the industry at 1974. New
applications were developed such as pulsed laser cleaning9 and laser cladding10 [29]. The
decade of 1980 was marked by the search of new methods of using the laser for modern
processing rather than direct replacing for conventional processes. Laser began its use on
tissue, giving birth to several laser surgery processes such as LASIK11. Integrated optics al-
lowed more compact and functional laser device drastically reducing its cost and spreading
into industry up to entirely replacing processing tools with its laser counterpart in some
plants. The economic recession experimented back in the 90s slowed down the growth ex-
perimented in previous decades. However, at this point, laser processing was completely
established in the industry and considered another means of manufacture. First femtosec-
ond laser micromachinings date between the late 80s and mid-90s [30, 31, 32]. With the new
millennium, lasers were consolidated in the nanotechnology field thanks to its capability
to generate nanoscale structures. However, in the world of large-scale material processing,
cutting and wielding still dominate. An example of microscale laser inscription is found
in the Blu-rays whose pit spacing is ≈ 0.5µm.

In overall, laser processing can be classified as shown in Fig. 4. Lasers can be used to
machine materials through a thermal or non-thermal process. In the first case, the laser
heats the material up to fusion and then the melted material is removed through a gas
jet. Non-thermal machining relies on photoablation or plasma-induced ablation, there is
no appreciable melt phase and barely damages the underlying material. Plasma formation

4 Its divergence is usually ≈ 10−3 rads.
5 Its patent was resolved through 20 years of dispute. Arthur L. Schawlow and Charles H. Townes from Bell’s lab

first claimed the patent in 1958 [25]. However, Ph.D. student Gordon Gould from the University of Columbia
already had theoretically developed laser theory at 1957 but did not patent as he wanted to manufacture a
prototype first. The first experimental demonstration was performed by Theodore Maiman in 1960 with a
pulsed ruby laser.

6 For example, around 1963, Ruby-laser welding was used to fabricate first Apollo lunar sample return contain-
ers [26].

7 Whose first commercial application in the USA was in 1965 introduced by western electric [26].
8 Interaction between laser ruby radiation and graphite coated metal surface showed remarkable results for laser

metal hardening research [27].
9 Taking advantage of the absorption difference between substrate and debris.

10 Applying metal coatings by fusing metal rods or wires through the action of a laser beam.
11 This stems from the 1983 proposal of a pulsed excimer laser to ablate regions of corneal epithelium to correct

vision defects [4].
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Figure 4: Schematic of laser processing techniques.

requires really high power densities that are achieved through tightly focused ultrashort
pulses, which make them adequate for micromachining.

Another extremely wide branch of applications is those that produce a structural change
in raw material. Again, one can split these processes in thermal and nonthermal. Ther-
mal processes employ thermal treatment such as annealing to increase its performance
as in surface hardening and surface melting processes. Other processes, such as Laser
Assisted Vapor Deposition (LAVD) or Laser Induced Refractive Index Change (LIRIC) that
improve material properties through laser-assisted chemical or physical changes. There
are other applications that can be performed through thermal and nonthermal processes.
Laser Marking is a good example of that flexibility, as marking can be performed through
bleaching which involves a photochemical reaction or discoloration which is a type of ther-
mal degradation. Finally, sealing techniques hold an important spot in laser processing as
keyhole welding is widely spread in industry. These techniques are mainly thermal.

The micromachining and LIRIC (red colored techniques) have several applications in the
integrated photonics industry. The micromachining can modify the surface of an optical
material, creating complex structures such as microlenses [33] and also producing cavities
within the optical material which is an effective way to produce interference [34]. LIRICs by
the other hand can be used for optical device inscription in the own optical material [35, 36].
These processes exhibit an outstanding potential for compacting optical designs and will
be further studied in sections below and compared to other processing techniques.

2.1.3 other processing methods

There are alternative ways to material process without requiring a laser source depend-
ing on the process. This was obvious for several machining and welding techniques until
laser replaced already established methods. In terms of LIRICs, the amount of alterna-
tives stretches to annealing [37] and Chemical Vapor Deposition (CVD) [38, 39]12. CVD are
a set o different techniques where a chemical reaction in the vapor phase is deposited
on a heated surface. [39]. Examples CVD techniques are modified vapour axial deposi-
tion, plasma-activated vapor deposition, direct liquid injected chemical vapor deposition...

12 As mentioned in 2.1.1.4, this method is employed to obtain core/cladding RIC through dopant formation[40,
41, 42, 13] which include TiO2,GeO2,P2O5,Al2O3,B2O3 [13].
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These techniques can generate thick substrate13 not restricted to the line of sight, which is
useful for complex pieces with difficult 3D geometries whose coating would be challenging
otherwise. However, this later advantages can become disadvantages in some scenarios, as
techniques were thought for film deposition and are unable to modify bulk material14 and
all the exposed material surface will be equally affected. LIRICs, on the contrary, produces
a structural change only in focal volume15 allowing spatial control of RIC at both surface
and bulk.

Micromachining can also be performed by traditional microscale tools [43], Electrical
Discharge Machining (EDM) [44] and Focused Ion Beam (FIB) [45]. This later technique
consists in the production of high energy ionized atoms of a relatively massive element16

to be focused into a sample with the purpose of etching/milling or imaging said surface.
The ions’ large mass allows them to remove surface atoms (milling) and produce secondary
electrons which allow the imaging of the sample before, during, and after processing.

The use of massive elements solves one of the major problems in microscopy, the diffrac-
tion limit. The spot focused by a circular lens is diffracted creating an airy disc pattern
with diameter d = 1.22λN being N the f-number. Otherwise, ions exhibit de Broglie wave-
lengths17 several magnitude orders lower than photons and hence they are able to perform
mechanization with higher precision than laser mechanization. It can engrave complex
patterns in the nanoscale. Its main disadvantage is the effective cost of these systems.

2.1.4 summary

This section addressed the basic aspects of optical materials performing a quick review
of their properties. For that reason a quick glance of physical properties of refractive index,
such as birefringence, absorption and dispersion have been performed. Besides, the role of
geometry in the behavior of the material has been highlighted.

Following this review on intrinsic properties, an analysis of laser processing was also
performed, explaining different ways on how the properties above can be modified. Mi-
cromachining and LIRIC have been found to be of special interest for integrated optics, and
hence, its performance was compared with other techniques.

2.2 D I F F E R E N T P R O C E S S A F F E C T I N G M AT E R I A L R E F R A C T I V E I N -
D E X

In the previous section, laser processing has claimed to exhibit many applications. Among
all of them, Laser Induced Refractive Index Change (LIRIC) draws attention to manufactur-
ing new photonics devices. The Refractive Index Change is caused by one or many struc-
tural changes that affect Refractive Index. In this section, a review of the most common
processes that affect the RI will be addressed.

13 In some cases centimeters thick.
14 Unless CVD is performed while the material is being manufactured, as in the case of optical fibers.
15 And vicinity in function of laser type and parameters.
16 Generaly, Ga+.

17 λ =
h

mv
, for a proton traveling at 255*106 m/s for example λ = 1.55 fm.
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2.2.1 kramers-kroning relation

As mentioned in section 2.1.1.2, RI is a complex linear passive system holomorphic18 in
the upper complex ω. This property stems from the principle of causality, which states
that effect cannot precede the cause. This principle can be applied to relativity to address
the term relativistic causality that states, no signal can propagate Faster Than Light (FTL).
Causality indicates that no scattered wave can exist before the incident wave has reached
the scattering center. This implies that optical systems are analytical in the upper complex
plane and which makes real and imaginary parts not independent but connected by a
special form of Hilbert transforms, which are termed Kramers-Konig relations (KKr).

Kramers-Konig relations describe a fundamental connection between the real and imag-
inary parts of linear complex optical functions descriptive of light-matter interaction phe-
nomena. In the case of RI, KKr are termed as follows [46]

n(ω) = 1+
2

π
P

∫∞
0

ω ′κ(ω ′)

ω ′2 −ω2
dω ′ (18)

κ(ω) = −
2ω

π
P

∫∞
0

n(ω ′) − 1

ω ′2 −ω2
dω ′, (19)

where P denotes the principal part of the integral. From Eq. 18 one can rewrite the
equation as a function of absorption and wavelength and also assume a discrete amount
of absorption spectrum changes ranging from λ−i to λ+i to get RIC through derivation:

∆n(λ) =
1

2π2

∑
i

P

∫λ+i
λ−i

∆αi(λ
′)

1−

(
λ ′

λ

)2dλ ′. (20)

The equation above clearly shows how KKr state that a change in absorption spectra im-
plies a change in RI real part as well and vice-versa. Changes in the absorption spectra can
be caused by structural or chemical changes in the material. For example, dopant addition
is a way to increase/reduce RI of optical fiber core/cladding. Dopants can drastically mod-
ify the carrier’s rate of the material, which strongly affects absorption. Another example is
defect generation, in this case, the structural sequence of the material exhibits anomalous
changes and broken bonds that again alter absorption spectra.

2.2.2 lorentz-lorenz relation

Another way to influence Refractive Index is through density changes. This is somehow
intuitive as compaction/expansion implies more/fewer atoms per unit volume and hence
a change in its dielectric constant. In the presence of an electric field, these atoms will
generate a dipole moment19 proportional to the total electric field by polarizability αwhich
influences permittivity through the following relation:

18 A holomorphic function is a complex-valued function of one or more complex variables that is, at every point
of its domain, complexly differentiable in a neighborhood of the point.

19 Atoms, even electrically neutral, they still are composed of a positively charged core and a negative electron
cloud and hence these two regions are influenced by the field, one pushed in direction of the field and the
other in the opposite way.
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εr = 1+
Nα

ε0 −Nα/3
(21)

Where N is the number of atoms per unit volume. This equation may be solved for polar-
izability

α =
3ε0(ε− 1)

N(ε+ 2)
(22)

which is the Clausius−Mossotti equation [47]. From here, relation RI and density can be
deduced:

n20 − 1

n20 + 2
=
Nα

3ε0
=
4πα

3V
. (23)

V is the molecular volume, n0 is the initial isotropic RI, this is the so-called Lorentz-Lorenz
relation [48]. Through derivation, one can get

∆n

n0
=

(n20 − 1)(n
2
0 + 2)

6n20

(
∆α

α
−
∆V

V0

)
(24)

∆n =
(n20 − 1)(n

2
0 + 2)

6n0
(Ω− 1)

∆V

V0
(25)

where Ω =
∆α

α
/
∆V

V0
is the change of polarizability with compaction and also note that

∆V

V0
= tr(ε) with ε as the strain tensor [47]. Strain is the geometric lenght change rate

respect the original position along the body axis. Eq 25 shows that an expansion/desifi-
cation induces a isotropic RIC proportional to (Ω− 1). In silica glass Ω ≈ 0.2 [49] giving
∆n ≈ −0.8ε0 for n0 = 1.445 where tr(ε) = 3ε0 < 0 for densification20.

Strain can be either permanent or elastic. The first one is isotropic while the latter
always implies a stress field following Hooke’s law. Stress produces interesting changes
are discussed in the section below.

2.2.3 elasto-optic effect

When a material is subjected to a field of elastic stress, it suffers an elastic deformation.
The local density of the latter is modified and therefore its optical properties are also
modified as seen in section above. Stress σ and strain are related by Hooke’s law [49]

εeii =
1

E

[
(1+ ν)σii − ν

∑
i

σii

]
(26)

and hence, they can be used interchangeably. The elasto-optic effect in materials couples
the mechanical stress or strain to the Refractive Index. When a stress is applied to a body,
the dielectric tensor is modified, and it may be assumed that the changes in the components
of the dielectric tensor are related to the stress components

20 Densification is always isotropic, otherways is called linear contraction.
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∆η = −
2

n30
∆ne = Pεe. (27)

In this equation, η is the inverse permittivity tensor21, ∆ne is the anisotropic elastic RIC, P
is the elasto-optic tensor composed of pijkl components and εe is the elastic strain tensor.
Due to the symmetry of the photo-elastic and elastic strain tensor, pijkl = pjikl = pijlk
and εeij = εeji, the subscripts ijkl can be contracted to mn, where m and n take the values
from 1 to 6 (1, 2, 3, 4, 5, 6 for xx, yy, zz, yz, xz, xy), one can rewrite Eq. 27 to obtain the
components of ∆ne [50, 47, 51]:



∆nexx

∆neyy

∆nezz

∆nezy
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∆nexy
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2
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.

(28)
Note that p11 and p12 are the Pockels coefficients22. Eq 28 shows that unlike expan-

sion/densification caused by a permanent strain, elastic strain RIC is anisotropic, causing
birefringence. The later is usually weak, causing retardances about 40nm.

2.2.4 fictive temperature

The structure of a material plays a decisive role in its properties. This structure is highly
dependent on the thermal history of the material. Quenching and annealing can greatly
change the properties of a material such as volume, Young’s modulus or etching rate. A
useful parameter to measure the internal disorder of a glass structure is the fictive temper-
ature (Tf).

The fictive temperature of a non-equilibrium substance can be defined as the temperature
of the same substance in an equilibrium state when the internal structure is similar to
the current non-equilibrium state. When the fictive temperature is applied to glasses, it
becomes the last temperature reaching equilibrium (liquid state) before reaching room
temperature through a fast cooling.

More specifically, in the case of glasses, when the temperature is above the melting point
if the glass experiences a fast cooling below the melting point, due to a lack of crystalline
cores or high viscosity, it remains as a supercooled liquid instead of crystallizing. As the
supercooled liquid is being cooled down, viscosity increases, and also the time required to
perform structural relaxation. In the liquid state, relaxation processes are almost instanta-

21 η =
1

εr
, a change of notation has been performed for the sake of clarity as both permittivity and strain use the

epsilon letter.
22 For bulk glasses at 632nm p11 = 0.126 and p12 = 0.26 [52]. For fibers at same wavelength p11 = 0.113 and
p12 = 0.252 [53].
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Figure 5: Transition curves for: common glass (a), vitreous silica (b) [54].

neous compared to the observation time, allowing the system to be regarded as ergodic23.
However, the supercooled liquid exhibits relaxation times of the same order than measur-
ing time, thus as the system cools, it will eventually exhibit an ergodicity breakdown. This
change is represented by the glass transition temperature Tg, which is the temperature
at which the viscosity reaches 1013 poises. At this state, any further irreversible cooling
process will lead to a temperature change where the structure cannot relax accordingly,
thus remaining frozen while glass solidifies. The solid glass deviates from the liquid curve
as depicted in Fig. 5.a due to the even higher viscosity at the solid state that produces a
smoother curve. In Fig. 5.a, both Tg and Tf are depicted. It is clear that these two temper-
atures depend on the cooling process, achieving a higher Tf at faster cooling. This implies
a volume increment (thus, RI decrement) with Tf.

23 Ergodic hypothesis assumes that the measuring time of a macroscopic parameter for a given system is far
larger than the particle timescales conforming the system. The microstates of the particles visit all the values
of the phase space in the measurement time, being the phase-averaged function equivalent to the time-averaged
function.
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In the case of fused silica, its curve diagram exhibits anomalous behavior. Fig. 5.b depicts
the volume curve of fused silica with an anomalous region for 1000-1500

◦C. In this region,
an increase of fictive temperature implies densification following the relation [55].

ρ
[
g/cm3

]
= 02.1898+ 9.3× 10−6Tf [oC] . (29)

The fictive temperature plays a role in many other properties. Silica optical fibers, for
example, exhibit an increase in Young’s modulus and Rayleigh scattering with the increase
of fictive temperature [37].

2.2.5 summary

This section has shown that RI depends on several parameters. Structural changes that
alter absorption or polarizability, Density changes caused by a quick heat and cooling
process or by permanent strain, even stress can produce RIC. LIRICs can be explained by
one or more of these relation. In the following section, LIRICs caused by fs lasers will be
explained in more detail.

2.3 T H E F E M T O S E C O N D L A S E R

A femtosecond laser emits pulses of 1 to 1000 femtoseconds durations. They were de-
veloped in the 80s [56, 57] and their improvement continues until today. Their short pulse
duration allows high peak power and operation in a shorter time scale than different phys-
ical processes of the material. This property makes femtosecond laser very attractive for
optical material processing. In this chapter, a quick glance of different techniques for ultra-
short pulse generation through history will be performed followed by a review of different
processes produced by ultrashort pulse irradiation to conclude in a summary of the poten-
tial applications of this technology to optical material post-processing.

2.3.1 state of the art of femtosecond laser technology

In order to generate short laser pulses, there is a lot of special techniques applied to
the laser cavity and pump source. Q switching24 technique can led to nanosecond pulses.
Some mode-locking25 arrangements can led to shorter pulses. For example, a mode-locked
pump laser matching cavity length using synchronus pumping technique can generate

24 Q-switching is achieved by putting some type of variable attenuator (or shutter) inside the laser’s optical
resonator. When the attenuator is functioning, light which leaves the gain medium does not return, and lasing
cannot occur. As stimulated emission is low due to the cavity effect cancelled by attenuator, the amount of
stored energy increases due to continued pumping until some critical value is reached (as another emission
effects such as spontaneous emission start to balance tha gain caused by pumping). In this moment the Q
factor is switched from low to high. Because of the large amount of energy stored in the gain medium, the
intensity in the laser resonator builds up very quickly; this causes the energy stored to be depleted almost as
quickly. The net result is a short pulse ≈ ns which may have a very high peak intensity.

25 Mode-locking takes advantage of longitudinal modes. This modes stems from the resonant condition of laser
cavity L = qλ/2 being L the cavity length and q an integer representing the mode order with a frequency spac-
ing between orders of δν = c/2L. All of this orders ussually exhibit stochastic phases between others. When
the number of longitudinal modes is sufficiently high, their random superposition constitutes an interference
pattern with promediated value (Continuous Wave (CW)). However, when exhibit the same amplitude and
initial phase value, the quantity of modes N=2n+1 produces the following overlapped electric field
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picosecond pulses, in order to generate femtosecond pulses, even more complex techniques
are required.

First attempts to generate fs pulses were performed trough dye lasers with the Col-
liding Phase Mode-locking (CPM) technique were an absorber inside a ring resonator
achieves passive mode-locking in a CW dye laser [58]. Unfortunatelly, dye lasers exhibit
several26 drawbacks for their extended use and commercialization. Later, self-modelocking
Ti:sapphire lasers [59] substituted dye lasers, being the key technology on many commer-
cial laser systems up to now. Parallel to this trend, Erbium fiber lasers achieved also
high commercial demand due to intrinsic compaction of optical fiber [60]. However, ul-
trafast fiber lasers exhibited low pulse energy compared to Ti:sapphire, being unreliable
for micromachining [58].This issue was fixed with the implementation of Chriped Pulse
Amplification (CPA), this technique implies pulse stretching27 in time to linearly increase
group velocity dispersion. This in turn reduces peak power and prevents the gain media
to be damaged while amplifying the stretched pulse. Once the pulse has been amplified, it
is compressed through a compressor with opposite group velocity dispersion [61].

Fiber Chirped Pulse Amplified (FCPA) laser systems are able to operate at high levels of
the nonlinear phase shift providing high-peak-power, high-quality pulses [62, 63]. Another
noteworthy technology for high power lasing is Optical Parametric Amplification (OPA)
developed thanks to the increased developement of nonlinear optical materials. Ultrafast
OPAs are getting more important as a practical source of femtosecond pulses with tunable
wavelengths across the visible and infrared spectral ranges. This technique stems from
parametric nonlinearities28 of non linear materials where coherent pump and seed light
sources incide into a nonlinear material and converts pump photons into same number
of seed photons and idler photons νpump = νseed + νidle. As the pump energy is fully
converted into energy of the desired signal and idler beams, the crystal material is not
heated in this process. This phenomenon can also be produced in optical fibers thanks to
their intrinsic χ(3) nonlinearity. Fiber-laser-pumped parametric amplifiers can achieve peak
powers of in the order of GW, becoming increasingly used for micromachining, imaging,
and frequency comb applications [64].

The constant trend to develop shorter pulse sources has led to reach the attosecond
scale (1as = 10−18s) in 2001 [65] being the shortest pulse achieved 43 attoseconds [66].

E(t) =

n∑
q=−n

E0 exp i2π(ν0 + qδν)t = E0 exp i2πν0t
sin(π(2n+ 1)δνt)

πδνt

From here, it is clear that an increasing amount of in phase longitudinal modes interfere generating optical
pulses of decreasing temporal width. Mode-locking involves several techniques (passive and active) that fixes
mode phases in order to constructively interfere with each other similar to equation above.

26 They are expensive, complex, bulky and require several maintenance. First, gain media degrades due to
photochemical effects. Second, its high fluorescence makes population inversion vanish in microseconds unless
additives are added or mechanic methods are used to avoid continuous pumping to same region of gain media.
Third, its wide broadband is achieved by the employ of different dye gain media, implying that laser cavity
must drain the former gain media to introduce the new one.

27 Pulses stretching is achieved with a set of carefully designed diffraction gratings and lenses to force higher
wavelengths to take less time to travel trough the device than lower wavelengths (positive dispersion, in
negative counterpart the wavelength travel time is inverted).

28 optical nonlinearities with an instantaneous response based on the second order and third order nonlinearity
of a medium, causing frequency doubling, sum and difference frequency generation, parametric amplification
and oscillation.
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However, such designs are still young technologies more oriented towards the study of
electron motions and quantum effects than commercial material processing [67].

2.3.2 interaction with optical materials

When a high intensity laser irradiates a material, an interaction with the system is pro-
duced (denominated absorption) that leads it out of equilibrium, subsequently suffering a
relaxation process. Absorption can be divided into ionization and fragmentation. Ioniza-
tion is produced when Ephoton > Egap and mainly consist in the emission of an electron
to an excited level to be emitted back to the fundamental level in a direct (the phenomenon
is produced in same temporal range) or indirect (the phenomenon is produced a posteri-
ori, being ruled by an statistic approach) way. Fragmentation is produced when internal
vabrational energy of material is higher than dissociation energy. In this case, initial sys-
tem (called father) is fragmented into smaller systems (again, its origin may be of statistic
nature).

Ionization exhibits a huge interest and hence will confer the appropriate context for
ultrafast and ultraintense lasers. In this context, there are two major types of fundamental
ionization for the study of irradiated matter, Multiphoton Absorption (MPA) and tunneling
ionization.

2.3.2.1 Multiphoton absorption

This first type is manifested at moderate intensities (1010 − 1013W/cm2) at several pho-
ton energies. It simply consist in the absorption of n photons whose energy addition
surpasses Egap releasing an electron from valence band to conduction band in exchange
(depicted in Fig. 6.a). The energy balance is given by

Ec + Eint = N hω− Egap, (30)

where Ec is the electron’s kinetic energy in conduction band and Eint is the internal vibra-
tional energy of the system.

The absorption rate (ΓN) decreases with required photon number N to surpass Egap and
exponentially increases with laser irradiance [68]

ΓN = σNI
N, (31)

being σN the N photon absorption crossection (which significantly decreases with N). ΓN
shows how rate becomes more and more strongly dependent on irradiance with the in-
crease of required photon number.

2.3.2.2 Tunneling ionization

If laser’s electric field is on the same order as Coulomb’s atomic potential and its fre-
quency is low, the laser radiation may distort atomic band structure reducing Egap

29

enough to allow tunneling effect (depicted in Fig. 6.b). These two ionization ways are
found in the same study frame thanks to Keldysh work, where transition between this two
regimes is shown through Keldysh parameter:

29 Even completely suppressing this potential sometimes.
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γ =

√
Egap

2Up
=

√
ε0mecEgapω2

q2I
. (32)

Here, ponderomotive energy is introduced, which is the average oscillation energy adquired
by a free electron in a high electromagnetic field

Up =
q2

2meε0cω2
I = 9.34 ∗ 10−20λ2 ∗ I. (33)

It is shown that Keldysh parameter on laser irradiance and wavelength. When γ > 1, the
system is within the perturbative non lineal regime where MPA predominates. If γ << 1
which is asociated to low frequency and moderated-high energy, then system is in a intense
field regime where tunneling ionization prevails. When inscribing waveguides, γ ∼ 1 [69]
suggesting a combination of both processes (Fig. 6.c).
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Figure 6: Absorption processes: MPA (a), tunneling ionization (b), combination of both (c), free car-
rier absorption (d), impact ionization (e) and energy/timescales of different light-matter
interaction processes (f).

2.3.2.3 Avalanche Ionization

In addition to aforementioned processes, there is a third relevant ionization process
that occurs when a free electron produces an impact ionization. Basically, a free electron
in conduction band lineally absorbs n photons and ascends to the higher levels of the
band (Fig. 6.d). When its kinetic energy (the energy difference between ground level
of conduction band and the upper level where electron is placed) is higher than Egap, the
electron may excite another electron from valence band into the conduction band, resulting
in two electrons in conduction band (Fig. 6.e) that can absorb photons again to repeat the
process. This process manifests as long as laser radiation is present, increasing its frequency
rate with time due to carrier increment. This phenomena exponentially increases electron
density in conduction band in the following way [70]:
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dN

dt
= ηN. (34)

This process requires the presence of seed electrons that may be found in impurities,
thermally excited electrons or by aforementioned processes. In the case of picosecond or
wider pulse lasers, this is the most common process30, and hence conferring a statistical
behavior to the whole laser-matter interaction as avalanche ionization strongly depends on
initial seed electrons.

In the case of fs laser pulses, the ionization relies more on MPA and tunneling ionization
achieving deterministic behavior. In laser pulses with a duration shorter than picoseconds,
the absorption processes are being produced during a temporal scale lower than lattice
energy transferring processes, being absorption processes and lattice heating decoupled.

Electron density (N), grows due to avalanche ionization until free electron plama fre-
quency31 reaches laser frequency. In that moment, plasma becomes overdense32 and highly
absorbent as it reaches free electron critical density.

2.3.2.4 Comparison with ns pulses

Once electrons have been excited, their temperature is higher than lattice thus, they must
exchange energy until a thermal equilibrium is reached [71]. Taking a look into Fig 6.f, the
different time scale of light-matter effects can be noticed. Photoionization and avalanche
ionization are the fastest processes ranging the fs scale, being photochemical processes
the slowest as light must interact with the whole molecule. Carrier-phonon scattering are
inelastic electron phonon collisions that transfer energy to the lattice, their timescale ranges
around picosecond scale, thus, in ultrashort pulses heat transfer to the lattice can only be
produced after the pulse. This is a key concept to understand the differences between
ultrashort and common laser processing. In longer pulses, electron and lattice temperature
reach the equilibrium within the pulse [72]. These pulses generate a temperature raise
above melting point while each pulse is still active, making ablation or other processes
carried out thermally, causing a large heat affected zone and leaving behind thermally
induced defects such as cracks and chipping.

When electrons transfer energy to the lattice through inelastic electron-phonon collision,
several structural changes occur that lead to different macroscopic changes. These can
classified into Type I-III explained below.

2.3.2.5 Type I

The first macroscopic effect that fs lasers can produce at relatively low pulse energies
(Ep)33 is a smooth isotropic Refractive Index Change (RIC) [73]. Its threshold states the first
effects asociated to optical breaking but below catastrophic breackdown. When this change
is manifested alone, it ussually exhibits changes ranging from ∆n ≈ 10−4 to ∆n ≈ 10−3
and when is acompanied by higher types (usually by filamentation process caused by self-

30 The avalanche ionization contribution increases with pulse duration and material Egap.
31 ω2p = Ne2

ε0me
.

32 With this carrier density, only a tiny portion of incident light is reflected, having the remaining light absorbed.
33 Ranging from 0.1 to 0.5 µJ at NA=0.65 [73].
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focusing34) can reach ∆n ≈ 10−2 being this later often associated to stress deposition. There
are no exact consensus about the mechanism that cause this index change [49]. There are
several proposed mechanisms as a function of the material. In the particular case of fused
silica, one proposed mechanism is defect formation. Particularly nonbridging oxygen hole
centers (NBOHCs) and E’ centers35 are though to contribute trough KKr and defect-induced
densification to the RIC. However, this cannot be the only mechanism as these defects
that would be commonly ereased at 200

◦C annealing while type I RIC can resist up to
1000

◦C. In fact, these defects increase with the annealing when they are produced by type,
implying the presence of more underlying rearrangements of the silica matrix [75]. Other
alternative explanation is that the electron plasma, when transfers heat to the lattice it
quickly heats and cools the affected zone, changing its fictive temperature (Tf) and hence
producing permanent densification/expansion.

Fig. 7.I depicts several lines inscribed at ws = 100µ/s, PRR = 200kHz with different
pulse energy (Ep) captured by transmission microscopy and with de Sénarmont compen-
sation technique (birefringence meassurements, see section 4.3.3). Those with lower EP
do not exhibit retardance thus they are isotropic. It should be pointed out that type I
modifications can exhibit small stress induced birefringence caused by permanent densifi-
cation/expansion [73].

2.3.2.6 Type II

When pulse energy (Ep) increases above a higher threshold of 0.31 µJ (for λ = 800nm,
τp = 160fs, 200kHz and NA = 0.5 when the irradiated material is fused silica) [78], and
several pulses are delivered to the same volume with enough Pulse Repetition Rate (PRR)
to interact with each other36, a large birefringent and negative RIC emerges. It can be as
large as ≈ 2x10−2 [35] with remarkable thermal stability [79]. The induced birefringence
is not related to stress as in type I but to the formation of sub-wavelength features of the

34 Self-focusing is a direct cause of optical Kerr effect. This phenomena stems from taking into account third
non-linear susceptibility χ(3) in polarization P. By rearranging elements to a single χ and then turning it into
a RI (n = (n0 + χ)

1/2) one can get

n = n0 +n2I.

RI depends on Intensity of irradiated field. This effect only becomes relevant at high intensities as n2 value
is quite low (≈ 10−20m2/W for typical glasses). In the case gaussian pulses, RI will exhibit a graded profile
affecting the pulse in a similar way than a lenses, thus colapsing the pulse when reaching certain critical peak
power threshold [70]:

Pcr =
3.77λ2

8πn0n2
. (35)

This compression leads to even higher intensities where a strong plasma is formed leading a local reduction of
refractive index and defocusing the pulse.The self-focusing and plasma defocusing compete each other along
the laser pulse propagation inside the medium. As a result, a long plasma channel, a filament, is formed [74].

35 Atomic structure of fused silica will be explained in section 4.4.3, but a brief explanation would consist in each
silica atoms sharing four covalent bonds (this is, sharing electrons in order to fill respective last layer) with
oxygen sharing one each. Defects to this configuration can be either oxigen-deficiency related or oxigen-excess
related. Here, E’ centers belongs the first type and NBOHCs the later. E’ centers consist in a Si with three
regular bonds and a free pair (≡ Si•). NBOHCs consist in a regular SI atom bonded to a oxygen atom with a
free pair (≡ Si−O•). Defects posses a charasteristic photoluminescence/phosphorescence, being the NBOHC

band 1.9eV, this bands generate absorption changes that modify the color of the glass in the afected zone, being
called color centers.

36 When the time between pulses is less than the thermal diffusion time of the material.
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(I) (II)

[Sudrie 2002] [Canning 2011]

Figure 7: Microscope image of several lines inscribed by fs laser with the following parameters:
τ = 160fs NA = 0.5, λ = 800nm, PRR = 200kHz and ws = 100µ/s in silica glass at several
Ep (left). Same sample under the de Sénarmont compensation technique (birefringence
meassurements, see section 4.3.3) (right) [76] (I). FEG-SEM, Secondary electrons images of
laser tracks cross-section for each writing laser polarisation. The laser parameters were:
0.5 µJ/pulse, 1030 nm, 300 fs, 200 kHz, 200 µ m/s. A fosusing lens of 0.5 NA was used.
With the laser polarisation perpendicular (a) and parallel (b) to the scanning direction. (c)
and(d) show close-ups of the nanograting and nanoplane regions respectively [77] (II).

so-called nanogratings or nanoplanes. These structures are composed of several nano porous
layers perpendicular to polarization direction where SiO2 releases oxygen atoms through
bond breaking [77]. The grating arrangement is thought to be caused due to an interfer-
ence mechanism between pulse and somekind of seed element. These seeds have to be
generated by multiple pulse depositions as nanograting formation requires several pulses
per micrometer (from 10 to 100 pulses) [80]. Beresna et al. propose that polaritons created
from MPA interfere with Self-Traped Excitons (STEs) creating the nanograting pattern [81].
STEs relax into defect formations that eventually leads to oxygen emigration [80].

In Fig. 7.II various Field-Emission Gun Scanning Electron Microscope (FEG-SEM) cap-
tures of laser tracks with polarizations perpendicular and parallel to scanning directions
are depicted. The heads of laser track are composed of porous nanolayers distributed at
constant spacing. This later depends on wavelenght rather than pulse energy [82] and is
distributed perpendicular to laser direction. The birefringence achieved is higher than the
one caused by stress and can be related to

∆n = ne −no =
n1n2√

f⊥n
2
2 + (1− f⊥))n

2
1

−
√
f⊥n

2
1 + (1− f⊥))n

2
2, (36)
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where f⊥ = t1/(t1 + t2) and n1, n2 are RI of porous and non-porous material. Similarly t1
and t2 are the material thickness.

2.3.2.7 Type III

When pulse energy Ep is high enough, the overdense electron plasma will be so popu-
lated that electrons will repel each other while confined in the material, generating pres-
sures as high as terapascals [83]. Eventually, the plasma will collapse and generate a
coulombian explosion. This will allocate focal volume material and will create a microvoid.
In other words, a central rarefacted zone and a densified shell both exhibiting abrupt neg-
ative and positive RIC respectively. This sudden explosion can also generate microcracks.

2.3.3 femtosecond laser post-processing of optical materials

The applications of fs lasers can be divided into three categories: surface modifications,
bulk modifications and deposition techniques. Among surface modifications, any struc-
tural or geometrical rearrangement is comprehended. It can be used for surface texturing
where many surface structures can be performed, including conical peaks [84], periodic
gratings [85] and ripples [86]. This processing can be useful to increase absorption in solar
cells [85] and to create hydrophobic surfaces37. Of course, fs lasers can be employed in
surface micromachining, they can be used for scribing drilling and dicing with superior
quality than longer pulse counterparts [72]. Besides, one unique application of fs laser
processing of semiconductors is the ability to hyperdope38 target materials. The key point
in this process is that molten liquid phases can host more dopants than equilibrium solid
phases. This was first introduced to silicon materials where several fs pulses exposure in
the presence of a wide variety of dopant precursors led to a high dopant substrate with
almost unity absorption broadband [87]. fs laser processing allows dopant incorporation
at concentrations thousands of times above the solid solubility limit [88].

Deepening into plausible bulk applications, one direct application is fs waveguide in-
scription. Aforementioned Type I and II modifications can be used to create a confining re-
gion with higher RI39 than surroundings allowing both week and strong guiding regimes40

depending on pulse parameters and material composition. Propagation losses around
1dB/cm have been achieved in Schott AF32 and Borofloat-33 glasses [89]. This can be
applied not only to integrated photonic devices, but also for the fabrication of non-linear
devices. Bulk modifications are not limited to index change, the irradiation of photosensi-
tive gels can lead to the formation of 3D structures [90].

Finally, it is worth noting the potential of fs laser in nanoparticle formation [91] and
Pulsed Laser Deposition (PLD) [92].

37 Studies showed that fs laser texturing of silicon in SF6 yields microsize spikes whose contact angle can be
varied with pulse fluence thus controlling the fluid penetration.

38 Hyperdope basically consist in doping a material at concentrations beyond equilibrium solubility limit without
phase change.

39 The opposite procedure is also possible, two parallel lines with negative RIC can be inscribed, achieving lower
index cladding and higher index core due to stress accumulation, these are called Type III waveguides.

40 This is possible thanks to the wide range of RIC that fs laser can produce (from 10−4 to 10−2).
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2.3.4 summary

This section has performed a review of femtosecond lasers from multiple points of view.
First of all, a state of the art of fs laser technology has been performed. Here, attention
was drawn towards Chirped Pulse Amplification (CPA) laser systems and ultrafast Opti-
cal Parametric Amplification (OPA). The discussion was then focused on the interaction
of optical pulses with matter. The nonlinear absorption processes combined with a pulse
duration lower than the carrier-phonon interactions allow high control over the processed
region with few heat deposition to the lattice. These pulses can perform three types of
modifications in function of pulse energy and pulse deposition. Type I produces a smooth
RIC attributed to many physical processes while type II modifications produce strong neg-
ative form birefringence. This phenomenon is produced by consecutive exposition to laser
pulses of average intensity that produce porous nanolayers. Finally, type III produces abla-
tion in the focal volume that leads to nanovoids.

The processing of femtosecond lasers can be divided into surface modifications, bulk
modifications, and deposition techniques. One of the most interesting applications for
the thesis outcome is the inscription of waveguides. Propagation losses can be as low
as 1dB/cm and can be inscribed by several methods, exhibiting high potential for sensor
manufacturing.

2.4 P O S T- P R O C E S S I N G O F O P T I C A L F I B E R S

Since Elias Snitzer proposed in 1961 for the first time that a fiber waveguide can behave
as a Fabry-Perot Interferometer [17], the outstanding potential of fiber optic as a sensing
element continues to be exploited up to the present. The possible ways that sensing can
be achieved or improved is still enormous and more works with new methods of fiber
sensing are being published every year. This massive amount of fiber research is paired
with the number of ways optical fiber can be post-processing. This post-process techniques
mentioned at the beginning of the chapter allow the manufacturing of several structures
with applications not only to sensors but also to telecom. In this section, the focus will be
placed into the state of the art of the wide amount of fiber structures relevant to the thesis
outcome.

2.4.1 fiber bragg gratings

In 1913 W.L. Bragg demonstrated that incident rays to a crystalline structure are reflected
when a specific condition is fulfilled due to the periodic arrangement of atomic structure
[93]. This relation allowed diffraction of photons, neutrons and electrons to be used for
crystalline lattice study.

Bragg, basically, reduced the crystal into consecutive crystalline plates with period d

that behave like mirrors, reflecting each one a tiny amount of radiation while the rest is
transmitted. Two consecutive reflected rays exhibit an OPD of 2d sin θ as depicted in Fig.

8.a, thus, wavefronts with path differences equivalent to
mλo

n
will constructively interfere

(being m an integer). This gives rise to the Bragg law:

2dn sin θ = λB. (37)
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Figure 8: Examples of Bragg diffraction. In crystals (a), sound waves (b) and FBGs (c).

Here, λB is the so-called Bragg wavelength and n the refractive index. This equation
predicts that for a given incidence angle θ, Bragg wavelength λB will be reflected while
the rest of spectrum will be transmitted. As Bragg reflection will only be produced for
λ0
n

6 2d and atomic spacing is generally a few armstrongs, visible light can not be used,
requiring the use of X rays or electron neutron irradiation as mentioned above.

Despite being originally discovered for lower wavelengths, this phenomena has been
extensively studied for visible and infrared radiation as many structures exhibit a similar
behavior at those ranges. Take for example ultrasound waves41. As they propagate, the air
is compressed and expanded, generating a sinusoidal index change that can cause Bragg
diffraction to incident electromagnetic waves (depicted in Fig. 8.b).

Bragg diffraction posses a strong niche in optical fibers, where periodic index modula-
tions of fiber core along propagation direction may be inscribed. This kind of structures
are called Fiber Bragg Gratings (FBGs) and in their most simple configuration, they reflect
λB at θ = 90◦. In a similar way that a crystal lattice, they have a periodic RI modulation
written at the fiber core that can be described as

∆n(z) =
∆n0
2

+

∞∑
m=1

∆nm cos
(
2πmz

Λ

)
. (38)

∆n0 is the averaged RIC of the inscribed pattern and ∆nm is the amplitudes of the Fourier
term m Each periodic modulation of the pattern decouples light from propagating mode
to its counter-propagating counterpart generating a phase match between backscattered
modes when fulfilled Bragg condition:

41 Over ν = 109 Hz frequency.
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Figure 9: FBG classification: Type I-UV (a), Type I-fs [99] (b), Type II-fs [80, 77] (c), type III-fs (d).

λm = 2neffΛ/m. (39)

Here, neff is the effective mode index inside FBG and λm is the resonant wavelength of
the "mth" Fourier harmonic. Homogeneous sinusoidal patterns exhibit only one harmonic
while nonsinusoidal patterns can exhibit up to ∆n4 strong amplitudes [94]. When this con-
dition is satisfied, decoupling from propagation mode to backward mode will be maxed,
not only generating a reflexion peak but also a transmission dip, filtering in this way Bragg
wavelength λB. A more rigorous approach to the mode coupling can be performed by Cou-
pled Mode Theory (CMT) [95]; however, the thesis scope will be more focused on potential
applications and types rather than a full theoretical study.

FBGs are a mature technology that harness an outstanding potential for a wide variety
of scenarios such as fiber lasers [96], optical communications [97] and sensing [2, 98]. This
last potential stems on Λ and neff, these parameters can be greatly influenced by external
forces. This is mainly the case of neff whose influence has been thoroughly revised in
section 2.2, being λB sensible to a wide variety of changes. Parameters like Temperature
(T ), strain (ε) and presure (P) may shift Bragg wavelength. As an example, variation of λB
for this three parameters can be described as:

δλBλB = CTλBδT +CελBδε+CPλBδP (40)

CTλB = α+ ζ =
1

λB

δλB
δT
≈ 11pm/◦C (41)

CελB =
n2eff
2

[p12 − µ(p11 + p12)]
1

λB
=
δλB
δε
≈ 1.31pm/µε (42)

CPλB =
1

λB
[εz −

n2eff
2

[p11εr − p12(εr + εz)]] =
1

λB

δλB
δP
≈ −3.5pm/MPa. (43)

Thus, a change in one of these parameters can be easily determined by the measurement
of the produced ∆λB. This potential has motivated the study of FBG and the search of
several configuration and manufacturing processes. The most common types of FBGs are
classified as follows:

[Type I-UV] This FBGs typically are manufactured by a CW or ns UV-laser in photosen-
sitive fibers, mostly Ge-doped or B-doped silica cores. They are inscribed using a
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phase mask designed to suppress 0 "th" order and equally distribute +1,-1 diffraction
efficiency. In this way, optical fiber is placed at near field regime, where +1 and -1
orders interfere with each other causing a fringe pattern and thus causing the RI
modulation through color center formation [100] (depicted in Fig. 9.a). The resulting
RIC exhibits a high quality sinusoidal pattern (∆n1 >> ∆nm>1) over the entire core.
This type is ubiquitous at telecom being able to last up to 25 years at temperatures
between -25

◦C and 80
◦C. This pattern is completely erased at 600-800

◦C [101].

[Type I-fs] A femtosecond laser employing the Point-by-Point (PbP) technique is used
to inscribe “smooth” positive index changes42 (induced densification) into the fiber
core. In this case the grating is completely erased at 1000

oC [101, 102] (depicted in
Fig. 9.b). PbP is a direct writing technique consisting in the proper control of PRR

and writing speed to deposit pulses with the desired period. This technique is more
complex than phase mask inscription, raising its effective cost [94]. The produced
index profile is nonsinusoidal and is usually inscribed only in one section of the fiber
core. These patterns usually lead to higher order resonances and coupling to higher
order modes43.

[Type II-fs] Type II porous birefringent nanostructures are employed to inscribe the FBG

pattern. They can be stable up to 1200
oC for 10 hours [103] (depicted in Fig. 9.c) but

exhibit high scattering losses.

[Type III-fs] Ablation threshold can be surpassed to produce nanovoids surrounded by
a densified shell using PbP writing. Due to the mechanical modification, these grat-
ings can be stable up to temperatures higher than 1000

◦C [100] but exhibit a lower
mechanical resistance due to ablation process (depicted in Fig. 9.d).

From this list, it is clear that temperature resistance implies several drawbacks that de-
crease the attractiveness of this technology. However, there is an increasing demand for
this technology in the oil, drilling, smelt, aircraft and high power laser industries where
FBGs must withstand high temperatures [104]. This is why the improvement of FBG tech-
nologies to adequately operate in harsh and extreme environments has become a rapidly
growing field of research. This effort led to another type of FBG with high-temperature
resistance and without the drawbacks above.

2.4.1.1 Regenerated Fiber Bragg Gratings

This type of FBG involves the complete erasure and resurrection of a seed FBG44 through
thermal annealing. Seed structure changes the thermal history of glass modifying local
response to homogeneous thermal processes, having consequently different parameters in
processed and unprocessed regions. This FBG can work up to 1295

oC with comparable
losses [105].

42 These changes can be achieved without photosensitive fibers, unlike UV inscription[99].
43 In the CMT, the transversal coupling constant between two modes is

κab =

∫ ∫
dxdy2ε0∆nm(x,y)n(x,y)ET

a (x,y) · ET∗
b (x,y).

Here, if ∆nm(x,y) covers the entire cross section of the fiber homogeneously, then the orthogonality relation
will exclude coupling between different modes. However, an asymetric value of ∆nm(x,y) produces light
decoupling to higher m and l modes [94].

44 Usually type I-UV but regeneration may also be achieved using seed type I-fs[102].



52 processing of optical materials

Λ=Lk+1-Lk

1300 1400 1500 1600
Wavelength(nm)

-60

-50

-40

-30

R
ef
le
ct
io
n(
dB
)

) (b)(a)

Figure 10: Diagram of RFG (a), reflection spectra of RFG (b).

There are several proposed mechanisms to explain this phenomenon such as dopant
migration, crystallization or structural variations. Initially, dopant chemical migration was
proposed for fluorine doped fibers where UV irradiance generates hydroxyl radicals. When
a FBG is annealed, these radicals assist the fluorine diffusion thus producing fluorine con-
centration variations responsible for the RI modulation of regenerated grating [106]. Sub-
sequent studies exhibit that fluorine is not necessary to achieve regeneration, Er-doped
fiber with other dopants can also be regenerated [107]. Later works also found out that Er
dopants are not necessary either, regeneration can be performed by a simple H-loaded ger-
manosilicate fiber [108] due to molecular water modulation caused by thermal annealing
[109]. Furthermore, regeneration may also be regarded as a polymorphic transition from
metastable silica glass to a more ordered structure such as α-quartz due to a transition to
tridymite through annealing and then converted to α-quartz through the cool back [104].

This proposed mechanism often neglects relaxation process and multi-material structure.
Annealing involves structural relaxation, being the aforementioned mechanisms additional
manifestations rather than possible causes. There is an increasing need for the local struc-
tural relaxation study in regeneration process, more specifically in multi-material systems
interface as stress relaxation in optical fibers is strongly related to core/cladding interface.
In order to overcome this need, some results of stress relaxation in multilayer regenerated
Fiber Bragg Grating (rFBG) will be presented in section 4.4.3 performed by micro Raman
spectroscopy.

2.4.2 random fiber gratings

Fiber Bragg Gratings have been shown to be promising devices whose key technology
relies on an inscribed periodic modulation of RI to reflect/filter a single wavelength. In
such structures, noise in periodicity is undesired as they can compromise their ideal optical
properties. There are several works focused on the effect of noise45 in optical fibers [110,
111, 112] and how to control its impact. However, noise can play a positive role in fiber
grating fabrication in some cases where a broadband spectrum can be required [113, 114].
This gives rise to a new type of fiber grating fabricated with random phase, RI and period
variations called Random Fiber Grating (RFG) [115].

45 Noise can be understood as any random or undesired perturbation in any relevant parameter for FBG charac-
terization, namely phase, period RI etc...
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In these gratings, as perturbations are randomly placed46 (Fig. 10.a), light is partially
reflected back any time it faces an inscribed perturbation. In contrast to UV phase mask
inscription where the pattern covers the core homogeneously, a pointlike perturbation re-
flects light by scattering. Depending on the scattering angle, light can be reflected to the
core or the cladding. These reflections instead of equally contribute to the same inter-
ference, independently interfere with their consecutive reflection, generating multiple FPI

(core-core mode interference) and MZI (core-cladding mode interference) interferences. The
overall interference pattern of the reflected irradiance Ir from the random grating can be
theoretically expressed as [115]:

Ir = I0

M∑
k=1

M∑
k=1

exp−α(Lk + Lk ′)r
core
k rcorek ′ exp i(φcorek −φcorek ′ )

+2c̄I0

M∑
k=1

M∑
k=1

exp−α(Lk + Lk ′)r
core
k rcladk ′ exp i(φcorek −φcladk ′ )

+c̄2I0

M∑
k=1

M∑
k=1

exp−α(Lk + Lk ′)r
clad
k rcladk ′ exp i(φcladk −φcladk ′ ). (44)

Where α is the averaged attenuation of the unit-length random grating, Lk is the fiber
length at kth spot, rcorek , φcorek and rcladk , φcladk are the reflection coefficients and phase
respectively of core and cladding modes at the kth spot respectively. From this equation,
if phase and period distributions are truly random, then the interference patterns will
combine in a noise-like shape with an average reflection over a broad spectrum. In Fig.
10.b, a common reflection spectrum is presented.

These RFGs are of particular interest for random fiber lasers. This kind of lasers operate
with an open cavity where light is reflected back due to Rayleigh scattering. This phe-
nomenon consists in the elastic47 scattering of photons by atoms or other particles with
a size lower than wavelength48 [13]. In an optical fiber, small scale inhomogeneities (RIC

caused by density and composition variations) produce this type of scattering. The reflec-
tivity produced by Rayleigh scattering is quite low49, therefore, several meters of fiber are
required to produce enough backscattering. This requirement can be avoided employing a
RFG where each reflector scatters light independently, reducing the amount of needed fiber.

The written reflectors by the fs lasers in addition to scatter light at the Mie regime50

they also exhibits an increase of Rayleigh scattering due to structural changes involving
higher disorder (Tf increment and defect formation) making them the ideal choice for
these devices. Examples using fs direct writing to achieve RFGs have been reported in
[115, 117] and, in section 5.2.2, the Point-by-Point (PbP) technique will be employed for RFG

inscription in a Tapered Optical Fiber (TOF).

46 Period must exhibit wavelength-scale length.
47 Its inelastic counterpart, Raman scattering, will be studied in section 4.3.4.
48 In this regime, the defect can be approximated to an atom with a resonant frequency.
49 Reflection coefficient can be as weak as r ≈ 7.3 ∗ 10−8/m [115].
50 This regime governs light scattered by particles with sizes similar or bigger than the wavelength [116, 13].
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Figure 11: Image of the interferometric setup for Michelson and Morley’s experiment in 1887 (left).
LIGO observatory in Livingstone (right). The building is essentially a Michelson interfer-
ometer with 4 km arms length.

2.4.3 in fiber interferometers

Discovering of the interference effect was strongly related to the development of wave
optics. Its first reported use in its early stage was the experimental prove of wave nature
of light. With this purpose, Young stated the principles of interference in his Bakerian lec-
tures in 1801 and 1803, demonstrating that ray superposition can lead to darkness with his
well-known interferometer which is the original version of the modern double-slit experi-
ment. Over the following decades, more and more effort was placed in the understanding
of light nature and behavior, giving rise to a wide variety of interferometers in order to
collect experimental evidence. One of the most famous experiments of these decades was
the Michelson-Morley experiment where optical interference reliably discarded the aether
concept and laid the foundations for the special theory of relativity [118].

The designed interferometer for such experiment, the Michelson interferometer, has been
widely used for countless applications and experiments, remaining its key concept intact
up to the present. In fact, it was used to detect one of the most revolutionary discoveries of
the decade, the gravitational waves [119]. In Fig. 11, one can see the setup for Michelson-
Morley experiment and the Laser Interferometer Gravitational-Wave Observatory (LIGO)
facility at Livingston. The entire building may be regarded as a giant Michelson interfer-
ometer whose arms are 4 km in length. This is an excellent example of how interferometers
from XIX century are still used with very specific configurations depending on the mea-
sured parameter.

Interferometers not only can be adapted to building like sizes, but also can be manufac-
tured on a micro scale and here is where Single Mode Fiber (SMF) comes into play. Due
to the large optical path that fibers can accommodate, they are magnificent mediums for
different kinds of interferometers, being the amount of reported in fiber interferometers
massive.

The underlying motive for this continuous research of optical fiber interferometers is
stated in the interference equation

I = I1 + I2 + 2
√
I1I2 cos δ. (45)
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Figure 12: Types of in fiber interferometers: Fabry-Perot(a), Michelson (b), Sagnac (c) and Mach-
zehnder (d).

In this example case, two linearly polarized waves E1 = E01 cos(K1r−ωt+ ε1) and E2 =

E02 cos(K2r−ωt+ ε2) are superposed, resulting in the above irradiance51 quantity where
δ = k1r− k2r+ δφ is the Optical Path Difference (OPD). Eq. 45 highlights that any change
in phase or optical path change cause a dip shift in irradiance spectrum. As pointed out in
section 2.2 and 2.4.1, a huge amount of external factors can alterate these two parameters.
This allows in fiber interferometers to harness an outstanding potential to behave as optical
sensors of a wide amount of magnitudes (temperature, strain, stress, RI, bending,...) in a
similar way to FBGs.

As interference pattern may be shifted by several amounts of external factors, its sens-
ing versatility comes with an evident drawback, cross-sensitivity. In fiber, interferometers
must be designed in such a way that ∆δ is only influenced by desired parameters being
insensitive to the rest. This gives rise to many trade-off decisions when new interferometric
configurations are designed.

There are four main types of in fiber interferometers, namely: Fabry-Perot, Sagnac,
Michelson and Mach-Zehnder [120]. These types will be briefly introduced in subsections
below showing their typical OPD.

2.4.3.1 Fabry-Perot interferometers

Fabry-Perot Interferometer (FPI) are based in a cavity52, where part of the fundamental
mode is reflected at its boundaries. This gives rise to an interference pattern with an
Optical Path Difference consisting of twice the cavity length as depicted in Fig 12 and a
phase difference:

δFPI =
2π

λ
ncavity2L. (46)

Where L is the cavity length and ncavity the effective refractive index of propagated mode
in the cavity. This type of interferometer can be placed near the fiber end-face and there-

51 Irradiance is defined as I =
ε
√
εµ

< E2 > where < E2 > denotes time average of electric field square <

f(t) >T=
1

T

∫T+t
t f(t ′)dt ′.

52 These cavities may be external as two spliced fiber connected or intrinsic, formed by two reflectors.
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foreit can be easily used as probe for multiple measurements such as bending [121], tem-
perature and strain [34].

2.4.3.2 Sagnac Interferometers

Sagnac Interferometers (SI) are quite unusual in the sense that one of their key features
is the use of different polarization states. In this configuration, light is split trough a fiber
coupler with both arms fused, resulting in a fiber loop where the split modes propagate
in counter directions. A polarization controller is placed at the beginning of sensing fiber,
here Optical Path Difference will be governed by birefringence:

δSI =
2π

λ
∆n = |no −ne|. (47)

2.4.3.3 Michelson Interferometers

Michelson Interferometers (MIs) are based on two different paths that are reflected at their
respective ends interfering at the reflection. Fig. 12.b shows how these paths consist in two
modes with different effective index. Usually, the fundamental mode is partially decoupled
to a cladding mode. Both modes travel to the reflector53, then they are reflected and the
cladding mode is coupled back to the fundamental mode producing the interference. In
this case, path difference is

δMI =
2π

λ
2∆nL. (48)

Here L is the distance from the decoupler to the reflector and ∆n = ncor − ncladd is the
effective index difference between core and cladding modes. The decoupling of core mode
to cladding mode can be performed by several methods, being LPGs [120], core mismatch
[122] or even inscribed beamsplitters [36] just a few remarkable examples.

2.4.3.4 Mach-Zehnder

Finally, Mach-Zehnder Interferometers (MZIs) are quite similar to MIs but lacking the
reflector structure, requiring the cladding mode to be coupled back to the core by another
structure. This causes MZIs to exhibit an interferometric transmission spectrum rather than
reflexion spectrum. The OPD of MZI is usually expressed as:

δMZI =
2π

λ
∆nL. (49)

Decoupling of fundamental the mode can be achieved by several ways just like the MI.
Here, more examples such as tapers [123, 124, 125], thin core fibers [126], MMF segments
[124] can be mentioned. In addition, MZI can also use cavities where a portion of core mode
travels in a different medium than fiber core [20, 127, 128]. The Free Spectral Range (FSR)
of an interferometer is the chromatic distance between two successive optical irradiance
maxima or minima (dip) for a given wavelength λ0. For a MZI, its FSR will be expressed as:

FSR ≈
λ20
∆nL

. (50)

53 This reflector is usually placed at the fiber end-face, being this configuration quite useful for fiber-end sensing.
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From equations above, it is clear that a high value of ∆n implies a lower path length
L, allowing cavity MZI to be more compact than common MZIs, exhibiting lengths shorter
than 75µm [128]. This cavity may be in contact with the surrounding fiber medium and
thus exhibiting high sensitivity to RI external medium and high value of ∆n or inside
the optical fiber [127] (which is a hybrid technique involving fusion splicing). As cavity
is mainly produced by ablation, fs lasers are widely used for this kind of configurations.
Unfortunately, they are unable to detect bending direction and the induced ablation may
deteriorate the mechanical response of the device, limiting the maximum bending (before
breaking the fiber) that can be reached. On the contrary, there are very few examples
of MZI using LIRIC to the best of the authors’ knowledge. Said phenomenon exhibits a
tremendous potential for waveguide and other microphotonic devices development. There
have been reports of waveguide inscription in fiber optics, but with an index change of
3.2 ∗ 10−3 [129], having asymmetric structures not fully explored except for X-couplers
[130]. This will be further discussed in section 5.2.2 where a waveguide based MZI will be
manufactured.

2.4.4 optical fiber tapers

A Tapered Optical Fiber (TOF) consists in an optical fiber that exhibits in some region
of his entire length a diameter change produced by any post-processing process54. This
diameter modification produces several perturbations to the guided modes that can be
employed in several applications. When TOFs exhibit a reduced diameter (the most com-
mon type of taper), the taper transitions transform the local fundamental mode from a
core mode in the untapered fiber to a cladding mode in the taper waist [132]. This makes
them suitable for mode filtering, turning higher order modes into weakly guided modes
or even completely lost through the taper. Also, TOF can be used for mode coupling or
decoupling, being employed in MZI manufacture [120]. Its capability to reduce undesired
stimulated Brillouin scattering, thus increasing Rayleigh scattering [133] will be employed
for RFG inscription in section 5.3.2.1.

2.4.5 post-processing of the end-fiber

The majority of reviewed post processed structures are placed at an intermediate position
of the fiber, however, even not so intensively studied, end-fiber also exhibits high potential
as sensing element. In subsection 2.4.3 this potential was already highlighted as FPI and
MI can be manufactured in the end-fiber.

There are a wide variety of reported ways that fiber end-face can be used for sensing
purposes. The end-face can be mechanically modified, molding it to a spherical shape that
works as a Fabry-Perot cavity [134] or tapering [135] for example. Thin film deposition
is other a common method for sensing a multitude of different parameters. This can be
achieved by reflective mirrors [136], porous materials, allowing to change its refractive
index with different substance concentration depending on the material [137], or layers
working as diffraction gratings [138].

54 Examples are heating and tapering regular-size optical fiber, the flame brushing technique, the microwave
heater brushing technique, CO2 laser irradiation [131].
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The diffraction gratings are of special interest due to the versatility offered by these
structures. They can be used for light couple/decouplers as spectral filters and for several
sensing purposes [138]. Diffraction gratings are often manufactured by the deposition of a
thin film layer, which increases its manufacturing cost and complexity [23]. There are some
studies featuring diffraction grating inscription by femtosecond lasers at the end-face sur-
face such as beam-shaping of Single Mode Fiber (SMF) [139]. However, femtosecond laser
inscription at fiber end-face is still a growing field that requires several characterization
studies both at end-face surface and the bulk. In addition, these studies have been limited
to Single Mode Fiber (SMF), remaining Multi Mode Fiber (MMF) and more complex fibers
such as Multicore Fiber (MCF) or Polymer Optical Fiber (POF) uncharacterized. Chapter 6

will be focused on filling this gap of knowledge.

2.4.6 summary

In this section, a wide amount of fiber structures have been presented. These devices
are versatile, being able to perform several functions with high reliability. The potential of
optical fiber leads to a wide development, producing mature technology such as FBGs or
truly specialized configurations such as optical interferometers. These trend has also been
highlighted in the fiber end-face, conferring an overall vision not only of fiber potential but
also some insights of knowledge gaps. For example, the intrinsic mechanism of rFBGs is
still a major discussion. The are many trade-off decisions involved in fiber interferometers
such as length, sensitivity, mechanical resistance and the laser inscription at fiber end-face
is still a growing field with several fiber types not studied.

In conclusion, the amount of previous research in the fiber sensors field is outstanding
but there are still room for further research thanks to the femtosecond laser post-processing
techniques.

2.5 C O N C L U D I N G R E M A R K S

In this chapter, a quick revision of optical material properties has highlighted the rele-
vance of controlling the Refractive Index (RI) and shape of the material as effective ways to
reflect, split, delay, absorb even guide the light. The RI can depend on several properties
such as density, stress or fictive temperature. These properties may be modified through
material processing. Lasers are an interesting choice for material processing given its high
spatial precision at both surface and bulk, allowing selective modifications at a reasonable
cost. Among laser processing, fs lasers have proven to be of special interest in the micropro-
cessing of optical materials. Their pulses shorter than the lattice energy transfer rate allow
both micromachining (change in geometry) and structural changes (RIC) at a microscale
level without significant thermal effects. These two modifications are of special interest to
create sensing structures in optical fibers such as interferometers, end-fiber, and FBGs. All
of them can be manufactured by fs lasers. However, there are still several ways to manufac-
ture these configurations that have not been fully explored yet, being a growing research
field.
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O B J E C T I V E S

After reviewing the current state of the art performed in the previous chapter concerning
fs laser processing of optical fibers, the gaps of knowledge have been spotted. Some areas
require more research work to reach advanced and optimized optical sensing structures.
In order to focus this work towards the completion of the identified niches of knowledge
and technique, five main goals have been formulated:

1. To establish and study characterization and simulation tools. Simulations are useful
for preliminary studies, determining the viability of a certain design or even corrobo-
rating some theoretical approaches. Characterization allows the quantification of the
changed properties. The correct measurement of these properties1 is essential for re-
liable simulation performance. Simulations also offer the possibility to isolate certain
critical parameters and check its effect on design.

2. To explore different setups for Type I & Type II inscription. Effort will be focused
on the study of various writing configurations to compare their different inscription.
The focusing optics plays a crucial role in the final result; this may be completely
different in function of the Numerical Aperture (NA) or presence of some adaptive
optics. Different setups must be studied, and their result, characterized.

3. To conceive and design new structures for sensors. The effort put in the previ-
ous point must give rise to structures such as waveguides or gratings that can be
employed in the manufacture of new sensors.

4. To explore the potential of the end-face inscription. Inscriptions at the end-face
must be thoroughly studied in several scenarios, such as surface and bellow surface
inscription. These measurements must also be performed through different types of
optical fiber.

5. To apply the inscription at the fiber end-face to design new types of sensors. The
FFP of the inscriptions can be employed as a transducer. The work performed in the
previous point must allow turning the fiber end face, or even the entire fiber in a
multiparameter sensor.

1 For this dissertation, index and birefringence are the primary goals. Structural changes are also good indicators
of these properties changes at a quantitative level.
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4
T E C H N I Q U E S I M P L E M E N TAT I O N

The goal of this chapter is to introduce to the reader several useful tools and concepts
that will be employed later in the following chapters. Here, a brief description of the
typical fs laser inscription setups will be summarized. Then, two simulation methods will
be presented in order to check consistency of future designed devices. After that, four
characterization techniques that will help to check the properties of irradiated devices will
be also presented. Finally, some applications aforementioned characterization tools and
simulation techniques will be highlighted in order to show their potential utility.

4.1 E X P E R I M E N TA L S E T U P

The processing of an optical device by laser must be carried out in a proper setup where
both the sample and laser properties must be carefully controlled. When processing is
mainly focused towards laser inscription, the setup can be divided into the following parts:
Laser, pulse control, focusing optics, monitor system and sample control.

Laser part is the most obvious one as no setup can run without it. However, it still
requires the other steps in order to effectively process the sample. This part consists in
both laser and electronic controllers, some controllers allow Pulse Repetition Rate (PRR)
and other parameters1 modulation, unfortunately, they do not provide the required pulse
shaping in order to reliably process optical material.

The laser output is collimated with a low divergence, this distribution prevents the pulse
to achieve irradiances above the damage threshold of the material and hence, requires
focusing optics to process the material. Laser pulse also exhibits fixed pulse energy that
must be modulated in order to control the affected sample region.

Next section of the stage is pulse control. In this part, all the optics and electronics
are designed to effectively shape the beam and set desired parameters. This step can be
divided into two functions: those components that modulate pulse properties independent
to transversal distribution and those that modulate transversal distribution e.g. a pulse
shaper. The first category includes pulse energy, Pulse Repetition Rate and polarization
control. Ep can be controlled by a shutter with modulable transmittance or by a couple
of polarizers2. Pulse Repetition Rate can be controlled by an external trigger synchronous

1 Wavelength can be controlled due to Second Harmonic Generation (SHG) or by OPA.
2 Applying malus’s law that correlates total output irradiance with the angle between the two transmission axes

of the polarizers θ

I = I0 cos θ.

This requires one of the polarizers to be coupled to a motorized rotation stage to adequately modify energy
with precision. In addition, the working region is usually limited to a linear zone of the equation above.
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Figure 13: Diagram of a generic laser inscription setup.

to the pulse emission. In this way, PRR can be modified by blocking n consecutive pulses
and transmitting one. This leads to PRR = PRR0/(n+ 1) where PRR0 is the output PRR of
laser system. In addition, this system can adjust PRR of different train pulses. Essentially,
it is possible to deliver a sequence of several pulses at PRRt with a frequency νt << PRRt.
This is critical for grating inscription employing the PbP technique [94]. Polarization can
be changed with the help of a compensator system to induce the desired phase difference
between axes. Polarization can be important in several cases such as for nano-gratings
inscription, that are formed perpendicular to the polarization direction as mentioned in
section 2.3.2.6 or during the inscription of waveguides, whose properties may change as
well [140].

Pulse shaping optics is usually composed by a lens system that modifies pulse propaga-
tion to best fit the processing application. In the following subsection, the disadvantages
of gaussian propagation for waveguide inscription will be highlighted.

Once the pulse has acquired a proper shape, it must be focused in majority of appli-
cations3. This is usually achieved by a microscopic objective with a given NA. This is a
key parameter that not only established the width of focal volume but also influences the
damage threshold [73].

Laser processing is extremely delicate and hence it must be performed with proper care.
This makes sample monitoring mandatory in order to confirm the correct operation of
laser inscription. For waveguide and other inscription processes where an inscription path
must be designed, monitoring is performed by imaging of the sample material4 prior and
posterior to sample acquisition.

Finally, the sample must be placed in an adequate location at the desired distance from
the focal position in the appropriate conditions5. When performing pattern inscription, the

3 This is also the case of phase mask techniques, instead of focusing on a single point, phase mask spreads
the previously expanded pulse (or beam in the case of some UV lasers) to the whole processing region but
concentrated into a fringe pattern.

4 This is usually achieved by placing a beamsplitter before the light enters the objective and a CCD camera
(or another imaging instrument) at the beamsplitter transmission path of the light emerging from microscopy.
With this configuration, the objective not only focuses the pulse but also collects light for imaging at CCD
image.

5 For example, in optical fibers, sample should be under the effect of some tensile stress and, in some cases, in
an adaptive optics system to correct spherical aberrations caused by its cylindrical geometry.
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focal volume must move through the sample at a given speed. This is usually achieved
by placing the sample into a movable platform. It also requires a good illumination of
the sample when an imaging system is implemented. For complex patterns, the movable
platform requires at least three degrees of freedom with precision below the focal volume
size. In some really complex patterns, more degrees are required, sample rotation can
write concentric patterns easier than by just displacement though orthogonal axes. The
whole setup scheme is depicted in Fig. 13 with each step highlighted.

Depending on the main direction of pattern inscription, two writing geometries can
be distinguished, transversal and longitudinal inscription. Both exhibit advantages and
drawbacks that will be explained in their respective subsections below.

4.1.1 transversal configuration

Transversal writing refers to inscription along axes perpendicular to laser propagation
direction (Fig. 14.b). This writing geometry is the most employed in optical fibers as
allows wide inscription range with same inscription shape. Problems with this technique
arise from the shape of emerging pulses from a lens. The minimum spot width ω0 is
limited by diffraction the following equation

ω0 =
M2λ

πNA
(51)

and being M2 the Gaussian beam propagation factor. Focal volume is defined by ω0 and
Rayleigh range zR (1/2 depth of focus)

zR =
πω20
λ

. (52)

This makes focal volume to exhibit an ellipsoidal shape6 (depicted in Fig. 14.a). This re-
sults in inscriptions with an asymmetric cross-section. When inscribing asymmetric waveg-
uides, their guiding modes will exhibit elliptical cross sections that couple poorly to optical
fibers [141] and losses vary in function of polarization [69]. This asymmetry may be cor-
rected by placing additional optics before (Astigmatic Beam shaping Technique [142]) and
after (Slit Beam Shaping Technique [143]) focusing optics.

4.1.2 longitudinal configuration

Longitudinal writing geometry appears when writing direction is parallel to the beam
propagation direction (Fig. 14.c). This geometry offers the advantage that waveguides
exhibit circular shape7, however, it also comes with two main drawbacks. First, the inscrip-
tion is limited to the Working Distance (WD) of the lens8 and second, as penetration depth
varies while inscribing, spherical aberrations increase and hence the peak power decreases.
This drastically reduces the effective WD if not corrected. In optical fibers, this writing

6 Chromatic and spherical aberrations of the microscope objective can make the equations 51 and 52 no longer
valid. Spherical aberrations are easily introduced by the air-material interface. This can be solved by submerg-
ing objective in index matching liquid.

7 Actually, waveguides will be perfectly circular whenM2 = 1, when this is not the case, waveguides will exhibit
some eccentricity.

8 For a typical NA=0.4, this yields to approximately 5mm[141].
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Figure 14: Focal volume (a), transversal writing (b) and longitudinal writing (c).

geometry is barely used, which is mainly caused by its shape and operation principle. This
geometry can be used combined with longitudinal geometry at the bulk fiber end-face in
order to inscribe 3D structures.

4.1.3 summary

In this section, the common parts of any inscription setup have been presented and
explained. In this context, two types of writing geometries can be easily achieved with this
setup. Both exhibit advantages and disadvantages, being the most adequate in function
of desired pattern. In optical fibers, transversal writing is the most employed method.
However, longitudinal inscription may be employed at the fiber end-face combined with
transversal writing.

4.2 S I M U L AT I O N T O O L S

When conceiving new optical devices (e.g. optical sensors, couplers, diffractive elements,
amplifying cavities, etc...), its complexity can surpass known analytical equations, requir-
ing handy and quicker solutions to theoretically overcome the design challenges.

Simulation consists in the reduction of the desired scenario into a limited simplification
with the established properties that are enough to play a role9 in the studied phenomena.
After simplifying the problem in a limited space with proper boundaries, the underlying
physic is simplified through an established method. In this way, the desired phenomenon
is calculated through a physic simplification that records a set of monitor parameters.

For example, to simulate propagations loses through a distance L in a SMF for several
wavelengths, one can establish a two-dimensional environment (assuming radial symme-
try) with a slab core of length L and a typical width (8-10µm) surrounded by an infinite
cladding. Here an initial radial mode field will be launched to the core and propagated
along the whole distance L to compare initial and final amplitude stored into core section.
Repeating the same process at different wavelength results in a loss plot vs wavelength.
This process may consume a massive quantity of computation effort when size or preci-

9 For optical materials, study parameters are mainly those already mentioned in section 2.1.1, of course, for
more critical and specific simulations, another parameter must be taken into account, such as thermal and
expansion coefficient, donor and acceptor density, etc...
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Figure 15: Cell of dimension ∆x,∆y,∆z. H field is calculated at points shifted ∆x,∆y,∆z/2 from E
field grid points.

sion are extremely large in function to the applied simulation method. When designing a
simulation domain, one must choose wisely its parameters in order to obtain a reasonable
trade-off between accurate results and computation time.

While interpreting simulation results one must take into account the imposed limitations
into the system. For example, if the simulation above was performed taking only into
account Helmholtz wave equation, then scattering loses wont be introduced into the result.
In the following subsections a few useful simulation methods will be presented at the
bottom of the chapter, one practical application will be presented.

4.2.1 finite difference time domain

The Finite Difference Time Domain (FDTD) method is a rigorous solution to Maxwell’s
equations and does not have any approximations or theoretical restrictions. This method
is widely used as a propagation solution technique in integrated optics, especially in situ-
ations where solutions obtained via other methods cannot meet the structure geometry or
are not adequate solutions. Since FDTD is a direct solution of Maxwell’s curl equations, it,
therefore, includes many more effects than other approximate methods.

In a region of space which contains no flowing currents or isolated charges, Maxwell’s
curl equations it can be written in Cartesian coordinates as six simple scalar equations.
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Maxwell’s equations describe a situation in which the temporal change in the E field
is dependent upon the spatial variation of the H field, and vice versa. The FDTD method
solves Maxwell’s equations by first discretizing the equations via central differences in time
and space, and then numerically solving these equations. This is achieved by decomposing
the space into a mesh grid whose points are spaced a ∆x, ∆y, ∆z depending on direction
as depicted in Fig. 15. In this mesh, E will be calculated one-half grid spacing from H field.
In addition, E field must not change significantly between neighbor grid points10. Time is
also divided into discrete elements with increment ∆t11. E field is measured at intervals
t = n∆t and H field at t = (n+ 1/2)∆t. With the following mesh, Eqs 53-58 turn into a set
of finite difference equations [144]:

H
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Giving the proper initial conditions, this method allows vectorial electric and auxiliary
field E and H calculation in the entire simulation volume at every moment of the study time
interval. Now, the robustness of this method carries a major disadvantage. The consuming
computational resources limit its use to small simulation domains12. This method can
simulate optical fiber when cladding can be regarded as infinite and the study volume is
not very long.

4.2.2 beam propagation method

In those cases where long sizes must be taken into account, Beam Propagation Method
(BPM) can be a reliable option as substantially reduces the computation cost. Here, the
monochromatic wave equation is solved using the finite-difference approach. It starts from
the well known Helmholtz equation for monochromatic waves

∂2φ

∂x2
+
∂2φ

∂y2
+
∂2φ

∂z2
+ k(x,y, z)2φ = 0. (65)

Where φ is the scalar amplitude of electric field E(x,y, z, t) = φ(x,y, z)e−iωt.The simula-
tion domain will be entirely defined by specifying its RI (k = 2πn/λ). For this method, the

10 In general, the following rule is used to avoid unstable results: ∆x,∆y,∆z < λ/10.
11 Similarly to space increment, the temporal stability criterion sets

√
(∆x)2 + (∆y)2 + (∆z)2 > c∆t.

12 For example, a simulation of light (λ = 1.55µm) propagating 100µm trough an optical fiber with cladding
diameter dcladd = 125µm and applying ∆x,∆y,∆z = λ/10 in a commercial software (thus, optimized to
perform the algorithm efficiently) requires an estimated memory of 8.4 Gb and an estimate time of 5.5 days in
a conventional computer.
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first simplifying assumption is that field will mainly propagate along the guiding axis (usu-
ally z), other directions will exhibit slower change. This can be expressed by introducing
the slowly varying field u:

φ(x,y, z) = u(x,y, z)e−ik̄z, (66)

k̄ is a constant number that represents the average phase variation of the field φ. Applying
slowly varied field, Eq. 65 becomes

∂2u

∂z2
+ 2ik̄

∂u

∂z
+
∂2u

∂y2
+
∂2u

∂x2
+ (k2 − k̄2)u = 0. (67)

Now that working with a slowly varying field whose variation with z decreases suffi-
ciently gradual with time, the first term of the equation may be neglected and hence can
be finally rewritten as

∂u

∂z
=
i

2k̄

(
∂2u

∂x2
+
∂2u

∂y2
+ (k2 − k̄2)u

)
, (68)

which is the solving equation in BPM. Again, this equation will be calculated for all the grid
points involved in the designated mesh similar to the one explained in the previous section
(but with a single scalar value placed at grid position)13. The reduction of calculated values
from the vectorial value of both fields for each step of time domain (in FDTD) to a single
value of scalar electric field over the simulation domain implies a massive computation
effort reduction. In addition, this simplification allows not only a coarser wavelength grid
along z thanks to the factoring of rapid phase variations but also to be solved by simple
integration of the above equation rather than iteration or an eigenvalue analysis.

Of course, the price for such simplifications is: wave must propagate primarily along z
axis14 and RI must vary smoothly along z. Fortunately, several limitations of BPM can be
overcome. There are several algorithms to include more information or remove some of its
limitations, such as including polarization, remove paraxiality or even handling reflections
[146]. This makes BPM a strong and robust simulation method highly versatile that can be
employed in many different contexts.

4.2.3 summary

In this section two simulation methods have been briefly presented, explaining its un-
derlying principle and its strengths and weaknesses. FDTD is by far the most complete and
exact simulation tool for electromagnetic phenomena calculations, however, it requires a
tremendous computational effort and should be restricted to delicate complex problems

13 For the aforementioned grid, a finite-difference approach based on the Crank-Nicholson scheme can be per-
formed. Calculating Eq. 68 for a fictitious midplane between known n plane and unknown n+1 plane

ui,j,k+1 − ui,j,k
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=
i

2k̄

(
δ2

∆x2
+
δ2

∆y2
+ (k2i,j,k+1/2 − k̄

2)

)
ui,j,k+1 + ui,j,k

2
.

Here, δ2 is the standard second-order difference operator δ2ui = (ui+1 +ui−1 − 2ui) and k+ 1/2 ≡ k+∆z/2.
This equation is solved for 2D in the following reference [145].

14 This can be a major issue when modeling bending structures, however, in section 4.4, a way to remove this
restriction is presented.
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(b)(a)

Figure 16: Schematic diagram of RNF (a), dependence of input and output angle with RI.

in a small simulation domain15 whereas BPM, despite its limitations is a versatile simula-
tion method that can work fine in several scenarios at a cost-effective computation effort.
Both simulations will be employed through the thesis, mainly BPM due to the size of the
simulation domain.

4.3 C H A R A C T E R I Z AT I O N T O O L S

Characterization is the process or processes to highlight and measure the properties of
a designated material or structure. It plays a significant role in material processing as it
helps to ensure that the object has changed its properties in a quantitatively accurate way.

In fs laser processing, characterization of irradiated samples is important in order to ob-
tain proper feedback of the optical property’s modification. This information allows quality
control over inscribed patterns, the correct laser parameters choice for future designs and
its simulation with reliable data.

In this section five, characterization methods will be presented. Refracted Near Field
(RNF) profilometry and Quantitative Phase microscopy (QPm) are two techniques to deter-
mine RI or phase (proportional to RI). De Sénarmont Compensator calculates retardance
(proportional to birefringence). Micro Raman spectroscopy reveals several hints about the
internal structure that can be related to several changes such as expansion or stress relief.

4.3.1 refracted near field profilometry

Refracted Near Field (RNF) profilometry is a tool to measure the refractive index modifi-
cation of waveguides that is used in femtosecond processing, examples are [147, 148, 149].
Its underlying principle is that light focused at waveguide surface with higher NA than
the later, will refract a disk containing light collected from a section of incident cone light
(thus, an intensity) that depends on RI.

Here, RNF will be explained for the particular case of optical fibers but can be extrapo-
lated to other cases. Optical fiber end-face is placed in a cell filled with an index matching
liquid with RI nL slightly higher than cladding index. Here, at the end-face surface, a

15 For example, a ring resonator.
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monochromatic and Lambertian light source is focused with a lens whose NA is signifi-
cantly higher than measuring optical fiber. This will produce a light cone with a hollow
at the center, as the central part of the light cone is being guided by the optical fiber. An
additional disk will be placed at the center of the light cone, blocking a small amount of
light16. In Fig. 16.a the schematic diagram of these regions is depicted. θD is defined as
the refracted angle incident at the disk circumference. This θD corresponds to an input
angle θ1 in such a way that between this angle and θ1MAX = sin−1(NAlens), the refracted
light is not blocked by the disk and can be captured. The relation between θD and θ1
can be determined by applying the Snell’s law in the scenario depicted in Fig. 16.b, from
where the relations between input angle θ1 and its refraction θR, the intermediate angles
θR, θi, θii, θL and θD are deducted

sin θ1 = n(r) sin θr
n(r) cos θ1 = ni cos θi = nii cos θii = · · · = nL cos θL
nL sin θL = sin θD.

This equations can be arranged in the following way

n(r)2
(
sin2 θr + cos2θR

)
= sin2 θ1n2L cos2 θL
= sin2 θ1 +n2L −n

2
L sin2 θL

n(r)2 = sin2 θ1 +n2L − sin2 θD. (69)

From this equation, it is clear that the angle θ1 that produces the fixed angle θD may
vary in function of n(r). This angle is related to the amount of power refracted as a
variation on the acceptance cone that implies a variation in the ratio of the total incident
power of converging beam that is refracted and unblocked. This power variation with θ1
is represented by [150]

P(θ1) = P(0)

(
1−

sin2 θ1
sin2 θ1MAX

)
. (70)

If the RI is assumed to slightly change along fiber diameter, then RI can be rewritten as
n(r) = n(0) + δ(r) with δ(0) = 0 and n(0) >> δ(r). With this change, the square of RI

becomes

n2(r) ' n2(0) + 2n(0)δ(r) = 2n(0)n(r) −n2(0). (71)

Using Eqs, 69 and 71 on 70, it can be obtained:

P(θ1) ' K1 −K2n(r). (72)

Thus, power from the refracted light cone is linearly proportional to Refractive Index (RI)
of the focused surface point. With this technique, an scan over the optical fiber diameter
retrieves a RI profile of the given optical fiber. This method can retrieve the index change

16 This is performed because the light near the dark cone is composed of leaky and refracted modes whose
measurement is complicated.
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of an inscribed waveguide by fs laser in an optical fiber when RIC is small enough17 and
the surface doesn’t exhibit roughness.

This method enables reliable measurements of RIC when waveguides have been properly
inscribed. In order to obtain a plain surface, the best method is to inscribe the waveguide
and then cleave the fiber. The inverse method is also possible but requires inscription at
low laser fluence and careful inspection of resulting inscription. Inscribing above surface
could cause roughness while inscribing below the surface could create a gap of unmodified
material that could modify the measurement.

This method has an important drawback, it is a destructive measure in several cases and
requires the irradiated region to be constant trough z axis18. When Refracted Near Field
profilometry is not a suitable option to measure RI, other methods must be employed.

4.3.2 quantitative phase microscopy

Quantitative Phase microscopy (QPm) is a microscopy technique that allows phase mea-
surements instead of conventional intensity captures. The key point of this technique is that
no especial microscope is required because it relies on the intensity transport equation[151]:

k
∂Ĩ

∂z
= ∇(Ĩ∇Φ). (73)

Where Ĩ = I/ < I > being I the image intensity and < I > its spatially averaged value, Φ is
the phase of the image. This equation exhibits how phase can be retrieved when intensity
change respects its known propagating direction. For that purpose three conventional
intensity images are employed. One focused and other two defocused by an amount of
±δz. This can be performed in a conventional well illuminated19 transmission microscope
with a step platform that can perform defocussing in an accurate way.

The selection of condenser NA is in conditioned by the microscope objective. ξ denotes
the quotient between both NAs and it has an influence on the final visibility becoming
higher when 0.4 < ξ = NACondenser/NAOjective < 0.6. Another choice is the defocussing
length, which depends on the depth of field

Dz =
λ
√
1−NA2

NA2
. (74)

Measured phase will be accurate when δz/Dz < 2 [151]. This is valid both for thin and
thick (lower and higher than Dz respectively) samples. It must be pointed out, that several
factors can change the phase, for example, the sample must be conveniently focused, oth-
erwise, the measured phase will be lower. In addition, the phase is constant and accurate
for thicknesses lower than the width. In section 4.4, some phase captures will be shown,
comparing results with RNF profilometry.

17 This restricts Type III as its index change is significantly large.
18 This makes the technique unreliable to measure structures irradiated by pulses whose propagation direction

is parallel to fiber propagation axis.
19 Eq. 73 is though for coherent sources, in practice, partially coherent sources are used as the one obtained by

Kohler’s illumination, which is suggested [152].
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4.3.3 de sénarmont compensation technique

The de Sénarmont compensator couples a highly precise quarter wavelength birefringent
quartz or mica crystalline plate with a 180-degree rotating analyzer to provide retardation
measurements having an accuracy that approaches one thousandth of a wavelength or less.
Retardation measures the phase shift that a material produces to the light transmitted, mea-
surements can go over an optical path difference range of approximately 550 nanometers
(one wavelength in the green region) for the quantitative analysis of crystals, fibers, and
birefringence in living organisms, as well as investigations of optical strain. In addition,
de Sénarmont compensators are useful for emphasizing contrast in weakly birefringent
specimens that ordinarily are difficult to examine under crossed polarized illumination.

This technique can be implemented in several transmission microscopes, requiring a
quarter wavelength plate, a monochromatic filter20. Also, a polarizer, an analyzer a con-
denser and a rotatory stage are required.

The principle behind this technique is that incoherent monochromatic light passing
through linear polarizer produces linearly polarized light and when trespasses a birefrin-
gent sample whose fast axis is oriented 45

◦ over polarizer axis21, will become elliptically
polarized. When this light passes trough a quarter wavelength plate, light will become
linearly polarized light having a vibration azimuth different from that of the polarizer.
By knowing this azimuth, one can calculate retardance produced by the sample at given
wavelength.

This can be explained by Jones matrix formalism. When no sample is placed on the
aforementioned scheme, also depicted in Fig. 17, it can be reduced to a polarizer, a quarter
wavelength plate with both polarizer and fast axes on x-direction and finally an analyzer
with polarizing axis in y direction. In such case the total amount of light transmitted is

E0e
−iωteiπ/4

(
0

0

)
final

=

(
0 0

0 1

)
pol

eiπ/4

(
1 0

0 i

)
λ/4

(
1

0

)
pol

E0e
−iωt, (75)

which is a trivial result as retarder plates do not change the polarization of incident linearly
polarized light when fast axis and vibration axes are parallel and cross polarizer extinguish
light22. Now, a birefringent sample acting as a linear retarder (circularity Φ = 0), whose
fast axis is placed 45

◦ with respect to polarizer axis (θ = 45◦) and, for a simpler calculation,
the phase of slow and fast axes can be defined as φx = φ/2andφy = −φ/2 the Jones
matrix becomes

20 Retarder plates are designed to produce the specified retardance in a particular wavelength, that’s why illumi-
nation must exhibit the specified wavelength.

21 This can be performed employing the rotatory stage and a full wave retardation plate with white light. Retarder
plate produces an exact wavelength retardation, retrieving the exact polarization state to operating wavelength
(being nulled later due to the crossed polarizer) the rest of the wavelengths will become elliptically polarized
and hence will be transmitted. If operating wavelength is green, then the background will be magenta due
to the mix of blue and red. When a birefringent sample is placed between polarizer and retarder plate,
If the specimen slow vibration axis is superimposed over the corresponding axis of the retardation plate,
the additive retardation effects will result in the linearly polarization of blue wavelengths, being blocked
by analyzer. However, if the fast axis of the specimen is parallel to the slow axis of the retardation plate,
the relative retardation will be decreased and result in red wavelengths being blocked. In conclusion, when
rotating the sample, if birefringent zones exhibit red-yellow color, then axis are parallel to those of the full
wave plate.

22 As stated in Mallus’s law mentioned in footnote 2.
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(a) (b)
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Figure 17: Schematic diagram of the de Sénarmont compensation technique (a) and images of a fem-
tosecond laser inscription in an optical fiber when analyzer is perpendicular to polarizer
θ = 0◦ and when is rotated θ = −φ/2 = 36.26◦ (b).

(
eiφx cos2 θ+ eiφy sin2 θ (eiφx − eiφy) cos θ sin θeiΦ

(eiφx − eiφy) cos θ sin θeiΦ eiφx sin2 θ+ eiφy cos2 θ

)
=

(
cosφ/2 i sinφ/2

i sinφ/2 cosφ/2

)
.

(76)
When the sample is introduced, then the light at the exit of the retarder plate is
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Emerging light is linearly polarized along an axis that depends on the phase change φx −
φy = φ. If the analyzer has been rotated an angle θ, its Jones matrix will be equal to Jrot =
R−1(θ) ∗ J ∗ R(θ) where R(θ) is the well-known rotation matrix. This gives (neglecting the
constant term)(

sin θ sin(θ+φ/2)

− cos θ sin(θ+φ/2)

)
=

(
sin2 θ − sin θ cos θ

− sin θ cos θ cos2 θ

)(
cosφ/2

− sinφ/2

)
. (78)

This means that by rotating the analyzer until sample light vanishes, one can obtain half
the phase change angle θ = −φ/2. This can be translated to an retardance

Γ = λ ∗ θ/180 (79)

where the equation is in degrees as analyzer usually works on this scale.
To illustrate the operation of this technique, Fig. 17.b depicts two images of a femtosec-

ond laser inscription in an optical fiber. As the fiber is tense (there is no bending related
strain) and stress-related birefringence is low, the optical fiber can be regarded as isotropic,
the only birefringent element is the fs inscription. When the analyzer is perpendicular to
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Figure 18: Schematic diagram of Rayleigh and Raman scattering (a) and schematic of a common
setup for micro Raman spectroscopy (b).

the polarizer (θ = 0◦) the inscription is the only non-dark element, if the analyzer is ro-
tated, the inscription will begin to fade and background will become visible again. When
inscription becomes completely dark, rotation analyzer θ = −φ/2, in this case θ = 36.26◦

and hence the retardation is Γ = 110nm (operating wavelength λ = 546nm).

4.3.4 micro raman spectroscopy

Micro Raman spectroscopy is a versatile and very common laser technique that allows
the atom-scale structure study of the material. It is based on inelastic scattering of photons
by molecules. This molecules exhibit several excited states that corresponds to particular
motions and/or vibration configurations. Those states are called vibrational states and
usually implies a change in polarizability or dipole moment [11]. When a photon scatters
inelastically (Raman scattering), it distorts (polarizes) the cloud of electrons around the
nuclei to form a short-lived state called a virtual state and then quickly re-radiates the
photon with a different energy, thus bringing the electrons to another vibrational state.
This is depicted in Fig. 18.a, a lower energy scattered photon is called Stokes Raman
Scattering and implies that some energy has been transmitted to the molecule, exhibiting
a higher vibrational state, the opposite is called Anti Stokes Raman scattering. Its elastic
counterpart, Rayleigh scattering is produced when the photon emitted from virtual state
is the same as the absorbing photon.

Raman scattering is a weak process in that only one in every 106–108 photons which
scatter is Raman scattered, however, is an interesting phenomenon as allows to track vibra-
tional states. The number of vibrational states depends on the molecule and each repre-
sents a different vibration scheme depending on molecule structure. These vibration states
can be said that behave as a "fingerprint" of the molecule.

Raman spectroscopy employs strong laser sources and complex schemes such as the one
depicted in Fig. 18.b to measure the frequency shift of scattered photons and represent
their spectra. When micro Raman spectroscopy is employed, laser light is tightly focused
to a small region of the material with multilayered structure. Then, a movable stage trans-
lates the sample, allowing measurement of another region. This allows Raman espectra
comparison and even profiling a certain wavelength shift over a distance or surface.

This method can be employed to obtain very accurate characterization as can be noticed
in section 4.4 where Raman profiles for FBGs and rFBGs will be shown.
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Figure 19: Different Refracted Near Field profiles: SMF28 (a), depressed cladding Single Mode Fiber
(b) and Multi Mode Fiber (c).

4.4 E X A M P L E A P P L I C AT I O N S

4.4.1 typical rnf fiber profiles and comparison with qpm captures

RNF has been performed in three different optical fibers, a standard telecom SMF28, a
SMF with depressed cladding23 (BendBright XS from Draka Comteq) and a MMF. In all
cases, fibers have been stripped and carefully cleaved before placing into the cell. Mea-
surements were performed by Sira Optical Fiber Refractive index profiler. Results are
depicted in Fig. 19 exhibiting the expected results for each fiber. The index change
∆n = ncore − ncladding has been measured by repeatedly perform the RNF profile and
average, results for each fiber are ∆nsmf = 0.00270(28), ∆ndepressed1 = 0.00240(39),
∆ndepressed2 = −0.00370(51) and ∆nmmf = 0.00760(59).

Now, the same SMF28 type will be measured trough QPm. First issue that must be faced
is the fiber geometry, the cylindrical shape can significantly distort phase image. For that
purposes, fiber must be prepared to suppress cylindrical shape effect on light propagation.
This is performed by applying the sandwiching technique proposed by Zhou and Roberts
[153, 154] that is depicted in Fig. 20.a. In this case, a drop of index matched liquid has
been added to the slide and then two auxiliary striped SMFs24 are placed as close as possible
of either side of sample fiber without superposing with each other. This is performed in
order to refrain index matching liquid to escape the sample zone and to obtain a processing
zone as close to bulk as possible. Finally, a cover slip is placed above the fiber to further
prevent index matching liquid from escaping and also homogenizing the surface. Now,
three captures of the central SMF with a x20 objective at δz = ±3µm have been performed
resulting in the phase image depicted in Fig. 20.b. The cladding and matching liquid
interface is salient, the core placed at the fiber center is brighter (implying that exhibit
higher phase) surrounded by a darker region. The results shown in Fig. 19.a, does not
account for such region thus, is considered a spurious phase contrast that could be caused
by an inadequate condenser aperture among other causes. From this image, a profile
might have been extracted similar to RNF but transversal φ(x, z) instead of radial n(r, z)25

as depicted in Fig. 20.c for the position range delimited by dashed red line in Fig. 20.b.
This profile is averaged along z axis in order to obtain a stable measurement, the phase

23 Depressed cladding SMFs are those that exhibit a cladding ring surrounding the core with a RI lower than the
rest of the cladding. This is performed to reduce the coupling of core modes to the cladding modes when the
fiber bent, thus, reducing its losses.

24 Easy to handle fragments preferable.
25 Both profiles if symmetric about its axis, can be commutable though the Abel transform[154].
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change ∆φ = 0.38(3)rads can be translated to RIC if depth is known using the well known
relation

∆n =
∆φλ

2πz
. (80)
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Figure 20: Scheme of adaptive optics process for removing aberrations caused by its cylindrical
shape (a). Phase image of SMF (b) and its corresponding phase profile (c).

Assuming that the core distance is just the positive phase change interval (≈ 10% differ-
ence compared to RNF), one gets ∆n = 0.00320(35) which is consistent with the previous
measurements. QPm can offer reliable Refractive Index Change values, but a proper result
interpretation is mandatory as one must attribute one phase change to a given structure
with particular depth. In several cases, the RIC retrieval is so complicated that phase alone
is used, which is a reliable indicator of RI distribution. In the following example only the
phase will be employed to deduce the behavior of fs inscription in different species.

4.4.2 qpm and de sénarmont compensator measurements of femtosecond

laser inscription in several optical materials

Femtosecond laser inscribed waveguides are of special interest due to the several appli-
cations in integrated optics. This provokes an increasing effort to improve their quality
in terms of losses and other properties. For that purposes, the optical material plays a
critical role in the quality of inscribed waveguides. This leads to the search for glass ma-
terials with superior photosensitive properties. For that purpose, phase measurements of
inscribed structures is an easy way to characterize the glass behavior to fs laser irradiation.
These measurements give several clues of the waveguide performance.

For example purposes, two crystal families will be irradiated and its phase change will
be measured. First one is the BAN26 family, which is composed by

75%SiO2 − (12.5−X)%Al2O3 −X%B2O3 − 12.5%Na2O (81)

with X varying for each sample. Here, each sample has been irradiated with pulses from
0.3µJ to 4µJ. The concentration of different chemical species in the glass can significantly
influence its photosensitive properties. The strength of the oxygen bonds, for example, can
play a role in structure densification and defect formation [155]. In order to experimentally
determine the best concentrations to produce waveguides or birefringent materials, phase

26 Boron, aluminum and sodium.
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and retardance measurement have been performed for each pulse energy and concentration
with QPm and de Sénarmont Compensator. In both cases, a measuring methodology is
mandatory to obtain reliable results, this involves obviously same imaging parameters
(NA, defocusing, etc...). Particularly, focus can become tricky as power increases because
the inscription becomes longer and more complex, allowing focusing at several levels. For
this methodology, all the samples have been measured at the same level, corresponding
with the first focusing structure (the first contrast change detected while you bring the
sample closer to the objective) as noted in Fig. 21.a.
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Figure 21: Scheme of QPm focus methodology (a), QPm images of different BAN samples irradiated
at 4µJ (b), phase change of BAN samples with pulse energy (c).

In Fig. 21.b, phase images of same irradiation parameters (Ep = 4µJ) at different con-
centrations X=0,3,6,12 are depicted. It can be noticed that intermediate concentrations
produce stronger phase changes than Aluminum or Boron alone. This can be better ob-
served in Fig. 21.c where the phase change of all concentrations is plotted against the
pulse energy (Ep). Phase change is approximately constant between concentrations at low
pulse energies, however, it is clear that when 3% Boron is included, the inscription exhibits
a really high negative phase change at strong pulses energies. This makes the later a good
candidate for Type III waveguides as the amount of elastic strain produced at the vicinity
of the inscription becomes higher with the expansion produced.
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Figure 22: Retardance of different X values for Ep = µJ.

Retardance is only significant for high pulse energies, being difficult to measure for lower
energies. Values are depicted in Fig. 22 where a maximum retardance of 24nm has been
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achieved, which is actually weak and related to stress effects, not being a suitable option
to manufacture birefringent devices (for given parameters). In addition, stress birefrin-
gence can also be employed to manufacture birefringent waveguides which are attractive
for several applications that require preserving polarization [13]. For these purposes,
Rare Earth (RE) co-doped elements have drawn attention due to their strong stress-induced
birefringence when irradiated by fs lasers. There are several reports of stress-induced bire-
fringence in RE materials such as Nd:YAG [156, 157], LiNbO3 [158, 159] andNd3+ : GdVO4
[160]. This makes SrF2 crystal of special interest as is a multifunctional optical host ma-
terial27 for RE ions and could be widely disseminated in many fields. However, the con-
centration is limited by quenching [162, 163]. This may be overcome by the co-doping of
buffer ions (e.g., yttrium (Y) and lutetium (Lu)) into RE-doped alkali crystals to minimize
the concentration quenching effect and progressively improve its material properties.

For this reason, a transparent sample of NdY : SrF2 with 0.5 mol% Nd and 5 mol %
Y has been irradiated at two different PRR (10kHz and 500kHz) to characterize its optical
properties. The inscription was performed with an ultrafast laser (Satsuma, Amplitude
Systems Ltd.) that operates at 1030nm with a linearly polarized beam and delivers pulses
of 250 fs with a varying repetition rate from 10 to 500kHz. Then, a 20x aspheric lens with
a numerical aperture (NA) of 0.6 was customized to focus the laser beam at about 150 µm

below the front face of NdY : SrF2 crystal plates. Lines were inscribed at ws=0.2mm/s
with pulse energy ranging from 0.1-5µJ, being the orientation of the laser polarization
perpendicular to the scanning direction.
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Figure 23: Phase change (∆φ) of the laser-written track as per pulse energies according to the rep-
etition rates (10 and 500 kHz) and associated QPM images of the NdY : SrF2 crystal (a).
Retardance measurements performed by de Sénarmont compensator of fs inscribed lines
in NdY : SrF2 with different PRR and Ep (b).

The phase results are depicted in Fig. 23.a where a particularly different behavior be-
tween PRRs can be noticed. For a low PRR (10 kHz), uniform modifications with the absence
of voids formation are observed. Contrary to a low PRR, a high value (500 kHz) clearly re-
veals an inhomogeneous RI due to void formation in inscribed lines as the pulse energy
increases above 0.6µJ. Negative phase change in both cases is attributed to volume expan-
sion. It was found that the lines’ diameter (black color) follows obvious increment with

27 Thanks to its low phonon energy, high RE solubility, low non-radiative transition probability, long lifetime
metastable state, and good transparency spanning up to 11 µm from 0.2 µm [161].
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pulse energies. In addition, there are some microscopic disruptions, especially at high PRR,
where voids formation or inhomogeneity occurred. The white lines, as mentioned early,
represent features of elastic strain occurring in and out of the laser-exposed region as a
result of the permanent strain, photo induced within the irradiated area.

From a quantitative view of ∆φ evolution with pulse energy one can see that at first,
there is no change in the amplitude of phase change (kinetic behavior) until a pulse energy
of 0.3µJ. For a low PRR, an increase in the negative phase change is observed until a pulse
energy of 1.5µJ is reached down to -3.5 radians28. Thereafter, the RI is slightly increased,
and it stabilizes at approximately -2.5 radians, whereas the diameter of the waveguides
exhibits a monotonous increase from 4.67 to 8.16µm. On the other hand, a similar kinetic
behavior could be observed at a high PRR (500 kHz) up to 1.0µJ, and then the phase change
dramatically approaches an almost zero phase shift as the pulse energy typically reached
2.0µJ, where catastrophic damage can be observed. This clearly discloses heat accumula-
tion processes in agreement with a width increase that reaches 12µm at 2µJ.

Taking a look on retardance measurements depicted in Fig. 23.b, one can see an even
more different trending regarding PRR. At low values, the retardance monotonically in-
creases with pulse energy to reach a maximum retardance of approximately 46 nm for a
pulse energy of 5µJ. In contrast, high PRR inscriptions exhibit a growing retardance ap-
proaching a maximum value of 40 nm, followed by a significant decrease beyond a pulse
energy of 1µJ. Above 2 µJ, the laser tracks were too damaged to probe the photo-induced
optical properties due to the heat accumulation phenomenon for 500 kHz PRR waveguides.
The lowering in the magnitude of the retardance could likely be attributed to the onset of
appearance of the heat accumulation process. This leads to a temperature buildup around
the melting temperature, which partly or completely relaxes the stress-induced birefrin-
gence occurring within written laser tracks [164].

Heat effects are also of particular interest for waveguide inscription. Given all informa-
tion obtained, waveguides were written at both PRR. Waveguides inscribed at 10kHz exhib-
ited lower propagation losses at 1µJ which coincides with the higher phase change mea-
sured. However, propagation losses at 500kHz are lower despite exhibiting lower phase
change due to bleaching of point defects and scattering losses reduction due to heat accu-
mulation [159, 157]. However, waveguides were obtained only for a pulse energy range
from 0.1 to 0.3µJ which is in the energy range prior to void formation.

4.4.3 micro raman spectroscopy in regenerated fiber bragg gratings

The lattice of SiO2 is depicted in Fig. 24.a, silica is arranged in a tetrahedral network
where each silica atom shares an electron by a covalent bond29 with four oxygen. This
later exhibit two covalent bonds with silica atoms, arranging this tetrahedral structures in
ringlike lattices. This lattice can be simplified into a 2D perspective as in Fig.24.a where,
for Crystalline structures, rings have the same shape and six Si-O segments. However,
when SiO2 exhibits an amorphous structure, the shape is irregular and the number n of
Si-O segments ranges from three to nine being five and six the most common number of
segments. When performing Raman spectroscopy to fused silica, the result consists on a
number of (often overlapping) bands that can be assigned to vibrations of different types
of bonds in the glass network as depicted in Fig. 24.b where a gaussian decomposition is

28 Employing Eq 80 with known depth of 50µm a RIC ∆n = −6 ∗ 10−3 is achieved.
29 This bond consists in sharing electrons in order to fill its respective last layer.
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performed to decouple band information from the spectra. Here, there are two noticeable
bands at ∆ν = 495cm−1 and ∆ν = 605cm−1 which correspond to the Raman active sym-
metric breathing modes of the oxygen atoms in the n=4,3 membered ring structures and
are called D1 and D2 bands respectively [165].
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Figure 24: Lattice comparison of Crystaline SiO2 (Quartz) and amorphous SiO2 (glass) (a). Raman
spectra of amorphous SiO2 (b).

The value of this two bands correspond to some stored energy per volume unit that
increases as glass density increases when there is no other structure modification, thus, they
are reliable estimators of densification/expansion [166] and potentially stress relaxation
[167, 166].

In section 2.4.1.1, the increasing need for the local structural relaxation study of multi-
material systems in regeneration process was already mentioned. This can be performed
by studing D1 and D2 profiles.

In this study, four fiber samples were studied: a pristine fiber, a seed FBG fiber, its re-
generated counterpart and a pristine fiber with the same thermal process than regenerated
fiber (see Fig. 25.a). The selected fiber was a B-codoped germanosilicate GF1 that exhibits
3 layers, core, inner cladding and cladding as depicted in Fig. 25.b.

Fiber Bragg Gratings were produced by direct writing through a 10 mm long optical
phase mask using an ArF laser (λ = 193nm ; pulse fluence fpulse = 95 mJ/cm2; cumulative
fluence fcum = 113 J/cm2 ; PRR = 30 Hz; pulse duration τ = 15 ns). Before grating writing,
the fibers were hydrogen (H2) loaded (T = 80

◦C, P = 180 bar, t = 4 days). To perform
the regeneration process some gratings were placed in a computer-controlled oven. The
temperature was risen to T = 850

◦C over t = 60 min before keeping this temperature for t =
40 min; during this dwell time the grating decays and regenerates. Subsequently, the cross-
section of the samples were analyzed at the cleaved end facet of the sample (depicted in Fig.
25.b) using micro-Raman spectroscopy (Renishaw, inVia spectrometer) with an excitation
wavelength of λ = 532 nm and a x100 objective (NA = 0.9) with high confocal30.

The profiles of D2 and the ratio D1/D2 are depicted in Fig. 26. As already mentioned,
D2 increment implies a density increment. The ratio, however, D1/D2, increases with

30 High confocal is important to spatially filter pump light than has been guided in the fiber and then scattered
as could led to distort measurements.
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Figure 25: Samples studied by Raman spectroscopy (a). Different layers of GF1 fiber (b).
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Figure 26: D2 amplitude profile of studied samples (a) and the D1/D2 ratio (b).

decreasing density. As Figure 26.a shows, minor changes for D2 were observed in the
core when comparing the pristine fiber and the thermally treated one. Examining the
D1/D2 amplitude ratio shown in Fig. 26.b, one can see a spectacular increase everywhere
of the ratio revealing a structural relaxation characterized by a decrease in glass density
(expansion has occurred). Taking a look on the seed FBG and the pristine fiber, there is
an increase for both D peaks in the fiber core and a slight decrease of the D1/D2 ratio,
which reflects the expected UV-induced densification. In contrast, the signature of glass
expansion is observed within the inner cladding of the seed UV FBG. After regeneration,
both D peaks are observed to strongly decrease in height (and in the area as well) when
compared to the seed FBG. In addition, there is an increase of the D1/D2 ratio in the fiber
center after regeneration, increasing expansion and diameter (especially inner cladding)
increase evidence.

From these expansion indicators and taking into account that with regeneration an
overall relaxation at fiber core-cladding interface is expected [104], there is a consistency
with the model of regeneration being largely driven by the relaxation of dominant tensile
stresses through thermal annealing. As thermally treated fiber exhibits different glass re-
laxation rate than regenerated, the formation of different relaxation rates along the formers
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seed fringes is suggested. This helps to conceive a rFBG as an imprinted spatial modulation
of the glass fictive temperature Tf(z).

4.4.4 example of beam propagation method applied to a bent refractome-
ter

The importance of RI in optical materials has already been pointed out. However, addi-
tional information can be extracted from this property. For example, RI in liquids can be
correlated to the concentration of a dissolution. An easy way to measure RI is by measuring
the propagation losses of an optical fiber submerged in that RI. Optical fibers are designed
in a way that minimizes this kind of losses due to surrounded media (by surrounding core
with a relatively thick cladding), however, when bending is applied, there is a significant
coupling to the cladding modes where some of them escape the fiber and other are coupled
back to the core. This is more critical in MMF with large cores. Propagation losses in bent
fibers are categorized into transition losses and pure losses. They were analyzed theoreti-
cally and experimentally by Gambling et al., who also observed in step-index multimode
fibers the effects described for a single mode fiber [168, 169]. Subsequent work by Badar et
al., confirmed the same results in multimode fibers [170]. As regards the curvature losses,
the transition losses are more important than the pure losses, particularly when the radius
of curvature is small. The former increase rapidly from the beginning of the curvature
before tending to stabilize, while the latter exhibits a continuous increase [169].

For these reasons, it is interesting to exploit the transition region of a bent fiber to de-
sign a refractometer. POFs are ideal for this purpose as they exhibit large core diameters
and fracture strength to bending, allowing high curvature exposition without breaking31.
Cladding in the transition region can also be removed through a lateral polishing and
simulate how this new geometry affects the loss performance.

Figure 27: Application of conformal mapping to the simulation region. The bent fiber region in (a)
suffers a coordinate transform W=u+iv=f(Z) resulting in (b) with a tilt in refractive index
(c).

The polishing can be parametrized as a straight line intersecting two points in cir-
cumference with an angular separation of Ψ as explained in Fig. 27.a, this line, can be
parametrized in polar coordinates as

31 Glass fibers are notable weak to high curvature bending, this weakness is further increased when exhibiting
some microfracture as it becomes the starting point of a brittle fracture.
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r = r0
tan((π−Ψ)/2)

cos θ(tan θ+ tan((π−Ψ)/2))
. (82)

For that reason, BPM can be used to simulate losses at the end of the fiber arc. However, as
already stated, BPM is optimized for propagation mainly at z direction. When fiber is bent,
BPM can not represent accurately the beam direction change. This can be solved applying a
coordinate transform called conformal mapping[171, 172] that turns bend geometry into a
straight element (Fig. 27.b) with a tilt RI profile as suggested in Fig. 27.c. and represented
by the following equation

nbend ≈ n(x)
(
1+

x

R

)
. (83)

For a length L = ΨR (R=4mm, Ψ = 40◦) and transforming Eq. 82 , losses were calculated
by BPM for both side polished and conventional fibers with diameters d=0.5,1,2mm in
the RI range 1.332-1.374. Results depicted in Fig 28.a suggest that for diameters above
1mm, lateral polishing reduces optical losses while keeping sensitivity constant. When
the diameter is below 0.5mm, lateral polish fiber exhibits higher sensitivity. Now, the
d=2mm lateral polished POF can be compared with experimental results of that same fiber
at same parameters submerged in water at different concentrations of NaCl at 22

◦C and
λ = 632.8nm (depicted in Fig. 28.b). There is a maximum 0.14dB of loss deviation, and
the simulated sensitivity is 12.12dB/RI while experimental sensibility is 16.01dB/RI which
is fairly good and support evidence of the good sensor sensitivity given its simplicity and
compactness.
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Figure 28: Comparison of bend losses for lateral polishing and conventional (cladd) fibers at diame-
ters d=0.5,1,2mm (a). Optical loses for the d=2mm lateral polished bend POF submerged
in water at different concentrations of NaCl at 22

◦C and λ = 632.8nm (b).

4.4.5 summary

In this section, some practical examples of aforementioned techniques have been pre-
sented. Both RNF and QPm have been shown to reliably characterize the RI of optical fiber
with their particular flaws and advantages, being the most suitable technique depending
on the scenario. In addition, QPm and de Sénarmont compensator have been used for sam-
ple characterization of different irradiated samples providing useful information about the
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strain, void formation and heat effects that can help in the optimal parameters choice for
waveguide writing.

When these changes are discrete, Raman can give some hints of structural lattice material
which can be used for tracking material changes suffered by processing techniques such as
annealing.

Finally, when comes to device design, BPM has been proved to be a reliable tool to predict
(when specified approximations remain valid) the behavior of different features and see
how affect to the overall performance of the conceived device.

4.5 C O N C L U D I N G R E M A R K S

A global vision of inscription setups has been performed, dividing the components in-
volved in several stages for an easier understanding. The two more used writing geome-
tries have been explained, addressing both advantages and disadvantages.

The simulation methods have proved its capability to reduce an actual problem to a set
of given parameters and reproduce consistent results. The Beam Propagation Method is a
flexible tool that can address several scenarios without consuming excessive resources.

Four different characterization techniques have been presented and its role in fs laser
processing has been discussed. Two of them (Refracted Near Field profilometry and Quan-
titative Phase microscopy) are useful tools for RI characterization that complements each
other. The de Sénarmont compensator is a simple tool to measure the optical retardation
of birefringent samples. Their measurements allow the distinction between stress-related
birefringence and the form birefringence of the induced nanogratings. The structure com-
position can be studied through micro Raman spectroscopy. With this technique, some
conclusions about the role of expansion and relaxation of the optical fiber have been dis-
cussed.





5
I N F I B E R I N S C R I P T I O N

The later chapters introduced several tools and concepts essential to the study described
in the rest of this dissertation. The primary goal of this chapter is the study of fs inscription
in fiber. This work will start from simple inscriptions made to the fiber and their characteri-
zation that will conclude in their application to manufacturing new structures. The chapter
comprehends two inscription methods: direct inscription and inscription using adaptive
optics. The first method exhibits a cylindrical lens effect caused by the geometry of the
fiber while in the latter the effect is negligible. Both methods produce different structures
addressed in their respective sections.

The first section will cover the inscription setup employed to write in the optical fiber.
In the second section, the direct exposition method will be analyzed, performing a waveg-
uide characterization that will be applied to MZI manufacturing. This interferometer will
be temperature and curvature characterized and implemented in a TOF for enhanced RI sen-
sitivity. Moving to the third section, a similar structure, but employing an adaptive optics
setup to remove problems during focusing produced by cylindrical lens effect. Here the
characterization process will lead to grating inscription along the fiber core, manufacturing
Fiber Bragg Gratings (FBGs) and Random Fiber Gratings (RFGs) employing this later in a
single cavity fiber laser. The concluding remarks will be stated in the last section, closing
the entire chapter.

5.1 S E T U P

A transversal setup has been chosen for in-fiber inscription over a longitudinal config-
uration as several patterns exhibit a main writing direction along the fiber rather than
perpendicular to the fiber. The Setup covers the points marked in section 4.1. The laser
employed in the setup is a commercial Fiber Laser Chriped Pulse Amplifier (FLCPA) from
CALMAR lasers operating at 1030nm, 370fs pulse duration and a maximum pulse energy
Ep = 0.01 − 4.93µJ. Laser beam falls upon a beamsplitter 90/10 reflecting the beam to
an x100 microscope objective with NA=0.5. This objective is focused on a sample holder
placed above a nano-resolution movable platform. White light LEDs illuminate the holder
in order to monitor the sample with a CCD camera placed at the transmission line of the
beamsplitter. Fig 29 depicts the scheme of the setup mentioned above.

Prepared fiber samples are placed above microscope slides. These fibers were prepared
by stripping the jacket with a fiber optic stripper and then removing remaining material or
dust particles with a lens cleaning film and ethanol. Once stripped and cleaned, the fiber
has been fixed to the microscope slide with a Kapton film. It is essential to apply tensile
strain along fiber optic before fixing the fiber to the slide to avoid micro arc bending as

87
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Figure 29: Scheme of the setup employed for in-fiber inscription. The fiber sample is stripped and
placed above a microscope slide attached with kapton film..

much as possible. These undesired bendings make the inscribing process more challenging
because the writing trajectory cannot be approximated by a straight line and without the
tensile strain, the fiber may move within the holder as the platform is under movement.

The sample can be processed in its current state; however, it will suffer from spherical
aberrations due to fiber cylindrical geometry. Even with spherical aberrations one can
achieve robust structures, as it can be noticed in the following examples. This effect can
be neglected by applying the same procedure employed for QPm characterization of optical
fibers explained in section 4.4.1.

5.2 I N S C R I P T I O N W I T H O U T A D A P T I V E O P T I C S

The first experiments will be carried out without employing adaptive optics. The reason
is that, despite the drawbacks above, cylindrical geometry produces a loss of focus and
an optical lens effect that should be briefly characterized. Said effect is depicted in Fig.
30, here a NA=0.5 with Working Distance (WD) of 12 mm is focusing monochromatic light
λ = 1033nm to a plate and a cylindrical fused silica sample at different positions. When
the plate is placed 30µm above WD (Fig. 30.a), the higher RI of the sample reduces the
half angle and consequently, is focused below the working distance1. If the plate sample
is substituted by a cylindrical lens (Fig. 30.b), the amount of spherical aberrations and the
focusing distance of the transversal axis is reduced. There is one particular case where
the lens focuses inside the cylinder at the same position as in air: when the WD matches
the cylinder radio as depicted in Fig. 30.c. This result can be deducted from Snell’s law
(Eq. 2), all the incident lines are perpendicular to the lens surface, preventing them from
experiencing a propagation shift that produces the new focusing spot.

When working with planar samples, the focusing spot will exhibit a circular shape as
depicted in Fig. 30.d as has been mentioned in section 4.1.2. However, in a cylindrical
lens, as light focuses differently between axes, the spot is significantly reduced in the

1 In paraxial approximation, the focus change when a sample with different RI is placed a length d above the
focal point is d ∗n2/n1. When the aperture angle is higher than 23

◦, this value deviates 5%.
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(a) (b) (c)

(f)(d) (e)

Figure 30: Ray trace of a NA=0.5 microscope lens focused in: a bulk object of RI=1.45 30µm above
working distance (a), a cylindrical object of same RI placed at same position in the plane
perpendicular to cylinder length axis (b), the same case when the cylinder center is placed
at WD. (d), (e) and (f) are cross section of focal volume of (a), (b) and (c) respectively.

transversal direction (Fig. 30.e and f). The optical fibers also exhibit this effect that could
lead to different modifications as the focal volume significantly changes. In this section,
the potential of the structures performed by this particular focal volume will be studied.

5.2.1 waveguide inscription

In order to determine the best parameters to produce waveguides, some preliminary
experiments will be performed. First one will consist in 300µm length lines inscribed at
the end of an optical fiber with ws=0.1mm/s and PRR=120kHz fixed and different pulse
energies (Ep). Here, exploiting optical fiber properties, one can determine without using
QPm or RNF the sign of the LIRIC. By illuminating the opposite side of the optical fiber,
if there is a positive LIRIC irradiated region should be brighter as the light from the core
will be guided to the higher RI. However, if the focal volume exhibits negative RIC, their
guiding properties will deteriorate favoring the appearance of dark spots.

Employing this method in a range EP = 0.47− 1.66µJ no positive LIRIC at focal volume
has been observed. Fig. 31 shows three examples of those lines. It is noteworthy that the
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Figure 31: Examples of inscribed lines ws=0.1mm/s and PRR=120kHz at different Ep. At higher
pulse energy, a filament below focal volume is obtained.
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Figure 32: Dependence of pulse energy and pulse deposition on filament formation. Irradiation
has been performed at two different Ep (0.9-1.66µJ) and pulse depositions (120 ∗ 103 and
2400 ∗ 103 pulses) focused at fiber core and 30µm above.

filament is formed for Ep = 1.66µJ. This structure, as discussed in section 2.3.2, might
exhibit different RIC than focal volume, thus, its behavior should be studied.

For such purpose, the end-face of optical fibers have been transversally irradiated at
the core and 30µm above at different pulse energy and with different amount of pulses
deposited. Fig. 32 depicts images of irradiated areas at pulse energies of 0.9 and 1.66 µJ

with pulse depositions of 120 ∗ 103 and 2400 ∗ 103 pulses. The inscription above the core
produces filament in all cases while at the core is not produced at Ep = 0.9µJ and 120 ∗ 103
pulses. However, when pulse deposition of energy increases, the filament is produced. It
is clear that pulse energy increases the filament length as deducted from Eq. 35. Pulse
deposition also increases the length of the filament, as pulses seed the irradiated region
allowing the filament to reach longer regions or even produce additional filaments, as
in the case Ep = 0.9µJ and 2400 ∗ 103 pulses at 30µm above the core. For Ep = 1.66µJ,
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the increase of pulse deposition not only produces longer filaments but also with higher
contrast.

The phase of both focal volumes has been measured with the inscription setup and QPm

technique has been applied with a ±3µm defocusing. The results depicted in Fig 33 reveal
a negative phase change in all the cases. When the focal volume is focused 30µm above the
core, less Ep is required to perform LIRIC and phase change is greater than inscription at
the core for low energies. This behavior is presumably caused by the increase of spherical
aberrations on the longitudinal axis with distance. Despite transversal focus produced
by cylindrical lens effect (Fig. 30.b,c), the transversal axis still suffers an increase of focal
volume (Fig. 30.a) that reduces laser fluence. When pulse energy increases, phase change
at the core is increased until Ep = 1.99µJ where phase change experiences a decrement.
Inscription 30µm above the core exhibits a more constant phase change through different
pulse energies. For energies higher than 1.5µJ phase change of both core and 30µm above
become consistent and approximately of the same order.

Given the measured optical properties of focal volume, depressed cladding waveguides
could be inscribed. The pulse energy range where a-priori best performance is expected is
1.5− 2.18µJ. However, the characterization of filament properties will be addressed before
in order to look for alternatives.
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Figure 33: Phase change in the focal volume of lines written with ws=0.1mm/s, 120KHz at different
pulse energies. The focal volume was focused at core (blue) and 30µm above (orange).

The main issue to be studied about filament is its RIC. This parameter can be qualitatively
checked by placing the filament in the core region as in the previous experiment. Again,
300µm length lines were inscribed at the end of different optical fibers with ws=0.1mm/s
and PRR=120kHz fixed and pulse energies 0.67,1.09,1.37,1.66 and 2.77µJ. The inscriptions
were focused 30µm above the core. The results are depicted in Fig. 34. For Ep > 1.66µJ
light is not guided through the filament, suggesting negative RIC. As can be noticed for
Ep = 1.66µJ, light is not being guided through the filament but for its vicinity. This is
consistent with an expansive strain (negative RIC) filament surrounded by a compaction
strain (positive RIC) to reach local equilibrium. At lower pulse energies, this trend is in-
verted. Induced filament guides light, their shape is amorphous, which suggest a lower
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Figure 34: Filament formation produced 30µm above the fiber optic core at ws=0.1mm/s,
PRR=120kHz and different pulse energies(except for Ep = 1.09µJ where focal point is
placed above depressed cladding ring). The fibers were illuminated with a white light
source to see light distribution. For energies lower than 1.66µJ filament guides some
amount of light, implying a positive RIC. Higher energies exhibit no guiding at all, sug-
gesting negative RIC.

performance [141, 69]. In all cases, focal volume has not guided light, thus is acceptable to
affirm that for the given NA, geometry, PRR, and writing speed (ws) LIRIC produced at focal
volume is negative.

The positive RIC region has been employed to inscribe a waveguide parallel to the fiber
core. Focal volume has been placed 30µm below fiber surface at Ep = 1.09µJ PRR=120KHz
and ws=10µm/s. After line elaboration, its characterization was performed with QPm in
order to estimate average RICs (∆n) along the written waveguide and to compare it with the
fiber core step. QPm images were captured with a 20x NA=0.45 piezo-mounted objective
in an Olympus transmission microscope, defocusing the image ±3µm. One focused and
two defocused images were computed with commercial software QPm from Iatia vision
sciences to recover phase information from the amplitude images. An example of a phase
image of the irradiated optical fiber is depicted in Figure 35.a. Both the core and the
written waveguide can be distinguished from fiber cladding whose phase is similar to
matching liquid. Waveguide has higher phase contrast (∆φwg = 2.710rads) than fiber core
(∆φc = 0.397rads) and similar width as represented in the phase profile in Figure 35.b
is achieved by adjusting the imaging depth, a focal volume phase profile as depicted in
Figure 35.c, exhibiting negative phase (and therefore refractive index) change (∆φfvol =

−2.819rads). Positive phase displayed at the borders of focal volume suggests the presence
of surrounding stress as a result of free stress glass expansion (inelastic strain) in the focal
volume. Besides, optical retardance (proportional to birefringence) has been measured
using de Sénarmont compensator in the same microscope. Measured retardance in focal
volume is 110nm, which is too high for being caused just by photo-elastic effect, suggesting
nanogratings formation [173].
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For further characterization, another sample with the same parameters (the filament
touches the core at the beginning of the inscription to couple light to the waveguide) was
cleaved, and RNF profilometry was performed. When a light source illuminates the oppos-
ing end face, two lightspots are detected: one at the fiber core and another at the filament
below the focal volume, at which the laser is focused; this can be noticed in Fig. 35.f. RNF

was performed by Sira Optical Fiber Refractive index profiler at core and filament as de-
picted in Fig. 35.g,f. Core index change was ∆n1 = 4.50(29)× 10−3 while filament exhibits
an inhomogeneous change varying from 8.9× 10−3 to 14× 10−3 with an average value of
∆n2 = 11.00(78)× 10−3. This configuration requires focal volume (which has a negative
refraction index and hence is unable to guide light) to be placed above the core. As the
filament is larger than the focal volume, writing precision requirements in the Z axis are
lower than X and Y axes.
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Figure 35: Optical fiber QPm image focused at the fiber core and cross-section diagram (a), phase
profile of both core and waveguide (b), phase profile at focal volume with QPm image
(c), CCD transversal capture of the inscription (e), the same inscription illuminating its
opposing end face by a whitelight source, core (g) and inscription (h) RNF profiles.

5.2.2 mach-zehnder

The filament based waveguides can be used to manufacture several Optical Fiber Sensors
(OFSs). Particularly, a Mach-Zehnder Interferometer (MZI) can be inscribed. In section 2.4.3,
in fiber interferometers were briefly discussed, and cladding modes were highlighted to
be the most used way to create a second arm with different Optical Path Difference (OPD).
Waveguides can be an effective alternative way to cladding modes.

For such purpose, a MZI has been designed and simulated with BPM. The proposed
design is depicted in Fig. 36. In this case, the mode splitting is achieved by inscribing
a secondary waveguide into the optical fiber. Such inscription begins at the core and



94 in fiber inscription

displaces from the fiber axis with an insertion angle θ ∈ [4.3, 8.5]◦ until a certain spacing
from the core is achieved. Afterwards, inscription continues parallel to the core and then
returns with the same insertion angle. L is the total sensor length, and X represents the
waveguide spacing from the core. This design allows a single step inscription, which would
imply a great reduction in its manufacturing cost.

Figure 36: Depiction of the manufactured geometry. Secondary waveguide begins at the core and
displaces to the cladding with a slightly angle θ and then goes back to the core with the
same angle.

Simulations have been performed with BPM using the parameters depicted in Fig. 37

considering 2D geometry in order to make simple and faster calculations. The RI of the
secondary waveguide n2 was varied between ∆n2 = n2 − ncladd=1.001-0.02 to determi-
nate the impact of this parameter on the interferometer performance. It is clear that at
least, ∆n2 ≈ 10−2 is required to exhibit an interferometric shape. With the increase of n2,
the coupling efficiency and effective index increase, thus, the sensor exhibits higher finesse
and bigger FSR (Eq. 50). The RIC of the filament waveguides address the requirements
predicted by simulation.

Parameter Value

nclad 1.4661

Sensor length (L) 3000µm

n1 1.4706

Insertion angle (θ) 4.3◦

cladding width 125µm

Spacing (X) 30µm

core width 8µm

secondary core width 3µm

Figure 37: Simulation results for different RICs of inscribed waveguide (∆n2 = n2 − nclad for the
given parameters).
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MZIs were inscribed with same inscription setup, connecting the input of the SMF to an
HP Broadband light Source 83437A and the output to an Optical Spectrum Analyzer (OSA)
from HP Optical Spectrum Analyzer 86142A. Fig. 38.a shows the cross-section of the optical
fiber at the middle of the structure illuminated by a white light source. The focal region
at 38µm below the surface can be noticed and also a small filament below guiding light at
the depressed cladding ring at 10µm from the center. Images captured by a CCD camera
of both sensor start/end focused at 38µm below fiber are depicted in Fig. 38.b,c.

(a) (b)

(c)

Laser

y z

y

x

Figure 38: Manufacturing result: Capture of the inscribed waveguide cross section by transmission
microscope (a). Transversal image of the optical fiber illuminated by a red laser source
and submerged in index matching oil (b). Captures of both start and end of inscribed
arm focused at 38µm below fiber surface (c). All the images have been captured by a
CCD camera.

Some collected spectra are shown in Fig. 39. The typical decrease of Free Spectral Range
(FSR) with sensor length L is appreciated at the top of Fig. 39 (spacing X = 15µm and
insertion angle θ = 8.5◦) while dip sharpness decreases with insertion angle θ as depicted
at the bottom of Fig. 39 (X = 15µm and L = 3mm). For θ = 1.7◦, the spectrum was
irregular due to undesirable mode coupling caused by core/waveguide proximity over a
long distance. This effect turns a higher value of X into a requisite to avoid mode coupling
interaction while inscription is being performed.

Several factors play an important role in the measured transmission spectra that are not
reflected in simulation results depicted in Fig. 37. For example, the simulation does not
take into account the polarization effects induced by several changes produced in the struc-
ture. As mentioned in section 4.1.1, asymmetrical waveguides exhibit losses dependent
on to polarization state and form birefringence. Let’s assume that electrical field in both
waveguide is decomposed in x̂ and ŷ component E1 = Ex1 + Ey1 E2 = Ex2 + Ey2. The
total electrical field is then:
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Figure 39: MZI spectra for parameter comparison: Interferometer length L from 0.5mm to 5mm at
X=15µm θ = 8.5◦ and insertion angle θ from 1.7◦ to 8.5◦ at X=15µm & L=3mm.

E = (Ex1e
i(k1z+εx1) + Ex2e

i(k2z+εx2))x̂+ (Ey1e
i(k1z+εy1) + Ey2e

i(k2z+εy2))ŷ. (84)

This expanded equation leads to a more complex profile than the one shown in Eq. 45

I = Ix1 + Ix2 + Iy1 + Iy2 +

√
Ix1Ix2
2

cos(OPD+∆φx) +

√
Iy1Iy2

2
cos(OPD+∆φy). (85)

Where OPD= k1z− k2z and ∆φx = εx1 − εx2, ∆φy = εy1 − εy2. Assuming Ix1 ' Ix2 '
Iy1 ' Iy2 and making the following variable changes ¯OPD = OPD+∆φx and ε = ∆φy −

∆φx, equation 84 can be rewritten as

I = 4I+
I

2
(cos( ¯OPD+

ε

2
) cos(

ε

2
). (86)

Which exhibits an envelope function; an example of this behavior is shown in Fig. 39 for
the MZI with L = 4µm. This assumption cannot always be verified as generally the cou-
pling/decoupling of the second waveguide is generally different for the two components
of the electric field.

Now that a MZI has been designed, manufactured and characterized, the next logical step
involves studying its spectral behavior with different parameters. In this way, its viability
as a sensor can be evaluated.

5.2.2.1 As temperature sensor

The first parameter that can be varied is temperature. As stated in section 2.4.1, high-
temperature sensing is of particular interest and highly demanded in a wide variety of
sectors. Besides, FBG exhibit a length about 4-8mm while the manufactured MZI can be
as low as 0.3mm (exhibiting only one interference dip in the second and third window).
This makes desirable a prove of concept of the spectral response of MZI to temperature
variations.
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For such purpose a length of L=0.3 mm was chosen to perform a temperature charac-
terization by heating the sample with a Carbolite tubular furnace. Starting from 50

◦C, the
temperature was increased in steps of 50

◦C averaging its spectra over 10 minutes for every
temperature up to 650

◦C. Transmission spectra for temperatures up to 650
◦C are repre-

sented in Fig. 40.a. As temperature increase, the wavelength of the resonance decreases.
For higher temperatures than 650

◦C transmission peak shifts below emitted spectra and
lose its interferometric shape. The dip wavelength in function of temperature is depicted
in Fig. 40.b. The sensitivity increases at higher temperatures suggesting a RI decrease
of the inscribed waveguide. This is consistent with the vanishing of type I modifications
(the filament refractive index) and of the compressive stress caused by the laser irradiation
induced expansion in the focal volume as thermal annealing relieves stress when viscosity
decreases.
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Figure 40: Selecting L=0.3 mm, (a) plots several transmission spectra at different temperatures rang-
ing from 50

◦C to 650
◦C while (b) plots its dip wavelength.

5.2.2.2 As Curvature Sensor

Once the temperature has been characterized, another interesting parameter to study is
curvature. The MZI design makes it suitable for vector bending sensing. The increased
index contrast of the waveguide will increase the effective mode index difference, mak-
ing size reduction possible in comparison to previously reported curvature sensors, that
usually exhibit lengths bigger than 10mm [174, 175]. This new design should improve the
curvature range, with ease of implementation, while not requiring complex adaptive optics
for cylindrical geometry compensation.

Both simulations and experimental measurements have been performed. The model of
the fiber bending was carried out in two different ways. One was the actual bend of the
fiber in the simulation domain, an the other was the conformal mapping employed in
section 4.4.4 represented by Eq. 83, its equivalent form for polar coordinates is [172]

nbend ≈ n
[
1+ (rκ) cos (φ)

]
. (87)

Here, κ = 1/R is the curvature, the inverse of bending radius R towards bending axis and
r,φ the polar coordinates as represented in Fig. 41. When bending occurs at the +Y axis
direction (for the design depicted in Fig. 41), the effective secondary waveguide mode
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index decreases, reducing ∆n from Eq. 87 and hence, the OPD. Likewise an increment in
∆n (and thus the OPD) occurs when bending takes place in the opposite direction. Based on
this dependence phenomenon, a relation between curvature and λdip can be established,
which will be studied by different simulation and experimental tests.
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Figure 41: Model for a bending optical fiber with two cores and its effective index profile due to
coordinate transformation.

In order to measure the applied curvature, the fiber has been clamped on two xyz plat-
forms separated an initial distance Lf, leaving the sensor in the middle of them as de-
scribed in Fig. 42(a). One platform remains fixed while the other one is displaced in the
X direction. Fiber bending is thus achieved by moving the depicted movable platform
in the X axis. Curvature estimation has been achieved using the circumference relation
Lf − x = Lfsinc

(
Lfκ
2

)
[174].

As 1/κ = R >> Lf is assumed, sinc function can be expressed as a power series where

only the two first terms are considered
(
sinc(x) ≈ 1+ −x2

3!

)
, giving the easy to handle

expression

κ ≈

√
24x

L3f
. (88)

Bending direction is also controlled by placing plane YX of the sample perpendicular
to the plane YX of design and sandwiching the sensor between two slides, restricting the
movements of the sensor and constraining bending to the Y axis only (+Y and -Y (as in Fig.
42.a) direction).

When the sensor is bent, the interference dip wavelength λdip suffers an incremen-
t/decrement with respect to bending direction. Bending towards the -Y direction pro-
duces a λdip increment as depicted in Fig. 42 and decreases when bending is produced
at the opposite direction. Also, dip wavelength remains insensitive to Z direction bend-
ing. After several measurements with different parameters maximizing X and decreas-
ing θ best sensitivities have been obtained for θ = 4.3◦ and X=30µm with a minimum
sensor length L=3mm. Sensors with lower L exhibit a sensitivity drop caused by hav-
ing a relatively large coupling zone. Measurements for the mentioned parameters are
depicted in Fig. 43.a. Experimental data exhibit an approximately linear behavior with
R2 = 0.9934 and R2 = 0.9871 for +Y and -Y directions respectively. Their linear slopes
are -0.1329(41)(nm ·m)−1 and 0.1054(64)(nm ·m)−1, which correspond to a sensitivity of
7.52(23)nm/m−1 and 9.49(58)nm/m−1 for +Y and -Y bending respectively exhibiting a
repeatability of 3.45%, obtained by measuring sensitivity 5 times in each direction and
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Figure 42: Curvature measurement scheme (a), MZI spectra for different curvatures ranging from
1.19m−1 to 5.68m−1 towards -Y direction. Sensor parameters: L=3mm, θ = 4.3◦ and
X=30µm (b).
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Figure 43: (a) Experimental measures of the dip wavelength displacement with curvature for the
three given bending axes (+Y, -Y, +Z) and the simulation results for both conformal
mapping and actual bend for the horizontal axes (+Y, -Y); (b) Experimental variation of
the dip wavelength displacement with temperature.

selecting the highest deviation from the first measurement. The other bending axis show
different responses, improving their sensitivity with the alignment to Y axis. This depen-
dency is deducted from Eq. 41, where maximum index increment/decrement occurs when
parallel to that axis bending whereas perpendicular bending produces no overall OPD.

Simulations are also depicted in Fig. 43(a) for the same parameters and measured index
difference in the previous section. Both conformal mapping and circular bending simula-
tions are in good agreement with each other having λdip linear and symmetric dependency
with curvature. Experimental data differ 23%(+Y) and 3.8%(-Y) from them. This slightly
asymmetry in +Y may be explained as a consequence of waveguide inhomogeneities in
refractive index and cross-section caused by stress forces located inside the filament. Irreg-
ular cross-section and the RI could induce different modal effective index dependences with
curvature for the bending plane. Several simulations introducing sinusoidal perturbations
in longitudinal and transversal profiles have been performed, while symmetry and linear
dependence have remained unaltered. Besides, the compression or stretching associated
with the bending might be perturbed by the inscription itself as it is a source of permanent
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strain and elastic stress that could induce a certain deviation from Eq. 87. This in turn,
could alter λdip response with bending axis direction.

From temperature characterization performed in the previous section, there is a strong
cross sensitivity expected at high temperatures; however, below 200

◦C the sensitivity is
reasonably low. For such purpose, another temperature study was also performed at
lower temperatures. This dependency is depicted in Fig. 43.b where an approximately
linear tendency is appreciated in the range 25-180

◦C where the sensitivity was found to be
0.0228(22)nm/◦C. The sensor cross sensitivity is therefore as low as 0.0024(3)m−1/◦C.

5.2.2.3 Inscribed in tapers

The proposed structure may be modified to enhance its sensitivity to other parameters.
For example, its current design provides resistance to RICs of the external media. However,
the same structure inscribed into a taper can result in a RI sensitivity. This is caused by the
decoupling properties of tapers and the proximity of waveguide to the external medium.
This behavior has been studied through a preliminary simulation. The simulated structure
has the shape depicted in Fig. 44.a. Here, MZI has the same length than the taper. The
taper transition has been modeled by a quadratic function (with 0.45mm length), and the
width of the taper waist W has been set as a free parameter. The RIC of the inscribed
waveguide has been set to ∆n2 = 0.013; the remaining parameters are the same than
previous simulation (Fig. 37.b). Here, it is clear that a lower W reduces dip amplitude as
a consequence of mode decoupling, exhibiting an inhomogeneous interferometric shape.
The background index has been modified from 1.3 to 1.4 to measure the dip displacement
produced, and the result is depicted in Fig. 44.c. The dip displacement with RI behaves as
a second-order polynomial, implying that sensitivity linearly increases with RI. Sensitivity
increases with the decrease of taper waist width, in this way, inscription into taper waist
increases RIC sensing performance at the cost of a smoother pattern.

Now, a quick proof of concept was performed by inscribing the MZI structure in a taper
waist of W = 50µm. The fiber taper had 3cm taper waist and 5mm of taper transition. The
laser was focused directly at taper surface instead 30µm bellow with Ep = 0.9µJ. A capture
of inscription result is shown in Fig. 44.d. The spectra are depicted in Fig. 44.d immersed
in air and water (nD = 1.33). The pattern is extremely inhomogeneous compared with
regular MZI; however, the dip loss is higher than the simulated version (about a factor 2)
and the dip displacement suffered is about 25nm. This sensitivity is significantly improved
in comparison to regular MZI where the spectra do not exhibit observable variation.

5.2.3 summary

In this section a study of femtosecond laser inscription without adaptive optics has been
performed. Typical aberrations due to geometry have been mentioned and experimentally
observed. The RIC has been qualitatively studied, obtaining a negative LIRIC at focal volume
for all the studied pulse energies2. Filament, on the contrary, exhibited RIC at low pulse
energies and negative at high energies. This filament has been found to be dependent on
incubation, pulse energy and penetration in the optical fiber.

This positive RIC has been used to manufacture waveguides inside the optical fiber. The
characterization performed to this waveguides employing both RNF and QPm consistently

2 A more quantitative study carried out with QPm is consistent with the prior study.
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Figure 44: Simulation scheme of the proposed MZI inscribbed in a taper (a), spectra of simulated MZI

at three different taper waist width (125, 100, 50µm) (b), the dip displacement with RI for
the three widths (c). CCD camera capture of MZI arm focused at fiber surface inscribed
in a taper waist (W = 50µm) (d) and its corresponding spectra inmersed in air and water
(nD = 1.33) (e).

exhibits an averaged Refractive Index Change of ∆nwg ≈ 10−2. This strong index change
waveguides have been used to manufacture a MZI with good index change and resemblance
to BPM simulations. This MZI has been characterized as a high temperature sensor and
curvature sensor. The bending sensitivity depends on bending axis, exhibiting potential to
bending vector sensing with a length lower than conventional bending vector sensors.

In addition, another MZI configuration has been proposed. Inscription in a fiber taper has
been proposed to enhance RI sensitivity. Simulations and preliminary studies corroborate
this assumption. A deep characterization should be performed to quantitatively study its
performance with RIC.
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5.3 I N S C R I P T I O N U S I N G A D A P T I V E O P T I C S

In the previous section, all the inscriptions in optical fiber were performed by a mi-
croscope objective directly focusing on the fiber. With this approach, the geometry of the
optical fiber plays an essential role in the inscription result. The pulse propagating through
the fiber exhibits a cylindrical lens effect that stretches its width in the transversal direction
to the optical fiber. Applying the setup explained in section 4.4.1, one can remove this
effect and achieve a propagation with aberration independent on direction.

In this section, a comparison between inscription with and without adaptive optics will
be performed, characterizing some devices inscribed with adaptive optics in a similar way
than the previous section. Results will be employed in grating inscription, both FBGs and
RFGs will be inscribed being the later employed in a setup for a fiber cavity laser.

5.3.1 waveguide inscription

The simple setup proposed by Zhou and Roberts [153, 154] has been applied to the previ-
ous writing setup explained in section 5.1. Inscriptions performed in the previous section
will be repeated in order to compare obtained results focusing on phase behavior. In this
way, several lines have been inscribed at the core of the optical fiber to study the amount
of phase change induced by the laser irradiation in the focal volume. The lines were writ-
ten focusing at the core with PRR=120kHz and ws=0.1mm/s with pulse energies ranging
from 0.03 to 2.47 µJ and captures were taken with ±3µm defocusing to generate a phase
image with QPm. The phase results of the main phase change are depicted in Fig. 45.b,
here, the inscriptions exhibit a positive phase change as opposed to the inscriptions with-
out adaptive optics where phase change always is negative. Another remarkable feature is
the modification threshold, being substantially reduced in comparison to direct exposition.
This reduction is mainly attributed to the distort of the focal point, degrading spatial res-
olution and hence reducing fluence. This is represented in Fig. 45.a where two intensity
images of two lines inscribed with same parameters, one with and another without adap-
tive optics are shown. The line width with adaptive optics is larger than direct exposition
as a consequence of lens effect removal and a more compact focal volume.

The amount of phase change with Ep, at low energies, exhibit a smooth increase consis-
tent with type I modification. Phase reaches local maxima at 0.19µJ, and then the inscrip-
tion slowly decreases phase while increases line width. When the pulse energy reaches
0.67µJ phase increases again as a consequence of inhomogeneous inscription, here both
positive and negative phases are observed due to high elastic strain induced on inscription
and other causes. The structure experiences an abrupt phase change at energies above
1.37µJ this change becomes constant with higher energies. This behavior reflects the Type
III regime where ablation has removed the cladding surface. The measured phase change
is the index matching liquid that has slipped through the core.

From the results obtained, the range 0− 0.5µJ can be used to write both type I gratings
and waveguides. Gratings, as opposed to waveguides, cannot be written without adap-
tive optics unless its period is significantly large implying that Bragg diffraction cannot
take place in the studied spectra. In the following section, gratings will be inscribed and
characterized.
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Figure 45: Inscription with and without adaptive optics at Ep = 0.67µJ, 120KHz ws=0.1mm/s (a).
Phase change vs pulse energy for 120KHz ws=0.1mm/s inscriptions at fiber core with
adaptive optics (b).

5.3.2 gratings

Gratings can be inscribed with fs applying two major approaches, first ones is phase
mask, that can produce quasi-sinusoidal patterns; however, they are expensive and the
period is fixed for a given wavelength. The other common option is the PbP technique,
which allows total control over the period selection at any wavelength but the pattern
exhibits a certain amount of noise that leads to several cladding modes. In this section, the
PbP technique will be employed to inscribe FBG and RFG; this later will be inscribed in a
taper to be used as a random backscattering generator to feedback a fiber cavity laser.

The PbP technique is simply based on the control of PRR in function of writing speed
to precisely deliver pulses with a desired spacing between them (the grating period). In
this setup, this has been achieved by a pulse picker integrated into the laser employed as
explained in section 4.1. The grating period is controlled by

Λ = ws/PRR. (89)

In this way, gratings with different periods and Ep have been written in the fiber core
of an SMF-28. Some remarkable examples are depicted in Fig. 46.a, where the gratings
were written with periods 20,5,1,0.5µm for pulse energy 3.94, 0.67, 0.47, 0.19µJ respectively
from left to right. The pulse energy determines the width of the modification volume.
These must not surpass the period as the volume overlap may distort the pattern. This
is clearly seen in the Λ = 0.5µm grating. The pulse overlap prevented the structure from
forming a periodic pattern. For the current setup, periods lower than 1µm are challenging
and hard to write. This can be an issue for FBG inscription, where Bragg reflection at the
third window is commonly achieved with periods ≈ 0.5µm. However, second harmonic
can be used instead (Eq. 39), in this way FBGs can be inscribed. For this purpose, gratings
with ∆ = 1µm (Ep = 0.47µJ) have been characterized through phase imaging and RNF

profilometry.
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Figure 46: Examples of different grating inscription at Λ = 20, 5, 1, 0.5µm & EP =

3.94, 0.67, 0.47, 0.19µJ from left to right (a). The cleave of grating Λ = 1µm and
EP = 0.47µJ (b), its phase profile (c) a longitudinal cleave of the grating (d), the doted
blue line represents the RI profile in (e).

In section 4.4.1 the relation between RIC and phase was pointed out in Eq. 80. The
inscription width also plays an important role in the RIC calculation from phase change;
thus, it must be measured. Cleaving the grating is a simple way to measure the shape of
the inscription area. The grating depicted in Fig. 46.a with Λ = 1µm was cleaved and
inspected with the same microscope optics of the setup. The image of the cleaved fiber is
depicted in Fig. 46.b, where the inscription is hardly noticed in the core area. A diagram
is attached above the image to help representation. Here, the modification area has the
same height than the core and few micron widths. The phase change has been measured
with QPm with ±3µm defocussing in a similar way than section 4.4.1. The phase profile
is depicted in Fig. 46.c for the studied grating and a pristine fiber. The measured phase
change is ∆φ = 0.297 which gives a RIC of ∆n550nm = 0.0032(4). This value will be
compared with RNF profilometry. The same pattern is then transversally inscribed at the
end-face of another fiber. The result is depicted in Fig. 46.d where the grating exhibits a
continuous period and is composed of different pulses with an irregular shape. The light
coming out of the fiber exhibits a classic diffraction pattern3 that will be further discussed
in the Chapter 6. A RNF profile has been performed in the blue dashed line section; the
result is depicted in Fig. 46.e where both core and grating are observed. The RIC of the
grating is ∆n633nm = 0.0029(2) which is consistent with phase measurements.

Now that shape and RIC has been measured. FBGs have been inscribed in the fiber core
with the same properties and Λ = 1.06µm. Both reflexion and transmission spectra are
depicted in Fig. 47.a, here the reflected second harmonic λ2 exhibits 14.8 dB gain respect
to pristine reflected spectra. Losses in transmission spectra are higher, reaching 33.13

dB. In addition to λ2, there are several cladding modes as expected from a type I fs FBG.
The grating was not symmetrically inscribed in the core cross section, thus, the spectrum
exhibits the decoupling to several higher modes that overlap, producing a long region
at shorter wavelengths with high losses. These cover modes are sensible to bending in

3 With low order efficiency, this is mainly attributed to the unmodified region of the core.
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comparison to λ2. Not only the second harmonic can be used, but also third and fourth,
other techniques such as line by line [176] that requires higher periods. With this in mind,
third and fourth harmonic (Λ3 = 1.59µm and Λ4 = 2.12µm respectively) were inscribed
and compared in Fig 47.b with the already inscribed second harmonic. Both exhibit the
same ressonant wavelength than λ2 but with lower losses (10.47 and 4.29 dB respectively),
the cladding modes of fourth harmonic exhibit higher losses than its λB.

1500 1520 1540 1560
Wavelength (nm)

-30

-20

-10

0

10

20

30

R
ef

le
ct

io
n 

(d
B

)

-40

-30

-20

-10

0

T
ra

ns
m

is
si

on
(d

B
)

1500 1520 1540 1560 1580
Wavelength (nm)

-40

-30

-20

-10

0

T
ra

ns
m

is
si

on
 (

dB
)

2nd harmonic
3rd harmonic
4th harmonic

(a) (b)

Figure 47: FBG spectra: Reflection and transmission spectra for Λ2 = 1.06µm and Ep = 0.47µJ
(a). The transmission spectra of second (Λ2 = 1.06µm) third (Λ3 = 1.59µm) and fourth
(Λ4 = 1.06µm) harmonic (b).

5.3.2.1 Random Fiber Gratings

Once a proof of concept of FBG inscription has been performed, other schemes are worthy
of study. The developed Point-by-Point technique will be employed to inscribe Random
Fiber Grating (RFG). In section 2.4.2 RFGs were addressed as multiple interferometers with
aleatory relation between each other generating a noise-like interference pattern with com-
mon reflexion. Besides, its increment of Rayleigh backscattering when inscribed by fs lasers
was also highlighted. This effect may be enhanced by the inscription of these patterns in Ta-
pered Optical Fibers (TOFs), given their increment of Rayleigh scattering. Thus, inscription
of a RFG in a TOF can be used as a selective mirror in a single cavity optical fiber laser.

This can be achieved by randomly varying the PRR while writing. In this way, the grating
will exhibit a random period between two established limits. This methodology has been
employed in a 50µm taper waist of 2cm length with a taper transition of 5mm (Fig. 48.b).
PRR was set to produce periods ranging from 1 to 10 µm for ws = 0.1mm/s at Ep = 0.47µJ.
The result is depicted in Fig. 48.c where the TOF exhibits arrays of different period pulses.
This is caused by the delay produced in the pulse picker controller when a new PRR is
set, in this time lapse a small array of reflectors is produced. The manufactured grating
exhibits then a quasi-random distribution.

This taper has been placed in the setup explained in Fig. 48.a. The cavity is pumped
through a 1480nm laser connected to the cavity through a WDM. This later is connected to
4 meters of Erbium Doped Fiber (EDF). The analyzed EDF was I25 from Fibercore Inc. The
cavity ends at a fiber loop mirror, and at the opposing side of the cavity, after the WDM,
the inscribed TOF is placed. Fig. 49.a depicts the output spectra of a pristine TOF where
the reflected signal produces a spurious lasing. The longitudinal modes compete with
each other avoiding an actual lasing. However, when an inscribed TOF is placed, lasing is
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Figure 48: Scheme of the processed TOF (a), a capture of the grating inscribed in the TOF (b) and
scheme of the single cavity laser (c).

(a) (b)

Figure 49: Output power of the setup depicted in Fig. 48 employing a 50µm width TOF without
inscription (a). Output power of the setup depicted in Fig. 48 employing a 50µm width
inscribed TOF (b),two modes have been achieved (1562 and 1564.5nm) with 10 dBm out-
put power.

achieved thanks to the quasi-random feedback produced by the RFG. Its spectral output
is depicted in Fig. 48.b, two modes have been achieved at 1562 and 1564.5nm with 10 dB
output power and 15.4dBm of threshold pump power.

5.3.3 summary

In this section, a simple setup of adaptive optics has been included in the inscription
method. This setup avoids problems during focusing that may reduce laser fluence and
removes the cylindrical lens effect. The inscribed lines exhibit a smooth, positive RIC at
low pulse energies and an inhomogeneous index change at intermediate energies before
ablation is achieved. The smooth regime has been used to inscribe gratings using the
point by point technique in the fiber, these have been characterized and the produced RIC

has been measured independently and consistently by two different methods. After the
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characterization steps, a proof of concept of FBG inscription was successfully performed,
exhibiting the expected pattern for a type I-fs FBG. Finally, a quasi RFG was inscribed in a
TOF and used into a short linear cavity laser exhibiting two different wavelengths at 1562

and 1564.5nm with an output power of 10 dB.

5.4 C O N C L U D I N G R E M A R K S

In this chapter, a study of fiber inscription has been performed. A typical transversal
writing setup has been employed to inscribe different patterns into the optical fiber. For
that purpose, characterization of processed structures was performed starting from a qual-
itative approach to a more quantitative one using both RNF and QPm. In this way, Type II
waveguides and Type I gratings were characterized and employed to develop new struc-
tures such as waveguide based MZI and quasi RFG inscribed in TOF. Some applications were
proposed for these structures exhibiting good performance.

There is still much future work that must be performed. The manufactured Mach-
Zehnder Interferometer exhibits a high sensing potential that can be easily enhanced by
modifications to the base scheme. The inscribed FBG should be post-processed, and tem-
perature characterized in order to study its high-temperature performance. More improve-
ments to the setup should be addressed to achieve better performance.





6
I N S C R I P T I O N AT E N D - F I B E R

In the previous chapter, the inscription was transversally performed in an intermediate
region of the fiber. This region is where the majority of fs laser processing works are
focused. However, processing at the fiber end-face also draws attention due to the sensing
and beam shaping potential that the previous inscription lacks.

This chapter will address the inscription at the end face of the fiber. The study will start
with the most simple element, a diffraction grating at the Single Mode Fiber (SMF) surface.
From this simple structure, more complicated ways to inscribe diffractive patterns will be
studied with several optical fibers. Some proposed applications will highlight the sensing
performance of these structures.

The chapter is composed of five sections. Section one consists of a very brief overview
of the inscription setup. In section two diffraction gratings will be inscribed at the fiber
surface and few microns below fiber surface. These patterns will also be inscribed in Multi
Mode Fibers (MMFs) and Polymer Optical Fibers (POFs). These results will be characterized
and compared with simulations and theory. Section three addresses a two-dimensional
approach, proposing new configurations employing more complex fibers. The applications
of the inscribed structures will be presented in section four. Finally, in section five, some
concluding remarks and a few future works will be stated.

6.1 S E T U P

The inscription setup is the same as presented in Chapter 5 with the addition of a fiber
holder attached to the movable stage. The Fig. 50 depicts the complete setup for the fiber
inscription. The laser pulses from a commercial femtosecond Fiber FLCPA1 were focused
through a NA=0.5 objective lens from Mitutoyo converging at the fiber end-face fixed to
an HP 8100FB bare fiber adapter placed in a platform attached to a nano-resolution XYZ
motor stage from Aerotech. The fiber adapter is illuminated in reflexion by four white
light sources placed at the corners.

6.2 D I F F R A C T I O N G R AT I N G S

Diffraction gratings are one of the most straightforward periodic patterns recorded in
photosensitive materials. They are periodic variations in transmittance or phase. When
illuminated by an incident planewave, the emerging wavefront exhibits phase or amplitude
periodicity. This periodicity, when translated to the frequency domain in the Fraunhofer
region, will generate an angular distribution of constructive plane waves. Essentially, light

1 λ = 1030nm and τ = 370fs pulse duration and 120 kHz.
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Figure 50: Set-up diagram for end-fiber writing.

emerging from diffraction gratings will exhibit different propagation angles, which are
fundamentally dependent on the grating period Λ, the wavelength of incident wave λ and
the number of diffraction order m. This distribution can be obtained using the Fraunhofer
diffraction equation [138]

Λ(sin(α) − sin(βm)) = mλ, (90)

where βm and α are the propagation and incidence angles, respectively.
In this section a proof of concept at the fiber surface of a SMF will be performed. The

same pattern will be inscribed below the surface, increasing its mechanic resistance and
allowing tilted inscription. The inscription below end-fiber will be performed in MMF as
will be discussed later, exhibiting higher diffraction efficiency. Finally, this process will
be extended to POFs, where the manufacturing processes and the achieved results will be
analyzed.

6.2.1 surface

The writing setup cited in section 6.1 is used to inscribe simple diffractive elements
at fiber end-face. The diffraction gratings were inscribed at 0.06mm/s and 310nJ pulse
energy. The scheme of the resulting binary phase grating is depicted in Fig. 51.a. The
inscription consist of ten rectangular air holes of thickness d = 2.30(21) (Type III) with
period a = 3.95(23)µm. A image of performed inscription captured by a CCD camera is
depicted in Fig. 51.b An HP 8168F tunable laser source working at 1550nm illuminates the
fiber in order to characterize the output diffraction pattern. A Hamamatsu vidicon camera
with FFP optics2 captures the profile detailed in Fig. 51.c. It exhibits high quality, good
symmetry and expected intensity distribution with one visible diffraction order placed at
β1 = 22.23(11)◦ as depicted in Fig. 52.

Following grating Eq. 90 for normal incidence, first order maximum should be placed
at β1 = 23.1(1.4)◦. Being both theoretical and experimental measurements consistent
quantitatively verifies that measured FFP follows expected diffractive pattern. The NA has

2 In this setup, the image is formed with a system analogous to the emission angle distribution projected on the
screen on the hemisphere which has the luminous point as its center.
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a=3.95μm
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Figure 51: Scheme of 1-D diffraction grating at fiber end-face with period Λ = 3.95(23)µm and
thickness d = 2.30(21)µm (a), CCD image of resulting 1-D diffraction grating inscription
(b) and its FFP distribution from a 1550 nm laser source (c).

Figure 52: Scheme of 1-D diffraction grating at fiber end-face with period Λ = 3.95(23)µm and
thickness d = 2.30(21)µm (a), CCD image of resulting 1-D diffraction grating inscription
(b) and its FFP distribution from a 1550 nm laser source (c).

also been characterized at 1/e2 of intensity decay, exhibiting a NA=0.169 compared to
NA=0.192 of an uninscribed SMF28 which is a decay of 12%3. This structure can be easily
simulated with FDTD assuming an infinite cladding. The hole depth is set a free parameter
to run several simulations in order to fit normalized power. First value to fit was 1.2µm
which is a very reasonable value for given pulse energy. Fig. 52 exhibits both FFP and
FDTD intensity distribution with their respective linear profile confirming angular position
and diffractive efficiency agreement.

3 This is attributed to an effective index reduction of both core and cladding as a consequence of laser ablation.
The numerical aperture of step-index fibers depends on the RI of both core and cladding. Assuming they
exhibit the same reduction and writing the new effective index as neffi = ni − nh, being nh the RI reduction,
the NA is

NA =

√(
neff1

)2
−
(
neff2

)2
=

√
(n1 −nh)

2 − (n1 −nh)
2 =

√
n21 −n

2
2 − 2 ∗nh(n1 −n2), (91)

which is lower than the original NA.
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6.2.2 inscription in the bulk of optical fibers

When inscription is placed few microns below the fiber end-face surface, the complexity
of the structure increases, being harder to characterize. However, its mechanical resistance
improves. In the surface inscription, removal of the fiber from the bare fiber adapter may
distort the pattern; this makes necessary cleaving the fiber to remove by the other side of
the adapter and the fusing the fiber again, which is an added complexity.

In addition to mechanical resistance enhancement, inscription below surface allows tilt
writing i.e. the incidence angle α (from Eq. 90) can be controlled4. The Fig. 53.a depicts
this parameter for a diffraction grating inside the optical fiber. Diffraction grating thick-
ness is assumed to be d << Λ in order to consider the problem as a linear system with
a linear input consisting in the product of a light distribution function and a transmis-
sion/phase function. When d >> Λ, the diffraction grating can no longer be regarded as
a simple aperture function and beam propagation through the diffraction grating must be
studied. Inscription with femtosecond lasers exhibits an intrinsic longitude parallel to the
laser pulse propagation due to the filamentation process, besides, when fluence reaches
a certain threshold highly dependent on laser parameters [73], the index change becomes
inhomogeneous, exhibiting both positive and negative index change. These properties, in-
herent to femtosecond laser processing, prevent the diffraction grating from being regarded
as thin. However, there are also other factors that have an influence on the grating model-
ing besides structure features: the incident wave cannot be considered a plane-wave and
propagation until the fiber end-face may not be regarded as free space propagation either.
These details make necessary a deeper study of the structure to model these remarkable
features adequately. Coupled-wave theory is usually used to calculate these parameters.
However, as the emerging mode still must propagate tenths of microns before exiting the
optical fiber, the BPM offers a more versatile approach to simulate these structures. After
obtaining a more precise model of the inscribed diffraction grating in terms of the refrac-
tive index change, this simulation method will be employed to predict the order angle βm
and establish a comparison with Eq. 90 and then possible deviations caused by diffraction
order propagation in the optical fiber.

(a)

α

Λ

α-β1

ncladd

ncore

60μm
(b)

Figure 53: Diagram of tilted diffraction grating inside of the optical fiber (a). Capture of the in-
scribed diffraction grating by transmission microscope (b). Optical fiber was illuminated
by a red laser source and immersed in index matching oil.

4 In the previous inscription, the surface determines the incidence angle, Plastic Optical Fibers (POF) are easy
to cleave in any desired way, but standard telecom optical fibers made of glass require a tilt cleave via special
processing [177].
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After explaining some remarkable features of the possible implemented devices, the
manufacturing process is detailed. The pulse energy employed is 0.31µJ focused 60µm

below the end-face surface with different tilts from α = 0◦ to α = 65◦. Fig. 53.b depicts an
example of tilted diffraction grating captured with a transmission microscope for a MMF
with core distance dc = 62.5µm and α = 60◦, where a thickness of d = 10.2(2.0)µm has
been measured.
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Figure 54: Inscription of 60 µm below end-face, the inserted image corresponds to a QPm image
(being black and white colors negative and positive phase respectively). Dashed blue
line corresponds to a transversal profile of cross section QPm image (not shown here).
Red line correspond the longitudinal phase profile of red section (a). FFP of SMF and MMF

for α = 0 and Λ = 2.5µm at λ = 650nm, MMF exhibit a typical speckle pattern and SMF
present a modal overlapping due to a working wavelength below monomode regime
(b). Normalized intensity profile of both patterns, MMF diffraction orders exhibit higher
intensity(c).

For the particular case α = 0◦ some structure properties are easily noticed. A phase
study will be performed in order to analyze the refractive index change along the inscrip-
tion. The QPm technique performs the characterization employing ±3µm defocusing and
the same objective than in the manufacturing stage. The in-focus image and the result-
ing phase image of a typical diffraction grating inscribed in an optical fiber submerged
in index matching liquid is depicted in Fig. 54.a. From the intensity image, the shape
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difference between core and cladding can be appreciated, being the core grating thicker
than the cladding which exhibits a minor tilt. This effect is mainly due to different com-
position and aberrations caused by a cylindrical shape. Germanium dopants at the core
may change both damage threshold and viscosity, resulting in a different inscription shape
with different phase changes. On the other hand, when the light focuses inside and near
the border, the light cone is not entirely transversally immersed and the focal volume shifts
above. This phenomenon explains the slight tilt that noticed in the cladding inscription. A
transversal phase profile (Fig. 54.a dashed line) has also been obtained from a cross-section
phase image (not shown here). It exhibits a sinusoidal phase variation of very low ampli-
tude due to the high index contrast between the air-fiber interface. The depicted phase
image in Fig. 54.a provides a more precise profile. Here, the red section in the phase image
indicates the position of the profile below with respect to the image. There are two types
of lines in the profile; the solid line represents the focal volume, where the periodic index
change is located. The dashed line corresponds to the zones in the vicinity of focal vol-
ume, whose refractive index has changed as a consequence of property changes in order
to reach the local equilibrium. Two strong negative phase changes (∆φ = −3.55) can be
noticed within the focal volume, represented as black and gray colors in the phase image
(Fig. 54.a). The outer zones (dashed lines) surrounding the grating exhibit different phase
changes. These zones are caused by elastic stress of the opposite direction as a result of
the accommodation of displaced material from the permanent strain induced at the focal
volume to reach local equilibrium. The above positive change exhibits an extreme phase
change (∆φ = 4.95) despite not being produced at the focal volume. Overall, assuming a
homogeneous index change normal to Fig. 54.a in a length equal to the core diameter, the
index change can be estimated as ∆n = (∆φλ)/(2πz) giving an averaged ∆npos ≈ 7× 10−3
and ∆nneg ≈ 5× 10−3. The periodic phase variation obtained from the same phase image
can be noticed in the focal volume region and being lower than the average phase change,
complicating its profile retrieval.

From the data obtained through QPm, the analyzed structure was simulated using a
module of the commercial software Rsoft based on BPM. Grating geometry was simplified
as two 50 µm consecutive long negative index change slabs generating a step index varia-
tion. The primary purpose of the simulations is to study the order behavior with tilt angle
α.

After the manufacturing and characterization stages, a performance study has been car-
ried out by capturing the diffraction grating patterns at the Fraunhofer region with the
vidicon camera. The commercial software Lepas-11 analyces this later FFP.

The first task is to compare patterns from a SMF and a MMF. Multimode fibers, have been
considered more suitable for diffraction grating inscription due to higher NA and core
diameter, which allows far more lines inscribed at the core, increasing grating efficiency.
Fig. 54.b depicts FFP for both SMF and MMF perpendicular diffraction gratings (α = 0◦) at
λ = 650nm. MMF orders are wider than SMF thanks to their higher NA, and they display
the usual speckle pattern attributed to the interference of many propagation modes [178].
SMF orders also display slightly multimodal behavior as the operating wavelength is below
monomode regime (NSMF ≈ 10 compared to NMMF ≈ 270 ). The Intensity profile of Fig.
54.c exhibits higher diffraction efficiency for MMF, confirming prior assumptions.

After analyzing the diffraction efficiency of both tested fibers, the angles of each diffrac-
tion order have also been analyzed. The control of order angles is decisive to determine
the best device configuration depending on the sensing purpose. In this way, the order
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angle βm has been studied in terms of tilt angle α. Fig. 55.a shows different diffraction
order positions in function of tilt angle α for λ = 650nm and Λ = 2.5µm. Dashed lines
are theoretical values provided by Eq. 90 and solid lines are order three polynomial fit
of simulation results employing the structure mentioned above. For lower tilt angles, Eq.
90 and simulations are in good agreement; however, there are deviations with an increase
of α for high order numbers. This is caused by the order propagation inside the optical
fiber and the assumption in Eq. 90 of plane wave incidence that can explain how -2 and -1
orders disappear sooner in simulations than theoretical restriction.
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Figure 55: Study of grating angle dependence α with angle order βm. Dashed lines represent the-
oretical position following Eq. 90, solid lines represent simulation results while dots
represent experimental measurements (a). FFP for different parameters. First line corre-
sponds to Λ = 2.5µm and λ = 650nm gratings with α ranging from 0-65

◦. Second line
corresponds to Λ = 3µm and α = 0◦ with wavelengths ranging from 650-1550nm (b).

Dots in Fig. 55.a represent the experimental measurements which exhibit a good agree-
ment with simulations for the 1st order. Simulated data for the 2nd is also computed
despite the low diffraction efficiency that makes impossible its measurement for α > 30◦.
Negative orders are filtered sooner for the same reason, disappearing for α > 20◦. How-
ever, there are still order remnants in FFP, as shown on the first line (top) of Fig. 55.b. Only
a slight trace of the 1st negative order can be appreciated at α = 50◦. When the tilt angle
increases, the diffraction efficiency of the 1st positive order decreases. Also, the second
line (bottom) depicts the FFP of the same diffraction grating at different wavelengths. The
angle order linearly increases with wavelength as expected from Eq. 90 the second line its
behavior at different wavelengths is shown in the second line of the same figure.
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6.2.3 in polymer optical fibers

Polymer Optical Fibers (POFs) based on PMMA have desirable characteristics and opti-
cal properties in communications of short distances and industrial applications. In recent
years, numerous devices and components have been made based on POF of 1 mm in di-
ameter. Having a diffraction grating in the structure of a POF can allow increasing its
applications whether in communications, sensors or as simple, miniaturized devices. The
inscription of diffraction gratings in POF exhibit some advantages respect to their silica
counterpart. The first advantage is the obvious increase in the amount of diffracted light
caused by an increase in both diffraction efficiency5 and NA. The second advantage is the
simplicity required for cleaving the fiber in any desired shape, thus controlling α without
the need of inscription below fiber. Finally, POFs, due to its size and material, are more
mechanically resistant than conventional fiber and hence, the inscribed diffraction grating
can withstand a decent amount of interaction without the ereasing pattern.

In a multimode optical fiber, as in the case of a step-index POF of 1mm diameter, all
propagated modes participate in the diffraction phenomenon if the grating is normal to
the incident beam (α = 0◦). This arrangement generates symmetric diffraction orders
and a weak angular separation between orders if the period Λ is large (Λ > 2µm) in the
case of visible light. This arrangement of the diffraction grating on fiber has no practical
applications in sensors or communications, so it is required to have very few diffraction
orders and spatial separation between as large as possible. This can be performed by α
control as explained in the previous section. The fiber ends at an angle while reducing the
number of modes, consequently reducing the modal dispersion and increasing the number
of lines of the diffraction grating by increasing the output surface. In previous works,
considering the same type of POF, it was determined that the most convenient angle to
have only two diffraction orders for visible light was α = 55◦ for Λ = 2µm [138].

In order to manufacture the proposed design, the fiber holder of the inscription setup
has been substituted by a PMMA block with a drilled hole at an angle α to place the POF
with its end-face perpendicular to objective lens optical axis. Proper illumination of the
sample has been achieved by illuminating opposing end-face with a white light source
(depicted in Fig. 56.a). The fiber used is a step-index of 1 mm diameter (980/1000 µm),
NA = 0.5 and n1 = 1.49. Tilt end-face has been achieved by regular polishing at a desired
angle. The diffraction grating has been manufactured by inscribing lines focused at the
end-face surface at 0.2mm/s writing speed and 0.11µJ pulse energy perpendicular to the
semi-major axis of the end-face ellipse with Λ = 2(0.1)µm. Three diffraction gratings were
manufactured with tilts 0

◦, 30
◦ and 55

◦. Fig. 56.b depicts an inscription example exhibiting
surface periodic modification. Besides, Fig .56.c also shows the polishing result of the three
diffraction gratings.

Once manufactured, the intensity distribution at Fraunhofer region of diffraction grat-
ings has been performed by the vidicon camera. Fig. 57 depicts these patterns at λ =

650nm. For α = 0◦ diffraction orders exhibit low efficiency, being difficult to resolve from
background noise. The result is an elliptical field surrounding “0” order which has the
same shape as its raw counterpart. When the tilt is increased up to 30

◦, diffraction orders
are resolved having “-1” order more diffraction efficiency than its symmetrical counterpart

5 The diffraction efficiency depends on the number of grooves in the grating and the diameter of the incident
beam section.
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Figure 56: Manufacturing stage. (a) depicts the schemtatic setup for grating inscription while (b)
shows a capture of processed end-face with Λ = 2(0.1)µm and α = 55◦.

and an angular separation ∆β = 32(1)◦. This tendency increases at α = 55◦ where positive
orders are not present and exhibit ∆β = 31(1)◦.
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Figure 57: FFP for different diffraction gratings (Λ = 2(0.1)µm) at different tilt angle α. All samples
were illuminated by a LED source with λ = 650nm.

6.3 2 D D I F F R A C T I O N G R AT I N G S

Now that several efforts have been invested in the characterization of 1-D diffraction
gratings, in this section, their 2-dimensional counterpart will be introduced as a way to
extend their application to several axes. These kinds of structures allow the measurement
of new parameters due to the high amount of degrees of freedom in their structural design.
Their application as 2D displacement insensitive tilt sensor will illustrate said potential.
The study also extends to MCF where its effect on the unperturbed interference pattern will
be characterized and also employed for vectorial bending sensing.

In a simple way, the proposed fiber-based structures can be modeled employing mainly
two phenomena: diffraction and interference. Apart from the deviations introduced by the
manufacturing process, the specific properties of each structure can be explained using a
combination of these phenomena. Particularly, the structures based on single core fibers,
where only a surface grating is inscribed, are mainly driven by diffraction. On the contrary,
when fibers with different cores are employed, both interference and diffraction must be
analyzed.
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The diffraction grating modeling, as explained in previous sections, can be simplified
using an incident plane wave into a screen with a periodic perturbation. In this case, each
perturbation will form an individual Fraunhofer pattern with a fixed phase relation respect
the others. These phase relations determine positions where constructive interference pre-
vails, and the grating equation can predict them.

The diffraction grating modeling, as explained in previous sections, can be predicted by
the grating equation 90. In section 6.2.1, 1-D diffraction gratings were already written at the
end-face surface. This writing can be extensible to bidimensional patterns by exploiting the
PRR and writing speed of lasers to apply the PbP technique (employed in previous chapter
for grating inscription) to diffraction pattern.

βm ~θ
y

s~θϕ1

ϕ2
a

βxm
βx-mβy-m

βym

(a)

(b)
Λx

(c)

Λy

α=0º

α=0º

β-m
βm β0

β0

Figure 58: Diagram of 1D diffraction grating (a) and PbP diffraction grating (b). Diagram of interfer-
ence of two waveguides with a diffraction grating at their exit (c).

Where α is the incidence angle of the incident wave, βm the angle of m-th diffraction
order and Λ the perturbation period which can be a phase, amplitude or both change,
when femtosecond laser pulses ablates optical fiber end-face surface, an air gap is created
that produces a phase difference that can act as aforementioned perturbation. In this sense,
diffraction gratings can be manufactured by inscribing parallel lines with period Λ as
depicted in Fig. 58.a where structure periodicity gives one direction where phase relation
follows Eq. 90. This procedure can be extensible to bidimensional patterns by exploiting
the PRR and writing speed of lasers to apply the PbP technique to diffraction pattern. The
result of this method resembles Fig. 58.b, a bidimensional array of holes of period Λx and
Λy resulting in a FFP with diffraction orders in two directions. This pattern is analogous to
the inscription of periodic lines in two different directions with periods Λx and Λy as are
complementary patterns following Babinet’s principle [179].

The emerging light from the different cores of a MCF illuminated by a light source inter-
fere with each other giving an interference pattern. For an axis with two cores separated
by a distance a, the intensity pattern in a planar screen placed at a distance s >> a is
represented by

I = 4I0 cos2
(yaπ
sλ

+∆φ/2
)

, (92)
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which resembles Young’s interference except for the term ∆φ that represents core phase
difference. This term stems from intrinsic and extrinsic perturbations that alter mode
effective index of different cores differently.

When a diffraction grating is inscribed at the end face of a MCF, each inscribed core
projects a diffraction pattern that overlaps causing an interference pattern as depicted in
Fig. 58.c for a spherical screen and small angles θ ≈ y/s. The intensity pattern of the m-th
order can be approximated to

I ≈ 4I0 cos2
(aπ
λ
(sinβm + cosβmθ) +∆φ/2

)
. (93)

From this equation, fringe maxima are placed at

θn =
λ(nπ−∆φ/2)

πa cosβm
− tanβm, (94)

being n an integer n=1,2,... The fringe period is deduced as Λβm = λ/a cosβm. This
implies that the fringe period increases with grating angle βm. The dip shift with phase
variation is determined by

dθm = −
λ

2πa cosβm
d∆φ = −

Λβm

2π
d∆φ. (95)

The variation is linear and depends on angle order as well as period, this kind of fringe
patterns with the capability of being modulated by phase change can be used in a wide
variety of scenarios such as sensing or even Spatial Frequency Domain Imaging (SFDI) [8].

Based on the above explanations, regular lines and PbP lines will be inscribed at the end-
face of both SMF and MCF in order to observe their FFP and measure their order disposition
and interference behavior. Particularly, ehe SMF is a standard telecom SMF28 of 9 µm core
diameter and a MCF model SM-4C1500(8.0/125) with four single mode cores forming a
concentric square of vertex l = 36.25µm of the company Fibercore Inc.

Lines were inscribed at 120kHz PRR, 0.19µJ pulse energy and 0.1mm/s writing speed.
The PbP technique was achieved with the same method than section 5.3.2, delivering 20

pulses per point at the same energy and writing speed than lines.
An example of the manufactured devices is depicted in Fig. 59. Particularly, in Fig.

59.a a continuous line 1-D diffraction grating of Λ = 3µm written with aforementioned
parameters is depicted. In Fig. 59.b, a PbP 2-D grating with periods Λx = Λy = 3µm is
shown. It is quite noteworthy the random offset that point grid exhibits, this is caused by
the precision of the translation stage. The two different approaches have been all employed
in the MCF by inscribing PbP 2-D gratings in two cores (Fig. 59.c) with periods Λx = Λy =

3µm and a circular grating with a period of Λc = 3µm in the 4 cores (Fig. 59.d). Their
FFPs have been analyzed in order to determine their performance as sensing elements.
Images were adequately captured at Fraunhofer regime while fibers were illuminated with
a 1550nm laser source. Examples of the FFP launched by each configuration (Fig. 59)
are depicted in Fig. 60: 1D grating into single-core fiber (a), 2D grating inscribed with PbP

technique into single-core fiber (b); 2D gratings inscribed with PbP technique into two cores
(c); circular grating inscribed into 4 cores.

Overall, all the patterns exhibit good shape even without additional postprocessing tech-
niques. In Fig. 60.a, the one axis diffraction orders of the inscribed 1D grating can be
noticed. Particularly, the output angle of first orders β±1 ≈ 30◦ is consistent with Eq. 90

for a period of Λ = 3µm. The 2D grating inscribed into a single core fiber using the PbP
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(a) (b)

(c) (d)

Figure 59: Inscription results for 1D diffraction grating (a), 2D diffraction grating (pbp technique)
(b), same technique in 2 cores of multicore fiber (c) and circular grating for the same fiber
(d).

technique (Fig. 59.b) exhibits a more complex behavior where one can notice a perfect de-
fined diffraction order at one direction (perpendicular with writing direction) and a more
diffused one at the other direction. This diffused diffraction order exhibits two lobes, one
brighter than the other. Such behavior is caused by the random distribution of period
offset caused during the manufacturing process. The resulting FFP of each point exhibit
a small random phase in addition to the fixed phase relation in the direction parallel to
the inscription. From the order shape one can notice that the random offset disposes of
the point grid in two predominant directions, one perpendicular to writing direction and
another with a slight tilt from the previous one, being more predominant the later.

In the multicore fiber, both analog approaches have also been employed; The output
pattern of a PbP 2D grating inscribed into two different cores of a MCF (Fig. 60.c); combin-
ing the 2D diffraction with the interference of two similar waveguides as expected from
Eq. 90 and 93 for zero and first diffraction orders respectively. As inscription has only
been performed in two of the four cores, the diffraction orders exhibit a 1 Dimensional
interference pattern as opposed to zero order, where the other two remaining cores pro-
duce a two-dimensional interference pattern. This also implies that interference patterns of
diffraction orders in both directions are essentially the same. This behavior is the opposite
than the circular grating inscription. Here, the circular geometry allows the simultaneous
inscription in each core but reducing interference effect only with opposite cores. The FFP

depicted in Fig. 60.d shows that diffraction orders of both directions exhibit perpendicular
and independent diffraction patterns.
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(c)
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Figure 60: Resulting FFPs of the inscriptions depicted in Fig. 59.

Figure 61: FFP profile of diffraction grating inscribed in both SMF and MCF.

A detailed profile of an axial projection of the FFP launched by the MCF with circular
grating and SMF with PbP grating is depicted in Fig. 61. The influence of the interference
can be noticed into the fringe exhibited by the profile. Measured period Λβ0 = 1.64◦ and
Λβ1 = 2.09◦ for zero and first diffraction order are in good agreement with their theoretical
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counterparts Λtβ0 = 1.73◦ and Λtβ1 = 2.04◦. This fringe pattern can be employed to
analyze variations between the different cores of the same MCF (as described in Eq. 95).

Based on the different phenomena that are present on each inscribed device, they can
be employed as both extrinsic and intrinsic sensors by analyzing their FFP, being each
configuration sensitive to different perturbations.

6.4 A P P L I C AT I O N S

Once the diffraction grating has been characterized and knowing order location in func-
tion of tilt for several fiber types and patterns, diffraction gratings can be designed for a
specific application. In this section, some of the inscribed configurations will be employed
for sensing. Particularly, the sensing parameters are temperature, displacement, tilt, and
bending. Besides, wavelength demultiplexing will also be proposed.

Both temperature and displacement sensing will employ a tilt MMF given their require-
ment of only one diffraction order. In contrast, tilt and bending will be measured by a 2D
diffraction grating allowing vector measurements. Displacement and tilt are good exam-
ples of measurable magnitudes extrinsic to the fiber while temperature and bending are
intrinsic to the fiber. These three magnitudes are good examples of the sensing potential
that these patterns can offer.

6.4.1 temperature

In order to measure temperature, a diffraction grating with α = 60◦ and Λ = 2.5µm
has been inscribed in a MMF with dc = 100µm and placed into an aluminum base with a
peltier plate above, as detailed in Fig. 62.a. The Cooling surface is in contact with a thermal
pad from Artic placed above an aluminum base in order to avoid the cooling to interfere
with the measurements. The heating surface placed at the top has another thermal pad
to couple heat to the fiber end-face as homogeneous as possible. This fiber is protected
from the ambient with an isolator material to avoid heat flux that could alter actual grating
temperature from measured temperature as possible.

Figure 62: Setup for temperature measurement (a). Experimental results of the first order displace-
ment vs temperature (b).

The isolator has two holes, a small one to introduce a thermistor that measures the
temperature and a tiny one that allows the output light from the fiber to reach the screen.
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Figure 63: Setup for displacement measuring (a). The diffraction grating is placed into a movable
platform illuminated with a LD source (λ = 650nm)), the patter manifests in a screen (b)
placed at a known distance and captured by a digital camera. Results are plotted in (c).

A temperature controller connected to the thermistor modulates input voltage of the peltier
plate to stabilize temperature.

The aluminum base placed at 3.1cm from a screen and illuminated with the same
λr = 650nm source, generates a diffraction pattern captured with a digital camera. The
temperature has been measured in steps of 5

◦C up to 75
◦C, the first order position has

been recorded in all the cases by making a binary capture and extracting the centroid and
calculating its angular displacement. The experimental results are depicted in Fig. 62.b,
where angular order separation suffers a linear increment due to a grating compression
caused by thermal fiber expansion. Linear dependence is appreciated with an adjusted r
squared of 0.9438.

6.4.2 displacement

Applications of intensity sensors, due to the problems of power variations within the
source or external disturbances of the optical fiber, it is convenient to have self-referenced
measurements. With a diffraction grating, one diffraction order can be used as reference
amplitude, thus obtaining a ratio between orders insensitive to intensity fluctuations.

For such purpose, a diffraction grating with α = 60◦ has been inscribed in a MMF with
dc = 100µm and placed into a movable platform at 3.1 cm from a screen. The fiber has
been illuminated with λr = 650nm. A digital camera captures the diffraction pattern. Fig.
63.a shows the employed setup and Fig. 63.b depicts the screen pattern. The order intensity
has been measured by taking a reference position and setting an adequate threshold for its
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corresponding binarized image in order to extract the centroids for both 0th and 1th orders.
Two fixed regions of the area captured by the camera have been traced centered in the
centroids. These regions behave as individual detectors. Their total count has been used
to compute intensity rate I−1/I0. The result depicted in Fig. 63.c highlights correlation
between the displacement and intensity rate , having a linear part from 0 to 10 mm (R2 =

0.971). For 20mm the rate drops to nearly 0 due to the first order almost disappearing for
the reference centroid.

6.4.3 tilt

The manufactured 2D surface grating (with Λx = Λy = 2.5µm in this case) has been
employed to measure the tilt angle in both axes, exploiting the 2-dimensional diffraction
exhibited by this structure. This pattern may be used for plain surface characterization,
providing information about tilt, position, and rotation without interfering with each other.
Tilt measurements will be performed by varying the two spherical coordinates angles θ
and φ as depicted in Fig. 64.

The setup employed to control both angles and locations is depicted in Fig. 64.a, a digital
camera is fixed to a rotating screen where the pattern is projected. In this regard, measuring
opposing order distance from 0th order and knowing β±1 allows tilt angle calculation in
that axis as detailed in Fig. 64.b, where the following relations

d ′β±1 = dβ±1 cosϕ zβ±1 =
d ′β±1

tanβ±1

zβ1 − zβ−1
=
d ′β1 − d

′
β−1

tanβ±1
= (dβ1 + dβ−1

) sinϕ, (96)

leads to the equation:

tanϕ =
dβ1 − dβ−1

(dβ1 + dβ−1
) tanβ±1

=
α

tanβ±1
. (97)

Figure 64: Diagram of tilt measurement setup (a) with a digital camera fixed to a rotating screen
for the given angles θ and φ. Geometric representation of order displacement when
perpendicular tilt applied (b).
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Figure 65: Diffraction pattern for tilts in φ angle of ϕ = 2◦ and ϕ = 22◦ with their profiles. Order
positions are dβ1 = 100 dβ−1

= 90 for ϕ = 2◦ and dβ1 = 90 dβ−1
= 57 for ϕ = 22◦.

Here, position has been removed by using the tilt ratio α =
dβ1 − dβ−1

dβ1 + dβ−1

that relates

tilt angle ϕ and order angle β±1, resulting in a quantity invariant to plane translations.
In this sense, when the studied surface is tilted an angle ϕ, the order length difference
increases or decreases only in function of tilt angle orientation. An example of this length
difference is depicted in Fig. 65 where φ has been varied giving tilts ϕ = 2◦ and ϕ = 22◦

producing order asymmetry in the patterns. They exhibit different order positions (dβ1 =
100 dβ−1

= 90 for ϕ = 2◦ and dβ1 = 90 dβ−1
= 57 for ϕ = 2◦) that allow α calculation.

This coefficient has been calculated for several tilts ϕ by adjusting θ and φ. Fig. 66

depicts the tilt ratio (α) vs tanϕ curve for θ and φ rotations. Both plots exhibit the ex-
pected linear behavior with an adjusted r squared and β1 value of 0.967 and 27.6(2.7)◦ for
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tan(φ) tan(φ)
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Figure 66: Results from screen rotation in the two spherical coordinates θ (a) and φ (b). Both
present linear behavior with an adjusted r squared and β1 value of 0.967, 27.6(2.7)◦ (a)
and 0.983,24.4(2.1)◦ (b). α measurement for a fixed angle at different distances of the
screen. There is a stable noise pattern up to 20mm (c).
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θ rotation and 0.983 and 24.4(2.1)◦ for φ rotation. The measured order angle with FFP is
consistent with fitted slope, corroborating the performance of two axes of the diffraction
pattern and verifying that sensor sensibility is related to β±1 and therefore the lattice pe-
riod, being a critical parameter for sensor design. In addition, a proof of concept of sensor
behavior with the position has been performed. Despite being theoretically insensitive to
displacement variations, the performance of order detection may vary with fiber distance
from the screen. The result is depicted in Fig. 66.c, here, the experimental result does not
exhibit any expected trend until 20mm; thus they can be understood as noise. For higher
distances, result deviates as a consequence of broad and low-intensity diffraction orders.
Uncertainty related to noise pattern is 2.1 ∗ 10−3 rads.

6.4.4 bending

MCFs are usually employed for bending sensing through FBG inscription or another point
sensing method [180], the proposed sensor measures averaged curvature along the MCF

instead of a single point. This feature can be an advantage when the fiber exhibits a major
bending and several microcurvatures that could distort the value. In addition, inscribing
the transducer structure at fiber-end face instead of bending region does not decrease
the fiber mechanical resistance; thus, the dynamic range is longer than other fs inscribed
bending sensors.

This sensor employs the dependency of fringe position with phase shift showed in Eq.
94 to measure bending in the entire length of the MCF by measuring the fringe shift as
explained in Eq. 95. This is possible thanks to the different effective index change suffered
by all the participating fundamental core modes when bending takes place (the sensor is
insensitive to uniform index changes such as the ones caused by temperature or strain).
The effective index difference through the fiber length generates an OPD in a similar way
to an in fiber Mach-Zehnder interferometer where phase variation is defined as

d∆φ =
2πOPD

λ
=
2πdnL

λ
. (98)

The effective index change with bending has already been explained in section 4.4.4
and employed in bending sensing in section 5.2.2.2. Here, the same conformal mapping
represented in Eq. 87 will be employed for theoretical discussion. This equation applied
to a MCF profile suffering bending action parallel to the core axis, as depicted in Fig. 67.a,
intuitively shows an effective index decrease to the core mode closer to the bending radio
and an index increase to the farthest core mode. Following this approach, a perpendicular
bend to core axis does not affect phase difference as both effective indexes suffer the same
variation. This principle may be exploited by the studied circular grating structure to
achieve vectorial bending sensing. In order to apply bend to the fiber and measure the
respective fringe shift, the setup depicted in Fig. 67.b has been developed. Here light
was coupled to MCF cores by fusing a multimode fiber with a core diameter of 100µm

illuminated by a light source at λ = 1550nm. Two points of MCF were fixed (the fiber was
tensed in order to prevent any torsion that could lead to cross sensitivity errors) by two
platforms at an initial distance before MCF end-face is connected to the vidicom camera.
In the first platform rests al the MCF after fusion with MMF and can be displaced by a
micrometric screw. When a displacement towards fixed platform reduces Lf a quantity x,
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Figure 67: Transformation of bending action into a tilt refractive index (a). Setup diagram for bend-
ing measurement: Laser injects light into MMF with 100µm core radius fused to the MCF
which is fixed to a movable stage and a fixed stage and the connected to Vidicon camera
(b).

the central MCF experiences a buckling that can be approximated to a circular arc thus, the
curvature approximates to Eq. 88 employed in section 5.2.2.2.

Figure 68: Interference pattern of first diffraction order of Fig. 60.d under bending action. Bending
action shifts the fringe pattern as can be appreciated of bold fringe.

Under this simplification, curvature has been varied between 0 and 40m−1 in two per-
pendicular directions (U and V) causing a fringe shift in measured FFP as depicted in Fig.
68 where first diffraction order fringe pattern experiences a fringe shift higher than the
fringe period. This shift has been measured for the two perpendicular firsts orders (X and
Y) and the zero order in its corresponding direction. Fig. 69 exhibits the fringe shift versus
curvature for both perpendicular bends and both axis. First, the fringe shift exhibits an
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Figure 69: Results of bending action into fringe shift for bending in U direction (a) and V direction
(b) for diffraction orders at X and Y direction. Sensitivity of order 0 (no inscription) is
lower for all cases.
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Figure 70: Illumination of same diffraction grating by a white, red and blue light source (a). The
FFP of λr = 650nm and λb = 405nm overlapped (b).

approximately linear behavior for curvatures higher than 10m−1. In this linear regime,
the two perpendicular bend exhibit opposed slopes of X and Y orders, reconstructing two
perpendicular bending vectors.

Core slope is in all cases lower than first order slope; this is caused by the dependence
of fringe shift with the period as exhibited in Eq. 95. Sensitivities of U bend for X order
are 0.2257degrees/m−1 and 0.1911degrees/m−1 for the first order and core respectively,
where their quotient with their respective theoretical periods gives respectively 0.1107◦

and 0.1105◦ showing a remarkable agreement with theory. This also demonstrates a slight
sensitivity enhancement with the inscription of the diffraction grating.

6.4.5 de-multiplexing

Other practical applications are light decoupling and wavelength demultiplexing. A
proof of concept of this later is depicted in Fig. 70.a. First-order chromatic dispersion al-
lows good spatial separation when illuminated by the white light source. This separation
is also represented by the plotted red and blue patterns attached to the figure which pro-
vides complementary information to Fig. 55.b to describe behavior with wavelength. In



6.5 concluding remarks 129

addition, overlapped FFPs of these two wavelengths are depicted in Fig. 63.b showing good
spatial resolution.

6.5 C O N C L U D I N G R E M A R K S

In this chapter, the potential of fs laser processing at the fiber end-face has been shown
with one of the simplest patterns that could be inscribed, a diffraction grating. Through the
different sections, diffraction gratings have been inscribed in different types of fiber such
as SMF or MMF where the later has shown higher diffraction efficiency. The study focused
not only at the end-face surface but also below it. The diffraction gratings with the best
mechanical resistance were the ones written in POFs followed by the ones written below
fiber end-face surface. It has also been shown that more complex fibers such as the MCFs

fibers can enhance its intrinsic properties by these simple inscriptions, leading to complex
and useful OFSs. The applications of these patterns are varied and through section 6.4, a
proof of concept of a good selection os sensing parameters have been performed.

Despite all the work performed, there is still a lot of studies and patterns that can be
carried out. For example, diffraction efficiency has not been studied quantitatively, this
is in part caused by the lack of a setup for measuring absolute efficiency reliably. Post
processing is another improvement that should be studied, chemical etching, for example,
could improve the efficiency of the gratings, increasing the sensing response at the same
time. There are also several patterns that should be studied, optical vortex, for example,
could be inscribed at the fiber en-face which are handy for spatial mode division multi-
plexing or high-dimensional encoding [181]. Overall, fs laser processing at fiber end-face
exhibits a high potential that has not been fully developed yet. However, it also exhibits
some limitations like the width of the focal volume that other more expensive techniques
such as FIB can overcome. This requires some trade-off decisions when complex patterns
such as holograms are being inscribed.
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S U M M A RY A N D C O N C L U S I O N S

In the course of this PhD, attention has been brought toward fs laser processing of optical
fibers. The choice of this kind of laser among other processing techniques stems from his
excellent trade-off among flexibility, behavior, and cost. The revision of their current state
of the art has identified some open challenges. To face them, several main goals were set:

1. To establish and study characterization and simulation tools. Characterization is
an important step in every processing technique, allowing the quantification of the
properties. Simulations are useful for preliminary studies, determining the viability
of a certain design or even corroborating some theoretical approaches.

2. To explore different setups for Type I & Type II inscription. Effort were focused
on the study of various writing configurations to compare their different inscription.
Different setups were studied, and their result characterized.

3. To conceive and design new structures for sensors. New configurations of optical
waveguides or gratings were employed in the manufacture of new sensors.

4. To explore the potential of the end-face inscription. Inscriptions at the end-face
were thoroughly studied in several scenarios, such as surface and bellow surface
inscription. These measurements were also performed through different types of
optical fibers.

5. To apply the inscription at the fiber end-face to design new types of sensors . The
FFP of the end fiber inscription was employed as a transducer. Thus, the fiber end-face
or even the entire fiber must be turned into a multiparameter sensor.

In this dissertation, knowledge and techniques considered relevant to face the identified
challenges have been included in the preliminary part. Then the results obtained are ad-
dressed and summarized in the contributions part for a later discussion and conclusion in
this part. Finally, published results both consequence of the works of this thesis and from
others in this document are listed in the references part

The properties of fs laser irradiation in fused silica (and other materials) have been ver-
ified and employed to design new optical sensors, thus, contributing to the state of art
of both fs laser processing and OFSs. These new designs have been possible due to the
implementation of several techniques that allowed both characterization of the inscription
results and the simulation of the designed structures with the parameters extracted from
characterization steps. The techniques reviewed in the course of this work are listed below:
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fdtd. This simulation method computes both E(r,t) and H(r,t) in the entire studied spatial
and temporal domain. It is very robust but also requires a huge amount of computa-
tional resources. It is adequate for complex structures in a small domain.

bpm . This simulation method computes Helmholtz equation propagating along z direc-
tion, it offers reliable results for large but simple structures with low index change
and one propagation direction.

rnf profilometry. A reliable technique to obtain RI profiles of optical fibers. It can also
measure the inscribed waveguides in the optical fiber if cleaved appropriately.

qpm . A image processing technique that turns focused and defocused intensity images
into one single phase image.

de sénermont compensator . A microscope technique that allows retardation mea-
surement (proportional to birefringence)

micro raman spectroscopy. This spectroscopic technique allows the structural study
of the matter taking advantage of Raman scattering. Structural changes can indicate
several effects such as expansion or stress relieving.

pbp. This is a simple technique to manufacture FBGs through PRR modulation.

These tools have been applied in actual processing situations and showed their relevant
contribution. Both QPm and RNF have been used for profiling the RI of the optical fiber
showing good agreement. A reliable measurement of the index profile of optical fibers is
crucial for the simulation of mode propagation through the optical fiber and. The appli-
cation of QPm was also extended to fs laser inscriptions. The BAN family and NdY:SrF2

were irradiated, and their phase change and retardance (with de Sénarmont Compensator)
were measured. This information provided important hints for posterior waveguide in-
scription; besides, these parameters are basic for posterior sensor design and simulation.
Micro Raman spectroscopy was employed for the study of FBG regeneration in multilayer
fibers. This technique revealed several expansion indicators that suggested a change in
thermal history as a consequence of the annealing process. Finally, the BPM method was
employed in the study of optical loss in a POF refractometer, simulation and experimental
results were in good agreement, demonstrating the relevance and utility of this simulation
method.

Once the simulation and characterization tools were employed in a context where its
usefulness was demonstrated. The rest of the dissertation was mainly driven in two ap-
proaches of fs processing optical fibers. The first approach comprehended the in fiber
transversal inscription while the second covered the processing of the fiber end-face.

In the in fiber inscription, the effort was focused on two different types of inscriptions.
The first one exploited the cylindrical geometry of the fiber to act as a cylindrical lens,
comprising focal volume in one axis and producing a loose of focus. This writing method
produced a negative LIRIC at focal volume and filamentation above moderate pulse energies.
The filament exhibited a high positive RIC at moderate energies. This zone was employed
to inscribe waveguides in the fiber which allowed the manufacturing of a new type of
MZI based on waveguides. This sensor was temperature and curvature characterized, his
degradation at high temperature allowed single-use sensing with high sensitivity. The
MZI also exhibited a linear sensitivity (up to 9.49nm/m−1) in a remarkable broad region
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(0 to 14m−1) dependent on bending axis. New configurations of this MZI can enhance
his properties, inscription in a Tapered Optical Fiber enhanced its sensitivity with RIC as
simulations suggested.

The second writing method simply consisted of the immersion of the optical fiber in
index matching liquid and sandwiching between a microscope slide and a coverslip. This
setup removes the loose of focus and the cylindrical lens effect. The characterization proved
a positive RIC at low energies that can be used for grating inscription. The gratings were
inscribed employing the PbP technique where the second harmonic was used to inscribe
FBGs with 14.8dB reflection gain. RFGs were also inscribed in a TOF exhibiting a quasi-
random distribution that was used in a single cavity laser setup, exhibiting two modes
(1562nm and 1564.5nm) with 10dBm output power.

With both contributions at MZI and RFG the dissertation changed its focus to the pro-
cessing of the fiber end-face. This type of inscription which is not so extensively studied
as their in fiber counterpart. The inscription of diffraction gratings at fiber end-face was
studied, characterizing its behavior at surface, below surface in SMF, MMF and POF. The
study extended to bidimensional structures, where PbP and circular diffraction gratings ex-
hibited remarkable results (this later was employed in a MCF). These inscriptions allowed
the design of both intrinsic and extrinsic sensor based on these patterns. Extrinsic measure-
ments such as tilt and displacements exhibited linear behavior and interesting sensitivity
to power fluctuations. Particularly, tilt sensor exhibited insensitivity to displacement in
around 10mm length (the camera position and configuration determine this range). Tem-
perature and bending were the intrinsic measurements that also showed linear sensitivity.
The later is measured through a MCF that produces an interferometric FFP with a sensitivity
enhanced by the circular diffraction grating.

The study and contributions performed in this PhD offer a solid basis to improve the
current state of the art of fs laser inscription in optical fibers and its application to OFS.

The main conclusions extracted from the work of this thesis are:

1. Depressed cladding waveguides can be inscribed in NdY : SrF2.

2. rFBGs can be regarded as an imprinted spatial modulation of the glass fictive temper-
ature Tf(z).

3. The polishing of the transition region in a bent POF produces a loss reduction without
altering RI sensitivity (for diameters higher than 1mm). These structures exhibit a
solid performance as refractometers.

4. Direct exposition can be employed to manufacture waveguides within optical fibers
exploiting the filament region.

5. Waveguides mentioned above can be used for manufacturing a MZI that is sensible to
curvature and high temperature. Its length is lower than conventional MZIs employed
for vectorial bending sensing.

6. Proposed adaptive optics setup can be employed to inscribe gratings with the PbP

technique.

7. A quasi RFG inscribed in a TOF can be used as a selective mirror in a single cavity
laser system, exhibiting output powers of 10dBm.
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8. Diffraction gratings can be inscribed bellow fiber end-face surface. This structure can
be tilted to control the position of order angles.

9. Tilted diffraction gratings can also be inscribed at POF end-face surface.

10. Diffraction gratings inscribed at MCF end-face surface can filter and enhance interfer-
ence effect produced by different cores.

11. Structures achieved in conclusions 8-10 can be employed for different kinds of sen-
sors, such as displacement, tilt, temperature, and bending.



8
O P E N F U T U R E L I N E S

The primary goal of this PhD has been the characterization of fs laser processing of
optical fibers to manufacture OFS. Despite the remarkable effort expected into two fiber
processing zones and inscription methods, there is still a lot of room for future lines. The
potential of fs laser processing is tremendous, and new advances increase the number of
possible applications. This summary will briefly highlight several open works that should
be performed.

8.1 S E T U P I M P R O V E M E N T S

The employed writing setup in this PhD employs only the basic features of inscription
stages. This is particularly representative of the available results of fs writing without the
need for high PRR, multiple NAs, pulse shaping or polarization control. In future works, a
setup upgrade could allow better control of the inscription. Some suggested improvements
are:

A better illumination (Koehler Illumination) would improve the sharpness of the QPm

acquired images, allowing a more precise characterization of the irradiated area.

Polarization control can change the properties of the inscribed structures. The orien-
tation of the porous nanolayers changes depending on the polarization direction.

Improvements on the Pulse Repetition Rate and/or acceleration control could lead to
grating inscription with higher degree of randomness.

The inscription at higher PRR is another interesting field of study. The results in
NdYSrF2 suggest a reduction in waveguide loss when employing high PRR, the same
approach should be performed in optical fiber for structure inscription.

8.2 F U T U R E L I N E S W I T H T H E I N F I B E R I N S C R I P T I O N

This section addressed the direct continuation of the work performed in chapter 5. Here,
type II waveguides were employed in the design of a MZI. This scheme has been used in
other works with different NA [182] or employing a hollow core fiber [183]. The employ
of this proposed design by other research centers highlight its versatility and potential.
Various modifications and characterizations should be performed. For example, adaptive
optics could be employed instead the type II waveguides and the sensor could be charac-
terized for strain and torsion. FBG inscription on the sensing arm is another enhancement
of the initial design. The FBGs can also be inscribed in other types of fibers such as MMFs
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or MCFs. The inscription of waveguides and FBGs in MCFs is of special interest given its
curvature sensing potential.

The employed PbP was employed for type I fs FBG inscription. There is an increasing
demand for high-temperature resistant FBGs and fs exhibit superior advantages compared
to the UV counterpart. In future works, temperature characterization and annealing of
this FBGs should be performed to surpass the current limit of total erasure at 1000

oC. New
regeneration techniques should be studied.

8.3 F U T U R E L I N E S I N T H E F I B E R E N D - FA C E I N S C R I P T I O N

The main goal of the chapter 6 was the inscription of the diffraction grating in several
ways and in seral fibers. The characterization process is far from being completed. This
chapter lacks several quantitative values that would help to understand better the behavior
of diffraction gratings in optical fibers. Besides, more complex diffractive elements should
be studied such as optical vortex, Fresnel lens or binary Airy masks for both new optical
devices and intrinsic transduction schemes.

Enhanced properties of structures and devices could be reached by the combination of
fs laser inscription with optimized annealing and wet etching post processes.
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