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In the traditional random fibre lasers (RFLs), it is complicated to generate polarized random fibre lasing.

In this thesis, | present a new method to obtain polarized random fibre lasers (RFLs). In my research,

45<tilted fibre Bragg grating (45 °TFG) fabricated in single mode fibre (SMF) or in Erbium doped fibre

(EDF) has been integrated with the fibre laser and the polarized random lasing was achieved using 45<
TFG with high polarization extinction ratio (PER) characteristics.

In this thesis, first of all, | present the review of random lasers (RLs), random fibre lasers (RFLs), and
corresponding polarization characteristics. And then | present a detailed research work on the method,
characteristics and applications of fibre gratings, including fibre Bragg gratings (FBGSs), long period
gratings (LPGs), and TFG with small and 45 <titled structures.

One of the major contributions of my work in this thesis is the investigation on phase-match conditions,
transmission spectra, PER for different types of fibre gratings including the TFG, FBG, and LPG. The
results show that 45° TFG has high PER with 14 dB and the 7° TFG has comb-like resonance
transmission. And then | present the experimental research of the thermal sensing of different types of
fibre grating. LPG with grating period of 480 um has the highest thermal sensitivity with 297.1 pm/<C,
superior to the FBG, small angle TFG and LPG. Meanwhile, | also researched the strain sensing
application of FBG. The strain sensitivity of the FBG is 0.7140.01 pm/<C.

The other important contribution from the work is that | researched the polarization random fibre lasing

feature with 45°TFG in the two fibre laser systems, which are Raman distributed SMF system and EDF

with Raman distributed SMF hybrid system. In the Raman distributed SMF with length of 20.1 km

system, there are three kinds of emission spectra with the increase of pump power from 1.70 W to 3.00

W: Raman emission, non-stationary random lasing emission, and stationary random lasing emission.

The random lasing threshold is measured as 2.10 W. When the 45°TFG is added in the system, the

polarized random lasing with PER of 12.02 dB has been obtained. In the EDF (2 m length) and Raman

distributed SMF (11 km length) hybrid system without 45°TFG, there are two kinds of emission with

the increase of pump power from 2.60 W to 4.40 W: Raman emission, and non-stationary random lasing.
The stationary random lasing has not been observed due to the pump power limit. When the 45°TFG

has been integrated in the hybrid system, we observed two kinds of emission in a range of pump power

of 1.00 W to 2.20 W: Raman and Er®* emission, and stationary random lasing. Under the effect of weak
cavity formed by 45°TFG reflection and SMF distributed feedback, there occurs stabilized random

fibre lasing emission. The threshold has been determined as 1.44 W. In addition, under the effect of 45°
TFG, the polarized random fibre lasing with PER of 15.3 dB has been obtained.

Key words: Random fibre lasers, Fibre Bragg grating, Long-period grating, Tilted fibre grating,
Polarization.
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1.1 Introduction

Since V. S. Letokhov theoretically proposed random lasers (RLs) [1-2], it has been widely researched
in different system [3-8]. RLs are the stimulated emission from gain scattering system, which do not
need the resonant cavity to feedback light. The feedback mechanism depends on the multi-scattering
feedback [9]. Until 1990s, N. M. Lawandy’s group [5] and H. Cao’s group [3, 10] respectively found
the incoherent RLs and coherent RLs in the experiments, which greatly promote the development of
RLs. Later, RLs were found in the different disorder systems including gain medium with scattering
particles and gained scattering particles [11-12]. The RLs have several advantages features, e.g., low
spatial coherence and high photon degeneracy, small size, easy to integrate [13]. However, for the
simplification of light feedback reason, there are some disadvantages including high threshold, non-
directivity and hard controlling the random lasing emission. To solve the high threshold and non-
directivity, C. J. S. de Matos used the photonic crystal fibre to confine the random lasing system, which
promote the birth of random fibre laser (RFL) [14]. After this report, many other kinds RFLs were
researched [15-19]. However, it is also not easy to control the random lasing emission for RFLs

including wavelength and polarization.

To get polarized PFLs, there mainly are two ways to control polarization including induces anisotropic
factors and polarization elements in the RFLs system [20-21]. From the application perspective of RFLs,
the silica distributed RFLs is an important candidate, which can be applied in the optical communication,
laser display, optical sensors, and speckle-free laser source [22]. It is not convenient to obtain polarized
RFLs whether inducing anisotropic factors and polarization elements in the fibre system. Therefore, we
will research a new simple way to obtain polarized RFLs.

In 2005, K. Zhou et. al. fabricated 45 <tilted fibre Bragg grating (45<TFG) as a polarizer in a standard
single mode fibre (SMF) [23]. Compare with the traditional polarization elements, the 45<TFG has
significant advantages, e.g., low-cost, effective and all fibre system. In principle, the TE light
transmitting through 45<TFG has large transmission loss whereas the TM-light has small loss due to

Brewster’s Law. Therefore, 1 will integrate the 45°-TFG in the SMF system to obtain high PER
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polarization Raman fibre RLs. This simple, low-cost, effective and all fibre polarization RFLs will

extend the application of RFL.

1.2 Structure of thesis

The thesis consists of five chapters; the detailed contents for each chapter are listed below:

Chapter 1 provides a brief introduction on random lasing development and the motivation for my
Master’s research work, and then describes the structure of the thesis.

Chapter 2 will begin with a review of RLs and RFLs. Subsequently, the polarized RLs and RFLs are
introduced. As the second major part of this chapter, we first introduce the development of optical fibre
gratings. Second, we review the mechanism photosensitivity of optical fibre in details. Finally, the
theory of the mode coupling mechanisms for fibre grating is discussed systematically.

Chapter 3 presents the measurement the characteristics including transmission spectra and polarization
extinction ratio (PER) for different types of fibre grating of fibre Bragg grating (FBG), long period of
grating (LPG), and TFG. Furthermore, the stress sensors of FBGs and temperature sensors of LPGs and
TFGs are researched.

Chapter 4 reports the polarized random fibre lasing emission based on Raman gain by adding the 45°-
TBG in the SMF system.

Chapter 5 presents the thesis conclusions and gives some detailed suggestions for future research works.
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Photosensitivity, Grating Theory, Fabrication

Methods, and Random Fibre Lasers)
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2.1 Random laser and random fibre laser

2.1.1 Random lasers history

Since V. S. Letokhov theoretically proposed random lasers (RLs) in 1967, it has been widely researched
in different system [1, 24, 25]. RLs are different from the traditional lasers, which do not need the
resonant cavity, e.g., several mirrors, to feedback light in the cavity [26]. Figure 2.1 shows the different
feedback mechanism for RLs and traditional lasers. RLs can be realized in the disorder gain system
[27]. The light multi scattering caused by the disorder scatter, e.g., nanoparticles [28-30], material
density fluctuation [31], phase non-uniformity [32-34] and porous structure [35-37], provides analogous
feedback cavities, which boost the light amplification. When the gain is larger than loss, there occurs
stimulated lasing emission. The RLs can be obtained in different system, e.g., hanoparticles and dyes
[38, 39], liquid crystals and dyes [40, 41], gain polymer [42, 43]. Based on the feedback mechanism,
the RLs can be divided into two different regimes [9]: 1) incoherent RLs with intensity and energy

feedback, 2) coherent RL with field and amplitude feedback.

Aston University

Nlustration removed for copyright restrictions

Figure 2.1 Two different feedback mechanisms for traditional lasers and RLs [27].

In 1994, N. M. Lawandy et. al. first experimentally observed the similar lasing emission in the methanol
colloidal suspension solution with laser dye and TiO. nanoparticles, as shown in the Figure 2.2 [5].
When the pump energy is over the threshold, the full width at half maximum (FWHM) of emission
spectra narrows to 4 nm from 70 nm. Scientists speculate that there is resonant cavity to feedback the
light in the random gain system to cause the narrow effect. In addition, there is not light coherence
effect to generate the spike peaks emission (<1 nm) in these spectra. Therefore, we called these lasing

emissions as incoherent RLs in the disorder gain system. Later, D. S. Wiersma and A. Lagendijk [4]

18



use the light diffusion theory to explain the multi-scattering causing incoherent RLs phenomenon.

Aston University

lustration removed for copyright restrictions

Figure 2.2(a) The emission spectrum of Rhodamine 640 perchlorate dye solution with 2.5>10-% M in methanol at pump energy
of 3 mJ; (b) and (c) emission spectrum of TiO2 nanoparticles (2.8>10%° ¢cm-3) colloidal dye solution at pump energy of 2.2
and 3 mJ, respectively. The intensity of the spectrum of b (c) has been scaled up (down) by a factor of 10 (20) [14].

In the 1998, H. Cao et. al. reported the spike and independent lasing emission (<1 nm) in the ZnO
powder and poly-crystal film using nanosecond pump laser [10] when the pump energy increases over
the threshold. In different collection direction and time, the lasing emission spectra is completely
different. That is why this kind of lasing emission is called as random lasing. S. V. Frolov [6, 7] R. C.
Polson [8] and K. Yoshino [44] have research the coherence RLs in the pi-copolymer films, colloidal
film with dye and dye permeated crystal materials. This spike lasing phenomenon are essential different
from the incoherent RLs. There should be a resonant cavity in the disorder gain system to get a series
of independent lasing peaks, which are similar with the longitudinal modes of traditional lasers. Thus,

these kinds of lasers are called coherent RLs.
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Figure 2.3 The emission spectra for the zinc oxide polycrystalline films with different pump area at the excitation intensity of
400 kw/cm?: (a) 2700 pm?, (b) 3800 um?, and (c) 4500 um?. The inset: the schematic diagram for the formation of a closed-
loop path of multiple light optical scattering in a random medium [10].

Due to lack of the resonant feedback, the RLs have several advantages features: 1) low spatial coherence
and high photon degeneracy, it can be as light sources in the speckle-free full-field imaging; 2) small
size due to simply the cavity structure, it can be realized in the micro-nano device; 3) easy to integrate
in the silica fibre or polymer fibre as sensors. Meanwhile, for this simplified resonant cavity reason, the
RLs also has some disadvantages: 1) high threshold; 2) non-direction; and 3) random lasing

wavelength.

2.1.2 Random fibre lasers (RFLS) history

2.1.2.1 Regime of random fibre lasers

20



To preferably understand the history of RFLs, | summarize different kinds of RFLs, as shown in the

Figure 2.4. Here, | introduce three kinds of random fibre lasers (RFL) from materials point of view.

RFLs |
- _I._._._ J
nactivefibres |In passive fibres
ER.FLS based on stimulated emission | ERFLS based on stimulated SC‘dﬁt‘l’i"E;
! Liquid core RFLs based on | “Scattor+eain” o d; P L ‘
i “scatter+gain” or “gained ! ) ctet‘ ‘1 Eally | ((131' dg;g:“ ! Stimulated Ran}gn scattering ' . Stimulated Brillouin scattering |
!scatter” material  filled | | ScAncr material dope S ' based RFLs in silica fibres and ' | based RFLs in silica fibres ‘
i . . ¢ orsilica fibres ' POFs ‘ ;
: hollow optical fibres . | 1 3

Figure 2.4 Different kinds of RFLs.

» Liquid core RFLs

To solve these weakness points of RLs, C. J. S. de Matos first investigated the effects of 2-dimensinal
confinement on the random lasing of disorder scattering system [14]. The Rhodamine 6G and TiO;
nanoparticles with 250 nm suspension solution was filled into the hollow core of photonic crystal fibre,
bringing the birth of incoherent RFL by side pump, as shown in the Figure. 2.5. The laser efficiency of

RFL is about two orders of magnitude higher than that of bulk format (see Figure 2.6).

Aston University

lustration removed for copyright restrictions

Figure 2.5 Side view of the experimental setup. VNDF: Variable neutral density filter; CL: Cylindrical lens; SH: Sample
holder; SL: Spherical lens; SPEC: Spectrometer. Inset: Scanning electron microscopy of the photonic crystal fibre [14].
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Figure 2.6 The emission spectra for different pump power density and configurations: (a) Rh 6G (10-* M) and rutile particles
(108 cmd) in the ethyleneglycol solution in a cell; (b) Rh 6G (10 M) in ethylene glycol inside the photonic crystal fibre
without scattering particles; (c) Rh 6G (10 M) in ethylene glycol inside the photonic crystal fibre with rutile particles (108
cm2) [14].
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Figure 2.7 The emission spectra of PM597/POSS nanoparticles in CS2 solutions at different pump energies in (a) the cuvette
and (b) liquid core fibre system; (c) Dependence of the main-peak intensities (solid symbols) as well as the integrated emission
intensities (open symbols) on the pump energies, with circles and triangles for (a) and (b), respectively; (d) the experimental
setup [16].

In the 2012, Z. Hu et. al. reported coherent RFL in the POSS and PM597 laser dye filled hollow optical
fibre [16]. In addition, they proved that the waveguide effect enhances the multiple scattering intensity
in the hollow optical fibre. They also researched the localized surface plasmon resonance of gold
nanoparticles enhancing the random lasing emission in the liquid core fibre [45].
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» Silica RFLs

To extend the application of RFLs, S. K. Turitsyn et. al. obtained distributed feedback RFLs based on
the Rayleigh scattering and amplified Raman gain in the traditional silica single mode communication
fibre [18]. These RFLs are different from the traditional fibre lasers with resonant cavity in the spatial
coherence. But the RFLs also have the same features with traditional fibre lasers, e.g., narrow emission
and Gaussian light beam. X. Bao et. al. researched the other kinds of distributed RFLs based on the
Rayleigh scattering and amplified Brillouin gain in the SMF [46]. These kinds of RFLs can be realized
easily, which will be applied in the optical communication, speckle-free full-field imaging and sensors.
R. Ma et. al. successfully realized multimode RFLs are as an effective light source in speckle-free
imaging using its low spatial coherence [22]. This work will pave a way to future research RFL

application in the optical fibre imaging.
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Figure 2.8 The different feedback and gain mechanisms of silica RFLs: (a) Raman RFLs [18] and Brillouin RFLs [19].

The fibre length required for random lasing can be determined based on the random distributed Raman

scattering feedback as follows [18].The fibre longitudinal distribution of Raman gain g.P, (z) can be

estimated by the pump power attenuation neglecting pump depletion due to Stokes light generation:

P,(z) = R exp[-a, |z]], (2.1)

23



where &, is the pump light loss coefficient with 0.057 km™, P,is the input pump power, Z is the

fibre distance, and z =0 is two pump waves with 1455 nm coupled point as shown in the Figure 2.8

(a). Based on the gain and loss balance condition, the length of the amplification region 21___can be
estimated by

9: P (Les) = @, (2.2)
giving Les =IN(9R /) (2.3)
where g is the Raman gain coefficient, « is the loss coefficient of optical fibre. Therefore, the optical

fibre length used in the experiment L ~2L_., ensures random lasing caused by random distributed

RS !

feedback. When the optical fibre length increases to more than 2L__, the length has little influence on

RS !
random lasing. The random lasing threshold will be slightly decrease due to the attenuation of the lasing
when |z |> L. Meanwhile, the lasing intensity will be exponential decayed because of the attenuation
in this region.

Taking consideration of average Rayleigh backscattering coefficient £ , the more detailed theoretical

description lasing power evolution can be given by

dP* N r vt .
%ziaP‘(z)i dr (P +P)P* £ &P, (2.4)

where P*(z) are the generated Stokes waves light and Ppi are the pumping light, with + corresponding

to forward and backward propagation, respectively. In the numerical simulations, the more accurate
model should consider other factors including spontaneous emission, attenuation, power depletion and
backscattering for both pumping and generated lasing waves.

Based on the integral gain and loss balance equation at the ‘roundtrip’ process within an optical fibre
with the effective ‘distributed mirror’, provide by the Rayleigh backscattering, the lasing threshold

condition can be defined by

e_[ +2dz exp[—20¢z+ZgR‘féPp (s)ds] =1. (2.5)
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We can obtain an analytic expression for the lasing threshold for L >> 21 using a standard saddle point

approximation as

aa,

P =% sin@iny % gt (2%, -
o 2 &

R R 4
Therefore, we can calculate numerically the lasing threshold pump power with Raman feedback

P = 2P, for different optical fibre length.

» Polymer RFLs

Compare with silica fibre, polymer optical fibres (POFs) have unique characters, e.g., flexibility, low
cost, large numerical aperture, and ease of handing. They have been researched in the fibre lasers [47],
amplifiers [48], sensors [49], and wearable phototherapy devices [50]. In 2013, Z. Hu et. al. reported
the coherent RFLs in the POSS nanoparticles doped gain POFs [17]. The threshold of the polymer RFL
is about one order of magnitude lower than that of liquid core fibre RLs [15]. Meanwhile, the random
lasing wavelength can be stabilized, which can be attributed to the Anderson light localization in the
POFs [51]. In addition, they controlled the random lasing wavelength emission by thermal effect due
to polymer with high thermo-optical coefficient. The random lasing wavelength tunable range is about
17 nm [52]. In 2018, J. He et. al. simulated the random lasing dynamics using a four-level Monte Carlo

model in the one-dimensional POF and open the speckle-free imaging research [53].

Aston University

ustration removed for copyright restrictions

Figure 2.9 The polymer fibre random laser; (a) materials chemical structures; (b) the optical microscope cross-sectional image
of the disorder POF with POSS nanoparticles; (c) schematic of POF system with random lasing; (d), (e) the TEM images of
POSS nanoparticles at different scale bars in the core of the disorder POF [17].

2.1.3 Polarized random fibre lasers
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2.1.3.1 Polarized random lasers

The polarization emission is very important for the lasers’ application. While, the polarization emission
for lasers can be controlled by polarization elements such as Lyot filters or Brewster windows. However,
the RLs systems lack of the resonant cavity and polarization elements, which lead in non-polarized
random lasing emission in the traditional disorder gain system. Therefore, anisotropic materials or
structures have been designed to control the polarization of RLs. There are three ways to obtain
polarized random lasing in the disorder gain system.

» Anisotropic absorption

For the anisotropic dye, the molecule’s transition momenta force the polarization of lasing emission
close to the pump liner polarization. S. Knitter et. al. presented a polarized random lasing in the
asymmetric dye under the linear polarization pump [54]. L. Ye et. al. used the oriented polymer chain
to shear the alignment direction of liquid crystal and laser dye [55]. Thus, the anisotropic absorption for
the dye can boost the polarization lasing emission. It is not easy to synthesize asymmetric laser dye or
obtain anisotropic alignment dye. Therefore, this way is not a main way to control the polarization of
random lasing emission.

» Anisotropic scattering

Based on the electromagnetic theory, the zero-forward and zero-backward scattering intensity can be
controlled through anisotropic permittivities in the anisotropic nanoparticles scattering [56]. J. Liu et.
al. simulated the polarization-dependent random lasing emission by using Maxwell’s equations and
electronic population rate equations in two-dimensional gain disorder media for both transverse
magnetic (TM) and transverse electric (TE) fields [57]. Based on the liquid crystals anisotropic
scattering, F. Yao et. al. presented the polarized random lasing research in the dye doped nematic liquid
crystals (NLCs) [58]. They obtained the linear polarized random lasing, and the polarization direction
is close to the bisection between the maximal scattering direction in NLCs and the nematic director.
And the random lasing polarization can be changed by rating the NLCs sample direction. S. Xiao et. al.
obtained the switch polarization RL in the dye doped polymer-dispersed liquid crystal (PDLC) film
[59]. The polarization state of random lasing is changed to only p polarization when the electric field

of 9.2 VV/um is applied in the PDLC film. This PDLC polarized random lasing source can be used in
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the display areas and integrated in the optical devices. The anisotropic structures can also exploit
polarization random lasing. E. S. P. Leong et. al. demonstrated TE random lasing emission for
anisotropic ZnO rib waveguide due to TE mode with large confinement factor and scattering strength

inside the random scatter rib waveguide [60].

2.1.4 Polarized random fibre lasers

2.1.4.1 Liquid core RFLs

In this kind of RFLs, the nanoparticles and laser dyes dopant are isotropous [14, 16]. It is impossible to
generate the polarized random lasing emission. Because this kind of liquid core optical fibres is not
standard SMF or multiple mode fibre (MMF) it cannot be integrated with fibre polarization elements

easily. Therefore, there is not appear to report polarized random lasing in the liquid core RFLs.

2.1.4.2 Silica RFLs

Based on the gain mechanism, silica RFLs can be divided into two regimes: Raman RFLs and Brillouin
RFLs. In these kinds of RFLs, it is hard to obtain the polarized random lasing emission based on
Rayleigh scattering feedback because the local birefringence along SMF is strongly disturbed by
external perturbations, which leads to the deterioration of the polarization of RLs characteristics.
Therefore, to obtain polarized RFL it should add polarization elements or induce anisotropic structure
in the fibre system.

» Polarized Raman RFLs

Under the non-polarization laser pumping the traditional SMF, there is only non-polarization random
lasing emission. H. Wu et. al. tried to obtain the partially polarized random lasing emission utilizing
polarized pump and non-polarization-maintaining fibre [61]. The state of polarization (SOP) of random
lasing emission changes with the SOP of pumping laser. X. Du et. al. realized linear polarization lasing
output using 0.5 km length polarization maintaining (PM) fibre and high reflectivity PM fibre Bragg
grating in the half-opened cavity using depolarized pumping [62]. The PM fibre provides Raman gain
and random distributed feedback. In addition, they taken the fibre coiling technique to suppress high-
order modes and utilized the different blend loss between the fast and slow axis polarization modes,

realizing polarization extinction ratio (PER) >14 dB at pump power of ~3W. E. A. Zlobina et. al. further
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optimized the experimental setup to obtain linear polarization random lasing with PER >25 dB in all
range of obtained powers (<9.4 W) using an all-PM configuration [63]. J. Xu et. al. also obtained linear
seed random lasing with PER of 22.5 dB in the half-opened cavity including a linearly polarized narrow-
linewidth FBG and a 500 m piece of polarization-maintained germanium (Ge)-doped fibre [64]. Later,
J. Ye et. al. obtained high power linearly polarized RFL of 23 W with PER > 20 dB in the 1102.5-
1112.,5 nm and researched its flexible spectral manipulation property [65]. Using a bandwidth-
adjustable tunable optical filter, the central wavelength can be controlled from 1095 to 1115 nm and
FWHM linewidth from 0.6 to 2 nm. Meanwhile, they also researched the linear polarized random lasing

property of power scaling capability using Lyot filter into a half-opened RFL system.
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Figure 2.10 The polarized RFLs experimental setup: PM coupler: polarization-maintaining fused fibre coupler, PM FWDM:
polarization maintaining filtered wavelength-division multiplexer, OSA: optical spectrum analyzer, L: lens, A: broadband
attenuator, P: Glan—Thompson polarizer [63].

In 2015, B. Yao et. al. adopted graphene-coated D-shaped fibre (GDF) to obtain polarized random
lasing in the half-opened cavity with 50 km SMF via a polarization rotator (PR) [66]. Due to the
graphene’s anisotropy, the loss of the TM polarization light is much larger than that of TE polarization
in the GDF. Therefore, the GDF and PR co-work to generate linear polarized random lasing with PER
of 41 dB.

» Polarized Brillouin RFLs

In the silica RFLs, there is the other kind of RFLs-Brillouin RFLs- based on the Brillouin gain and the
Rayleigh scattering. In the experiences to obtain linear Raman RFLs, the way utilizing PM fibre as gain
medium and Rayleigh scattering medium can also be applicative in the polarized Brillouin RFLs. L.
Zhang et. al. obtained linear polarized Brillouin RFLs with PER of >25 dB in the 2 km PM fibre using
linear pumping [67]. In addition, they have reported high-efficiency linear Brillouin RFLs in the later

work [68].
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Figure 2.11 The polarized RFLs experimental setup: PM coupler: polarization-maintaining fused fibre coupler, PM FWDM:
polarization maintaining filtered wavelength-division multiplexer, OSA: optical spectrum analyzer, L: lens, A: broadband
attenuator, P: Glan—Thompson polarizer [66].
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Figure 2.12 The polarized random lasing from disorder POFs [69].

2.1.4.3 Polymer RFLs

Anisotropic element is key role to generate polarized random lasing. And polymer is a king of soft
matter, which can be easily modified to as anisotropic material. In the 2016, Z. Hu et. al. demonstrated
a polarized RFL in the different oriented disorder gain POF based on anisotropic scattering [69]. First,
they controlled and fabricated different kinds of oriented POFs, e.g., PM597 laser dye doped POF (long-
range disorder POF, called LR disorder POF), POSS nanoparticles and PM597 doped POF (short-range
POF, called SR disorder POF) and Au nanoparticles and PM597 doped POF (plasmonic POF, called
Au NPs doped POF) through controlling the drawn temperature of these POF preforms lower than the

soft temperature of preform. Using linear polarization nano-second (ns) laser pumping, the degrees of
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polarization are calculated to be 0.83, 0.94, 0.98 for the oriented long-range, short-range and plasmonic
disorder POF with 1.5 cm length, respectively. In addition, the random lasing polarization property of
these disorder POFs can be maintained in the different POF length. Their work provides a new way to
control polarization of RL in the POF except considering add a polarizer element in the random fibre

system.

2.2 Fibre grating

2.2.1 Fibre grating history

In 1978, K. O. Hill et. al. first reported optical fibre photosensitivity in a Ge-doped-core fibre at
Communication Research Centre in Canada [70]. They used a single-mode argon-ion laser to launch
into the photosensitive fibre. The standing wave pattern formed by the 4% back reflection from the fibre
end interacting with the forward propagating light wave forms the periodic perturbation in the fibre,
which comprises a fibre filter. Through the transmission and reflection measurement, they first
demonstrated the realization of distributed feedback reflectors in the visible region light that coupled
the forward- to the counter-propagating light beam. The scientific discovery of “Hill” gratings was the
first demonstration of an FBG. Later, D. K. W. Lam et. al. used coupled mode theory [71] to build the
model for the optical fibre filters. And they suggested that photosensitive phenomena in Ge-doped fibres
may be caused by a two-photon process based on the dependent of inducing index change on the square
of the writing power.

To obtain function FBG with arbitrary reflected wavelength limited by argon ion laser in the Hill’s
experiment, G. Meltz et. al. first reported transverse holographic method to fabricate an FBG with a
desired reflected wavelength through changing the incident wavelength and the included angle between
the beams by using 244 nm UV laser. This new method is a more efficient and flexible than Hill’s
fabricated method [72]. In 1990, G. Meltz et. al first reported the fabrication of TFG by using the two
beams holographic method through rotating the fibre with an angle respect to the interference fringes
[73]. In 1993, K. O. Hill’s group, D. Z. Anderson’s group, and J. R. Armitage’s group independently
provided phase mask method to inscribe FBG [74-76]. In 1994, K. O. Hill and co-workers fabricated
in-fibre chirped Bragg gratings as dispersion compensators using a double-exposure method [77]. In
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1996, A. M. Vengsarkar et. al. extended a new kind of LPG as low-cost, in-fibre, and band-rejection
filters [78]. In 2000, P. S. Westbrook et. al. first demonstrated the 45°-TFG as all fibre polarizer with
PER of 25 dB [79]. In 2005, K. Zhou et.al. obtained high PER of 33 dB 45°-TFG, and theoretically
investigate 45°-TFG structures using the Green’s function calculation [23]. In 2006, K. Zhou et.al. also
first fabricated >80°TFG and researched its temperature, strain, and refractive index sensitivity [80].
The FBGs as in-fibre devices have many features in the optics area, e.g., easily integration, chemical
inertness, nonconductive, immunity to electromagnetic interference and the capability for multiplexing.

Therefore, the FBGs have been applied in the optical communications, fibre lasers, fibre sensors etc.

2.2.2 Photosensitivity of optical fibre

Photosensitive optical fibres mean the refractive index of fibre core will permanently change under the
UV irradiation effect. Since Hill first inscribed FBG in the Ge-doped fibre, the other photosensitive
fibres have been reported, e.g., Eu?*/Al,05[81], Ce3*[82], phosphorus [83] and Er®*/Ge[84] doped fibres.
But the Ge-doped fibres have more sensitivity than other kinds of photosensitive fibres. Therefore, we

will mainly present the photosensitive mechanisms for Ge-doped fibres in this section.

2.2.2.1 Photosensitivity mechanisms

There are several photosensitivity mechanisms to explain the photosensitivity in the optical fibres, such
as colour-centre model [85], compaction model [86], stress-relief model [87], ionic migration model
[88], permanent electric dipole model [89], electron charge migration model [90], and Soret effect [91].
Among these theories, the colour-centre model and compaction model have been regarded as the main
models to explain the photosensitivity phenomenon for the Ge-doped fibres. In this section, we will

present three models: colour-centre model, compaction model and stress-relief model.

(1) Colour centre model
There are three absorption bands with peak of 185, 242, 325 nm for the Ge silicate glasses [92]. The
185 nm absorption band is from GeO,. The 242 and 325nm absorption bands are attributed to the

singlet-singlet and triplet-singlet transition of GeO, respectively. In 1990, D. P. Hand and P. St. J.
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Russell first proposed the colour centre model. The chemistry equation of 2.7 described the colour

centres formation process [93].

X=-Ya2 X*+Y +e; e +Ge(N) = Ge(N). 2.7)
The population of oxygen-vacancy ‘wrong-bonds' X—Y (Ge—Si, Si—Si and Ge—G) provides the
original charge source. The absorption band of these wrong bands are around peaked in 240 and 320
nm. These bonds will be broken under the single (for example 240 nm) or multi-photon (two-photon of
480 nm) photo-ionization effect, generating GeE hole traps and free electrons. The free electrons will
be vanished in the two ways through migrating the Ge-Si glass matrix: 1) recombining with another
GeE'site; or 2) being trapped at Ge (1) or Ge(2) dopant sites to generate Ge (1) or Ge (2) colour centres.
The photo-ionization section will cause the refractive index change. The changes of refractive index
induced by UV light has be calculated by Kramaers-Kronig equation as [93]:

AN (A= S P T Ay

(2.8)
0

Where, p is the principal part of the integral, A" is the wavelength at which the refractive-index change,
and Aa, (A4) is the effective change in the absorption coefficient of the defects. Although the colour

centre model can explain some experimental results, it cannot make clear all experimental phenomenon
[94-98], especially for the high refractive index change.

(2) Compaction and densification model

The compaction and densification model mean that materials density induced by UV laser exposure
change leads to the refractive index change. In 1986, C. Fiori and R. A. B. Devine reported the linear
evolution between the measured refractive index and density for the irradiated silica [86]. In the
experiment, the SiOz sample is irradiated by 248 nm laser in the ~10 torr at room temperature. They
observed the thickness decrease by 16% at laser energy of 2000 J/cm?2. When the irradiated SiO- is
annealed for 60 min at 950°C in vacuum of~10 torr, the linear compaction is reversible. But the UV
irradiation energy is over the compaction threshold, the process is irreversible. From the Lorentz-Lorenz

relationship for the refractivity, the refractive index differentiation can be expressed by:
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Where R = (n*+2)/ p(n” -1), pis the specific gravity, n the refractive index and AV—V volume

compaction. Therefore, we can calculate the refractive index based on the volume compaction. This
model has been used to explain the refractive index change in other research groups’ experiment [99-
101].

(3) Stress relief model

The tension in the glass fibre would lead to the decrease the refractive index due to the stress-optic
effect. Therefore, the stress relief will increase the refractive index of the fibre core [102]. In the Ge-
doped silica fibre, the binding energy of oxygen-deficient wrong bonds (such as Ge-Si and Si-Si) is
lower than that of oxygen-containing bonds [87]. The wrong bonds broken after UV laser irradiation
cause the relaxation of the tensioned glass network and decrease the stress in the core of fibre. Therefore,
there is different tension for the irradiation and un-irradiation section for the Ge-fibre, which lead to the

different of refractive index.

2.2.3 Couple-mode theory

Coupled-mode theory has been used to analyse the propagation of electromagnetic waves in periodic
layered mediums. This theory is an efficient technique to describe the fibre grating spectral
characteristics. In this section, we mainly present Erdogan providing the coupled-mode theory [103-
105]. In the Erdogan’s work, they assumedly write the transverse component of the electric field as a
superposition of the ideal waveguide modes without grating perturbation using an ideal-mode

approximation to coupled-mode theory:

E(x,y,2,t) = X [A(2)exp(i3,2) + B, (2) exp(-i 3;2)]

(2.10)
€5, (X, y) exp(—iwt).

2
ﬂ=7neﬁ. (2.11)
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Where, j is modes order, and A;(z) and B,(z) are slowly varying amplitudes of the jth mode
traveling in the +Z and —Z directions, respectively. The €, (X, y) is the transverse mode fields to

describe the bound core, radiation LP modes, or cladding modes. n is the effective refractive index

for guided modes.
In the ideal waveguide, because the modes are orthogonal, the energy do not exchange. The refractive

index perturbation will cause the mode couple. The evolution of amplitudes of A;(z) and B;(z) of the

jthmode along Z axis can be written as:

dA.
—L =% A (K] + K explis, — £))2]
K (2.12)
+HY B, (K ~ K} expl-i(5, + )2
S Y A K] K eliCs, + 4]
(2.13)

i B (K + Kg)exp[-i(B, - £,)z]

Where, Kij and Kkzj are the transverse and longitudinal coupling coefficient between modes j and K ,

respectively. In the equations of 2.12 and 2.13, the K;j can be defined as:
t @ St St*
K (@)= [[1ac(xy, 2)8 (%, ) €] (x, y)loxdy. (2.14)

Where, the Ag is the perturbation of the permittivity. When on<<n, Ag=2non. Kkzj is similar

with K,ﬁj . But Kkzj << Kﬁj for the fibre modes, then the Kkzj usually can be neglected.

The FBGs are fabricated by using UV laser light to expose silica fibre. The refractive index perturbation

ON,, can be written as:

N :Sneﬁ(z)[1+vcos(27ﬁz+¢(z))]. (2.15)

Where, & Ny 1s the “dc” index change spatially averaged over a grating period, V' the fringe visibility
of the index change, A the grating period, and ¢(z) the grating chirp.
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In the fibre core of the most fibre grating, the refractive index change dn (X, Y, z) is approximately

uniform. And for the outside of fibre core, the change can be neglected. Therefore, we can replace the

SN, (z)with 5n, (z) in the equation of 2.15. Then the equation of 2.14 can be rewritten as:
t 2
Kkj(z) =0y (z)+21<kj(z) cos[Tz+¢(z)]. (2.16)

Where, Oy and K; are “dc” (period-averaged) coupling coefficient and “ac” coupling coefficient,

respectively:

s 5,y (2) [[ dxdys, (x, )€ (x,y). 2.17)

O-kj(z) = 2

core

K, (2) :%akj (2). (2.18)

2.2.3.1 Fibre Bragg grating (FBG)

In a FBG, the amplitude A(z) near the wavelength for which reflection of a mode coupling into an
identical counter-propagating mode of amplitude B(z) is the dominant interaction. The equation of 2.12

and 2.13 can be simplified as:

drR

— =i6R(z) +ixS(2); (2.19)
dz
@ _ -i6S(z) —ix R(2). (2.20)
dz
Where the amplitudes R and S are
R(z) = A(z)exp(ioz—¢1 2); (2.21)
S(z) =B(z)exp(—ioz+ ¢/ 2). (2.22)

Where K is the “ac” coupling coefficient and & is a general “dc” self-coupling coefficient defined as
6=0+0—-——. (2.23)

Where detuning O is independent of for all gratings, which is defined to be

5= =%~ p-py =20 (G- ). (2.2)
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Where A, = 2n, A is the “design wavelength” for Bragg scattering by an infinitesimally weak grating
(ong — 0) with a period A .
For a single-mode Bragg reflection grating,

5 =276Ny; (2.25)

*

K=K = %vgneﬁ . (2.26)

If the FBG is uniform in the z direction, 5n,,, K, 0 and & are constants, and d¢/dz = 0. Then the

equations of 2.19 and 2.20 become coupled first-order ordinary differential equations with constant
coefficients. When appropriate boundary conditions are provided, the closed-form solutions can be
obtained. The reflectivity of a FBG with length of L can be obtained when assuming a forward-

propagating wave incident is from Z=-00 and there is not back-propagating wave exist for
z>L/2 .The amplitude p = S(—L/2)R(~L/2) and power reflection coefficients y =| p |* can be

rewritten as:

pe —xsinh(vx* —6%L) . 2.27)
Gsinh(x? —62L) +iNx? — 67 cosh(x/x? —62L)

sinh?(vx® —6°L)

y= . (2.28)

~2
cosh® (vx?* — 62 L)—a—2
K

From the equation of 2.28, the maximum reflectivity y,.., fora FBG is
Ymax = taN%(xL). (2.29)

And the y,... will occurs when 6 =0 or at wavelength

— a‘n—eﬁ)/lo- (2.30)
n ff

€
2.2.3.2 Long period grating (LPG)

Ina LPG, the amplitude A (z) near the wavelength of a mode “1” coupling into a co-propagating mode

“2” of amplitude A, (z) is the dominant interaction. The equations of 2.11 and 2.12 can be simplified as:
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drR

— =i6R(2) +ixS(2); (2.31)
dz
@ _ -i6S(2) +ix R(2). (2.32)
dz
Where the new amplitudes R and S are
R(z) = A exp[-i(o, +0,,)2/2]exp(ioz— ¢ 2), (2.33)
S(z) = A exp[-i(oy, +0,,)212]exp(-idz+ ¢/ 2). (2.34)

Where ¢, and o,, are “dc” coupling coefficients for the two modes, x = x,, = x;, the “ac” cross-

coupling coefficient, and & is the “dc” self-coupling coefficient that can be defined as:

G=5+Tu"% 149 (2.35)
2 2 dz
Where the detuning & can be as constant along z:
1 V4 1 1
=—(f — ——=7An__(———). 2.36
2 (ﬂl ﬂz) A eff (/1 AD) ( )

Where A, = n A is the “design wavelength” for infinitesimally weak grating.

2.2.3.3 Tilted fibre grating (TFG)
The structure of TFG is tilted by an angle @ relative to the fibre axis z , as shown in the Figure 2.13.

The refractive index change on, in the core for TFG can be written as:

on, (x,2) =on, (2){L+ VCOS[/Z\—” z +¢(2)]}. (2.37)

9
Where z = xsin @+ z cos @, the grating period in the fibre axis A = A, /cos@ that determines the
coupling resonant wavelengths.

By slowly changing &n_ (z') and #(z), when z = zcos@, that means we only take the projection

of these functions onto the fibre axis, the coupling coefficient in the equation of 2.16 can be expressed

as:

K. (2)=0(2) +2K‘$+(Z)COS[277ZZ + ¢(z cos G)]. (2.38)
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Where the subscripts j and K describe the forward-propagating mode (+) the other describes the

backward-propagating mode for the same mode. The self and cross coupling coefficients can be

expressed as:

o(z) = % on, (zcos®) ” dxdye_ (X, )€ (X, y). (2.39)

core

n,

K. (2,0)= % on, (zcos®) H dxdy exp(i 27” xtan 0)_, (x, y).£, (X, y).  (2.40)

core
Notice x, = («, )". The effects of tilt can be expressed by “effective fringe visibility” v_, (€) , which

is defined as:

[[ dxdyexp(+i 27y tan 0)E_ (X, ¥).&., (X, Y)
v..() A
T ore . (2.41)

v [] dxdye,, (x, y).€..(x y)

core

Thus, the equation of 2.40 can be rewritten as:

x.,(2,0) =V++T“’)a(z). (2.42)
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Figure 2.13 Diagram of a TFG in the fibre core [103].

2.3 Chapter conclusion

In this first part of the chapter, we give a review on RLs and RFLs development history. And then the
ways realizing polarized random lasing and random fibre lasing emission has been given, including
anisotropic absorption, scattering, adding polarized elements, or graphene. In the second part of this
chapter, we review the grating development history and the UV-induced photosensitivity mechanisms,
e.g., colour centre, compaction/densification and stress relief. Finally, the mode coupling theory for the

FBG, LPG and TFG have been discussed in detail.
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Chapter 3. Spectral Characteristics of Fibre

Grating and Sensing Applications
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3.1 Introduction

In this chapter, the spectral characteristics of TFG, FBG and LPG will be theoretical analysed.
Furthermore, the measurements of spectral characteristics for TFG, FBG and LPG will be researched.
This will be followed by a detailed research for the temperature sensing of TFG with small angle and
LPG. Finally, the stress sensing application of FBG will be discussed.

3.2 Phase-Match conditions for fibre grating

When the light propagates in the fibre grating [106], the strongest light coupling will take place for
satisfying the phase-match condition.

K, =K, +Kg. (3.1)

Where K K,,, and K are wave vectors for radiated light, incident mode, and fibre grating itself,

out ! in?

2
respectively. And K, = %.nm and Ky = 2 Where N, is the effective index of fire core, A is the
G

normal period of fibre grating. Figure 3.1 and 3.2 show the phase matching condition for a fibre
grating, which can be described in a vectorial plane. Figure 3.1(a) shows the mode coupling of a FBG.
When the light propagates in the FBG, the core mode in the forward-propagating will be coupled into

backward propagating core mode dueto K =K. = 2z

out in

.n,, - When the light propagates in the LPG,

the core mode in the forward-propagating will be coupled into forward-propagating cladding modes

2

with K . =K Ny .- Wheren, is effective index of fibre core.

in

A TFG can couple out light from fibre core in the diverse directions. The strongest coupled light
wavelength can be determined by the phase-match condition as:

Ag .

; 3.2
cosd (3:2)

/’i’co—cl = (nco * r‘cl,m)'

Where n,  is effective index of fire core for the m™ cladding mode, The “+” (“-) indicates the mode

propagates in the -z (+z) direction. As shown in the Figure 2.13, A is the period along fibre axis.
The TFGs can be classified into three regimes depending on the tilt angle @ : 1) When @ = 45°, as

shown in the Figure 3.2 (a), the core mode in the forward-propagating will be coupled into radiation
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mode and propagated out from the fibre side; 2) When the
6 > 45° (Figure 3.2 b) or # < 45° (Figure 3.2¢c) , the core mode will be coupled into forward-
propagating and back-propagating radiation and cladding modes, respectively. Because the refractive

index of fibre core and cladding is close, the difference of K, and K_, can be neglected.

out

( d ) KG ( b) Kout

a4
-

v

”l
-

K K. K K,

out m m

Figure 3. 1 The wave vectors relationship of K, , K, ,and K for FBG (a) and LPG (b).

(a) (b)

K

out

6
K.

m

K

m

Figure 3. 2 The wave vectors relationship of K, , K, ,and K for TFGs with different tilted angles: 6 =45°(a), 6 > 45°
(b), <45 (c).

3.3 Spectral characteristics of fibre grating

3.3.1 Transmission of fibre grating

Figure 3.3 shows the experiment setup to measure the transmission of fibre gratings (FG). The
broadband light source (BBS, 1550A-TS, AFCor83437A, Agilent) is as signal light, which propagates
into fibre grating including small angle TFGs, 45° TFG, FBG, and LPG. The transmission will be
collected by optical spectrum analyzer (OSA, Hewlett Packard, 86142A).

These fibre gratings have been fabricated using a 244nm UV laser and phase-mask scanning method in
the hydrogen-loaded standard SMF. To research the effect of the tilted angles on the radiation mode
out-coupling of TFGs, we measure the transmission spectra of small angle with 1°, 3°, 7°, and 45° TFG.

We use “BBS 1550A-TS, AFC” broadband light source as signal light with band wide of 1500-1600
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nm. Figure 3.4 shows the transmission spectra of TFGs with different tilted angles. It can be seen that
when the tilted angle increases the number of the radiation out-coupling mode increases. There are more
light have been coupled into backward-propagating cladding modes (not the backward-propagating core
modes) by the TFG for large tilted angle. When the tilted angle increase at 3° and 7°, we observe the
comb-like resonances for the cladding mode couplings. In addition, the central wavelength of the comb-
like resonances occurs blue-shift effect with the tilted angle increasing from the transmission-loss
profile. And the range of the comb-like resonances increases. When these TFGs have been immersed
in index-matching gel, the comb-like resonances disappeared. We can use the comb-like resonances
wavelength as the sensitive wavelength. Meanwhile, there are Bragg resonance existing in the small
angle TFG in the longer wavelength side of the radiation profile. When the tilted angle is 1°, 3°, 7°,
corresponding the Bragg resonance wavelength peaks located in 1551.1 nm, 1553.7 nm, 1581.9 nm.

The Bragg resonance wavelength occurs red-shift with the increase of tilted angle.

1101]

BBS FG OSA

Figure 3. 3 The experimental setup to measure transmission for fibre grating (FG).
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Figure 3. 4 The transmission of TFG with different tilted angles: (a) 7°; (b) 3°; (c) 1°.
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Figure 3.5 shows the transmission-loss profile of 45° TFGs. The experimental setup is the same for the
small angles TFG. The transmission of 45°TFGs is not like that of small angles TFG. The comb-like

resonances wavelengths disappear. The ripple characteristics in the transmission is attributed to the

unmatched refractive index at the boundary between the cladding and air.
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Figure 3. 5 The transmission of 45° TFG.

Figure 3.6 shows the transmission-loss profile of FBG. The experimental setup is the same for the small
angles and 45° TFG. This is the typical transmission spectra of FBG. The dip located in the 1551.6 nm.

The forward-propagating mode at this wavelength has been reflected to back-propagating core mode

by FBG.

. h

Transmission (dB)

1551.6 nm

-20 T T T T T
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Wavelength (nm)

Figure 3. 6 The transmission spectrum of FBG.
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Figure 3.7 shows the transmission-loss profile of LPG with period of 480um. The experimental setup
is the same for the small angles and 45°TFG.But the light source has been changed as “83437A, Agilent”.
It can be seen that there are 11main distinct resonant loss band in the wavelength range of from 1200-
1600 nm, which is caused by the coupling of the fundamental core mode (LPo1) to the forward-
propagating cladding modes [107]. At room temperature, the loss peaks locate in 1283.2 nm, 1386.8
nm, 1409.2 nm, 1420.8 nm, 1447.2 nm, 1466.4 nm, 1494.4 nm, 1532.8 nm, 1548.8nm, 1562.4nm,
1592.4 nm, corresponding to be marked as P01, P02, P03, P04, P05, P06, P07, P08, P09, P10, P11. The
coupled cladding mode dips have reached at -7.390 dB, -3.099 dB, -5.110 dB, -5.351 dB, -6.144 dB, -
5.694 dB, -10.594 dB, -5.267 dB, -4.009 dB, -5.074 dB, -2.768 dB for P01-P11, respectively. The LPG
has coupled the light from the fundamental core mode to co-propagating cladding modes in the fibre,

which can be applied in the fibre sensors.

Transmission (dB)

PO7

-12 T T T T T T T
1200 1250 1300 1350 1400 1450 1500 1550 1600

Wavelength (nm)

Figure 3. 7 The transmission spectrum of LPG.

3.3.2 PER of TFG

When the unpolarised light incidences on the boundary between two media with different refractive
indices, the reflected light and refracted light become partially polarized light. When the incidence angle
reaches to the Brewster angle, the reflected light become totally polarized light and refracted light

becomes partially polarized light [108]. Based on the Snell’s law, the Brewster angle can be obtained

as:

6; = arctan(&) . (3.3)

n
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Where n, and n, is the refractive index of the two media, respectively. In the TFG, the value of n, is
equal to the effective refractive index of fibre core, and n, is the effective refractive index for the UV-

irradiated fibre core. The refractive index change after UV-irradiated is very small, which is about the

order of 10°~103. Thus, n,=n, . Therefore, the Brewster angle can be calculated as

6, =arctan(n, / n,) =arctan(l) = 45°in the TFG. It can be seen that the 45° TFG can be as an ideal

in-fibre polarizer. When the un-polarized light propagates in the 45° TFG, the s-polarized light will be
coupled out from fibre core and p-polarized light will propagate through the fibre core, which is shown
in the Figure 3.8. K. Zhou et. al. obtained a high polarization-extinction ratio of 33 dB near 1550 nm in
the 45° TFG. And they theoretically research the relationship between the polarization property and the
tilted angles of TFG based on the Green’s function calculation [23]. In this section, we will research the

PER property of small angle and 45° TFG.

Leaked light

S-polarized ‘-OI |4—Grating period A

X
Incident light Transmitted light
/777 7 | P-polarized
oz T 77777 '
. 6 =45°

Figure 3. 8 The Schematic of polarization function of a 45<TFG.

The PER represents the peak-to-peak difference in the transmission of optical component or system for
the all the possible polarization states [109]. Figure 3.9 shows the experimental setup to measure PER
by the polarization scanning technique. The light from BBS propagates through fibre polarizer (P) and
becomes polarized light. And the polarization of the polarized light will be controlled by polarization

controller (PC). Finally, the polarized light propagates TFG and is collected by OSA.

— 55—

BBS P PC TFG OSA

Figure 3. 9 The PER measurement schematic of the TFG.
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Figure 3.10 shows the maximum and minimum transmission for small angle TFG with 1°, 3° and 7°.
There is no or few polarization effects for 1° and 3° TFG, as shown in Figure 3.9 (a) and (b). Figure
3.9(c) shows the two orthogonal polarization states. It can be seen that the comb-like resonances are
polarization dependent. The maximum PER value for 7° TFG is 4.5 dB. Figure 3.11shows that
magnified comb-like resonances transmission for two orthogonal polarization states. We can see that
there are two sets of polarization dependent peaks. When the light is Pmin polarization state, the sets of
resonances spectrum for Prax disappear and vice versa. And the cladding mode shift for the orthogonal

polarization states is 0.05 nm. And the FWHM is 0.45 nm.
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Figure 3. 10 The maximum and minimum transmission for the small angle TFG with 1° (a), 3° (b), 7° (c).
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Figure 3. 11 The magnified maximum and minimum transmission for the small 7° TFG.

Figure 3.12 shows the maximum and minimum transmission for 45° TFG with grating length 24mm.
The transmission for the 45°TFG is polarization dependent. The maximum PER is 14 dB, which is
lower than Zhou’s reported 45° TFG with >30 dB [23]. The reason is that the grating length of 45° TFG

in our work is lower than that in the Zhou’s work. But the polarized property of 45° TFG is better than

small angle TFG.
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Figure 3. 12 The maximum and minimum transmission for the 45° TFG.

3.4 Applications of fibre grating
3.4.1 Temperature sensing application of fibre grating
The environment temperature and strain will affect the effective refractive index and grating period of

fibre grating. Therefore, the fibre grating can be as temperature sensors and stress sensors based on the

central wavelength shift.
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For the FBG, the effect of temperature and strain changes on the wavelength shift are given as:

MNer n_ IMATL (3.4)

ol ol

Ady = 2(A et
ot

+ Ny 2—¢)AT +2(A

The first term in the equation of 3.4 is the thermal effect for the FBG. The thermal effect will result in
two changes: 1) thermal expansion increasing grating period; 2) temperature increase inducing the

increase of effective refractive index. The first term can be defined as:

Ay =A5(a, +a,)AT ; (3.5)

g =LA L e (3.6)
AT n, oT

Where «, is the fibre thermal expansion coefficient, and ¢, is the thermos-optical coefficient.
For the LPG, there is distinct resonant loss bands in the transmission spectra due to the coupling of the

fundamental core mode (LPo1) to the forward-propagating cladding modes (LPom).Based on the phase-

matching condition [78, 107], the resonance wavelength /Ims of the LPG with grating period A is

determined as:

A_=(ng —ngi)A. (3.7)

cl,m

eff
cl,m

Where ng" and ng,, are the effective indexes for the fundamental fibre core mode and m,, cladding

mode, respectively. The equation of 3.7 can be derived for the temperature sensitivity dA /dT as:

dA,
dT

== ﬂ’res'}/'(a_'_rtemp) ; (38)

Where @ is the thermal expansion coefficient for the LPG. y is the waveguide dispersion, which can

be written as [110, 111]:

dA

res

y=—dA (3.9)

eff eff
N — ncl,m

I",.__ is temperature dependence of the waveguide dispersion, which can be described as:

temp

eff eff

_ é:conco B gclncl,m
temp — eff eff
N — r]cl,m

r (3.10)
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Where & and &, are the thermal-optical coefficients, respectively.

For the TFG, based on the phase-matching condition in the equation 3.2 the Bragg reflected wavelength

Ag and cladding resonance wavelength 4 = can be expressed as:

Ag =2n4A/C0OSO; (3.11)
/Icl,m = (nnfgm + nngm)A / Cos 0 (3.12)

Where N , N and NS are the effective indexes of the core mode at Ag , core mode and m,,

co,m cl,m

cladding mode at A, , respectively. The effect of temperature and strain changes (A¢ ) on the Bragg

I,m?

and cladding mode wavelength shifts (A4;, A4, , ) are given as:

A Ong LY OA AT A oOng LY OA

Al =2( —)AT +2( )Ag; (3.13)
cos@ OT cos@ oT cosd o cos@ oe
a neff + neff neff + neff
A = A ( co,m cl,m) + co,m cl,m %)AT
' cosd orT cosgd OT (3.14)
+2( ' e = —)A¢
coséd o¢ cosfd oO¢

Figure 3.13 shows the setup of fibre gratings temperature sensing experiment. The fibre gratings are
put on a thermal Peltier connected with a temperature controller (ILX Lightwave, LDT-5910B) to
change the temperature from 0 °C to 80 °C at a step of 10 °C. The fibre gratings are fixed on the metal

heated plate (HP) on the Peltier by using thermal stable tape to avoid the influences of strain and bending.

HP with temperature controller

11111
rr7r7

BBS FG OSA

Figure 3. 13 The temperature sensing measurement schematic of the fibre gratings.

Figure 3.14 shows the transmission spectra of FBG at different temperatures. When the temperature
increases from 0 °C to 80 °C, the dip occurs red-shift from 1551.299 to 1552.283 nm. The red-shift

effect for the FBG is attributed to silica material with positive thermal-optical coefficient. From the
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relationship between the temperature and dip wavelength shown in the Figure 3.15, the temperature

sensitivity is 12.0040.097 pm/°C.
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Figure 3. 14 The transmission spectra of FBG at different temperature.
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Figure 3. 15 The relationship between the temperature and dip wavelength for the FBG.

Figure 3.16 shows the transmission spectra of LPG with grating period of 480 pum at different
temperatures. When the temperature increases from 0 °C to 80 °C at a step of 10 °C, all dips occur red-
shift. We select 4 main dips to research the thermal sensitivity. Figure 3.17 shows the magnified
transmission spectra for the dip P01, P02, P03, and PO4. When the temperature increases, all the dips
shift to longer wavelength. From Figure 3.18, the thermal sensitivity of P01, P02, P03, and P04 are 59.3
pm/°C, 297.1 pm/°C, 97.7 pm/°C, and 203.4pm/°C in the temperature range of 0-80 °C, respectively.

The P02 dip has highest temperature sensitivity.
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Figure 3. 16 The transmission spectra of LPG at different temperature.
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Figure 3. 17 The magnified transmission spectra of LPG at different temperature in the P01 (a), P02 (b), P03 (c), P04 (d).

Figure 3.19 shows the transmission spectra of 7° TFG at different temperature. The comb-like resonance
dips wholly red-shift with temperature increasing. We choose 6 resonance dips to research the thermal
sensitivity in the range of 1520-1560 nm. From the relationship between the wavelength and
temperature, as shown in the Figure 3.20, the thermal sensitivity of the 7° TFG at 1520.80 nm, 1528.84
nm, 1534.24 nm, 1540.28 nm, 1546.72 nm, 1554.88 nm are 10.7 pm/°C, 11.5 pm/°C, 11.1 pm/°C, 11.3

pm/°C, 11.3 pm/°C, 11.7 pm/°C in the range of 0-80 °C, respectively. The thermal sensitivity of 7° TFG
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is almost same with that of FBG (12 pm/°C), however, which is much less than that of LPG with highest

thermal sensitivity of 297.1 pm/°C.
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Figure 3. 18 The relationship between wavelength shift and temperature for the LPG.
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Figure 3. 19 The transmission spectra of 7° TFG at different temperature.
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Figure 3. 20 The relationship between wavelength shift and temperature for 7° TFG.

3.4.2 Stress sensing application of fibre grating of FBG

In the Equation 3.4, the second term is the effect of the strain effect on the FBG. The strain will result
in the change of the refractive index and grating period of the FBG. The wavelength shift can be

presented as:

My = 2= ,)z, (3.15)
n2
P = ;ﬁ [Py, —v(py+ Pl (3.16)

Where p,is the effective strain-optic coefficient, p;; and p,, are the components of strain-optical

tensor, V is the Poisson’s ratio.

Figure 3.21 shows the experimental setup for FBG strain sensitivity. The FBG was straightly placed on
a group of 3D translation stage (TS) with space L of 203.5 mm. The left-hand TS has been fixed.
Through removing the right-hand stage, the varied strain can be loaded to FBG from 0 mm to 0.6 mm
at a step of 0.1 mm. The maximum strain is 2948 pe. Figure 3.22 shows the transmission spectra of the
FBG with the different displacement. With the increase of the displacement, the transmission loss dip
removes to long-wavelength. From the relationship between the dip wavelength and the strain, as shown

in the Figure 3.23, the strain sensitivity is 0.7140.01 pm/pe.
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Figure 3. 21 The experimental setup for the FBG strain sensitivity measurement.
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Figure 3. 22 The transmission spectra of FBG with different strain.
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Figure 3. 23 The transmission spectra of FBG with different strain.

3.5 Chapter conclusions

In this chapter, | first have investigated phase-match conditions, transmission spectra, PER for different
types of fibre grating including the TFG, FBG and LPG. We find 45° TFG has high PER with 14 dB.
The 7° TFG has comb-like resonance transmission. And then we present the experimental research of
the thermal sensing of different types of fibre grating. LPG with grating period of 480 um has highest
thermal sensitivity with 297.1 pm/°C among FBG, small angle TFG, LPG. Finally, we research the

strain sensing of FBG. The sensitivity of the FBG is 0.7140.01 pm/°C.
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Chapter 4. Polarized Random Fibre Laser

Based on the 45° TFG
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4.1 Introduction

Polarization is very important in the RFL. In the polarized RFL system, the photonic-photonic
conversion efficiency is enhanced. In addition, the polarized random lasing is high quality light, which
can be applied in the sensors and communications. In this chapter, | first research the random lasing
emission in the SMF based Raman gain and Rayleigh scattering. The local birefringence along SMF is
strongly disturbed by external perturbations, which leads to the deterioration of the polarization of RLs
characteristics. Therefore, to obtain polarized RFL it should add polarization elements or induce
anisotropic structure, e.g., long PM optical fibre, in the fibre system, which lead to the polarized RFL
system become complicated. In the Chapter 3, we know the 45° TFG has high PER. Meanwhile, 45°
TFG has unique features, such as low cost, in-line fibre, easily integration. Therefore, we will use the
feature of 45° TFG to obtain polarized RFLs.

4.2 Raman distributed feedback system

Figure 4.1 shows the experimental setup to research the random fibre lasing. The Raman fibre laser
(1455 nm, IPG) is used to pump the SMF with length of 20.1 km through a 1455/1550-1600 nm
wavelength division multiplexer (WDM). The back-scattered random lasing from SMF will be collected
by an OSA (Hewlett Packard, 86142A). The SMF provides Raman gain and distributed Rayleigh
scattering, which will boost the random fibre lasing emission. To avoid the Fresnel reflection of the

fibre ends, all fibre ends have been spliced with APC fibre.

Pump laser ISO WDM SMF

(OIS

OSA

V4

Figure 4. 1 The experimental setup to research RFLs in the Raman distributed feedback system.

4.2.1 Raman gain
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Figure 4.2 shows the Raman gain spectra at different pump power. At the low pump power, there are
three Raman gain peaks locating in the 1555.6 nm, 1566.0 nm and 1594.7 nm in the range of 1500-
1600 nm, which accord with the Raman gain profile of silica optical fibres [112]. The maximum Raman
gain shift for silica fibre is 13.2 THz. When the pump laser is 1455 nm, the maximum Raman gain
wavelength is calculated to be 1554.5 nm. The small error is caused by the different between of
experimental temperature and theoretical calculated temperature or the experimental error. From the
relationship between the Raman gain emission intensity and pump power at 1555.6 nm, 1566.0 nm and
1594.7 nm, as shown in the Figure 4.3, we can see the Raman gain increases with the increase of pump

power for the three gain peaks.
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Figure 4. 2 The Raman gain spectra at different pump power.
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Figure 4. 3 The relationship between the Raman gain emission intensity and pump power at 1555.6 nm and 1566.0 nm(a);
and 1594.7 nm (b).
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4.2.2 Random lasing

With the increase of pump power, there occurs random lasing emission in the SMF system. Figure 4.4
shows the random fibre lasing emission spectra at different pump power. When the pump power
increases at 2.1 W, it can be seen that the random lasing start emergence. The distributed Rayleigh
backscattering provides a sufficient feedback to boost the random lasing emission [18, 113-114].
However, during the experimental measurement the random fibre lasing wavelength cannot be
stabilized in range of pump power of 2.10 W and 2.66 W. These random lasing spectra are near the
lasing threshold and locate in the non-stationary regime. Meanwhile, the random lasing emerges near
the maximum Raman gain. In the non-stationary regime, the modes humber increases with the increase
of pump power from 2.10 W to 2.50 W. When the pump power increases from 2.60 W to 2.66 W, the

modes number become less and the random lasing wavelength gradually start to stabilize.
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Figure 4. 4 The random lasing spectra in the non-stationary regime with different pump power from 2.10 W to 2.66 W (a-f).

When the pump power future increases, the random fibre lasing turns into stationary regime. Figure 4.5

shows the random lasing spectra in the stationary regime with different pump power from 2.68 W to
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3.00 W. It can be seen that the random lasing wavelength peaks locates in the 1555.6 nm and 1566.0nm,

which matches with the Raman gain spectra peaks. Figure 4.6 shows the random lasing spectra at pump

power of 2.68 W using mW units. There is a shou

use Gauss profile to separate the two peaks and

Ider peak of 1556.2 nm in the near of 1555.6 nm. We

obtain the FWHM of 1555.6 nm with 0.8 nm. The

narrow effect is the typical features of random lasing.
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Figure 4. 5 The random lasing spectra in the stationary regime with different pump power from 2.68 W to 3.00 W (a-f).
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Figure 4. 6 The random lasing spectrum at pump power of 2.68 W.

From Figure 4.2, 4.4, 4.5, we can see the different experimental phenomenon. In the low pump power,

the gain is larger than the lasing loss. Therefore, there is only Raman gain. When the pump power
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increases, the gain is larger than the loss. But there are many mode competitions in the RFL system.
The random lasing can be fixed. When the pump power increases sequentially, there are two
predominant random lasing modes at 1556.2 nm and 1555.6 nm. Therefore, the random lasing
wavelength can be fixed.

Figure 4.7 shows the main peak random fibre lasing stability at different pump power. The random
lasing main peak wavelength almost keep constant. There is only 0.1 nm shift, which would be caused
by the OSA resolution (0.1 nm) error. In the stationary regime, the random lasing mode competition
tend to be stable. We summarize the evolution of Raman gain, random lasing in the non-stationary

regime and stationary regime, as shown in the Figure 4.8.
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Figure 4. 7 The relationship between of main peak random lasing wavelength and pump power.
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Figure 4. 8 The Raman emission regimes at different pump power.

4.2.3 Random lasing stability

2.8 3.0

In the above section, we research the random lasing stability in different pump power. In this section,
we will research the random lasing stability in different pump time with same pump power. Figure 4.9
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shows the random lasing spectra at different time at pump power of 2.40 W in the non-stationary regime.
It can be seen that there are many random lasing modes and the modes cannot be stabilized, which
echoes with the stochastic random lasing emission in the different pump power below 2.68 W. When
the pump power increase at 3.00 W, the random lasing emission belong to the stationary regime. Figure
4.10 shows the random lasing spectra at different time at pump power of 3.00 W in the stationary regime.
We can see that there are two random lasing modes emission and they can be stabilized in the different
pump times. These stabilized random lasing modes can be applied in the optics communications and

Sensors.
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Figure 4. 9 The random lasing emission at pump power of 2.40 W in the different pump times.

4.2.4 Random lasing polarization

In the Chapter 3, we know that 45° TFG have high PER property. In this section, we will research the
polarized random fibre lasing using 45° TFG. Figure 4.11 shows the polarized random fibre lasing
experimental setup using the polarization scanning technique. The fibre polarizer (P) and fibre

polarization controller (PC) have been placed in the front of a 45° TFG. The maximum and minimum
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polarized random fibre lasing spectra through 45° TFG can be obtained by rotating the PC. Figure 4.12
shows the measured random fibre lasing PER spectrum by adding 45° TFG with a grating length of
24mm in the Raman distributed feedback system. From the figure, the PER, the difference between the
maximum and minimum random fibre lasing emission, has been calculated as 12.02 dB in the 1555.9
nm. This PER with 12.02 dB means that the 45°-TFG couples out 93.7% of s-polarized random fibre

lasing from the Raman distributed feedback system.
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Figure 4. 10 The random lasing emission at pump power of 3.00 W in the different pump times.

Pump laser  ISO WDM SMF

Figure 4. 11 The experimental setup to research polarized RFLs.
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Figure 4. 12 The PER random lasing spectra.

4.3 Erbium-Raman fibre system

4.3.1 Random lasing

In the section, we will research the Erbium-Raman hybrid system to obtain polarized random lasing by
add 45° TFG in the hybrid system. The random lasing measured experimental setup has been shown in
the Figure 4.13. We add an Erbium doped fibre (EDF) with 2 m length in the front of SMF with length
of 11 km. The EDF provides active amplification to decrease the random lasing with the SMF. And the

SMF play the same roles with 4.2, presenting Raman gain and distributed feedback.

Pump laser  ISO WDM EDF SMF

— O @

L4

Port 1 OSA

Vi
— =

Figure 4. 13 The experimental setup to research RFLs in the Raman distributed feedback system.

When the pump power is low, there are Raman gain and EDF emission from port 1, as shown in the
Figure 4.14. In the power of 3.40 W and 3.60 W cases, there are random lasing-like start to emit. When
the pump power continues to increase, the random lasing emission is apparent, as shown in the Figure

4.15.
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Figure 4. 14 The Raman and Er¥*emission spectra for the hybrid system at 14555 nm pumping.
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Figure 4. 15 The random lasing emission spectra for the hybrid system at 14555 nm pumping.

From the figure, it can be seen that there are many random lasing modes emission. The random lasing
belongs to the non-stationary regime. However, the multi-modes emission basically is from the
maximum Raman and Er3* emission. The modes cannot be stabilized with the pump power increasing.
Because the maximum power of the Raman pump laser source is below 5 W. Therefore, we cannot
observe the stationary random lasing emission in our experiment in the hybrid system. The threshold of
hybrid system is higher than that of Raman distributed system, which caused by hybrid system with the

short SMF length. Figure 4.16 shows the relationship between the random lasing main peak intensity
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and pump power. There is non-linear change in the profile. From the figure, the threshold has been

determined as 3.80 W.
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Figure 4. 16 The relationship between of random lasing peak intensity and the pump power in the hybrid system without 45°
TFG.

4.3.2 Random lasing stability

In the section, we will research the random lasing emission stability at pump power of 4.40 W in the
different pump times, as shown in the Figure 4.17. It can be seen that the random lasing emission modes
are around the maximum gain region. The stochastic features are similar with that of Raman system.
The random lasing wavelength cannot be fixed. The random lasing emission regime belongs to the non-

stationary regime.
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Figure 4. 17 The random lasing emission spectra for the hybrid system at pump power of 4.40 W in different pump times.

4.3.3 Random lasing polarization

The setup of researching random fibre lasing is similar with the Figure 4.11. The EDF has been add in
the front of SMF. After the 45° TFG has been added in front of Port 1, we observe different random
lasing emission spectra, as shown in the Figure 4.18. When the pump power is below of 1.44 W, there
is only Raman and Er®* emission. When the pump power increase over 1.44 W, there occurs random
lasing emission. And the random lasing wavelength locates in the 1556.0 nm. The random lasing spectra
belongs to stationary regime, which is different from the random emission for the hybrid system without
45° TFG.

The Rayleigh backscattering coefficient of SMF ¢ is 4.5 x107° km™[18]. The reflection of 11 km SMF
is calculated as 0.05%. The reflection of 45° TFG is measured as 0.09% in 1555.2 nm using fibre
circulator. The reflected wavelength is slightly different from the random lasing wavelength, which is
due to using different OSA to measure. Therefore, this different reason to obtain stabilized random

lasing wavelength in the hybrid system with 45° TFG is caused by the 45° TFG having super-weak
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reflection. The 45° TFG forms a weak cavity with the effect of Raman distributed feedback of SMF to
boost stabilized random fibre lasing emission. Figure 4.19 shows the relationship of input and output.

From the figure, we can obtain the threshold is 1.44 W, which is lower than that of the hybrid system

without 45° TFG.
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Figure 4. 18 The random lasing emission spectra for the hybrid system with 45° TFG at different pump power.
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Figure 4. 19 The relationship between of random lasing peak intensity and the pump power in the hybrid system with 45°
TFG.

To further research the random lasing stability in the hybrid system with 45° TFG, we measure the
random lasing spectra at pump power of 1.60 Win different pump time, as shown in Figure 4.20. In the
five spectra, the main peak wavelength is 1555.0 nm. The modes can be stabilized in different pump
times. But the intensity changes in the different pump times, which is attributed to the gain perturbation

in the EDF and SMF.

67



-15
-30

-60
-15
-30
-45
-60

-20

-40

Intensity (dBm)

-20

-40

-20

-40

-60

Figure 4. 20 The random lasing emission spectra for the hybrid system with 45° TFG at pump power of 1.60 W in different

pump times.

Figure 4.21 shows the measured random fibre lasing PER spectrum in the hybrid system by adding 45°
TFG with a grating length of 24mm through rotating PC. From the maximum and minimum random
fibre lasing emission spectra, the PER has been calculated as 15.3 dB in the 1556.0 nm. This PER with

15.3 dB means that the 45°-TFG couples out 94.27% of s-polarized random fibre lasing from the hybrid

system.
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Figure 4. 21 The PER random lasing spectra in the hybrid system with 45° TFG.
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4.4 Chapter conclusions

In this chapter, | research random lasing behaviour in the different system: 1) Raman distributed SMF
system and 2) EDF and Raman distributed SMF hybrid system. Meanwhile, | research the polarization
feature in the two system with 45° TFG.

In the Raman distributed SMF with length of 20.1 km system, there are three kinds of emission with
the increase of pump power from 1.70 W to 3.00 W: Raman emission, non-stationary random lasing
emission, and stationary random lasing emission. The threshold is measured as 2.10 W. With the 45°
TFG effect, the polarized random lasing with PER of 12.02 dB has been obtained.

In the EDF (2 m length) and Raman distributed SMF (11 km length) hybrid system without 45° TFG,
there are two kinds of emission with the increase of pump power from 2.60 W to 4.40 W: Raman
emission, and non-stationary random lasing. When the 45° TFG has been added in the hybrid system,
we observe two kinds of emission in range of pump power of 1.00 W to 2.20 W: Raman and Er®*
emission, and stationary random lasing. The weak cavity formed by 45° TFG reflection and SMF
distributed feedback boosts the stabilized random fibre lasing emission. The threshold has been
determined as 1.44 W. In addition, under the effect of 45° TFG, the polarized random fibre lasing with

PER of 15.3 dB has been obtained.
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Chapter 5. Conclusions and Future Work
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5.1 Conclusions

In this thesis, | have presented my research project on random fibre lasers realised by exploring the
spectral and polarization characteristics of fibre gratings, especially the tilted fibre gratings with high
PER. As for background review, the thermal and stress sensing applications of FBG, LPG and TFG
have also been studied and presented here. In the PER research, | have found the 45° TFGs have high
polarized property. Therefore, | have presented the polarized random fibre lasing in the Raman and
Raman/EDF system by using 45° TFG, respectively.

The transmissions for small angle TFG, 45° TFG, FBG, and LPG have been researched. In the small
angle TFG transmissions including 1°, 3° and 7°, there are com-like resonance. With the increase of
angle, the comb-like wavelength range increases. For the LPG with period 480 pum, there are 11 dips in
the range of 1200 nm to 1600 nm. In the PER measurement for small angle TFG and 45° TFG, the 45°
TFG has the highest PER value of 14 dB. Also, there are two sets of polarization dependent peaks in
the 7° TFG PER spectra corresponding the two polarization statues.

Additionally, the experimental research results of the thermal sensing of different types of fibre grating
have been presented. LPG with grating period of 480 um has the highest thermal sensitivity with 297.1
pm/°C, superior to the FBG, small angle TFG, LPG. Finally, the strain sensing of FBG has been
investigated and the strain sensitivity of the FBG is 0.7140.01 pm/°C.

Based on the polarization property of 45° TFG. The polarized random fibre lasing emission has been
demonstrated in the two systems: 1) Raman distributed SMF system; 2) Raman distributed SMF and
EDF hybrid system. In the Raman system, the emission successively enters into Raman gain emission,
non-stationary random lasing emission and stationary random lasing. With the effect of 45° TFG, the
polarized random lasing with PER of 12.02 dB has been obtained. In the Raman distributed SMF and
EDF hybrid system, | only observe the Raman gain emission and non-stationary random lasing emission.
The stationary random lasing emission cannot be observed because the limit of pump power.

I have researched the random lasing behaviour in two different systems: 1) Raman distributed SMF
system and 2) EDF and Raman distributed SMF hybrid system, without and with the polarization

property of the 45° TFG. With the effect of 45° TFG in the hybrid system, we observed different random
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lasing emission phenomenon. There is stationary random lasing emission in the low pump power of
1.44 W. This is caused by the super weak cavity formed by 45° TFG reflection and SMF distributed
feedback. In addition, the polarized random fibre lasing with PER of 15.3 dB has been obtained in the
hybrid system with 45° TFG.

5.2 The future works

5.2.1 Comb-like random fibre lasing

In the Chapter 2, the small angle TFG exhibits the comb-like transmission spectra. And in the chapter
3, we know the super weak reflection can form weak cavity with Raman distributed system to boost
stabilized random lasing emission. Therefore, the small angle TFG, especially 7° TFG, can be integrated
in the Raman or Raman/EDF system to obtain comb random fibre lasing in the wide wavelength range.
The weak reflection of 7° TFG can form a weak cavity with the Raman distributed system to boost
stabilized random fibre lasing emission.

5.2.2 Polarized comb-like random fibre lasing.

In the chapter 4, the polarized fibre random lasing has been obtained using 45° TFG. It is very important
in the optical communications and sensors. And the 7° TFG has better feature to obtain comb-like lasers.
Therefore, it is impossible to obtain polarized comb-like random fibre lasing emission to integrate 45°

TFG and 7° TFG in the SMF system. Figure 5.1 shows the experimental setup.

Pump laser ISO WDM 7°-TFBG EDF  SMF
e QO
77777 7
P PC 45°-TFBG
r--——-—-—---- ! OSA

Figure 5. 1 The schematic of polarized comb-like random fibre lasing using hybrid 45°TFG and 7° TFG.
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