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In this thesis, | present the studies on fabricatigpectral and polarisation
characterisation of fibre gratings with tilted stiwres at 45° and > 45° (namely 45°-
TFGs and ex 45°-TFGs throughout this thesis) arahge of novel applications with
these two types of grating.

One of the major contributions made in this thésithe systematic investigation of
the grating structures, inscription analysis anelcg@l and polarisation properties of
both types of TFGs. | have inscribed 45°-TFGs angard telecom and polarisation
maintaining (PM) fibres. Two wavelength regions ioferest have been explored
including 1.55um and 1.06um. Detailed analysis on fabrication and characéos

of 45°-TFGs on PM fibres have also been carriedfauthe first time. For ex 45°-

TFGs, fabrication has been investigated only on-d¢ost standard telecom fibre.
Furthermore, thermal responses have been measudeanalysed showing that both
types of TFG have low responsivity to temperaturange. More importantly, their

refractive index (RI) responses have been chaiaeteto verify the high responsivity
to surrounding medium.

Based on the unique polarisation properties, bygted of TFG have been applied in
fibre laser systems to improve the laser perforraam¢hich forms another major
contribution of the research presented in thisishédhe integration of a 45°-TFG to
the Erbium doped fibre laser (EDFL) enables sirgharisation laser output at a
single wavelength. When combing with ex 45°-TF@s, EDFL can be transformed
to a multi-wavelength switchable laser with singtdarisation output. Furthermore,
by utilising the polarisation property of the TF@s45°-TFG based mode locked fibre
laser is implemented. This laser can produce lpskses at femtosecond scale and is
the first application of TFG in the field of nondiar optics.

Another important contribution from the studiesthe development of TFG based
passive and active optical sensor systems. An &XTE& has been successfully
developed into a liquid level sensor showing highsitivity to water based solvents.
Strain and twist sensors have been demonstrated fitae laser system using both
45°- and ex 45°-TFG with capability identifying notsjuthe twist rate but also the
direction. The sensor systems have shown the addeantage of low cost signal
demodulation. In addition, load sensor applicatibage been demonstrated using the
45°-TFG based single polarisation EDFL and the ewpntal results show good
agreement with the theoretical simulation.

Key words: fibre Bragg grating, tilted fibre grating, fibrader, optical sensor, fibre
sensor
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Chapter 1

Introduction and Thesis Structure

217 -



1.1 Introduction

Following the development of in-fibre Bragg grasngroposed by Hilet alin 1978
[1], various fibre components, systems and apptinatbased on such a technology
have been investigated and developed. Numerousviigle applications have been
demonstrated using optical fibre grating basedcaptiomponents such as fibre Bragg
gratings (FBGs), long period gratings (LPGs), saddibre Bragg gratings (SFBGS)
and tilted fibre gratings (TFGSs).

Clearly, as an in-fibre reflector, FBGs have foapglications in optical filters, signal

processing, dispersion management, fibre laserssamatt sensing etc. LPGs have
been applied as gain equaliser in Erbium dopea famplifiers. SFBGs have been
utilised providing access to multichannel filterimgnd communication source. In
recent years, another important application offipratings has been identified, which
is the fibre grating based optical sensors.

Various fibre optic sensors have been demonstiaed) FBGs and LPGs to monitor
and measure a wide range of physical parameteth, asi axial strain, temperature,
pressure, loading, bending etc. Based on the glgddiodes coupling property, LPGs
have shown unique sensor functionality in biololjicaedical and life science areas
due to their inherent sensitivity to the refractivelex of the external medium.
Moreover, the research on new types of gratingstlagid corresponding applications
has never slowed in pace. Compared to the conveitkBGs and LPGs, TFGs are a
kind of relatively novel type of grating. Theseadd structures are capable of coupling
the forward propagating core mode into either fodvar backward propagating
cladding modes. Their potential applications inelugpectrum analysis [2],
wavelength division multiplexing channel monitorif@], EDFA gain flattening [4]
and optical sensor interrogation systems [5-8]. Rugrating induced asymmetry of
waveguide structures, TFGs normally exhibit a @ertamount of polarisation
dependency. With this unique property, various pulatry device and systems have
been implemented, i.e. in fibre polarimeter [9-1@plarisation dependent loss
equaliser [11-12], in-fibre polariser [13] and \ars sensors [14-15].

Nevertheless, more systematic investigation of TE§®ecially gratings tilted at 45°

and >45° are less common. This thesis summariseswibrk carried out for
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fabrication, characterisation and application d+#5Gs and ex-45° TFGs. It presents
detailed information on the inscription techniquepectral characteristics and
polarisation properties. Inscription of both typsfsgratings in conventional single
mode fibres have been conducted. For 45°-TFGsriptien in both photosensitive
and polarisation maintaining fibres has also beadiad. This thesis firstly discloses
the application of 45°-TFG and ex-45° TFG in fitmser systems. Both continuous
wave and pulse regimes have been covered. Furtheritih@ roles of 45°-TFGs and
ex 45°-TFGs in optical sensor systems have beeasiigated and presented.

1.2 Overview of Thesis Structure

This thesis consists of 6 chapters and detaileteotsmare listed below:

Chapter 1 briefly mentions the development of brdi grating technologies and
illustrates the motivation for the work carried dat my Ph.D research, followed by

the thesis structure description.

Chapter 2 serves as the literature review of therétical background of fibre grating
technologies. This chapter reviews the photosentsititheory of optical fibres
followed by fundamental coupled-mode theory ofdilgratings including FBG, LPG
and TFG. Recently developed Green function metlmodcekplaining TFG has been
briefly reviewed. Subsequently, major grating fahtion techniques have been
introduced followed by a general description of fibee grating applications.

Chapter 3 details the inscription and charactaosadf both 45° and ex- 45° TFGs.
Comprehensive analysis of the 45°-TFG inscriptias been provided. A detailed
report of the polarisation properties of both typd#sgratings is provided in this
chapter. The grating reproducibility, thermal cltéeastics and refractive index
responses are presented. Furthermore, the invigstigat inscription of 45°-TFGs at
1.06 um region and in standard photosensitive, non-pleoisisve and polarisation
maintaining fibres with results on polarisation eeg@gent loss and spectral
characteristichave been given.
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Chapter 4 introduces the application of 45° and®%TFGs in fibre lasers. With the
application of the polarisation property of TFGsyigus novel laser configurations
have been developed, such as single-polarisatimgleswavelength fibre laser and
single-polarisation switchable multiwavelength @&bfaser. Furthermore, a mode
locked fibre laser using 45°-TFG has been demdesitnahich deems to be the first
demonstration of application of tilted gratingsnionlinear science. The laser can give

out femtosecond scale pulses.

Chapter 5 reports the application of 45° and exI4#%8s in optical fibre sensors. A
passive liquid level sensor has been implemented) @ ex-45° TFG. Then, fibre
laser consists of an ex-45° TFG has been usedilastrain sensor and twist sensor
with further demonstration of low cost time domaignal demodulation method to
interrogate the sensing signals. Finally, a loadieigsor was described using a 45°-
TFG based fibre laser.

Chapter 6 presents concluding remarks of this $heasil suggestions for future work.

Finally, appendix with fibres used in this thesiidwed by a list of reference and

publications are presented.
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Chapter 2

ReviewTheory, Fabrication
Methods and Applications of Fibre
Gratings
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2.1 Introduction

This chapter will introduce the fundamental theicedt background, fabrication
methods and applications of fibre gratings. Thetpdensitivity of optical fibre will
be reviewed in the beginning of this chapter déseg the mechanism of
photosensitivity and methods for photosensitisabbroptical fibres. After that, the
coupled mode theory explaining the physics of FB@ a&FGs will be given.
Specifically, Green function method, as an alteweanterpretation, will be employed
to explain the behaviour of the TFGs, followed hg tiscussion on phase matching
condition for the mode coupling mechanism of filgratings. Subsequently, a brief
summary of fibre grating inscription techniques|wie discussed, including two-
beam holographic, phase mask scanning and poipthby-technique. Finally, a short
review of applications of fibre gratings will begsented followed by the conclusion
of this chapter.

2.2 Photosensitivity in Optical Fibres

Photosensitivity generally indicates the chemiealction, photoelectric reaction etc.
undergoing when the matter expose to light endrggptical fibres, photosensitivity
mainly refers to the permanent change of refradtiex in optical fibre resulting
from UV radiation on the fibre core. The very fidiservation of photosensitivity in
germanosilicate (Ge-Si) doped optical fibre waoregg by Hillet alin 1978 [1]. Hill

et al have also implemented a distributed feedback @seyr loperating in the visible
range of the optical spectrum with UV formed FB@c® then, a couple of theories
were reported to elucidate the mechanism. It has beund that the photosensitivity
has dependency on wavelength and intensity ofrtadiated light and the fibre core
material. So far, there is still no sole model whoould explain the phenomenon for
all cases. The following sections will introduce tmajor theories of photosensitivity
and routes to achieve photosensitivity enhancement.

2.2.1Point Defects

Point defects are critical to optical fibres asytlage strongly associated with the
absorption band which may affect the transmisso®s,| nonlinear transmission [16-
17] and fibre fusing effect [18]. The defects alsoaelieved to be the cause for the
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photosensitivity phenomenon (colour centre mode])[Wvhich will be discussed in

the photosensitivity mechanism section.

2.2.1.1Point Defects in Silica Glass

The point defect of amorphous silica was firstipaged by Weeks in 1956 via the
observation of narrow resonance in neutron irradiafuartz and silica using electron
spin resonance (ESR) spectroscopy [20]. Eheentre was then identified [21]. By
using ESR, Griscom pointed out three intrinsic disfén silica which are nonbonding
Oxygen hole centre, peroxy radical aBtcentre [22]. Several prominent absorption
bands related to the intrinsic defects have beemtified such as 180 nm (7.6eV), 173
nm (7.2eV), 215 nm (5.8eV), 245 nm (5eV), 260 nn8&¥). It is also well known
that fibre drawing induced defect has a charadier@bdsorption band at 630nm (2eV)
[23].

2.2.1.2Point Defects in Germanosilicate Fibres

Early investigation on defect centres in germanczdié fibres was carried out by
Friebeleet al in 1974 through ESR [24]. This primary experimenbposed the so
called Ge(n) defect centres in addition to the wealbwn SIiE’ centres. Three
absorption bands in germanosilicate fibres haven gesented at 213 nm(5.8eV),
281 nm (4.4eV) and 517 nm(2.4eV) whereby the 213amth 281 nm bands have
been assigned to Ge(1) and Ge(2) centres respgcis. Recently, Hosonet al
correlated the 195 nm (6.3eV) absorption band t&'@&entre in germanosilicate
glass using a ArF laser [26]. It is noticed thati@anium is well known for its two
stable oxides GeO and GgOhermodynamic prediction anticipates the Gernraniu
Oxygen deficiency defects (GODC) centres are ptopual to the concentration of
Ge(O. The suboxide GeO, stable at high temperature, alsy exist as discrete
molecules which was originally assigned to explthe strong UV absorption at
240nm [27]. It is believed that the breakage ofngrdoonds is the precursor of GeE’
defect centre. The schematic description of variG@DC candidates is presented

below in Figure 2.1.
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Figure 2.1 Potential GODC varieties.

2.2.2Photosensitivity Mechanisms

To date, various models have been established tfolaiax photosensitivity
phenomenon, such as ionic migration [28-29], etecttharge migration [30], stress
relief [31], permanent electric dipole [32], colourcentre [19] and
compaction/densification [33]. Among these, colowentre model and
compaction/densification model are the two commoabtcepted mechanisms of
illustrating the photosensitivity in germanosiliedtbres. In this section, stress-relief

model has also been briefly reviewed in the end.

2.2.2.1Colour Centre Model

The colour centre model, initially proposed by Haarttl Russell [19], states that a
two-photon absorption (TPA) induced GODC (Ge-Si mgobond in this case)
breakage is related with the refractive index cleaingthe germanosilicate fibres. The
Ge-Si bond breakage partially bleaches out the b&6gption at 240 nm in the fibre.
The free electrons produced by this effect canrapped at other defect sites thus
manifesting defect centres at longer wavelength (&e(1)) and stronger transition
(i.e. Ge(2)) with newly formed absorption band 81 Zym and 213 nm individually.
The corresponding photo induced refractive indeandge follows the Kramers-

Kronig principle [34], expressed as following inlgion 2.1.
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Equation 2.1An, (w) =

0

WhereAn, (w) is the effective refractive index change at fregyec which is far
from resonanceAa, «f ')s the effective change of absorption. The model

demonstrated that the absorption change at 212#4@mm and 281 nm bands can be
used to explain and fit the refractive index chamgehe visible spectrum in the
optical fibre under UV illumination. This model, stzibing the Ge-Si wrong bond
breakage results in a change in absorption speatiimg to the newly formed GeE’
centre, has been supported by various experimem¢gisurements after its debut.
Simmons et al [35] demonstrated a similar wavelength-dependespaese for
production of GeE’ centres and formation of Bragatiggs in germanosilicate fibres.
Williams et al [36] reported the observation of UV bleached 2d40absorption band
in germanosilicate fibres and correlated the cpading refractive index change via
the Kramers-Kronig relationship. Further evidencerefractive index change related
with absorption change was carried out by direcseobation of 240 nm band
bleaching under UV illumination in germanosilicdtieres [36] and UV irradiation
induced UV spectral change in germanosilicate filmeform [37-38]. Both
experimental data were well fitted through the KeasaKronig principle. Additionally,
Tsai et al [39] experimentally correlated the thermal stapibf GeE’ centres and
grating reflectivity indicating that GeE’ is reldtavith the refractive index change in
UV induced gratings. While Donet al [40] performed a comprehensive examination
of the photoinduced absorption change in germanasl preform providing support
evidence to the colour centre model which can explefractive index as high as
~3x10% The colour centre model utilising the Kramers4gp principle provides
great contributions in understanding the photoseityi in germanosilicate fibres
including the photosensitivity in Hydrogen loadegfrganosilicate fibres. Tsat al
reported the contribution of GeH centre in refnaetindex change during FBG
formation in Hydrogen loaded germanosilicate fibussg colour centre model [41].

Leconteet al [42] demonstrated a modified Kramers-Kronig aniglyfescribing the
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refractive index change as a function of pulse gnelensity. However, it does not
explain all the experimental observations espsacifli large value refractive index
change [43-45].

2.2.2.2Compaction/Densification Model

The compaction/densification model manifests tlesedarradiation induced material
density change leading to refractive index charfggtcal fibres. Fiori & Devine [33,
46] firstly presented that the existence of thelynadversible linear compaction in a
100 nm thin-film amorphous silica samples grownSonvafers. Using a KrF excimer
laser irradiation to examine the sample below tlaenyscopic damage threshold, the
thickness is found to reduce by ~16%. A lineareéase in refractive index up to 20%
has also been observed in the meantime. After éingeat 950 °C for ~1hour in
vacuum, the sample restored to its original thisknand refractive index value. This
had been proved to be a general case for film mies& from 25 nm to 420 nm.
Further exposure can result in irreversible compacdf the material. The obtained
maximum compaction of ~ 36 % of the sample exhibitsilarity to sample under
hydrostatic pressure of 17 GPa. It also shows npdaygical characteristics resemble
high density crystalline form of silica. Fiori & Dme demonstrated that the refractive
index evolution of silica under hydrostatic pregsigads to good agreement with
laser treated silica sample [46]. This indicatest tthe compaction induced by two
different methods may share similar physical memanfrom which internal
structure rearrangement in the material domindte®ftfect and not primarily through
defect creation process. Rothscleldal [47] identified the laser induced microscopic
volume change and colour centre absorption in fisslezh at 193 nm irradiation. A
permanent refractive index change of ~ 5%1@as observed regardless of the
absorption due to the colour centre at 215 nm.nAda al [48] reported an elastic
theory model to characterise the intrinsic denatfan of fused silica implied by

excimer laser at 193nm.

The knowledge of compaction/densification in bulisdd silica opens the access to
understand the refractive index change mechanisimgluhe formation of fibre
gratings. Poumellecet al [49] investigated the Bragg grating inscription in
germanosilicate preform via interferometric micigegz The refractive index

modulation shows similar behaviour for both thediland preform. The conclusion is
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that densification via the UV inscription could ¢obute ~ 7% of the refractive index
increase of the sample. Using atomic force micrpgc®oumellecet al [50] also
shows ~26% of refractive index increase of the gewsilicate preform sample can
be counted as densification under CW UV radiation Bragg grating inscription.
Cordier et al [51] presented the first observation of densifmatby FBGs via
transmission electron macroscopy. The results stiatv UV irradiated sections of
nonhydrogenated germanosilicate fibre and Sn cedldfpore exhibit dense areas
inducing from the UV compaction. Hydrogenated filsamples do not present
densification. This suggests that photosensitigithancement in hydrogenated fibre
is not mainly due to the densification of the ogtitibre. Meanwhile, Sn co-doped
fibre samples manifest a less densification thamgeosliciate fibres. Fonjallaa al
[52] reported the UV induced tension increase dutire inscription of FBG does not
reduce the refractive index due to a large refvacindex increment from possible
glass matrix compaction. Limberget al [53] quantified the stress and compaction
induced refractive index change during the proca&ls$JV inscribed FBG. Their
experimental results indicated that the compaatmuld raise the refractive index as
large as 1.7xI8in a 12 % Germanium doped fibre from which thitueas reduced
by the photoelastic effect through the UV irradiati A comprehensive review of

densification involved photosensitivity in optidddres is given by Douagt al [54].

2.2.2.3Stress-relief Model

In a typical germanosilicate fibre, because ofdtierence of the thermal expansion
of the core and cladding, the core is under higbmesile stress as the fibre is cooled
below the glass fictive temperature during the angwprocedure. It is well known

that the refractive index will decrease throughgtress-optic effect while stress-relief
would, on the contrary, increase the refractiveexadThe postulation based on
reduction of built-in thermo-elastic stress in fliwe core for explaining UV induced

refractive index increase is called stress-relietigl. It was first reported by Sceats

al [55] that during the UV irradiation, the wrong lsnbreakage occurs to allow
sufficient thermal energy to dilate the glass nekweo as to relax the tension
therefore reducing the frozen-in stress in theefibore. Considering the bonds have
been stretched, this leads to a change in theretectband gap in glass hence

resulting in change in the refractive index. Timdex change could then be illustrated
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by Kramers-Kronig relation. Further calculationrefractive index change based on
stress-relief can be described by stress-opticctefft is demonstrated that the
refractive index change can be as high a3 ih0a highly stresses fibre. This model
has been experimentally proved by Wat@l [31]. However, Fonjallaet al[52] and
Limbergeret al [53] later reported observation of a strong inseeia the fibre tension

during the UV inscription process which contraditis model.

2.2.3Photosensitivity Enhancement of Optical Fibres

Since the discovery of photosensitivity and reélsa of fibre gratings in
germanosilicate fibres, exceptional efforts haveerbemade to enhance the
photosensitivity in optical fibres. Three majorhie@ues have been considered as the
effective approaches to increase the photosensgitivi optical fibres including
Hydrogen loading [56], co-doping [57], and flameuddning [58], which will be
reviewed in this section. A recently reported pketusitivity increase by thermal

treatment has also been briefly introduced [59].

2.2.3.1Hydrogen Loading

Hydrogen loading, also known as hydrogenation, fivally reported by Lemairet al
[56]. This simple technique provides a highly effee way to enhance UV
photosensitivity in optical fibres by employing lovemperature, high pressure
Hydrogen loading prior to grating fabrication. ta$ not require fibres with specific
dopants or other special treatment. The temperatoresoaking the fibres in
Hydrogen gas ranges from ~21 °C to ~75°C with pressfrom ~20 atm to ~750 atm.
This results in Hydrogen molecules diffusing inte tfibre core area to achieve at
least 95 % of equilibrium when giving enough tinoe the soaking. The consequent
average refractive index change of Hydrogen loagatal fibre (standard fibre with
~3 mol% germania and ~3.3 mol% Hydrogen) under Wposure can increase by
~3.4x10°. Large index increment has also been observeeated Hydrogen loaded
phosphosilicate and alumnio-phosphosilicate cobee§i. Almost every Hydrogen
molecule interacts with each Germanium atom vialigkt or thermal treatment via
the OH absorption. This has also been proved tmdependent on fibre or preform
processing with similar germania concentration @odild be applicable to any
germanosilicate fibres. Loading phosphor-dopedefitwith D2 (deuterium) and
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applying thermal treatment proved the photoserisitat 248 nm in this fibre for the
first time [60]. Results have shown that due todifeusion of molecular Hydrogen,
there will be absorption peak at 1.24 pum when thee$ had been exposed to 1 atm
pressure at 100 °C [61]. One advantage of this @detb in the non-UV exposed
sections of the fibre, the residual Hydrogen candiffeised out afterwards leaving

negligible loss at the telecom transmission band.

Atkins et al have confirmed that thermal and photolytic treatmaf the fibre can
increase the OH level compared to photolytic tréately sample, for which no OH
formation had been observed when using non-hydaigednfibres under similar
exposed conditions [62]. A simple mechanism to axpthe photosensitivity is the
forming of the GODC centres (240 nm band) via trertreatment followed by UV
bleaching of the GODC centres. However, other ofagmms suggest that a more
complex model might be required. In the beginnthg,240 nm band gets stronger (~
6 times) after thermally anneal a UV-radiated hgemated fibre sample at 800 °C
while the non-hydrogenated sample only shows 24(and recovery to a lower or
equal level of the sample prior to the UV treatmdriten, rapid and complete UV
bleaching of the 240 nm band only occur in the bgénated sample indicates direct
reaction of the Hydrogen with the defects. Morepvgrdrogenation induced OH
formation was shown to introduce two closely spaabdorption bands which are
1390 nm (Si-OH) and 1410 nm (Ge-OH) due to the lwve/ment of both thermal and
photolytic mechanisms [61, 63]. These two loss bastaiously generate extra losses
in the modern telecom network window which is untedn Nevertheless, it has been
found that deuterium loaded optical fibre couldtsthie UV-induced absorption band
out of the telecom band. This is due to the OD @&xydeuteriumgan shift the water
absorption peak to ~ 1.9 um [64]. Mizradtial have successfully demonstrated ~ 10
nm wide Bragg grating in a deuterium loaded Erbidwoped fibre with high
Germanium concentration. The gratings exhibited loas i.e. < 0.2 dB at the
designated wavelength region [65]. However, praditic speaking, the cost of

deuterium in enhancing photosensitivity limitsafgplication.

2.2.3.2Co-Doping

Photosensitivity enhancement can be achieved biti@aaf other co-dopants into

the germanosilicate fibre. A practical and widesed type of photosensitive fibre is
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Boron-Germanium co-doped fibre. Williane$ al [57] firstly reported that after CW
argon ion laser irradiation, the Boron co-dopedefip-15 mol% Ge) has a saturated
index modulation of ~7xI® which is much higher than that of the standardefib
(~4mol% Ge) and high index fibre (~20 mol% Ge) fravhich the saturated index
modulations are 3.4xT0and 2.5x1U respectively. Furthermore, the saturated index
change was achieved much quicker in Boron co-ddipees (~10 mins) compared to
that in other type of fibres (>1hour). This suggesther mechanism exists for
photosensitivity enhancement in Boron-Germaniundaped fibres. UV absorption
experiments confirm that the characteristic GODGoajstion peak at 240 nm is
independent of the involvement of Boron co-dopaldither the peak absorption nor
the shape of the 240 nm band has been affected. ifithicates that the Boron co-
dopant does not increase the photosensitivity Ipdoicing extra GODC centres.
This is supported by the fact that no other absampgbeaks were observed in the UV

region.

It is well known that the introduction of Boron ®lica glass can decrease the
refractive index [66]. As such, Boron is normallydad to the fibre cladding to form
the waveguide with lower refractive index claddiagea surrounding the high
refractive index core region [67-68]. Experimentdults state that lower refractive
index in Boron doped silica glass can be obtaindwrwthe glass is quenched.
Observation of refractive index drop from 0.0250@03 was obtained when the
preform was drawn into the optical fibre [57]. Trdaan be well explained by the
guenching effect because the drawing procedurecaglnatural quench of the optical
fibres. The large difference in terms of thermo-heetcal properties between the
Boron-doped fibre core and silica cladding may Iteisubuilding-up of the thermo-
elastic stress which could further reduce the cgifra index of the fibre core.
Therefore, it is believed that the stress relaxatid UV induced wrong bonds
breaking gives out refractive index increase legqdm photosensitivity enhancement
in Boron-Germanium co-doped fibres [52].

By balancing the Boron and Germanium concentratifibse suppliers are able to
manufacture Boron-Germanium co-doped ultra-photsitea fibres with matched
numerical aperture to standard telecom fibres. Heweowing to the co-doping of
Boron, the co-doped fibres may exhibit an increa®irefringence by the Boron
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induced stress resulting in difficulties in manufaing the fibres [69]. Gratings
written with CW lasers in Boron-Germanium (B-Ge)-dmped fibres also have a
faster decay rate than low Germanium doped fibr€. [Moreover, Boron induced
loss (~0.1 dB/m) at 1550nm telecom window is aladasirable. However, for short

gratings, this may not be of concern.

As an alternative dopant, Tin can increase theqswoisitivity with similar saturated
refractive index change as of B-Ge co-doped. Thmorted experimental results
indicate that Sn-Ge fibres based gratings exhilmilar thermal stability to
germanosilicate fibre which is much more stablentlBaGe co-doped fibres. The
negligible transmission loss at telecom windowristaer advantage of the Sn-Ge co-
doped fibre. The deduced refractive index change4¢10% from inscribing a
grating into such fibres shows 3 times larger wtive index change than in pure
germanosilicate fibres [71]. Recently, K Gt al [72] showed that Sb co-doped
gernamosilicate optical fibre can exhibit ultrathighotosensitivity compareable to B-
Ge co-doped fibre with higher thermal stability.eThV induced refractive index
change more than 5xt@an be obtained. However, such fibres tend toymedigh

transmission loss (~5dB/m) at the telecom windogvaie.

2.2.3.3Flame Brushing

Another simple and effective technique for phots#esing optical fibres is flame
brushing [58]. This technique was reported almbosha same time as the Hydrogen
loading method. At the temperature of approximal®0L°C, the photosensitivity
enhancement can be obtained through flame brushirthe designated region of
optical fibre by a flame fuelled with Hydrogen aadsmall amount of Oxygen. The
whole process takes ~ 20 mins to finish photoseasibn with a maximum effect
under the laboratory condition. The high temperaltows Hydrogen to diffuse into
the fibre core quickly forming GODC defect centrdsstrong absorption band at
240nm has been therefore created with enhancenfight ghotosensitivity of the
fibore core area. This method has been proved tarexhthe photosensitivity of
standard telecom fibre by a factor of 10, resultingrefractive index changes of
1.7x10° from which only 1.6x10 refractive index change can be obtained in the
standard telecom fibre under the same UV fabrioationdition. This technique also

benefits from negligible low loss at the desirdéddem transmission window.
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The photosensitivity enhancement techniques of bé#dme brushing and
hydrogenation basically share the same principheddd both situations, Hydrogen is
adopted as an active medium in a chemical reaettm optical fibres to form the
GODC centres. Nevertheless, flame brushing offeesmpnent enhancement of
photosensitivity, whereas in hydrogenation, the tdgeén diffusion could reverse the
photosensitisation process. Furthermore, as higipéeature treatment is necessary
for flame brushing, the fibre may suffer materia¢akening which could seriously

limit the application of the devices for long teusage.

2.2.3.4Thermal Treatment of Co-doped Fibre for Photosensivity Enhancement

Very recently, Brambilla and Pruneri [59] reportedhanced photosensitivity in
silicate optical fibres with various co-dopants thyermal treatments. The sample
fibres were heated at 1800 °C in a furnace for & followed by rapidly cooling
down at room temperature. A pulsed KrF laser radiat 248 nm was adopted to
inscribe gratings in order to test the photosensitienhancement after the thermal
treatment. This method shows large refractive inddsange in most of the
Germanium or Tin co-doped silica fibres. With Genmian and Tin co-doped fibre,
the UV induced refractive index change can be abthias large as ~1.48%10This

is mainly because at high temperature, complicatesinical reactions facilitate the
formation of GODC centres and other defects whidhbe then freezed in the glass
network after cooling to room temperature thereiamease the UV absorption. UV
absorption spectrum indicates the appearance oiD8&n€entres in fibre preform.
This gives hint that ShODC could undergo similde@t as for GODC. However,
this implementation does not seem to work with @d eare earth co-doped optical

fibres.

2.3 Fibre Grating Theory

Theoretical analysis of fibre gratings is importéortunderstanding and designing the
gratings. Various mathematical treatments have leeeloped to model the grating
behaviour. Coupled mode theory (CMT) is a widelp@ed method to solve the
problems [73-76]. This approach represents thengyéiehaviours via solving a set of
first-order differential equations. Yamaeda al [77] proposed a simulation technique

using the transfer matrix. The principle of thisthus is to consider any grating
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structure as a concatenation of definite smallisestof uniform gratings therefore
offering a fast and simple analysis tool for compdeating structures. Weller-Brophy
and Hall [78] applied a technique presented by Rb(iz9] for multilayer dielectric
thin film to simulate fibre gratings. However, thmsethod can not meet the need of
modelling arbitrary refractive index modulation pea Another alternative approach
to grating simulation is Bloch wave method [80] ahhigives the exact eigenmodes
solutions of the grating structure. In this secti@MT will be reviewed to interpret
the grating behaviour. The derivations follow therkvdone by Erdogan [75]. Green
function for modelling tilted grating will also Heriefly reviewed at the end of this

section.

2.3.1Coupled Mode Theory

In an ideal case, the transverse component of l#wtrie field of the propagating

mode in an optical fibre can be written as a supstipn of modes labelled witjy .

Without any perturbation i.e. index modulation infiare grating or other non-

uniformity, the electric field is shown as follovgn
Equation 2.2E, (X, y,z,t) = Z[Aﬂ(z) &"*+B,(2) @i%ﬁ][éM (x, y) &t
U

where A (z) and B, ¢) are slowly varying field amplitudes of the th mode

propagating along the z direction forward and baklyindividually. The transverse

mode field€, & y ) represents the bound-core, radiation mode or tigdthode.

While in an ideal waveguide, the modes are orthabsn that no energy exchange
occurs. Nevertheless, the presence of a dielgotrimirbation can facilitate the modes

to couple such tha#y, and B, of the xth mode evolve along the z axis according to:
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d i05,- : -iB,+
Equation 2.3di =iD) A OK, +K2) B 4D B, K., - KZ) &
z ~ .

dB g, + : -ig,-
Equation 2.4d—" =-i ) A OK,, -KZ) @2 ) B, (K., +KZ,) %"
z > -~

In Equation 2.3 and Equation 2.I4,§/, stands for the transverse coupling coefficient

between modeg: andv given by:

: @
Equation 2.5K,,(2) = 2 qjdxmyme(x, Y, 2) &, (X, y) & (X, Y)

WhereA¢ is the perturbation of the permittivity which rdug equals2(nidn when

assumingon<<n. K/ , the longitudinal coupling coefficient, generalgbeys

K, <<K,, hence can usually be ignored.

For most UV inscribed gratings, the refractive adeodulation can be expressed as:

Equation 2.60n,, (2) = e (2) EE1+ V@O{ZTHQ + (U(Z)H

Where deit (2) is the “dc” index variation spatially averaged ptiee grating period,
v is the fringe visibility of the index variatiof is the grating period and(z)

indicates the grating chirp.

For most fibre gratings considered, the UV induaedractive index change

(X y,z) can be regarded as uniform across the whole eceee @herefore, the core

index e (z) can be replaced b§neo(2) . Similar to Equation 2.6, we can write the
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coupling coefficient as:

Equation 2.7K,,(2) =T, (2) + 2k, (2) EO{ZTHQ + qa(z)}

Where the following definition applie§,

».(2) is the “dc” coupling coefficient and

K, (2) is the “ac” coupling coefficient.

aln,

Equation 2.87,,(2) = [Beo(2) q‘jdxmy@,t (% Y) B u(xy)

core

Equation 2.9, (2) = % T,.(2)

2.3.1.1Bragg Gratings

For a uniform Bragg grating, the schematic of modepling is shown in Figure 2.2.
The mode coupling occurs at phase match wavelefgthwhich a forward

propagating mode with amplituded(z) reflects into an identical backward

propagating mode with amplitu@ez (. )

Figure 2.2 Schematic of mode coupling of an FB@Gwshg light coupled from forward-
propagating core mode to backward-propagating cmée.
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With this in mind, Equation 2.3 and Equation 2.4 ba simplified to the following

expressions [75]:

Equation 2.10(:]di =i A" (2)+i k[B*(2)
z

Equation 2.11dd£_ =—i T B*(2)-i Xx"A"(2)
L

Where the amplitudes are defined as:

Equation 2.12A"(2) = A(2) e 2

&S}

N

Equation 2.138°(2) =B(Z)[& 2

The coupling coefficient is given by :

Q

Equation 2.14r* =3+T —%

o
NI

While the detuning is shown as:

. V4 1 1
Equation 2.150=08-—=(£- 6., =20rlh, []—-—
quati p==B-5, eﬁcﬁ/‘ /]Dj
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In Equation 2.15,4, =20, I\ is the design Bragg reflection peak for an
infinitesimally weak index of refraction change wng i.e. on,, — 0. For a single

mode Bragg grating, the coupling coefficients carsimnplified as following:

Equation 2.16° " :%j‘\eﬁ

Equation 2.17« = k" = g [V (et

For a grating with uniform structure along the zedtion, on,, is constant and

%:O for grating without any chirp. Hence, the couplicgefficients are all

dz
constants. Equation 2.10 and Equation 2.11 can é¢kelve into first order ordinary
differential equations. For a uniform fibre gratiwith a length L, the reflectivity can

be calculated from the equation below:

si?hz\/(/( o -(rof
—(:J +cost (kL - oy

Equation 2.18R=

The maximum reflectivity occurs when™ =0 where

Equation 2.19R__, = tanif(x [L)

The bandwidth of a uniform FBG is defined by thevelangth difference between the
first minimum on either side of the maximum refleity. The bandwidth is then

given by :
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N 2
Equation 2,202 vy 14| o
A Nt L v [on.,

In the weak grating condition wheke én,,, is very small, we can then infer

Equation 2.21M O 4o
A ngL

The bandwidth of a weak grating is then correlatétl the grating length. In the case

of strong grating condition whereldn, is large enough, the bandwidth can be

obtained as:

v,

Equation 2.22A/1—/] O

nef'f

It can be clearly seen that in strong grating cimali the bandwidth is independent of
the grating length. Physically speaking, the inoidegeam may not propagate through
the whole length of the grating as the mode corepBragg diffraction may finish
before it penetrate the full length.

2.3.1.2Long Period Gratings

For long period gratings (LPG), also known as tmnaission gratings, the mode
coupling occurs close to the wavelength at whidoravard propagating mode with
amplitude A(z) is strongly coupled into a co-propagating claddimgde with

amplitude A,(z) . Figure 2.3 shows the mode coupling scheme airadsird LPG.
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Figure 2.3 Schematic of mode coupling of an LP@wshg the light couples from

forward-propagating core mode to co-propagatinddilag modes.

Therefore Equation 2.3and Equation 2.4 can be simplified by retainingnteithat
only involve in the coupling behaviour of these twwdes. Applying the usual

synchronous approximation, the coupled mode equatiow evolve into:

+

Equation 2.23 dA

Y

=i A (2) +i k [B*(2)

+

Equation 2.24 ddB =—i T B (2)+i k"A"(2)
z

Where the new mode amplitudes defined as:

. N S s iee-?
Equation 2.25A"(z) = A [& 2l 2
—imr11+r22)% Eé—iﬂfﬁ+%

Equation 2.26B " (z) = A, [®

In Equation 2.25 and Equation 2.2§,andr, are the “dc” coupling coefficients

defined in Equation 2.8 =k, = k5, is the “ac” coupling coefficient with which the

general coupling coefficient can now be written as:
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M+
2

¢

Equation 2.27* =5+ %

d

NI

The detuning is assumed to be constant, such that:
Equation 2.285:M T TN, 11
2 A\ A A

Where A, = Ang [\ is the design wavelength for an infinitesimallyakegrating. As

of the case for Bragg gratingd,=0 corresponds to the grating condition predicted

by the qualitative picture of grating diffraction.

For a uniform LPGJI"* and x are all constants, hence, when applying the apiartep

boundary conditions, the transmission of LPG cae\auated through:

2

A" (z 42
Equation 2-2‘ @ =cog VK2 +T* [z + i 2E‘Binzx//(2+r+zﬁ

A" (0) K2+T"

N

N

B (z 2
Equation 2.3J @ __ « GBIV T

wEf K

(z
Whereﬁ indicates the transmission response of the boongl-mode due to
A0

B (z
the core-cladding mode coupling regiH refers to the ratio of the power
A" (0)

coupled into the cladding mode from the core mode.
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2.3.1.3Tilted Fibre Gratings

As a special category of fibre gratings, tilted@lgratings are capable of coupling the
core mode into both radiation modes and claddingleso This type of gratings
generally involves three regimes including tiltengle at < 45°, = 45° and > 45°.
Figure 2.4 shows the schematic of mode couplingliad fibre gratings in three

regimes.

i / \ 4
\;_O: j’ ________ ) //' s I —0
7 \ 0=45°
N4

0<45°

Figure 2.4 Different coupling regimes in tiltedriébgratings for tilted angle (a) < 45°, (b)
= 45° and (c) > 45°.

From Figure 2.4 we can see that, when the tilteamgbmaller than 45°, the grating is
capable of coupling the forward propagating coredenmto backward propagating
core and cladding modes. When this angle is latger 45°, co-propagating coupling
occurs. At 45°, different from the other two reganthe grating will couple the core

mode into radiation mode normal to the fibre axis.
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Figure 2.5 Schematic description of tilted fibratgrg in an optical fibre

Figure 2.5 shows the schematic diagram of a typiltadl fibre grating structure. Due

to the rotation of the grating plane, the indexngeis now defined as:

Equation 2.31_ (X 2) = dNeo(Z) Eﬁh v E:o{/z\—ﬂ ¥ + (0(2')ﬂ

g

A\
Wherez'= x[sind+ zlcosf , N\ = 90 is the grating period along the fibre axis
Ccos

where resonant wavelength for coupling is deterthiri®y taking projections of the
grating parameters i.eNw(Z) , ¢(Z) into the fibre axis, the general coupling

coefficient turns to be:
Equation 2.32K, (2) =T, (2) + 2(k-..(2) @0{27” Z+9l2 E:osé?}

Where the forward propagating mode (+) is assotiatéh mode number in

Equation 2.3 and the backward propagating modeis(-pssociated with mode
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numbew. The “dc” and “ac” coupling coefficient can thea faritten in the form of
Equation 2.33 and Equation 2.34:

aln,

Equation 2.33 (2) = [N (2 [E0SH) Eﬂdxmyté+ (X, y) B (X, Y)

core

Equation 2.34

— tiﬁ n
K., (2,6) =§B‘% (Beo(z b0sd) Cf [dxCdy @ A 8, (x,y) B(x,Y)

core

It is found that/(i:/(f. Furthermore, the grating tilt can be represenbyd

“effective fringe” in terms of visibilityv., (6) which is given by:

413 Xtang a
”dx@iy@ A (& (X, y) [ :(XY)

Equation 2.35\/;1 (e) — core
Y .” dxrdyre; (xy) @& (X y)

core

Therefore, Equation 2.34 can be rewritten in alsinfiorm to Equation 2.9 as:
Equation 2.36«., (z,60) :V;i—Z(H)EIT(z)

This result states that how effective the gratiegtyrbation is in backward Bragg
reflection. It also shows that how grating tilt caduce the effective fringe visibility
according to Equation 2.35. Detailed analysis dtediBragg gratings using CMT
have been reported recently by various groupseial [81] simulated the spectral
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behaviour including polarisation consideration T6tGs with tilted angle <45°. Later,
Xu et al developed a method using both CMT and Mueller madtr examine the
spectral dependence in terms of polarisation deggnibss (PDL) and degree of
polarisation (DOP) after light passes through a WA tilted angle<45° [82]. While
Lu et al[83] from the same group investigated the radmtimode coupling from the
TFGs using simplified CMT. For grating with a tdteangle >45°, known as
excessively tilted fibre gratings (Ex 45°-TFGs)erth is still no clear theoretical
analysis. Since its large period and strong asymymiée polarisation effect has to be
taken into consideration with CMT which is believiedplay an important role for
TFG characteristics. More detailed analysis for $R@Il be considered for future

work.

2.3.2Volume Current Method for Analysing Tilted Fibre Gr atings

One of the other recently developed treatmentsxjgaen tilted fibre gratings is
Volume Current method, also referred as Green kamahethod [13, 84]. Although
CMT offers a rigorous approach to describe the moolgpling between forward
propagated core mode and backward propagatedicadimbde, it does not show the
radiation pattern of the TFGs. By deriving an esiplexpression of the Poynting
vector of the radiated fields, VCM provides an easyte to predict the radiation
properties of the light coupled out of the optifibte, presenting an insight on how
the tilted gratings could be designed to obtairirddgadiation response. In an ideal
tilted grating, with infinite cladding thicknesd)et core mode loss produced by the
tilted structure hence forms the radiation modeisTloss of the core mode
propagating through a small section of TFG in gleimode fibre can be written as:

Equation 2.37Loss=-0 [d

Whered is the grating section and is the loss coefficient. The loss coefficient is

given by [13]:
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_kln® 1 Ki(aWw)
AT 1+ui K (al)
W2

Equation 2.380 =

Wherek, :i—n is the wave vector of the incident light in vacuand on andn are
0

the index perturbation of the grating and origimalex of the fibre core, respectively.
a is the radius of the fibre cor&, and K, are the zero order and 1st order of
K —besselfunctionu andw are the well known fibre waveguide parametersnaefi

by:

Equation 2.3 = \/(ko [h)? — (k, Oy )?

Equation 2.40w = \/(ko [y )? = (Ko Myiag)?

Wheren,; is the effective index of the propagating moded ap, is the refractive

index of the cladding of the fibre. The integratgraeter f in Equation 2.38 is given

as below [13]:

Equation 2.41

KpewJo(alu) 0, (alk ) —ull,(alk
K2 _u2

new

l:‘ul(a El].l) []j

n EW)

f :T[l—sinzﬁm:osz(w—qﬁ)]EE P

0

In Equation 2.41¢ is the grating tilt angle and, and J, are the zero order and' 1

order of theJ —besselfunction, K, is given by:
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Equation 2.42K ., = K,” +k2 [V, [$in° 6 + 2K, [k, [, $in6 [Coss

clad clad

Whered is the angel between the radiation beam, andilthe &xis which satisfies

the following equation:

Equation 2.43K , —n. [k, +k, (N,, [¢0osf =0

K, andK; are the wave vector of the grating in longitudiaatl transverse direction

individually which are defined by:

Equation 2.44K = 2—: [Cosy

Equation 2.45K, :% $iny

Using the formulas above, it is then possible tal@ate the polarisation properties of
the TFGs. The simulated results of the polarisatierformance for TFGs are shown
in Figure 2.6. In Figure 2.6(a), the core radiuses at 4.5 um which is close to the
practical condition of a standard telecom fibrez thsonance wavelength has been set
at 1.55 pm. The grating length is assumed to b&@5 It can be seen that for various
tilted angles, the grating shows maximum polamgagxtinction ratio (PER) or PDL

at 45°. One may notice that for small tilted andies <20°), the loss for bot& and

p-light becomes very high. This can be explained #hamall tilted angles- andp-
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light degenerate. Botg andp-light are actually reflected by the grating whatows
very high transmission loss at tilted structuree Thgh transmission loss for large
tilted angle (i.e. >70°) in the simulation may béerpreted by different types of mode
coupling regime through the grating which might foeward propagating mode
coupling or radiation mode coupling.

(a) (b)
— 104 S s — O
< R o
~ e
T .l
§ 0.8 %
- S 104
c 06
o c
& 9o s
1% 1))
2 044 é’ ] ——Siont
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Figure 2.6 (a) Transmission loss against gratitegtiangle fors- (red dotted line) anp-
light (black solid line) of TFG; (b) spectral respse fors-(black solid line) ang- (red
dotted line) light of a 45°-TFG from 1200 nm to 08@m;(c) PER of for 45TFG at
various lengths with different UV induced refraetindex modulations; (d) spectral

response of TFG of PER against tilt angles.

Figure 2.6(b) describes the spectral response48fd FG from 1200 nm to 1800 nm
for s- andp- light. It shows a Gaussian-like shape, ~ 100 fiecebandwidth of high

PER which is centred at 1550 nm. In Figure 2.6és),particularly interesting, the
relationship between the grating length and coiactve index change with respect

to the PER has also been examined for a 45°-TRéanltbe clearly seen that the PER
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increases linearly with the grating length. It alswows that for different grating
modulation levels i.en = 0.00056, 0.00156, 0.00256, the PER varies significantly

indicating that higher refractive index change givieigher PER. Figure 2.6(d)
illustrates the spectral change of a 45°-TFG agadilisangle variation in terms of
PER. It show that for a designed grating with resme wavelength at 1550 nm if the
tilt angle increase (49°) or decrease (40°) witlspeet to 45°, the resonance
wavelength will have a blue or red shift of abo@08 nm. Furthermore, it is noticed
that the PER could drop to 11 dB or 3 dB individipat the desired resonance
wavelength. Therefore, care has to be taken whseribe the 45°-TFGs. One may
also notice that, in the simulation, when thediligle is at 49°, the grating exhibits
higher PER than grating tilted at 45°. This maybleeause a 49°-TFG is capable of
coupling out mores-light. However, the loss gf-light is minimised when the grating
is tilted at 45° therefore making 45°-TFG an ideahdidate for in-fibre polariser. A
high PER polariser may be then achieved by inswgibstrong 45°-TFG. The
simulated results have thus motivated us to examhi@golarisation properties of the
45°-TFGs. A more detailed derivation of this metl®diven by Liet al [84].

2.3.3Phase matching condition of mode coupling for fibregratings

Another useful approach to understand the mode le@upnechanism in fibre
gratings is the phase matching condition. We hedslfyne the following wave vector
relationship for mode coupling in a fibre gratingpiosh is commonly regarded as the

phase matching condition:
Equation 2.46K_, = K,, + K

: o . 2 :
All K described in this section are vectofs, :772 [h., is the wave vector of the

incident light andK =% is the grating vector. The phase matching conditiba

fibre grating can then be described in a vectgiahe in Figure 2.7 and Figure 2.8.

For the case of FBG mode coupling, as shown in reigl7(a), the relationship
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Kot = Ky :¥Dhco applies as an FBG structure will couple the liglum a

forward propagating core mode into an identicalkiaard propagating core mode.

For the case of LPG mode coupling, as shown inrgigur(b), the grating can couple

the incident light into forward propagating cladglimodes WithKout=2/1—nDh

clad

indicating the cladding modes.

@) (b)
:KG B;mn

A

\ 4

A
v
\ 4
\ 4

Kout Kin Kin Kg

Figure 2.7 Vectorial descriptions of phase matcltiogditions of (a) FBG and (b) LPG.

For TFGs, as the grating has the ability to cotlpéeforward propagating core mode

into radiation mode, it is hence to ha#e,, :2/‘—nDh which is similar to LPG. With

clad

the conditionn, On,,, , the following relationshipK, UK, therefore applies.

out

Hence, similar to Figure 2.4, the phase matchinglitimn of TFGs can be depicted in
the vector plane which is shown in Figure 2.8, wtteindicates the tilted angle of the
grating with respect to the fibre axis. In Figur8(2), we can simply infer that when
the tilted angle is minimised to zero, the phaséchiag illustration evolved into the
standard FBG condition from which a forward progagamode has been coupled
into an identical backward propagating mode viagBrdaiffraction. Figure 2.8(b)
shows the special case of 45°-TFG which is capaiflecoupling out light
perpendicular to the fibre axis or incident beampggation direction. While Figure
2.8(c) shows the mechanism of an incident beamlesupto a forward propagating
mode through an excessively titled grating striectuxlthough the phase matching
condition gives very good approximation for intefation of mode coupling
mechanism inside the TFGs, it does not involve pbé&risation effect which is

actually one of the key properties of the TFGs.
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Figure 2.8 Vectorial description of phase matchdngditions for TFGs with titled angles
at (a) < 45°, (b) = 45°and (c) > 45°.

2.4 Overview of Fibre Grating Fabrication Techniques

Inscription of in-fibre FBG using photosensitivity optical fibre was discovered by
Hill et al in 1978 during the experimental investigation ohdinear effect in the
optical fibre [1, 85]. In this very first FBG insption, Germania-doped silica fibre
and visible AF laser (488 or 514.5nm) were used in the experimBoe to the
Fresnel reflection (nominal value ~4%) of the ckshvfibre end, incident light
reflected by this could thus interfere with the gagating beam thereby creating a
standing wave within the fibre core. The standirgyvev pattern of refractive index
was therefore inscribed in the fibre core becadsthe intrinsic photosensitivity of
the optical fibre. This kind of FBG was lack of vedength tunability and very much
incident light wavelength dependent, although theyld be inscribed through self-

organised formation of incident laser beam or reféas internal writing technique.
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Consequently, more versatile fabrication techniqaes required. Various UV
inscription methods (i.e. external writing techregy have been reported since then
which are able to provide grating fabrication witigxible Bragg wavelength [86-88].
The widely adopted grating fabrication methodsudaig two-beam holographic [86],

point-by-point inscription [89] and mask scanniBF{88] are discussed below.

2.4.1Two-Beam Holographic

The two-beam holographic fabrication technique W written fibre gratings was
initially demonstrated by Meltet al in 1989 [86]. This grating inscription system
requires amplitude-splitting interferometer andtipigs can be fabricated over a wide
range of wavelengths - typically from 600 nm to Q760m, and independent of
incident laser wavelength. The original system usgdJeltz et al [86] was used to
fabricated FBG in the visible region. Figure 2l8strates the schematic of a typical
two-beam holographic grating inscription systenoum lab. Such a system normally
employs a beam splitter with preferable 50:50 spgjtratio. The divided two beams
are reflected by two mirrors (M1, M2) with similegflectivity, and then focused by
two similar cylindrical lenses (L1, L2), therefgoeoducing interference fringes in the
fibre core when the two beams are recombined. Pipéication of cylindrical lenses
is to focus the UV beam thereby allowing high isignUV irradiation on fibre over
which effective and strong gratings could be sl The period of the

holographically produced grating is described below

AUV

Equation 2.47\ = )
28Ina

Where A, is the incident UV wavelengtiny is the angle between the reflected beam

and the beam splitter plane as shown in FigureTh8.Bragg wavelength can then be
given as:

_ neff D1uv
Bragg

Equation 2.481 :
sina
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Figure 2.9 Schematic illustration of two-beam hodgnic inscription of fibre grating

wheren,, is effective refractive index for propagation modehe fibre. A is the

Bragg
general description of Bragg wavelength for notedilFBG. The most advantage of
this technique is the ability to inscribe FBG abiaary resonance wavelength by
changing the UV wavelength and the angle of thergeicting beame . By tilting the
optical fibre, this method provides possibility fascribing titled FBGs. It is worthy
to note that the system setup shown in Figure 2 @nly valid for UV light source
with a long coherence length, for instance, ~60mrthe case of Arlaser. For UV
light produced by low coherence source such asvexclaser, an additional plate is

necessary to compensate the optical path differmceed by the beam splitter.

Nevertheless, this system is subject to environatemibration significantly due to its
relatively long exposure time (typically is a fewins). Fringes quality is apt to
degrade by even submicron displacement inducedughr@ny components in the
system. Another limitation of the two-beam holodnapmethod is the grating length
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is limited to the UV beam size, which is typicadlyfew mm. Such short FBGs would

result in large reflection bandwidth which may saitable for some applications.

Because the standard two-beam holographic systemrmatly uses more optical
components, other interferometer systems basedawefront splitting using prism
interferometer [90-91] and Lloyd interferometer J9Bave been developed to
overcome this disadvantage while reducing the 8eitgito mechanical stability
dependence. Although these two methods provide ra stable inscription by using
less components, they are lack of tunability amdgitéd length of inscribed grating
significantly restricts their popularity. Note,i# demonstrated that chirped FBG can
be fabricated using the two-beam holographic me{88d94]. It is also shown that
TFGs can be fabricated with this method [95].

2.4.2Point-by-point Fabrication

Point-by-point inscription was firstly reported Malo et al.[89]. In their system, a
KrF excimer laser and a 18n slit were used. A lens was used to project thegeof
the slit on the fibre core. Because the focusedod®m spot size is normally larger
than the period of a standard Bragg grating pgri@®0 nm for 1550 nm region)
resulting in ~700 nm of the width of the photoinddgerturbation area, it is hence
generally difficult to inscribe lorder Bragg grating although in principle the
diffraction limit of 244 nm is ~250 nm. A%order micro Bragg grating has been
fabricated with a significantly short length of 8Bgm, exhibiting 70% peak
reflectivity at 1536 nm in a D-shape fibre [89].
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Figure 2.10 Schematic diagram of point-by-pointdilgrating inscription.

Figure 2.10 showthe schematic diagram of point-by-point fabricatgystem in our
lab. In our system, rather than using a slit, @sdaylindrical lens was adopted in
the system to focus the beam along the fibre &dsous parameters such as grating
period, grating length can be controlled througmpater programme. This method is
widely used for long period fibre grating fabricatifrom which high flexibility can

be obtained for various parameters. The disadvardghthis technique is that it
normally requires long fabrication time, environradly induced grating stitch errors.
Positional accuracy of the motion stage may alsuidate the quality of the gratings.
The point-by-point technique has been reportedhferfabrication of rocking filter or
polarisation mode converter [96-97] and mode carv¢®38-99].

2.4.3Mask Scanning

A major step of fibre grating inscription improvemids the development of phase
mask scanning method. This technique is reportstlyfiby Anderson and Hill [87-88]
in 1993 at the same time. Since then, it has beespted as the most effective way of
fabricating fibre gratings. Compared to holograpimethods, fewer components are
used providing robust and stable solution to ggatitscription thus greatly reducing

the complexity of the fabrication system.
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Phase Mask
Substrate

Figure 2.11 Schematic of the phase mask inscrigidfBG when the UV beam incident
normally to the phase mask.

The phase mask is a UV transparent fused silide pl&h one-dimensional surface-
relief grating etched in it. Either holography oleatron-beam lithography is

employed to manufacture the phase mask. It hasiedpef A ,,, and can diffract the

incident UV beam into several orders suchvas Ot 1+2.. With carefully controlled

grating depth, aspect ratio i.e. ratio of the lirdiv to the depth, the phase of the
transmitted UV beam can be modulated thus forminghase mask rather than an
amplitude mask. By minimising the zero order traitteed UV beam, a near field
interference fringes could be generated by fttediffraction orders therefore
photoimprinting the Bragg grating into the fibreo minimise the zero order of the
normally incident UV beam on the phase mask, thgbtlpass through the grating
ridge (fused silica) and the valley (air) will c@heach other as they are out of phase.

The design of phase mask can then follow Equatiéf PLOO]

Equation 2.4d [{n,, -1 :/]_;v

Whered is the grating deptm,, is the refractive index of the UV beam in fused

silica (+1.5108 at 244 nm){,, is the wavelength of the UV light. Hence, a gratin

depth of ~238 nm could be obtained for zero orderimmsed phase mask for 244 nm
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illumination. It is worthy to note that changingettJV wavelength will require a
different phase mask unless the zero order trassmnigs physically blocked. The
period of inscribed FBG using a phase mask folldlws equation below when

considering normally incident situation:

/]uv /\ pm

20ing 2

Equation 2.50A =

Where 8 is the diffraction angle of the 1 order UV beam.

. < M1
Sabre Fred ™ UV Laser

Air Bearing
Translation Stage

My
Cylindrical
Lens

T

[ "haseMask

Optical Fibre

Figure 2.12 Schematic description of typical phamsesk scanning inscription system in

our lab.

Figure 2.12shows a typical experimental arrangement of thasphmask scanning
system in our lab. A frequency doubled Aaser (Sabre Fré&lis used as the UV light
source. The UV beam is focused on the fibre coeeavicylindrical lens. Then it
propagates through the phase mask to incident enfibdie. With the computer
controlled movement of high-precision air-bearitgge along the fibre axis, Bragg
grating structure can be impinged in the fibre doyescanning the laser beam.

When employing the phase mask, the simplicity ahgisess components and near-
field interference enables stable, repeatable aifdrm inscription of Bragg gratings.
Low temporal coherence would not induce drawbacthéosystem. Moreover, phase
mask scanning technique can offer solutions to ljghlity and complex grating
structures such as chirped gratings [101], apodgatings [102-103], phase shift
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gratings [104-105], Moiré gratings [106] and supeitured grating [107].

Nevertheless, the phase mask scanning method jecsib the condition of spatial
coherence. If the separation between the fibretlamdnask is too close, damage could
be caused to the fine corrugation of the phase m@skthe other hand, if the
separation is not close enough, poor quality ggatiwill be produced when UV
source with low spatial coherence is used in tistesy. Another disadvantage of the
phase mask scanning method is its limitation to ahernation of inscribed Bragg
wavelength due to the fixed period of the phasekmidence, additional phase mask
might be required for various Bragg wavelengthsti@rmore, several methods have
been proposed to overcome this problem. Prohaskavesh that by locating a
magnifying or converging lens in front of the phasask could generate longer or
shorter wavelength than the designated wavelemggd by phase mask period [108],
Zhanget al[109] demonstrated that Bragg wavelength tuninglmaachieved using a
pre-strained fibre during UV inscription. The lengtf the phase mask is another
issue using this method as more expensive long magquired for gratings of long
length. The phase mask fabricated using the eleddeam lithography, stitching
errors on the mask may degrade the quality of B®. At is worthy to note that TFGs
can be inscribed in an optical fibre by eitheirtdtthe phase mask with respect to the
fibre axis or using a phase mask with tilted pattdrhe 48-TFGs reported in this
thesis are all fabricated using phase masks widdtpattern and ex 45TFGs are by

tilting the normal amplitude mask.

Another type of mask is the amplitude mask which ba designed for fabricating
LPGs. Such mask normally has a period of hundrectans where no diffraction

occurs for the UV incident beam. The ridge andeyatlesign issue does not exist for
the amplitude mask. Therefore, the cost of amptitmsasks can be much lower.
Detailed information regarding such mask can bendoin reference [100]. The ex

45°-TFGs studied in this thesis are fabricated binglthe normal amplitude mask.

2.5 Applications of Fibre Gratings

Fibre gratings are popular components in variogktiave applications. Since the
discovery of fibre gratings, they have found wid@plecations in optical

communication, signal processing, microwave germratoptical sensing, fibre
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amplifiers and fibre lasers etc. This section vatiefly review two of the most

important applications of fibre gratings.

2.5.1Fibre Grating Sensors

Due to its inherent compactness and immune torelaeignetic interference, fibre
gratings are ideal candidates in the domain ofisgn€ombining with the telecom
grade compatible interrogation system, fibre ggticould offer a low cost solution
for optical sensing with high precision. The capgbiof multiplexing is the other
advantage of fibre grating based sensor netwonairtpressure and temperature
sensing using both FBG and LPG was reported byegeatsal [110]. With the help of
cladding modes coupling, LPGs are able to meadweeekternal refractive index
[111]. Normally, a single FBG could only deal wgble parameter sensing and more
than one FBG is needed for multiple parameter sagnsiut for an LPG, utilising the
difference of response of different rejection bantithe LPG, one can implement an
multi parameter sensing head [112]. $twal [113] also demonstrated a method for
dual parameter sensing using a single sampledngratlowever, in dual parameter
sensing, cross sensitivity might be an issue whiebds a compensation scheme to
eliminate. Recently proposed excessively tiltedefigratings provide a neat solution

for overcoming temperature and refractive indexssfsensitivity [114].

The development of interdisciplinary science offgrating sensors a great platform to
play. Various refractive index sensors using gratbased technology have been
demonstrated for biomedical and life science re$eapurposes. Different
configurations of LPG were applied in DNA detect{@d5-116]. Respiratory sensing
using fibre gratings based monitoring devices hase been presented [117-119].

For industry and engineering application, gratiegdsl sensors are gradually gaining
market in these fields. They give monitoring angiedigon solutions in oil, gas and
mining sectors [120-124]. Another good applicatadrfibre gratings based structural
health monitoring sensornets are reported for lesdd25-126], dams [127-128] and
underground tunnels [129]. There are also repdrs Yarious fibre grating sensor

configurations have been developed as inclinom¢i&@-136].
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2.5.2Fibre Grating Lasers

The emergence of fibre gratings offers laser teldyyo great versatility to the
conventional laser research. They appear to bep@merful tool to enhance the laser
characteristics. Brinkmeyeet al proposed the very first fibre grating stabilised
semiconductor laser which gives out narrow linetvidutput [137]. All fibre lasers
are therefore more attractive for both scientificl gractical applications. The ability
to inscribe Bragg gratings into the rare earth dofibres results in a variety of
successful demonstrations of fibre lasers. Simaéerl configuration was presented
for giving out single frequency output [138-139) Bsing a phase shifted fibre Bragg
grating, distributed feedback Erbium doped fibreelawas presented [140-141].
Single polarisation fibre laser was achieved bycrifgng a standard FBG into the
polarisation maintaining fibre [142]. In mode lodkeulsed fibre lasers, fibre gratings
represent a novel method to control the gain baditmend cavity dispersion of the
laser [143-145].

Inscription of fibre gratings on other active medias also reported including
Neodymium [142, 146], Ytterbium [147], Praseodymifib48], Erbium-Ytterbium
co-doped [149-151], and Thulium [152], which arkepaltential gain media for fibre

lasers across a broad operation range.

2.6 Chapter Conclusions

In this chapter, the fundamental properties of pbemsitivity and methods of
enhancement of fibre photosensitivity have beefevead. Coupled mode theory for
explaining different types of gratings were disaassncluding FBG, LPG and TFG.
Recently developed Green Function method for modelTFG was also briefly
reviewed. Major techniques, including two-beam kodphic, point-by-point and
phase mask scanning, for UV inscribing fibre gmgdirwere introduced in detail.
Finally, a short description of fibre grating afaliions in optical sensing and laser

system was given.
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Chapter 3

Fabrication and Characterisation of
UV Inscribed 45°- and>45°-Tilted
Fibre Gratings
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3.1 Introduction

This chapter discusses the UV inscription and atarsation of 45° and ex 45° -
TFGs. For the fabrication of 45°-TFGs, we only f®@n the method using phase
mask scanning, and a large number of 45°-TFGs baga UV-inscribed not just on
standard telecom and photosensitive B/Ge dopeediltaut also on two types of
polarisation maintaining (PM) fibres with spectrasponse in both 1.06m and 1.55

um regions. Concatenation method using phase mabKimited size to UV-inscribe

45°-TFGs with high polarisation extinction ratioER) has also been investigated.
Systematic characterisation has been performedhen46°-TFGs regarding their
spectral and polarisation dependent loss (PDL) grt@s. Various techniques have
been implemented to fully characterise the grafirgperties. Moreover, thermal and

refractive index responses of 45°-TFGs have alea bevestigated.

In the second part of this chapter, the fabricatind characterisation of ex 45°-TFGs,
i.e. the fibre gratings with tilted structure at angle larger than 45have been

discussed. For fabrication, an amplitude mask withnning UV beam method was
applied for inscribing such ex 45°-TFGs. Only staddtelecom fibre has been
investigated for this type of TFGs. Similarly, thefractive index and thermal
responses have been characterised in terms of exbughdding modes with two

different orders.

3.2 Fabrication and Characterisation of 45°-TFGs

3.2.1Fabrication methods for 45°-TFGs

As shown in Figure 3.1, a 45°-TFG can be inscrigdaer by tilting the phase mask
with respect to the optical fibre (Figure 3.1(a)),by using a phase mask with tilted
pitches (Figure 3.1(b)). One can also inscribe gretings by tilting the fibre about

its axis orthogonal to the plane defined by the taterfering UV beams in a two-

beam holographic fabrication system (Figure 3.1(c))
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Figure 3.1 (a) and (b) phase mask, (c) two-beamgnaphic methods for 45°-TFG
fabrication.

As discussed in Chapter 2, phase mask scanningitg@hcan inscribe fibre gratings
with high quality. All 45°-TFGs reported in thisetis were fabricated with the phase
mask method. Detailed information regarding the sphamask parameters and
inscription conditions will be described in theléaling sections.

3.2.2Relationship between the internal and external tikd angles and
period of 45°-TFG

Owing to the geometry of the optical fibre, wheffilae axis is tilted byg

ext

with
respect to the UV interference fringes, it can gateegrating planes with an angle
6., within the fibre core [153].
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Figure 3.2 lllustration of fringes distortion and°-TFG structure with externél,,,

internal @

int

angles and period; .

Figure 3.2 depicts the effect regarding the frimtigerence between external and

internal angles when using a phase mask technidweerelationship betweefi,,, and

6

int

is given by [11] :
int

Equation 3.16 :I—T—tan‘l{;}
2 Ny

Wheren,, = 151is the refractive index of fibre at UV wavelengifhe relationship

between the internal and external angles is plottédgure 3.3.

-63 -



Internal Angle(°)

External Angle (°)

Figure 3.3 Plot of internal angle against extearalle for TFG fabrication. Note, the

cross point for the two dotted lines indicatesgbat where the internal angle is 45°.

Figure 3.3 shows that how the internal angle chamwgeen different external angle
applies. We can calculate that when the externgleais = 337°, it can produce
grating planes tilted at~ 45° internally and it is this 45TFG structure exhibiting
interesting polarisation and spectral propertiescwvhwill be investigated in the

following sections. From Figure 3.2, we can infeatt

/\G - /\ext
cosd,, cosb,

ext

Equation 3.2A =

Hence, the inscribed tilted grating peridd, is given by

Equation 3.3A, :%
CO

Where A

ext

. ' N\ .
can be found from the well-known relationsiip,, = ;M , and A, is
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the period of the phase mask used in the inscrnpistem. According to the phase

matching condition discussed in Chapter 2, we han ieducé¢hat the corresponding

periods of phase masks are ~1785 nm and ~1216 min56um and 1.06um regions,
respectively, and then the according grating peradng the fibre axis are ~1071 nm
and ~731 nm, respectively. During the experimethts,angle alignment is achieved
by tuning a commercial grade goniometer where thase mask is mounted. The
angle between the diffraction pattern from the phasask and a pre-aligned
horizontal line has to be around 33.7°. The amof@itiining is normally quite large if
a normal mask is going to be tilted for 45°-TFGcmygtion while small for a tilted
mask. The accuracy of the alignment relies on tieeigion of the goniometer with a

nominal accuracy of +1 °.

3.2.3Analysis of fundamental limit on fabrication of 452TFGs

As discussed in Chapter 2, a fibre grating insctilvethe fibre core relies on the size
of the UV interference area after the phase maskut experimental system, owing
to the usage of a cylindrical lens, the inciderdarbeon the phase mask is a rectangular
shape. When the beam diffracts from a non-tiltegisphmask, the two diffracted main
beams (+1 and -1 orders, assuming zero order tiasiem is eliminated) will only
depart from each other in the x-y plane, as shaowhigure 3.4(a). However, in the
case of a tilted phase mask, the diffracted +1-aharders will separate in the y-z
plane as well. This separation in y-z plane thesfeeduces the effective UV

interference area on the fibre. The separatiorceffemuch more severe in the y-z
plane than that in the x-y plane. From estimatioa, can knowd, (the maximum
effective penetration depth of the UV interferemegion in the case of a tilted phase
mask) in Figure 3.4(b) is much smaller thelp (the depth of the effective UV

interference region) in Figure 3.4(a) for a norplaase mask. The interference region
of the UV beam after the tilted phase mask is drawkigure 3.4(c) showing as a

trapezium, wher@ denotes the phase mask tilt angle, L is propaatiom the phase

mask period. Therefora), could be calculated as, = with a given beam

ang
heighth. In Figure 3.4(d), it illustrates the side viewtbé trapezium interference area

covering the optical fibre. In order to achieveiaéint grating inscriptiond, is
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defined by the geometry structure of the optidaleifrom which the fibre core would

be completely covered by the UV interference regieor a single mode fibre with
cladding radiusrg) of ~62.5 um and core radiugd) of ~ 4 pum,d, has to exceed

~69.7 um for the complete core coverage by UV fatence region. Hence, for

efficient 45°-TFG inscription, a minimum beam hdigh~93 um is required.

(a) (b)
+1 Order -1 Order +1 Order -1 Order
UV Beam UV Beam h UV Beam UV Beam h
|l /
z ds z / — <
A Al e
\\\\\\\\\\\\\\\\\\\\\\\\\\(\\\\\ \
Phase Tilted
y Mask y Phase
Mask
X X

Cladding

Figure 3.4 Schematic description of UV beam diftiat after the phase mask: (a) from a
non-tilted phase mask; (b) from a tilted phase m@gKTrapezium of the interference
area from a tilted phase mask; (d) side view ofukeinterference trapezium showing

complete coverage of the fibre core.

In order to achieve effective 45°-TFG inscriptiongreasingd, is necessary. It is

therefore natural to defocus the UV beam to obtdie grating inscription
optimisation condition. The defocused distancetlf@ 45°-TFG inscription may be

derived from the standard Gaussian beam analgiqakssion [154]:
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Equation 3.4Af = z, (ij -1
W,

0

WhereAf is the defocused distande, is half of the beam heighty, denotes the

2
Gaussian beam waist, = 4l is the Rayleigh range of the UV beam ai

uv

indicates the wavelength of the UV light. Assumihg UV light (wavelength 244 nm)
is perfectly focused at the standard single mdole ftore with a core radius of 4 um,
the UV beam waist is thus 4 um in the case of iflealsing. The optimised defocus
distance can then be calculated to be ~2.27 mngusguation 3.4. However, it is
worthy to notice that defocus of UV beam may resuliveakening the power of the
interference region as the UV beam intensity wél feduced significantly due to
diffraction of a focused Gaussian laser beam. Margofor specialty fibres with
larger cores, defocus will be a necessity for goainscription which would ensure
the fringes to cover the whole area of the fibreec@hus, there is a fundamental limit
for inscription of 45°-TFGs using the phase mas&neihg method. In the work
reported in this thesis, | have applied a defodusldc mm throughout the fabrication
for all 45°-TFGs at 1.55 um region, so as to badabetween the size of the UV
interference region and UV power. Figure 3.5 ilasts the schematic diagram of the

defocused inscription of the 45°-TFGs.

Cylindrical Phase _
Lens Mask ;bre
UV Beam (]>|b\1
| f+Af |

N|

<
<€ »l

Figure 3.5 Schematic diagram of defocused fabdoatf the 45°-TFGs.
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3.3 Fabrication and Characterisation of 45°-TFGs at 1.5um Region

3.3.1Fabrication of 45°-TFGs by rotating normal phase mak and

concatenation

45°-TFGs throughout this thesis were all UV-insedlin optical fibres using a 244
nm UV light from a frequency doubled Ataser (Coherent Sabre Fred®) and the
scanning phase mask technique. All the opticakflwere Hloaded under 150 bar at
80 °C for 48 hours prior to the UV inscription tohance fibre photosensitivity. The
general fabrication technique is discussed in Glrapt Two phase masks were used
for 45°-TFG fabrication, one is a normal mask and the roties designed tilted
pitches. When the normal phase mask was used sittiltead at ~33.7° externally to
produce 45° tilted fringes within the fibre coreowtver, this normal phase mask
(from QPS Photonics) has only 3.5 mm effective tenghen rotated at ~33.7° (as
shown in Figure 3.1(a)) thus the concatenation otktias to be used to achieve long
length gratings. The other tilted phase mask (fiB®EN photonics) is designed to
have a tilt pattern of ~33.7° with respect to tineef axis and the total length is ~23.5

mm, which allows strong 45TFG fabrication just over one continuous UV-scan.

However, the concatenation technique employed fatirgy inscription with longer

length for strong 45°-TFG function required manaoahtrol of the concatenation,
which induced various defects, such as stitch emad bleach effect (i.e. overlapping
of the margin areas from the adjacent concatengiating sections), to the grating
structure, resulting in unwanted effects. | haveritated several 45°-TFGs inyH

loaded B/Ge co-doped fibre by concatenation tecteigith different lengths of ~35
mm and ~50 mm. The configuration described in Feg8rl(a) was applied from
which the QPS phase mask was used for inscripfomicroscope system (Zeis
Axioskop 2 mot plus) was used to inspect the ggatstructure after the UV

inscription. Figure 3.6 shows a typical microscopimage of the UV inscribed 45°-
TFG in the fibre core under a 100x oil immersioncmoscopic lens showing the

grating period of ~1081 nm and fringes tilted at.45
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Figure 3.6 Microscope image of a typical 45°-TF@raxed by a 100x oil immersion

microscopic lens.

In the following sections, detailed information aeding the 45°-TFGs fabricated
using concatenation and direct writing will be @m®d and discussed. Their

polarisation dependency and spectral propertidsalgib be described and discussed.

3.3.2Polarisation dependent loss and spectral measuremeof 45°-TFGs

In some passive optical components, the opticat loan be different as the
polarisation state of the propagating beam variHse difference between the
maximum and minimum loss with respect to all pdssjimlarisation states is called
polarisation dependent loss (PDL). PDL plays imgatrtrole in the modern optical
communication system owing to its effect on sysparformance [155]. Normally, a
few dBs will be the maximum capacity of PDL tolecanOn the other hand, optical
devices exhibiting strong PDL may have potentigbli@ation in polarisation state
discrimination. In this section, a systematic eatibn of the 45°-TFGs in terms of
their PDL properties will be discussed. In addititmeir spectral characteristics have

also been investigated.

3.3.2.1PDL characterisation of 45°-TFGs using BBS and turable Laser

The PDLs of the two fabricated 45°-TFGs of lengiths35 mm (TFG1) and ~50 mm
(TFG2), respectively, have been investigated byqither a broadband source
(BBS) or a tuneable laser at single wavelength \athoptical spectrum analyser
(OSA).

Figure 3.7(a) shows the schematic of the set-upcharacterising the PDL using a
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BBS source, a commercial fibre polariser, a fibodapsation controller (PC) and an
OSA. Both the polariser and the PC work at 1550r@gion. By changing the PC, we
obtain the maximum and minimum transmission speofrahe grating and by
subtracting the former to the latter (as they aréB), we obtain the normalised PDLs
for the two 45°-TFGs, as shown in Figure 3.7(b) Bigdire 3.7(c), respectively.

Polarizer PC 45°-TFG

-20

-25

PDL(dB)
PDL(dB)

-30

-35

6
74
-8
94
10

- T T T T 1 401 T T T 1
1500 1520 1540 1560 1580 1600 1500 1520 1540 1560 1580 1600

Wavelength(nm) Wavelength(nm)

Figure 3.7 (a) Schematic diagram of PDL measuresysiem employing a BBS.
Measured normalised PDLs for (b) TFG1 and (c) TFG2.
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Polarizer PC 45°-TFG

Tunable
Laser

(c)

PDL(dB)
PDL(dB)

T T T 1 T T T 1
1549.0 1549.5 1550.0 1550.5 1551.0 1549.0 1549.5 1550.0 1550.5 1551.0
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Figure 3.8 (a) Schematic diagram of PDL measuresysiem using a tunable laser.
Measured and normalised PDLs at 1550 nm for (b) T&& (c) TFG2. Note: as the
laser was set at 1550 nm, only the section betweetwo dotted lines in the plot is the

correspondent PDL.

Although the PDL of a 45°-TFG has a rather larged@adth (~100 nm), the PDL

value is still wavelength dependent. Using the BB®asurement system, the
measured maximum PDLs for TFG1 and TFG2 were ~B.&mtl ~35 dB, when the

polarisation was optimised for 1550 nm. Here itlsarly to see that the PDL is
strongly grating length dependent, as the 50 mm Z'&€hieved almost five times
higher PDL than that of 35 mm TFGL1. It can be asbced from Figure 3.7 that the
oscillation appeared on the PDL spectra when usied@@BS as the light source. This
could be explained as following. The 45°-TFG wdlple out the s-light as radiation
from the fibre core, however, a typical opticalréldoes not have an infinite cladding,
thus the radiated modes could be reflected backhaacladding/air boundary hence

forming the cladding modes oscillation.

The PDLs of the two 45TFGs were also measured at single wavelength ubkiag
tuneable laser as shown in Figure 3.8(a). In treasurement, the tuneable laser was

set at 1550 nm and then the PC was changed tbgetaximum and minimum PDLs.
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Figure 3.8(b) and Figure 3.8(c) show the normaliB&ls for the two gratings at
1550 nm. The PDL values measured from using tuedabkr are 5.5 dB (TFG1), 35
dB (TFG2), which are in a good agreement with tlaximum values measured using

the system employing BBS.

3.3.2.2Full PDL response investigated by a linearly polaged light

The full PDL response of the two 45FGs were then further characterised by using
linearly polarised light rotating from°836C. Figure 3.9(a) shows the schematic of
the full PDL response characterisation system uknggarly polarised light, which is
generated from the tuneable laser through a patasis beam splitter (PBS). The full
PDL characterisation principle is described asofeihg. Because the fibre PBS uses
two pieces of polarisation maintaining fibre as dogput ports, either port could serve
as a linear polarised light source while unpolatibght entered the input port of the
PBS. One output port of the PBS is cleaved and fittexl into a high precision fibre
rotator as the probe port. This fibre rotator isumed on a high precision three
dimensional translation stage while th€-4%-G is fixed on another nearby stage. One
end of the 45TFG is also cleaved almost at the start pointhef grating which is
used for coupling in the linearly polarised lighhile the other end is monitored
through a high speed power meter. The other oyiptt of the PBS is monitored
using the same power meter but with a differentale&a This functions as a reference
signal capable of monitoring power variation of tighit source. By adjusting the PC,
we could maximise the light coupled into the prqimet of the PBS. Then, we can
align either translation stage to ensure the mawincoupling from the PBS to the
45°-TFG. When the coupling optimisation is completdw fibre is rotated using the

fibre rotator in a 10step for 360 with PDL recorded for each step.
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(@)

PC Fiber Rotator  45°-TFG

Figure 3.9 (a) Full PDL response characterisatystesn setup using linearly polarised
light. Measured full PDL responses for (b) TFG1 &)dTFG2.

Figure 3.9(b) and Figure 3.9(c) show that the PBhshrough two cycles as expected
due to the existence of two maximum and two mininRIDL positions. From Figure
3.9(b), one can see that the transmission reableesdximum at the angles neaf 50
and 230 while the minimum at the orthogonal positions, 1d® and 320. This
+90° difference from the maximum to the minimumuelon figure-8 plot indicates
the linear polariser functionality of the 45°-TFthe two minimum values indicate
how muchs-light is coupled out by the 859'FG and then the polarisation extinction
ratio of TFG1 shown in Figure 3.9 (b) can be calted as ~ 5 dB, which corresponds
well to the measured PDL results by BBS and tureeldser described in the section
above. Figure 3.9(c) shows the full PDL measurenf@nTFG2 which has a longer
grating length (=50 mm), we can see the shapelissad figure-8 (the shorter grating,
TFG1, gives a non-closed figure-8 shape), indigatmuch higher PDL as the
minimum transmission becomes nearly zero at thesepbsitions. The calculated

PDL is ~ 12 dB which is smaller then the measurBdl Ralue using other method.
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This could attribute to the measurement error ieduby the fibre rotator when
approaching the minimum value. Later experimentroemced by other colleagues in
the group have proved that with very fine tuningtlué fibre rotator, this technique
could provide similar results of PDLs as the methdédscribed in the above section.

3.3.345°-TFG fabrication and characterisation using tiled phase mask

In the later stage of my project, a phase mask tidd pattern was purchased from
IBSEN Photonics which allowed direct 45°-TFG fahtion without multi-section
concatenation. In principle, this mask should emabl UV-inscribe 45TFGs with
high quality and consistent profiles. This phasekna designed to have a tilt pattern
of ~33.7° with respect to the fibre axis and g@geriod of ~1800 nm, which will
generate 45tilted fringes in the fibre core with resonancevelangth at ~1.55 um.
The mask pattern is 25 mm long; this gives ~23.5 affective grating length. We
have fabricated four 45°-TFGs under similar ingevip conditions (i.e. UV power
and exposure time) in commercial B/Ge photosersitifibore (Fibercor®
PS1250/1500). A commercial PDL characterisationtesygs (LUNA system),
incorporating a commercial tuneable laser, was eyagl to examine both the PDL

and transmission spectra of the gratings.

(a) ——PTFG1 (b)

304 ——PTFG2 04

——PTFG3

——
54 ;ﬁg P:'QL‘: ™~ 2ndorder Bragg
—_— s-ligl
— PTFG2 plight Resonance
-10 { —— PTFG2 s-light Ghost mode
—— PTFG3 prlight
—— PTFG3 sHight
| ——PTFG4 pight
—— PTFG4 s-ight

PDL(dB)

Transmission(dB)

T T T T T T T T T T T T T T T T
1530 1540 1550 1560 1570 1580 1590 1600 1530 1540 1550 1560 1570 1580 1590 1600

Wavelength(nm) Wavelength(nm)

Figure 3.10 (a) PDL and (b) transmission spectifawf 45°-TFGs inscribed under
similar condition in PS1250/1500 fibre using theed phase mask.

From Figure 3.10 we can infer that, when using asphmask with longer length, high

quality and reproducible 45°-TFGs can be achie®elerring to section 2.3.2, one

-74 -



may notice that the measured PDL appears to barliregher than Gaussian-like
shape. The experimental results indicate a bludt sii the central response
wavelength of the 45°-TFG. This could mainly atitid to the potential deviation of
the effective modal index between theory and theaahdibre at 1.55 um. It can be
seen that all four gratings have ~20 dB PDL atdsignated wavelength at 1.55 um.
This corresponds to a UV induced refractive inddésange ofon= 0001 when
calculating with the volume current method. Furthere, because the length of phase
mask is long enough for strong grating inscriptisimgle scan with a speed faster
than that used for concatenation technique wastadop herefore, the efficiency of
fabricating such gratings could be greatly impravddhis further reduces any
environmental instability during the inscriptionhd spectral properties of the 45°-
TFGs were examined using the same (LUNA System)ntercial characterisation
system which also gives the insertion loss of teeiaks. It can be seen from Figure
3.10(b) that for all four 45°-TFGs, there exist nmaxm loss and minimum loss (the
loss here is given in terms of transmission). THeernce between the maximum
loss and minimum loss is actually the PDL of theice These measured results
show very good agreement with our theory predictgiating that when light
propagates through the 45°-TFdjght is radiated out whilg-light confined in the
fibre core with a minimum transmission loss. ForFBR, PTFG3 and PTFG4, the
insertion losses fop-light have a similar value of ~1.3 dB. It should boticed that
PTFG1 shows slightly higher insertion loss (i.e5-8B), this may be due to bad
splicing induced extra loss to the measuremenesysthis can be proved by the data
in the annealing experiment (Figure 3.11(b)) showiinat p-light of all TFGs has
similar insertion loss. With the resolution setlapm from the tuneable laser, more
fine spectra were obtained showing the existencghot mode and the'2order
Bragg resonance (see arrows in Figure 3.10(b)) whiitl be discussed in detail in

next section.
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Figure 3.11 (a) PDL and (b) transmission spectl&cating insertion loss of the 45°-
TFGs in Figure 3.10 after 24 hours thermal anngair80 °C.

Thermal annealing is a standard treatment for figratings to stabilise their
properties as grating thermal decay may occurnkahing has not been conducted. In
order to evaluate the annealing effect on 45°-TRMBd$our gratings have been put in
a thermally stable oven at 80 °C for 24 hours. fleasured results after annealing are
shown in Figure 3.11. Compared to Figure 3.10ait be seen that all four gratings
have a small decrease in PDL which is ~4 dB (onfigva percents in linear scale). A
more clear view is illustrated in Figure 3.11(b)mifesting thatp-light (minimum loss)

is nearly not affected by the thermal annealingcess (i.e. still ~ 1.3 dB insertion

loss) while the insertion loss sflight (maximum loss) alleviated by ~4 dB.
3.3.42" order Bragg resonance of 45°-TFGs

It has been noticed from Figure 3.10(b) and Fidhifel(b) that there are two small
narrow dips in the transmission spectra. One oftweedips locating at ~1568 nm is
the 2" order Bragg resonance (SBR) and the other ishbstgnode. It is well known
that due to the saturation effect of the UV insooip, high order Bragg resonance can
be observed in a non-tilted uniform FBG [156]. Sceady work showed that1and
2"%order Bragg resonances can be used together éingeapplication to distinguish
the effects induced by temperature and strain $&mebusly [157]. UV written ™2
order FBG via a double period phase mask for teteepplication has also been
reported [158].

A standard mathematical description of Bragg diffien in a uniform FBG is defined
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as

N
Equation 3.50, =n, -
|

where A is the resonance wavelength of FBG, 123...is the diffraction ordern is

the effective index of the mode, aiqd, = Cé:gis the effective grating period\is

the phase mask pitch amtlis the angle between the phase mask pitch waveiwec
and the fibre axis. Thus, theoretically a seriesigh order solution do exist for a
given phase mask period without any tilt. Normathe grating fringes induced by
scanning the phase mask are regarded as a qusstpgnusoidal refractive index
change along the fibre axis. According to the Feruseries analysis, the sinusoidal
function does not give out any high order periodamponent. When the index
change gets saturated, the refractive index temdget a square-like shape, hence,
producing high order periodic frequencies. For THGIS actually much easier to get
the higher order Bragg resonance. Physically becausen the fringes tilted, they
break the sinusoidal index profile along the fibxés, therefore inducing higher order
Fourier components. According to Equation 3.5, gigfiective index 1.45 and phase
mask period 1800 nm, a theoretical SBR appear$&8.29 nm which shows good
agreement to our experimental observation. AsHerghost mode, it is a well known
effect in weakly tilted uniform FBGs [159-160]. Tlghost mode is explained as the
mode coupling between the fundamental propagatimglemand the low order
cladding mode. Recently, the ghost mode has bepledpas various sensors [161-
162]. Yet, as the first observation of the ghostimadjacent to the SBR, the origin of
this ghost mode is still not clear. Since both $BR and ghost mode have only been
observed foip-light, the ghost mode may due to the coupling leetwthe SBR and
low order cladding mode which is facilitated by th&ed grating structure.
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3.3.5Refractive index and thermal response of 45°-TFGs

3.3.5.1Refractive index response of the 45°-TFGs

As 45°-TFGs have a strong polarisation dependernighamay be developed into in-

fibre polarisation device, | further examined tledractive index (RI) and thermal

response of the 45°-TFGs. It is found that wherb&T4G is immersed in the RI

matching gel, the oscillation on PDL spectrum carebminated. As clearly seen in

Figure 3.12(a), when the grating was surroundethbyRI matching gel (RI=1.456),

the original oscillation feature on PDL disappeaeedl the PDL response became
smooth across whole wavelength range, as showrhéyrdad straight lines. The

measured transmission spectra are shown in Figur&(l§ stating that the index

matching eliminate the oscillation feature only felight while the p-light is not

affected

o4 (b)

— p-light with gel
— s-light with gel
7 — plight without gel
s-light without gel
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Figure 3.12 (a) PDL spectra of a 45°-TFG when esgds air (black curve) and
immersed in RI matching gel (red curve); (b) traissmon spectra of the-light ands-
light when the same 45°-TFG exposed to air andersed in Rl matching gel. Note:

transmission spectra pflight are overlapped by each other when the ggagrposed to

air and immersed in Rl matching gel.

The transmission spectral evolution of the 45°-TR@s further evaluated by
immersing the grating into a set of certified Rl ieom Carillgon Lab) with Rl value

varies from 1.3 to 1.408 with an increment of 020 from 1.428 to 1.64 with an
increment of 0.08. Figure 3.13 illustrates the &dponse of a 45°-TFG from air to
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1.64, showing PDL and transmission spectra evalutisom Figure 3.13(a), we can
see that the PDL turns to be smooth when the Réases from air to 1.45 which is
close to the index of fibre cladding. When the Rttlier increases to 1.64, although
not significantly obvious, the oscillation appeaggain. Similar behaviour has been
observed for the grating transmission spectra, hewvis in Figure 3.13(b). This

corresponds well to the explanation which has beade above, when RI difference
between the cladding and outer medium is very snithi oscillation can be

eliminated due to the equivalent effect of infiniilere cladding. If this RI difference

is large, radiated modes can oscillate betweercldgading/outer medium boundary
and the core. This principle applies to both PDd &mansmission spectra of the 45°-
TFG. Therefore, it can be predicted that for Rlueabbove 1.64, strong spectral
oscillation may occur due to the strong refractimdex mismatch between the

cladding and RI gel.

Although the 4%-TFGs may not be suitable for Rl sensing, usingtiogawith a
similar RI to the fibre cladding can eliminate theillation and get a smooth PDL (or

PER) response, which is desirable for polarisadievices and applications.

1530 1540 1550 1560 1570 1580 1590 1600 Q}

50 1560 1570 1580
Wavelength(nm)

Wavelength(nm)
Figure 3.13 (a) PDL and (b) transmission spectth®#5°-TFG when immersed in

various RI gels at 1(air), from 1.3 to 1.408 withiacrement of 0.01 and from 1.428 to

1.64 with an increment of 0.08
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3.3.5.2Thermal responses of the 45°-TFGs

A 45°-TFG was firstly examined without the RI matah gel under elevated
temperatures from 2C to 60C with a 5°C increment, and the device was further
examined when immersed in the RI gel. The measBid and transmission spectra
are shown in Figure 3.14.

s (b)
2 T W i
A2
— =S A '
m o 51 o (
T @ | e Ul
g 0 ——25°%C il
Ia) £ °1-—30c \‘” ‘
o 7} ——35°C |
S 7 —4c ‘”‘ |
= ——45°C [
= 5] —50C
——55°C
——60°C
10— : ‘ ‘ ‘ ‘ ‘ ‘ B : T T T T Y
1530 1540 1550 1560 1570 1580 1590 1600 1563 1564 1565 1566 1567 1568 1569
Wavelength(nm) Wavelength(nm)
5] (d)
M 4
° —10%C
— c ——15°C
Q B
= a ——25°C
=) ‘€ f7—3%c
o n ——35°C
% 74 —a0°C
bae ——45°C
= —s0°C
¥ —ssc
——60°C
10— T T T T T T T 9 T T T T T 1
1530 1540 1550 1560 1570 1580 1590 1600 1563 1564 1565 1566 1567 1568 1569
Wavelength(nm) Wavelength(nm)

Figure 3.14 Thermal responses of the 45°-TFG fdr Bl transmission when the
grating is exposed to air (a) and (b) and immeigédel gel (c) and (d).

Figure 3.14(a) and (c) indicate that when a 45°-T$Geated up, its PDL does not
have noticeable change. There is also no obvioysitaiche fluctuation regarding the
transmission spectra which can be seen from Figutd(b) and (d). Due to the
thermal condition change applied to the gratingmfiFigure 3.14(d), noticable shifts
of the SBR and the ghost mode, similar to normbiefiBragg gratings, can be

observed. The thermal responses of the ghost pedkSBR have been evaluated
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accordingly and are shown in Figure 3.15. Fromfitpere, it can be seen that when
the 45 °-TFG is exposed to air, the thermal sefitséts of the ghost mode and SBR
are ~9.95 and ~9.47 pm/°C respectively. When tladirgy is immersed in the RI
matching gel, the corresponding thermal sensi#isitare measured to be ~10.5 and
~10.02 pm/°C, increased by a small fraction. Butgeneral, the temperature
sensitivity of the ghost and SBR are in the sanderofi.e. < ~10.6 pm/°C) to the first
order Bragg resonance [163]. The ghost mode ishtbfigmore sensitive to
temperature than the SBR. This may be due to tifiereint thermal optic coefficient
between the fibre core and cladding, thereby cmandihe cladding mode phase

matching condition for the ghost mode.

06+ InAir B ghost mode ~9.96pm/°C
@ 2" order Bragg resonance ~9.47pm/°C
InGel: A Ghost mode ~10.5pm/°C

0.5 W 2" order Bragg resonance ~10.02pm/'C e &

AN(nm)

Temperature(°C)

Figure 3.15 Thermal responses of the ghost mod&BiRiof the 45°-TFG.

3.4 Fabrication and Characterisation of 45°-TFG at 1.0um Region

Recent development on Ytterbium doped fibre lagenking around 1.06pum region
has attracted a lot of interests due to their iahehigh gain compared to the Erbium
doped fibre laser systems. Particularly in highrgneulsed lasers, polarisation can
play important role [164]. The very recent activityfibre laser and amplifier based
on coherent beam combing requires polarisationrabfit65]. Therefore, exploration
of polarisation effects and function of 45°-TFGsynudfer alternative insights to the

relative topics.

-81 -



In this section, it is mainly focused on the fahtion of 45°-TFGs at 1.0fm region,
because there was no broadband source availabléifovavelength range, PDL
characteristics have only been examined using eimglvelength source. Various
fibres including standard and B/Ge co-doped phaoisiige single mode fibres and
conventional PM fibres have been investigated. ghlese mask used for 45FG at
1.06 um inscription was purchased from IBSEN, having agaeof ~1220 nm and a
tilted pattern at ~33.7°. The effective mask lengkbng the fibre axis is ~49 mm
corresponding to the inscribed grating length. Beeathe phase mask for 1.06
region has smaller pitch than the one used for B5region, the size of the UV
interference area is further reduced accordingéadescription in Figure 3.4. In other
words, the interference trapezium will have a semalalue of L. It should be noticed
that even in the case of uniform FBG inscriptiomng(ife 3.4(a)), the portion of the
UV beam next to the interference region may “blédbk fibre core so as to reduce
the effective photosensitivity of the optical fidige grating inscription. In the case of
tited mask scanning inscription (Figure 3.4(b)ist“bleach region” is inversely
proportional to the mask period. For 1.06 um 45&GTiRscription, the phase mask
has a smaller period than that of 1.55 um, it é&sdfore expected the “bleach” region
becomes larger. Thus, defocused the UV beam to m2was adopted in order to
make sure the UV beam fringes can cover most drideedibre core. As discussed in
section 3.2.3, defocus the laser beam on the fifdfeeduce UV inscription intensity,
hence, high UV laser power was increased for 45&Tiscription at 1.06 pum region.
For characterisation, owing to the availability effuipment, we only performed the
PDL measurement at single wavelength using a hoadenyYtterbium doped fibre
laser (YDFL) lasing at ~1055.8 nm. The schematithefPDL measurement system is

shown in Figure 3.16.

Optical . Polarisation
Isolator ~ Polariser Controller

— L OO \
YDFL — : : 0SA

Figure 3.16 Schematic of PDL measurement systemawvitome-made YDFL.

In this system, an optical isolator which can pdev>26 dB signal isolation at 1060
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nm+30 nm is placed after the YDFL to prevent anwamted reflection back to the
laser cavity in order to maintain stable laser aout@Bimilar to Figure 3.8(a), a
commercial polariser and a set of PC were usednttble the manipulation of
polarisation of the probe light for 45°-TFG evalaat An OSA was used to record the

PDL spectra.
3.4.145°-TFG at 1.0um region in conventional single mode fibres

Two types of conventional fibre have been investidaincluding telecom fibre
(Corning®SMF-28) and commercial photosensitive fibre (Fibeg® PS1250/1500).
Figure 3.17 shows typically measured spectra o#BfeTFGs inscribed in these two
fibres. It can be seen that the 45°-TFG inscribe@hotosensitive fibre achieved a
higher PDL (~20 dB) than in SMF-28 fibre (~12 dB).
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Figure 3.17 Measured typical PDL spectra of 45°-HEG.06um region in (a)
commercial photosensitive fibre and (b) SMF-28dili¥ote: as the laser was set at 1.055

pm, only the section between the two dotted lingte plot is the correspondent PDL.

In order to identify the fabrication condition teahaeve high PDL, we have then
fabricated a number of 45°-TFGs in these two tygfeBbre. Three 45°-TFGs were
inscribed using SMF-28 fibre with ~ 150 mW UV illimation power. With a

minimum laser beam scan speed of 0.04 mm/s, a niexifADL of ~ 5 dB was

obtained. Another five 45°-TFGs were inscribed gssMF-28 fibres with ~ 240 mW
UV illumination power. Under the same scan speed.@ mm/s, a maximum PDL
of ~ 17 dB was achieved for all five gratings. AOD mm/s is the minimum scan

speed we can drive the stage, this suggests tioaigst 453-TFGs may be possible
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obtained by using photosensitive fibres.

Four 45°-TFGs were therefore UV-inscribed on phentsgive fibre (PS1250/1500) to
explore the condition for obtaining strong PDL. Guared to 45°-TFGs inscribed in
SMF-28 fibre, it can be seen that in photosensifiives, >20 dB PDL can be easily
achieved with much less UV illumination power, €80 mW. Using the minimum
scan speed of 0.04 mm/s, the grating inscribechotgsensitive fibre exhibited ~ 27
dB of PDL. Increasing the scan speed to 0.06 mmuis0a208 mm/s, the obtained PDL
was ~ 22 dB and ~ 19 dB, respectively. This resulicates that strong 45°-TFGs at
1.06 um region can be achieved. A double exposaseatso been tried to achieve
high PDL, however significant degradation in PDLsHaeen observed. Again, this
could be attributed to the environmental variaiiztuced unstable grating inscription.
Therefore, it has been concluded that to fabrisateng 45°-TFGs at 1.06 um should
be either employing photosensitive fibres or ugigh UV power. With more fine
adjustment of inscription parameters, high quaditg reproducible 45°-TFGs can be
obtained with PDL as high as ~35 dB are possildehs has been demonstrated by
other colleague recently.

3.4.245°-TFGs at 1.06um region in polarisation maintaining fibres

Polarisation maintaining (PM) fibres are designedransmit light with maintained
linear polarisation. They have wide applications telecom, sensors and lasers
because of their polarisation state preservatioopgty. For the first time,
investigation on the 45°-TFG inscription in PM fisrare presented in this thesis.
These unique devices may lead to potential applitads the integrated fibre

polariser for fibre laser and sensor systems.

As described earlier, strong 45°-TFG structuresngiPDLs close to 30 dB may be
achievable in the fibres with sufficient photosémgy. Although the standard
telecom fibre has less photosensitivity, the’-#5Gs have been inscribed in it
achieving PDL close to ~20 dB, when the fibre beiigloaded and using much
higher UV power. This has encouraged the attempU\Wbeinscribe 43-TFGs in

standard (non photosensitive) PM fibres.
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3.4.2.1Specification of the polarisation maintaining fibres

Two types of PM fibre have been investigated fot-ABGs inscription. These types
of PM fibre are commercially available PANDA typbre (from OFS). The geometry
properties of the investigated PM fibres were exemtii and measured using a
commercial microscope system (Carl Zeiss Axio). Thess-section images of these

two PM fibres are shown in Figure 3.18.
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Figure 3.18 Cross-section images of the two ingastid PM fibres (a) OFS PM_125L
type fibre; (b) OFS TruePhase® 980 fibre.

The measured parameters of the two fibres aredlisteTable 3-1. Through this
section of the thesis, for simplicity, the OFS PRBL type fibre will be referred as
PM125L and the OFS TruePhase® 980 type as TP980.

Table 3-1 Geometry Parameters of the two PM Fibres.

Core Cladding Rod Rod Offset to
Fibre Code | Diameter Diameter Diameter Core
PM125L 6.92um 125.26um 38.33um 10.49um
TP 980 5.4um 122.84um 35.27um 26.32um

For PM125L and TP980 fibres, they are standard PANDucture single mode PM
fibres with a fibre core sandwiched between twgdasize stress rods (namely stress

applying parts). The stress rods are normally mad@&oron doped low refractive
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index glass which exhibits different thermal expanscoefficient from the cladding

of the optical fibre.

3.4.2.2Fibre Bragg grating fabrication on PM125L and TP980fibres

In order to assess the photosensitivity of PM128Hd dP980 PM fibres, normal
FBGs were first inscribed onto these two fibres emohpared with the FBG written in
a standard telecom fibre. The two PM and SMF-28efisamples were Hoaded
under 180 bar at 80 °C for 72 hours prior to the-ikB¢ription to enhance the
photosensitivity. The standard phase mask scanteobnique was employed to
fabricate the FBGs. Because the PM fibres havepmvipal axes namely fast- and
slow-axis, we have inscribed FBG structures aldrgttvo axes and also along the
direction 48 to the two axes to see if there is fibre inscoptdirection dependency in
the PM fibres. The schematic diagram of the insicnparrangements along the three
different directions is shown in Figure 3.19.

Cylindrical Phase Fibre
Lens Mask/
UV Beam (]>|b\_1
A
uv |

Beam

(a) )
uv
Beam

(b) )

uv

(©) Beam:

Figure 3.19 Schematic diagram of an FBG inscriptiath respect to PM fibre
orientations, along: (a) fast-axis; (b) slow-axg;45° direction.
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In order to evaluate the photosensitivity of PM1281d TP980, five FBGs were UV-
inscribed in the two PM fibres and one FBG in SMFiB8 were fabricated under the
same inscription condition for comparison. Befdne tUV-inscription, all PM fibre
samples had been properly marked with the axistiines under a microscope, which
were used as the fibre orientation reference feritiscription. After the inscription,
all FBG fibres were annealed under 80 °C for 24rfidor stabilisation. The FBGs on
PM125L, TP980 and SMF-28 fibres were characteriseith a commercial
measurement system with a resolution of 20 pm (LUN&hnologies) before and
after the annealing. Figure 3.20(a) and (b) plet Bnagg reflections (PDLs) for the
two FBGs made in PM125L and TP980 Pm fibres andiépjicts the typical spectra
of FBG made in SMF-28 fibre.
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Figure 3.20 Typical transmission spectra of FBGsteeand after annealing inscribed in
(a) PM 125L; (b) TP980; (c) SMF-28 fibres. Noteeith are dual peaks in the PM fibre,

corresponding to the two orthogonal polarisatiorde®

From Figure 3.20(a) and (b), we can clearly seé tthere are two Bragg reflection

peaks in the PM fibres corresponding to the twbagbnal polarisation states. These
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dual peaks can only be fully excited when the l&edclight is fully polarised in the
individual orthogonal directions, whereas theren$y one Bragg peak for the SMF-
28 fibre due to its relatively low birefringences, shown in Figure 3.20(c). Hence, the
real strength of UV inscribed FBGs in PM fibres carly be resolved when they are
probed by linearly polarised light. Generally spegk all FBGs became slightly
weaker after the annealing treatment and the amgetieatment also led to a blue-
shift of the Bragg peak. This blue-shift is maiclused by the out-gas,Hesulting

in a lower average refractive index change. Dalaiéormation about the reflectivity
and inscription direction for 5 FBGs are listedlable 3-2. From the Figure 3.20 and
Table 3-2, it can be seen that the FBG strengthliearPM fibres are as high as that
(=30 dB) in SMF-28 fibre if the UV-inscription isamg the fast-axis and a bit lower if
along the slow-axis of the PM fibre. However, ikethJV-inscription is along 45
direction of the PM fibre, the grating strength &m@es even lower (only ~15 dB).
These results indicate that the PM fibres may saNfcient photosensitivity after the
H,-loading treatment while using high UV power,°48-Gs of high PDL may be
produced in the two PM fibres.

Table 3-2 Reflectivity of FBGs inscribed in two Rivid SMF-28 fibres

Inscription
Grating Code Fibre Type Reflectivity (dB) Orientation
FBG1 PM125L 20 | Slow-axis
FBG2 PM125L 14 | 45°
FBG3 TP980 22 | Slow-axis
FBG4 TP980 30 | Fast-axis
FBG5 TP980 15 | 45°
FBGO SMF28 27 | N/IA

3.4.2.3Fabrication and PDL measurement of 45°-TFGs in PMibres

According to the description in the beginning oftemn 3.4, the UV beam should be
at slightly de-focus position. As shown in Figur&®3, in the UV-inscription system,
we have moved out the cylindrical lens &fy~2mm from the focus position in order
to expand the beam slightly. As indicated in theritation of FBGs, the fibre
orientation should be also critical to the UV-ingtion for 45-TFGs in PM fibres.
All PM fibre samples were marked with referencesaxsing a microscope system in
order to set the fibre orientation correctly foleoted inscription.
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In order to achieve high PDL, the UV inscriptionwss has been increased to ~240
mW. The scan speed has been kept the same as O/94mmite single scan was
employed to maintain the reproducibility of thetgrgs. For both types of PM fibre,
45°-TFGs have been inscribed at the three designatisd(ize. slow-axis, fast-axis
and 45°-oriented). It can be seen from Table 38 Eable 3-4 that with the high UV
power, high PDL values can be obtained (i.e. ~ B§. dherefore, for 45°-TFGs
inscribed in PM fibres, two major conclusions cobkl drawn indicating that: fast-
and slow-axis inscription tend to give high PDL16 dB for slow-axis, ~8 dB for fast
axis), while 45° is the most difficult orientatiéor strong grating inscription (~ 2 dB);
second, with single scan, the grating inscriptisraliso reproducible. However, this
observation contradicts to our results from FBGCciipgion in PM fibres (section

3.4.2.2) from which strong FBG is shown in fastsaxiscription.

Table 3-3 45°-TFGs fabrication condition and PDLRM125L fibres.

Grating | Fibre Inscription

Code Type PDL | Orientation
P1 PM125L | 16dB | slow-axis
P2 PM125L | 15dB | slow-axis
P3 PM125L | 8dB fast-axis
P4 PM125L | 6dB fast-axis
P5 PM125L | 2dB | 45°-Oriented
P6 PM125L | 2dB | 45°-Oriented

Table 3-4 45°-TFGs fabrication condition and PDLT&980 fibres.

Grating | Fibre Inscription

Code Type PDL Orientation
P7 TP980 | 16dB slow-axis
P8 TP980 | 14.8dB | slow-axis
P9 TP980 8dB fast-axis
P10 TP980 8dB fast-axis
P11 TP980 | 2.5dB | 45°Oriented
P12 TP980 | 2.9dB | 45°Oriented

This could attribute to the geometrical structufehe PM fibre. As the stress rods
applying parts (SAP) of the PM fibres are cylindfjdence for slow-axis inscription,
they may behave like a lens which could distortfthrge image in the fibre core. The
fringe distortion would alternate the tilted angtethe fibre core from which central

resonance wavelength of the 45°-TFG would varyaial analysis similar to that in
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reference [11] for 45°-TFG inscription in PM fibhas been carried out to estimate
the fringe distortion. As it is interested to detere the alternated tilted fringe angle
through the SAP in the fibre core, the image friggerated in the fibre core is
considered to be produced at the flat surfacel@liacylindrical lens through a build-
in full cylindrical lens. Figure 3.21(a) depictshsenatic of the paraxial ray tracing for
calculating the fringe distortion. In Figure 3.2}1(&;, r, are the refractive indices of
the cladding and SAP respectively, where genettaily relationship s#n; applies.
This is because the SAP is normally made by Bomped silica which has higher
thermal expansion coefficient and lower refraciivéex than those of the cladding.
R is the radius of the fibre cladding which is pesit R, and R are the radius for the
left and right hand side of the SAP part, wheteifRRpositive and R - R.. MN
denotes the object size, it is the fringe heigls#sphe phase mask in this case. In the
following calculation, the sign convention is indlied by superscripts + or — where +

means unknown.
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Figure 3.21 (a) Paraxial ray tracing through a bylihndrical lens with build-in full
cylindrical lens; (b) schematic description of §fendistortion in the fibre core.

First, let us consider the image by the fibre clagdvith a radius R Using the thin-
lens equations, then have:
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ir + nl :nl_nair
o S R*1

Equation 3.6

With ng=1, S1 (NV) is the object distance, it can be deducedt tha

i} n ) . . N
Su= L RS . Because of using the paraxial approximation, the

(n,- 1)(5'a - R,

relationshipS’« << R™1 is true, it is therefore to have a virtual imagghwegative
Si1 value. The next step is to examine the image fdrinethe left surface of the SAP,

the object distance with respect to point H is gibg:

Equation 3.7S%, = ‘S_il‘ +d"2 = dd2 ([ilRl ;)S[Jrsoi)
—n - o1

When S, - 0, we will haveS], 00d, . At the left surface of SAP, apply the thin-lens

eguation again:

Equation 3.8i+ T u
S, S, R

we can then derive:

Equation 3.9S72 =— "R 5, "
S, [qnz _nl)_nl (R,

Equation 3.9 then can be used to calculate thecbhjistance through the right

surface of the SAP giving th&t.s :‘S_iz‘ +d™1. In the paraxial approximation, when
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Sy~ 0, we will haved™ O2[R"; therefore :

+ + _ +2 _ . .
Equation 3.10S%: = 2[R, 4, (A %D?z +(1+ A)[R; (8]
d, [A-R

Where A=(np-n;)/n; is the refractive index difference between theddiag and the
SAP part in percentage. When applying the thin-kemqsation at the right surface of
the SAP:

1&+i:—m_n2

Equation 3.1 —
SoS S_S R?z

From Equation 3.11, recal, =-R; it can be derived that:

Equation 3.12

5 - R 2[R M A -2R’ - (1+A)R; @]
*T-AM2(R W - 2[R - (L+4)R; ;] +(1+A) R, dd; - R;)

Hence, the object distance through the flat suriaggven by:

Equation 3.135S, =‘S‘3‘ +d*
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Now using the Gauss formula wifR} =« for the flat surface,

Equation 3.14 % + Mar = Nar ~14
Sa Si R

Sia
n

Therefore, we hav§, = -

Now, if we consider the front view of the inciddnhge and its image in the core as
shown in Figure 3.21(b), we will have:

Equation 3.15ané,,, = (Rf " Sr:) Sin
ol I y
h

Equation 3.16&ang , = ————
‘S4“§ny

int

Whereh is the displacement of the incident fringe plamanf the normal of the z-axis.
From Equation 3.15 and Equation 3.16, the distortetyé image angle can be

calculated as :

Equation 3.178,, =tan™( R [and.,,)

S

Refer to PM125L fibre (Figure 3.18(a)), the meaduréibre parameters
areR"' =625um, Ry =191ym , d* =1049um , d; =1382um , A=-0005, take
n, = 151, the resulted internal grating fringe angle is5:6%°. For TP980 fibre (refer

to Figure 3.18(b)), the measured fibre parameters re a
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R"=614m, R, =17641m,d" = 868um, d, =1744um, the calculated resulted
internal grating tilt angle is ~ 45.38°. Remembahatt according to the VCM

simulation, the change in grating tilted angle doldéad to variation of central
resonance wavelength i.e Figure 2.4(d). Figure 8&tonstrates the VCM simulated
results of spectral response against PDL for ggatitited at 45° and 45.6°. The
simulation has been optimised to fit for the sp@atesponse of the 45°-TFG at 1.06
pm which may have a red shift in resonance cemtaalelength due to the potential
different effective modal index from theory caldida. It can be clearly seen that the
grating tilted at 45° has a PDL of ~8 dB with ~12 BDL at 45.6° when the probe
wavelength is set at 1.055 um, which is the cemralelength of the home made
YDFL. This simulation shows good agreement with ¢ixperimental observation of
45°-TFG inscribed in PM fibres from which slow-adisscription lead to stronger
45°-TFG than fast-axis inscription. However, duetite lack of BBS at 1.06 pm
region at the current stage, further confirmatiad aupport of the theory will be left

for future work.

25

PDL (dB)

Wavelength (nm)

Figure 3.22 Spectral response against PDL formgadiited at 45° (black solid line) and

44.2° (red dashed line) showing change of PDL aigied resonance wavelength. The

black dashed line crosses the two PDL spectra tiiy@difference in PDL at the probe
wavelength of 1.055 pm when using the YDFL.

-05 -



3.5Fabrication and Characterisation of Ex 45°-TFGs

3.5.1Introduction

Tilted gratings with tilted angle >45° (ex 45°-TFk&gve been reported very recently
[114]. They behave like LPGs which couple the liffism core modes to forward
propagating cladding modes, but only to the higteoones, then resulting in a series
of more densely distributed loss bands in trangomssThese newly designed fibre
gratings have index fringes excessively tilted wiélspect to the fibre axis which
induce strong birefringence. Therefore, we maytifiethe equivalent fast- and slow-

axis relative to the fringe plane for ex°’4bFGs, as shown in Figure 3.23.

(x) Equivalent y
Fast-Axis

A N
N ——

(y) Equivalent X
Slow-Axis

Figure 3.23 Schematic diagram of an excessivabdtigrating structure with two

assigned orthogonal polarisation axes.

Due to the strong birefringence effect induced hwy éx 45°-TFG, polarisation mode
splitting effect is anticipated to occur. In resgawork presented here, this type of
TFGs was fabricated with excessively tilted stroetat around 78in the fibre core.

These gratings were then used as sensors andspdilamiloss filters in later work.

3.5.2Fabrication of ex 45°-TFGs

Ex 45°-TFGs with strong spectral profile can be idscribed in H-loaded SMF-28
fibre. Different from 45°-TFGs fabrication, for &&°-TFGs inscription, an amplitude

mask was employed. We adopted the same fabricatinfiguration as described in

-06 -



Figure 3.1(a). A commercial amplitude mask (frommtoehd Optics Ltd) with a period
of 6.6 um was purchased for ex 45°-TFG inscription. Owmghie limited size of the
amplitude mask, the effective exposure length ef fibre is only ~12 mm. In the
experiment, the amplitude mask was tilted at ~@3hdluce in-fibre fringes blazed at
~78°. A typical microscopic image of the 78°-TFGdan 100x oil immersion
objective lens is shown in Figure 3.24. The spectrthe fabricated 78TFGs were

examined by the use of a similar setup depictddgare 3.7(a).

11.23 deg

Figure 3.24 Microscope image of a 78°-TFG examimed 100x oil immersion

microscopic lens.

3.5.3Spectral characterisation and PDL measurement of e45°-TFGs

The measured transmission spectra of 78°-TFGs shesvies of paired loss bands in
the wavelength range from 1200 nm to 1700 nm, es/shn Figure 3.25(a). The pair
feature is a clearly evidence of polarisation mepléting. Initially, because the probe
light was un-polarised, two sets of mode with ogihiwal polarisation states were
more or less equally excited, as all paired peaksahout 3 dB in strength (Figure
3.26 (a)). We then used the combination of a psdgarand a polarisation controller
between the broadband source and the 78°-TFG iteeke modes with selective
polarisation. As zoomed one paired peaks showngar& 3.25(b), when the probe
light is polarised, either the equivalent fasttlw slow-axis mode can be fully excited
or eliminated. For a fabricated #8FG, the full strength of the loss peak reached ~1
dB when it was fully excited. In Figure 3.25(b)ethlue dash-dotted line indicates the
fast-axis mode, while the dashed red line showsstbe-axis mode and the black
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solid curve illustrates excitation of the two moaath un-polarised light.

Transmission(dB)
Transmission(dB)

fast axis mode

\
slow axis mode
6

-6+ T T T T 1 T T T T
1200 1300 1400 1500 1600 1700 1550 1555 1560 1565

Wavelength(nm) Wavelength(nm)

Figure 3.25 (a) A series of paired loss bands8°aTrFG in the range from 1200 nm to
1700nm measured using un-polarised light; (b) eepdbss peaks measured using

polarised light showing full excitation and elimiiwen of fast- and slow-axis modes.

3.5.4Thermal and refractive index response of the ex 45PFG

3.5.4.1Thermal response

The thermal response of the 78°-TFG has been dedlbg mounting the grating on a
heat exchange plate while monitoring the transmmsspectrum with temperature
elevation. We examined two pairs of modes of the T#G around 1560 nm and
1610 nm. Figure 3.26 plots the wavelength shitheftwo paired loss peaks when the
grating was heated from 20 °C to 80 °C. Due tartkelvement of an extra polariser
and polarisation controller for characterisatiorthwthe low power response of the
light source at the interested wavelength regioa,measured loss peaks almost reach
the sensitivity limit of the OSA. Considering thesolution of OSA as 0.02 nm, these
produce an experimental error of wavelength rea@i®g nm as stated in the error
bars. As clearly shown in the figure, the tempemtesponsivities of the two paired
loss peaks are quasi linear. The temperature respites of the fast- and slow-axis
modes around 1560 nm are 4.5 pm/°C and 5.5 pm/R§Lirg3.26(a)) while are 4.5
pm/°C and 7.5 pm/°C (Figure 3.26(b)) in the regaound 1610 nm. Here we see
that the temperature responsivity of the 78°-TF@xshdependency on mode orders,
similar to the thermal behaviour of LPGs. We foundyeneral the slow-axis mode

has a higher temperature responsivity than fast-asade. The reason of this is still
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unknown which will be left for future investigation
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Figure 3.26 Wavelength shifts of two paired losakseof the 78°-TFG against the
temperature change in the regions around (a) 1668md (b) 1610 nm.

3.5.4.2Refractive index response

Because the ex 45°-TFGs are able to couple thefligin forward propagating core
to cladding modes, they are intrinsically sensitiwveR| of the external medium. The
78°-TFG was evaluated for RI sensing. The gratiras fixed in a V-grooved
aluminium plate to perform the RI evaluation expwmnt, which ensured the
measurement free from other effects such as stmiathbend. A series of certified
commercial refractive index gel (from Carillgon Dalere used to characterise the
grating RI response. A BBS and an OSA were usaedord the optical spectra for
each RI. Figure 3.27 depicts the RI response ofvtloepaired modes around 1560 nm
and 1610 nm when the 78°-TFG was immersed in Rl wéh RI change from 1.32
to 1.38 with an increment of 0.01. It can be séwt when the RI value increases, the
dual loss peaks begin to degenerate. This is malaky to the reduction of the
cladding and outer medium RI difference. The deswaa RI difference reduces the
polarisation mode dispersion (PMD) of the claddingdes. The RI response of the
fast- and slow-axis mode employing polarised light1560 nm and 1610 nm band is
shown in Figure 3.28. In general, for both bants, total wavelength shift is ~ +20
nm from Rl = 1.32 to 1.38, although the wavelergjilit for 1610 nm band is slightly
larger than that for 1560 nm band.
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Figure 3.27 RI response of mode pair when subptotindex gel from RI=1.32 to 1.38

with an increment of 0.01 for (a) 1560

nm band @)d610 nm band.

It is worthy to notice that the ex 45°-TFGs ha®ity Rl response for the RI value
around 1.3 which is different to that of the conv@mal LPGs [166]. This implies ex

45°-TFGs may be more suitable for bio/chemical sgnr water based solutions.

25+
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Figure 3.28 RI response of fast- and slow- modesrat (a) 1560 nm and (b) 1610 nm

when the 78°-TFG was subjected to index gels witbHange from 1.32 to 1.38 with an

increment of O

.01.

Furthermore, it is noticed that for Rl over 1.3Bere is no more cladding modes

coupling, only radiation mode coupling can be obsdr
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3.6 Chapter Conclusions

In this chapter, we have studied the structuresgription technique, PDL, spectral,

thermal and RI response characteristics of thel#%3s and ex 45°-TFGs.

For 45°-TFGs, we have systematically studied theidation using the concatenation
and single scan techniques at % region. The polarisation characteristics have
been investigated thoroughly using various methddie 45°-TFGs achieved high
PDLs have shown function as in-fibre linear polenss | also explored the coupling
between the 45°-TFG and PM fibres for which potrapplications may emerge.
45°-TFGs exhibit thermal independency although alimg would decrease the PDL
by a small amount. The observation the SBR fronb®& TG has been reported in
this thesis. Characterisation of SBR has also peeiormed. Thermally induced SBR
peak shifts and large PDL have been identified @add-TFG with an SBR may be
used to realise single-wavelength and single-pgdéion operation of a fibre laser. |
have found that the thermal sensitivity of SBRrisaller than that of a conventional
FBG. It is also discovered that when &-4%G is surrounded by medium with RI
close to the fibre cladding, the oscillations asn RDL and spectral profiles can be
eliminated. The RI response of the 45°-TFG has leepiored and discussed.

For 45°-TFGs designed and fabricated for 1u@6 region, although the initial trial

was conducted on conventional photosensitive an&-38&/fibres, we mainly focused
on the investigation in PM fibres. It is found tlsédw-axis inscription produce higher
performance than fast-axis inscription in the cakévo types of conventional type
PM fibres. Reproducible 45°-TFGs with ~16 dB PDivédeen obtained with slow-
axis inscription while only ~8 dB for fast-axis amgtion. The reason for this has
been explained by paraxial ray tracing analysis ¥@d/ theory. 45°-oriented UV

inscription proved to be less efficient for 45°-T&@roduction. In general, it is has
been proved that 45°-TFGs can be inscribed in aunweal PM fibres successfully.

Finally, the fabrication and characterisation weerformed on ex 45°-TFGs and
several 78°-TFGs were UV-inscribed in low cost SR8fibre, showing unique PM-

like LPG property. The 78TFGs exhibited polarisation mode splitting effect,
indicating significant birefringence induced by tecessively tilted grating structure

in the fibre. It is noted that such ex°4bFGs show less thermal sensitivities than the
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conventional FBGs. In terms of RI response, we dotimat the coupled relative high
order cladding modes at the longer wavelength s$idee a slightly higher RI
sensitivity. However, the RI response range of BxWGs is around 1.32 to 1.38
which is quite different from that of LPGs, usudigm 1.4 to 1.44. The down shift of
the RI response range is mainly caused by the lgipling to the high order
cladding modes in ex 45TFGs rather than to the low order ones in LPGgelioer

with LPGs, this may be an advantage to broaderettee liquid sensing range for

bio/chemical sensing applications.
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Chapter 4

45° and K-45° Tilted Fibre Gratings
— On the Application of Erbium
Doped Fibre Lasers
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4.1 Introduction

Fibre lasers are very useful light sources in @bt@communication, optical sensing,
and diagnostics etc. Due to the rapid developmenptical communication, Erbium

doped fibres (EDFs) showing strong emission atuinsregion have attracted a lot of
interest and been explored and utilised for a raridére lasers and amplifiers. Their
advantages include the high compatibility, low ¢cestse of fabrication etc, they also
exhibit quite good mechanical and thermal stabil#pF based fibre lasers (EDFLS)

have started to show their advantages over thewveargional solid state counterparts.

Polarisation is an important property of the laseam. Nevertheless, in fibre lasers,
this topic hasn't led to extensive research yeeré&fore, generating polarised light
within a fibre laser cavity is of great interestof continuous oscillation to pulse
formation, polarisation could play a significanteran light oscillation. Including a
large birefringence element or an in-fibre polarisethe cavity is the most popular
approach to drive &ibre laser to oscillate in single polarisatiomatst Tilted fibre
grating (TFG) based asymmetric structure inhereimityeases the birefringence of
the fibre laser system without breaking the formiabptical fibre. Additionally, the
tilted structures induced PDL makes them idealine-lpolarisation discriminators.
This could further facilitate the polarised ligltrfation in a standard laser cavity

consisting of low-birefringence fibres.

In this chapter, the functionality of both the 4%fd ex 45°-TFGs in generating
polarised light from fibre laser cavities has béevestigated. With the polarisation
effects induced through tilted gratings, both saghnd multi-wavelength laser
cavities have been exploited. In addition, a mauded fibre laser giving out
femtosecond output pulse will be demonstrated whpchsents the polarisation

application of 45°-TFG in nonlinear photonics.

4.2 Continuous Wave Fibre Lasers

4.2.1Single polarisation single wavelength fibre laser

Polarisation, which is one of the fundamental prbee of laser light, plays an
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important role in some laser systems. A well-knoeffect that could affect the
polarisation properties of the EDFL system is tb&apsation dependent gain (PDG).
This physical phenomenon origins from the anisotr@sorption of the Erbium ion
in the optical fibres. Optical fibores made from ggaare amorphous from which the
ions are generally randomly oriented. The facif ifye EDFL is pumped with linearly
polarised light, the ions oriented parallel to thenp polarisation state absorb much
more than those of the orthogonal orientation. €quently, the gain could
distinguish from different polarisation state whiggnificantly depends on the
anisotropy of the Erbium ions [167]. Experimentatlyis effect had been examined
by using a high birefringence EDF while in the ntear, a Muller matrix method

had been developed to explain it theoretically [168

Due to the intrinsic low-birefringence of the stardl passive and active fibres, most
of the fibre laser systems degenerate the two giptarisation-states of the laser
output. Using such fibres generally gives un-pskui output or, in other words, a
very low degree of polarisation (DOP). This is usideble in some applications for
which single wavelength and single polarisationiltzdéon are required. To achieve
single polarisation oscillation for fibre lasergveral methods have been proposed.
One scheme involves the use of an integrated fibtariser which adds complicity
and loss to the structure [169]. Other approachesrporate FBGs [142] or LPGs
[170] written in high-birefringence (Hi-Bi) fiboreRecently, photonic crystal fibre
(PCF) based devices have also been proposed ldatacsingle polarisation fibre
laser operation. McNeillieet al have demonstrated a Hi-Bi PCF based single
polarisation fibre laser [171] and a type of spigidesigned polarising PCF has also
been used for implementing single polarisationefitaser [172]. However, all these
methods adopting specialty fibres impose high tr@erloss to the cavity and, in

addition, some devices such as PCFs are at high cos

Recently, tilted fibre gratings inscribed in startland photosensitive single mode
fibres have been demonstrated as broadband ingiddegisers [13]. Based on the UV
patterning of the fibre core through a phase mak&d fibre gratings may exhibit
advantages over other types of polariser. In thekva@monstrated here, we have
proposed and demonstrated a single polarisatioe filmng laser utilising such an
intra-cavity 45°-TFG made in conventional photo#erssfibre. The proposed laser
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shows a very high DOP of >99.8%. The laser alsavedoa good stability as the
variation of DOP was only about ~0.2% when the rlasetput was monitored
continuously for 5 hours in laboratory conditiofie slope efficiency of the laser has
been evaluated and we also demonstrated the tlihealbithe output up to ~1 nm

while keeping the highly polarised status.

4.2.1.1Polarisation extinction ratio improvement

In order to evaluate the polarising function of #%-TFGs in fibre laser system, two
45°-TFGs which were discussed in Chapter 3 werg@tadoin the experiment. Both
were fabricated via concatenation technique. TFa@d &aPDL of ~6 dB while TFG2
is ~30 dB. We constructed a standard fibre ringrigas shown in Figure 4.1(a))
consisting of ~6 m EDF (from Lucent Technologi€B)o polarisation independent
optical isolators (OIS) are used to ensure singkxtion oscillation. The fibre laser is
pumped through a 980/1550 wavelength division mlgking (WDM) from a grating
stabilised 975 nm laser diode (from SDL), which gaavide up to 300 mW pump
power. A 10:90 coupler is employed to couple 10f%&ager power out of the cavity. A
uniform FBG which has a Bragg resonance at 1550anraeflectivity of ~97 % and ~
0.1 nm bandwidth is incorporated in the cavity tlgio an optical circulator,
providing a seed for single wavelength operatiome DOP of the laser output was
measured with and without 29 FG. Figure 4.1(b) gives a typical output of thegr
laser on the OSA.
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Figure 4.1 (a) Schematic diagram of the fibre tasgr structure. The polarisation
extinction ratio of the laser output is measuradgighe setup shown in dashed line box.
(b) Typical output spectrum of the fibre laser.

The DOP measurement of the output of the fibrerléaseconducted by the setup
shown in the dashed line box in Figure 4.1(a) &edDOP calculation is simply based

on the following expression:
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P
Equation 4.1 Degree of Polarisation (DOR)=——tsed x100%

polarised + unpolarisel

Where P, ..c.q IS the polarised part of the laser powgf, ...« IS the unpolarised

part of the laser power. Similar to the PDL measimet described in Chapter 3,
adjusting polarisation controller (PC2) in Figurd(4) can give the maximum power

P = Ppolarised+%Elﬂmom&,1 and minimumP, =%Eﬁmpo|ansej of the fibre ring laser.

The DOP can therefore be calculated by applyingaigo 4.1. Without 45°-TFG in

the laser cavity, the fibre ring laser produceddhgut with DOP only about ~ 22.6
%. This indicates that the laser output is almospalarised. When incorporating the
45°-TFG into the cavity, the laser output shows DDR99.6% for TFG1 and ~99.9
% for TFG2, which clearly manifests that the outptithe laser is highly polarised
and almost single polarisation. In comparison wi#t2.6% without intra-cavity 45°-

TFG, this is a remarkable improvement and it is enmteresting to note that by
introducing a relatively weak 45°-TFG (like TFGhto the cavity, a high PER state

can also be achieved.
4.2.1.2Slope efficiency and stability performance

The slope efficiency of the fibre laser has alserbexamined before and after
inserting the stronger 45'FG (TFG2). The power meter employed to perform th
measurement has a quoted resolution of 0.2 uW avhiPlb measurement uncertainty
which is regarded as the main error factor fordhgput power measurement. It can
be seen clearly from Figure 4.2 that the thresipaichping power for the laser with
and without TFG2 is similar which is ~8 mW. Howevehe slope efficiency
decreased from 13.2 % to 7.9 % after the 45°-TRGHe®en incorporated. We believe
this could be due to the 45°-TFG induced PDL reldtgal loss in the laser cavity,
mainly from the two splices.
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Figure 4.2 Slope efficiency of the fibre ring labefore @) and after ¢) inserting the
intra-cavity 45°-TFG.

The polarisation stability of the fibre ring lassith the 45-TFG in the cavity has
also been investigated. The DOP were measured Dveours at the laboratory
condition and the results are plotted in Figure ABart from the systematic error
from the power meter, the environmental effect rabsp play important role in the
polarisation stability of the laser. Here, we iradec DOP errors by standard deviation
of the measurement. The uncertainty in timing tEreged to be £1 min. It can be
seen that over 5 hours the DOP variation is withit2 %, which is insignificant for
most systems. We should stress that this stalwbtyd be improved if the ambient

environmental variation could be properly contrdlle
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Figure 4.3 DOP stability measurement over 5 houtisealaboratory condition.

4.2.1.3Tuning ability

As an FBG was used as a wavelength seeding elethentaser has a capability of
continuous wavelength tuning. We have inspected tin@ability by applying
mechanical strain to the seeding FBG. Figure 4ofvstthe outputs when the FBG is
under strains. From Figure 4.4 we can see the tagput has been tuned over ~1 nm
range by applying strain up to ~1006, and even larger range up to 40 nm may be

achieved if the FBG has a preserved mechanicah $ira3].
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Figure 4.4 Output wavelength tuning through stretghhe seeding FBG.

4.2.1.4Single polarisation, single wavelength fibre ringdser using 3%-order
Bragg resonance of 45°-TFG

In Chapter 3, it is mentioned that th&-arder Bragg resonance (SBR) generated by
the 45°-TFG exists. This SBR has shown both laigke #d narrowband reflection.
Consequently, it can serve as a polarising gratinigh may produce polarised output

in laser cavity. More importantly, this polarisiggating is based on standard low-
birefringence fibres.

a
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Figure 4.5 (a) Measured transmission spectrumeofi8f-TFG for botlp-light ands-

light showing SBR at 1566.9 nm ;(b) measured PDdcspim of the 45°-TFG
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A typical optical spectrum of the 45°-TFG with SBRshown in Figure 4.5(a). It
shows a general insertion loss of ~ 0.4 dBpkdight while ~ 15 dB fors-light. Both
p-light ands-light have a SBR reflection band centred at ~1366&m and ~ 1566.92
nm respectively with a similar 3 dB bandwidth oD nm. The difference in SBR
central wavelength is mainly due to the polarisatitode dispersion of the SBR. The
strength of SBR fomp-light is ~ 12 dB. Therefore a narrow bandwidiHight
polarising grating has been demonstrated. Figlséb)illustrates the measured PDL
spectrum of the 45°-TFG, the large spike in the di@dof the figure indicates the
existence of SBR. The large spike comes from tharigation mode dispersion of the
SBR. In order to evaluate the polarising functidnttee 45-TFG induced SBR, a
standard fibre ring laser was constructed as showagure 4.6(a) which is similar to
Figure 4.1(a). Compare to Figure 4.1(a), both tB&GFand 45°-TFG have been
replaced by a single 49 FG with SBR response which can provide polarsati
feedback to the laser cavity through an opticalutator. In order to evaluate the DOP
of the laser, the output was measured through aA @Bh a polariser and a

polarisation controller, as shown in dotted bo¥igure 4.6(a).
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Figure 4.6 (a) Schematic of the proposed fibrerlasafiguration; (b) typical emission

spectrum of the fibre laser; (c) slope efficienéyhe fibre laser.

Figure 4.6(b) gives a typical laser output optispectrum displayed on the OSA
showing lasing wavelength at 1566.9 nm which isngef by the central wavelength
of the SBR. The DOP of the fibre laser was measaediigh as ~99.8%, clearly
indicating single polarisation oscillation of thbrk laser. Furthermore, as indicated in
Figure 4.6(c), the laser exhibited a comparabl@eslefficiency of ~13.9 % to the

system where a standard FBG was used for seedifey (0 section 4.2.1.2). Figure
4.7(a) demonstrates the laser output amplitudetran monitored over 60 mins. The
amplitude variation is measured to be only ~0.2atiBie laboratory conditions, while

Figure 4.7(b) depicts the laser tuning ability Ipplging mechanical strain on the 45°-
TFG. Here, ~1 nm tuning range has been demonstsataxkssfully.
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Figure 4.7 (a) laser output amplitude variation iteed over 60 mins; (b) laser
wavelength tuning by applying strain to the SBR.

4.2.2TFG based multi-wavelength switchable fibre lasers

Optical fibre lasers with switchable multi-wavelémgoutput are useful in many
applications, such as WDM optical fibore communigatisystems, fibre sensors,
optical instrument and system diagnostics and soF®Gs are ideal wavelength
selective components for fibre lasers due to tlaelvantages of intrinsic fibre
compatibility, ease of use, and low cost etc. ERE been developed and widely used
for commercial fibre lasers and amplifiers owingtsohigh optical gain and low noise
figure in 1550 nm region. Because of its relativietpad homogeneous excitation, it
is normally difficult to obtain stable oscillationsith relatively close wavelength
spacing in EDFLs at room temperature. Various tegles have been developed to
suppress the mode competition induced by the honemyes broadening of EDF, such
as cooling down EDF in liquid nitrogen [174], inporating a frequency shifter in the
cavity [175], employing a hybrid gain medium [1&]d utilizing spatial hole burning
by inserting a multi-phase shift FBG in a lineavitafibre laser [177]. Special laser
cavity configurations for multi-wavelength operatiby incorporating a segment of
highly nonlinear photonic crystal fibre or dispersishifted fibre have also been
reported [178-180]. In recent years, multi-waveténiijore lasers operating at room
temperature by utilising polarisation hole burn{®HB) effect from FBGs made in
PM fibres have been studied extensively and vargsaigps have been demonstrated
[181-183]. Nevertheless, in all these setups, tHB Effect has only been studied with
PM fibre based devices. In this section, singlel amulti-wavelength switchable fibre

lasers implemented fabricated utilising both 45fd ax 45°-TFG in an EDF ring laser
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cavity without any PM fibre based device have biegastigated. In this combination,
the 45-TFG is used as an in-fibre polariser [13] and &e45° structure as a
polarisation dependent loss filter. Firstly, a $ngolarisation, switchable, dual-
wavelength EDFL has been exploited. In this comfigon, the separation between
the switchable wavelengths can be more flexiblyighesl with potential tuning

capability. Then, the extended version, a singlensation, wavelength switchable,

guadruple wavelength EDFL has been demonstrated.

4.2.2.1 TFG based dual wavelength switchable, single polsation EDFL

UV-inscribed 48-TFG and 77-TFG were chosen to be incorporated into the ring
EDFL to achieve dual wavelength switchable and Isingolarisation output.
According to our study, TFGs with ex 45° tiltedustures exhibit PDL properties, as
they show paired polarisation loss peaks in thé 158 region [15]. In order to locate
the paired polarisation loss peaks in the EDF gaectrum, we choose a “#TFG,
which was fabricated by rotating the amplitude mbgk73 in the UV-inscription
system. The transmission spectrum of thiS-TFG was first examined using a
broadband source (Agilent 83437A) and an OSA, wilsckhown in Figure 4.8(a).
From the figure we can see that all paired loskgexhibit near 3 dB strength,
indicating the light is coupled almost equally e two sets of cladding modes with
orthogonal polarisation states. We also measured’TFG using polarised light
from a broadband light source (AFC BBS 1550A-TSthwa low degree of
polarisation while inserting a commercial in-fibygolariser and a polarisation
controller between the light source and thé-TFG. As the zoomed spectra of one
pair of peaks in Figure 4.8(b) shows, when the-dagt mode is fully excited by the
polarised light to ~12 dB, the slow-axis mode alhthsappeared, and when the slow-
axis mode is fully excited to ~10 dB, the fast-amiede almost disappeared. Equal
power distribution occurs between the fast- and/sdgis modes when the probe light
is un-polarised. This proves that although th& VG was made in standard telecom
fibre, the excessively tilted structure makes ihdang as a PM-like device, i.e. a
PDL filter.
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Figure 4.8 (a) Transmission spectrum of the 77°-tk& wavelength range 1200 nm —
1700 nm; (b) Zoomed spectra of one pair of poléinsdoss peaks of the 77°-TFG
around 1550 nm measured with un-polarised (blud $ak) and fully polarised light

(black dotted line for fast-axis mode, red daslieel for slow-axis mode).

The 45°-TFG used as an in-fibre polariser in theFE®ystem was fabricated
previously using the concatenation method, empbpgmormal phase mask with 1.8
pm period (from QPS), which was detailed describe@hapter 3. In addition to the
two TFGs, two standard FBGs (G1 and G2) were usedeeding wavelength
selectors, which were UV-inscribed intbaded SMF-28 fibre with their Bragg
wavelengths matching the two loss peaks of tHeTHG. Their spectra are shown in
Figure 4.9.
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Figure 4.9 Measured transmission spectra of théisg&BGs: (a) G1 at 1547.07 nm; (b)
G2 at 1551.65 nm.
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It is shown in Figure 4.9 that the reflectivities the two FBGs are ~2.51 dB and
~2.28 dB at 1547.07 nm and 1551.65 nm, respectiagly the bandwidths are ~0.1
nm for both G1 and G2. G2 was not quite matchintp the slow-axis loss peak of

the 77-TFG, so was mechanically stretched to 1553.24mthe experiment.

4.2.2.2Principles of the EDFL system and experimental redts

The set-up for the proposed dual-wavelength switieh&DFL is shown in Figure
4.10. In this configuration, the gain medium is@m of highly Erbium doped fibre
(from Lucent Technology), which has an absorptioefiicient of 12 dB/m. A 976 nm
laser diode (from SDL) controlled by a commerceedr diode driver (Newport 505B)
and temperature controller (Newport 300 Seriesised to pump the EDFL through a
980/1550 WDM coupler. An OIS ensures an anticloskewing cavity. The 30 % arm
of the coupler is used as the output port of terlaA fibre PC is placed between the
77°-TFG and the 45°-TFG. Two standard FBGs (G1@agfunctioning as seeding
wavelength selectors are coupled into the lasetycaia a circulator. The end of the
FBG array is terminated by index matching gel ideorto eliminate any unwanted

background amplified spontaneous emission (ASE9enoi

The operation principle of this dual-wavelength tshable EDFL is described as
follows. The intra-cavity 45°-TFG has a very higbR which can guarantee that the
fibre ring laser will oscillate in single polarigat regime. The 77°-TFG will induce

PDL to the ring cavity around its paired loss péaggion, thus imposing PHB effect

to the gain medium in this region. The amplitude tbé loss depends on the
polarisation state of the light travelling in thé°7TFG.
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Figure 4.10 Schematic diagram of TFG based siragid-dual-wavelength switchable
EDFL. The inset describes the polarisation direxiof the light launching to the 77°-
TFG

By adjusting the PC to control the polarisatiortestat the light entering the 77°-TFG,
i.e. polarised in the equivalent fast- or slow-asighe 77°-TFG, single-polarisation
and single-wavelength lasing at either 1547 nm%531lnm can be realised. Figure
4.11(a) and Figure 4.11(b) show the single wavelemgcillation of the fibre ring

laser at the two seeding wavelengths, respectively.
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Figure 4.11 Single wavelength lasing oscillatiorief propose fibre ring laser at two
seeding wavelengths at (a) 1547.07 nm and (b) 2858n; (c) and (d) stability

measurement of the two laser lines.

The spectra were recorded every 5 min to examigesthbility of the laser. The
recorded spectra are plotted in Figure 4.11(c) fFagdre 4.11(d) and show the laser
output amplitude variation is less than 0.5 dB wmiti hour at the laboratory
condition. From Figure 4.11 we can see that the sidde suppression ratio (SMSR)
is larger than 50 dB for both laser lines. Thisueais higher than that of the EDFLs
reported in references [181-183]. The higher SM$BR® TFG based system may be
attributed to the ASE suppression function of tb&BFG and the low reflectivities
of the two seeding FBGs.

The measured DOP of the laser output was ~99.9r%547.07 nm and ~99.8 % for
1553.24 nm laser lines, indicating a high degresirggle polarisation operation. If we
change the polarisation direction of the launcHiggt to 45 between the fast- and
slow-axis of the 7#TFG, as shown in inset in Figure 4.10, dual-wavgle laser
output with two orthogonal polarisation states barachieved. Figure 4.12 shows the
dual-wavelength output at ~1547.07 nm and ~1558r24f the fibre ring laser. The
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dual wavelength operation has been continuouslyitored for 20 mins and no
noticeable amplitude variation was observed forix@edf PC position at room

temperature (shown in Figure 4.12(b)).
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Figure 4.12 (a) Dual wavelength lasing oscillatidnthe proposed fibre ring laser; (b)
Stability of dual wavelength oscillation (20 timepeated scan).

The slope efficiencies of the proposed fibre ldsre also been characterised for both
single- and dual-wavelength operation. Figure 4)l3¢hows that for single
wavelength operation, the threshold pump poweuss §lightly lower than ~15 mW
and the slope efficiencies are 0.22% and 0.12%18&¥7.07 nm and 1553.24 nm
lasing lines, respectively. The difference in slogféciency could be due to the

variation of the polarisation dependent gain of BigF. While the laser working in
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dual-wavelength operation, equal power distributadin~1547 nm and ~1553 nm
regions can be obtained by carefully tuning the RE€shown in Figure 4.13(b), for
dual-wavelength operation, the threshold pump pas/gust slightly higher than 15
mW and the slope efficiency is ~0.06% which is mimher than that in the single
wavelength operation. This is because in dual-vemgth operation, 77TFG
induces some losses at the two lasing wavelengptiesjtably resulting in lower
output for each wavelength. Since there were taxé fibre splices in the cavity and
the TFGs may have some small intrinsic loss, éxigected that the slope efficiencies
of the proposed EDFL system are to be low. Alsogemeral, for dual-wavelength
operation, the laser stability reduces. The difieeefrom the reflectivity’s of the two
FBGs which match the loss peaks of the 77°-TFG wmlag contribute to unstable
laser performance. These could lead to larger £1forl0 % ) compared to single
wavelength operation regime. By reducing the logs @mploying FBGs with higher
reflectivity, the slope efficiency can be improvétbwever, the trade-off is the SMSR

may reduce if the reflectivity of the seeding FBGao high.
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Figure 4.13 Slope efficiencies of the fibre lagefad single and (b) dual wavelength

output.

One may notice from Figure 4.11 and Figure 4.18rehs a small reflection peak at
1546.5 nm adjacent to the lasing line at 1547.07 Tims reflection was proved to be
induced by the 45°-TFG. We experimentally verifigas by monitoring the laser
output port when the 77°-TFG and the two seedinG$Brere removed from the
cavity. As shown in Figure 4.14, we see a strofiigeton around 1546.5 nm when
the cavity contained only the 25 FG. If the 48-TFG is a perfect in-fibre polariser
no feedback will be provided into the laser cavibys only strong ASE should be
seen from the laser output port. This proved tthiee?“-order Bragg reflection of the
45°-TFG as discussed in Chapter 3.
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Figure 4.14 45°-TFG induced second order Braggegfin at 1546.5 nm in the fibre ring

laser.

4.2.2.3TFG based multi-wavelength switchable, single pol@sation EDFL

Following the demonstration of single- and dual-elangth operation by employing
TFGs as intra-cavity polariser and PDL filter, warther investigated switchable
multi-wavelength (more than two) output by usingotwex-45° TFGs with un-
overlapped spectra. Figure 4.15 depicts the exphneesion of the fibre laser
providing the possibility of quadruple wavelengtlsing operation. In order to support
guadruple wavelength lasing, we inserted ai+B3G into the cavity as the second
PDL filter, and also fabricated another two seedii§>s with wavelengths at 1563
nm and 1569 nm to match the PDL loss peaks of 1ielBG. In order to match the
loss peaks of the 81°-TFG, the FBGs were designtdlow reflectivities around 2.1
dB and 5.6 dB respectively. A second PC was pldoefbre the 81°-TFG for
polarisation alteration purpose. The optical speutand polarisation properties of the
81°-TFG are shown in Figure 4.16(a) showing thelavilspectrum from 1200 nm to
1700 nm with un-polarised probing light and Figdr&6 (b) showing zoomed one

paired peaks probed under polarised light.
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Figure 4.16 (a) Transmission spectrum of the 8FG Bver wavelength range 1200 nm —
1700 nm; (b) Zoomed spectra of one paired polanisdbss peaks measured with
randomly (black solid line) and fully polarised urtgights (red dashed lines for fast mode,

blue dotted line for slow mode).

By adjusting the two PCs to control the polarisastate of the light entering the 77°-
TFG and 81°-TFG (polarised in the equivalent fastslow-axis of the ex 45°-TFGs),
single-wavelength lasing at any of the four seediwwgvelengths has been

demonstrated. Figure 4.17 (a)-(d) clearly showldéiseng at the four different seeding
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wavelengths at 1547.05 nm, 1553.27 nm, 1563.05 min1&68.97 nm, respectively.
We measured the DOP of the outputs from this fiaser system by connecting the
laser output to a polarisation controller with aneoercial polariser and a power-
meter. The measured DOP was in the range of ~998B%09.9% for the lasing

oscillation at four different wavelengths, presegtia very high degree of single

polarisation operation of the laser system.
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Figure 4.17 Single wavelength lasing at (a) 154705 (b) 1553.27 nm, (c) 1563.05 nm
and (d) 1568.97 nm.

Again, by adjusting the two PCs to change the paton state of the light entering
the 77°-TFG and 81°-TFG as this will change the RirBile, the laser oscillation at
double, triple and quadruple wavelengths can beidd in this system. Figure
4.18(a)-(c) show three sets of dual-wavelengthllation at 1547.06 nm/1553.27 nm,
1547.06 nm/1563.07 nm and 1553.27 nm/1563.07 repecively. Figure 4.19(a)-(c)
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show the three sets of spectra for triple-wavelemngtillation at 1546.94 nm/1551.99
nm/1562.63 nm, 1551.99 nm/1562.63 nm/1568.89 nnd, H6.94 nm/1551.99
nm/1568.97 nm and Figure 4.19(d) shows the speabfuspmadruple lasing oscillation.
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Figure 4.18 lllustration of dual-wavelength lasatga) 1547.06 nm/1553.27 nm (b)
1547.06 nm/1563.07 nm and (c) 1553.27 nm/1563.05 nm
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Figure 4.19 Triple wavelength oscillations at (8%#6.94 nm/1551.99 nm/1562.63 nm
and (b) 1551.99 nm/1562.63 nm/1568.89 nm; (c) B¥6AmM/1551.99 nm/1568.97 nm;
(d) Quadruple wavelength oscillation for all fouawelengths.

All sets of single- and multi-wavelength lasing ilation have been continuously

monitored for 30 minutes in the laboratory at rodemperature for stability

assessment. No noticeable amplitude fluctuation atgerved for the laser operating

at single- and multi-wavelengths when the PCs vied at the certain positions

during the experiment. Figure 4.20 is an exampléheflong term monitored lasing

profiles on the OSA for 20 mins for (a) single ghyldual-wavelength lasing situation,

showing no obvious change of output amplitude. Biry; as shown in Figure

4.21(a)-(d), no noticeable change is observed riptet and quadruple wavelength

operatio

n.
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Figure 4.20 Stability measurements for one of #)esingle wavelength, (b) double-
wavelength operations, showing no noticeable viaridbr the output profile.
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Figure 4.21 Stability description for triple-wavefgh (a-c) and quadruple-wavelength (d)
oscillation, showing no noticeable variation foe thutput profiles.

The measure SMSRs for single, dual, triple and qume wavelength lasing is 55 dB,
50 dB, 48dB and 40 dB, respectively. The differemc&MSR may result from the
variety in strength of the ex 45°-TFGs and the sepBEBGS.
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4.3 Pulsed Fibre Laser

4.3.1Principles of laser mode-locking

A laser can oscillate in a large number of longitatimodes. In normal operation, the
phase relationship among all the modes is rand@pedctally in the continuous wave
resonator case, the beam intensity exhibits randone behaviour. If all the
oscillating laser modes are somehow kept with adirelation between their phases
while having comparable electric field amplitudése laser is called mode locked.
This is one of the effective ways to get a stramet pulse output. Any methods that
can establish this phase relation is regarded akedocking. Generally, mode locking
can be explained in either frequency- or time-donfab4, 184].

In the frequency domain, consider, for exampleretare2n +1 longitudinal modes

oscillate with identical amplitudg,. Suppose the phagge of the modes is locked
following the relationg —¢_, = @ whereg is a constant. Then the electric filed of

the output beam can be written as :

Equation 4.2E(t) = Z  E, exdi (e, +1 o) + 1}

Where w, is the central mode frequencf is the modal spacing between two

adjacent modes, and the phase for central moddd®s set as zero for simplicity.

The total electric field of the beam can then bengias:

Equation 4.3E(t) = D(t) [éxp( (e, [T)

Where
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Equation 4.4D(t) = Z  E, [exdi 0 {Aw + @)}

The equation above indicates that the total eletigid can be described in terms of a

carrier wave centred afy, , and a time-dependent amplitud(t) . By taking

Aa [t'=Aalt +¢, we can rewrite the amplitude such as:

s D§in[(2'n +1) Aw(l /2]
sin(Aw(' /2)

Equation 4.5D(t') = Z \E, [expi 0 {AwT)

The equation above shows tHaf t' (s)proportional to the beam intenslﬁj, thus

physically, producing a set of evenly spaced putsen. This has been clearly

depicted in the following picture.
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Figure 4.22 simulation of pulse intensities modkéx by N evenly spaced modes for
which N=5, 8, and 15.

It can be seen clearly from Figure 4.22 that witliixad cavity length and gain
bandwidth, the pulse duration and pulse intensaty loe significantly affected by the
number of phase locked modes. The more modes advéd in the locking
operation, the shorter pulse can be obtained. ilhdimulation, for simplicity, only
equal amplitude electric fields have been takea aunsideration. Consequently, for
more modes, the output amplitude is much highere#h lasers, most of gain medium

will have a certain bandwidth profile rather tharfla one, i.e. Gaussian profile,
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which could induce amplitude distinction. Neverdss, as long as the phase is locked,
pulse behaviour of laser oscillation can be achldevi® understand mode locking
behaviour in time domain, we consider a typical endémtked pulse train shown in
Figure 4.23.

D(t')*/E,” (a.u)

Figure 4.23 A typical output pulse time behavioesaiption of eight oscillating laser

modes with phase locking and equal amplitudes.

In Figure 4.231 indicates the pulse separation time representiagcavity round-
trip U

2[nlL
C

Equation 4.6r =

wherecis the speed of light in vacuum, is the effective refractive index of laser
cavity, L is the laser cavity lengthAr is the pulse duration. The mode locking
operation can then be visualized as propagatingghespulse with a duration air

which travels around the laser resonator cavitye Ruthis description, mode locking
could be obtained by integrating a high speed shiritthe laser cavity. Assuming the
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shutter operated with a period ofwith an open time ofA7, the shutter could
possibly let only the giant pulse pass through.sThanly this pulse could survive,

therefore generating mode-locked pulses.

Basically, any method can behave as a proper shutteld be possible to generate
mode locking. Hence, it can have two types of lasede locking, which are active
and passive mode locking. For the former, normallyphase modulator or an
amplitude modulator is involved in mode locking cad@n. However, extra active
components or high frequency electronic devicesabways required for this type of
mode locking. This further increases the complexatythe laser system. More

importantly, the laser in this case is not selftstg.

Passively mode-locked lasers employing an intrabgasaturable absorber have
evolved from fundamental science to commercialrimsents, with a wide variety of

applications in telecom, optical frequency comb egation, metrology, microscopy

and nonlinear science. Femtosecond pulse geneiatimode-locked lasers relies on
a variety of physical effects including group-vetgadispersion (GVD), self-phase

modulation (SPM) and amplification. Further, itnscessary to have some form of
intensity discrimination to promote pulse formatioom initial white noise. Over the

past two decades, a number of different methode h@&en used including, among
others, nonlinear polarisation rotation (NPR) [1854], nonlinear interferometry

[188-189], semi-conductor saturable absorber (SEpAMO-192] and more recently

single-walled carbon nanotubes (CNTs) [193-195].

4.3.2Mode-locked fibre laser using 45°-TFG

Although solid-state mode-locked lasers remainctimeent workhorse for high-power,
ultra-short pulse generation applications, therelbeen great interest in mode-locked
fibre lasers due to the practical advantages thiy, such as superior wave-guide
properties, reduced thermal effects, power scataband integrability with other
telecom components. In general, a mode-locked fdawer that is made from all-fibre
components would be desirable. However, curreme fiasers rely on bulk optics in
the laser cavity thus reducing the benefits of HWsdibae format. For instance, a
common method to experimentally achieve intensggrimination in a mode-locked

fibre laser is through NPR. The basic principleN®fR is described below in Figure
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4.24 [187, 196]. The light passing througHireear polariser can be transformed to
elliptical polarisation by means of a set of wavatgs or_apolarisation controller.

This polarisation ellipse can rotate from anglego an angleS with respect to the

fibre axis as shown in the diagram due to the kefiect induced by the fibre from
which the polarisation ellipse will only rotate angle while maintaining the ellipicity.
If the second set of wave plates was at some posikiat can recover the elliptical
polarisation state into linear which can match dhalyser axis, then there is no loss
for the transmission light. Because the optical rKeffect induced change in
polarisation ellipse is dependent on the intensftyhe pulse, the light transmission
through the analyser is intensity dependent. By r@pyately selecting the
polarisation ellipse through polarisation contrdleone can discriminate the pulse
energy by maximizing the transmission for the hgghsulse intensity and blocking
propagation of lower energy pulses, thus creatingnéensity discriminator i.e. a

saturable absorber. Therefore, a self-started romtted fibre laser could be obtained.

Wave Wave
Polariser  pjates Fibre Plates  Analyser
Set 1 Set 2
777‘{ — ) ----- } ‘l Q;j\ _________________________ 9 (D(D{ . ) 77
o B_
Input " Output~-
Polarisation Polarisation

State State

Figure 4.24 Schematic diagram of NPR effect in ptical fibre based system.

Usually, a bulk optic polariser is used in this figuration, resulting in high cavity
loss due to the coupling between fibre and bulkresgs. Compared with bulk optic
polarisers, in-fibre polarisers are more desirabldéibre systems due to their light
weight, low insertion loss, and high coupling e#frecy. Several types of in-fibre
polariser have been demonstrated [169, 172], howinay lack the robustness and

integrity necessary to take full advantage of drfilade device. Recently 45°-TFGs
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have been shown to exhibit strong PDL propertythaslight through the grating
shows small transmission loss for tipdight whereas theslight loss remains
significant. This polarisation discrimination meaolsan enabled the 45TFGs being
used as a PDL equaliser [11] and a broadband ipetaf13] in optical
communication systems. Furthermore, these polarisgratings have been
successfully used to generate single polarisatmtirtuous output in an all-fibre laser
structure [197].

In this section, we focus on pulsed light generatemd present a novel all-fibre
mode-locked laser that is passively mode-lockechgusNPR and a 45°-TFG

polarisation element.

4.3.3Mode-locked fibre laser configuration and experimetal results

The 45°TFG used in the experiment was fabricated as destin Chapter 3.

o4 (b)

—— p-light with gel
—— s-light with gel
1 —— p-light without gel
—— s-light without gel

PDL(dB)

Transmission (dB)

T T T T T T T T T T T T T T T T
1530 1540 1550 1560 1570 1580 1590 1600 1530 1540 1550 1560 1570 1580 1590 1600

Wavelength(nm) Wavelength(nm)

Figure 4.25 Measured (a) PDL response (b) trangmnisd the 45°-TFG used for mode
locking from 1525 nm to 1608 nm. Note, the osdiigtand smooth curves were obtained
when the 45TFG were surrounded by air and index gel (R1=1)456

Figure 4.25 shows the characteristic PDL and trasson profile of the 45TFG
used for the mode locking experiment over a largeelength range (=80 nm) that
almost covers a typical gain bandwidth of EDF. Aewn in figure (a), the PDL is ~
22 dB at 1550 nm and drops to ~10 dB at 1600nnurEig.25(b) indicates there is an
average ~1.5 dB insertion loss across the entirectspn for p-light while

transmission loss is much higher #alight, which mainly from PDL effect.
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The mode locking laser experimental set-up is shawrrigure 4.26. The laser
consists of ~6 m conventional EDF (from Lucent Tesbgies) with nominal
absorption coefficient of 12 dB/m at 1530 nm andma dispersion -8.6 ps/nm/km.
The length of the passive fibre segment is ~12 d dre length of the fibre
incorporating the 45TFG is ~50 cm. The 45TFG was made in B/Ge co-doped
photosensitive fibre, which has anomalous disparefo~10 ps/nm/km, thus giving a
net-anomalous dispersion of the laser cavity ~&/hmp/km. We expect soliton-like
pulse formation where the GVD and SPM counter-lmdanTwo polarisation
independent optical isolators are used to ensagdesdirection oscillation. The fibre
laser is pumped through a 980/1550 WDM from a geastabilised 975 nm laser
diode (from SDL), which can provide up to 300 mWnpu power. A set of
commercial laser diode driver and temperature otiatr(Newport 505B & 300) is
used for stabilising the pump laser. Two fibre psktion controllers are located
before and after the 459'FG. A 10:90 fibre coupler is employed for whidiet10%
port is used to couple out the laser light. Thedasutput is connected to another

isolator to ensure that unwanted reflection dodgscaople back into the laser cavity.

OIS
OIS
PC1 45°-TFG PC2 10:90
................ Coupler
O i Laser

Out

OIS
Fibre

Amplifer

PD

Figure 4.26 Schematic configuration of the 45°-T#&Sed mode locked femtosecond
fibre laser. The output is split into two partstisat the autocorrelation trace and

oscillogram can be viewed in the same time.
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The effect of NPR with the 45TFG based in-line polariser provides the necessary
intensity discrimination for mode locking. Sincethet GVD is anomalous, GVD and
SPM counter-balance to give soliton-like pulsespByperly adjusting the two PCs in
the system, stable mode-locked pulses can be ebitairhe optical pulses have been
amplified and then fed through to an autocorrelatbose resolution is 44 fs (from
INRAD Inc. MODEL 5-14B). Figure 4.27(a) shows thet@correlation trace of the
pulse corresponding to a pulse duration of ~60@igure 4.27(b) shows the optical
spectrum of the fibre laser centred at 1553 nm wisipectral bandwidth at full-width
half-maximum (FWHM) of ~9 nm, thus giving a timershwidth product of ~0.6,
indicating the pulse is slightly chirped. A typigallse train is shown in Figure 4.27(h)
with a 90 ns interval between two adjacent pulg@ésng a repetition rate of 10.34
MHz. The output pulse power is 12 mW which corresjsto the output energy of ~1
nJ. By adjusting the two sets of polarisation coligrs, the mode locked wavelength
exhibits a certain degree of tunability from 1548 to 1562 nm with pulse durations

from ~600 fs to ~1 ps. This is shown in Figure 4c2-{q)
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Figure 4.27 Measured typical auto-correlation traice the corresponding sech2 fit of (a)
laser mode locked at 1553 nm; optical spectrunagégl mode locked at (b)1553 nm,
(c)1546 nm, (d)1554 nm, (e)1561 nm, ()1562 nm1%6P nm; (h) a typical output pulse
train of the mode-locked fibre laser from the desitope showing a repetition rate of

~10.34MHz.

The measured pulse width and time-bandwidth prodiBP) as a function of the
wavelength are shown in Figure 4.28. Since the ©BEhe output pulses is larger

than 0.3, the output pulses are not transform éicniHowever, simple optimization of
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the cavity design (fibre lengths, etc.) could lgadtransform limited pulses at the

output coupler.
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Figure 4.28 Measured pulse width and time-bandwpdtitucts as a function of the
wavelength.

We have also measured the Frequency Resolved O@atmg (FROG) spectrogram
of the output laser pulses. FROG detection canigeo& more accurate measurement
of the laser pulses while showing phase informatkigure 4.29 depicts the main

FROG measurement results.
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Figure 4.29 FROG traces and the correspondingeti pulse shape and phase
information for (a)&(b)1553 nm, (c)&(d)1546 nm )&£f)1554 nm, (g)&(h)1561 nm,
()&(j)1562 nm, (k)&(1)1560 nm.

Figure 4.29 describes the FROG traces, the comelspg pulse shape and phase
information of various pulses obtained in Figur274.Because auto-correlation only

provides the pulse duration assuming the pulsechesin shape i.eech® which is

the typical soliton case, it does not give the alcpwlse shape. In Figure 4.29(f), (h)
and (j), the pulses we obtained were shown to lasiegech?, while in Figure 4.29(b),
(d) and (l) the pulses shape show distortion fieth?. This distortion may due to
the imperfect balance between SPM and GVD for diffepolarisation rotation. Also,
Figure 4.29(h) and (j) tell that there is frequeratyrp in the output pulses and the

chirp effect is negligible in other situations.

Although the 45-TFG has functioned as a high efficiency polar@atelement to
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achieve mode locking in a net-anomalous disperksiser cavity, it can be used in a
variety of mode locked fibre laser configuratiof®r example, future studies will
pursue the use of this all-fibre configuration (s@&s all-normal dispersion fibre lasers
[198-199]) to achieve higher pulse energies.

4.4 Chapter Conclusions

This chapter presents the experimental investigatd the functionality and

application of 45° and ex 45° -TFG in EDFLs emdticontinuous wavelength
switchable laser light of single polarisation aednfosecond pulses in the region of
1.5um.

The results were clearly shown that the 45°-TFQ&tions as an efficient device in
polarising the intra-cavity laser beams. Also, tdoenbination of both 45°-TFG and
ex-45° TFG used as intra-cavity polariser and Pirfenabled the EDFLs operating
at single, dual, triple and quadruple wavelengthsvith single polarisation status.

The EDFLs exhibited stable output laser beam aigdated wavelength with high

DOP > 99.8%. This indicates a highly polarised atifpser beam with good signal
guality. Due to the long cavity length of the EDFlsingle mode operation was not
expected at this situation. However, methods taeaehsingle mode operation have
been proposed for further improvement of the |gseformance such as by inserting
a saturable absorber [200] or narrow band filteé&l]. The EDFLs demonstrated in
this chapter have also shown capability of tunmognf which tunable EDFL or EDFL

based laser sensor systems could be developed.

In addition to continuous operation, the applicatmf 45°-TFG in a standard fibre
ring cavity has successfully acted as a saturabsmrber, mode locking the laser
producing femtosecond scale soliton laser pulseedan the NPR effect of the
cavity incorporated with the 45TFG. The utilisation of the 45°-TFG, this lasesha
demonstrated wavelength tuning within a certaingearBoth auto-correlation and
FROG measurement have been done with respect wmutpeat laser pulses, showing
detailed information regarding the output laserspsl The mode-locked laser
demonstrated in the chapter was an initial expertnoé the 45°-TFG application in
nonlinear photonics, therefore further optimisatioh the laser cavity might be

required to produce ideal laser pulses. Furthermitie implementation could be
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extended to Jum region for future investigation that could generaigh energy laser

pulses.
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Chapter 5

45°- and Ex 45°- Tilted Fibre
Gratings —On the Application of

Optical Fibre Sensors
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5.1 Introduction

As mentioned in Chapter 2, fibre gratings can offemart solutions in test and
measurement fields. They appear to be ideal caredides sensors due to their light
weight, ease of fabrication and EMI resistanceviBtesly, most sensing applications
have been based on FBGs and LPGs. Recently, TF@s dimown potential in the
domain of optical sensing. Chehust al presented a temperature and strain
discrimination sensor using a single TFG [202]. &étaal implemented a directional
bend sensor with a TFG [203]. Shao and Albert regboran inclinometer
incorporating both a TFG and a section of fibreetaji34]. Guoet al presented a
displacement sensor using non-uniform TFG showengperature resistance [162].

Recently, optical bio-/chemical-sensors have atdha lot of interests because they
can provide real-time, accurate and low cost mesasent of bio-species. TFGs have
already exhibited excellent performance in refracindex (RI) measurement which
is an important property of most bio/chemical saaplAn etched TFG structure in
multimode fibre has been shown in performing chaféensing application [204].
Cladding modes coupling of TFG has been used fors&ising from which
transmission spectrum change can be detected [ZDfget splicing aiming for
reflected cladding modes coupling monitoring of BGI'has been applied as a low
cost in-fibre refractometer [206]. Surface PlasR@sonance (SPR) using TFGs have
also been demonstrated for Rl sensing [207-208hoMt al designed a humidity
sensor based on RI change of the coating layer dF@ A more systematic
investigation of applications of TFGs at 800nm wesorted by Suet al including
strain, temperature and RI responses [209].

So far, most of TFGs used in sensors have smittangle. 45°- and ex 45°-TFGs
have been less investigated in sensor systems. £haal reported an in-fibre
refractometer of high responsivity with low therncabss sensitivity using an ex 45°-
TFG [15]. Chenret al demonstrated a twist sensor using an ex 45°-THGE [a this
chapter, it further explores the application 45fd ax 45°-TFGs on the application of
optical sensors. First, it will demonstrate a lajleével sensor using an ex 45°-TFG.
Then, it will report a fibre laser based twist senand strain sensor incorporating an
intracavity ex 45°-TFG, which offers low-cost tidemain signal demodulation for
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twist and strain sensing. Then, it will proposeilaref laser based loading sensor,
which is the application of 45°-TFG based singléapsation fibre laser. Finally, the
conclusion will be presented at the end of the wrap

5.2Liquid Level Sensing Using Ex 45°-TFG

5.2.1Introduction to level sensing

Liquid level sensing is of great interest for a ganof industrial applications.
Traditional liquid level sensing is mostly based mechanical [210] and electrical
[211] techniques. Although electrical sensors atidely applied, they have the
disadvantage of not being suitable for conductivel @&xplosive environments.
However, optical sensors are immune to EM interfeeeand more desirable for such
hazardous situations. Over the last decade, a rainliguid level detectors based on
optical fibres have been developed, including usnigro-bending optical fibre [212],
a cantilever based FBG [213], a high-birefringefibe2 loop mirror [214] and a
Fabry-Perot optical fibre cavity [215]. Low-costuid level sensor utilising the
measurement of fibre total internal reflection iodd intensity change is also reported
[216-218]. Recently, Khaliet al demonstrated a LPG based liquid level sensor
utilising the detection of surrounding medium refinge index [219]. Their results
showed that LPG based level sensor can providerbgtirformance only for liquids
with refractive index much higher than water basswlutions. This section
demonstrates an optical fibre liquid level sensasdal on RI response of an ex 45°-
TFG.

5.2.2Grating characteristics

The ex 45°-TFG used in our liquid level sensingesipent was UV-inscribed in
standard single mode fibre. Detailed informatiogareling the fabrication can be
found in 83.5.2. The ex 45°-TFG has ~78° intermgle@awith a length of ~ 12 mm.
The fabricated 78°-TFG has been annealed at a tatape of 80C for 24hours for

stabilisation. The measured optical spectrum ardrisation properties of the 78°-
TFG can be referred to Figure 3.26.
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As the mode coupling involving high order claddimgodes, the 78°-TFG is
intrinsically sensitive to Rl change. Its RI resperhas been discussed in detail in
83.5.3.2. It is also noted that when the 78°-TFG stdbmerged in water, degeneration
of the two orthogonal polarised modes occurred,the paired peaks merged to one
strong peak and shifted to the longer wavelenglk,shs shown in Figure 5.1. It is
this wavelength shift under water provides a cdpglof an ex 45°-TFG for liquid

level sensing.

Transmission(dB)
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1545 1550 1555 1560 1565 1570 1575 1580
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Figure 5.1 The transmission spectra of a 78°-TF@&nwihis in air (black solid line) and

immersed in water (red dotted line).

5.2.3Liquid level sensing experiment

In the liquid level sensing experiment, the sectdrthe fibre containing the grating
was taped to a plastic tube and then immersedti@®avater in a beaker. A slot was
milled on the surface of the tube to house theefitprating ensuring in full contact
with water and also maintaining grating straighelioninate any effect from bending.
The beaker was mounted on a vertically driven nmater stage to control the water
level on the submerged 78°-TFG. Thus during thelsvieaperiment, there was no
fibore movement involved. The schematic diagramheféxperimental setup is shown

in Figure 5.2(a).

When the 78°-TFG is partially immersed in the watércan be regarded as
constituting two individual gratings surroundeddiyand water, respectively. Thus, if

we concentrate on one pair of cladding modes of7@8eTFG we can see on the
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spectrum a paired loss peak plus a broad peak eiotiger wavelength side; the
former is generated by the air-surrounded secti@hthe latter by water-surrounded
section of the grating. Because the polarisatiordendispersion (PMD) of the
cladding modes will change with the water level, /e evaluated the 78°-TFG
spectral response to the water level change by iexagrthe fast- and slow-axis mode
using polarised light. Figure 5.2(b) shows transinis spectra when the slow-axis
mode around 1560 nm is coupled for three diffetieptid levels: the left peak (red
solid line) indicates that the grating fully expdge air surrounding, the middle two
peaks (blue dashed line) occur when the gratinghimersed in a half way to the
water and the single peak (black dotted line) anright shows that the grating is

fully immersed under water.
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Figure 5.2 (a) schematic diagram of the experimesatap for liquid level sensing; (b)
Transmission spectra of the 78°-TFG for slow-axiglencoupling around 1560 nm: the
left-side (red solid line) , right-side (black dadtline) single peak and the middle dual
peaks (blue dashed line) corresponding to thergatirrounded by air, water and half
way in water. The air- and water-surrounded peakb/ang with increasing water level

for (c) slow-axis mode and (d) fast-axis mode.

Figure 5.2(c) displays the spectral evolution & sfow-axis mode when the F8FG
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was surrounded from entirely by air to water. Isf®own that with increasing water
level, the loss of the air-surrounded mode deceeadeereas the loss of the water-
surrounded mode increases. The fast-axis mode shaveamilar spectral evolution,
as displayed in Figure 5.2(d). Figure 5.3(a) angufé 5.3(b) plot the transmission
loss against submerging length of the 78°-TFG itew#or the fast- and slow-axis

mode, respectively.
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Figure 5.3 Transmission change measured for tiggHesf the 78 TFG in water for the
grating sections surrounded by watey) and by air & ,A) for (a) fast-axis mode and

(b) slow-axis mode.

By examining Figure 5.3 we can see that by momitpthe transmission loss of the
fast-axis or slow-axis mode of the °78FG, the water level can be measured.
However, one can notice that there is an initiakimsitive range from 0 mm to 3 mm
for the air-surrounded modes. After this insensitiggion, the grating responding to
the water level from 3 mm to 10 mm is quite lindeHowed by a secondary

insensitive region from 10 mm to 12 mm. While fbe twater-surrounded modes, the
grating exhibits linear response to water levehfrO mm to 8 mm and becomes
insensitive from 8 mm to 12 mm. The reason why $kasing range is different

between the air-surrounded and water-surroundecensdot clear so far. To get a
better interpretation on the liquid level sensbe tesults have been re-plotted in

Figure 5.4 by excluding the insensitive region.
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Figure 5.4 Re-plots of transmission change follehgth of the 78 TFG in water &,0)

and in air @& ,A) for (a) fast-axis mode and (b) slow-axis mode.

In Figure 5.4(a), it can be seen that althoughstresing range of the air-surrounded
and the water-surrounded fast-axis mode is difterdme sensitivity for both modes
are quite similar which is ~ 13 %/mm. While in Figlb.4(b), the air-surrounded and
the water-surrounded slow-axis mode show a seingittt ~ 12 %/mm. This is more
than twice of the sensitivity of the LPG based iliglevel sensor which is 4.8 %/mm
[219]. Therefore, both fast-axis and slow-axis mad@& be used for water level
sensing with similar sensitivity and measuremenhgea The measurement
uncertainties mainly arise from the OSA with a gabaccuracy of 7 % (0.3 dB) in
level measurement and the environmental effect usecahe device is polarisation
sensitive. We found that, in general, ~ 10 % gieasonable measurement error range
for linear fit of the data. Nevertheless, for weatarrounded modes, when the
transmission is getting lower, the uncertainty cacrease up to ~ 35 %. This is
because when the transmission of the peak getdesmiaimay reach the sensitivity
limit of the OSA which will generate extra readirgyrors to determine the

transmission.

Although LPGs based liquid level sensors have loeemonstrated, their intrinsic high
temperature cross-sensitivity limits their usedalrapplication and thus a temperature
compensation scheme is normally required. By evialgdahe temperature sensitivity
of the 78°-TFG (shown in Chapter 3), it is foundttthe thermal sensitivity of the
78°-TFG is lower than that of a standard FBG, threrch lower than that of an LPG.
Therefore, temperature compensation scheme malgennecessary with the ex 45°-

TFG as a water liquid level sensor. However, it imbe pointed out that the
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measurement range of both the LPG and ex 45°-TR&dbéiquid level sensor is

limited by the length of the grating.

5.3 Fibre Laser Twist Sensor System Using an Ex 45°-TFG

5.3.1Introduction

Embedded twist sensors are important devices toitarothe health condition of
engineering structures and have been received darmakle attention for smart
structure applications. Traditional twist sensore Based on angle measurement
devices like optical encoders and magnetic serf2@@. Optical fibre grating based
twist sensors are intrinsically small and easyrplement. For example, a corrugated
LPG has been demonstrated for twist sensing [22dfortunately, this type of sensor
can not address the twist direction. Wang and Rapgsed a C@laser fabricated
LPG based twist sensor which can measure both wavigte and direction [222].
Tilted fibre grating using polarisation propertiegs also been described as a passive
twist sensor with capability measuring both twisedtion and rate [14]. However, so
far, most of the reported optical twist sensors a@tepassive and need expensive
optical spectrum analyser and external broadbandceao demodulate the optical
signal. In this section, a low-cost time domain sugament based twist sensor using
an ex 45°-TFG incorporated in a fibre laser cawiiybe presented. By measuring the
fibre laser build-up time using a low cost photaificand a standard oscilloscope,

both twist direction and angle can be identifieddy.
5.3.2Experimental setup and operation principle
5.3.2.1Characteristics of FBG and ex 45°-TFG

For this experiment, a uniform FBG and an ex 45&Mrere fabricated. The internal
angle of the ex 45°-TFG is ~79A phase mask with a period of 1. was used to
UV-inscribe the normal FBG with a reflectivity o6-€B at 1551nm. As mentioned in
Chapter 3 that ex 45°-TFGs exhibit strong polansatmode splitting property, the
fabricated 79TFG has shown pronounced dual-peak features ofratsmission

spectrum, induced by the PMD. Figure 5.5(a) gives ttansmission spectra of the
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79°-TFG from 1200 nm to 1700 nm showing pairs of lbasds. Figure 5.5(b) shows
the transmission spectra of one paired polarisdties peaks of the TAFG for the
launched light at three different polarisation esatand Figure 5.5(c) shows the

transmission interchange when the polarisatiore sthnges from fast-axis mode to
slow-axis mode under applied twist.
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Figure 5.5 (a) Optical transmission spectra ofA@&TFG in the range from 1200 nm to
1700 nm; (b) Spectra of the 79°-TFG probed by uassed light (blue solid line) and
polarised light at two orthogonal states (blacketbtine and red dashed line); (c) the
transmission interchange between the split pealenlie polarisation state changes

from fast mode to slow mode.

5.3.2.2Ex 45°-TFG based fibre laser twist sensor system

The set-up for the proposed ex 45°-TFG based fdmer twist sensor system is
shown in Figure 5.6(a). In this configuration, tlyain medium is a ~1 m

Erbium/Ytterbium co-doped fibre, which is pumpeda&975 nm laser diode through
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a 980/1550 nm WDM coupler. A 3 dB coupler forme8agnac loop is employed as
the high reflection mirror in the laser cavity. Tinemp is modulated by a square wave
through a standard function generator at 5 Hz. |&ker output is connected to a low
noise photodiode, and the build-up time is measwied a two-channel digital
oscilloscope (Tektronix TDS2012).
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Figure 5.6 (a) Schematic diagram of the propose4bX FG based fibre laser twist
sensor system; (b) Typical build-up time tracehef fibre laser observed on a digital
oscilloscope. Modulation signal is shown in dotlied; laser output signal is shown in

solid line.

5.3.2.3Twist sensing principle

In a modulated laser system, when the pump is Badaton, the laser will reach a
stable state after a series of relaxation osaihatirhus, there is a finite build-up time

associated with each lasing state at certain purdgdass conditions. Therefore, if the
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gain medium and the pump condition are not changdimglaser build-up time is only
related to the intracavity loss. Because the exT4#%3 itself is a PDL filter, when an
ex 45°-TFG is inserted to the laser cavity andestthip twist, the intracavity loss will
be modulated accordingly, hence affecting the ldseld-up time. Based on this
principle, the twist experienced by the grating denmonitored by measuring the
build-up time of the laser cavity. Figure 5.6(bpsgls a typical oscillation trace of the

laser oscillation build-up process.

5.3.3Experimental results

In the experiment, a segment of laser cavity fibith an UV-inscribed ~12 mm 79
TFG was fixed by a clamp on one side and the aditl was mounted on a fibre
rotator, as shown in Figure 5.6(a). The fibre wadaur a little tension to position fibre
straight in order to eliminate the crosstalk indudem other effects such as axial
strain, bending etc. In the experiment, the lowsdt apper modulation pump levels
were first set at constant values of 14.6 mW and 48W, respectively, and the
clamped fibre was twisted from 0 to F5@ith an increment of T0in both clockwise
and anti-clockwise direction. The build-up time wasasured for each twist and the
normalised results are plotted in Figure 5.7(agnfthe figure we can see clearly that
at the initial position, i.e. undef @wist, the 79°-TFG induced loss is at maximum, so
the build-up time is at largest value. When thedfils twisted in clockwise and anti-
clockwise direction, the 79°-TFG induced loss dases and the build-up time
reduces accordingly with increasing twist. Thisstweéxperiment was repeated for a
lower pump modulation level set at 24 mW and we dhat the overall twist
sensitivity was decreased for this lower pump matioh level, as the lower trace
shown in Figure 5.7(a). Obviously, this is becaasdigher pump power would
provide higher gain for the laser system therefamé/ a shorter build up time is
necessary. For a better interpretation of the tgsule re-plot the results for twist
applied in clockwise and anti-clockwise directiogparately in Figure 5.7(b) and
Figure 5.7(c). From these two figures we can seesystem gives a near-linear
response in the dynamic rangi@4(, giving an estimated twist sensitivity of ~412
us/(rad/m). Under the current configuration, theoheison of the oscilloscope is 10 s,

the resolution of our proposed twist sensor iseftge ~ 0.02 rad/m. One need note
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that the time scale resolution of the oscilloscapepends on the range i.e.
second/division due to the limited record lengtl2600 points at all time bases. More
importantly, we see if the system is set at a @efiposition, i.e. at80° as shown in

Figure 5.7(b) and Figure 5.7(c), the twist diregtcan be easily identified.
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Figure 5.7 (a) Laser oscillation build-up time agitwist angle for twist applied to
clockwise and anti-clockwise direction for two @ifént low modulation pump power
levels, and re-plotted separately for (b) clockvasd (c) anti-clockwise direction to

show the capability of identifying twist direction.

One may notice that when the twist angle variesifrB0° to -60°, there is an obvious
jump for the build-up time, as shown in Figure @Y. This could be attributed to the
experimental error from rotating the fibre in tlasér cavity, as there is no such jump
for rotation angle from 0° to +140°. This is beaatise rotation of the grating inside
the cavity could physically affect the adjacenttpzrthe cavity which may induce

unwanted polarisation effect to the output. Inahgdihe reading errors determining

the build-up time, the uncertainty of the experitnasuld be on the level of ~500 pus.
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5.4 Fibre Laser Strain Sensor System Using an Ex 45°-T&

5.4.1Introduction

FBG based fibre strain sensors have been extepsstetlied due to their intrinsic
advantages and wide applications in industry. Cotiweal FBG strain sensors are
mainly based on wavelength shift monitoring. Fumhere, various other techniques
have also been developed to interrogate FBG senddiese include direct
wavelength analysis [223-224], phase and delay umeasent [225] and optical
intensity monitoring [226].

Although the passive detection of wavelength sb#h offer smart solutions, the
systems are still subjected to complexity. Normalhythis case, an additional light
source is necessary. Active strain sensors usbrg faser configuration provide an
alternative measurement method with higher signaldise ratio while having a less
complicated system. Badit al demonstrated a laser strain and temperature sérsor
single and multi point measurement [227]. A fibasdr using a chirped FBG and a
mechanical strength enhanced FBG have been dedeltipe high temperature

measurement up to 300 °C [228]. Another approaebives a semiconductor optical
amplifier which can support multiple sensor heads $imultaneous multipoint

measurement [229].

Moreover, most of the active sensing systems rety optical domain signal
demodulation from which the cost is high. Time domsgnal demodulation offering
low system cost has been reported through integyaticonventional LPG in a linear
laser cavity [230]. In this section, a fibre lasérain sensor incorporating an ex 45°-
TFG will be presented and discussed. In this flaser sensor system, low cost time
domain signal demodulation is achieved by monitwprthe build-up time of the

modulated laser cavity.

5.4.2Experimental setup and sensing principle

The set-up for the proposed fibre laser strain@esygstem is shown in Figure 5.8(a).
The ex 45°-TFG is mounted on a fibre stretcherillAstrated in Figure 5.8, the fibre
stretcher consists of two fibre clamps which hald fibre firmly within a fixed length.
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One fibre clamp is connected with a micrometerugrowhich various strains can be
applied. The pump LD is modulated by a square whweugh a standard function
generator at 5 Hz. The laser output is connecteal ltaw noise photodiode, and the
build-up time is measured via a two-channel digitacilloscope (Tektronix
TDS2012).
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Figure 5.8 Schematic configuration of eX453-G based laser strain sensor system.

As mentioned in 85.3.2.3, the build-up time of thger system is subject to the loss
change of the cavity in a modulated laser systemanwdgain and pump condition not
varying. Because the ex 45°-TFG has spectral lassld) when it is subjected to
mechanical strain in the laser cavity, the lossdbail then shift accordingly [114], so

that the cavity loss is related with applied straml the build up time of laser system
will change correspondingly. Therefore the straam e detected by monitoring the

build up time of the laser system.

5.4.3Experimental results

In the experiment, the same 79°-TFG as in 85.3 ben used. By tuning the
micrometer, it can apply strain fromu@ to 2000ue on the 79°-TFG. When the 79°-
TFG is at Oug, the loss maximum in the laser cavity which giwes the longest

build-up time. While the strain increases, the Ibasds will have a blue shift [114]
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thus decreasing the cavity loss which results shater build-up time of the system.

A typical laser output spectra change is illusttateFigure 5.9(a).

The system was firstly set the lower and upperllevedulation pump at constant
value of 14.6 mW and 112.4 mW individually. Thelbuip time was then measured
for the strain applied on the 79°-TFG with an imeeat of 10Que. The absolute build-
up time change against the applied strain on tRelF& is depicted in Figure 5.9(b).
From Figure 5.9(b) it can be seen that, initiallyen the 79°-TFG is under no strain,
the laser cavity suffers the maximum loss therefxhibiting the largest build-up
time. The experiment was then repeated for a Iqwenp level at 24 mW. In the
experiment, it was found that this laser strainssersystem will subject to the
saturation of the applied strain for lower pumpelev However, the system saturates
in a smaller strain range when the lower pump levedet at a high value. This is
mainly because when the pump power becomes higjieegdin of the system also
increases. The gain increase would therefore redheesystem build-up time.
Furthermore, as the strain increases, the systeuidvguffer less loss hence reduce
the build-up time. Thus, this high pump level indd@ain increase and strain induced
loss decrease could significantly reduce the sgitgiand measurement range of the
system. For a better understanding of the expet@heutput, the results have been
re-plotted in Figure 5.9, showing the linear rarmajethe sensor response for two
different lower pump levels — 14.6 mW (c) and 24 njdy. It can be seen from the
figure that, when the lower pump level is 14.6 nitAé sensor system can measure
strain from Oue to 1000ue with a linear responsivity of ~500 ps/ With the time
scale resolution of 1 ps from the oscilloscope system gives out a resolution of ~ 2
pe. The sensor then reaches its saturation point wilierpplied strain is over 1000
ue. For lower pump level at 24 mW, the sensor is ardpable of measuring strain
from O pe to 500ue with a linear strain responsivity of ~349 ms/because the time
scale resolution of the oscilloscope is 0.1 ys,system gives out a resolution of ~
~0.3 . We need notice that, during the experiment, ithe scale of the oscilloscope
corresponding to different pump level is varied frem 100 ns/div to 1 ps/div thus
change the time base resolution from 0.1 ps to. Tis resolution change along with
reading errors may lead to the build up time uradety of +5 ps and +10 ps for lower
pump level at 24 mW and 14.6 mW respectively.
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Figure 5.9 (a) Typical output spectra when the TS is under strain; (b) Laser
oscillation build-up time against applied strain#9?-TFG for two different lower
modulation pump power levels. Re-plotted build-upet against strain for (c) lower
pump level 14.6 mW with applied strain fronu®to 1000ue (d) lower pump level 24
mW with applied strain from Qe to 500pe.

5.5 Optical Loading Sensor Based on Single PolarisatoFibre Laser

Incorporating an Intracavity 45°-TFG

5.5.1Introduction

Optical sensors for loading measurement basedboa §rating technique have been
extensively studied. Their fibre format and compaize are highly desirable in
hazardous situations. FBGs fabricated in low-bingence [231] and Hi-
birefringence [232] fibres have been demonstrat@dl.et al designed a fibre load
sensor using an LPG inscribed in conventional amdbitdfringence fibre [233].
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FBGs inscribed in multicore fibres have been regbrfor implementation of
directional load sensors [234]. Directional loacis®s using ex- 45° TFG has also
been reported by Reit al [235].

Yet, most fibre grating type loading sensors prepgoso far are based on passive
operation. They require external light source aptical spectrum analyser which
would increase the cost of the system. In thisizect fibre laser using a 45°-TFG is

proposed for load sensing purpose.

5.5.2Sensing principle

According to 84.2.1, due to the polarising propeartyhe 45°-TFG, fibre laser cavity
incorporating an intracavity 45°-TFG could elimmabne polarisation state thus
giving out single polarisation output. Since soregrée of linear birefringence can be
introduced when load is applied on silica fiboregR3he load can then alternate the
intracavity polarisation state of a fibre laser.thii the laser cavity, the 45°-TFG
works as a polarisation filter, therefore any Vo of birefringence or polarisation
in the laser cavity could change the laser outputgr. Hence, this laser system can

be used as a load sensor.

The principle of the sensor system can be deschigelibnes matrix method.

m

E cosa
Equati 1 Ein = . i
quation 5 in sin g [e'?

We may assume the single polarisation Ii&nttravelling in the fibre laser cavity

having a general format described in Equation SihigiJones vector, where E is the

amplitude of the light fieldtar a is the ratio between the and y component of the
electric field andg is the phase difference between the two orthogelealtric fields.

The intensity of the input single polarised ligt then given in Equation 5.2 by

multiplying its complex conjugate.
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Equation 5.21, =E, [E, =E?

n

In general situation, as shown in Figure 5.10, lAptieal polarised light travels in the
laser cavity. The angle between the axis of tharnssr i.e. 45°-TFG and the y axis is
0. Within the same coordinate system, the load edpin the fibre will produce linear

birefringence in x direction.

Polariser
, 7 Axis

@Loading

7/
/
7/
7/

Figure 5.10 Birefringence induced by load appl@the fibre.

As a consequence, the light undergoing linear tirgénce in x direction could
transform to :

_ . ec o[ cosa
Equation 5.3E .t = E = | sing @*
0 o3 |LSina
—iszL
Where| © % is the Jones matrix expression of the load indysfeakse change,
0 e?
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wherer =J1l is the phase retardation due to the applied loaddais proportional
to the load whild is interaction length. By increasing the appliedd, 7 can be

varied between 0 andt2Therefore, we can write

- -id

. E',: = Eltosa e 2

Equation 5.4 - )
Elout_y = E Sina Gi_lmEW)

When the light passes through the polariser as showigure 5.10, the following

relationship applies:

Equation 5.5, =E,, ,3ind+E

rans out_Xx

[dosd

out_y

Where E

Trans

is the transmitted light after the polariser. Bypstituting Equation 5.4

into Equation 5.5 we can get:

Equation 5.6

— — *

I = L(E

Trans Trans Trans

= 2[E2 (K2 + M2+ 4[M [K [Bosp+ K [€0sT - M 2 [Eos{ + 23]

Where K =cosa(sind and M =sinalsind . We now define the logarithm

transmission loss induced by the loading induceeffingence change as:

Equation 5.75;

loss

— |n(|Trans)

n

In an EDF laser, as it can be regarded as a quis-tevel system, the output laser

power can be written as in Equation 5.8 [184] :

-163 -



Equation5.8POLH:(/,1G(£D1 AL GE)BJQEQhHP)[—]l—— 2, dﬂﬁ
Q hw 2 o r 2

o EtE, T £, +¢&,

Where 1 is the pump efficiencyQ, is the beam area in the active medidinjs
cross section area of the active mediwmis the frequency of the emitted photon,

is the frequency of pump light,is the Planck constaritis the length of the active
medium, N is the total number of the population in the ldsgel and ground level,

&, is the effective stimulated emission cross sectignis the effective absorption

cross sectiong is the total logarithm loss of the laser systentuiding cavity loss and
mirror loss, 9, is the logarithm loss due to the output coupletheflaser system and

7 is effective life time of the upper laser level. iksour laser system, only the
intracavity loss varies while the loading chandlks,other parameters are constant
since the laser has a fixed setup. So, the oudset power is proportional to the

birefringence change induced power loss.
5.5.3Experimental configuration

The schematic of the laser sensor system is shawfigure 5.11. The fibre laser
consists of an EDFA, an isolator which ensureslsidgyection oscillation, a PC, a
circulator, a normal FBG as seeding wavelengthO®d coupler and a 45°-TFG.
Because theest of the laser cavity is made of SMF-28, impiple, any part of the
passive fibre before the 45°-TFG in the cavity barused as a sensing element. The
dotted circle in Figure 5.11 indicates the sendinge section. The sensing fibre has
its plastic coating removed. The loading setuphews in the dotted box with a

stripped SMF28 fibre placed in parallel to the tafibre for balance.
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Figure 5.11 Schematic of the fibre laser loadingsse incorporating an intracavity 45°-
TFG.

By switching on the EDFA, the laser gives out snglavelength output which is
defined by the seeding FBG. The laser was optintigeaidjusting the PC to maximise
the output power. Figure 5.12 illustrates the tgpmutput optical spectrum when no

load is applied.

Intensity(dBm)

1548 1549 1550 1551 1552 1553 1554 1555

Wavelength(nm)

Figure 5.12 Typical output optical spectrum of ldwer sensor.

- 165 -



When different loads were applied to the sensibgefi the output power changes
because of the alteration of polarisation statee @pplied load has an increment of
500 g. The measured output optical power changestgthe loading weight is

plotted in Figure 5.13. From Figure 5.13, it can &een that the measured

experimental results correspond well to the thémaktalculation using Equation 5.8.

140 -
B Experimental Results

—— Simulated Results

120

Output Laser Power(uW)

T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000

Applied Loading (grams)

Figure 5.13 Measured output power change agaiadirig weights

Obviously, owing to the long cavity length, thiséa operates in multimode regime.
Mode competition may induce instability to the measl results. A single mode
operated laser may be exploited for future workcdkding to the principle of this
laser based sensor, any type of polarisation changjee laser cavity will result in
output power variation. This implies that this lasensor is also capable of doing

twist sensing. This will be investigated in futuverk.

5.6 Chapter Conclusions

In this chapter, the ex 45°-TFG based liquid lesehsor has been demonstrated
successfully. The sensor proved to be sensitiveowo index liquid (i.e water) in

comparison with conventional LPGs. Both the aid #me water-surrounded fast-axis

modes show a linear water level sensitivity of ~%8nm, while the air- and water-
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surrounded slow-axis modes exhibit a similar lineater level sensitivity of ~ 12
%/mm. The resulting water level sensitivity is mtinan twice of an LPG based level
sensor. For the air-surrounded mode, the gratioglig sensitive between 3 mm to 10
mm in a 12 mm long grating. For the water-surrouha®de, the measurement range
is between 0 mm to 8 mm. Therefore, by observinth hkbe water- and air-
surrounded modes, the total water level measureraage can be 10 mm in a 12 mm
long ex 45°-TFG. In general the measured liquictles restricted to the length of the
grating. The proposed liquid level sensor has snaimperature cross responsivity
compared to the LPG based sensor, temperature osaipe scheme may not be

necessary in some applications.

With the incorporation of the ex 45°-TFG in fibrsér system, the laser output is
encoded with the twist or strain applied on thelB%TFG, as it introduces loss in the
laser cavity. By monitoring the build-up time changf the laser, the system can be
developed into a low cost sensor system with timenan signal demodulation.
Using an oscilloscope, a photodiode and a funcgienerator, the implemented
directional twist sensor obtains a sensitivity dfL2 us/(rad/m) with a dynamic range
from -150° to +150°. With 10 ps resolution from thecilloscope, the twist sensor
implies a measurement resolution of ~0.02 rad/mil&khen the laser used as the
strain sensor, it demonstrates a sensitivity of0~88lie within the range of 100Qe
and ~349 ns/giwithin the range of 5004. This implies a measurement resolution of
2 pe and 0.3 @ individually depending on the oscilloscope resolut As the
sensitivity of the laser sensor system is relabeithé build-up time, further decreasing
the pump power to lower level may increase the @esansitivity for both twist and
strain sensing. However, longer time may resultetious measurement procedure
which is unwanted for some application. Optimisatid both types of sensing system

will be for future investigation.

The utilisation of 45°-TFG in a fibre laser systand applying load to the laser cavity
fibre, the laser output can then be encoded wighitlad. This type of laser sensor
system can be at low cost and very robust. Therewpatal results correspond well

with our theoretical simulation. The sensing pnateialso indicates that the proposed

system may be able to perform twist sensing.
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Chapter 6

Conclusions and Future Work
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6.1 Fabrication an characterisation of 45°-TFGs and eX45°-TFGs

This thesis details a systematic investigation len fabrication, characterisation and
application of a range of novel types of fibre grgs named 45°-TFGs and ex 45°-
TFGs. For the first time, the fundamental limit mscribing strong 45°-TFGs has
been analysed, which is vitally important in guglithe design and fabrication
condition for 458-TFGs and ex 45TFGs with strong or controllable polarisation
property. For the characterisation, both spectral polarisation properties of 45°-
TFGs in standard single mode fibres have been eyahvand analysed thoroughly. At
1.55 um, three methods using single wavelength, broadbaadelength and a
commercial toolkit have been developed to charseet5°-TFGs. While at 1.06 um,
due to the availability of the equipment, only s$engvavelength measurement has
been carried out. The most important results glesdrbw 45-TFGs can be made with
intrinsically high PDL, thus behaving as an in-&lpolariser. Thermal dependency is
quite low for this type of grating from which PDLowld decrease by a small amount
when annealing at 80°C. One major contributionhes dbservation of SBR from a
45°-TFG and a brief theoretical interpretationto$ effect has been given. In addition,
our evaluation on thermal response has shown #rentl responsivities of ~9.95 and
~9.47 pm/°C for the ghost mode and SBR, respegtinghe 45-TFG. The SBR also
shows high PDL which could serve as a polarisinggBrwavelength seed grating.
The RI responses of 45°-TFGs have been investigatenlving that by applying
proper RI coating, the performance of the 45°-Tk@ loe improved showing smooth

PDL response curve.

Another contribution of this thesis is the initetploration of inscription of the 45°-
TFGs at 1.06um region, and more importantly for the first tinmescription of 45°-

TFGs in PM fibres has been investigated. Two typlesommercial PM fibres have
been examined for 45°-TFGs inscription. In the caromal PM fibre, due to its low
photosensitivity which is similar to standard telecfibre, inscription of strong 45°-
TFGs is usually not expected. Furthermore, anatiggor difficulty in inscribing 45°-

TFGs is the orientation of inscription owing to timtrinsic asymmetry of the PM
fibres. With high UV radiation, reproducible 45°-G& with PDLs up to ~16 dB for
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slow-axis inscription and ~8 dB for fast-axis inpton have been achieved
successfully, while 45°-orientated inscription iengrally difficult to obtain high
PDLs. We have also developed a paraxial ray traaiagysis to explain the difference
of achieved PDLs between fast- and slow-axis ipsomn.

As for ex 45°-TFGs, fabrication and characterisatitave only been done with
inscription in B loaded SMF-28 fibres. This type of grating showd-EPG like

behaviour. It exhibits polarisation mode splittieffect indicating strong birefringence
has been induced through this excessively tilteatimy structure. Compared to
conventional FBGs and LPGs, the ex 45°-TFGs shamifgiant lower thermal

responsivites, which is an advantage as the themnads-sensitivity to some
applications would be significant. For RI respong#e,s found that at longer
wavelength, the coupled higher order cladding mgutesent higher sensitivities. It's
RI response range is around 1.32 to 1.38. Thiserasgcomplementary to the

conventional LPGs, since the latter tend to beiteato RI close to that of the fibre.

6.2 Application of 45°-TFGs and ex 45°-TFGs

6.2.1Application in fibre lasers

As a consequence of achieving successful inscnpifo45°-TFGs and ex 45°-TFGs,
various applications with these novel grating dtrees have been explored. One
major domain is the application of both types aftong in fibre lasers. Utilisation of a
single 45°-TFG in a fibre ring laser cavity haswhareat improvement of DOP (~
99.9 %) in conventional fibre ring laser configiwat giving almost single
polarisation output. Without the integration of #&-TFG intracavity polariser, the
output of the conventional fibre laser is nearlgdamly polarised as the measured
DOP is only ~ 22.6 %. This single polarisation fagkso showed stable performance
of the high DOP output with a variation of ~ 0.2 Because an external FBG was
used as a wavelength seed, it was possible tothen@utput laser wavelength by

applying strain to the FBG, which has been dematesit A lower slope efficiency is
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expected compared to the conventional fibre rirggiastructure as some loss was
induced by the integration of the 45°-TFG. An im@@ version of this laser is the
utilisation of the SBR of the 45°-TFG. Using a $ang5°-TFG with SBR, stable single
wavelength, single polarisation fibre ring lasen d¢s constructed. The output light
showed high DOP ( ~ 99.9 %). With similar capapilif tuning, this laser has an
improved slope efficiency of ~13.9% which is congide to standard fibre ring laser

using a single FBG for seeding.

By combining the polarisation and spectral propsriof both 45°-TFG and ex 45°-
TFG, single polarisation and multiwavelength swéticle fibre lasers have also been
demonstrated. Initially, a dual wavelength fibredausing one 45°-TFG and one ex
45°-TFG was implemented. This laser showed the hilifyaof dual wavelength
switching. The stable output also gave high DOP99.9%). A further extended
version of fibre laser using one 45°-TFG and two4B%TFGs was constructed and
able to support single polarisation and switchapladruple wavelength output with
high DOP performance. As mentioned above, duedanthinsic loss properties of the

gratings, high slope efficiency was not expectedtie multiwavelength fibre lasers.

Another major contribution of this thesis is thevabapplication of 45°-TFG in the

area of nonlinear photonics. For the first time458-TFG was used in a fibre ring
laser cavity to facilitate NPR based mode lockingl®5 pum region. By properly

adjusting the intracavity polarisation controllessable soliton pulse solution output
was achieved. At 1553 nm, the laser could givepwupulses with ~600 fs pulse
duration. The laser showed a repetition rate of 34A.0MHz with 12 mW output power.
The output pulse had a FWHM of ~9 nm while the pudsergy was estimated to be
~1 nJ. A high time bandwidth product (~0.6) indezhthe output pulse was chirped
for which properly design of the fibre laser cogige out transform limited pulses.
The mode locked laser also offered a certain degfdanability from 1548 nm to

1562 nm when adjusting the intracavity polarisataamtrollers. Overall, this laser
represents a solution of robust design, all filmrenfat and compact configuration of a

mode locking ultra-short pulse fibre laser.
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6.2.2Application in fibre sensors

Based on the PDL properties, both 45°-TFGs and ¥¥XTEGs have been further
developed into various sensor systems. An ex 48-Tks been developed into a
liquid level sensor which provides sensing capghbiti lower Rl rangeX 1.33). This
compensates the drawback of LPG based level séasomwhich only Rl >1.4 can be
detected more effectively. The ex 45°-TFG basedididevel sensor also shows
sensitivity of more than twice of an LPG based lesensor. Furthermore, the ex 45°-
TFG based level sensor exhibited much lower theernads sensitivity compared to

an LPG. However, the sensing range was limitechbyléngth of the ex 45°-TFG.

By incorporating the ex 45°-TFGs into a fibre lasavity, fibre laser based twist and
strain sensors have been demonstrated. Differdntlyhe conventional optically
resolved method, this laser based sensor used don@ain signal demodulation
technique to achieve low cost interrogation witghhsensitivity. For the twist sensor,
it showed a sensitivity of ~41gs/(rad/m) within £140° dynamic range. With the
available equipment, this corresponds to a measmesensitivity of ~0.02 rad/m. It
was also demonstrated that if the system was pa¢setlefined position such as +80°,
the sensor could perform direction identificatia vaell as twist measurement. For
strain measurement, the sensor showed a lineasnssity of ~500 ngle from O pe

to 1000 ue when the proper pump level was chosen. This cooreds to a
measurement resolution of ~2.|Because a modulated pump signal was using in the
laser sensor, the sensitivity of the sensors waléh have dependency on the
modulation frequency and upper and lower levehefgump power.

Finally, the 45°-TFG based single polarisationdilteser has been applied as an all
fibre loading sensor system. It has been shownablied loading in the laser cavity
would change the birefringence of the cavity fibtleerefore, the polarisation of
propagating light. It thus modulates the cavitysldsy means of alternating the
intracavity polarisation. The experimental reselisresponded well to our theoretical

calculation.
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6.3 Suggested Future Work

The work in this thesis suggests many interestingctions to study in the future. In

this section, a selected number of topics arelprek$cussed.

6.3.145°-TFG based in-fibre Lyot filter

Optical filters are important in various applicaiso Clearly, conventional FBGs and
LPGs have been widely applied as optical filters. f&, TFGs exhibiting strong
coupled cladding or radiation modes behaviour hatefound many applications as

optical filters. It is of interest to explore TF@&s novel filtering functions.

Lyot filter is a kind of optical filter consistingf a series of birefringent plates and
polarisers. The light transmitting in a birefriggalate can be regarded as containing
two orthogonal polarisation components which undexglifferent phase delay. This
phase delay of the two polarisation components Wwaselength dependency.

Therefore, the transmitted optical power is wavglerdependent.

As the PM fibres are ideal in-fibre birefringentaj@s and 45°-TFGs are in-fibre
polarisers, an all fibre Lyot filter made with a FMre sandwiched between a pair of
45°-TFGs could be achieved. By properly choosimgainefringence i.e. length of PM
fibre between the two 45°-TFGs, an all fibre Lydtef with various filter bandwidths
can be achieved. The proposed all fibre Lyod fittenld offer compact, robust design

in various applications such as signal processiuffibre lasers.

6.3.2Detailed investigation of SBR in 45°-TFG and its gplication in fibre

Sensors

The observation of SBR of 45°-TFGs opens a newctiline in the field of tilted fibre

gratings. Although this thesis has presented somée initial explanation and
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primary results of this effect, further investigati will be of interest. Detailed
information such as inscription condition for cafisble SBR should be further
studied. Moreover, SBR in TFGs with tilted struetat other angles (not at45nay

be investigated in the future in order to undembtdéinis effect and explore its

applications.

As in this thesis, only brief characterisation bagen done of the SBR phenomenon.
However, it is already found that this SBR exhilstame similar properties to the
conventional FBG. Due to its unique polarising fme, this may serve as a sensing
element. Combined with conventional FBG or/and LRGomprehensive sensing

system with multi-function may be achieved.

6.3.3All normal dispersion high energy fibre laser incoporating a 45°-
TFG at 1.06pum

Fibre laser is one of the most rapidly developirgpa of research. High energy fibre
lasers are always of great interest. Recentlyn@mal dispersion fibre lasers which
give out high energy mode locked pulses have atidaa ot of attentions [198-199].
Since the implementation of 45°-TFG in mode lockgtium doped fibre soliton
laser has been successfully presented in thissthigswill be interesting to see the
behaviour of such gratings under high energy cistance. Currently, all normal
dispersion fibre lasers all use bulk optics whiddaubtedly increases the difficulties
of optics alignment and induce excess insertios. |¥ge believe that the robustness,
compactness and all-fibre format of the 45°-TFGI§ mvake contribution to the new

development of fibre lasers.

More additions to this section are possible. TF@k wnigue cladding mode and
polarisation features begin to emerge in the fdmesors and lasers domain with
superior performances. Moreover, the nonlinear gntogs of TFGs may identify them

as novel platform for nonlinear dynamics research.
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Appendix

This section shows the detailed information on fihees used for the work of this

thesis.

1. Standard single mode fibre

Product code SMF 28 Manufacture Corning
Inc.

Cutoff wavelength | <1260 nm Core Diameter 8.2 um

Mode Field @1550 nm, 10.4 Cladding 125 £1 pm

Diameter +0.8um Diameter

Attenuation @1150, <1 dB/km Coating Diameter | 245+ 5 um

Numerical 0.14

Aperture

2. Photosensitive single mode fibre

Product code PS1250/1500 Manufacture Fibercore
Ltd

cutoff wavelength | <1260 nm Core Diameter N/A

Mode Field @1550 nm,9.6 um | Cladding 125 +1 pm

Diameter Diameter

Attenuation @1550 nm,120 Coating Diameter | 245+ 5%

dB/km um
Numerical 0.12-0.14
Aperture
3. Polarisation maintaining fibre-PM125L

Product code 552 HPWR 037 Manufacture OFS
Specialty
Photonics
Division

cutoff wavelength | 1024 nm Core Diameter 7.5 um

Mode Field @1060 nm, 7.7um | Cladding 125 um

Diameter Diameter

Attenuation @1150, <1 dB/km Coating Diameter | 247 um

Birefringence 4.3x10-4

Numerical 0.11

Aperture
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4. Polarisation maintaining fibre-Truephase 980

Product code #F9920-01 Manufacture OFS
Specialty
Photonics
Division

cutoff wavelength | <970 nm Core Diameter 4.8 um

Mode Field @980 nm, 6.6£1.0um Cladding 125+1.0pm

Diameter Diameter

Attenuation @980nm, 1.32 dB/km Coating Diameter | 250+10pm

Beat Length @980 nm<2.8 mm

Numerical 0.13

Aperture
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