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Abstract

Lasers emitting at mid-infrared (mid-IR) wavelengths in the 2.5–5 µm range are essential for

various applications as this spectral region coincideswith the vibrational-rotational absorption

lines of many important atmospheric gases and liquid water. Fibre lasers are an efficient way

to generate light at mid-IR wavelengths. However, mid-IR fibre laser technology is still in

its infancy, mainly due to the non-existence of fibre coupled optical components to create

all-fibre cavities, which severely limits their practical applications.

This thesis investigates the feasibility of using a femtosecond laser to fabricate integrated

components such as fibre Bragg gratings (FBGs), couplers and splitters which can add a

new perspective for mid-IR all-fibre lasers. We report the development of a widely tunable

(37 nm) all-fibre mid-IR laser based on a mechanically robust FBG which was inscribed

through the polymer coating of a double clad fluoride fibre by focusing femtosecond laser

pulses into the core of the fibre without the use of a phase mask. In a further step, the

possibility of using on-chip optical couplers inscribed in fluoride and chalcogenide glasses is

also investigated to pave the way for the realization of compact and robust mid-IR fibre laser

systems for real-world applications in spectroscopy and medicine.
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1
Introduction

Laser technology has had a tremendous impact in today’s world. From underwater optical

communication links that span across continents and provide high data rates to advancements

in modern opto-electronics industry, from measurements to analysis, from manufacturing to

medicine, from research to entertainment. In fact, when the laser was first invented, scientists

described it as a "solution looking for a problem". In the past 67 years, the laser has turned

out to be one of the most useful devices ever invented and has led to several revolutionary

changes in various fields. Research still continues in the field of lasers and we can only

wonder what the coming years will bring to the world.

1.1 Main objective

The topic of research presented in this thesis is concerned with the mid-infrared (mid-IR)

region of the electromagnetic spectrum especially with the range 2.5–4 µm. The photon

energies (∼0.3–0.5 eV) of these wavelengths overlap with the fundamental vibrational modes
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of many molecules, leaving distinctive spectral fingerprints that can enable the sensitive

detection of specific molecules [12, 13]. For example, mid-IR lasers in the region 3–3.5 µm

overlap with the methane absorption lines whereas the spectral region 2.5–2.8 µm overlaps

with the CO2 absorption lines [14]. This mid-IR fingerprint absorption spectrum is unique for

a specific compound. That means, it can be used for the identification of specific molecules

within a sample by comparing themeasuredmid-IR absorption spectrumwith knowmolecular

mid-IR spectra. Similarly, water has a strong absorption due to the asymmetric and symmetric

O-H stretching vibrations at wavelengths at 2.662 µm and 2.734 µm respectively [15]. A

major application of targeting this water absorption lies in laser microsurgery for minimally

invasive ablation of human tissue. Hence, the above mentioned mid-IR light is relevant for

applications such as hazardous chemical detection, atmosphericmonitoring, ormedicine. The

search for a compact and high beam quality laser for these applications at these wavelengths

led to the development of fibre lasers based on fluoride glasses. However, the non-existence

of fibre coupled optical elements to form an all-fibre laser cavity limits their applicability. The

work presented in this thesis takes further steps towards the development of future all-fibre

mid-IR laser systems by fabricating new optical components such as fibre Bragg gratings and

directional couplers in mid-IR compatible glasses.

1.2 Layout of the thesis

This thesis is divided into six chapters. The current chapter is intended to provide a brief

introduction to the thesis topic and to provide a motivation for the work.

Chapter 2 details basic background information on optical fibres and their application in

forming a fibre laser cavity. It also lays out the development and applications of mid-IR fibre

lasers.

Chapter 3 provides an overview of the femtosecond laser direct-write technique. This

method utilises an ultrafast pulsed laser that is focused into various glass materials to inscribe

micro-structures in three dimensions which are then used in our experiments.

Chapter 4 begins with a basic overview of fibre Bragg gratings (FBGs) and elaborates on

procedures, methods and equipment for the fabrication of FBGs. It then describes uniform

FBGs fabricated within various fibres. Later, it discusses the development of a tunable

all-fibre mid-IR laser system using mechanically robust FBGs as well as the integration of
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chirped fibre Bragg gratings into a mid-IR fibre laser cavity.

Chapter 5 is dedicated to femtosecond laser inscribed integrated optical components

like directional couplers in fluoride and chalcogenide glasses. This chapter investigates the

feasibility of using these directional couplers in future all-fibre mid-IR laser systems.

The thesis concludes with a summary in Chapter 6 and an outlook towards future research

directions which will build on the work presented in this thesis.



2
Background on Mid-Infrared Fibre Laser

Technology

This chapter discusses the topic of fibre lasers for the mid-infrared (mid-IR) region. As

mentioned in the previous chapter, this spectral region is of particular interest for many

important applications. This chapter begins with a brief section on optical fibres and their

use to form a laser cavity. A summary of previous work in mid-IR fibre lasers follows and

the chapter concludes with a discussion on true all-fibre systems.

2.1 Optical fibres

An optical fibre is a transparent and flexible waveguide that is composed of a material with a

higher refractive index (n1) in its center, called the core. This core is surrounded by a region

of lower index of refraction (n2) named cladding. This permits light to propagate through the

fibre via total internal reflection, which is a physical phenomena that can be described based
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θ

Acceptance cone

Core (n1)

Cladding (n2)

a

Figure 2.1: Cross section of a step index optical fibre.

on ray optics theory. Figure 2.1 illustrates the geometry of a step index optical fibre, where

a is the core radius. The difference between core and cladding refractive indices leads to a

set of ray angles determining the acceptance cone (2θ) which guide light through the core

via total internal reflection. The sine of the half angle of this acceptance cone represents the

numerical aperture (NA) of the fibre as given by [16]

N A = sin(θ) =
√

n2
1 − n2

2. (2.1)

SolvingMaxwell’s equations for a cylindrical geometry reveals various solution of light prop-

agation within the fiber called ‘Modes’. Individual modes have a unique spatial distribution

of the electric field, and the lowest order modes that are commonly present in fibres are shown

in Figure 2.2. For most laser applications, the lowest order LP01 mode (fundamental mode),

that closely resembles a Gaussian profile is preferred. The V number of a fibre is defined as,

V =
2π
λ

aN A. (2.2)

For V values < 2.405, the fibre only supports the fundamental mode [16]. Therefore, at a

given wavelength of light, the radius and numerical aperture of the fibre are typically chosen

such that V < 2.405, to yield single mode operation.

2.1.1 Silica vs fluoride fibres

Optical fibres are predominantly fabricated from glasses. Due to its favourable properties

like high damage threshold, chemical stability, high purity and the possibility to introduce

doping materials at high concentrations into the glass matrix, fused silica is the dominant

material in fibre optics. Silica fibres are highly transparent for wide wavelength ranges in
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Figure 2.2: Mode field distributions of intrinsic modes in Fiber (a) LP-01, (b) LP-11, (c)

LP-21, (d) LP-02 and (e) LP-31 [1]

the visible and near-IR region, especially around 1.55 µm. Since light at 1.55 µm propagates

through silica fibres with very low attenuation (0.2 dB/km), it can be used as a medium for

long distance telecommunication. However, above ∼2 µm wavelengths the performance of

silica fibres deteriorates and losses increase dramatically. The photon energy is transferred

from electromagnetic energy to vibrational energy through the "multi-phonon absorption"

process which leads to strong attenuation at wavelengths greater than 2 µm in both passive

as well as active silica fibres.

Moving to longer wavelengths near 3 µm, silica glass becomes virtually opaque and thus

unsuitable for the development of fibre laser sources. The high phonon energy of silica

prohibits mid-IR laser transitions since phonons cause strong non-radiative relaxation of

excitation, rather than radiative emission. Addressing this problem is an acute challenge for

fundamental materials science. In order to achieve low phonon energies, the host lattice

needs to have heavy atoms bound together with bonds that display low spring constants (i.e.

weakly bound) [2]. Findings reveal that fluoride and chalcogenide glasses have low phonon

energy, good mid-IR transparency and are chemically stable. ZBLAN (ZrF4-BaF2-LaF3-

AlF3-NaF) is considered to be the most stable heavy metal fluoride glass and represents an

excellent host for rare-earth ions. This glass has been extensively used for its benefits such as

wide transparency window and low phonon energy (565 cm−1) when compared to silica fibre

(1100 cm−1) [2, 17]. Figure 2.3 reveals the propagation loss spectrum of un-doped silica vs

un-doped ZBLAN fibre in the near and mid-IR. The low phonon energy of ZBLAN allows

for light propagation up to 4 µm [2].
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Figure 2.3: Propagation loss spectrum of undoped silica vs undoped ZBLAN fibre [2].

2.2 Fibre lasers

One of the most revolutionary inventions in science is the LASER (Light Amplification by

Stimulated Emission of Radiation). A pump source, a gain medium, and an optical feedback

element are the fundamental components to form a laser cavity.

Even though there are countless cavity designs to realise a laser system, fibre lasers are

efficient and versatile waveguide devices that utilize an actively doped optical fibre as their

gain medium, as depicted in Figure 2.4. Generally, those fibres are doped with rare-earth

elements like Erbium (Er3+), Ytterbium (Yb3+), Thulium (Tm3+), or Holmium (Ho3+) based

on the wavelength of the specific application. In the simplest case, the ∼4% Fresnel reflection

from the perpendicularly cleaved input and output facets of the fibre act as a low reflectivity

broadband mirrors that form a linear cavity. Electrons are excited to a higher energy state by

an optical pump field that is coupled into the doped fibre. Laser light is then emitted through

stimulated emission and due to the optical feedback, a coherent laser beam is emitted at both

ends of the fibre as shown in Figure 2.4. However, the performance of the laser depends on

Core doped with rare-earth ions

Cladding
Pump light Laser beam

4% Fresnel 

Reflection

4% Fresnel 

Reflection

Figure 2.4: Schematic of a fibre laser. In this example, the doped core acts as the gain

medium and Fresnel reflections provide optical feedback.
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the precise parameters of the laser. This simplest form of the fibre laser can be improved by

incorporating coatings or mirrors to one or both sides of the fibre or by using fibre Bragg

gratings (FBGs), which are in-fibre reflectors that can help to achieve higher efficiencies as

will be demonstrated in Chapter 4.

2.2.1 Double clad optical fibres

Before moving on to mid-IR fibre lasers, a brief look into a special class of fibres named

double clad fibres is required as these are important building blocks of high power laser

systems.

The large surface area to volume ratio makes fibre lasers an excellent device to dissipate

excess heat produced from high power pumping [18, 19]. However, a few problems can

occur when pumping directly into the core of the fibre. Compact high power multi-mode

pump diodes typically exhibit fairly poor beam quality and it is challenging to couple their

output efficiently into a small fibre core even though the fibre has a favourable geometry.

Also, in single-clad fibres the thermal effects can lead to complexities in the alignment of

optical devices at higher pump powers [3]. This requires the use of pump sources with

diffraction-limited beam quality. An evident method to overcome these issues is to use the

double-clad fibre geometry.

As the name suggests, a double clad fibre has two claddings surrounding the core to form

a fibre. The core of the fibre is doped with the rare earth elements and is designed specifically

to operate in the fundamental transverse mode. This core is surrounded by a cladding with

a larger diameter, to guide the pump light. The much easier coupling of the pump light to

the first cladding compared to the core is the major benefit of this structure since the first

cladding is much larger than the core area and has a high NA typically (∼0.5). When the fibre

is pumped, the modes guided in the cladding intersect with the doped core. Consequently,

the effective pump absorption is reduced and longer lengths of fibre are typically required.

Lastly, the single mode emission from the small core compared to the larger multimode

cladding results in an enhancement in the brightness of the laser light thereby creating a

diffraction limited output beam [20],[3]. High beam quality and great reliability due to the

waveguide effect are key requirements for various applications in medicine, defence, and

materials processing.
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Dy

Figure 2.5: Various rare-earth ions that have been successfully doped into ZBLAN fibres to

achieve lasing [3].

2.2.2 Active dopants for generating mid-infrared light

Previous sections have provided a basic understanding of fibre lasers. This section discusses

various types of rare-earth ions being used to generate light at mid-IR wavelengths.

Many groups have studied various rare-earth doped ZBLAN fluoride fibre lasers at long

wavelengths, where silica fibres cannot be used. In 1989, Allen et al reported a Tm3+ doped

ZBLAN fibre laser emitting at 2.3 µm [21]. Later, Brinkley et al and Henderson-Sapir et al

demonstrated emission at 2.7 µm and 3.5 µm from Er3+ doped ZBLAN fibres [22, 23]. It

was also demonstrated that Ho3+ doped ZBLAN fibres can be used for building fibre lasers

at 2.9 µm, 3.2 µm and 3.9 µm wavelengths [24–26]. More recently, Majewski et al reported

a highly efficient Dy3+ doped fluoride fiber laser with a maximum emission wavelength of

3.26 µm [27].

High brightness semiconductor pumps and new fibre designs drive the power scaling

of fibre lasers in the mid-IR. Doped ZBLAN fibre lasers have highly benefited from these

breakthroughs. The highest output powers of infrared ZBLAN fiber lasers at different

wavelengths are summarized in Figure 2.5 [3].

In the remainder of this chapter, we will focus on holmium, a rare-earth element which

is capable of emitting around 3.0 µm, a wavelength regime that is of particular importance

for medicine. When mid-IR fibre lasers operating near 3 µm are considered, the reported

maximum slope efficiencies of semiconductor diode pumped Er3+ and Ho3+ doped fibre

lasers are 35.4% and 32% respectively [28–30]. However, mid-IR erbium-doped fluoride

fiber lasers emit around 2.8 µm, a wavelength that lies directly in the region of high water
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Figure 2.6: Water vapor absorption lines (blue) overlaid with the amplified spontaneous

emission (ASE) spectra of erbium-doped ZBLAN (orange) and holmium-doped ZBLAN

(green). [4].

vapor absorption. This absorption has previously limited the achievable bandwidth and laser

output power and poses a serious problem for free space transmission [4]. In the following

section, we will study the energy levels of holmium ions in detail.

Holmium based fibre lasers

Mid-IR fiber lasers that use Ho3+ as the gain medium overcome the limitations of erbium

based fibre lasers when pumped at 1.15 µmwavelength. Holmium allows the central emission

wavelength to shift to nearly 2.9 µm which avoids the strong water vapor lines as shown in

Figure 2.6 [4]. Figure 2.7(a) depicts that the main problem with using holmium as a gain

medium is the long 5I7 lower laser level lifetime (τ=12.5 ms) which is longer than the
5I6 upper laser lifetime (τ=3.5 ms) [4]. To circumvent this, Ho3+ doped fibres can be

co-doped with praseodymium (Pr3+) ions, which serves to depopulate the holmium lower

laser level and force a straightforward four-level laser system (see Figure 2.7(b)). Through

this highly resonant energy transfer process the Pr3+ ions reduce the Ho3+ lower laser level

lifetime to microsecond durations, allowing efficient lasing on this transition [4]. Holmium-

praseodymium lasers demonstrate several key advantages related to the laser stability and

performance [20].

2.3 Mid-IR all-fibre lasers

Fibre laserswith emissionwavelengths at the range of 2.5–5 µmcorrespond to photon energies

that overlap with the strong vibrational molecular resonances of most common constituents
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Figure 2.7: (a) Energy level diagram of Ho3+ ions and (b) the addition of Pr3+ to Ho3+

allows an energy transfer the process from the 5I7 to the 3F2 level which then quickly decays

via multiphonon decay.

of atmospheric gases such as carbon dioxide (CO2), carbon oxide (CO) and methane (CH4)

[12], as well with those of liquid water contained in biological tissues [15]. As water is the

major constituent of human tissue, lasers emitting mid-IR wavelengths are strongly absorbed

by water, which causes rapid heating, rapid expansion and ablation resulting in the precise

cutting of the tissue [2]. As previously mentioned, apart from tissue interaction applications,

2.9 µmmode-locked (a technique used to generate ultrashort pulses) and/or tunable fibre lasers

also have the potential to become turnkey systems for ultrasensitive, broadband molecular

spectroscopy.

Several advantages including high beam quality, flexible beam delivery, and compact size,

make fibre lasers the ideal light source for most applications. Fibre lasers have thus become

one of the most common types of lasers, in the near-IR region [31]. In contrast, mid-IR

fibre laser technology is still in its infancy, due to the non-existence of fibre coupled optical

components to realize all-fibre cavities, which severely limits their applicability.

Most continuous wave (CW) and pulsed fibre lasers that have been demonstrated in the

mid-IR regime to date [4, 23, 32] utilize bulk optical elements. However, the incorporation of

bulk optical components to the laser cavity adds complexity as well as losses and makes the

system less stable and more expensive. A striking feature of an all-fibre laser system is that

performance inhibiting intra-cavity absorption by atmospheric gases can be avoided, and the

all-fibre geometry removes the requirement of manual alignment of free space optics. The

system becomes largely insensitive to vibrations and temperature variations. Furthermore,

an all-fibre laser cavity can also help to reduce the cavity losses. Overall, the main benefit of

an all-fibre laser system is that it allows turnkey operation to the user with greatly improved
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reliability and stability.

The low loss all-fibre Fabry-Perot laser cavity that is formed by directly inscribing FBGs

into active fluoride fibres paved the way to an all-fibre laser system at mid-IR region [19,

33, 34]. In the future, chirped fibre Bragg gratings (CFBGs) can become vital components

for developing all-fibre ultrafast laser systems in the mid-IR regime as will be discussed in

Chapter 4. Additionally, the development of integrated optical components like couplers

and wavelength division multiplexers could be a potential route to replace the bulk optical

components that are required in a ring laser cavity which is the preferred geometry for ultrafast

lasers. Direct femtosecond laser inscription of fibre Bragg gratings and other integrated

components for use in future all-fibre mid-IR laser systems, operating at 3 µm is discussed in

the coming chapters.



3
Background on the Femtosecond Laser

Inscription Process

The capability of femtosecond lasers to directly inscribe features into different transparent

glasses opens a new avenue for the development of future mid-IR all-fibre laser systems.

This chapter begins with an introduction to femtosecond laser-material interaction, proceeds

further on to variousmodification schemes and concludeswith an overviewof current research

activities in this area and a detailed explanation of the project objectives.

3.1 Femtosecond laser-material interaction

Laser – material interaction can happen in several ways depending on the absorption charac-

teristics of the material, intensity, pulse duration and wavelength or frequency of the laser. In

dielectric materials like glasses, the electrons occupy the valence band, while the conduction

band is empty. An energy gap, Eg separates the valence band from the conduction band. If
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the electrons in the valence band gain enough energy from an external radiation field, they

can transfer from the valence band to the conduction band to become quasi-free electrons.

This process requires an external energy that exceeds the bandgap energy (Eg). For most

glasses, a single photon of visible light does not possess enough energy to elevate an electron

from the valence band to the conduction band. In this case, nonlinear absorption processes

are required to promote valence band electrons to the conduction band. There are two classes

of nonlinear excitation mechanisms that play a role in this process, photoionisation and

avalanche ionisation [5].

3.1.1 Photoionisation

The direct excitation of electrons from the valence band to the conduction band of a material

under the influence of an optical field is known as photoionisation. In glasses, several photons

are typically required simultaneously to promote an electron from the valence band to the

conduction band since a single photon of visible light does not have enough energy to excite

an electron. Depending on the laser’s frequency and intensity, there are two different regimes

of photoionisation, the tunnelling ionization regime and the multi-photon ionisation regime

[5].

In the tunnelling ionization regime, the Coulomb well which binds a valence electron to

its parent atom is suppressed by the electric field of the laser. If the electric field is very

strong, the Coulomb well can be suppressed enough so that the bound electron can tunnel

through the barrier and become free, as illustrated schematically in Figure 3.1(a). This type

of nonlinear ionization dominates for strong laser fields and low laser frequencies [5].

At high laser frequencies (but still below that required for single photon absorption)

nonlinear ionization occurs due to the simultaneous absorption of multiple photons by an

electron, as shown in Figure 3.1(b) [5]. In this case, the total absorbed energy of all the m

photons that interact with the single electron must have an energy that exceeds the bandgap

energy, i.e, mhν ≥ Eg with Eg being the material’s bandgap, ν the frequency of light and h

Planck’s constant.

3.1.2 Avalanche ionisation

Besides tunneling ionisation and multi-photon ionisation, an electron already present in the

conduction band can absorb multiple photons sequentially, moving to higher energy states in
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Figure 3.1: Nonlinear photoionisation processes during femtosecond laser inscription (a)

tunneling ionisation, (b) multi-photon ionisation and (c) avalanche ionisation [5]. The

vertical axis shows the potential energy of an electron and horizontal axis shows the distance

from nucleus.

the conduction band as shown in Figure 3.1(c). A bound electron from the valence band can

then be promoted to the conduction band via impact ionisation. These two excited electrons

can now again promote new electrons into the conduction band by absorbing energy, forming

an avalanche ionisation process [5]. The seed electrons to initiate the avalanche process are

mainly provided either by thermally excited carriers, by easily ionized impurity or defect

states, or by carriers that are directly photo-excited by multi-photon or tunneling ionization

[5]. The avalanche ionisation process subsequently leads to the growth in free electron density

that forms a plasma. This high-density plasma strongly absorbs laser energy by free carrier

absorption. Avalanche ionisation is the dominating process when the laser pulse durations

are a few hundred fs and longer. Femtosecond laser pulses can photoionise electrons during

the leading edge of the pulse providing seed electrons for avalanche ionisation to occur during

the rest of the pulse [5, 35].

3.2 Modification schemes

In this section, we discuss the material modifications can occur as a result of the non-linear

photoionisation processes. After a high-density electron plasma has been formed, the energy

of the electrons is transferred to the lattice,. This typically results in a permanent modification

of the refractive index, thus enabling the inscription of photonic structures inside various non-

photosensitive optical materials. Depending on the incident pulse energy, the femtosecond

direct-write technique can induce three types of material modifications: a smooth refractive
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index change also known as Type-I modification, a birefringent refractive index change, and a

damage modification (void) otherwise called Type-II modification. It should be noted that the

change in refractive index produced in the laser-irradiated volume can be positive or negative

and depends on the laser and material parameters.

3.2.1 Smooth refractive index / Type-I modification

As mentioned before, when the femtosecond laser energy is absorbed by a material, it will

be transferred to the lattice via electron–phonon coupling. This may further lead to rapid

heating and structural modification in a small volume of the material at the laser focal point

[36]. The generation of a smooth refractive index change or Type-I modification [37] (<90 nJ

in silica) is crucial for the development of low loss waveguides. However, the strength of

the refractive index change critically depends, amongst other parameters, on the repetition

rate of the femtosecond laser. The structural modifications induced by kHz and MHz lasers

in BK7 borosilicate glass were investigated by Little et al who found that the main cause for

the refractive index increase upon MHz irradiation was densification where densification is

the collapse of matter into a more close-packed structure and is a displacive transformation,

whereas kHz irradiation mainly results in the formation of colour centres [38].

3.2.2 Birefringent refractive index modification

In an intermediate pulse energy regime, it was demonstrated that the modified areas in fused

silica contain nanoporous structures that are sensitive to the polarization state of the inscription

beam [23, 26, 39]. These nanostructures were found to be self-ordered and periodic (with

a size and period as small as 20 nm and 140 nm, respectively) while being oriented in a

direction perpendicular to the electric field vector of a linearly polarised femtosecond laser

writing beam. This periodically varying material composition found in the irradiated volume

gives rise to birefringent refractive index changes [40].

3.2.3 Void / Type-II modifications

At exceedingly high pulse energy levels (∼95 nJ in silica), the material experiences damage

or void formation which is known as Type-II modification [37]. A localized plasma is formed

in the focal volume of the femtosecond laser due to photoionisation process [41]. As plasma

density in the focal region increases, the plasma causes a large charge separation resulting in

high pressures. This charge separation further leads to a micro explosion within the material
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Figure 3.2: The two different femtosecond laser direct-writing regimes. At low repetition

rates, every single pulse creates a permanent material change while at high repetition rates

cumulative heating occurs [6].

thereby generating a shock wave. Later, this shock wave carries matter and energy away from

the focal volume, compressing the surrounding material and leaving a rarified (less dense or

hollow core) central region termed a void [41–43].

3.3 Aspects of femtosecond laser inscription

This section discusses the two major aspects of the femtosecond laser direct inscription

process. The first concern is the repetition rate of the laser which can greatly influence

the material modification. Secondly, the focusing conditions are crucial since nonlinear

breakdown occurs in the focal volume of the laser.

3.3.1 Laser repetition rate

Femtosecond laser direct inscription can be divided into two regimes: the low repetition rate

regime and the high repetition rate regime. The pulse repetition rates are normally <100

kHz in the low repetition rate regime, for example if a Ti:Sapphire laser operating at 1 kHz

is used. In this case, when the first pulse is absorbed in the glass substrate, it locally heats

the material and subsequently modifies the glass in the focal volume. The heat produced in

the irradiated region will dissipate away (the typical heat diffusion time in glasses is about 1

µs) thereby creating a permanent refractive index modification and the glass cools down to

the ambient temperature before the next pulse arrives as schematically shown in the bottom

left side of Figure 3.2. In the high repetition rate regime >1 MHz, the time period between
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a) b)

Figure 3.3: Writing geometries for the femtosecond laser direct write method (a) longitudinal

(b) transverse. Green arrows indicate the translation direction of the sample. [7]

each single pulse is reduced to the point where heat generated in the focal volume of the laser

does not have adequate time to diffuse into the surrounding glass. Hence, heat starts to build

up around the focal volume as shown on the right-hand side of Figure 3.2. The heated area

starts expanding with an increase in temperature and once the melting point is reached the

material becomes permanently modified.

3.3.2 Beam focusing

When inscribing devices with femtosecond lasers using the direct write method, the beam

waist of a focused laser pulses is inversely proportional to the NA of the focusing objective

and can be expressed as

2ω0 =
2 f λ
πw
=

2λ
N Aπ

, (3.1)

where ω0 is the beam waist radius, w is the radius of the beam at the input of the objective,

f is the focal length of the objective and N A is its numerical aperture. Care has to be taken

when selecting the beam diameter of the inscription laser and the focal length of the focusing

objective since the NA depends on both previously mentioned parameters.

Once the focusing conditions have been designed, the desired structures can be inscribed

into the sample by scanning the sample through the focal spot of the laser beam. Commonly,

there are two writing geometries associated with femtosecond laser inscription of integrated

optical elements named as longitudinal (parallel) and transverse (perpendicular) writing

geometries. In the longitudinal writing geometry, the sample is translated in the direction of

propagation of the laser beam as depicted in Figure 3.3. However, this method is limited by

the objective’s working distance and the quality of inscription might be affected by spherical

aberrations which vary with the depth of focus inside the sample.

In the transverse writing geometry, integrated devices are inscribed in a sample while

moving the sample perpendicular to the propagation of the laser beam. This geometry
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offers greater flexibility in inscribing structures into a sample with arbitrary length as well as

eliminating the limitation of working distance of the objective associatedwith the longitudinal

writing geometry [7].

3.4 Current research activities and project objectives

Researchers have previously fabricated highly reliable and low cost integrated optical devices

such as couplers, waveguides and FBGs in various materials like glasses, crystals and poly-

mers using the femtosecond laser direct write technique, for applications in various fields of

optics. Williams et al have fabricated FBGs with the femtosecond laser direct write technique

in fluoride fibres for the development of an all-fibre mid-IR laser system [44, 45]. Arriola

et al have conducted an experimental study into suitable host materials for inscribing waveg-

uides for mid-IR interferometry [46]. Later, Gross et al have developed low loss mid-infrared

ZBLAN waveguides and couplers for astronomical applications [11], whereas Gretzinger

et al reported the fabrication of low-loss single-mode waveguides and couplers in gallium

lanthanum sulfide (GLS) using femtosecond lasers [47]. In this thesis we propose that such

couplers could also be used for the development of future all-fibre mid-IR ring lasers, see

Chapter 5.

Themain objective of this work is the fabrication and characterization of integrated optical

components and devices such as FBGs and couplers, written into ZBLAN and chalcogenide

glasses, using the femtosecond laser direct-write technique to form all-fibre laser cavities.

Chapter 4 of this thesis focuses on the fabrication methods to inscribe uniform and chirped

fibre Bragg gratings (CFBGs) into silica and in particular fluoride fibres with and without

a polymer jacket. It also presents in detail a tunable mid-IR all-fibre laser system that uses

a mechanically robust FBG. Chapter 5 outlines the development and characterization of

integrated couplers fabricated in ZBLAN and GLS using the femtosecond laser direct-write

technique for future mid-IR all-fibre laser systems.



4
Femtosecond Laser Inscription of Fibre

Bragg Gratings for Fibre Laser applications

The theoretical background knowledge on femtosecond laser inscription was presented in

the previous chapter. This chapter elaborates on the procedures, methods and the equipment

employed in the fabrication of fibre Bragg gratings (FBGs) using the femtosecond laser direct

write technique. The first part of the chapter gives a brief introduction to fibre Bragg gratings,

various fabrication methods and details of the microfabrication setup used in this work. The

second section covers the experimental results and contains a discussion of FBGs fabricated

in silica and ZBLAN fibres. The final section of this chapter details the practical use of

femtosecond laser inscribed uniform and chirped gratings for the realisation of robust tunable

all-fibre mid-IR lasers and the development of Fabry-Perot cavities with improved Q-factor.
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4.1 Fibre Bragg gratings (FBGs)

Fibre Bragg gratings are spectrally selective reflectors that are formed from periodic refractive

index modifications to the fibre core. This technology had a tremendous impact on optical

fibre sensing and telecommunications. FBGs are also employed extensively in fibre lasers

to achieve narrow linewidth operation. The following sections elaborate the various types of

FBGs used in our experiments.

4.1.1 Uniform fibre Bragg gratings

Uniform fibre Bragg gratings (UFBGs/FBGs) are reflective structures inscribed within the

core of an optical fibre having a periodic perturbation of the effective refractive index over a

certain length (typically 10–15 mm). This refractive index variation leads to the reflection of

light in a narrow band of wavelengths, for which the Bragg condition is satisfied. This means

that if light is injected from a broadband source to the optical fibre with an FBG inscribed,

only light within a very narrow spectral region centered at the Bragg wavelength (λB) will be

reflected back by the grating as illustrated in Figure 4.1. At λB, the light reflected from the

interface between the different dielectric slabs of dissimilar refractive index of the grating are

in phase and thus add up constructively. The remaining light will continue propagating inside

the optical fibre without experiencing any loss in an ideal FBG [48]. The Bragg wavelength

is defined by the physical pitch (period) of the microstructure (Λ) and the effective index of

refraction (neff) of the core mode

λB = 2Λneff . (4.1)

4.1.2 Chirped fibre Bragg gratings

In chirped fibre Bragg gratings (CFBGs), the period is made to vary along the length of the

fibre. Such gratings can reflect a broader range of wavelengths and introduce wavelength

dependent group delay and dispersion as depicted in Figure 4.1. CFBGs can be used for

broadband sensing and dispersion management in lasers or as broader bandwidth reflectors

compared to uniform FBGs for continuous wave (CW) lasers.

In the final section of this chapter, the development of a tunable mid-IR all-fibre CW laser

systems using uniform FBGs and the improvement in its slope efficiency using a CFBG will

be demonstrated.
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a) b)
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𝜆s – Shorter wavelength (Blue end)
𝜆L – Longer wavelength (Red end)

Figure 4.1: (a) Uniform [8] and (b) chirped fibre Bragg gratings and their spectral response.

4.2 Direct inscription of fibre Bragg gratings

The conventional method used for FBG inscription is the use of photosensitive fibres [48].

Typically, a germanium or boron doped silica fibre exhibits a permanent increase in refractive

index upon single photon or two-photon absorption of ultraviolet light [49]. The periodicity of

the inscribed refractive index perturbation is provided by exposing the core to the interference

pattern formed by two ultra-violet (UV) laser beams or from the +1 and -1 diffraction orders

from a phase-mask [50]. The dependence on a specific expensive phase mask to define the

period remains a limitation of the phase mask technique.

As illustrated in the previous chapter, themulti-photon absorption and ionisation processes

caused by femtosecond laser pulses can lead to a permanent refractive index modification in

materials. This concept has been effectively utilised to fabricate optical devices in several

materials. In 1996, Davis et al showed that a pathway of refractive index modification

could be inscribed in various glass samples by translating the sample with respect to a

femtosecond laser beam [50]. The first FBG inscribed with femtosecond laser pulses was

later demonstrated by Mihailov et al by irradiating a standard Ge-doped silica fibre through a

phase mask, which resulted in a strong Bragg resonance (-45 dB transmission dip) caused by

an index modulation of ∆n = 1.9×10-3 [51]. More recently, it was shown that the femtosecond

laser phase mask technique could also be used to inscribe FBGs into active ZBLAN fibres to

realize all-fibre single wavelength mid-IR laser systems around 3 µm [19, 52]. However, in

all these reports, the reliance on a specially designed phase mask still limits the flexibility and

costs of this inscription method. Besides that, these methods require chemical or mechanical

stripping of the polymer coating of the fibre before the inscription process, which reduces the
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mechanical strength of the fibre and/or requires complex recoating methods.

4.2.1 Point-by-point inscription method

In addition to the more conventional techniques for producing a modulated refractive index

perturbationwithin the core of the optical fibre, which include the use of phasemasks aswell as

interferometric techniques, femtosecond laser inscription of FBGs has also successfully been

demonstrated using a highly flexible point-by-point (PbP) approach, initially in a standard

telecommunication fibre [53]. The major advantage of this technique is that it does not

require a phase mask, yet an arbitrary longitudinal refractive index modulation profile can

be inscribed into the core of an optical fibre simply by programming the desired pattern

into the movement of an air-bearing translation stage that moves the fibre through the focus

of a femtosecond laser. Using the PbP technique, the gratings are typically written using

relatively high laser pulse energies (∼100 nJ in silica fibre) which results in the formation

of an array of Type-II-IR microvoids within the core of the fibre (which may lead to high

level of scattering losses) and a correspondingly high refractive index contrast (see Figure

4.2) [9, 37, 54]. In 2013, Hudson et al demonstrated a single longitudinal mode fibre laser

operating at 2914 nm in which the narrow linewidth feedback was provided by an FBG that

was directly inscribed into the Ho3+-Pr3+ co-doped fluoride fibre using the femtosecond laser

PbP inscription technique [45]. In this work, it was also shown that in contrast to silica-glass

fibres, the induced modifications in ZBLAN fibres do not constitute microvoids, but relatively

strong Type-I-IR modifications.

Figure 4.2: Microscopic images of a PbP grating inscribed into silica fibre viewed parallel

(top) and perpendicular to the writing beam (side) [9].
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4.2.2 Continuous and modified core-scanned inscription method

Alternative direct write techniques that overcome the limitations of the PbP method are the

continuous and modified core-scanning inscription techniques which, in general, can lead

to the formation of stronger gratings as the induced index modifications can be extended

through the entire cross-section of the fibre core, even in large-mode-area (LMA) fibres [55].

Moreover, the fabrication of more complex grating geometries like CFBGs becomes feasible

as has been demonstrated in the case of silica-fibres [56]. However, the need to strip off the

polymer coating of the fibre before the actual FBG fabrication process remains an issue.

4.3 Inscription setup

ATi:Sapphire femtosecond laser (Spectra-Physics Hurricane) was used to inscribe the FBGs.

The laser emits pulses at a repetition rate of 1 kHz at a wavelength of 800 nm with a

duration of 115 fs. The fibre used in these experiments was a silica (SMF-28e) and a

Ho3+-Pr3+ co-doped double clad ZBLAN fibre, respectively. All gratings were inscribed in

mechanically/chemically stripped fibres with 125 µm cladding diameter. To ensure that the

fibre was held perfectly straight during the inscription process, a custom designed V-groove

was machined into a glass substrate using a picosecond laser. The fibre was then immersed in

index matching oil, placed into the V-groove and subsequently covered with a 100 µm thick

glass coverslip to eliminate aberrations caused by curved air-glass interfaces. This assembly

was then mounted onto a programmable three-axes air-bearing translation stage, to move the

Focusing 

objective

Programmable 

platform

Fibre under 

inscription

Femtosecond 

laser beam

V-groove to 

hold fibre

Figure 4.3: Modified core-scanned inscription setup.
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fibre in a rectangular pattern transversely through the focus of the laser beam to perform

the modified core scanned inscription. The amplitude of this rectangular modulation was

adjusted to ensure that the induced index modification extends through the entire core of the

fibre during the fabrication process. The pulse energies used for the inscription of FBGs in

silica and ZBLAN fibres were 90 nJ and 150 nJ respectively. Femtosecond laser pulses were

focused into the core of the optical fibre using a 20x oil-immersion objective with an NA

of 0.8 (Olympus) which resulted in the formation of tracks of Type-I modifications within

the fibre. Figure 4.3 shows the modified core-scanned inscription setup which consists of

an Aerotech FA 130 US translation stage that controls the movement across the transverse

axes and an Aerotech ABL 2000 stage for movement parallel to the fibre axis [56]. The total

length of the inscribed gratings was between 10–15 mm.

4.4 Experimental results and discussions

This section presents the experimental results and discussions of FBGs fabricated in stripped

silica and active ZBLAN fibres using the core-scanned method.

4.4.1 Uniform and chirped FBG inscription in silica fibres

All uniform gratings in silica fibres were fabricated with a Bragg wavelength close to 1550 nm

with the aim to establish the fabrication method and to simplify the characterization. The

reflectivity spectra were measured using a swept wavelength system (JDSU SWS 15100),
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Figure 4.4: Reflection spectrum of a 10 mm long core-scanned uniform grating written close

to 1550 nm.
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Figure 4.5: Reflection spectrum of a 15 mm long core-scanned chirped grating centered at

1547 nm.

which covers the telecom C-band (1520–1570 nm). Figure 4.4 shows the reflection spectrum

of a 10 mm long uniform FBG inscribed using the core-scanned method. The observed

reflectivity was 96% with a bandwidth of ∼0.7 nm.

Next, a linearly chirped grating of physical length 15 mm was also fabricated using the

core-scanned method. Figure 4.5 shows the reflection spectrum of a CFBG with a bandwidth

of 3 nm spanning from 1546–1549 nm and a reflectivity of ∼40%. For Corning SMF-28e

fibre with a refractive index n=1.468 at 1550 nm and a grating length of L=15 mm, the total

group delay can be calculated as t = 2Ln
c =147 ps [14]. From the datasheet of SMF-28e

fibre it can be noted that the dispersion at a signal wavelength of 1550 nm is ∼17 ps/nm.km.

This suggests that the CFBG inscribed over 15 mm length could be used to compensate the

dispersion of approximately 3 km of standard single mode fibre.

4.4.2 Uniform FBG inscription in active ZBLAN fibres

In comparison to silica fibres, the transmission and reflection spectra measurements of

uniform gratings written in ZBLAN fibres at mid-IR wavelength are more complicated due to

the lack of an appropriate broadband characterisation source. In order to evaluate the strength

of FBGs inscribed into stripped ZBLAN fibres, several gratings were inscribed into the core

of sections of Ho3+-Pr3+ co-doped ZBLAN fibres and a high-power multi-mode 1150 nm

laser diode was used to pump the active fibre. However, the chemical stripping process made

the fibre weak and fragile making it difficult to work with. Note that ZBLAN is a much

softer glass compared to fused silica. The lasing peaks observed at various wavelengths are
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Figure 4.6: Lasing spectrum obtained from various FBGs written in active ZBLAN fibre.
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Figure 4.7: Emission cross section of Ho3+ ions when pumped with 1150 nm laser diodes.

shown in Figure 4.6. FBG fabrication in active ZBLAN fibre at wavelengths >2940 nm did

not result in lasing at that wavelength. This could be due to the small emission cross section

of Ho3+ ions at this wavelength as shown in Figure 4.7. In fact, the emission cross section

beyond 2950 nm is more than an order of magnitude lower than at its peak at a wavelength

around 2850 nm.

4.5 Mechanically robust ZBLAN fibre Bragg grating
In this section, we report on the inscription of a mechanically robust FBG into a 480 µm

wide double-clad active ZBLAN fibre in a simple one-step process that neither requires a

phase mask nor the removal of the polymer jacket of the fibre. To the best of our knowledge,

this is the first demonstration of the inscription of a mechanically strong FBG through the

polymer coating of a doped double-clad fluoride fiber without using a phase mask. This

robust fabrication method helped us to improve the strength of the grating, made it easier to

handle and avoided stripping the jacket since this may cause scattering of pump light from
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Figure 4.8: (a) Cross-sectional view of the active fiber and schematic representation of the

process of focusing the inscription laser into its core. (b) Femtosecond laser direct write setup

and (c) a microscopic image of the FBG.

the first cladding of the double-clad fibre.

4.5.1 Fabrication method

The inscription methodology is basically the same as described in Section 4.3. However, the

fibre used in the experiments was a Ho3+-Pr3+ co-doped double clad ZBLAN fibre with a core

diameter of 13 µm and in contrast to all previous experiments, the fibre jacket was not stripped

off before grating inscription. The octagonal shaped first cladding had a diagonal length of

125 µm and the outer cladding diameter of 210 µm was surrounded by an acrylic jacket of

480 µm as schematically shown in Figure 4.8(a). A V-groove was specially machined to

hold the fibre during inscription. Femtosecond laser pulses with an energy of 270 nJ were

tightly focused into the core of the optical fibre through the 480 µm polymer coating using

a 40x dry-objective with an NA of 0.6 (Olympus) which resulted in the formation of tracks

of Type-I modifications within the core of the fibre. Given the large diameter of the active

double-clad fiber, the laser intensity at the polymer coating (520 kW/m2) is almost three

orders of magnitude lower than the laser intensity at the core (380 MW/m2). Therefore, the

laser intensity levels used in our experiments will not damage the fiber coating under no

circumstances. Figure 4.8(b) depicts a schematic representation of the fabrication process

and Figure 4.8(c) shows a differential interference contrast (DIC) microscopic image of the

femtosecond laser inscribed highly uniform pattern within the core of the fibre. The physical

length of the inscribed second-order grating was 15 mm (grating period = 1.97 µm). Note

that a second-order grating was chosen as to avoid overlap between adjacent grating planes
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Figure 4.9: Experimental setup for tension and compression tuning of the FBG.

while maximizing the grating strength for a given length. The total time required to inscribe

the gratings was approximately 2 hours.

4.5.2 Widely tunable all-fibre mid-IR laser using a mechanically robust

FBG

This section details the development of a widely tunable all-fibre mid-infrared laser system

based on a mechanically robust FBG which was inscribed through the polymer jacket of an

active fluoride fibre by focusing femtosecond laser pulses into the core of the fibre without

the use of a phase mask.

The tunable fibre laser consisted of a 1 m long section of double-clad ZBLAN fibre,

co-doped with Ho3+ and Pr3+ rare-earth ions (molar concentration of 35000:2500 ppm) and

is depicted schematically in Figure 4.9. A high-power multi-mode 1150 nm laser diode

was used to pump the active fibre and a CaF2 lens with a focal length of 20 mm (anti-

reflection coated for 2900 nm) focused the pump beam into the fibre. In-between the laser

diode and the pump coupling lens, a dichroic mirror with high reflectivity (98%) at the laser

wavelength and high transmission (96%) at the pump wavelength was used to split the pump

and signal wavelengths. The input end of the fibre was perpendicularly cleaved, and the

4% Fresnel reflection acted as a low reflectivity broadband mirror while feedback from the

high reflectivity FBG (∼ 50%) at the other end completed the Fabry-Perot laser cavity. This

reflectivity value suggests that the induced refractive index contrast is approximately 1×10−4

[72]. Previous studies demonstrate that the reflectivity of the FBG could be increased further

if required, by optimizing the parameter of the direct write procedure [55, 73]. Without
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Slope efficiency, η = 17%

MFD = 17.8 µm

Figure 4.10: Laser slope efficiency with respect to absorbed pump power. The inset shows

the laser beam profile.

applying any tension or compression to the FBG, the laser spectrum was initially centered

at 2880 nm and had a line width of 105 pm which was close to the resoultion of the optical

spectrum analyser (100 pm). Thus, the measured line width of the laser could be limited

by the resolution of the spectrum analyzer. In Figure 4.10, the output power of the laser

with respect to absorbed pump power is shown, indicating a slope efficiency of 17% and a

threshold of 66 mW. The efficiency could be improved further by using a longer length of the

active fibre and/or by inscribing a broadband (chirped) grating at the input end of the fibre

with a reflectivity larger than the 4% provided by Fresnel reflection, see section 4.5.3. Figure

4.10 inset shows an image of the laser beam profile having a mode-field diameter (MFD)

of 17.8 µm, which indicates the absence of any transverse modes other than the fundamental

LP01 mode.

Applying tension or compression to the FBG changes the effective periodΛ of the grating

and thus its Bragg wavelength (λB = 2Λneff , where neff is the effective index of refraction of

the core mode). The deformation in the grating period is proportional to the amplitude of the

perturbation force and this results in tuning of the lasing wavelength. However, the tuning

of the lasing wavelength by applying tension or compression is limited by the mechanical

strength of the fibre since it is susceptible to fracture under even moderate tensile forces if

any microvoids, scratches or cracks are present.

To mechanically stretch the FBG for wavelength tuning, we fixed one end of the grating

while the other end was glued to a linear translation stage using a fast-drying epoxy as shown

in Figure 4.9. When axial tension was applied to the FBG by adjusting the micrometer
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screw, the associated mechanical stretching of the fibre produced a linear red-shift of the

laser wavelength of 1.29 nm/millistrain (mε = ∆z
L ×10

3). The tensile tuning range was limited

to 7 nm as the optical fibre experienced structural failure beyond 31.29 N. This applied

tension was estimated by assuming Young’s modulus of ZBLAN glass as 53 GPa [57]. As a

comparison, we also performed tensile tuning tests under identical conditions but using a fibre

that was stripped of its polymer jacket before FBG inscription. In this case, the observation

reveals the fibre stress fracture limit is enhanced by 62% when the inscription is performed

through the polymer jacket compared to a stripped fibre, making this inscription method

more robust and promising for practical devices. The fibre strength limitations related to

tension tuning are considerably relaxed if a compression force is applied as the compressive

strength of materials is generally higher than their tensile strength [58]. For compression

measurements, it is essential to compress the fibre strictly along its axis to avoid buckling.

30 nm Compression tuning 7 nm 

Tension tuning 

Figure 4.11: Spectra of the shifted laser output peaks.

7 nm tension tuning 

30 nm compression tuning

Figure 4.12: Measured tuning range of the tunable laser source.
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The fibre section containing the FBG was therefore fixed to an elastic steel beam of length

L = 16.5 cm, width W = 1.2 cm and thickness H = 0.1 cm. This steel beam was placed

in-between a fixed stage and a movable translation stage that was controlled by a micrometer

screw [59]. To prevent vertical movement and buckling of the fibre during tuning, the FBG

was secured within a flexible substrate (thickness D ∼ 4 mm) having a low Young modulus

of 1.03 GPa. Upon curing, the substrate adheres to the elastic steel beam which has a high

Young’s modulus of 180 GPa. Note that utmost care was taken to avoid micro-bubbles inside

the flexible substrate during the curing process as adverse effects could otherwise result in

the micro-bending of the fibre while tuning. The inward translation of the movable block

deformed the beam into an arc shape, where the displacement of the movable block ∆z,

normalized by the length of the beam L, is related to the arc angle θ by [60],

∆z
L
=

[
1 −

sin(θ/2)
(θ/2)

]
. (4.2)

The arc angle θ in Eqn. 4.2 can be calculated bymeasuring the displacement of themicrometer

screw and the length of the elastic beam. Therefore the strain applied to the FBG is [60],

ε =
θD
L
. (4.3)

The maximum strain applied to the FBG embedded in the flexible substrate before failure

was estimated from Eqn. 4.3 to be 21.57 mε .

As shown in Figure 4.11, compression measurements indicate a maximum blue-shift of

the laser wavelength of 30 nm. This is equivalent to a tuning range that is more than 4

times larger compared to the tuning range achieved by stretch-tuning, because of the higher

compression strength of the ZBLAN fibre over its tensile strength. The laser linewidth across

the entire tuning range was less than 112 pm. Figure 4.12 illustrates the wavelength shift of

the CW laser with respect to the displacement of the micrometer screw, normalized to the

length of the beam, demonstrating continuous tunability from 2850 nm to 2887 nm.

In conclusion, to the best of the author’s knowledge, this is the first demonstration of

the fabrication of a mechanically strong FBG through the polymer coating of an active

double-clad fluoride fibre without using a phase mask. A stable, 37 nm wavelength tunable

FBG-based narrow-linewidth continuous wave fibre laser was demonstrated by applying

tension and compression to the FBG and this is the first time wavelength tuning of a fibre

laser has been demonstrated with FBGs written in ZBLAN fibre. This demonstration paves
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Figure 4.13: Fabry-Perot laser cavity with CFBG and FBG.

the way to the development of robust, narrow-linewidth, all-fibre mid-IR lasers for practical

applications outside the laboratory.

4.5.3 Fabry-Perot laser cavity with increased efficiency

As mentioned in the previous section, the efficiency of the Fabry-Perot laser cavity with only

one FBG and 4% Fresnal reflection can be further improved by inscribing a CFBG into the

core of the active fibre at the input end which effectively enhances the Q-factor of the cavity.

The schematic representation of the experimental setup is illustrated in Figure 4.13. The

Figure 4.14: Optical spectrum of the Fabry-Perot laser.

laser cavity consists of a 1 m long section of active ZBLAN fibre confined by two FBGs.

One side of the cavity has a uniform FBG (2880 nm) of narrow bandwidth of ∼ 0.1 nm and

the other end has a CFBG which has a reflective bandwidth of 1 nm (2879.5–2880.5 nm)

which ensures its spectral overlap with the output FBG. Both FBGs were fabricated using the

direct write technique with 800 nm femtosecond laser pulses for 15 mm physical length. A

mid-IR optical spectrum analyser was used to characterize the spectrum of the laser which is

shown in Figure 4.14 with a full width at half maximum (FWHM) bandwidth of <108 pm.
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Slope efficiency, η = 25%

Figure 4.15: Slope efficiency of the Fabry-Perot laser cavity with two FBGs .

Compared to before, the slope efficiency was improved from 17% to 25% with a maximum

output power of 0.42 W at a wavelength of ∼ 2880 nm (see Figure 4.15). The current slope

efficiency is 62.5% of the Stokes efficiency limit. However, this slope efficiency could be

further improved by using a longer length of fibre.

4.6 Chapter summary

In this chapter, various inscription methods of fibre Bragg grating in silica and ZBLAN

fibres have been detailed. Most importantly, the fabrication of mechanically robust FBGs in

active ZBLAN fibres without the use of a phasemask was demonstrated. Using this FBG,

a widely tunable all-fibre mid-infrared laser system was developed by applying mechanical

tension and compression to the FBG while pumping the fibre with an 1150 nm laser diode.

A continuous wave all-fibre laser with a tuning range of 37 nm, centered at 2.87 µm was

demonstrated with up to 0.29 W of output power. Later, the slope efficiency of this laser

was further improved to 25% by inscribing an additional CFBG into the laser cavity. These

results pave the way for the realisation of compact and robust mid-infrared fibre laser systems

for real-world applications in spectroscopy and medicine.



5
Integrated Optical Components

The fundamental advantage of a monolithic (all-fibre) approach is the absence of any free

space bulk optical components which greatly increases the robustness and compactness of

a laser and reduces its cavity losses. As there is also no need for careful optical alignment,

such systems lend themselves operation by non-expert users. The availability of integrated

photonic components such as splitters, couplers, X and Y junctions would be an important

advancement in mid-IR fibre laser technology as those can be effectively used to replace

all bulk optical elements in a fibre ring laser cavity which is the preferred geometry for the

generation of ultrashort laser pulses.

The prerequisite is that these integrated components have minimized losses which include

mode-field diameter (MFD) and numerical aperture (NA) mismatch losses as well as Fresnel,

propagation and bend losses [11]. Such low-loss integrated optical components are believed

to become the main building blocks for future all-fibre laser systems in the mid-IR region.

The material selected for fabricating these devices must be transparent in the mid-IR and also

compatible with the ultra-fast laser inscription technique. ZBLAN and chalcogenide glasses



36 Integrated Optical Components

Figure 5.1: Principle of operation of an optical coupler using evanescent wave coupling [10].

are two promising candidates meeting these requirements [61]. This chapter outlines the

comparison of experimental results of optical couplers inscribed in both glasses for operation

at near and mid-IR wavelengths. These couplers were initially fabricated to operate at 4 µm

and 3.4 µm, respectively. However, the purpose of this chapter is to investigate the the

feasibility of using these optical couplers in future fully integrated mid-IR laser systems

operating at 2.9 µm.

5.1 Optical couplers

An optical directional coupler splits light injected into one input port to one or more output

ports, often through evanescent wave coupling. The optical coupler can be formed by fusing

fibres together or using chips (polished glass substrates), which is the method we use in

our experiments. The intensity profile of the light traveling down the core of a coupler is

typically Gaussian like. That means, the intensity is maximum at the center and tapers off

as the core/cladding interface is approached. The tail ends (called the evanescent wave)

of the Gaussian profile can extend into a near by second waveguide and this allows for an

exchange of energy as illustrated in Figure 5.1 (evanescent wave coupling) [10]. The amount

of energy exchange depends on the wavelength of input light, the proximity of the two cores

(d) and the length (L) over which this exchange takes place (coupling region). By selecting

the proper length, any given power transfer ratio can be realized [10]. Besides, it can also act

as a wavelength division multiplexer (WDM) to couple pump light into a laser cavity and as

an output coupler in lasers for splitting off a fraction of light of a particular wavelength. A

proposed integrated ring laser setup contains a directional coupler fabricated into ZBLAN or

chalcogenide glass and is depicted in Figure 5.2. In the following sections, we will examine

and compare the characteristics of couplers inscribed into ZBLAN and chalcogenide glasses.
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Figure 5.2: Schematic of the proposed fully fibre integrated ring laser setup using a directional

coupler.

5.2 Optical coupler inscribed into ZBLAN glass

Waveguide Bragg gratings and waveguide lasers were demonstrated around 2 µmwavelength

region in ZBLAN glass utilising the femtosecond laser direct-write technique [62, 63]. In

contrast to fused silica and quartz, ZBLAN exhibits negative index change when irradiated

by femtosecond laser pulses [11, 64]. Hence, the modified region can be used as the cladding

of a waveguide. Thus, waveguides in ZBLAN are typically fabricated by stitching multiple

50 µm 50 µm 50 µm

50 µm
150 µm

Figure 5.3: Schematic of the depressed cladding directional coupler with transmission dif-

ferential interference contrast microscope images taken at different positions of the device.

The red circle indicates defects created by hard on/off switching of the femtosecond laser.

An image of the end facet of the directional coupler is shown on the right-hand side. Stress-

fractures are apparent at the edges of the cladding, however without affecting the waveguide

performance [11].
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tracks together to form a depressed cladding [11]. This method offers great flexibility to

form waveguides of arbitrary core size and cladding thickness by simply adding more tracks,

making it suitable for long wavelength operation [11].

5.2.1 Fabrication of directional couplers into ZBLAN glass

The ZBLAN glass used in our experiments was fabricated in a controlled atmosphere glass

melting facility to cast 50 g glass ingots, at the University of Adelaide [11]. In order to

fabricate the directional couplers, the ingot was sliced using a CNC diamond saw into several

chips of 39 mm length, 12 mm width and 3 mm height. Later, the top and bottom faces of

each sample were polished to permit the femtosecond laser inscription. The couplers were

inscribed by Gross et al in our labs using the high repetition rate femtosecond laser direct

write technique (discussed in Chapter 3) since the exposure area required for a depressed

cladding waveguide is larger than a single line waveguide. The pulses from a Ti:sapphire

oscillator (FEMTOSOURCE XL 500) with 800 nm center wavelength, <50 fs pulse duration

and 5.1MHz repetition ratewere focused into the sample using a 1.25NA, 100× oil immersion

objective. The sample was translated transversely through the focus of the femtosecond laser

beam using a three-axis air-bearing translation stage. The pulse energy used to inscribe those

couplers was 65 nJ [11]. The depressed cladding directional couplers were inscribed with

50 µm core diameter and 60 µm cladding thickness. The total length of the device was

33.6 mm. The estimated refractive index contrast of the waveguide is ∆n=7×10-4 resulting

in an NA of 0.046 [11]. The input and output ports of the directional coupler were separated

by a distance of 150 µm. The schematic of the directional coupler is depicted in Figure 5.3

which includes microscope images taken at different sections of the device showing transition

from two individual waveguide cores to a single large core in the coupling region. To create

the coupling region, the laser was switched off once the modification would cross the middle

plane of the device [11]. The encircled portion in Figure 5.3 indicates the minor defects

occurred at the ends of the individual modifications due to switching the laser on and off.

These defects can be a source of additional loss but can be avoided by smoothly changing the

laser power [11].
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Figure 5.4: Image of the output facet of the directional coupler at 1.15 µm wavelength.

5.2.2 Characterization of directional couplers fabricated in ZBLAN

glass

TheZBLANoptical couplerwas initially designed and fabricated byGross et al for astronomic

applications at 4 µmwavelengths [11]. However, in this work it was characterized at 1.15 µm

pump wavelength as well as 2.9 µm emission wavelength of Ho:Pr co-doped ZBLAN fibre

in order to investigate its suitability as a coupler/WDM in a ring laser cavity.

Characterization at 1.15 µm wavelength

In order to attain mid-IR emission at 2.9 µm, in Ho3+:Pr3+ co-doped ZBLAN fibre laser, one

needs to excite the 5I6-5I7 transition using 1.15 µm pump photons as discussed in Section 2.2.

Commercial availability of high power diode lasers at 1.15 µm (Eagleyard Photonics) aided

the development of mid-IR laser system at 2.9 µm. The laser output from a 1.15 µm diode

was coupled to a multi-mode silica fibre of 105 µm core diameter with 0.1 NA using a 20 mm

focal length uncoated CaF2 lens with a coupling efficiency of 73%. This fibre is the closest

match available to the 50 µm core and 0.046 NA directional coupler. During the experiment,

the ZBLAN chip was mounted on an XYZ translation stage for precise alignment. The fibre

was butt-coupled to the chip. The output light from the chip was then focused onto a silicon-

based charge coupled device (CCD) camera using a 75 mm focal length plano-convex lens.

The coupler was multi-moded at the pump wavelength and Figure 5.4 indicates the presence

of some higher order modes at 1.15 µm wavelength. The coupling ratio at the output of the

coupler was found to be 54:46 which means 46% of the pump light would not be coupled into

the doped fibre laser cavity as shown in Figure 5.2. Beyond this loss, additional losses were

also estimated for the directional coupler at the pump wavelength 1.15 µm and are shown

in Table 5.1. The NA mismatch was calculated as 6.72 dB using Eq.5.1 where NA1 is the

NA of the fibre, NA2 is the NA of the coupler and NA1 ≥ NA2 [65]. Likewise, the Fresnel
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reflection on one interface of the chip can be estimated as 0.18 dB using Eq.5.2 where nglass

is the refractive index of the glass substrate (nZBL AN= 1.48 at 1.15 µm and 1.50 at 2.9 µm

respectively), nair is the refractive index of air (nair= 1) [16]

N A mismatch loss (dB) = 10 log
[

N A2
N A1

]2
, (5.1)

Fresnel re f lection (dB) = 10 log

(
1 −

[
nglass − nair

nglass + nair

]2
)
. (5.2)

Various losses Loss (dB)

NA mismatch loss 6.72

Fresnel reflection loss on both sides of chip 0.36

Propagation loss (0.34 dB/cm) [11] 1.14

Total loss 8.22

Table 5.1: Various estimated losses of the ZBLAN coupler at 1.15 µm wavelength .

Characterization at 2.9 µm wavelength

The light source used to probe the directional coupler was a Fabry-Perot laser consisting of

a 0.5 m long section of Ho3+:Pr3+ co-doped ZBLAN fibre with 13 µm core diameter with

0.13 NA. The fibre was pumped by a 1.15 µm laser diode and a CaF2 lens with a focal length

of 20 mm (anti-reflection coated for 2.9 µm) focused the pump beam into the fibre. The

input end of the fiber was perpendicularly cleaved, and butt-coupled to a dichroic mirror

with high reflectivity (98%) at the signal wavelength and high transmissivity (99%) at the

pump wavelength. The output end of the fibre was perpendicularly cleaved, and the 4%

Fresnel reflection acted as a low reflectivity broadband output coupling mirror and thereby

forming a Fabry-Perot cavity as depicted in Figure 5.5. The output of this linear cavity was

then coupled to the directional coupler. The output light from the chip was focused onto a

vanadium oxide microbolometer based camera (designed for 2–16 µm wavelength) using a

75 mm focal length plano-convex lens. A bandpass filter centered at 2.9 µmwas used to filter

out any unabsorbed pump light. The coupler was single moded at 2.9 µm (LP01) and Figure

5.6 shows the near-field image of the output of the directional coupler observed at 2.9 µm

wavelength exhibiting a coupling ratio of 18:82.
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Figure 5.5: Experiment setup for the ZBLAN coupler characterization at 2.9 µm.

Figure 5.6: Image of the output facet of the directional coupler at 2.9 µm wavelength.

Losses were estimated for the directional coupler at 2.9 µm signal wavelength as shown

in Table 5.2. The overall loss includes NA mismatch loss as well as Fresnel reflection and

propagation loss in the ZBLAN coupler. Significant losses are caused by the large NA

mismatch while other sources of losses are minor. Assuming a laser cavity would be formed

using this ZBLAN coupler, then as a result of this NA mismatch, the cavity losses would be

excessive at each round trip. Thus, very high pump power levels would be required to produce

sufficient gain in the laser cavity to overcome these losses which is highly impractical. In

Various losses Loss (dB)

NA mismatch loss 9.02

Fresnel reflection loss on both sides of chip 0.36

Propagation loss (0.29 dB/cm) [11] 0.97

Total loss 10.35

Table 5.2: Various estimated losses of ZBLAN coupler at signal wavelength 2.9 µm.
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addition to that, it is impossible to improve the NA of the coupler further as it has been shown

that the change in refractive index cannot be considerably modified in ZBLAN [6], thus the

NA mismatch loss is inevitable in ZBLAN couplers. Hence, our conclusion is that ZBLAN

couplers are not suited to realise a fully integrated ring laser cavity.

5.3 Optical coupler inscribed into chalcogenide glass

Early work on femtosecond laser inscription in chalcogenide glasses started with arsenic

selenides (As2Se3) [66] and arsenic sulphides (As2S3) [67]. Like ZBLAN, these glasses

exhibit a negative refractive index changewhen exposed to a femtosecond laser. The inclusion

of Germanium to form Ge-As-S glasses has been shown to have an effect on the sign and

magnitude of the refractive index change generated during ultrafast laser inscription [68].

Replacing arsenic with gallium leads to a highly stable and non-toxic chalcogenide glass

called Gallium Lanthanum Sulphide (GLS) [69]. This family of chalcogenide glasses is a

promising host material for the mid-IR due to its excellent optical transparency from the

near to the mid-IR (0.6–10 µm). The fabrication of low-loss single mode waveguides and

couplers in the near and mid-infrared in GLS using femtosecond lasers was demonstrated by

Gretzinger et al [47]. The propagation loss reported in GLS [47] was higher when compared

to the propagation loss in ZBLAN [11]. However, the refractive index variation between

the core and cladding is much stronger in GLS compared to ZBLAN. This may lead to an

improvement in the confinement of light inside the waveguide as well as in a reduction in NA

mismatch loss when compared to the couplers fabricated in ZBLAN.

14 µm

250 µm

Figure 5.7: End on view of the inscribed couplers in GLS using 11 nJ pulse energy.
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5.3.1 Fabrication of the directional coupler into GLS glass

The GLS glass samples for the inscription of directional couplers were obtained from

the Chalcogenide Advanced Manufacturing Partnership of the University of Southampton

(ChAMP), and had a dimension of 25 × 25 × 1 mmwith all sides polished. In the cumulative

heating regime (as discussed in chapter 3), a high repetition rate (5.1 MHz) Ti: sapphire

chirped pulse femtosecond oscillator (Femtosource XL500, Femtolasers GmbH) with high

pulse intensities induced local melting of the glass, thereby forming refractive index modifi-

cations in the GLS sample [70]. The laser emits up to 550 nJ pulses at an 800 nm wavelength

with a pulse duration of <50 fs [70]. A 100× oil immersion microscopic objective with

1.25 NA was used for inscription. When compared to a dry objective, the oil immersion

objective reduces the spherical aberrations due to the refractive index mismatch. Gretzinger

et al inscribed the waveguides into the GLS samples by mounting it on a programmable

Aerotech air-bearing stage. In the cumulative heating regime, the thermal energy around the

focal spot can cause a refractive index change with a teardrop-like cross section [47] which

eventually leads to an elliptical beam profile. Because of the large observed ellipticity of the

modifications in GLS, the couplers were formed by inscribing two waveguide structures next

to each other [70] as shown in Figure 5.7. This helps in obtaining circular confined modes

at longer wavelengths [70]. The pulse energy used for the inscription was 11 nJ. The core

diameter of the inscribed coupler was 14 µm with an NA of 0.17. The input and output ports

of the directional coupler were separated by 250 µm.

5.3.2 Characterization of the optical coupler fabricated in GLS glass

The directional coupler fabricated in GLS was designed for low loss operation at 3.4 µm [70].

However, the characterization of the coupler was performed at 1.15 µm pump wavelength as

well as 2.9 µmsignal wavelength in order to investigate its feasibility to use as a coupler/WDM

in a Ho3+-Pr3+ doped fibre based ring laser cavity.

Characterization at 1.15 µm wavelength

The laser output from a 1.15 µm diode was coupled into a silica fibre of 25 µm core diameter

with 0.1NAusing a 20mm focal length uncoatedCaF2 lens. The output light from the coupler

was focused onto a silicon-based CCD camera (designed for 1.13–1.68 µmwavelength) using

a 75 mm focal length plano-convex lens. The coupler turned out to be single moded (LP01 ) at

the pump wavelength as illustrated in Figure 5.8(a). The coupling ratio obtained at the output
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a) b)

23 µm

250 µm

Figure 5.8: (a) Image of the output facet of theGLS directional coupler at 1.15 µmwavelength.

(b) Schematic of the GLS coupler.

Various losses Loss (dB)

MFD mismatch loss 0.11

Fresnel reflection loss on both sides of chip (∼34%) 1.80

Propagation loss (1.31 dB/cm) [11] 3.27

Total loss 5.18

Table 5.3: Various estimated losses of GLS coupler at pump wavelength 1.15 µm.

of the coupler at the pump wavelength was found to be 100:0 that means no cross-coupling

was observed at output port 2 compared to port 1. This can be explained by the fact that

the waveguide separation in the coupling region was 23 µm as shown in Figure 5.8(b) which

is not close enough for efficient evanescent wave coupling between the ports of the coupler

at 1.15 µm. Various losses for the directional coupler at the pump wavelength 1.15 µm are

shown in Table 5.3. The propagation loss (3.27 dB) was significant in the case of the GLS

coupler when compared to that of ZBLAN coupler. However, in the case of GLS coupler,

the NA mismatch loss is negligible because the NA of fibre (0.1) is smaller than that of

the coupler (0.17). Instead, the mode-field diameter (MFD) mismatch loss was estimated

as 0.11 dB. Fresnel reflection on the chip interface can again be estimated as 1.80 dB using

Eq.5.2 where nGLS= 2.38 at 1.15 µm and 2.29 at 2.9 µm respectively, nair= 1.

Characterization at 2.9 µm wavelength

As in the case of the ZBLAN coupler, the light source used to probe the directional coupler

was a Fabry-Perot laser consisting of a 0.5 m long section of Ho3+:Pr3+ co-doped ZBLAN
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Normalised

coupling ratio:   4:96                     22:78                     51:49                     86:14   

Figure 5.9: Image of the output facet of the directional coupler at 2.9 µm wavelength.

Figure 5.10: Variation in coupling ratio with respect to the length of the coupling region.

fibre. The experimental setup was the same as the setup used for characterizing the ZBLAN

coupler as depicted in Figure 5.5. The GLS sample had 20 individual couplers inscribed

with a varying coupling region from zero to 6 mm with a step size of 0.3 mm. Each coupler

was characterized for 2.9 µm wavelength. All couplers remained single-moded throughout

the measurements. However, the coupling ratio varied as per the change in the length of

the coupling region. Figure 5.9 shows the images of the output facet of different directional

couplers as well as the obtained coupling ratio at 2.9 µm wavelength. Figure 5.10 depicts

the variation in coupling ratio of the directional couplers with respect to the length of the

coupling region. The losses in the directional coupler at 2.9 µm wavelength are shown in

Table 5.4. It can be seen from Tables 5.3 and 5.4 that the loss experienced at the pump as

well as signal wavelengths are significantly reduced in a GLS coupler compared to a ZBLAN

coupler. Propagation losses could be further reduced by optimising the glass manufacturing

process and by fine tuning the inscription parameters. Our research indicates that GLS is a



46 Integrated Optical Components

Various losses Loss (dB)

MFD mismatch loss 0.12

Fresnel reflection loss on both sides of chip (∼31%) 1.60

Propagation loss (1 dB/cm) [11] 2.50

Total loss 4.22

Table 5.4: Various estimated losses of GLS coupler at signal wavelength 2.9 µm.

very promising candidate for use in mid-IR fibre ring laser cavities but further investigations

are required.

5.4 Chapter summary

In this chapter, a comprehensive study on the feasibility of directional couplers inscribed

in ZBLAN and chalcogenide (GLS) glass samples using ultrafast lasers for mid-IR fibre

ring laser cavities was performed. In this study, various losses which can occur due to the

NA mismatch, MFD mismatch, Fresnel reflection and propagation losses were analysed and

measured at 1.15 µm and 2.9 µm. The couplers inscribed in ZBLAN experience significant

losses at both pump and signal wavelengths, which confirms that this glass is not suitable for

integration into a fibre ring laser cavity. However, from our experiments it was also observed

that the performance of GLS couplers is much better when compared to ZBLAN couplers.

In the future, the loss due to Fresnal reflection in the GLS coupler could be reduced by using

an index matching oil or anti-reflection coating. The propagation loss could be scaled down

by reducing the length of the chip or improved fabrication procedures. In addition to that,

the MFD mismatch loss could be further reduced by slightly varying the diameter of the

waveguides and/or by selecting better matched fibre. Hence, from our investigations, one can

conclude that GLS couplers could be a promising candidate to form a fully fibre integrated

ring laser cavity in the mid-IR region.



6
Conclusion

In summary, the topic of this thesis was the development of mid-IR all-fibre laser systems by

fabricating novel fibre Bragg gratings and integrated optical components. The inscription of

waveguides in various transparent glasses using a femtosecond laser was first demonstrated in

1996, however the technique has onlymatured in recent years. We have inscribed uniform and

chirped FBGs in silica and ZBLAN fibres using the core-scanned method, by controlling the

movement of the fibre through the focus of a femtosecond laser beam. Mechanically robust

FBGs could be fabricated into active ZBLAN fibre, without the need of any phasemasks and

without the need to remove the jacket of the fibre. Later, thesemechanically robust FBGswere

used to develop a widely tunable all-fibre mid-IR laser system. Experimental results in this

thesis demonstrated a tunability of 37 nm when applying mechanical tension or compression

to the robust FBG. The results in this thesis present the first ever tunable all-fibre mid-IR

laser by strain tuning a mechanically robust FBG inscribed through the polymer coating of a

doped double-clad fluoride fibre. The efficiency of the all-fibre Fabry-Perot laser was further

improved by inscribing a CFBG into the other end of the gain fibre thereby increasing the
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cavity Q-factor. Fabricating integrated components such as directional couplers in mid-IR

compatible glasses is a promising route for the construction of all-fibre ring laser systems. Our

results have shown that ZBLAN glass is not well suited as material for these applications due

to unavoidable and excessive losses at pump and signal wavelengths. In contrast, directional

couplers fabricated in GLS glass show promising results that might pave the way for the

construction of all-fibre ring laser cavities in the mid-IR region.

6.1 Future works

The obvious first step for future work is to improve the design of GLS couplers to achieve

better coupling efficiency at 1150 nm and 2900 nm wavelengths and also use this coupler

to build an efficient all-fibre mid-IR ring laser cavity. Moreover, these fabricated couplers

could become a part of an integrated nonlinear fibre loop mirror to generate ultra-short pulses

out of the oscillator [71]. In addition, chirped fibre Bragg gratings have a great potential

to provide efficient dispersion management in laser cavities. Hence, the direct inscription

of CFBGs into active ZBLAN fibres can aid the development of ultrafast laser sources with

pulse durations down to the few-cycle regime.

To conclude, the development of mid-IR fibre laser is an important field of research

that promises many applications spanning from fundamental molecular spectroscopy to next

generation tools for laser surgery. It appears that the fabrication of femtosecond laser inscribed

FBGs and integrated components could provide a platform from which the true benefit of

environmentally stable and alignment free future mid-IR fibre laser systems can emerge. In

this respect, the works detailed in this thesis represents an important contribution towards

achieving mid-IR all-fibre laser cavities not only around 3 µm but also at longer wavelengths.
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