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Summary

This thesis presents a detailed description of the fabrication process, spectral characteristics and
applications of in-fibre gratings of normal structures, such as fibre Bragg gratings and long period
gratings, and tilted structures of small, large and 45 angle tilted fibre gratings. All these in-fibre
gratings were fabricated by UV-laser inscription in standard telecom single mode fibres.

The key part of this research work is the fabrication and systematic spectral and sensitivity char-
acterisation of the fibre Bragg gratings (FBGs) and long period gratings (LPGs). Their temperature
sensitivities were compared for different wavelength ranges from near-IR to mid-IR. The LPGs,
which have multiple transmission loss peaks were characterised for temperature and refractive
index sensitivities for each transmission loss peak, obtaining the correlation between the cladding
mode order and sensitivity. The results of this investigation have enabled to select the best LPGs
for two bio sensing applications: (i) investigation of Foetal Bovine Degradation due to change in
temperature and (ii) sensing different haemoglobin concentrations.

The other major contribution of this Ph.D research is the systematic approach used in fabricat-
ing and characterising tilted fibre gratings (TFGs) with small, large and 45°angle tilted structures.
All these types of TFG have been investigated in terms of inscription methods, spectral charac-
teristics, polarisation properties and thermal responses. The three fabrication techniques used to
inscribe TFG structures, two-beam holographic, phase-mask and amplitude-mask, have been fully
discussed. The TFGs were subjected to various temperature sensing experiments to evaluate their
responses and how the temperature change could affect their performance in real environment. In
addition, for the small and large angle TFGs, their refractive index (RI) sensing characteristics have
been investigated to show their unique RI sensing capability to the surrounding medium. And due
to the unique polarisation property of large angle TFG, it was employed in an all fibre twist sensor.
Finally, a chemical sensing application was evaluated using a pair of large angle TFGs forming a
high sensitivity interferometer.

Based on their unique optical properties, a power tapper working at 800nm wavelength region has
been demonstrated using 45°-TFGs. The in-fibre tapper system was characterised for its dispersion,
side-tapped beam width and side-tapped power variation along the grating length. This system was
then used as a temperature sensor, showing side-tapping functionality.

Finally, as another major contribution, the 800nm 45°-TFG combined with CCD array were devel-
oped into an optical fibre signal interrogation system and evaluated for FBG temperature sensing,
which clearly demonstrated the design concept of an in-fibre spectrometer of low cost, compact
structure and high function. In collaboration with Bern University of Applied Sciences, Bangor
University and Jiangnan University, the 800nm 45°-TFG was first used to develop an OCT system
for bio sensing applications.

Keywords: fibre Bragg grating, long period grating, tilted fibre grating, optical fibre sensor, in-fibre
polariser, power tapping, spectrometer
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1 INTRODUCTION AND THESIS STRUCTURE

1.1 INTRODUCTION

In today’s technological revolution and since the realisation of low loss optical fibre 1970’s [1],
optical fibre has found its application in the day to day living without people appreciating the extent
of its impact. Some of these applications are optical communications, bio-medical detection and
diagnostic function and other various optical sensing applications. The fibre optic properties such
as: immunity to electromagnetic interference, flexibility, high temperature tolerance, low insertion
loss, small size and lightweight, high coupling efficiency, multiplexing capability, and low-cost have
helped to tackle the high demands been placed on global communication systems, which in effect
affects vital services like; internet access, audio and video transmissions. As consumer demands
and expectation increases, fibre optics have proven to have greater advantages over the already
existing technologies as they can be directly integrated into other systems and in some cases they

can replace bulk optical components.

Hill et al. at the Canadian Communications Research Centre (CRC) [2] reported the first in-fibre
grating in 1978. Subsequently, scientists have developed devices for various applications based
on the fibre Bragg grating (FBG), long period grating (LPG) and tilted fibre grating (TFG) struc-
tures. Due to the great potential of these grating structures and their coupling mechanism [2, 3]
researchers have been working to design customised grating devices for applications in optical

communications, signal processing and sensing [4-6].

Normal axis fibre gratings can be classed into two categories: FBGs and LPGs. These usually are
created by exposing a given length of a fibre to an Ultraviolet laser (UV) light source, which causes
a refractive index (RI) modulation in the fibre core. This process can be carried out using a variety

of techniques, such as the two-beam holographic, phase mask and point-to-point method.

In recent years, the other type of gratings, TFGs, which have non-normal axis as the UV inscribed
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1 INTRODUCTION AND THESIS STRUCTURE

refractive index fringes in the fibre core are tilted, have sparked great interest due to their distinc-
tive optical properties. The ability to couple light from the core to cladding and radiation modes
demonstrated by TFGs was first revealed in 1990 by Meltz et al [7]. Due to advances in UV inscrip-
tion technology and greater demands for applications, 45°-TFG structures have been explored in
applications such as polarisation-dependent-loss (PDL) equalizer [8], in-line polarimeter [9] and
in-line polarizer [10]. In an initial experiment by Zhou et al [10], it was shown that the maximum
polarisation dependent loss (PDL) of 33dB was obtained at a 45° tilt grating compared to other

tilted grating angles, which supports the theory of the Brewster angle.

This thesis will review optical fibre grating devices with different structures, including FBG, LPG
and TFG, and their various applications in optical sensing, bio-medical sensing and power moni-
toring. The increasing demand for high function in-fibre devices and systems and their commer-

cialisation for a range of applications are the motivation of the work reported in this thesis.

1.2 OVERVIEW OF THESIS

This thesis gives a summary of the work carried out in the fabrication of fibre grating structures
and their application as optical fibre sensors. Various grating fabrication methods have been used
and explored. The three main grating structures examined in this thesis are FBG, LPG and TFG.
In addition to these, a systematic characterisation work was carried out on these different grating
structures. This thesis is made up of 7 chapters and the details of each chapter are highlighted

below:

Chapter 1 contains a brief introduction and an overview of the thesis. It also includes the moti-

vation for this Ph.D. research.

Chapter 2 gives a theoretical background and an introduction to the optical fibre gratings in terms
of the theories, optical fibre photosensitivity mechanisms, fabrication methods, grating structures
and spectral characteristics. The theoretical analysis using the coupled mode theory for the differ-
ent types of grating structure is presented in detail. This will enable the reader to comprehend the

concept of fibre grating structures and their applications in subsequent chapters.

Chapter 3 introduces the design, fabrication and characterisation of normal-axis periodic grating

structures, i.e. FBGs and LPGs. Then a review on their sensing applications is presented. The
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FBGs have been characterised for their temperature responses, while the LPGs were also used in

refractive index (RI) sensing and bio-medical sensing applications.

Chapter 4 explores the mode coupling mechanisms, fabrication and characterisation of non-
normal-axis gratings, i.e. TFGs with small and large tilt angle structures. Their sensitivity to tem-
perature, polarisation status and surrounding refractive index (SRI) have also been characterised.
In order to further analyse the potential application, the large angle TFGs have been implemented

as an all-fibre twist sensor and furthermore as an interferometer used for sensing bio-samples.

Chapter 5 presents the design, fabrication and characterisation of 45°-TFG particularly at the
shorter wavelength range, 800nm. It explores the implementation of 45°-TFG as an in-line po-
lariser. This work systematically explored the maximum polarisation dependent loss (PDL), PDL
profile, annealing effect on PDL, thermal effect on PDL, polarisation distribution and the relation-
ship between the external and the internal angle of the 45°-TFGs. Another application investigated
in this section is the power tapping ability of the 45°-TFG at 800nm, which was further explored
for its ultra-broadband capability. And this 45°-TFG based power tapper has been used to monitor

the temperature of an FBG sensor.

Chapter 6 reports on the utilisation of the unique radiation profile of 45°-TFGs working at 800nm
to build a versatile interrogation systems (spectrometers). The interrogation system has been eval-
uated for an FBG sensor subjected to the changes in temperature. In collaboration with Stefan et
al (Bern University of Applied Science), this work has been extended into an optical coherence

tomography (OCT) for bio-medical sensing application.

Chapter 7 concludes the work and gives some suggestions for future work.

19



1 INTRODUCTION AND THESIS STRUCTURE

1.3 References

[1] D.Kato, “Fused-silica-core glass fiber as a low-loss optical waveguide,” Applied Physics
Letters, vol. 22, no. 1, pp. 3—4, 1973.

[2] K. Hill, Y. Fujii, D. Johnson, and B. Kawasaki, “Photosensitivity in optical fiber waveguides:
Application to reflection filter fabrication,” Applied Physics Letters, vol. 32, pp. 647-649, 1978.

[3] T.Erdogan, “Fiber grating spectra,” Journal of Lightwave Technology, vol. 15, no. 8,
pp. 1277-1294, 1997.

[4] R. A. Bergh, H. C. Lefevre, and H. J. Shaw, “Single-mode fiber-optic polarizer.,” Optics letters,
vol. 5, pp. 479-481, 1980.

[5] R.B. Dyott, J. Bello, and V. A. Handerek, “Indium-coated D-shaped-fiber polarizer.,” Optics
letters, vol. 12, pp. 287-289, 1987.

[6] W. Eickhoff, “In-line fibre-optic polariser,” Electronics Letters, vol. 16, no. 20, pp. 762-764,
1980.

[7] G. Meltz, W. Morey, and W. Glenn, “In-fiber Bragg grating tap,” in Optical Fiber
Communication Conference, vol. 1169, p. 6108, 1990.

[8] D. Williams, B. Ainslie, J. Armitage, R. Kashyap, and R. Campbell, “Enhanced UV
photosensitivity in boron codoped germanosilicate fibres,” 1993.

[9] P.Lemaire, R. Atkins, V. Mizrahi, and W. Reed, “High pressure H2 loading as a technique for
achieving ultrahigh UV photosensitivity and thermal sensitivity in GeO2 doped optical
fibres,.” 1993.

[10] K. Zhou, X. Chen, L. Zhang, and I. Bennion, “High extinction ratio in-fiber polarizer based
on a 45deg-tilted fiber bragg grating,” OFC/NFOEC Technical Digest. Optical Fiber
Communication Conference, 2005., vol. 1, 2005.

20



2 OPTICAL FIBRE GRATING THEORY,
FABRICATION METHODS AND
APPLICATIONS

2.1 INTRODUCTION

This chapter contains the fundamental theories and principle of optical fibre gratings. The histor-
ical perspective of photosensitivity mechanisms in optical fibres is examined discussion on var-
ious photosensitisation techniques. Later in this chapter, the mode coupling mechanisms using
mode coupling theory are used to examine the behaviours of FBGs, LPGs and TFGs. This is fol-
lowed by the detailed description on various optical fibre grating fabrication techniques: two-beam
holographic, phase-mask and point-by-point methods. This section briefly reviewed the main ap-
plications of optical fibre gratings, which explains the motivation of my research work. Finally,

conclusion is given.

2.2 PHOTOSENSITIVITY IN OPTICAL FIBRE

Photosensitivity is a term that generally refers to material sensitivity to electromagnetic radiation,
usually light. The photosensitivity of optical fibres shows itself as a change in the refractive in-
dex following the exposure to UV radiation. In 1978, Hill was the first researcher to discover the
photosensitivity of optical fibres when his group launched light from an Argon-ion laser into a
germania-doped fibre. They observed an increase in the intensity of the reflected light after sev-
eral minutes, which then continued until all the light has reflected out of the fibre [1]. Since this
discovery, there has been wide academic interests in optical fibre photosensitivity to explain the
different photosensitivity mechanisms. Despite this great interest, there is still no single theory
that can explain the photosensitivity in all cases. However, there is consensus that optical fibre

photosensitivity depends on a number of factors: core material, fibre type, the wavelength and
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intensity of radiating light and fibre treatment (flame brushing, hydrogenation, etc.). In the ear-
lier stage, researchers once believed that only germanium-doped fibres are photosensitive [2], but
later studies showed that some fibres such as cerium [3] and europium [4] doped have also shown

photosensitivity.

Overall, silicate fibres with germanium dopant have attracted the most interests due to their wide

use in telecommunication and optical sensing.

2.2.1 Photosensitivity Mechanisms

The photosensitivity models that were reported over the years include: compaction [5], ionic mi-
gration [6], colour centre [7], electron charge migration [8], stress relief [7], Soret effect [9] and

permanent electric charge dipole [10].

Defect points in silicate glass have been regarded as the cause of photosensitivity in optical fibres
and this has been investigated using the electron spin resonance (ESR) technique. Three main
defects found are: the E’ centre, the nonbonding oxygen hole centre (NBOHC) and the peroxy

centre [11].

The two stable oxides of germanium occur as GeO and GeOs. The germanium-oxygen deficiency
centres (GODCs) created during the UV absorption in a germane-silicate fibre are the elements
responsible for their refractive index change. During the fibre drawing process, the modified
chemical vapour deposition (MVCD) process occurs at high temperatures which cause the GeO2
molecules to break into a more stable GeO molecule, which itself changes to Ge+. When the Ge+
gets into the glass material, they can form oxygen vacant Ge-Si or Ge-Ge bonds which are both
oxygen deficient [12]. These deficiency centres are linked to the 240nm absorption band of silica
glass. This thesis will only be looking at three main mechanisms of photosensitivity in germanium-

doped fibres: compaction densification model, colour centre model and stress relief model.

2.2.1.1 Compaction densification model

The densification model considers that the laser irradiation of the glass causes density increase
resulting in the increase in the refractive index of the glass. Researchers Fiori & Devine [5] carried
out an experiment in which an amorphous silica thin film was grown on Si wafers and irradiated

by a KrF excimer laser. An increase of about 16% in the film thickness has been reported and an
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increase in refractive index. The sample was then annealed at 950°C for about 1 hour and the
film thickness returned to its original state. The further exposure of the sample to radiation above
the threshold leads to permanent densification. Chiang et al [13] annealed the sample at an even
higher temperature 1200°C; their result shows that at this temperature the photosensitivity of the
germane-silicate fibre was completely removed and irreversible. It was later experimentally shown
that changes in refractive index of a non-hydrogen loaded fibre is mainly due to the densification

of the silica [14].

2.2.1.2 Colour centre model

The fibre drawing process [15] and ionisation radiation [16] can cause defect points which are also
called colour centres and are very important for optical fibres due to their absorption bands centred
at 240nm. Understanding the nature of these defects in germane-silicate fibres will help us in
understanding the colour centre model. Germanium has +2 and +4 stable oxidation states, therefore
it can form either GeO or GeOy molecules in glass despite the Si. The rule of thermodynamics
requires that there is a balance between GeO3 and the GODCs concentrations. GeO has also been
found to be more stable than GeO2 at high temperatures, which gives rise to wrong bond Ge-Si
formation in glass. These wrong bonds are known to be precursors to defects. The Ge dopant of the
fibre core is directly related to the defect centres, labelled as Ge (n) [11] during a radiation study on
the paramagnetic defect centres in germano-silicate fibres. Ge (n) centres change to Ge(n)- centres
by trapping an electron. Also called the GeE’ centre is the Ge (0)/Ge (3) damage centres which have

the deepest electron trap depth.

Hand and Russell [17] originally proposed the colour centre model as shown in Figure 2.1. They
examined the photo-induced refractive index change in a germano-silicate fibre exposed to a 488nm
Argon-ion laser and linked it to a two-photon absorption process. Oxygen deficient bonds; Si-Ge,
Si-Si and Ge-Ge are produced in the fibre core due to the presence of Ge atoms, which acts as a
defect within the silica. The energy required to break this bond could be single-photon (absorption
of the 244nm radiation of an excimer laser) or double-photon (absorption of the 488nm radiation of
an Argon ion laser). However, recapturing of free electrons occurs at the hole-defect sites to form
colour centres as Ge (1)~ and Ge (2)~ in the absorption bands 281nm and 213nm respectively.
[uminating the fibre by a wavelength coinciding with the 240nm band results in bleaching of the
240nm band and the formation of a new band with central peaks at 195nm [18]. Following Kramers-

Kroning relationship (equation 2.1), the new absorption band formed will induce the refractive
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index change [19].

A
Anesr(X) = 1p/ Baeri ) )\ (2.1)
0

Where P is the principal part of the integral; A is the wavelength and Ac s is the effective change
in the absorption coefficient of the defect. The relationship reflects that between the infrared to
visible range, any refractive index change is a result of the absorption spectrum change in silica

from UV to far-UV spectrum [7][12][20, 21]

@ Electron

@ Oxygen Atom

Figure 2.1: Photo-induced refractive index change mechanism: Ge-Si wrong bonds break and release free
electrons to diffuse into the lattice network. The resulting molecular change results into change in the
refractive index ([22])

The GeE’ centres have been known to be responsible for the original Hill grating due to two
photon beam absorption at 240nm band [23, 24]. Even though this model is widely supported
by researchers and believed to be a source of photosensitivity in germane-silicate and hydrogen
loaded germane-silicate fibres, it has not been able to fully explain the higher value refractive index

changes induced by UV exposure [25-28].

2.2.1.3 Stress relief model

The fibre drawing process occurs at a very high temperature. Due to the difference in the thermal
expansion between the core and the cladding, there is an inner tension induced as the glass is

cooling down. The stress relief model considers that the refractive index of the fibre increases due
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to the release of the built-in thermo-elastic stress [20, 21]. It is proposed that the breakage of the
wrong bonds due to UV irradiation promotes the relaxation in the tensioned glass and therefore

increases the refractive index of the core due to stress-optic effect [20].

2.2.2 Optical Fibre Photosensitisation Techniques

After the discovery of FBG formation and fibre core photosensitivity by Hill et al, great efforts have
gone into enhancing the photosensitivity of optical fibres. Various photosensitising techniques
have been developed including co-doping the fibre core [29], flame brushing [30] and hydrogen
loading [31]. These methods have been shown to increase the photo-induced index modulation of

the fibre core up to 10 ~3 or higher.

2.2.2.1 Co-doping technique

Adding co-dopants such as boron (B) [29] and tin (Sn) [30] into the fibre can enhance the photosen-
sitivity of germane-silicate fibre. Williams et al reported in 1993 [21] the systematic investigation
of the corresponding photosensitivity of differently B co-doped fibre types. This result shows that
B co-doped fibre has a saturated index change 4 times higher than that in pure germane-silicate
fibre. Three fibres were selected for the experiment: standard telecom fibre (3 mol% GeO3), high Ge
concentrated fibre (20 mol% GeOsz) and B co-doped fibre (15 mol% GeO;). After subjecting all three
samples to UV radiation, the saturated index modulation results were approximately 3 x 1077,
2.5x10 % and 7x 10~ respectively. The experiment also showed that it took about 10 minutes for
B co-doped fibre to reach a saturated index modulation, whilst it took about 2 hours for the other
two samples to reach a saturated index modulation. This result makes B co-doped fibre a much
better choice in photosensitivity response, however, due to its extra loss of about 0.4dB per km at

1550nm, it may not be so desirable.

Another alternative to B co-doping is the use of Tin (Sn) as a co-dopant in increasing the photo-
sensitivity of germane-silicate fibre. An experiment carried out by Don et al [32, 33] showed that
the saturated refractive index change of Sn co-doped fibre was 3 times larger than that of the pure
germane-silicate fibre. This result has undoubtedly placed Sn co-doped fibre over the B co-doped

fibre due to the grating ability to survive at high temperature and no loss in the 1550nm window.
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2.2.2.2 Flame brushing technique

Although germane-silicate optical fibres have intrinsic photosensitivity, the photosensitivity can be
further enhanced through the flame brushing technique. It was reported that a flame of hydrogen
was repeatedly brushed over a desired region of the optical fibre for almost 20 minutes with a
small amount of oxygen at about 1700°C [31]. During this process, the Hs diffused quickly into the
fibre core (cladding properties remained unaffected) and reacted with the germane-silicate glass,
forming GODCs [11]. It was reported that using this method on a standard telecom fibre increases
its photosensitivity by a factor greater than 10 and a refractive index change greater than 10 ~3 in

the core of a 1540nm fibre was achieved [31].

2.2.2.3 Hydrogen loading technique

Another method to enhance fibre photosensitivity without dramatically altering the physical prop-
erties of the glass is the fibre hydrogenation technique. This is a highly effective and simple tech-
nique and widely used to increase the photosensitivity of germane-silicate fibres. This process of
pressurising the optical fibre in Hy usually takes place at 150bar before being exposed to the UV.
Lemaire et al [31][33] were the first to report this technique in 1993, based on the Ge, Si and Hj
molecule interactions in combination with UV exposure conditions. During the experiment, fibres
were soaked in Hj gas at temperatures from 20°C to 75°C and pressures approximately from 20atm
to over 750atm. The fibre was then exposed to a pulsed UV radiation at 241nm. For a hydrogen
loaded fibre with 3 mol%GeOy and 3.3 mol%Hp, the peak-to-peak index modulation was about

6 x 1073 and an increment of about 3.4 x 1073 to the average core index.

During hydrogenation, the fibre is loaded into a high-pressured hydrogen tube. The Hs molecules
diffuse through the cladding of the fibre into the core over a period of time. The Hy is later dissolved
to thermally react with the Si-O-Ge glass sites when exposed to UV or intense heat (including
flame or COy laser). Also during this exposure, the formation of Si-OH and Ge-OH bonds occur
in addition to the GODCs which causes permanent change in the refractive index of the core.
The amount of OH absorption bands at 1.4pm is proportional to the level of hydrogen in the fibre
[34]. The UV exposure creates an OH band which has an absorption band at ~1.4pm and also
comprises of two closely space absorption peaks at 1.39um corresponding to Si-OH bonds and
1.49um corresponding to Ge-OH bonds. The presence of these two closely spaced absorption peaks

is not desirable to some telecommunication network systems, but by immersing the fibre into
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deuterium instead of hydrogen, no UV-induced absorption peaks appears at the communication

band (1.3um-1.6pm).

2.2.3 UV-Induced Index Change Stabilisation

The study of the stability of UV-induced index change in optical fibre is essential for real application
purposes. Unreacted or dissolved Hy diffuses slowly out of the fibre after UV exposure, which
means that the UV induced index change is not a permanent phenomenon. Williams et al [35]
showed and concluded in a study that the thermal stability of fibre gratings may be stable at room
temperature for 25 years after annealing treatment. Further work was carried out by Kannan et al

[36] to confirm the work by Williams et al.

2.2.3.1 Hydrogen diffusion

The unit of measurement of hydrogen diffusion (i.e. its diffusion coefficient or diffusivity) is

cm 2 s~! and given by [37, 38]:

D = Dyel~7r) (22)

where Dy is a constant (given as 5.65 x 10~% cm? s~! ) independent of temperature and ambient
pressure, E is the diffusion activation energy (given as 43.55 KJ~! mol~! ), R is the gas constant
8.3 JK~! mol~! and T is the absolute temperature. The values for Dy and E are almost identical
for both the pure and doped silica fibre, with the diffusion rate increasing more rapidly at high

temperatures.

Hydrogen diffusion in optical fibres (which begins as soon as the sample is removed from a high
pressure atmosphere) causes a Bragg resonance wavelength shift. The fibre structural factors such
as its geometry, core and cladding thickness determines the rate at which the diffusion takes place.
As the temperature increases, the rate of hydrogen diffusion increases, which means a process
(annealing) needs to be undertaken to ensure fibre-grating stability. The annealing of these fibre
gratings takes place at elevated temperatures to outgas the unreacted or residual hydrogen. Patrick
et al [39] also carried out a study on the grating stability of fibre gratings in hydrogenated and non-
hydrogenated fibre after 10 hours at 176°C, which showed that the gratings in non-hydrogenated
fibres were more stable at elevated temperatures. The result indicated a 40% UV induced index

modulation reduction in hydrogen-loaded fibres and 5% UV induced index modulation in non-
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hydrogen loaded fibres [39]. However, this model does not agree with Erdogan’s model.

The “power law”, a model proposed by Erdogan et al, describes the decay of the UV induced index
change in non-hydrogen loaded fibre and also explains the thermal degradation of FBGs written
in germanium doped silica fibre [40]. Baker et al [41] later confirmed that Erdogan’s model is only
well suited for non-hydrogenated fibres and does not apply to hydrogenated fibres. An extension
of their work includes the proposed long-time model for predicting the decay characteristics of
gratings inscribed in hydrogen-loaded fibres. Their model was also extended to fibres (B-doped,
Sn-doped and fluorine-doped fibres) in need of thermally stable FBGs [42-44]. Pre-sensitisation
[45] of the fibre was earlier proposed to give more stability to fibre gratings, but a report by Niay
et al [28] showed that the use of either the Continuous Wave (CW) or pulsed UV sources in the

grating fabrication process does not make any difference to the stability of the grating inscribed.

Now as a standard procedure, after fibre grating fabrication, a thermal annealing is usually carried
out at 80°C for 48 hours. This is done to accelerate the Hy diffusion and create stability in the
fibre grating [46]. FBGs’ reflectivity has been recorded to decrease about 1%-2% over the annealing

process with a blue-wavelength shift of 0.2-0.5nm [35, 36].

2.3 COUPLED MODE THEORY

Coupled mode theory describes the propagation of electromagnetic waves in periodic layered
medium. Due to its simplicity and modelling capabilities of the optical properties of fibre grat-
ings, it has been the most widely used theory in explaining the light coupling operation of fibre
gratings. This section will not show the detailed derivation of this theory, but Yariv [47], Kogelnik
[48] and Erdogan [49, 50] have produced the derivation. Erdogan mentioned that the couple mode
theory is a superposition of ideal modes of an ideal waveguide, and there is no grating perturbation.

If modes are labelled with index j, we will have:

Bo(a,y.2) = Y14 (=) explifyz) + By(2) exp(~i8;2))- € jo(a, ) (23)

J

where the coefficients Aj(z) and Bj(z) are the slowly varying amplitudes of the jth mode travelling
in the +2z and —z directions, respectively. ?jt(a:, y) is the transverse mode field, which might

describe; bound-core, cladding or radiation mode. The propagation constant 3 is given by:
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8= T (2.4

A
where n.ys represents the refractive index of the jth modes. The coupling between the various
modes happens when there is a dielectric perturbation which causes the amplitudes A;(z) and

Bj(z) of the jth modes to evolve along the z direction. This can be seen in the following equations:

dfgz(z) — i;Ak(K};j—i—K,fj)exp[i(Bk— @)z}+i§ijk(K,gj—K,§j)exp[—z’(ﬁk+5j)z] (2.5)
df;jz(z) = —i Yy Ap(K};—K{;) expli(Br+8)2]—i > Br(Kf;+K§;) exp[—i(Br—B;)z] (2.6)

k k

where K/ ; 1s the transverse coupling coefficient and K is the longitudinal coupling coeflicients
between the k£ and j modes.

The transverse coupling coefficient between the & and j modes can be expressed as:

Ky = [ [18ew.2) o). 25 (e, )ldody @)

The longitudinal coefficient K, (z) has similar expression as K 1 ;(2), but K7 ;(z) modes are usu-
ally neglected (K};j(z) « KF;(2)) since it is half the magnitude of K! ;(#) for fibre modes. The

permittivity perturbation Ae(x,y, ) in equation 2.7 for dn.fs « nesy is approximately;

Ae(x,y,2) = 2n0nerf(x.y.2) (2.8)

where dn. s is the effective refractive index variation and small compared with the local index n.
For instance, in an ideal waveguide (no perturbations) Ae = 0, the coupling coefficient K, j(z) =0
and the transverse modes are orthogonal; hence there is no exchange of energy. When photosen-

sitive fibres are exposed to a UV-light source, refractive index modulation occurs and this can be
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expressed as:

2

Anesr(z) = ness(2)[1 + v cos( At #(2))] (2.9)

where v is the fringe visibility of the index change, A is the grating period, ¢(z) is the grating chirp
and dnc s () is the "dc" index change spatially averaged over a grating period. The index change
dneys (z,y, 2) induced by the UV in most fibre gratings is uniform across the core and non-existent
outside the core. Therefore, by using similar expressions as in equation 2.9 and replacing dn. s ¢ ()
by 0n¢0(2), the core index change can be described. Also, using equation 2.8 and 2.9, the general
coupling coeflicient equation 2.7 can be re-written as:
. 2

Kii(2) = o1j(2) + 2K} () cos A o(2) (2.10)

where 0y,;(2) is the "dc" coupling coefficient and K};(2) is the "ac’ coupling coefficient and can be

expressed as:

WNefONerf(z X
(2) = LI [ 20 25 ()N @)
and
v
Kyj(2) = 5ow;(2) (2.12)

2.3.1 Forward Propagation

In this case, the forward propagating mode of amplitude A;(z) is coupled strongly into the co-
propagating mode of amplitude As(z). Equation 2.5 and 2.6 can be modified by keeping the terms

that involve the amplitudes of these two modes and by synchronous approximation thus:

dR

- = i0R(2) +ikS(2) (2.13)
% _ _i6R(2) + ikR(2) (2.14)
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The new amplitudes are R and S and are expressed as:

R(z) = Ajexp [—i(an + 0'22)%} exp <i62 — ;b) (2.15)
S(z) = Ay exp [—i(on + 022)%} exp <—i52 + 2) (2.16)

The "dc" components 017 (and) o922 are described in equation 2.11 and the "ac"- coupling coupling
coefficient (k = K91 = K7,) is described in equation 2.12. Also, ¢ is the "dc" self-coupling coefficient
and can be shown as:

011 — o092 1do

o=y T2 50 (2.17)

The detuning ¢ is assumed to be constant along the axis, this becomes:

5= %(51 ~B)— & =mhneyg B _ Ald] (2.18)

where \g = AncssA is the design wavelength for a grating near zero index modulation. In Bragg
gratings, the grating conditions correspond to 6 = 0 or A = A\g = An,ssA. The forward coupling
equations in equation 2.13 and equation 2.14 relates to the first-order ordinary differential equation
with constant coefficients for FBGs. In the case of a uniform forward coupling grating, 6 and %
are constants and with the appropriate boundary conditions, the closed-form solutions can be

obtained.

2.3.2 Backward Propagation

In this case, the dominant interaction is close to the wavelength for which the reflection of a mode
of amplitude A(z) is similar to the counter-propagating mode of amplitude B(z). Therefore, this

simplifies equation 2.5 and equation 2.6 to the following [51]:

dR

- =i0R(2) +ikS(2) (2.19)
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% = —i6R(z) +ik*R(z) (2.20)

The amplitude R and S are:
R(s) = A(z) exp <i(5z - (b(;)> (2.21)
S(s) = B(z) exp (—i5z + gb(;)) (2.22)

In equation 2.19 and 2.20, the "ac” component is k. The "dc" self-coupling coefficient is 6 and it can

be expressed as:

. 1dg(z)
St 2.23
o + 2 ds (2.23)
The detuning ¢ is independent of z and can be expressed as;
T 1 1
b=B——=p— =21A - — — 2.24
B = =P~ Pa=2nlnesy [ 3 )\d} (2.24)

where \g = Angyss A is the design wavelength for Bragg scattering by a very weak grating (i.e. §

nepr — 0). For a single-mode Bragg grating, o and k can be further simplified;

27 —
o= Idneff (2.25)
)
k= k= gySneff (2.26)

For a uniform grating along z direction, dn, tf> k, o and § are constants and di(

Zz) = 0 (no grat-
ing chirp). This simplifies equation 2.21 and equation 2.22 into first order-coupled differential
equations with constant coefficients. When the appropriate boundary conditions are satisfied, the

closed-form solutions may be found.
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2.3.3 Phase Matching Conditions

The existence of perturbation in the fibre makes it possible for the coupling of the bound-wave
to the counter-propagating or co-propagating modes. Due to the direction of grating coupling
(forward-coupled or backward-coupled), fibre gratings can be classed into forward-coupled grat-
ing: FBGs with uniform, chirped and small-tilt angle structures and backward-coupled grating:
LPGs and large angle TFGs. For the coupled modes, the phase mismatch factor Aj also referred

to as detuning is expressed as [49]:

2

AB =06 £ 84— A N cosf (2.27)
g

where (3; and 3, are the propagation constants for the incident and diffracted modes respectively,
A, is the grating period, ¢ is the grating tilt angle and IV represents an integer number. When

there is significant transfer of energy, A = 0 and equation 2.27 becomes [47]:

Bi & Ba = i—wN cos 0 (2.28)
g

If both 3; and 34 have identical signs, then the phase will be matched for counter-propagating
modes; if they have opposite signs, the interaction is matched for co-propagating modes. Most
cases have shown that the first-order diffraction is dominant, hence N = 1 [47]. The resonant

wavelength is therefore:

A
A= (n;‘?ff :I:nflff> C0:9 (2.29)

For Bragg gratings (6 = 0°), the core mode is coupled to the counter-propagating mode (backward

coupling) and the Bragg wavelength (\g) is expressed as;

Ag = 2neppA (2.30)

where n. ¢ is the core effective refractive index. Figure 2.2 below shows a diagram of this coupling;
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Figure 2.2: Schematic diagram of backward-mode coupling in FBG.

For Long period gratings (6 = 0°),the core mode is coupled to the co-propagating cladding mode

(forward coupling) and the resonant wavelength is expressed as:

Aco—c = (Tco — ncl,m)-A (2.31)

where n., and n.,, are the effective indices of the core and mth cladding mode respectively.
Therefore the period of the LPG becomes larger than the FBG as the difference between the core
and the cladding mode increases. Long period gratings couple light from the core to the forward
propagating cladding modes, where the wavelengths of the coupled modes are decided by the
period of the core refractive index modulation. The phase-matching condition for the resonant

wavelength of LPGs can be given as;

2T

Bco - ﬁcl,m = K(m = 1) 27 37 4) (2'32)

where f3., is the propagation constant of the L Fy; fundamental core mode, 3 ., is the propagation
constant of the cladding mode, m is the order of the cladding mode and A is the period of the
grating. The coupling of the light into the cladding modes generates a series of resonant bands
centred at \,, (equation 2.31). From equation 2.31, it can be deduced that as the grating period
increases, the resonant wavelength of the m!” cladding mode increases. In comparison, the periods
of LPGs (few hundred microns) are much larger than in FBGs (less than one micron) [52, 53]. Figure

2.3 shows the diagram of mode coupling by LPGs:
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Core

LPG Cladding

Figure 2.3: Schematic diagram of forward-mode coupling in LPG.

For Tilted fibre gratings, For Tilted fibre gratings, the mode coupling is more complex (i.e. the
core mode can be coupled to the counter propagating modes or to the co-propagating modes)
coupling to either the forward mode or the backward mode. The resonant wavelength is expressed

as [54, 55];

A
)\co,cl = (nco + ncl,m)_g (2-33)

The £ shows the direction of the mode propagation towards the = Z direction respectively. The

schematics of mode coupling by TFGs are shown in Figure 2.4 and 2.5:

Figure 2.4: Schematic diagram of forward-mode coupling in TFG.

Core

Cladding

TFG

Figure 2.5: Schematic diagram of backward-mode coupling in TFG.
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For a tilted grating, the grating structure is rotated by an angle 8. The period of the fibre grating

structure is as stated in equation 2.34:

(2.34)

o>
‘ N>
N

D
Cladding

Figure 2.6: Schematic diagram of a standard fibre with a tilted fibre grating structure.

In a single mode fibre, the induced index change (07, ) in the fibre core can be expressed as:

2T

one(z, 2) = 0neo(2) [1 + 5cos (Ag 2+ ¢(2)>} (2.35)

where the Z (as seen in Figure 2.6) axis follows the relationship: 2 = xsinf + zcosf. However, for
a small varying & n., () and ¢(2) , it can be said that § = zcos 6. The general coupling coefficeint
expression (equation 2.10) can be re-written by taking into consideration the projection along the

fibre axis as:

Kﬁti(z) =0(2) + 2K++(2) cos [212 + ¢(z cos 0)} (2.36)

The "k" and "j" in equation 2.10 are related to the backward propagation mode (-) and the forward
propagation mode (+) respectively. The equation 2.37 and equation 2.38 shows the expression for

the modified self-coupling and cross coupling coefficients:
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WNef £ONef (2 oS0
o(z) = — =] (z0s6) €L (1,y). €Y (2, y)dady (237)
ef 0T 0) 2 .
K+i(z,0) = I;wn 1100 ;f(z o8 / ( z%x tan 0> € (@, y)dady (2.38)

In this case, K+ = K} and the “effective fringe visibility” V> () corresponding to the effect of

the fibre grating tilting structure is given as:

Ve (0) ffcore iz%{ra: tan@) ( ,Y). € i(m y)dxzdy

(2.39)
v Heore €% (@ y)dady
Therefore equation 2.36 can be rewritten as:
Vi (6
K+i(2,0) = qty()a(z) (2.40)

This shows the effectiveness of grating perturbation in backward propagation modes and also
indicates that the effective fringe visibility is reduced (by the amount in equation 2.40) when the

fibre grating structure is tilted.

2.4 GRATING FABRICATION TECHNIQUES

Hill et al reported the first Bragg grating inscribed in a photosensitive optical fibre in 1978 from
the Canadian Communication Research Centre (CRC) [1]. They used a 488nm (blue light) Ar™
laser as the light source in their experiment. Due to the interference caused by Fresnel reflection
(approx. 4%) from the cleaved end of the fibre and the incident beam, a standing wave was created
in the fibre core, bringing about the formation of a grating (also known as Hill Grating or Internally
fabricated grating) due to the fibre photosensitivity. The Hill Grating formed had a 90% reflectivity
and bandwidth of less than 200MHz. After this discovery, researchers Lam and Garside [56] carried
out an experiment that showed the magnitude of the grating strength increased as the square of

the UV power from the Ar™ laser.
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However, due to the limitation in variable Bragg wavelength of this technique, other techniques
that overcome the limitation of internally inscribed gratings have been proposed and developed
[1][51, 56-59]. This thesis will examine in more detail in the following sections the three main
grating fabrication techniques: two-beam holographic, phase mask inscription and point-by-point

inscription technique.

2.4.1 Two Beam Holographic Inscription Technique

The two-beam holographic technique was first demonstrated by Meltz et al [51]. The disadvantages
in the original Hill gratings were overcome by Meltz work due to improved writing efficiency and
the ability to write gratings with arbitrarily designed Bragg wavelength (typically from 600nm to
2000nm) by the angle adjustment of the interfering beams. This fabrication technique has been
developed over the years (with new set ups) and extended to different fibre types [58] [60-64].

Figure 2.7 shows the image of the two-beam holographic set up in Aston photonics laboratory.

50:50'Beam
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Figure 2.7: Laboratory set up for the two-beam holographic fabrication system.

It can be seen from the set up in Figure 2.7 that the incident UV beam is split (50%) with equal
power. The two highly reflective mirrors (M1 and M2) then reflect the two beams in a symmetric

manner to meet on the photosensitive fibre, creating interfering beams. The two beams are also
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passed through two similar cylindrical lenses (C1 and C2) to focus the power intensity of the two

beams on the fibre core region, thus inducing a refractive index modulation in the fibre core.

High power density is achieved in the core by the use of the cylindrical lens to focus the beam down
to the size of the fibre core, thus enabling strong FBG inscription. The fringe pattern or grating
period depends on the irradiation wavelength and the angle between the interfering beams (o and

(). This can be expressed as;

A
A= —T"""__ 2.41
sina + sin 8 (2.41)

where Ay, is the UV wavelength. Given that the Bragg condition is satisfied, the Bragg wavelength
can be expressed as in equation 2.30. In equation 2.41 and 2.30, the Bragg wavelength can be var-
ied by changing the angle between the interfering beams ( a and 5 ) or the UV wavelength ().
However the main disadvantages of this technique are: the grating length is limited by the size of
the two interfering beams, susceptibility to mechanical vibrations during the fabrication process
and the need for a good coherent laser source. A number of different wave-front splitting inter-
ferometer based fabrication systems have been developed over the years to reduce the mechanical
vibration sensitivity of the system and to simplify the optical setup, such as prism interferometer

[61] [63] and Lloyd interferometer [65].

2.4.2 Phase Mask Inscription Technique

The phase-mask technique was first demonstrated by Anderson et al and Hill et al [57, 58]. It has
been widely reported as the most effective grating inscription technique due to the simplicity of
the optical system and its stability compared to the two-beam holographic technique. The phase
mask is a one-dimensional periodic surface relief pattern with period A, etched into the fused
silica. The incident beam is diffracted into several orders. It works by suppressing the light energy
of 0 order (to less than 5% of the transmitted light intensity) and maximizing the energy in the
=+ 1 order (to about 40% of the transmitted light intensity). A near-field fringe pattern is thereby
produced on the fibre core due to the interference of the £ 1 order diffracted beams. The schematic

diagram of FBG inscription using the phase mask technique is shown below:
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Grating Corrugations

Silica Glass Phase Mask

Fringe Pattern

Figure 2.8: The Schematic diagram of phase mask grating inscription technique.

The period of the grating inscribed by this method can be expressed as;

A= P (2.42)

where A, is the phase mask period.

The stability of the phase mask inscription technique is due to the minimal space alignment re-
quired (i.e. there is no need to align the two beams relative to each other as in the case of the
two-beam holographic method), but the incident UV beam is aligned perpendicularly to the fibre
and phase mask. Another advantage of phase mask inscription technique is the ability to inscribe
gratings with sophisticated structures and angles. Examples are: chirped gratings [66], apodized

gratings [67, 68], phase-shifted gratings [69, 70] and Moiré gratings [71, 72].

The typical laboratory set up for this technique is shown below.
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Figure 2.9: Laboratory set up of UV inscription of fibre Bragg grating inscription by the phase mask method.

The drawback in using this technique is the requirement of different phase-masks for inscription at
different wavelengths, but methods such as placing a magnifying lens before the mask by Prohaska
et al. [73] and pre-stretching the fibre demonstrated by Zhang et al. [64] and Byron et al. [74]

have been demonstrated to tune the wavelength from 0.5nm to 7nm using a single phase mask.

2.4.3 Point By Point Inscription Technique

Point-by-point technique is a non-interferometry method of grating inscription, which was first
demonstrated by Malo et al. and Hill et al. [75, 76]. It was also explored here in Aston using the
femtosecond laser [77] [78]. It involves the periodic exposure of a small section of fibre to UV
beam. Since the UV spot size is larger than the period of normal Bragg gratings (~0.5pm at 1.5um),
this technique is mostly suitable for fabricating LPGs. The refractive index of only the UV exposed
fibre area changes at a time. The UV beam is later translated to expose other sections of the fibre.

The diagram below shows the set-up for this inscription technique:
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Figure 2.10: Schematic set up of a point-by-point inscription technique.

Since these gratings are inscribed on the fibre section by section, it is not an efficient technique
of writing long gratings that require large index perturbation. This technique cannot be used for
inscribing the TFG structures, but is usually used for LPGs with the period ranging from 10pum
to 600um [79-81]. Recently there have been great interests in LPGs and their applications as bio-
sensors [82], refractive index and temperature sensors [83], liquid level sensor [84], chemical sensor
[85] and bend sensor [86]. In the point-by-point LPG fabrication, a cylindrical lens is used to focus
the UV beam onto the fibre axis, which is similar to the phase-mask inscription system in Figure 2.9
but without the phase mask. Since the translation stage is electronically controlled, being fed with
the desired parameters like period, duty cycle and grating length, only high order Bragg gratings
may be written using point-by-point technique. There are some advantages to this technique;
the changing of grating period and strength is easy and flexible, because the grating structure is
fabricated a point at a time; it also allows for the fabrication of gratings used in complex grating
designs [78] [87]; it makes possible the fabrication of polarisation mode converters [88] for sensing
applications. The disadvantage of the point-by-point fabrication technique is its susceptibility to
errors due to inaccurate movement of the axis core direction. Below is a summary of the different

fabrication techniques:
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Table 2.1: Comparison of the different grating fabrication techniques

Fabrication techniques

Advantages

Disadvantages

Two-beam holographic

Very flexible for mak-
ing gratings with differ-
ent Bragg wavelengths

Susceptible to mechanical
vibrations and not very
simple to align.
only be used to write
short grating length and
can sometimes be unsta-

ble

It can

period flexible and makes
it possible to write long
period gratings

Phase Mask Makes inscription easier, | Expensive as each differ-
gives more stability and | ent wavelength requires
not susceptible to vibra- | a different phase mask
tions and air currents. | and the grating length
It can also be used for | can also be limited by the
the fabrication of sophis- | length of the phase mask
ticated grating structures

Point by point Makes the changing of | High accuracy is required

in aligning the fibre core
axis and its often a longer
process . Also,thermal ef-

fect and variations in fi-
bre strain can affect grat-
ing period.

2.5 APPLICATIONS

In telecommunication FBGs are mostly used as filters in optical communication networks [11].
They are used in; ultra long haul (ULH), long haul (LH), wavelength division multiplexing (WDM)
and dense wavelength division multiplexing (DWDM) telecommunication networks. In these net-
works, the FBG is usually situated: in the erbium-doped fibre amplifiers (EDFA) as pump stabilizers
(through the feedback provided by the grating, the laser oscillates at the reflected wavelength) and
for gain flattening (especially for LH and ULH where a low optical signal to noise ratio is de-
sired at all wavelengths during amplification); in the communication channel as band dispersion
compensator. Its function as a band rejection filter comes in various configurations: Sagnac [89],
Michelson [90, 91], Mach-Zhender [92, 93], interferometry configurations. Another major issue
with telecommunication is chromatic dispersion; which limits the transmission distance of 10 and
40 Gbit/s optical systems. The use of chirped FBGs are commonly used to solve this problem

through phase compensation [63].
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FBGs have also been used for structural health monitoring in the civil engineering industry. In
2004, the Towa department of transportation completed the construction of the Iowa’s first high
performance Steel Bridge. This bridge incorporates the use of FBGs interrogation to monitor the
local and global bridge performance, help with fatigue evaluation and also to generate baseline
data for identifying structural performance changes [94]. The 30 installed FBGs were predomi-
nantly used to measure strain, as it is a parameter that can be used in civil engineering to describe
deformation, detect slip and bonding, and to study a crack opening. The approach of using FBG
as a structural monitor has now taken off well in China (Binzhou Yellow River Bridge in Shan-
dong Province and Songhuaijiang River Bridge in Heilongjiang province) [94] for monitoring the
structural health of bridges. Pete et al and his team at Cranfield university have now extended this

application unto the structural health monitoring of aircraft wings [95].

The coastal areas is an area of great biodiversity, changes like the salinity of water can greatly
change the dynamics/health of the ecosystem. The method used to measure salinity in the past was
based on the mobility of ions in water [96], which is inherently electrical and can be influenced
by electromagnetic interference (EMI). Silva et al [97] designed and tested a system based on LPG
for measuring the salinity changes in the coastal areas. Optical technology in the form of LPG
was used for this application due to its mode coupling mechanism, sensitivity to the change in the
refractive index of the environment and immunity to EMIL The result of there experiment showed
a blue shift in wavelength (~2nm) for 0% - 19% salt concentration. The same device was also used
to sense the changes in environmental temperature (25°C to 100°C) of the coastal areas, there result
showed a linear shift of ~46pm/°C up to 40°C and non-linear for the region from 40°C - 100°C due

to possible tension in the mechanical design of the sensor.

The need for liquid level measurement will usually take place in the petroleum industry, steel in-
dustry, and pharmaceutical industry and in day-to-day life. Optical sensors in the form of TFGs
(small or large) are a good choice for this application as mentioned by Liu et al [98]. This is pos-
sible for the small and large TFGs due to their mode coupling mechanism that allows them to be
sensitive to changes in external environment. Xiaoyi et al [99] during this experiment found out
that length of immersion of the TFGs affects their transmission power and transmission peaks. The

transmission loss peaks gradually looses power as the length of the grating in the liquid increases.

Due to the robustness of these gratings, they have been used to make hybrid sensors. In 2010,

Shao et al [100] made a bend sensor using a hybrid LPG and TFG fabricated in a photosensitive
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fibre. The bend sensor utilises the advantages of the different mode coupling mechanism that
exist between the LPG and a TFG, but it has a slight issue of temperature cross sensitivity (similar
temperature sensitivity) which can be eliminated by using LPGs fabricated in photonic crystal
fibre (PCF) [101, 102]. Other devices making use of hybrid gratings are: all fibre twist sensor [103],

temperature and refractive index sensor [104, 105] and wearable sensors [106].

2.6 CHAPTER CONCLUSION

The chapter has looked extensively into the concept of photosensitivity of in-fibre gratings, which
is the key factor for UV induced refractive index modulation in the optical fibre. The photosensi-
tivity mechanisms discussed were colour centre, compaction densification and stress relief mod-
els. The hydrogenation technique (amongst other enhancing photosensitivity techniques like co-
doping, flame brushing) is used to enhance the photosensitivity of the fibres and have been used
throughout this thesis. This photosensitivity technique has been reviewed and found to increase
the UV-induced refractive index modulation to around 1073 to 10~2. This high index modulation
makes it possible to write strong, complex and quality gratings. In order to then stabilise the fab-
ricated gratings for real applications, the unreacted hydrogen needs to the removed through the

process of annealing at the temperature to which the grating will be used.

The way light (electromagnetic waves) travels in the different grating structures made in this the-
sis can be analysed and explained through the use of the coupled mode theory. The two form of
electromagnetic propagation described are the forward propagation (co-propagating) and the back-
ward propagation (counter propagating). The different gratings structures have phase matching
conditions are follows: FBGs couples the core propagating mode to the counter propagating core
mode, LPGs couples the core mode to the co-propagating cladding modes and the TFGs couples to
either the co-propagating or the counter — propagating modes depending on the internal tilt angle

of the grating.

Fibre grating inscription techniques including two-beam holographic technique, point-by-point
inscription technique and phase mask technique have been discussed and the various limitations
of the different techniques were mentioned. Out of all the three fabrication techniques, the phase
mask fabrication technique has proven to be the most stable and repeatable but has its own lim-
itations of cost (phase masks, air-bearing stage and computerised controls) and grating length

limitation due to the length of the mask used. However the holographic set up enables us to fabri-
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cate FBGs of desired wavelength, by the changing the distance of the mirrors from the 50:50 beam
splitter (thereby changing the angle of the interfering beams). This technique also suffers from
instability, unrepeatability, and short grating length. These fabrication techniques have been used

to fabricate the gratings (FBGs, LPGs and TFGs) used throughout the work reported in this thesis.

Finally, few applications of amongst many of the applications of fibre gratings as sensors were
mentioned. For example; FBGs used as filters in telecommunication networks, FBGs used in struc-
tural health monitoring in civil and aerospace industries, LPGs used in salinity testing of coastal
environments, TFGs used as liquid level sensors in the petroleum industries and applications based

on the hybrid of the different grating types.
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3 FIBRE GRATINGS WITH NORMAL
PERIODIC STRUCTURES

3.1 INTRODUCTION

Fibre Bragg gratings (FBGs) can be inscribed using the two-beam holographic (as described in sec-
tion 2.4.1) and phase mask techniques (section 2.4.2). Years after the development of these two
techniques, potential applications have surfaced which have required researchers to devise meth-
ods to improve stability and spectral response of FBGs during the writing process (in the case of
holographic inscription) and the introduction of the phase mask technique in 1993 by Hill et al al-
lowed FBGs to be fabricated in production conditions with high quality and reproducibility. Due to
advantages like lightweight and robustness, low cost fabrication and electromagnetic interference
(EMI) immunity, interest is increasing in its use over bulk optical components. This Chapter will
report on the experimental work on the UV-inscription, characterisation and sensing capabilities
of fibre gratings with normal periodic structures, including FBGs and long period gratings (LPGs).
The major inscription techniques used to produce all FBGs and LPGs discussed in this thesis are:

two-beam holographic, phase mask and point-by-point writing techniques.

FBG structures have become very useful in various applications due to their ability to couple light
between the forward and the backward propagating core modes, while LPGs make use of their
ability to couple light propagating through the core to the cladding modes, generating a range of
filtering functions. After the fibre-grating inscription, the FBGs were characterised for temperature
sensitivity at different wavelength; the LPGs were characterised for temperature and refractive

index sensitivities and later used for sensing changes in bio-samples (FBS).
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3.2 FIBRE BRAGG GRATING (FBG)

3.2.1 Fabrication Techniques

The aim of this section is to give a detailed analysis of the fabrication techniques employed in
the inscription of the normal periodic FBGs described in this section. Two main techniques were
used for fabricating these FBGs: two-beam holographic technique and phase mask technique. The
laboratory set up for the holographic technique (Figure 2.7) and the phase mask technique (Figure
2.9) have been shown in Chapter 2 of this thesis. However, these two techniques will be discussed

in more detail.

3.2.1.1 Two beam holographic technique

The schematic of fibre Bragg grating inscription using the two beam holographic technique is

shown in Figure 3.1, in which all system geometrical parameters are labelled [1].

Aston University

Hlustration removed for copyright restrictions

Figure 3.1: The Schematic diagram of the two-beam holographic inscription technique (refer to figure 2.7
for the actual set-up).

When using two-beam holographic technique to induce refractive index fringes in the fibre core,

the UV-beam intensity distribution along the fibre can be given as:
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2
I(z) = [A(z, 2)]? = 24 2 cos [XZ] (3.1)
where A(x, z) is the composed amplitude, A is the fibre grating period ,  and z are unit vector of
the x -axis and z -axis respectively. The fibre-grating period is dependant on the interference angles,
o and f3, and can be illustrated as seen in equation 2.41 (Chapter 2) and the Bragg wavelength of
a FBG as seen in equation 2.30 (Chapter 2). Since the grating has normal structure, the irradiated

photosensitive fibre is perpendicular to the two UV writing beams bisector, so o = 3

(3.2)

a=p3= tan ! { Lz sin(o) ] =sin! {neff)\uv}

Lo — L, cos(bp) AB

where L, is the interferometer arm length, )., is 244nm (from a frequency doubled Ar™ ion laser)
and Ly is ~522mm in our set-up for 1550nm FBGs. Using equation 2.41 and equation 2.30, for a
grating at 1550nm, A is 0.540pm and « = 8 = 13.6° respectively. The Bragg wavelength can also be

expressed in terms of the interferometer arm length L, taking into account equation 3.2:

neff)\uv

sin [tan_l <%)]

A = (3.3)

Using equation 3.3, a graph of the interferometer arm length (L, ) was plotted against the Bragg

wavelength (Ap ) as shown in figure 3.2 (a).

Aston University

Nlustration removed for copyright restrictions

Figure 3.2: (a) Bragg wavelength against the two-beam interferometer arm-length L, for Lo =522mm,
Nefs =1.446, O = 45° and Ay, =244nm. (b) Schematic diagram of optical set-up for changing the Bragg
wavelength by varying the arm-lengths (moving mirrors M2 and M3 to position M2’ and M3’).

56



3 FIBRE GRATINGS WITH NORMAL PERIODIC STRUCTURES

The relationship between the Bragg wavelength and the arm-length L, in Figure 3.2(a) with a
fixed Ly makes it possible to predict the grating wavelength by using the appropriate reference
arm-length value L,.; (Figure 3.2(b)). The L,.s and a grating of wavelength \,.; can be initially

measured, and then by rearranging equation 3.2, we have;

Lo = Lref + Lref -
V2 V2 tan [silf1 (Wﬂ

ref

(3.4)

By moving the mirrors M2 and M3 to new positions M2’ and M3’ as seen in Figure 3.2(b), this gives
new arm lengths L, = L,.s + X, where x is the measure of displacement using a micrometer. With

the new arm lengths in Figure 3.2(b), the Bragg wavelength can be re-written as:

neff)\u'u

: —1 Lref +z
sin [tan ™! (G070

Ap =

where Ly is given in Equation 3.4

This technique has since proven to be a useful tool in fabricating FBGs with arbitrary wavelengths
by simply adjusting the angle of the two interfering beams. However the main disadvantages of
this technique are that the grating length is limited by the size of the two interfering beams, suscep-
tibility to mechanical vibrations during the fabrication process and the need for a good coherent
laser source. Also self-chirping is observed usually on the short wavelength side of the Bragg res-
onance, which is caused by the non-uniformity of the beam profile over the exposed length of the
grating. In the use of the holographic system as a fabrication technique, various parameters can be
altered in order to change the strength and bandwidth of the Bragg peak, including the laser beam
power and exposure time. The Spectra growth of holographically inscribed FBG in SMF-28 was
monitored for about 1 minute and the observed result (showing the effect of exposure time whilst

keeping other conditions the same) is shown below in Figure 3.3.
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Figure 3.3: Spectra growth of holographically inscribed FBGs in SMF-28 monitored for about 1 minute.

The growth of the reflectivity (or transmission loss) of an FBG increases over a period of UV ex-
posing time, as shown in Figure 3.3. The more the fibre is exposed to the UV beam, the stronger
the index modulation that takes place in the fibre core. It can be deduced from the results shown in
Figure 3.3 that the change in wavelength over a period of approximately 1 minute of exposure time
is ~0.43nm, while the reflectivity growth of the grating approximately 1 minute is 11.5dB. Figure 3.3
also shows a slow start of reflectivity, but the more noticeable change in transmission loss begins
at about 15secs into the fibre exposure. When the grating grows, a red shift in Bragg wavelength
is also observed. This is due to the increased change in effective refractive index of the fibre core.
The transmission evolution stops increasing as the photosensitivity of the hydrogenated SMF-28

fibre reaches saturation point.

The maximum reflectivity of a uniform Bragg grating is however governed by [2]

Rycar, = tan h? (kL) (3.6)
and
k= L"; ©) (3.7)

where L is the grating length and 7(v) is a function of the fibre V parameter and is given by:
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nw)=1-— (3.8)

and the detuning ¢ is given by:

1 1

where n.y is the effective mode index and Ap is the Bragg wavelength.

Most of the gratings in this session are fabricated using the phase mask techniques but the holo-
graphic method has been used when some specific wavelengths are required. Figure 3.4 shows
typical transmission spectra of four FBGs fabricated in standard Corning SMF fibre with Bragg

wavelength ranging from near-IR 800nm to mid-IR 2pm
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Figure 3.4: Typical transmission spectra of holographically inscribed FBGs in SMF-28 fibre with Bragg
wavelengths ranging from near-IR (800nm) to mid-IR (2pm).

The spectra in Figure 3.4 clearly shows that as the period change occurs (284nm, 470nm, 533nm

and 690nm respectively) during the fibre exposure to UV (using the experimental set up in Fig-
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ure 2.7), there is a corresponding Bragg wavelength shift (823nm, 1365nm, 1552nm and 2009nm
respectively). The transmission strengths of these four FBGs are about 12dB, 25dB, 14dB and 7dB
respectively. Factors that would affect the strength of the grating during fabrication using the
holographic system are: the UV laser power, the exposure time and the grating length (determined

by the length of the effective interference region of the two beams).

3.2.1.2 Phase mask technique

The phase mask technique is known to be the most robust FBG fabrication technique, due to its
grating repeatability and system stability. The phase mask is a one-dimensional periodic surface
relief pattern, which can diffract incident light into several orders (m = 0, +1, +2)[3] [4]. The di-
agram in Figure 2.8 and 2.9 (Chapter 2) illustrates the beam diffraction from a phase mask. Most
of the fabrications discussed in this thesis used phase masks with m = £1 orders optimised, while
other orders were suppressed to allow for better visibility of the interference pattern. The diffrac-
tion caused by the phase mask shows the +1 orders (Figure 3.5(a)) with the strongest intensity
while the other orders are suppressed. The gap between successive orders also increases outwards

across the phase mask.

Figure 3.5: Images of the UV diffraction pattern: (a) with a bare phase mask; (b) with phase mask and optical
fibre; (c) the laboratory set up showing the viewing screen, the phase mask, the fibre and the scanning stage;
(d) another diffraction pattern with both the phase mask and the fibre.

To ensure quality-grating fabrication, further analysis was carried out to compare the diffraction

60



3 FIBRE GRATINGS WITH NORMAL PERIODIC STRUCTURES

efficiency of the 0 and £1 orders) of a commercial phase mask. This commercial phase mask (manu-
factured by QPS (S/N 9018H-17-50-3-D)) can be used to fabricate FBGs at five different wavelengths

and the phase mask attributes are shown in Figure 3.6.

Figure 3.6: (a) Schematic of UV diffraction beams by phase mask and (b) five selected points of phase mask
for measurement.

As shown in Figure 3.6, the diffraction power intensity of 0 order and =+ 1 order at five different
positions along the 50mm long phase mask were measured. In tables 3.1-3.5 below, the detail char-
acterisation of the QPS phase mask is shown. The diffraction efficiency experiment was carried out
by lunching an incident UV beam (Frequency doubled argon ion laser at 244nm wavelength) with
a spot size of approximately 0.5 mm to the phase mask. The mask structure results in diffraction
beams of 0, £1, +2 orders which were viewed clearly on a screen placed behind the mask (as the

image shown in Figure 3.5(a-d)).
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Point Location (mm)

Diffraction Efficiency (%)

-1 order | 0 order | +1 order
7 38 0.9 38
12 38.1 0.1 38.1
17 38 0.1 38
23 39 0.1 39
50 39.2 0.2 39.2

Table 3.1: Diffraction efficiency of QPS Phase Mask at A = 1060.85nm

Point Location (mm)

Diffraction Efficiency (%)

-1 order | 0 order | +1 order
7 39 0.9 39
12 39 0.1 39
17 40.1 0.2 40.1
23 39 0.2 39
50 40.1 0.2 40.1

Table 3.2: Diffraction efficiency of QPS Phase Mask at A = 1066.39nm

Point Location (mm)

Diffraction Efficiency (%)

-1 order | 0 order | +1 order
7 38 1.1 38
12 38.1 0.2 38.1
17 38 0.2 38
23 39 0.3 39
50 39.2 0.3 39.2

Table 3.3: Diffraction efficiency of QPS Phase Mask at A = 1071.92nm

Point Location (mm)

Diffraction Efficiency (%)

-1 order | 0 order | +1 order
7 39 1.1 39
12 39 0.3 39
17 40.1 0.3 40.1
23 39 0.3 39
50 40.1 0.3 40.1

Table 3.4: Diffraction efficiency of QPS Phase Mask at A = 1077.45nm

Point Location (mm)

Diffraction Efficiency (%)

-1 order | 0 order | +1 order
7 38 1.0 38
12 38.1 0.3 38.1
17 38 0.2 38
23 39 0.3 39
50 39.2 0.2 39.2

Table 3.5: Diffraction efficiency of QPS Phase Mask at A = 1082.98nm
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Figure 3.7: The fabrication set up with the QPS phase mask mounted on a tilt stage on a 3D translation
stage.

The intensities of three order beams (0 order, +-1 order) were measured using a UV detector. The
experimental results from testing on the phase mask with five different periods show a diffraction
efficiency > 35% for the £1 orders and < 5% for the 0 order. The suppression of the 0 order
diffraction can usually be controlled through the corrugation depth and the choice of the amplitude

of the surface-relief pattern. For a minimum 0 order, the depth of corrugation can be expressed as:

do= — 00 (3.10)

where )\, is the wavelength of the UV beam and n4(\,, ) is the refractive index of the fused silica
substrate at the incident wavelength of the UV beam. The period of the grating fabricated is always
half the period of the phase mask used (equation 2.42 in Chapter 2). A stronger than 5% 0 order
will erase the grating fringes induced by %1 order diffraction, so a well suppressed 0 order gives

the best FBG fabrication condition.

In order to fabricate FBG grating, the stripped fibre must be placed at the effective interference
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region (with the fibre almost in close-contact with the phase mask corrugations) of the £1 orders
of the UV beam (Figure 2.8 and 2.9 in chapter 2), so that refractive index modulation can be induced
in the core of the fibre. A microscopic image (Carl Zeiss Microscope) of an FBG inscribed using
phase mask technique is shown in Figure 3.8, where the periodic fringe pattern with designed FBG

period can be clearly seen:

Figure 3.8: The microscope with X 100 objective lens used to view the inscribed FBG, showing a uniform
period across the length of the grating.

The QPR phase mask (Figure 3.5 and 3.7) with five different periods of 1060.85nm, 1066.39nm,
1071.92nm, 1077.45nm and 1082.98nm has been used to inscribe five FBGs, showing Bragg wave-
lengths at 1536.5nm, 1544.6nm, 1552.9nm, 1560.6nm and 1568.2nm, respectively, with reflectivity

around 16dB, as shown in Figure 3.9(a-e)
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Figure 3.9: The transmission spectrum of the fabricated FBGs using the QPR phase mask; at wavelengths
(a) 1536nm, (b) 1544nm, (c) 1552nm, (d) 1560nm and (e) 1568nm respectively; (f) a plot showing the effect of
change in period on grating wavelength.

Figure 3.9 (f) shows a red shift in wavelength as the period of the phase mask used increases,

showing also a linear correlation when the fabrication condition is kept the same.

3.2.2 FBG Stability

Since the FBGs are widely used in optical fibre communications and sensor systems, their stability
in wavelength and reflectivity over a time period is therefore crucial. Erdogan et al [5] mentioned
that grating decay is caused by the thermal depopulation of trapped states that the grating fabri-
cation process produces. Most systems have 25 years design lifetime and gratings are not expected
to decay in this time period. Considerable efforts have taken place in the photonics community

over the issue of thermal stability and its consequent effect on performance [6-10]. For example,
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FBGs written in Sn-doped silica fiber sustain temperatures as high as 800°C [11], but FBGs written

in Boron/Germanium (B/Ge) co-doped silica fiber can sustain much lower temperature of 300°C

[6].

In order for the FBGs to function as temperature sensors, they are usually thermally annealed at
the required temperature, because the thermal annealing treatment removes the portion of traps
that will decay quickly and leave behind stable traps that can survive long term, thus increasing
FBG stability. However, there is link between the annealing time, long-term stability and operating
temperature. For example, if an FBG will be used for sensing temperature of up to 100°C, it must be
annealed for 24 hours at 120°C. If the lifetime requirement or operating temperature is increased,

the annealing temperature of the grating should also be increased.

1k — After annealing
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Figure 3.10: Graph showing the annealing result of an FBG inscribed in SMF-28 fibre.

The FBGs fabricated and reported in this thesis have been annealed to remove the unreacted hy-
drogen in SMF-28 fibre and to stabilize the structure. This process of annealing treatment was
conducted over 48 hours at 80°C. Figure 3.10 shows the result of an FBG inscribed in a hydrogen

loaded SMF-28 telecom fibre, before and after annealing.

In 1993, Douay et al [6] described that when the grating is heated from a temperature 80°C to
425°C, the Bragg wavelength shows thermal hysteresis due to an annealing effect. The increase

in temperature causes the fibre to thermally expand thereby increasing the grating period causing
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the Bragg wavelength to increase. But, when the grating is restored to its initial temperature, a
permanent Bragg wavelength shift to the shorter wavelength is still observed. This depends on the
fibre and the condition of exposure. The wavelength shift of the FBG shown in Figure 3.10 after
annealing at 80°C for 48 hours and returned to room temperature is ~0.5nm and the reflectivity
stayed almost the same. This annealing process will make the FBG stable in sensing applications

operating below 80°C.

3.2.3 FBG Temperature Sensing

The sensing capability of FBG works by monitoring the shift in the Bragg wavelength (equation
2.30 in Chapter 2) as the grating condition changes with external perturbation. The thermal re-
sponse of an FBG is due to the inherent thermal expansion of the fibre and the refractive index
temperature dependence of the fibre. Using the chain rule of derivatives, the wavelength shift per

unit temperature CZ‘—T? for a particular temperature change AT can be derived as [12]:

d)\B B d)\B dneff d)\B%

= 3.11
dT ~ dnes; dT ' dA dT (3.11)

Equation 3.11, suggests that the thermal induced Bragg wavelength shift is due to the change in
the effective index of the fibre and the change in the grating period. The first part of the equation
is the material effect on wavelength shift and the second part is the waveguide effect as it causes
a change in length due to thermal expansion. Since the slope of the wavelength versus grating
period of a silica fibre is constant and approximated as @—f = 2nys [13], equation 3.11 can then

be re-written as:

dA\B _ dnegys 1dA

Therefore, by approximating the effective index with the index of refraction of pure silica, equation

2.30 and equation 3.12 can be combined to form:

ne dT trar

— = Ap (3.13)

dA\p 1 dng; 1dL
dT
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1dA _ 1dL

were ng; is the index of refraction of pure silica and L is the grating length (; 57 = 7 §7)- Using

ng; = 1.458, d;fi =7.8 x 1076/°C and %% =41x1077/°C [14],equation 3.13 can be rewritten as:

AXg =5.76 x 107 A AT (3.14)

where AT is the change in temperature and AAp is the Bragg wavelength shift. The changes
in neys temperature lead to changes in the thermo-optic coefficient and the change in period oc-
curs through the thermal expansion and contraction of the fibre. In the following described ex-
periment, three FBGs fabricated using the two-beam holographic inscription method with three
distinctive wavelength ranges were evaluated for temperature sensing and their temperature sensi-
tivities were then compared. The temperature sensing experimental set-up used is shown in Figure

3.11.

Aston University

Hlustration removed for copyright restrictions

Figure 3.11: FBG temperature sensing experimental setup, showing the FBG on a heat controlled peltier
and the OSA for observing and capturing the wavelength shift using a LabView program.

The FBGs used in this experiment were fabricated holographically to generate wavelengths in three
regions: 800nm, 1550nm and 2000nm and they were first annealed in a heat chamber at 80°C for
24 hours. The FBG section of the fibre was placed in the heating device that was controlled by a
Lightwave LDT-5910B temperature controller and the temperature was explored for range 10°C to
70°C (with a stability of between £0.08°C). The gratings are 24mm each in length, a BBS (Broad
Band Source) was used as a light source and the HP86142A OSA (optical spectrum analyser) was
used to observe the transmission spectrum. The set up (Figure 3.11) involves fixing (using a thermal

tape) both sides of the FBG sensor unto the v-grove of the heating unit (peltier). The temperature
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controller was then used to control the temperature of the v-grove (50mm long aluminium plate)

plate to which the 24mm FBG region was placed.
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Figure 3.12: Comparison FBG thermal response Vs Wavelength shift for three different wavelength ranges.

It can be seen from the plot (Figure 3.12) that the temperature responses for all three different
wavelength ranges have a linear fit. The temperature sensitivity for the 800nm FBG is ~5.3 pm/°C,
for the 1550nm FBG is ~11.6 pm/°C and for the 2000nm FBG is ~14.8 pm/°C, showing that the
temperature sensitivity increases with Bragg wavelength and satisfies equation 3.14. The measured
temperature sensitivity in 1550nm range is in agreement with the theoretical and reported values,

which lie between 10.0 pm/°C and 13.0 pm/°C.

3.2.4 Cryogenic Sensing and Experimental Result

There are several sensors available in the market capable of measuring low temperatures but with
great limitations in their use in harsh environments [15]. However, the uses of optical sensors
for low temperature applications, like storage or transport of cryogens and liquid hydrogen fuel
tanks [16-21] are now becoming more appealing. In this continued effort to use FBGs as sensors
in cryogenic conditions, scientist have embedded FBGs in substrates like Teflon or Poly(methyl

methacrylate) (PMMA) to enhance their sensitivity due to having a greater thermal expansion

69



3 FIBRE GRATINGS WITH NORMAL PERIODIC STRUCTURES

than that of a silica fibre [16][18]. In 2002, White showed that the thermal expansion of Silica glass
is negative at temperatures below 150K (-123°C) [22]. The experiment described here was looking

at low temperature measurements up to -40°C.

The FBG used for the cryogenic testing experiment had been previously annealed to improved

stability. The set up for this experiment is shown in Figure 3.13.

Aston University

Hlustration removed for copyright restrictions

Figure 3.13: Experimental set up of FBG cryogenic sensing.

The environmental chamber (ESPEC Platinous series ESX-3CA) consists of a brass body housing
which has the capability to measure both humidity and temperature. It is capable of varying en-
vironmental conditions (temperature and humidity) over hourly, seasonal, and annual time scales
through touchscreen and remote programming. The chamber runs off a dedicated circuit and uti-

lizes ultra-pure compressed air from an SF-8 Atlas Co. compressor.

A FBG centred at 1550.93 nm at room temperature was bonded on an aluminium v-groove plate
with an epoxy adhesive and placed in the chamber after the chamber was initialised to 0°C. With
the help of the programmable temperature input, the chamber was programmed to increase the
temperature for every 10°C (up to 35°C) at 20 minutes interval, allowing for the temperature reading
to stabilise before changing to the next temperature. The two fibre ends were connected to a BBS
(Ando AQ-6310B) and an OSA (HP86142A) respectively. The observed spectral shift from the OSA
was auto-captured throughout the course of the experiment by using a LabViiew program. Similar

experiment was then carried out for temperatures from -5°C to -40°C and programmed using the
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same interval. The experimental results are shown in Figure 3.14.
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Figure 3.14: (a) Comparison FBG response for both the cryogenic and elevated temperatures: (b) Compar-
ison FBG thermal response Vs wavelength.

showed that as the programmed temperature of the environmental chamber increases from 0°C
to 35°C, the FBG transmission spectrum experiences a red shift towards the longer wavelength
(from 1550.93nm to 1551.25nm). The temperature sensitivity for the elevated temperature sensing
is ~9.5pm/°C (Figure 3.14(a)), with the reflectivity of the FBG remaining the same throughout the
elevated temperature change. The result of the cryogenic experiment (from -5°C to -40°C) shows
a blue shift towards the shorted wavelength (1551.25nm to 1550.48nm) and with a temperature
sensitivity of 10pm/°C. In Figure 3.14 (b), the comparison of the temperature sensitivity for both

the elevated temperature and cryogenic temperature shows a linear correlation.
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3.3 LONG PERIOD GRATINGs (LPGs)

3.3.1 LPG Fabrication

Long period grating (LPG) devices have periods in the range of 100pm to 1mm compared to FBGs
with shorter periods of few hundred nanometres. The longer spacing of the period in LPGs is
a result of a different waveguide coupling mechanism. LPGs couple light from the guided core
mode to forward propagating cladding modes generating attenuation peaks in the transmission
spectrum associated with each coupling. Due to this LPG coupling property, it has been used in
applications like strain, bend, temperature, and refractive index change sensors [13, 23, 24], band-
pass and band-rejection filters [24], gain equalizers [24], mode converters [25], light diffusers for
medical applications [26] and chemical sensors [27]. Historically, LPGs have been inscribed by var-
ious methods: amplitude mask method [28], femtosecond laser inscription [29], using computer-

generated holographic element (HOE) [30] and point- by- point methods [28].

The aim of this section is to give a detailed analysis of the fabrication technique employed in
the inscription of the LPG structures reported in this thesis. The spectral characteristics of LPGs
fabricated in hydrogenated SMF 28 fibre with periods from 290pm to 440pum will be reviewed.
Also, the temperature sensitivity of LPGs at different wavelengths will be examined, showing a
comparison between the temperature sensitivities of different modes of the LPG. The refractive
index sensitivity of LPGs at different wavelengths will also be described. Furthermore, the LPG

usage as an ultra-sensitive low curvature-sensing device is also described.

The LPG fabrication was through the point-by-point method, (first reported by Malo et al [31]).
The output from a UV laser (Sabre FreD frequency doubled argon ion laser, operated at 50Hz line
frequency and at 100mW output power) is directed towards two sets of circular Plano-convex lens
(f1 and 2 in Figure 2.10), which are used to focus the beam down (in the x and y direction) to the
fibre axis. With the fibre fixed unto the v-grove holders (with a magnet) mounted on a 3D stage,
the UV beam is translated for a set length through the computer controlled air bearing translation
stage with maximum travel of 150mm and a resolution of 7nm. The periodic exposure and the
varying of the duty cycle are controlled via the automatic (using a LabView programme) switching
on/off of the acousto-optic (AO) modulator. The LabView programme also enables the parameters

setting for the duty cycle, period, and fabrication speed and grating length. The transmission
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spectrum was monitored via the connectorised ends of the clamped fibre to the BBS and an OSA

(with maximum resolution of 0.06nm).

The LPGs were inscribed in hydrogenated SMF-28 single mode fibre. The output power of the
laser was set to 100mW and the measured laser power after the two focusing lenses was ~90mW.
After carefully aligning the fibre axis to the focused beam (Figure 2.10 in Chapter 2), the LabView
programme (with desired parameters set) was set to run and as the fibre exposed to UV beam.
The fabrication conditions were set as: the grating length to 15mm, duty cycle to 0.5 and grating
periods to 290pm, 295pum, 300pm, 305um, 310pum, 315um accordingly. After the irradiation of the
fibre, transmission loss peaks (LPg1-LPgs) begin to emerge and the spectrum was captured from

the OSA with a GPIB card.

3.3.2 LPG Spectral Response

Similar to FBGs, after the fabrication, the LPG devices were annealed for 48 hours at 80°C to stabilise
the grating structure. Then, all fabricated LPGs were characterised for their spectral responses. As
the transmission loss peaks of an LPG may cover a wavelength range of several hundred nm, a
broadband light source and an optical spectrum analyser (OSA) were used to capture the spectral

response of the LPG. The resolution bandwidth of the OSA usually was set to 0.06nm and the

sensitivity was -75dBm.
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Figure 3.15: Transmission spectra of six LPGs inscribed in SMF-28 fibre by point-by-point method with
periods of 290um (a), 295pm (b), 300pum (c), 305um (d), 310um (e) and 315pm (f).
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Figure 3.15 shows the typical spectral responses of six LPGs (15mm long) with slightly different
periods: A = 290pm, 295pm, 300pm, 305pm, 310um and 315pm. The coupled main cladding modes
of LPg3-LPg5 are all shown but shifting towards longer wavelength side with increasing period.
The transmission spectra for the A = 290um and A = 315pm have been combined for analysis in

Figure 3.16 and Figure 3.17.
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Figure 3.16: Combined transmission spectra of the selected two LPGs with periods of 290pm and 315um,
showing the wavelength shifts for each coupled peak.

In Figure 3.16, when the LPG period is changed from 290pum to 315pum, the transmission peaks
of selected LPy3 - LPy5 showed a shift to the higher wavelength. For the LPg3, LPo4, LPg5 , the
measured wavelength shifts are ~60nm, ~100nm and ~150nm respectively; the shift of LPg5 is almost

3 times of that of LPys.

The ratio (C') of the power coupled to a cladding mode of order m to the initial power in the

fundamental guided mode in the presence of a perturbation can be expressed as [32]

C = - (3.15)

where L is the grating length, 6™ and K (™) are the detuning parameter for the corresponding
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cladding mode and the coupling coefficient respectively, which explains why Figure 3.15, 3.16 and
3.17 show transmission loss peaks of varying peak intensity, with change in intensity of ~2dB, ~3dB

and ~3.7dB for the LP(3 - LPg5 modes respectively.
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Figure 3.17: Analysis of the change in transmission peak intensity observed when the LPG period changes
of 290pm to 315pum, for LPo3 - LPgs.

Further analysis was carried out to investigate the effect of grating length of the fabricated LPG on
transmission peaks. The coupled mode theory expressed that the transmission intensity S of any

loss peak of an LPG is a function of the grating length (L) and the coupling coefficient (n) [33]:

S = sin®(nL) (3.16)

where the coupling coefficient 7 can be expressed as:

_ WheoreONeorel (3.17)

where dncope is the amplitude of the index modulation by UV irradiation of the fibre core, ncope
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is the effective index of the fundamental core mode, w is the resonant frequency and I (which
determines the growth rate of each loss peaks) is the overlap integral between the core mode and
the cladding modes. For this experiment, the grating period (300pum), exposure time, UV-laser
power (100mW), duty cycle (50:50) and the writing speed were kept the same and the grating

lengths were set at 10mm, 15mm and 20mm respectively.
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Figure 3.18: Comparison of transmission loss peaks fabricated for LPGs with different grating lengths, while
all other parameters are kept the same.

The OSA span was set to 300nm, which gave the range to observe two transmission loss peaks.
During UV irradiation, 7 increases as dn.ore increases, thus the peak loss strength increases [34],
which agrees with what was observed in Figure 3.18. At 10mm length, the two transmission loss
peaks are about -2dB and -4dB respectively and about 5nm broad. As the grating length increased
to 15mm, the transmission loss peaks intensity increases to 8dB & 12dB respectively with the width
reduced to about 3nm and a slight wavelength shift (~2nm) to the longer wavelength. At 20mm, the
transmission loss peaks intensity increased for the first peak to ~14dB (with ~2nm width) and the
second peak reduced to 8db from 12dB (with ~3nm width); the second peak reached its saturated
transmission strength at the grating length of 20mm and at which point the transmission intensity

also reduces, satisfying the sine function expressed in equation 3.16.
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3.3.3 LPG Temperature Sensing

The coupling that takes place between the fundamental core modes to the forward cladding modes
makes an LPG more sensitive to the changes in its environment condition. If we consider an LPG

with period A subjected to a temperature change AT, with £ = T to give [35]

A X (d(5neff)> dXxdA (3.18)

dT ~ d(6ness) \ dT dA dT

In order to identify the material and the waveguide contribution to the thermally induced shift,

equation 3.19 can be further modified into:

d\ d\ dn, dn, d\ 1 dL
( leff _ ”l) (3.19)

dT ~ d(0nesy) \ dT — dT' ) " dALdT

Where A is the central wavelength of the attenuation band, T is the temperature, n.f is the ef-
fective refractive index of the core mode (expressed as n.rs - ne), ne is the effective refractive
index of the cladding mode, L is the length of the LPG and A is the period of the LPG. The fol-
lowing section will describe the temperature sensitivity characteristics of four LPGs with different

periods.

3.3.3.1 Experiment and results

The four LPGs used for temperature sensing were fabricated with periods of 300pum, 330pum, 360um
and 440um, thus having the transmission loss peaks of coupled LPg; - LPgg (with labels only for the
LPp3 - LPqg in Figure 3.19) cladding modes distributed around the wavelength range from 1100nm

to 2000nm. The captured spectra for these LPGs are shown in Figure 3.19
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Figure 3.19: Transmission spectra of four LPGs inscribed in SMF 28 fibre by point-by-point method with
periods of 300pm, 330pm, 360pm and 440pm.

The spectrum range from 1100nm to 2000nm, for the LPGs with periods of A = 300um and A =
330um both have LPg3 - LPgg cladding modes, but by increasing the period, the LPyg peaks of
the other two LPGs with longer periods (360pm and 440pm) have shifted beyond the OSA capture
spectral span. A set up similar to Figure 3.11 was used for LPG temperature sensing. The Lightwave
LDT-5910B temperature controller was used to increase the temperature of the LPG device from
10°C - 70°C with 10°C increments. The measured wavelength shifts against temperature for the

LPy5 modes of the four LPGs are plotted in Figure 3.20.
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Figure 3.20: Comparison of thermal responses of LPg5 cladding modes of four LPGs with different periods
(300pm, 330um, 360um and 440pum).
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Table 3.6 lists the temperature sensitivities for the LPp5; modes of the four LPGs

Wavelength (nm) @LPg5

300pm

330pm

360pm

440pm

Temperature sensitivity

30pm/°C

45pm/°C

65pm/°C

100pm/°C

Table 3.6: Temperature sensitivity of LPGs of different LPos.

Figure 3.20 and table 3.6 clearly show that for the same order of the cladding mode, the response
of the LPG at larger period has higher temperature sensitivity. Quantitatively, the temperature
sensitivity for the LPgs for the LPGs of periods of 300pum, 330pm, 36pm and 440pm is 30pm/°C,

45pm/°C, 65pm/°C and 100pm/°C respectively. The longest period LPG with LPg5 at around 2000nm

has just about tripled the temperature sensitivity of the same mode of the shortest LPG.

The temperature sensitivity was also measured for the LPg; to LPp5; modes of a single LPG with
a period of 440pum. During the measurement, the OSA was used to zoom into each mode and the

wavelength shift was captured with LabView. These results are found in Figure 3.21 and table 3.7

below:
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Figure 3.21: Comparison of thermal response of different cladding modes of an LPG with a period of 440pum.

440pum period LPG modes | LPy;

LPg2

LPg3

LPy4

LPos

Temperature sensitivity

29pm/°C

47pm/°C

59pm/°C

66pm/°C

101pm/°C

Table 3.7: Temperature sensitivity of different modes (LPo1 - LPg5) of a LPG with 440pm period.

From table 3.7, the LPy5 cladding mode is about 4 times thermally sensitive than the LPy;; and in
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comparison to FBG, the thermal sensitivity of the LPy5 mode of 440pum LPG is ten times higher than
that of the FBG shown in Figure 3.12. The different cladding modes relates to how they interact
to the changes in the grating surrounding; meaning that the higher cladding modes (in this case
LPgs) are in this case the most sensitive to the change in surrounding temperature. From Equation
3.19, the thermal sensitivity of the grating at a particular period depends strongly on the slope of
the g—f{ characteristics of the cladding mode. The non-linearity in the wavelength shift could be as
a result of the temperature dependence of the thermo-optic coeflicients of the core and cladding. It
has been demonstrated that the wavelength shift can be enhanced by applying appropriate coating
to the grating area [36] and the sensitivity can be suppressed either by coupling to specific lower

cladding modes (LP¢;) or by customising the fibre profile [35].

3.3.4 LPG Refractive Index Sensing

The light guided through a FBG is screened from the cladding due to the core-to-core mode cou-
pling mechanism, thereby blocking out any strong interaction with the surrounding medium, thus
a normal FBG cannot be used as a surrounding medium refractive index (RI) sensor. To make an
FBG sensitive to surrounding medium RI, one has to modify the fibre structure to allow the interac-
tion between the evanescent wave of the core mode and the surrounding environment. A number
of methods have been used to achieve this, including polishing [37, 38] and chemical etching the
fibre [39-41], but both methods reduce the mechanical strength of the fibre and make the fibre

unsuitable for real applications.

In contrast to FBGs, and based on the core-cladding mode coupling mechanism, LPGs are intrin-
sically sensitive to changes in surrounding medium RI and can be implemented as RI sensors. In
2002, Shu et al presented a complete theoretical analysis of the RI sensitivity characteristics of
LPG [42]; this analysis gives an insight into the design and application of LPG as a RI sensor. An

expression for the RI sensitivity of an LPG was derived as [43, 44]:

(3.20)

ANgyr dn¢ dn sy

cl
A, d, [dne y f,m]
effm

Where, ngy, is the refractive index of the surrounding, nglf fm is the effective index of the m'"

cladding mode and A, is the resonant wavelength. Equation 3.20 reflects that the higher cladding
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modes (e.g. LPg5) are most sensitive to change in the environmental condition. The change in the
effective index of a particular cladding mode (dnglf f.m) 1s dependent on the order of the cladding

mode, with each resonance band showing a distinct wavelength shift.

For most RI sensing applications, the index measurements are performed in the RI range 1.33 (wa-
ter) to about 1.45 (fibre cladding index). For a situation where ng,, > n.;, the propagation constant
of the cladding mode becomes complex and the modes become leaky [45]. Figure 3.22 shows a
schematic representation of an LPG with a surrounding medium; the cores refractive index is n1,
the claddings refractive index is ns and the surrounding refractive index is n4,,. The change in the
effective index of a particular cladding mode (dnglf f.m) is dependent on the order of the cladding
mode. Changes in the surrounding medium RI will affect both the transmission intensity S (equa-

tion 3.16) and shift in resonant wavelength A, (equation 2.31).

Aston University

Nlustration removed for copyright restrictions

Figure 3.22: A schematic representation of an LPG as a RI sensor.

3.3.4.1 RI measurement and results

A 15mm long LPG of period 360pm was selected for RI sensing experiment. The set up used as
illustrated in Figure 3.23 shows the grating been supported on two sides by fibre holders in such

a way that the fibre is kept parallel to the surface of the table. A glass slide is placed on a small
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laboratory jack, which is raised until the slide is touching the fibre. The portion of the fibre with
the grating is fully pooled with the refractive index oils from Cargille Laboratories. The index oils
are available in increments of 0.002 or 0.004, with an average temperature coefficient of 5x10~4/°C
[46]; the specified values of these index gels are at 589.3nm and Cauchy equation can be used to
calculate the refractive index at the wavelength [46]. For the index oils in the range 1.4 — 1.46, the

refractive index values at 1550nm are about 0.01 smaller that those at 589.3nm [47].

Aston University

Hustration removed for copyright restrictions

Figure 3.23: Experimental set up of the RI sensing, with the LPG secured to the glass slide and the two ends
connected to the BBS and an OSA.

Light from a BBS was coupled into the fibre and the transmission spectrum was measured using an
OSA. The LPG area was pooled by a series of Cargille index matching gels of varying index from
1.3-1.44 and left on the grating for about 1min for each index measurement; afterwards the spec-
trum was captured by the OSA. On completion of each index measurement, the small laboratory
jack was lowered and the surface of the glass slide was cleaned carefully (with ethanol) to remove
the residual index oils; with a reference scan taken after the cleaning to ensure the resonant peak
returned to its unperturbed position (in air). As clearly described from the theory above (equation
3.20), the higher order cladding mode shows higher sensitivity to the surrounding medium RI, and
this sensitivity will approach the maximum when Rl is close to the refractive index of the cladding
[48], hence the reason why the LPg5 of the 360pum period LPG (Figure 3.19) was selected for the

refractive index sensing.
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Figure 3.24: Plot of (a) the central wavelength shift at RI from RI = 1.3 to RI = 1.4; (b) LPG response to RI
from 1.46 to 1.70.

Figure 3.24(a) shows a set of transmission spectra taken at several values of surrounding medium
RI (1.00 - 1.44). When the LPG is surrounded by air, the resonant peak of the LPg5 remained at the
initial position, but as the Rl increases, the resonant peak experienced a blue shift for each change
in index gel. The RI sensitivity increased rapidly as the surrounding medium RI approaches to the
index of cladding. The overall wavelength shift is about 25nm with the LPy5 mode over the whole
RI change from 1 to 1.44. As the Rl increased, a small non-uniform change in the resonance peak
strength was also observed (Figure 3.25(b)). The RI value was then increased from 1.44-1.46; as the
RI index approached the cladding mode index, the resonant peak completely disappeared (Figure
3.24(b)); this is because the cladding appears to be infinite at this point and no co-propagating
cladding modes are supported. The resonant peak later reappears as the RI value reaches 1.50; with
progressive increase in amplitude (and no significant wavelength shift) as the RI value increases

from 1.50 to 1.7. The overall wavelength shift of LP¢5 to surrounding RI change is shown in Figure

3.25(a)
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Figure 3.25: (a) Plot of the overall RI induced wavelength shift of the LPy5 mode from the LPG with 360um
period when surrounding RI changed from 1.46 to 1.70; (b) The effect of each change in RI on the transmission
peak strength.
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Furthermore, the RI sensitivities of the same order (LPg5) cladding modes of four LPGs with dif-
ferent periods (300pum, 330pm, 360pm and 400pum) were also analysed and the results are shown
in Figure 3.26. As the surrounding medium RI increases from 1.30 to 1.44, a non-linear and nega-
tive wavelength shift of LPy5 mode for the four LPGs was observed since the sensitivity to index
changes increases as the effective index of the cladding mode is attained. The overall wavelength
shifts of LPgs are 375nm/RIU, 75nm/RIU, 499nm/RIU and 25nm/RIU for the four LPGs with period

of 300pm, 330pum, 360um and 440pm respectively.
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Figure 3.26: The experimental results showing RI induced wavelength shift of the LPg5 of four LPGs of
different periods at around 300pm, 330pm, 360pm and 440pm.

This therefore signifies that the wavelength shift is an increasing function of the order of the
cladding mode, i.e. resonant peak at higher wavelength will give larger wavelength shifts with

change in surrounding refractive index, e.g. higher RI sensitivity.

3.3.5 LPG Bio-Sensing Application

An LPG was then selected to measure the protein degradation of Fetal Bovine Serum (FBS). FBS is
a part of the plasma that remains after blood coagulation. Due to its major use as a supplement in
cell culture, Van der Valk et al., 2004 estimated that there are about 500,000 litres of FBS produced
for the world market per year [49]. This level of production is bound to increase in the cell culture
media. FBS is made up of numerous components of which some are growth factors (cytokines,
fibroblast and hormones) and protein. The presence of these growth factors helps to promote cell
differentiation in medical applications, for example, blood vessel differentiation using the vascular

endothelial growth factor.
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Due to its use, it is therefore important to be able to measure and monitor the degradation of
some of the key component (proteins) that play a great part in its use for cell culture. In 1944,
William Sunderman carried out work in estimating the refractive index (RI) change in FBS against
different concentration of protein [50]. He concluded that as the concentration of protein increases
in the serum, the RI also increases. The method proposed to measure protein degradation at room
temperature, is by sensing these changes with an LPG device with the most sensitive cladding
mode LPg5 at around 1550nm. The sterile filtered FBS used was purchased from Sigma-Aldrich

and has a storage temperature of -20°C.

3.3.5.1 Experiment and results

The FBS purchased was thawed at 4°C for 24 hours and small samples were stored in a micro-
centrifuge tube for the sensing work. The LPG used was first calibrated for RI sensitivity using the
refractive index oils by Cargille Laboratories. This is carried out so that an observed wavelength
shift can be linked to a particular index change. The RI calibration experiment was carried out in

similar way as described in section 3.3.4.1 and the result is shown in Figure 3.27:
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Figure 3.27: Sensing LPG calibration for RI versus Wavelength shift; showing about 5nm wavelength shift
for RI change from 1.35 to 1.40 (Cargille Index Gels).

Form Figure 3.27, there is barely any shift in wavelength at the initial increase in RI from 1.30 to

1.32; significant shift in wavelength becomes apparent as the RI changed from 1.35 to 1.44 with a
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maximum shift observed when the RI value is 1.44. In other to carry out the bio-sensing experiment,
a set up similar to Figure 3.23 was used, with the sensing LPG clamped in place. In the set up,
the glass slide that is placed on the laboratory jack is adjusted accordingly to a position that the
glass slide is almost touching the grating. This experiment was carried out at room temperature
(24°C). A syringe was used to transfer about 0.5ml of FBS unto the LPG device and the LabView
capture software was set to automatically capture the spectral shift of the sensing LPG at 20 seconds
interval and the shifts monitored on an OSA set to 0.06nm resolution. The observed wavelength

shift is shown in Figure 3.28:
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Figure 3.28: Plots of (a) LPG wavelength shift with immersion in FBS for about 240 seconds, (b) LPG wave-
length shift with immersion in FBS showing what happens when the Serum sample dry out, (c) Captured
trace of LPG central wavelength response per 20 seconds interval and (d) LPG transmission peak intensity
at different wavelengths before the Serum sample dry out.

In air, the initial wavelength of the LPG was about 1568.9nm (Figure 3.28(a)), with transmission
intensity of about 24dB. A few seconds after the LPG device was immersed in FBS, the transmission
peak experienced a blue shift in wavelength (Figure 3.28(a)) to 1556.6nm (which corresponds to a RI
of 1.40 from the calibration in Figure 3.27 and with increased intensity of about 34.9dB; this is due to
the sudden increase in the surrounding RI. The spectral change was captured for about 15 minutes
(Figure 3.28(c)) using auto-capture LabView software. It was observed that after few seconds at

room temperature, the wavelength begins to show a red-shift (to about 1561.6nm corresponding
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to a RI of 1.35) with a gradual reduction in the transmission intensity (Figure 3.28(d)). The result
shows that as the temperature of the FBS changes (from 4°C to room temperature), the RI also
decreases from 1.41 to 1.35. This was supported by a research carried out by Hammett et al in 1921
[51]. The Serum sample was left longer on the LPG for over 30mins, the Serum sample gradually
increased in viscosity until it completely dried out over the grating (like a coating). At this stage
(Figure 3.28(b)) the transmission spectrum becomes almost flat, similar to when the external Rl is
at 1.46 as seen earlier in Figure 3.24(b). The change in wavelength of the LPG device immersed
in FBS is due to the degradation of the component (proteins) of the FBS due to temperature and
the reduction in the strength of the transmission peak reflects that as the serum is continuously

exposed to room temperature, the concentration of the serum compositions degrades.

Different techniques have been used in the analyses of the composition of bio-samples (such as pro-
tein concentration in FBS); these includes: Serum protein electrophoresis (known as SPEP), used
for measuring specific proteins in the blood in order to help identify some diseases like cancer,
problems with kidneys, liver and immune system, refractometry and dye binding and colorimetric
test using the Biuret reagent (which is made of sodium hydroxide (NaOH) and hydrated copper
(IT) sulphate, together with potassium sodium tartrate). All the aforementioned techniques require
bulk systems and machines like: UV spectroscopes, cell counters and expensive automated analy-
sers. This experiment has therefore provided another way of monitoring the protein degradation
in a Serum sample by monitoring its RI change; which makes for a cheaper, compact, stable to

calibrate and mobile test system for measuring protein concentrations.

3.4 CHAPTER CONCLUSION

This chapter started with the background history of fibre gratings with normal periodic structures
(FBGs and LPGs) and their various applications for temperature and refractive index sensing. Their
applications are a direct result of their various mode coupling mechanisms and phase matching
conditions as discussed in Chapter 2, as FBGs couple light between the forward and the backward
propagating core modes and LPGs couple light from the forward propagating core mode to the

forward propagating cladding modes.

This Chapter has reviewed the fabrication techniques for FGB and LPG. The two-fabrication tech-

niques used to inscribe FBG structures in a standard Corning SMF 28 fibre are the two beam holo-
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graphic technique and the phase mask technique. In the two beam holographic inscription, the
fibre-grating period is dependent on the interference angles of the beam from the two mirrors,
which in controlled by the arm-length (the length between the mirror and the beam 50:50 beam
splitter). A simulation carried out shows that as the arm length increases the grating wavelength
decreases. This method has shown advantages of been able to write FBGs with different wave-
lengths (from ~824nm, ~1365nm, ~1551nm and ~2009nm) without the need for an expensive phase
mask, but with limitations like susceptibility to mechanical vibrations and the need for a coherent

laser source.

The other FBG fabrication technique employed is the phase mask technique. The set up for this
technique includes: an air bearing translation stage, 3D stages, collimating cylindrical lens, fi-
bre holders and mirrors. The phase masks used are commercially made by QPS, with periods
at 1060.85nm, 1066.39nm, 1071.92nm, 1077.45nm, 1082.98nm, yielding wavelengths at 1536nm,
1552nm, 1560nm and 1568nm respectively. The phase mask diffracts the light into modes 0, +1,
+2, by which the fabrication of the FBG takes place at the interference point of the 41 order
(~40% diffraction efficiency) with 0 order suppressed to about <5%.During fabrication, a LabView
program sets the laser beam scanning speed and grating length at a constant laser power, usu-
ally about 100mW. All SMF 28 fibre pieces for FBG fabrication were hydrogenated at 150 bar and
80°C for 24 or 48 hours to increase the photosensitivity. All FBGs were thermally annealed at 80°C
for 24-48 hours to stabilize the grating structure. The thermal annealing in general case causes a

~0.5nm blue shift to FBG Bragg resonance.

After the FBGs have been fabricated and annealed, they were characterized for temperature sens-
ing application. The FBGs responded based on the thermal expansion that takes in the fibre at
elevated temperatures and the thermal-optic coefficient of the fibre. The theoretical analysis of
FBG temperature sensitivity was analysed and an expression for the wavelength shift with respect
to temperature change was derived. After subject the grating area to elevated temperature of 10°C
to 70°C, the temperature sensitivities for FBGs at wavelengths 800nm, 1550nm and 2000nm are
5.3pm/°C , 11.6/°C and 14.8pm/°C . The temperature sensing results also show a linear correla-
tion between temperature change and wavelength shift for the three FBGs evaluated. To further
analyse the temperature sensitivity of FBGs, their sensitivity in cryogenic environment condition
was examined, as some applications such as in liquid fuel tanks and in the transport/storage of

cryogens may need cryogenic temperature monitoring. The fibre was placed in an environmen-
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tal chamber, with the temperature set automatically to change from -5°C to - 40°C . The overall

wavelength shift experienced by the grating is about -9.5pm/°C .

However, the fabrication technique used to inscribe the LPGs is through the point-by-point ex-
posure method. The fabrication set up includes an air bearing translation stage, two cylindrical
focusing lenses, fibre holders, 3D stage and a computer controlled LabView program used to set
the fabrication parameter like duty cycle, writing speed and grating length and period. The LPGs
were fabricated at different periods and also at different lengths. The analysis of the spectral char-
acteristics shows that the resonance wavelength of the same order cladding mode red shifts with
increasing grating period, as the LP05 mode of LPG with the longest period 440pm occurred in the
mid-IR wavelength region around 2000nm. The LPGs were then annealed at 80°C for 24hours and

then characterized for temperature and refractive index sensing.

For the temperature sensing, the resonance peak LP05 from four LPGs with periods of 300um,
330um, 360pm and 440pm were selected and subjected to elevated temperatures 10°C-70°C. There
was an increase in the wavelength shift of the LPy5; mode for every temperature change, with the
LP05 resonance peak of the 440pum period LPG showing the highest sensitive at about 100pm/°C.
Then, all five modes (LPq;-LPg5) of the 440um period LPG were evaluated for temperature respon-
sivity. The result showed that the higher wavelength mode (LPs5) at 2000nm of the 440pm LPG was
three times more sensitive that the mode (LP¢;) at 1320nm wavelength, e.g. higher order cladding

mode is more temperature sensitive.

The LPG was then investigated as a refractive index sensor. Similarly, the most sensitive mode
LPgs5 of one of the earlier fabricated LPGs was submerged in index gels with different refractive
indexes. The result shows a blue shift in the wavelength of the resonant peak, with change in
intensity as index changed from 1.3 — 1.44. But as the surrounding medium index matched the
cladding index, the resonant peak disappeared and re-appeared at a longer wavelength at about
index 1.5. This peak shows little wavelength shift but more noticeable intensity increase when
the surrounding medium index increased from 1.5 — 1.7. The selected LPy5 modes from the four
LPGs were compared, showing the LPg5 of the 440pm LPG has higher refractive index sensitivity

(375nm/RIU) than the 360pum (75nm/RIU), 330pum (49nm/RIU) and 300pm (25nm/RIU) LPGs.

Finally, the LPG was employed in a bio-sensing experiment. The change in refractive index (1.40-
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1.35) of the LPG device immersed in FBS is due to the degradation of the proteins in the FBS caused
by to the temperature change (from 4°C - 24°C) and the reduction in the transmission peak strength
reflects that as the serum is continuously exposed to room temperature, the concentration of the

serum compositions degrades.
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4 FIBRE GRATINGS WITH TILTED
STRUCTURES AT SMALL AND LARGE
ANGLE

4.1 INTRODUCTION

Traditionally, bulk devices were used in optical signal processing, sensing and laser systems to
provide polarization function, but recently due to the benefits of low insertion loss, light weight
and high coupling efficiency, in-fibre polarizers have become an area of interest and been made
available. Some in-fibre devices based on the 45° tilted fibre grating (45°-TFG) technology have
been reported and employed as polarization equalizer and spectrometer [1-3]. In 2005, Zhou et
al carried out the theoretical simulation on TFGs of various tilted angles [4], and realized that the
highest polarization dependent loss (PDL) may be achievable with a TFG when the tilted angle is
at 45°. Also in 2006, Zhou et al explored TFGs with angles larger than 45°, showing light coupling

out of the forward propagating core mode and into cladding modes and radiation modes.

In this Chapter, the research work in designing, fabricating and characterizing TFGs with small
(<45°) and large (>45°) tilted structures will be discussed, leaving the TFGs with tilted structure ex-
actly at 45° to Chapter 5. Also, the temperature and refractive index sensing capability of the small
and large angle tilted TFGs will be discussed. Due to the unique polarization property (two distinct
set of polarization dependent modes) of large angle TFGs, it was employed in an all fibre twist sen-
sor. Finally, an interferometer sensor using two large angle TFGs for bio-sensing applications will

be discussed.
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4.2 TFG CLASSIFICATION AND FABRICATION METHODS

4.2.1 Classification Of Mode Coupling Range Of TFGs

The TFG structure due to its phase matching condition is able to couple light from the fibre core
into diverse directions as mentioned in section 2.3.3. The phase matching condition that gives the

strongest out-coupled wavelength can be expressed as [5][6]:

Ay
cos 0 (41)

)\co,cl - (nco + ncl,m)~

»

where n, and n.,,, are the effective indices of the core and mth cladding mode respectively, “+

«

and “-” show the cases when the mode propagation is in the -z or +z direction respectively. By
specifying the right parameters during TFG fabrication, the direction of radiation and the wave-

vector of the main beam can be identified by equation 4.2:

Kq

_>
Kr = 2 cos (0)

(0 =7 —20) (4.2)
where 6 and § are the radiation angle and the tilt angle of the grating structure. According to the
total internal reflection (TIR) effect, the TFGs can be classified into three different mode coupling
regimes depending on tilted angle (Figure 4.1). Due to total internal reflection, the light that
encounters the cladding boundary (i.e. when the tilted angle is very small or very large) stays
confined in the cladding modes. But at some specific tilted angle range, the incident angle of the
cladding mode coupling is smaller than the critical angle 6. or larger than 180-0., the light will no
longer stay in the cladding modes, but coupled out to radiation modes, i.e. tapped out of the fibre.

The coupling regimes for air/fibre-glass interface are classified as below:

(1) 6 < 23.1°- backward cladding mode coupling (-z direction);
(2) 23.1°< 6 < 66.9°- radiation mode coupling;

(3) @ > 66.9°- forward cladding mode coupling (+z direction);
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llustration removed for copyright restrictions

Figure 4.1: Diagram showing the three mode coupling regimes for a TFG: (a) Phase matching condition for
when € < 0, showing a backward cladding mode coupling, (b) Phase matching condition for when 6. <
0 < 02, showing a radiation mode coupling and (c) Phase matching condition for when 6 > 6>, showing a
forward cladding mode coupling.

Therefore, the radiation mode out-coupling of 0. < 6 < 05, occurs when |p| < ., where ¢ is the

incident angle of the radiation beam; 6;. and 65, can then be calculated as:

01c = é (E - Oéc) yOoc = % (E + ac) (4.3)

Thus, TFGs with tilted angle in the range of 23.1° to 66.9° (air as surrounding medium) (6. < 6
< 0a.) will have their radiation modes coupled out of the fibre cladding; and a radiation range of
11.5°- 78.5° when the surrounding medium is water. For a standard Corning SMF-28 fibre placed
in air, 61, = 23.1° and 05, = 66.9°. But the critical angle () when placed in another medium can

be expressed as:

n
Qe = sin ™! <1> (4.4)
n2

where n; is the refractive indices of the surrounding medium and n; is the refractive index of the

cladding.

When n;~1 (fibre placed in vacuum or air), the critical angle (o) is calculated as 43.8° using equa-
tion 4.4, with n2~1.45 (cladding). Similarly, when the surrounding medium is changed from air to

water (n; ~1.33), the critical angle (o) becomes 66.8°.
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4.2.2 TFG Phase Matching Condition and Radiation Profile

There are two main phenomena that happen when a light source of different wavelengths (broad-
band light source) is lunched into the core of a fibre with TFG structure: the light is first diffracted
out from the fibre core by the TFG and then propagates to the cladding until it gets to the boundary
of the fibre cladding. Below is the phase matching conditions for a TFG with tilted angle 6 <45°and

0 >45°

Aston University

ustration removed for copyright restrictions

Figure 4.2: Phase matching condition for tilted angles (a) when 6 <45°and (b) for when 6 >45°[7].

Where Kr,Kc,Kg, and are the wave vectors of the radiated light, the core mode and the grating;
&, pand 0 are the radiation angle of the TFG, the incident angle of the radiation beam at the cladding
boundary and the tilted angle respectively; K'p, K’ and £ are the non-phase matching condition
wave vector for the radiated light, core mode and radiation angle respectively. The amplitude
difference between K’ and K’ can be ignored due to the negligible differences between the
refractive indices of the cladding and the core. Figure 4.2 shows that the optical path of the coupled
light is dependent on the tilt angle of the grating. For instance: when 6 <45°, the radiation angle
is obtuse and the core mode is coupled to the backward propagation direction; the radiation angle
¢ is acute when 6 >45°and core mode coupling to the forward propagating direction. It can be

concluded that K and K are related as:

(£ =20) (4.5)

where £ and 6 are the radiation angle and the tilted angle respectively. For radiated light of other
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wavelengths, K is weakly coupled at ¢ direction, with a minimal mismatch among the wave
vectors K }%, K¢ and Kg . Also from Figure 4.2, we can deduce the relationship between &, 6 and
Kq:

/

Kg

tan & = tan § — —— B
an & =tan 0= "0

(4.6)

Where K ;% = K¢ = nKjy, and n represents the refractive index of the fibre.

Kg = i—g and K = 27”, using these two makes Equation 4.6 become:

A sin 6

t =
ang A cos 0 —nAg

(4.7)

Equation 4.7 shows the relationship between the radiation angle ¢ and the tilted angle 6 for a
particular wavelength A. The relationship above also means that TFGs will couple light out of the
fibre core in different directions depending on the wavelength of the incident light. If the amplitude
difference between K ;% and K é; due to the negligible differences between the refractive indices of
the cladding and the core is ignored, the radiation angle (£ ) of the phase-matched beam can be

derived as § = 20 and incident angle ¢ is related to the tilted angle (¢) as ¢ = 5 - 20.

When the phase matching condition is satisfied, the strongest light is coupled out:

Kqa cos 8 = K cos 20 + K¢ (4.8)

Substituting the following parameters:

- 2m _ Acgicos @ _1 _or
Ka = Ag’ Ac =35 (Ocwt)’ Aext = 5 Apyr and Ko = 5

into equation 4.8 we can then derive the wavelength of the radiated profile in equation 4.9:

nApy cos? 6
Ap= ——————

cos (Oeypt)
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The relationship shown in equation 4.9 can help to develop a TFG into a spectrometer, designed to
cover a particular wavelength range based on its radiation profile. The application of TFG based
spectrometer will be discussed later in Chapter 6 and also the use of a 45°-TFG as a power-tapping

device will be discussed in Chapter 5.

4.2.3 Relationship between the Internal and External Angles and the Period Of

a Tilted Fibre Grating Structure

The optical fibres used in making TFGs are cylindrical in geometry, and due to this geometry, the
fibre’s internal grating tilt angle 6, is different from the external tilt angle 6., (the angle between
the mask and the fibre) on the phase mask in the fabrication using a phase mask, or different from
the fibre rotated angle in a holographic fabrication set up. Using the phase mask technique, the

fibre’s internal grating tilt (6;,,;) and the external phase mask tilt (6.,;) are related as follows[3]:

T ! 1
Gmt—z tan {ntan(@emt)} (4.10)

where, n = 1.45 and it is the refractive index of the fibre at UV wavelength.

AEI‘

Figure 4.3: Diagram of a TFG showing the difference between the internal tilt (f;,+ ) and external tilt angles

(Ocat) [3].

Where by relating the diagram in Figure 4.3 to Equation 4.1, we have
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AG — A= Aewt

~ cos(Bint) co8(Bext) (411)

The TFG internal grating period Ag is therefore related to the UV interference fringe period Ay

by:

Aext Cos(eint)
cos(fext)

Ag = (4.12)

The period of the UV interference fringe A, can be expressed as Aext=AF’2M , where Apy is the

period of the Phase mask.
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4.3 FABRICATION METHOD

There are three ways in which tilted structures can be fabricated in a fibre: by tilting the phase
mask with respect to the optical fibre (Figure 4.4(a)); by using a phase mask with tilted pitches
(Figure 4.4(b)) and by rotating the fibre about the axis normal to the plane (Figure 4.4(c)) defined

by the two interfering UV beams from the two-beam holographic system (Figure 3.1)[8].

B cxt
Phase
Mask_

Optical
Fibre

 —

@) ®)

Optical Rotated fibre 9
ext

Before rotating fibre

(©

Figure 4.4: (a) Phase mask tilted with respect to the optical fibre, (b) phase mask with tilted pitches and
(c) rotating the fibre about the axis normal to the plane defined by the two interfering UV beams from the
two-beam holographic system.

As discussed earlier in Chapter 2, the phase mask fabrication technique makes it certain that high
quality fibre gratings can be fabricated. So, the small angle TFGs and the large angle TFGs used in
this research work were fabricated by tilting a normal phase mask with respect to the optical fibre.
More detailed information about this technique will be discussed in the next section. The phase

mask scanning set up used in our laboratory is shown below:
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Figure 4.5: The laboratory set up used to fabricate small and large angle TFGs. The grating growth can be
monitored in-situ by connecting to a BBS and an OSA. The phase mask is mounted on a goniometer, which
facilitates the rotation of the mask for lunching the light into the fibre, the fibre holder which holds the fibre
in place, the tilt stage enables the tilting of the phase mask, the OSA for interrogating the grating during
fabrication and a LabView programme for capturing the data from the OSA.

The standard SMF-28 used is hydrogen loaded at 150 bars for 48 hours pre-fabrication; this is to
increase the UV-photosensitivity of the fibre during exposure and also to increase the inscription
efficiency. All fabricated fibre was then annealed post-fabrication in order to remove unreacted

hydrogen thereby increasing the stability of the grating for sensing applications.

4.4 FABRICATION AND SPECTRAL CHARACTERISATION OF

SMALL ANGLE TFGS

In this section, the comparative study of the characteristics of the cladding mode out-coupling of
small angle TFGs is discussed. Six 12mm long small angled TFGs with internal tilted angles of
0°, 2°, 4°, 6°, 8° and 10° were UV inscribed in hydrogen loaded (at 80°C, 150 bars pressure for 48
hours) standard SMF-28 fibre, using the phase mask fabrication technique (figure 4.5). The phase
mask has a pitch of 1083nm and dimensions of 30mm by 13mm respectively. Figure 4.6 shows the

transmission loss profiles of the fabricated small angle TFGs.
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Figure 4.6: Transmission-loss spectra of TFGs with small tilted angles varying tilted angles from 0° to 10°
(2° increment) fabricated on standard SMF-28 fibre, measured when the TFG fibres were exposed in air.

It can be seen from Figure 4.6 that the tilt angle strongly affects the transmission-loss profile of
small angle TFG. When the tilt angle increases from 0° to 10° (2° increment), the Bragg peak (the
single peak on the long wavelength side) shows a red shift (shift to a longer wavelength), while
its strength decreases until it finally disappears at 10° when the light is completely coupled into
the cladding modes. The reduced cladding mode resonance feature observed at 10° is due to the
total internal reflection (TIR) as explained by Figure 4.1. Figure 4.6 also shows when the tilt angle
increases, the whole coupled cladding modes spectrum blue-shift (shift to a shorter wavelength),
with increasing dynamic range and strength (except at 10°). It is clear that when the tilted angle
increases, the coupling to cladding modes becomes strong, especially for tilted angle more than
6°, whereas the red shift Bragg resonance strength decreases and eventually disappears as the tilt
angle reaches 10°. Figure 4.7(a) shows the plotted relationship between the tilted angle and the
central wavelength of transmission loss profile of cladding modes, and Figure 4.7(b) shows the

relationship between the tilted angle and Bragg wavelength.
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Figure 4.7: (a) Plot showing the relationship between cladding modes profile central wavelength Vs the
internal tilt angle and (b) the relationship between the Bragg wavelength Vs the internal tilt angle.

By substituting Equation 4.11 into Ag = 2nA (where A p is the Bragg wavelength), the relationship

between the Bragg wavelength of the TFG and the tilted angle is given by:

A
Ap = 09 (4.13)
c0oS O;nt

The relationship shown in Figure 4.7(b) is non-linear and shows that as the internal tilt angle

increases, the Bragg wavelength increases, which agree with Equation 4.13.

On the left hand side of the main Bragg feature in Figure 4.6, a well defined small loss peak called a
‘Ghost Peak’ is found [9]. This is a result of the conversion of the core mode of the fibre to a group
of low order cladding modes; it often has a distinguished coupling strength and spectral position
in comparison to the other cladding modes. Some applications have made use of ghost peaks for
sensing; fibre optic laser-ultrasound [10], macro-bending sensor [11], TFG accelerometer [12] and

directional bend sensor [13].

It was noticed during the fabrication process that high strength of cladding mode coupling requires
longer exposure at a certain laser power. This could be due to the reduction in the UV beam

interference area as more tilt is applied to the phase mask.

In order to remove the resonant features caused by the cladding-mode coupling effect in the trans-

mission spectrum, the grating was immersed in index-matching gel which mimics an infinite
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cladding layer, then resulting in a more smooth radiation profile as seen in Figure 4.8. When
the grating tilt angle increases, the light is continuously coupled to the backward-propagating
cladding modes by the TFG and not to the backward-propagating core mode; hence the reduction
in the strength of the Bragg reflection and the Bragg peak eventually completely disappeared (see

TFG with titled angle at 10° in Figure 4.6).

-53 | | —— immersed in index matching gel
i in surrounding air

i W“llnﬂ‘

——
——

Transmission (dB)

1500 1520 1540 1560

wavelength (nm)

Figure 4.8: The spectral profile of a 4°-TFG with a resonance feature when the grating is surrounded by air
and the smooth spectral profile when the grating is immersed in an index matching gel.

4.4.1 Polarisation Characteristics Of Small Angle Tilted Fibre Gratings

Further analysis was carried out on the transmission loss profiles of the fabricated small angle TFGs
to investigate the response to different polarisation states. The set up used is shown in Figure 4.9.
The broadband source from Agilent HP 83437A was used to launch light into a 1550nm polariser
and the polarisation controller (PC), connected by pigtails. The PC is used to change the two
orthogonal polarisation states (S-polarisation state or P-polarisation state) of the light incident on

the TFG. The optical spectrum analyser (OSA) is then used to capture the TFG spectral change.
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Figure 4.9: The set up for characterising the polarisation responses of small angle TFGs, with a BBS, a
polariser, polarisation controller, the 8°-TFG, the OSA and a LabView capture programme.

An 8°-TFG was selected for the investigation; its whole resonance feature was divided into four
wavelength sections of 9nm (i.e. 1500nmm - 1509nm, 1511nm — 1520nm, 1522nm - 1531nm and
15533nm - 1542nm), as shown in Figure 4.10 (a-d). When the position of the polarisation con-
troller was changed, the light launched to the 8°-TFG may change the status of polarization, and
two sets of orthogonal polarised mode profiles were obtained. As seen in Figure 4.10(a), the wave-
length separation between the two sets of polarisation (P1 and P2) modes is the largest in this
short wavelength section compared to the other three sections in Figure 4.10(b-d), with separa-
tions of ~0.21nm, 0.14nm, 0.7nm and 0.3nm respectively. The wavelength separation reduces as
we go towards the higher wavelength section. However, the transmission losses of both P1 and P2
polarisations are small, with an average of 5dB in this shortest wavelength range (Figure 4.10(a)),
but increases to an average of 9dB and 10dB respectively for the mid-wavelength sections (Figure

4.10(b-c)) and reduces (Figure 4.10(d)) as the wavelength gets close to the Bragg peak.
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Figure 4.10: The transmission spectra of an 8°-TFG, showing the two sets of cladding modes of orthogo-
nal polarisation states (P1 and P2) in four different wavelength ranges: (a)1500nm — 1509nm, (b)1511nm —
1520nm,(c)1522nm — 1531nm and (d)1533 - 1542nm.

Figure 4.10(a-d) shows that as the polarisation controller is changed, the propagating light is been
switched between the P1 and P2 polarisation states, with one of the resonances growing to its full
length while the other almost disappears. The number of resonance peaks in each 9nm wavelength
range division also varies, as the wavelength increases, 8 resonances in the 1500nm - 1509nm
range, 9 resonances in the 1511nm - 1520nm range, 10 resonances in the 1522nm — 1531nm range

and 13 resonances in the 1533nm - 1542nm range.

Another two small angle TFGs (4°-TFG and 10°-TFG) were selected and the effect of polarisation
changes on them were monitored and compared. However, it can be deduced that there is no no-
ticeable polarisation dependency of the 4°-TFG (Figure 4.11(a) and (c)) but a much more noticeable

polarisation dependency seen in the response of the 10°-TFG as shown in Figure 4.11(b) and (d).
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Figure 4.11: The transmission spectra of (a) a 4°-TFG and (b) a 10°-TFG with two orthogonal polarisation
states; zoomed transmission spectra of (c) a 4°-TFG and (d) a 10°-TFG with two orthogonal polarisation (P1
in blue and P2 in red).

It can be observed that when the PC was adjusted for tilt angle 4°-TFG and 10°-TFG, their wave-
length separation of the P1 and P2 polarisation states are 0.05nm and 0.15nm respectively (Figure
4.11(c) and (d)), the latter is 3 times more than the former. It can then be concluded that the larger
the tilt angle is, the birefringence induced cladding mode splitting is more pronounced. For the
10°-TFG in Figure 4.11(b), when the light incident on the TFG is un-polarised, the transmission
profile shows broad peaks (black line) of ~0.5dB strength and ~0.5nm width, but when the light
incident passed through the 1550nm polarizer, the transmission loss strength increases for each
polarisation states to ~20dB and peak width narrowed to ~0.23nm, compared to the transmission

resonance of the un-polarised incident light.

4.4.2 Small Angle TFG Thermal Response

The thermal responses of the fabricated small angles (0°, 4°, 8°and 10°) tilted gratings were in-
vestigated by subjecting the TFGs to increasing thermal conditions from 10°C to 90°C with an
increment of 10°C. The cladding modes of P1 and P2 polarised states were measured for each tem-

perature. In Figure 4.12(a), the thermal sensitivity of a normal FBG with 0° tilt showed a sensitivity
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of ~10.9pm/°C. P1 and P2 polarisation cladding mode peaks at 1500.01nm and 1535nm of 4°-TFG,

8°-TFG and 10°-TFG were subjected to thermal response measurement and showed thermal sen-

sitivities of 9.12pm/°C and 10.20pm/°C (Figure 4.12(b)), 9.81pm/°C and 10.81pm/°C (Figure 4.12(c))

and 9.88pm/°C and 10.97pm/°C (Figure 4.12(d)) for the two wavelengths peaks, respectively
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Figure 4.12: (a) The thermal response of a normal FBG (0°-TFG) at 1550nm; The thermal response of P1
polarisation state peaks at wavelengths 1500.1nm and 1535nm for (b) 4°-TFG, (c) 8°-TFG and (d) 10°-TFG.

The thermal sensitivity trend of the selected P1 polarisation modes seen in Figure 4.12(b)-(d) is

summarised in table 4.1 below:

Peak 1 (P1 polarisation state) Peak 2 (P1 polarisation state)
4°-TFG 1500.1nm 1535.0nm
Thermal Sensitivity | Thermal Sensitivity
9.12pm/°C 10.20pm/°C
8°-TFG 1500.1nm 1535.1nm
Thermal Sensitivity | Thermal Sensitivity
9.79pm/"C 10.81pm/°C
10°-TFG 1500.1nm 1535.1nm
Thermal Sensitivity | Thermal Sensitivity
9.88pm/°C 10.97pm/°C

Table 4.1: The table showing the thermal sensitivity result comparison for the 4°-TFG, 8°-TFG and 10°-TFG:
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It can be seen from Figure 4.12 and Table 4.1 that the thermal sensitivities of small angle TFGs are
slightly lower than the thermal sensitivity of a normal FBG. Also, comparing peak 1 at 1500nm and
peak 2 at about 1535.1nm shows that the thermal sensitivity of small angle TFG is also wavelength
dependent, with a thermal sensitivity difference (P2 — P1) of 1.08pm/°C, 1.02pm/°C and 1.09pm/°C

for the 4°-TFG, 8°-TFG and 10°-TFG respectively.

4.5 FABRICATION AND CHARACTERISATION OF LARGE ANGLE

TFGS

4.5.1 Fabrication and Set Up

The large angle TFGs were UV-inscribed in hydrogenated standard SMF-28 fibre by the scanning
amplitude mask technique using the same frequency doubled CW Ar™ Sabre Fred laser. The am-
plitude mask used has a normal period of 6.6um purchased from Edmund Optics Ltd. In order to
achieve the internal tilt angles of ~76° and ~83°, the amplitude mask was tilted at approximately
69.5° and 79.2° respectively with respect to the fibre axis using the set up shown in Figure 4.5 and
equation 4.10. In this fabrication, there was a limitation to the overall grating length to 12mm due
to the length of the amplitude mask used. There was less index fringes created in the fibre core due
to the large pitch size of the mask, yielding weaker grating. Hence, multiple scanning is employed
during the fabrication process to increase the strength of the grating. The simulated relationship
between the internal and the external tilt angle using equation 4.10 is shown in Figure 4.13(a) and
the diffraction pattern displayed on the screen during fabrication is shown in Figure 4.13(b), clearly
indicating the mask is at a tilted angle. The screen is usually placed after the fibre to ensure that
the fibre axis is accurately aligned with the mask, the UV beam and to confirm the tilt angle. The
simulation result from Figure 4.13(a) shows that the internal tilt angle increases as the external tilt

angle increases with a slightly non-linear feature.
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Figure 4.13: (a) Simulation showing the internal tilt angle (0;,+) Vs the external tilt angle (fes:) for TFGs
fabricated by the phase mask technique using equation 4.10, (b) The diffraction pattern after the tilted am-
plitude mask captured on a screen during the fabrication.

The two inscribed large angle TFGs were then inspected under a high magnifying microscope with

a 40x objective lens and the images are shown in Figure 4.14(a) and (b).

75.85deg

(b)

82.55deg

=]

——

i

Figure 4.14: Magnified microscopic images of the fringe of the TFGs with internal angles (a) 75.85° i.e. the
Ocxt is ~69.5° and (b) 82.55° i.e. the Ocz+ is ~79.2°, captured with a 40x objective lens.

From Figure 4.14(a) and (b), we can see that the tilt angles of the fringes of the captured microscopic

images are at 75.85° and 82.55°, which agree well with the target designed tilt angles of 76° and
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83° respectively.

Figure 4.15(a) and (b) show clearly a series of dual-peak resonance for the 76°-TFG and 83°-TFG,
which corresponds to two sets of cladding modes with orthogonal polarisation states when ran-
domly polarised light was lunched into the fibre. The strength of these dual peaks is about 3dB,
as for random polarized light the coupled light will be more evenly (50:50) split to the two sets of
modes. Figure 4.15 (c) and (d) shows series of orthogonal polarised dual peaks labelled P1 and P2,
when single polarization light was launched into the fibre. Figure 4.15 (e) and (f) shows zoomed
spectra of the two TFGs for one paired polarisation loss peaks. As can be clearly seen from Figure
4.15 (c-f), when the single polarization light launched to the large angle TFG, one set of the dual

peaks grows to its maximum while the other set almost vanished.

Apart from the dual-peak feature, the mode coupling mechanism is the same for large angle TFGs
and LPG, their transmission spectra are distinctively different, as the large angle TFGs have a much
denser mode spacing, i.e. the transmission peaks are much closer, and polarization mode splitting
of all transmission peaks have dual-peak feature due to birefringence induced by excessively tilted

structure.
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Figure 4.15: Transmission spectra of (a) 75.9°-TFG and (b) 83°-TFG across a wavelength range of 1500nm -
1700nm probed with un-polarised light, showing distinctive dual-peak feature. Transmission spectra of (c)
75.9°-TFG and (d) 83°-TFG across a wavelength range of 1500nm - 1700nm probed with polarised lights (P1
and P2). Zoomed transmission spectra of (e ) 75.9°-TFG at ~1535nm and (f) 83°-TFG at ~1532nm.

The transmission loss dual peaks as seen in Figure 4.15 (e) and (f) are broader (~3nm width for the
75.9°-TFG and ~5nm width for the 83°-TFG) than that of the small angled TFG and the wavelength
separations for the polarised peaks (P1 and P2) are of ~5nm for the 75.9°-TFG and ~6nm for the

83°-TFG, showing an increased birefringence for the 83°-TFG.

Similar to the analysis of the small angle TFGs (Figure 4.8), the 83°-TFG was immersed in an index
matching gel; the spectrum profile almost disappeared, as shown by the black curve in Figure 4.16.
This is due to the index gel inducing an infinite cladding size on the 83°-TFG, thus all cladding

modes evolving into radiation modes and the light is coupled out of the fibre.
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Figure 4.16: Transmission resonances with dual-peaks for an 83°-TFG in air (red line) and immersed in
index matching gel (black line) across a wavelength range of 1500nm - 1700nm.

4.5.2 Large Angle TFG Thermal Response

The thermal responses of the two fabricated large angle TFGs were also characterised. Since all
transmission resonances have dual-peak feature when probed with un-polarized light, only two P1
peaks, one at shorter and one at longer wavelength sides, were selected for the thermal response
measurement. For the 75.9°-TFG, selected two P1 peaks at 1526.1nm and 1638.2 nm and for the 83°-
TFG, selected two P1 peaks at 1524.2nm and 1690.1nm were chosen. The two TFGs were subjected
to temperature measurement while the temperature was rising gradually in the range of 10°C to
90°C with an increment of 5°C and the thermal sensitivities of the two P1 peaks were measured and
evaluated as presented in Figure 4.17 (a) and (b). The thermal sensitivities of the 75.9°-TFG and the
83°-TFG were measured as the transmitted resonance bands shifted from the shorter to the longer

wavelengths, and results are presented in table 4.2.
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Figure 4.17: Thermal responses of the selected P1 polarised peaks from the dual polarisation states at (a)
1526.1nm and 1638.2 nm for the 75.9°-TFG, and (b) at 1524.2nm and 1690.1 nm for the 83°-TFG

Peak 1 (P1 Peak 2 (P1
polarisation state) polarisation state)
75.9°-TFG 1526.1nm 1638.2nm
Thermal Sensitivity | Thermal Sensitivity
6.02pm/°C 8.90pm/°C
83.0°-TFG 1524.2nm 1690.1nm
Thermal Sensitivity | Thermal Sensitivity
5.00pm/°C 6.85pm/°C

Table 4.2: The table showing the thermal sensitivity result comparison for the 75.9°-TFG and 83.0°-TFG:

Table 4.2 and Figure 4.17 (a) and (b) show the measured thermal sensitivities of the selected P1
polarised peaks from the dual polarisation states for the 75.9°-TFG at 1526.1nm and 1638.2nm as
6.02 pm/°C and 8.90pm/°C respectively; and for the 83°-TFG selected P1 polarised peaks from the
dual polarisation states at 1524.2nm and 1690.1nm as 5.00pm/°C and 6.85pm/°C respectively. It
can also be seen that the thermal sensitivity of the 75.9°-TFG is larger than the 83.0°-TFG, but
the thermal sensitivities of both large angle TFGs are noticeably lower than that of normal FBGs
(~12pm/°C) and small angle TFGs, and much lower (one order of magnitude lower) than that of LPG
(~100pm/°C). The results also show that the selected P1 polarised peaks at the higher wavelength
(Peak 2 in table 4.2) are more thermally sensitive than those at the lower wavelength (Peak 1 in table
4.2). This low thermal sensitivity of large angle TFGs makes them a good candidate for applications

where thermal cross-sensitivity is an issue.
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4.6 SENSING APPLICATIONS OF LARGE ANGLE TFGS

4.6.1 Twist Sensor Based On 81°TFG

TFG structures with relatively large tilt angle have shown not only the forward mode coupling
characteristics but also a strong polarisation dependent spectral response and low thermal re-
sponse. These properties have been utilised to achieve in-fibre polarimeters [14, 15], strain, refractive-
index and torsion sensor [16, 17]. A twist sensor based on large angle TFGs have been proposed
by Chen et al [18], which is based on a commercial polariser and an 81°-TFG. Wang et al in 2004
reported a twist sensor that used an LPG structure that had been induced using high frequency
COq laser pulses [19]. This section will present the results of exploring the use of the 81°-TFG as
an all fibre optical twist sensor together with a 45°-TFG as an in-fiber polarizer ensuring single

polarization measurement.

4.6.1.1 Experimental set up and measurements

When a fibre is twisted, the polarisation direction of the light propagating in the fibre changes; the
encoded relationship between the coupled power into the cladding modes and twist (or rotation)

can therefore be explored to implement an optical fibre twist or torsion sensor.

Aston University

lustration removed for copyright restrictions

Figure 4.18: The experimental set up of the spectral interrogation for the implementation of the all-fibre
twist sensor based on a 45°-TFG and an 81°-TFG.

The experimental setup of optical twist sensing system is illustrated in Figure. 4.18. A 15mm
long 81°-TFG was inscribed in a 1.5m long SMF-28 fibre and a 45°-TFG was inscribed in front of

81°-TFG in the same fibre. This hybrid structure involving a 45°-TFG and an 81°-TFG will make a
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compact and low loss sensor structure as the use of a commercial polarizer is eliminated. As seen
in Figure 4.18, the 45°-TFG is set between the broadband light source and the 81°-TFG, thus the
light after 45°-TFG is linearly polarised, ensuring the 81°-TFG is measured at a single polarization.
In the experiment, the 81°-TFG was fixed by a clamp on the incident light side and the output light
side was mounted on a fibre rotator in order to apply twist (rotation) to the TFG. The length (L)
between clamp and rotator was 95mm. In order to eliminate measurement errors from axial-strain
and bending effects, a small axial tension was applied to the fibre maintaining it straight. Figure
4.19 shows the transmission spectra with a set of dual peaks, corresponding to two coupled modes

with orthogonal polarisation states for the 81°-TFG used.
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Figure 4.19: The transmission spectra of an 81°-TFG when lunched with randomly and orthogonally po-
larised light.

It can also be seen in Figure 4.19 that when the grating was lunched with randomly polarised light,
the two peaks are coupled with almost the same strength, thus showing a 3-dB transmission loss,
whilst when it is lunched with orthogonally polarised lights (P1 and P2), one peak is fully excited
and the other almost diminished. This polarisation mechanism will further enable us to measure

twist/torsion.

Before the measurement was started, the twist position of zero degree was firstly calibrated by
adjusting the rotator to set the pre-polarisation state at P1. Then, the twist was applied to the fibre
in the clockwise direction from 0° to 180° with 10° increments. The transmission spectrum for each
applied twist was recorded and shown in Figure 4.20. It is clear that when the fibre was twisted, the

coupled power transferred from P1 to P2, as the intensity of P1 decreased there was a noticeable
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increase in the polarisation peak of P2. When the twisted angle reached 180°, the P1 completely
vanished and P2 reached its maximum (~11dB). The above measurement was then repeated by

applying twist in an anticlockwise direction and the vice versa power exchange between P1 and

P2 was observed.
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Figure 4.20: Spectrum evolution of 81°-TFG under twist in clockwise direction from 0° to 180° and in the
anticlockwise direction.

4.6.1.2 Power based measurements

Based on the above experimental results, the directional polarisation mode coupling behaviour
exhibited by the hybrid 45°-TFG and 81°-TFG in-fibre structure may be explored for the implemen-
tation of an all-fibre twist sensor based on optical power measurement. In real applications, it is
desirable to use low-cost and compact-size wavelength source and power detector. To this end,
the BBS and OSA (Figure 4.18) were replaced with a single wavelength laser (SWL) and a power
detector (although in the experiment, a tunable laser was used). The schematic diagram of this all

fibre system is shown in Figure 4.21

0 81° TFG
45° TFG - n

BBS 2 OSA

Figure 4.21: The schematic diagram of the all fibre twist sensor system using a single wavelength laser and
a power detector.

119



4 FIBRE GRATINGS WITH TILTED STRUCTURES AT SMALL AND LARGE ANGLE

Using the low cost power detecting interrogation method, a twist measurement on the same 45°-
TFG in-fibre polariser and 81°-TFG was carried out. The selected dual peaks of the 81°-TFG are
at 1539.62nm and 1545.74nm and by adjusting the rotator, the zero position of the sensor was
calibrated to set the pre-polarisation state to the minimum power. The twist was then applied
from 0° to 180° with 10° increments and the optical power from a power meter was measured for
the P1 peak at 1539.62nm. Then, the measurement was repeated by changing the laser wavelength

to 1545.74nm to measure the P2 peak, seen in Figure 4.22.
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Figure 4.22: The upper plot is the transmission of spectra of dual peaks of the 81°-TFG; the wavelength of
P1is at 1539.62nm and that of the P2 is at 1545.74nm. The lower one is the output spectra of a tuneable laser
set at the wavelength 1539.62nm and 1545.74nm.

The power measurement was first carried out using a power meter and then a photo-detector

respectively and the results are shown in Figure 4.23 (a) and (b).
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Figure 4.23: Transmission powers for the two orthogonal polarisation modes (Red dots — 1539.62nm and
Black dots — 1545.74nm) measured by using a low-cost power detection method: (a) using a power meter
and (b) using a photo-detector.
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The power measurement reveals that the transmission power of P1 is increasing from -10dB to
-2dB when the fibre was twisted from 0° to 180°, while the transmission power of P2 is decreasing
from -2dB to -10dB. However, in Figure 4.23 (b), similar results were observed by changing the
power meter to a photo-detector showing a voltage change between 0mV and 3000mV for the
twist changing from 0° to 180°. This can provide a mechanism in which the sensing signal may be

transmitted wirelessly for remote control sensing and monitoring.

4.6.2 Large Angle TFG Based Mach-Zehnder Interferometer

Over the years there has been increasing interest in the implementation of optical biosensors, by
exploiting the response of fibre gratings to the change in the refractive index of the surrounding
medium [20-23]. The use of an appropriate fibre type can make way for intrinsic or enhanced
surrounding medium refractive index (RI) sensitivity of the grating structure. Bioactive materials
can also be coated on fibre grating based RI sensors, which make it interact with certain biological

agents, and thus becoming a real highly sensitive and selective biosensor.

Few scientists have claimed that the use of LPG pair-based Mach-Zehnder interferometer (MZI)
[24], fibre-taper seeded LPG pair [25] and microfibre-based MZI [26] improved the measurement
scheme and sensitivity. This section will report the investigation of large angle TFG based in-fibre
MZI formed by a pair of 81°-TFGs for measurement of sugar solution concentrations with enhanced
sensitivity and high resolution. As discussed earlier that the mode coupling of large angle TFGs
is highly polarization dependent as the largely tilted structure increases the birefringence of the
fibre, resulting in the light coupling to the two sets of orthogonal polarized modes (P1 and P2), the

MZI response will be investigated for lights with different polarization states.

4.6.2.1 Fabrication and spectral characteristics
The two 81°-TFGs used to form the in-fibre MZI were fabricated in a hydrogenated SMF-28 fibre

separated by a designed cavity length. The schematic of the fabricated structure is shown in Figure

4.24.
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Figure 4.24: The schematic of an in-fibre Mach-Zehnder interferometer implemented with a pair of large
angle tilted fibre gratings.

The spectral characteristics for this implemented in-fibre Mach-Zehnder consisting a pair of 81°-
TFGs (Figure 4.24) was analysed by examining its spectrum on an optical spectrum analyser (OSA).
The Mach-Zehnder structure shown in Figure 4.24 has two identical 81°-TFG which act as 3-dB
couplers, for dividing and combining the optical signal between fibre core and cladding. Part of
the input beam is first forward-coupled to the cladding modes by the first 81°-TFG and then guided
through the cladding whereas the rest of the incident light is remained and guided along the core.
Hence, the fibre core and the cladding create two optical paths. The light travelling along the
cladding arm (green arrow) that later meets the second identical 81°-TFG is recoupled back into
the core and finally interferes with the core mode light (pink arrow) generating the interference

fringes, which can be useful for high resolution measurement.

Figure 4.25 shows the plot of the transmission spectra of the MZI formed by a pair of 8Smm long 81°-
TFGs with 48mm separation, showing multi-peak resonances at 1523nm region. With the selected
polarization mode, the core light can be coupled to either P1 (red line) or P2 (blue line) polarized

cladding modes, respectively, with a separation of 6.33 nm giving an estimated birefringence of

2x10%.
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Figure 4.25: Interference fringes of the MZI formed by a pair of 81°-TFGs with 48mm separation (Red and
blue curves: core mode coupled to P1 and P2 orthogonal polarised cladding modes respectively)

The fringe spacing can be approximated by [24]:

)\2

AN =
AngL

(4.14)

where Any is the group index difference between the core and cladding modes and L is the grating
separation length. A series of 81°-TFG pairs were later fabricated to investigate the variation of the
fringe spacing of the MZIs in terms of grating separation (16mm, 24mm, 32mm, 40mm, and 48mm,
respectively). The result (Figure 4.26) shows that the fringe spacing decreases dramatically and
nonlinearly when the grating separation is increased. In comparison, Gu et al in 1998 obtained
1.55nm fringe spacing at 1530nm wavelength region with an LPG pair of 410mm total length [27],
this experiment produced the same fringe spacing using large angle TFG pair with 40mm total

length, which is only %th of the former, showing a much more compact size.
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Figure 4.26: Fringe spacing against the grating separation with individual grating length of 8mm.

4.6.2.2 Refractive index sensing and sugar concentration measurement

The MZI sensor based on a pair of 81°-TFGs was first calibrated using a set of commercial index
matching gels. The experimental set up is similar to that used in Figure 3.22 in Chapter 3. The

index measurement result is shown in Figure 4.27.
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Figure 4.27: The graph of the wavelength shift Vs the change in index matching gel ranging from 1.30 to
1.42 RIU.

The outcome in Figure 4.27 shows that as the refractive index increases, the resonances of the MZI
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shift to longer wavelength. The rate of wavelength shift is slow to start with (RIU 1.30 - 1.36) and
later increases faster as the index change exceeds RIU 1.36. This calibration with index gel now
forms the basis for the sugar concentration sensing experiment. For this experiment, an unrefined
cane sugar was purchased from Tesco (Figure 4.28(a)) and diluted to give different concentrations.
It can also be noted in Figure 4.28(c) that as the sugar concentration increases the colour of the
sugar solution gets darker. The first measurement is water (Figure4.29(a)) and this was then used

as a reference on the OSA when monitoring the wavelength shift due to RI change.

Figure 4.28: (a) The unrefined cane sugar used for the experiment, (b) the digital weighting scale used to
measure the sugar and (c) the cylindrical glass holding the diluted sugar of different sugar concentration.
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Figure 4.29: (a) MZI wavelength shifts at (a) 0% (b) 10%, (c) 20%, (d) 30%, (e ) 35% and (f) 40% sugar concen-
trations. Red curve (in air) and black curve in different sugar concentrations.

The results shown in Figure 4.29 (a-f) clearly indicate that as the MZI sensing device was placed
in the 10% sugar solution, the separation between the resonances with two orthogonal states be-
gan to increase, and then further increases with increasing of sugar concentration. It can also be
seen from the figures that the visibility of comb-like resonances decreases with increasing sugar

concentration, indicating the light coupled into the cladding modes experienced increasing loss.

The relationship between sugar concentration and RI has been calibrated and plotted as shown
in Figure 4.30, showing a near linear trend from 1.33 to 1.42. The measured wavelength shift
against sugar concentration is plotted in Figure 4.30 (b) showing that the MZI wavelength red

shifts nonlinearly with increasing sugar concentration, especially, it is more sensitive in sugar

concentration range 30%-40% (RI range 1.381-1.400). If one defines AﬁA as RI sensitivity, this

device can offer RI sensitivity as high as 719nm/RIU (1.37nm/1%). Thus, the sugar concentration
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change as small as 0.07% can readily be detected by this device using a standard interrogation

system with 0.1-nm spectral resolution.
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Figure 4.30: (a) Wavelength shift against the concentration of sugar and (b) Graph showing correlation
calibration between RI and sugar concentration for the paired 81°-TFGs based MZI.

4.6.2.3 Bio sensing application - HgB measurement

Over the years, biosensors have been applied in genomics, proteomics and also in the food industry,
homeland security and environmental monitoring systems [28-32]. In addition to these, there
have also been increased interest in research aimed at the implementation of optical biosensors by
exploring the response of optical fibre gratings to changes in bio solutions. Previous work carried
out in this area includes biosensors that make the use of normal FBGs, small angle TFGs, and LPGs

in single mode, multimode and D-shape fibres [33][34][35, 36].

In order to extend this work, the MZI interferometer was then used to measure the concentration
of Haemoglobin (HgB) in sugar and phosphate solutions. The red blood cell gets its colour from
HgB and HgB is the most important respiratory protein of vertebrates with the ability to trans-
port oxygen from the lungs to the body tissues and also to facilitate the return transport of carbon
dioxide. Production of the HgB concentrations was carried out in the same way as the sugar con-
centration experiment (section 4.6.2.2), but unlike sugar, the HgB was dissolved in a phosphate
buffer solution. The phosphate buffer maintains the pH of the protein in HgB, since they require a
certain pH range to maintain neutrality (otherwise the protein structure becomes deformed). The

HgB lyophilized powder was purchased from Sigma Life Science and was obtained from a cow,
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with a storage temperature of 2-8°C.

The MZI was used to measure the concentration of HgB in phosphate buffer solution mixed with
20% sugar solution. The 20% sugar solution value was chosen as a result of the sugar sensitivity
experimental result in Figure 4.30 (a), which shows significant wavelength shift (~4nm) occurred
at about 20%. Thus the changes in the HgB concentration may be easily detectable by the MZL
The centre peak of the MZI at ~1572nm was monitored for this experiment. A set of HgB solutions
with concentrations ranging from 0.0% to 1% with a step of 0.2% was prepared by adding HgB to
the phosphate buffer and also to 20% of sugar solution. 5ml of each solution was then placed in 6

beakers (similar to Figure 4.28 (c)); each beaker contains 20% of 30g aqueous sugar solution.

The whole MZI grating area was immersed into solutions with different HgB concentrations one
at a time; while the grating area was cleaned with ethanol in between the different concentration
measurements in order to remove residual HgB or buffer before the next measurement. During the
experiment, the polarization controller was used to maximise the MZI transmission peaks (meaning
that the propagating core modes are fully coupled out of the fibre) and also to ensure that a single

polarisation state (P1) is used for the measurements.

Figure 4.31 (a) shows the MZI centre peak wavelength shift under different concentrations of HgB
in phosphate buffer solution; Figure 4.31 (b) plots the MZI central peak wavelength shift against

changes in HgB concentration in 20% sugar concentration.
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Figure 4.31: (a) Graph showing the wavelength shift of resonant peaks against the concentration of HgB in
phosphate buffer solution, (b) Graph showing the wavelength shift of resonant peaks against the concen-
tration of HgB in 20% sugar solution.

The experimental result shows that the wavelength shift of resonance peaks is linear to the in-

128



4 FIBRE GRATINGS WITH TILTED STRUCTURES AT SMALL AND LARGE ANGLE

crease in the concentration of HgB in phosphate buffer solution, as quantitatively we measured
wavelength shifts of Onm, 5nm, 7nm, 12nm, 16nm and 18nm for 0.0%, 0.2%, 0.4%, 0.6%, 0.8% and
1.0% HgB concentrations, respectively. But the relationship is non-linear between the wavelength
shift and the concentration of HgB in 20% sugar solution, as we measured the wavelength shifts
of Onm, 0.4nm, 0.6nm, 1.0nm, 1.2nm, 1.5nm, 2.0nm and 2.5nm for 0.0%, 0.2%, 0.5%, 0.6%, 0.8%, 1.0%,
2.0% and 3.0% HgB concentrations, respectively. From the latter, we may deduce the maximum
HgB concentration change from 0.0% to 3.0% gives a peak red shifts of 2.5nm, demonstrating a

sensitivity of ~2.5 nm/1%.

4.7 CHAPTER CONCLUSION

This chapter presents a full investigation of fibre gratings with tilted structures at small (< 45°)
and large (>45°) angles. A theoretical analysis of phase match condition for forward and back-
ward cladding mode coupling has been conducted, showing the relationship between the radiation
angle, the central wavelength and the Bragg resonance of the tilted structures respectively. The
structures have been fabricated in a hydrogenated fibre using the phase and amplitude mask fabri-
cation techniques. The systematic investigation of the structures, spectral responses, polarisation
dependence, thermal, RI and bio responses were systematically carried out, showing distinctive
characteristics and functions of small and large angle tilted fibre gratings. Large angle TFGs has
the capability of coupling light from the core mode to the co-propagating cladding modes and due
to its asymmetrical index fringe structure, two sets of birefringence cladding modes occur mak-
ing it highly polarisation dependent. There low thermal sensitivity also makes them suitable for

applications that require low thermal cross-sensitivity.

For the twist sensing, a highly sensitive twist sensor system based on a 45°and an 81°tilted fibre
grating (TFG) has been experimentally demonstrated. The 81°-TFG has a set of dual-peaks that are
due to the birefringence induced by its extremely tilted structure. When the 81°-TFG is subjected
to twist, the coupling of light to the two peaks would interchange from each other, providing a
mechanism to measure and monitor the twist. The performance of the sensor system by three in-
terrogation methods (spectral-measurement, power-measurement and voltage-measurement) has
also been investigated. The experimental results clearly show that the 81°-TFG and the 45°-TFG

could be combined forming an all-fibre twist sensor system capable of not just measuring the mag-
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nitude but also recognising the direction of the applied twist. The advantages of an all-fibre and
power measurement of this system provide potential for twist/torsion sensing applications using

low-cost interrogation method and remote control and monitoring.

Finally for the chemical and bio sensing, the mode coupling and spectral characteristics of a pair of
81°-TFGs based MZI have been studied and presented, which shows the advantages of extremely
enhanced RI sensitivity, higher resolution and more compact size. This device has been used for
the detection of sugar concentrations and Haemoglobin concentrations, demonstrating an RI sen-

sitivity as high as 719nm/RIU and ~2.5nm/1% for Haemoglobin detection.

130



4 FIBRE GRATINGS WITH TILTED STRUCTURES AT SMALL AND LARGE ANGLE

4.8 References

(1]

(2]

Y. C. Lu, W. P. Huang, and S. S. Jian, “Full vector complex coupled mode theory for tilted
fiber gratings.,” Optics Express, vol. 18, no. 2, pp. 713-726, 2010.

P. S. Westbrook, T. A. Strasser, and T. Erdogan, “In-Line Polarimeter Using Blazed Fiber
Gratings,” IEEE Photonics Technology Letters, vol. 12, pp. 1352-1354, 2000.

S.J. Mihailov, R. B. Walker, T. J. Stocki, and D. C. Johnson, “Fabrication of tilted fibre-grating
polarisation-dependent loss equaliser,” Electronics Letters, vol. 37, no. 5, pp. 284-286, 2001.

K. Zhou, G. Simpson, X. Chen, L. Zhang, and L. Bennion, “High extinction ratio in-fiber
polarizers based on 45 degree tilted fiber Bragg gratings,” Optics Letters, vol. 30, no. 11,
pp. 1285-1287, 2005.

T. Erdogan and J. Sipe, “Tilted fiber phase gratings,” Journal of the Optical Society of America
A-Optics Image Science and Vision, vol. 13, pp. 296-313, 1996.

K.S. Lee and T. Erdogan, “Fiber mode coupling in transmissive and reflective tilted fiber
gratings.,” Applied Optics, vol. 39, no. 9, pp. 1394-1404, 2000.

K. Zhou, A. G. Simpson, L. Zhang, and L. Bennion, “Side detection of strong radiation-mode
out-coupling from blazed FBGs in single-mode and multimode fibers,” Photonics Technology
Letters, IEEE, vol. 15, no. 7, pp. 936-938, 2003.

C. Mou, “Fabrication and Characterisation of 45° of Ex 45°- Tilted Fibre Gratings and Their
Applications in Fibre Lasers and Sensors,” no. December, 2010.

P. Westbrook, K. Feder, P. Reyes, P. Steinvurzel, B. Eggleton, R. Ernst, L. Reith, and D. Gill,
“Application of fiber Bragg grating filter/tap module to a wavelength-locked low-chirp
directly-modulated 10 Gb/s RZ transmitter,” Optical Fiber Communication Conference and
Exhibit, vol. 2002, pp. 680-682, 2002.

[10] J. Tian, Q. Zhang, and M. Han, “Distributed fiber-optic laser-ultrasound generation based on

[11]

[12]

[13]

[14]

[15]

[16]

ghost-mode of tilted fiber Bragg gratings,” Optics Express, vol. 21, no. 5, pp. 6109-6114, 2013.

S. Baek, Y. Jeong, and B. Lee, “Characteristics of short-period blazed fiber Bragg gratings for
use as macro-bending sensors,” Applied Optics, vol. 41, no. 4, pp. 631-636, 2002.

T. Guo, L. Shao, H.-Y. Tam, P. A. Krug, and J. Albert, “Tilted fiber grating accelerometer
incorporating an abrupt biconical taper for cladding to core recoupling,” Optics Express,
vol. 17, no. 23, pp. 20651-20660, 2009.

L. Y. Shao, L. Xiong, C. Chen, A. Laronche, and ]J. Albert, “Directional bend sensor based on
re-grown tilted fiber bragg grating,” Journal of Lightwave Technology, vol. 28, pp. 2681-2687,
2010.

X. Shu, L. Zhang, and L. Bennion, “Sensitivity characteristics near the dispersion turning
points of long-period fiber gratings in B/Ge codoped fiber.,” Optics Letters, vol. 26, no. 22,
pp. 1755-1757, 2001.

X. Shu, L. Zhang, and L. Bennion, “Sensitivity characteristics of long-period fiber gratings,”
Journal of Lightwave Technology, vol. 20, no. 2, p. 255, 2002.

Z. Zhang and J. S. Sirkis, “Temperature-compensated long period grating chemical sensor,”
in Optical Fiber Sensors, p. OWC38, Optical Society of America, 1997.

131



4 FIBRE GRATINGS WITH TILTED STRUCTURES AT SMALL AND LARGE ANGLE

[17]

[18]

[19]

H. H. J. Patrick, a. A. D. Kersey, and F. Bucholtz, “Analysis of the response of long period
fiber gratings to external index of refraction,” Journal of Lightwave Technology, vol. 16, no. 9,
pp. 1606-1612, 1998.

X. F. Chen, K. Zhou, L. Zhang, and I. Bennion, “In-fibre twist sensor based on a fibre Bragg
grating with 81° tilted structure,” IEEE Photonics Technology Letters, vol. 18, pp. 25962598,
2006.

R. Yun Jiang, W. Yi Ping, R. Zeng Ling, and Z. Tao, “Novel fiber-optic sensors based on
long-period fiber gratings written by high-frequency CO2 laser pulses,” Journal of Lightwave
Technology, vol. 21, 2003.

B. H. Lee and J. Nishii, “Dependence of fringe spacing on the grating separation in a
long-period fiber grating pair.,” Applied Optics, vol. 38, no. 16, pp. 3450-3459, 1999.

P. Lu, L. Men, K. Sooley, and Q. Chen, “Tapered fiber Mach-Zehnder interferometer for
simultaneous measurement of refractive index and temperature,” Applied Physics Letters,
vol. 94, no. 13, p. 131110, 2009.

[22] J. Wo, G. Wang, Y. Cui, Q. Sun, R. Liang, P. P. Shum, and D. Liu, “Refractive index sensor

[23]

using microfiber-based Mach-Zehnder interferometer,” Optics Letters, vol. 37, no. 2012,
p. 2221-2793, 2012.

K. Zhou, L. Zhang, X. Chen, and I. Bennion, “Optic sensors of high refractive-index
responsivity and low thermal cross sensitivity that use fiber Bragg gratings of> 80 tilted
structures,” Optics Letters, vol. 31, no. 9, pp. 1193-1195, 2006.

[24] J. Dakin and B. Culshaw, “Optical Fiber Sensors, vol. 4,” Artech House, Boston, p. 315, 1997.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

O. S. Wolfbeis, “Fiber-optic chemical sensors and biosensors.,” Analytical Chemistry, vol. 72,
no. 12, pp. 81R-89R, 2000.

X. Chen, K. Zhou, L. Zhang, and I. Bennion, “Simultaneous measurement of temperature
and external refractive index by use of a hybrid grating in D fiber with enhanced sensitivity
by HF etching.,” Applied Optics, vol. 44, no. 2, pp. 178-182, 2005.

X. Chen, K. Zhou, L. Zhang, and L. Bennion, “Optical chemsensor based on etched tilted
Bragg grating structures in multimode fiber,” Photonics Technology Letters, IEEE, vol. 17,
no. 4, pp. 864-866, 2005.

P. N. Prasad, Introduction to Biophotonics. John Wiley & Sons, 2004.

G. Murugaboopathi, V. Parthasarathy, C. Chellaram, T. P. Anand, and S. Vinurajkumar,
“Applications of Biosensors in Food Industry,” Biosciences Biotechnology Research Asia,
pp. 711-714, 2013.

L. D. Mello and L. T. Kubota, “Review of the use of biosensors as analytical tools in the food
and drink industries,” Food Chemistry, vol. 77, no. 2, pp. 237-256, 2002.

N. Hu, M.-h. Zhao, J.-1. Chuang, and L. Li, “The application study of biosensors in
environmental monitoring,” in Cross Strait Quad-Regional Radio Science and Wireless
Technology Conference (CSQRWC), 2011, vol. 2, pp. 976-979, IEEE, 2011.

K. R. Rogers, “Recent advances in biosensor techniques for environmental monitoring,”
Analytica Chimica Acta, vol. 568, no. 1, pp. 222-231, 2006.

M. E. Bosch, A. J. R. Sanchez, F. S. Rojas, and C. B. Ojeda, “Recent development in optical
fiber biosensors,” Sensors, vol. 7, no. 6, pp. 797-859, 2007.

132



4 FIBRE GRATINGS WITH TILTED STRUCTURES AT SMALL AND LARGE ANGLE

[34] O.S. Wolfbeis, “Fiber-optic chemical sensors and biosensors,” Analytical Chemistry, vol. 76,
no. 12, pp. 3269-3284, 2004.

[35] X. Chen, K. Zhou, L. Zhang, and I. Bennion, “High sensitivity biosensor based on dual-peak
LPG sensitised by light cladding etching,” in Bruges, Belgium-Deadline Past, pp. 383-386,
International Society for Optics and Photonics, 2005.

[36] T. Allsop, H. Dobb, V. Mezentsev, T. Earthgrowl, A. Gillooly, D. J. Webb, and I. Bennion, “The
spectral sensitivity of long period gratings fabricated in elliptical core D-shaped optical
fibre,” Optics Communications, vol. 259, no. 2, pp. 537-544, 2006.

133



5 45°TILTED FIBRE GRATINGS AT 800NM
RANGE

5.1 INTRODUCTION

Tilted fibre gratings (TFGs), also known as slanted or blazed fibre gratings, are a type of fibre grat-
ings with refractive index modulation structure tilted at a certain angle that is capable of coupling
the light from a forward-propagating core mode to backward-propagating core and cladding, or
radiation or forward-propagating cladding modes, depending on the degree of the tilt angle. In
1996, Erdogan demonstrated the first TFG [1] and advanced work on TFGs has been carried out
since then by many researchers [2-4]. Li et al reported the first theoretical description of the
power radiation property of TFGs in 2001 [2], which were based on the volume current method
(VCM) to explain the scattering of out-coupled light from a TFG. TFG’s at 45° will couple out the
S-polarization component of light and leave the P-polarization part propagating in the fibre core,
functioning as a polarizer. In 2005, Zhou et al [5] used an advanced UV-inscription technique to
fabricate a 45°-TFG (a TFG with the structure tilted at 45°), showing in-fibre polarizer function with
Polarization Extinction Ratio (PER) as high as 33dB. Later in 2011, Yan et al [6] systematically in-
vestigated the polarization dependent loss (PDL) and thermal characteristics of 45°-TFGs at 1550nm

wavelength range.

This chapter is focused on 45°-TFGs specifically designed and fabricated with function response and
applications in 800nm region. 800nm falls in the near infrared region of the light spectrum, which
has made it possible to use this wavelength for applications in scientific, industrial and medical
applications. Example of devices that operates in the near-infrared are: night vision goggles, ther-
mal imaging cameras, telescopes, remote temperature sensors and spectroscopes. This wavelength
region is of great interest in this report due to its various applications and its cost effectiveness in

design. It is suffice to say that this it is the first time 45°-TFGs in this wavelength range have been
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carefully investigated and systematically characterized. Furthermore, the fabrication and charac-
terization of 45°-TFG based in-fibre polarizers and power tappers working at a shorter wavelength

range of 800nm is reported in this section.

5.2 STRUCTURE AND MODE COUPLING MECHANISM

Compared to a normal fibre Bragg grating (FBG), a TFG has a grating wave vector with a cer-
tain angle to the fibre axis. In 1969, Kogelink [7] describe the diffraction of the TFGs using the
coupled wave theory. Since Kogelink theory is one dimensional, it is not fully suitable for analyz-
ing 45°-TFG; it assumes the grating is infinite in two dimensions and doesn’t account for the light
propagation in the z direction. The coupled wave theory also assumes that a grating is either trans-
mitive or reflective, which is not completely valid for 45°-TFG. When a grating structure is tilted at
exactly 45°, it can be verified that the structure is at Brewster’s angle, thus nulling (couples out) the
S-polarized (TE-polarization) light component and leaves the P-polarized (TM-polarization) light

transmitting through the fibre. For a UV-inscribed TFG, the Brewster angle can be expressed as:

n
6 =tan | —F¢ 5.1
Brewster (ncore +5TL) ( )

Where 1. is the refractive index of fibre core and dn is the UV-induced index modulation. The
index change through the single photon absorption of UV light is in general very small (10~° to
10~3). From equation 5.1, it can be seen that the Brewster angle for a UV-inscribed tilted grating
is at 45°; this clearly explains why 45°-TFG can function as a polarizer as it couples out the TE-
polarization component of light and leaves the TM-polarization to propagate through the fibre.
Figure 5.1 shows the result of a simulation carried out by Zhou et al, which shows that the trans-
mission loss of the TM-polarized light is almost zero and the transmission loss of the TE-polarized

light is significantly high when the tilt angle is at 45°.
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Figure 5.1: (a) The Transmission spectra of TFGs with 5°C, 15°C, 25°C, 35°C, 45°C, 55°C and 65°C tilted
angles; showing the dashed lines (P-polarised light) and solid curves (S-polarised light). (b) Plot showing the
percentage transmission losses of TFGs versus the S-polarized and P-polarised light for a 45°C tilt angle[8].

The mode coupling mechanism of a TFG works by coupling the forward-propagating core mode
to the counter or the co-propagating modes or radiation modes [9, 10]. Zhou et al [11] confirmed

that the strongest coupling wavelength condition occurs when this phase matching condition is

established:

—

KR = Kcore + KG (5~2)

where K i, Keore and K¢ represents the light radiated, core mode and the grating wave vectors.
As reviewed in [11], there are three tilted angle ranges (as shown in Figure 5.2 (a) - (c)) defined
by the total internal reflection. When the tilted angle 07" < 61 (23.1°), the light is coupled to
backward-propagating core and cladding modes; when 07 > 6a¢ (66.9°), the light is coupled to
forward-propagating cladding modes; when 61 < 6T < 05, the light is radiated out from the side
of the fibre.
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Figure 5.2: (a) The phase matching of TFG < 45° (b) The phase matching of TFG = 45° (c) The phase matching
of TFG > 45° (d) The Schematic of 45°-TFG structure showing the three mode coupling range.

Therefore, the strongest coupling wavelength for a 45°-TFG can be described as:

nAg

_— 53
cos 450 (5:3)

Ast'mngest =
where n is the refractive index of the fibre core and A¢ is grating period. At 45°, the light is
taped out at normal direction with the fibre axis. The tilt angle of the grating plane and the index

modulation strength will determine the radiation coupling efficiency of the light that is tapped out.

5.3 FABRICATION OF 800NM 45°- TILTED FIBRE GRATING

5.3.1 Introduction

The limitations of fibre photosensitivity and fabrication techniques have limited the research of
early researchers to FBGs, until when Meltz et al [12] discovered that the mode coupling in phase
gratings could be enhanced by tilting the angle of the grating (i.e. the angle between the wave
vector and the axis), hence the name Tilted Fibre Grating (TFG). They are also called; Slanted
gratings or Blazed Fibre Grating. The grating tilt structures can be achieved either by using the
phase mask inscription technique or by the two beam holographic technique; by rotating the fibre

at an angle with respect the interference beam (figure 4.4 in chapter 4).
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In TFGs, any beam incident on the tilted structure radiates out of the fibre core in various directions
with different strengths. Fresnel’s Law [9] states that a partial reflection and refraction occurs
when a beam of light shines on an interface with different dielectrics (i.e. the interface reflectivity
or refractivity depends on the refractive indexes of the dielectric). When a grating is 45° tilted, the
S-polarised light component is coupled out of the fibre core and the P-polarised light component

transmits through the fibre.

The phase-mask technique for fabricating FBGs was first demonstrated by Hill et al. [13] and
Anderson et al. [14]. It has been widely reported as the most effective grating inscription technique
for TFGs due to the simplicity of the optical system and its stability compared to the two-beam
holographic technique [15]. The beam incident on the mask is diffracted into several orders, and
for a standard phase mask, the light energy of 0y, order is suppressed and the energy in the +1
order maximized. The laboratory set-up for this technique is shown in Figure 2.9 in chapter 2. In the
work reported in this chapter, the phase mask used was from Ibsen with a mask pitch of 922.46nm
(giving central response at around 800nm), external tilted at 33.7°and is Oy, order suppressed. The
theoretical explanation of the relationship between the internal and the external tilt angle of the
45°-TFG has been explained in chapter 4, section 4.2.3. The simulation derived from equation 4.1
(chapter 4); with n given as 1.52 (the refractive index of Silica at UV wavelength) showing this
relationship is shown in Figure 5.4. The result shows that the internal tilt angle increases as the
external tilt angle increases. For instance, the Ibsen phase mask used in this research to fabricate
a 45°-TFG has an external tilted fringe of 33.7°. It can be seen that when the tilt angle is less than

10°, the curve is almost linear and non-linearity begins to show as the tilt angle increases.
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Figure 5.3: Simulation showing the internal tilt angle (6;n:) Vs the external tilt angle (fc,: ) for TFGs
fabricated by the phase mask technique using Equation 4.10.

5.3.2 Fabrication Set-Up and Configuration

As discussed in chapter 4, the fabrication of fibre gratings depends on the size of the UV interfering
area after the phase mask. The fabrication set up includes: a 244nm UV continuous wavelength
(CW) frequency double Argon ion laser (with a beam size of 268um at the x-axis and 240um at the
y-axis), a cylindrical lens, an air-bearing stage and a phase mask. The use of the cylindrical lens
makes the incident beam on the phase mask rectangular in shape. The inference of the beam occurs
after the phase mask and the index modulation of the fibre core only takes place in the effective

interference area of the +1 diffracted order with the 0 order suppressed.

139



5 45°TILTED FIBRE GRATINGS AT 800NM RANGE

Figure 5.4: (a) 3-D schematic diagram showing the interference area of the +1 UV diffraction order after
a normal phase mask; the dark area represents the interference area in the xy plane (b) 2-D diagram of the
UV interference region with 6 = angle between the +1 order diffraction beam, D is area of the depth of
interference and L is the UV beam in the y-axis (c) 3-D schematic diagram showing the interference area of
the =1 UV diffraction order after a tilted phase mask (d) 3-D diagram of the volume after the tilted phase
mask; with ¢ = tilt angle of the phase mask, H is the height of the UV beam in the z-axis and D is the distance
between the interference area and the phase mask. [6]

To increase D in Figure 5.5(d), the beam can be defocused (by adjusting the focal length of the
focusing lens before the phase mask), but this will also weaken the UV beam intensity. A weakened
UV beam can be ideal for fabricating gratings in large core fibres, as the defocus beam ensures all
the fringes cover the entire area of the fibre core. There is however a fundamental limit to the
fabrication of 45°-TFG using tilted phase mask because it doesn’t only diffract beam in the x-z
plane but also in the y-z plane; meaning that the effective & 1 order overlap area becomes smaller
in comparison to the normal FBG phase mask. For all the 45°-TFG fabricated in this chapter, the

UV beam was defocused to 1.5mm as seen below:
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Figure 5.5: The fabrication set up showing how the change in the focal length of the cylindrical lens is used
to defocus the beam by 1.5mm; yielding a UV beam spot size of about 0.5mm.

5.3.3 Phase Mask Efficienncy

Another analysis was carried out before the 45°-TFGs were fabricated; the diffraction efficiency of
the £ 1 order of the commercial tilted phase mask (TPM) used in this report (by Ibsen Photonics)
was compared to a set of three custom made TPMs. The schematic of the tilted phase mask is

shown in Figure 5.7:

Figure 5.6: Schematic of a tilted phase mask of length 25mm and a height of 10mm

The specifications of the aforementioned three TPMs are:

SKRO003C- 1 (in-house):

Grating area: 25mmx10mm; =33.7°; Period of mask: 1563.762nm;

SKR003C- 2 (in-house):

Grating area: 25mmx10mm; #=33.7°; Period of mask: 1563.772nm;
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Ibsen Phase Mask:

Grating area: 25mmx10mm; #=33.7°; Period of mask: 1800.0nm.

A diffraction efficiency experiment (Figure 5.8 (a) and (b) was carried out by lunching an incident
UV beam (Frequency doubled argon ion laser at 244nm wavelength) with a spot size of approxi-
mately 0.5 mm to the phase mask. The mask structure results in diffraction beams of 0, 1, 42
orders which were viewed clearly on a screen placed behind the mask. The intensity of three other
beams (0 order,+ 1 order) were measured using a UV detector. Five points across the mask grat-
ing area at 2mm, 7mm, 12mm, 17mm and 22mm (Figure 5.8 (b)) were selected for the diffraction

efficiency measurement. The diffraction efficiency was calculated using the following definition:

Diffraction Efficiency = Diffracted power / Incident UV beam power

Incident
UV beam

[ nnd

-1 order Oorder +1 order

(2) (b)

Figure 5.7: Schematic of UV diffraction beams by phase mask (a) and five selected points of phase mask for
measurement (b).
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Point Location (mm) Diffraction Efficiency (%)
-1 order | 0 order | +1 order

2 12.7 50.1 12.2

7 12.4 48.8 12.2

12 12.2 48.1 12.3

17 12.8 48.2 12.5

22 12.7 48.7 12.8

Table 5.1: Tilted phase mask diffraction efficiency of SKR003C-1

Point Location (mm) Diffraction Efficiency (%)
-1 order | 0 order | +1 order

2 12.7 47.8 14.9

13.1 47.2 15.1

12 13.5 47.7 15.3

17 13.5 47.7 154

22 13.4 47.6 15.5

Table 5.2: Tilted phase mask diffraction efficiency of SKR003C-2

Point Location (mm) Diffraction Efficiency (%)
-1 order | 0 order | +1 order

2 37.5 1.1 37.0

37.7 0.1 37.8

12 39.0 0.1 394

17 39.7 0.1 40.6

22 37.4 0.1 38.8

Table 5.3: Tilted phase mask diffraction of Ibsen Phase Mask

It is clear from the Tables 5.1- 5.3 that all three TPMs exhibit the uniformity for the region from
Omm to 25mm, and the symmetry characteristics in diffraction efficiency of the same order beam
(e.g. +1 order and -1 order). But, for both of SKR003C-1 and SKR003C-2 phase masks, the diffraction
efficiencies of 0 order show as high as 48% whilst -1 order show only around 13%. For the Ibsen
phase mask, the 0 order diffraction efficiency has been suppressed to less than required 5%, even

less than 0.5% (measured value). Below are the diffraction patterns observed on the screen;
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Figure 5.8: Image of UV diffraction pattern by SRK003C-1 phase mask. (a) with bare phase mask and (b) with
phase mask and optical fibre; Image of UV diffraction pattern by SRK003C-2 phase mask.(c) with bare phase
mask and (d) with phase mask and optical fibre; Image of UV diffraction pattern by Ibsen phase mask.(e)
with bare phase mask and (f) with phase mask and optical fibre.

For both of the SKR003C-1 and SKR003C-2, most of the incident UV beam power has been diffracted
to the first several orders (0, £1, 2 order) whilst the 0 order is significantly strong indicating a
low suppression effect. For the commercial Ibsen phase mask, the +1 orders have the highest
diffraction efficiency. For fibre grating fabrication with a phase mask, usually &1 order diffraction
beams are employed to generate the interference pattern area for grating inscription. Normally, +1
orders have efficiency higher than 35% whilst 0 order is being suppressed less than 5%. (The strong
0 order will erase the grating fringes induced by +/-1 order diffraction.). The 0 order diffraction
efficiency of SKR003C-1 and SKR003C-2 phase masks has not been suppressed less than 5%, and

the +1 order diffraction efficiencies are only 13%, these two phase masks would be unsuitable for
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tilted fibre grating fabrication.

5.3.4 800NM 45°- TFG Fabrication

The 800nm 45°-TFG used in this chapter was UV inscribed into the photosensitive fibre (PS750 sin-
gle mode fibre) using the phase mask scanning technique. The UV laser is a 244nm, CW frequency
doubled Argon ion laser (Coherent Sabre Fred®). The PS750 fibre was hydrogen loaded under 150
bar at 80°C for 48 hours pre-fabrication to enhance photosensitivity. The UV Laser was focused
through the phase mask unto the fibre by the cylindrical lens, which was carefully aligned along
the fibre axis. The computer controlled air-bearing stage is then used to scan the UV beam over
the fibre in the fibre holder to inscribe the grating structure. The phase mask from Ibsen photonics

has a total length of 25mm, a pitch of 1059.7nm, a chirp of 1.3nm/cm and an external tilt angle of

33.7°. Figure 5.10 shows the grating fabrication layout used in our photonics lab.

Sabre Fred laser Mirror
CW Frequency double Ar+ laser

Mirror ’ Mirror

Computerised Cylindrical Lens
Air -bearing stage -
! ing stag Fibre

holder on a 3D
—mmll » stage

T optical fibre

Control -1 Order +1 Order

Figure 5.9: The grating fabrication set up used in the laboratory; with a LabView programme controlling
the air-bearing stage.

TFGs usually require a minimum of 10~ refractive index modulation for an inscription to take
place; this depends on the photosensitivity of the fibre and the UV exposure condition. In order
to achieve this level of index modulation, the laser power was set to 95mW and the UV beam
scanning speed set to 0.08mm/s. The inspection of the inscribed tilted grating took place post-
fabrication using the Zeis Axioskop microscope system. In other to see the grating structures, a
100x oil immersion microscopic lens was used as seen in Figure 5.11. The microscopic image shows
an approximate measured diameter of the fibre core as 4.08;m and the measured tilted angle of

45°.
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Aston University

Hustration removed for copyright restrictions

Figure 5.10: The microscopic image captured from the Zeiss Axioskop 2 mot plus showing the grating
structure of the 45°-TFG inscribed in the fibre core

5.4 SPECTRAL CHARACTERISTICS OF 800NM 45°- TFGS

5.4.1 The Entire PER Profile

Polarisation extinction ratio (PER), also known as polarisation dependent loss (PDL) is the dif-
ference between the maximum and minimum loss with respect to all possible polarization states.
Noutsios et al in 2001 [16] and Kim et al in 2002 [17] explained the importance of PER on the system
performance of optical communication systems. There are two main methods used in analyzing
the PER of passive optical devices: the polarization scanning technique and the Mueller Matrix
method, but this report will only show the polarization scanning technique as a way of measuring
the PER of the fabricated TFGs. The measure of this peak-to-peak difference of the transmission

between the maximum and minimum can be calculated as:

T,
PER =10 x ( m”) (5.4)
Tmin

where T}, is the maximum transmission loss and 7}, is the minimum transmission loss. The

set up used for this measurement is similar to that used in Figure 4.8 (Chapter 4), but with polarizer

replaced with a commercial grade polarizer working at 800nm. The PER (maximum and minimum
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transmission spectra) of the 45°-TFG can then be obtained by changing the PC paddles, which then
adjusts the two polarization states of the light lunched into the fibre. The normalized PER (in dB) is
then obtained by subtracting the maximum spectra from the minimum spectra. As seen in Figure
5.12 (a) , the entire profile of a 45°-TFG is a near-Gaussian distribution, and can be measured using
a tunable laser or a broadband light source (BBS) covering the whole wavelength range. The PER

distribution of the UV-inscribed 800nm 45°-TFGs over almost 200nm range has been evaluated.

To carry out the PER measurement at different central wavelengths, the central wavelength of the
OSA was set from 690nm to 870nm with an increment of 10nm for each measurement. Once the
central wavelength was fixed, the OSA resolution was set to 0.06nm, sensitivity to -75dB and a
span of Onm (in order to measure at the exact central wavelength). The 15mm long 45°-TFG was
selected for this measurement. With the use of the polarization controller, the PER was measured at
different wavelengths (690nm — 870nm). The results are plotted in Figure 5.12 (a) showing a near-
Gaussian profile and the maximum PER of ~16dB at approximately 770nm and the PER values
greater than 10dB cover over 70nm span. The PER value at 802.7nm from the plot is approximately

11dB, which agrees well with the PER result using a single wavelength laser diode shown in Figure

5.12 (b).
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Figure 5.11: (a) The broadband PER profile of a 15mm long 45°-TFG over a 180nm span using HP83437A
broadband source, (b) PER measurement of a 15mm long 45°-TFG using a single wavelength laser diode
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5.4.2 The Annealing Effect and Effect of Temperature on Grating Profile

The annealing treatment of hydrogen-loaded grating fibre needs to be carried out after UV inscrip-
tion to remove un-reacted hydrogen from the fibre, as the presence of this un-reacted gas causes
instability of the grating structure. The 45°-TFGs reported in this thesis have been annealed at 80°C
for 48 hours. For investigation on stability, a 15mm 45°-TFG was annealed at 80°C for 48 hours in
an oven. Figure 5.13 shows the comparison of the PER distribution over a wavelength range from
770nm to 830nm before and after annealing. It can be seen clearly from the figure that after an-
nealing treatment, the overall PER values are not significantly affected and reduced by less than

2dB for the whole 60nm range.

16.- m H Before annealing
14} ° u @ After annealing
[ |
12} o
L | |
10| ® -
5, 8f o |
[14 i ®
o 6f m
4l o
2}

A Py A A A 2 [ A A A A A A 2
770 780 790 800 810 820 830
Wavelength (nm)

Figure 5.12: The PER profile of a 15mm long 45°-TFG before and after annealing over 60nm span

To further investigate the grating stability, five 800nm 45°-TFGs of different lengths (15mm, 12mm,
9mm, 5mm and 3mm) were fabricated under the same inscription condition (the same power level
and scanning speed of the UV beam) showing PER values of 13dB, 10dB, 7dB, 3dB and 1dB at this
wavelength, respectively, using a single wavelength laser at 802.7nm. The annealed 45°-TFGs were
then subjected to a temperature elevation process from 10°C to 80°C (using the set up described
by Yan et al in 2011 [6]) and the PER values at 802.7nm for all five 45°-TFGs with different lengths
were monitored. The PER values versus temperature are plotted in Figure 5.14, showing almost no
change with increasing temperature. This clearly indicates that all gratings are stable in structure

and there is no effect from thermal environment condition changes on the devices.

148



5 45°TILTED FIBRE GRATINGS AT 800NM RANGE

20
3 W 15mm grating length
18} @ 12mm grating length
i A 9mm grating length
16 | W 5mm grating length
14 B 4 3mm grating length
g | | | [ | | | | [ | |
_ 12}
o L
S10F o ® ] o
% sl
o 6 L. A A A A A A A A A
al
2 i vV v ¥V v v ¥V v v Y
T ¢ 00090 9¢ 99
0 20 40 60 80

Temperature (°C)

Figure 5.13: (a) Experimental measurement of the PER thermal response of the post- annealed five 45°-TFGs,
showing no change with increasing temperature.

5.4.3 Effect of Grating Length On PER

The transmission loss of a 45°-TFG can be expressed as:

T = Exp(—al) (5.5)

where [ is the grating length and « is the loss coefficient. Equation 5.6 shows that a linear rela-
tionship occurs between PER and the grating length. To verify this, the previous five 45°-TFGs of
different lengths (15mm, 12mm, 9mm, 5mm and 3mm) in section 5.4.2 were used. The PER result

for the individual TFGs is plotted in Figure 5.15:
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Figure 5.14: The linear relationship between 45°-TFG grating lengths and its PER.

The linear relationship (by combining Equation 5.5 and 5.6) has been verified by measuring the
PER values at 802.7nm (Figure 5.15). The plot shows a linear fit with a correlation rate of ~1dB/mm.
This linear correlation gives a simple design rule to 45°-TFG based in-fibre polarizer achieving a
desirable PER value. Another method used to increase the PER is by concatenating. This helps to
overcome the grating length limitation due to the phase mask length (25mm). Figure 5.16 (a) and

(b) shows the PER result of concatenating two 15mm 45°-TFGs:
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Figure 5.15: (a) PER of a 15mm 45°-TFG at approximately 802nm wavelength showing a PER of ~13dB and
(b) the PER of a concatenated 30mm long 45°-TFGs at approximately 802nm wavelength showing a PER of
about 37dB.

Figure 5.16 (a) shows the max and min output spectrum of a 15mm long 45°-TFG at 802.7nm; the
difference of the two outputs gives the grating PER value as ~13dB. Figure 5.16 (b) shows the
measured max and min output spectrum by concatenating two 15mm long 45°-TFGs, doubling the

PER value to ~37dB.
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5.4.4 Ultra Broadband PER By Concatenating Detuned 45°-TFGs

From Equation 5.4 and 5.5 and the results shown in Figure 5.15, it can be clearly seen and verified
that the PER of the 45°-TFG increases linearly with the grating length. Thus, it should be possible
to achieve ultra-high PER by concatenating several 45°-TFGs with the same response. However, if
the gratings are offset accordingly in central PER response, an in-fibre polarizer with high PERs
covering an ultra-broadband should be possible. For this purpose, we have UV-inscribed a standard
22mm long 45°-TFG and another four with structures detuned by +4°, +2°, -2° and -4°, simply by
tilting the phase mask using the goniometer on the mounting base. The four detuned 45°-TFGs
were measured for PER distribution from 600nm to 950nm using a SuperK Continuum light source

(SC450-6 Femto-power 1060 Super-continuum source 450nm 6 Watt).

The six TFGs were fabricated under the same conditions with a grating length of 22mm and a
writing speed of 0.2m/s. The first TFG was fabricated with phase mask external tilt angle of
33.7°(without detuning) with the highest PER of ~25dB at 770nm wavelength . The phase mask was
then detuned anti-clockwise with an increment of +2° and +4°, meaning the external tilt changed
from 33.7° to 35.7° and 37.7°. The actual detuned angles are: 29.7°, 31.7°, 35.7°and 37.7°-TFGs, which
has been calculated from the relationship (Equation 5.7) between the external angle (6.,;) and the

internal tilted angle in the fibre core (0;y).

P 1
emt_<2 tam {nmnwm)b 5.6
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Figure 5.16: (a) The PER profile of a 22mm long 45°-TFG detuned at +2° and +4° to the phase mask tilt angle
of 33.7°, (b) the PER profile of a 22mm long 45°-TFG detuned at -2° and -4° to the phase mask tilt angle of
33.7°, (c) The PER profile of a 22mm long 45°-TFG detuned at -2° and +2° to the phase mask tilt angle 33.7°,
(d) the PER profile of a 22mm long 45°-TFG detuned at -4° and +4° to the phase mask tilt angle of 33.7°.

The experimental result in Figure 5.17 (a) shows that the central wavelength of the highest PER
(un-detuned profile in black) shift to a shorter wavelength (from 770nm to 730nm to 710nm) when
the external tilt angle is detuned by +2° and +4°. Likewise, in Figure 5.17 (b), the central wavelength
of the highest PER (un-detuned profile in black) shift to a longer wavelength (from 770nm to 790nm
to 820nm) when the external tilt angle is detuned by -2° and -4°. It can also be observed all through
Figure 5.17 (a)-(d) that the maximum PER reduces due to the detuning of the external tilt angle;

this could be due to the reduced interference area after the phase mask as it is been detuned.

Two detuned gratings at angles 31.7°and 35.7°(-2° and +2° respectively) were concatenated; with
the grating length of each detuned TFG as 12mm, making an overall grating length of 24mm.
The PER profile achieved by concatenating gave an overall PER of about 20.20dB and covers a

wavelength range of approximately 300nm as seen in Figure 5.18.
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Figure 5.17: The PER profile of a 24mm long 45°-TFG (concatenated 12mm TFGs) detuned at +2°and -2°to
the phase mask tilt angle 33.7°, showing a very broad PER spectrum.

To be more specific, such an in-fibre polarizer can have >20dB PER over 100nm. This result is of
great significance as it gives a simple method to implement in-fibre polarizers with high PER over

ultra-broadband wavelength range.

5.4.5 Polarisation Distribution Measurement

The 45°-TFG, as described earlier, works by coupling out the S-polarized light and propagating the
P-polarized light through the tilted grating, giving a linearly polarized response. If the linearly
polarized output from the 45°-TFG is coupled into either the slow or fast axis of a polarization
maintaining (PM) fibre, the output will show a minimum and a maximum power. The polarization
distribution of a UV-inscribed 800nm 45°-TFG with ~13dB PDL has been examined using the set-
up shown in Figure 5.19. The two outputs of the polarization beam splitter (PBS) are PM fibres,
which means the output light is linearly polarized with orthogonal polarization states. This set-up
enables polarized light to be coupled into the fibre with different alignment (rotation) by means of

the fibre rotator (rotated from 0° to 360°) [6].
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Fiber Rotator

PM Fiber

Figure 5.18: Experimental set-up for measuring the polarization distribution of 45°-TFG

The set up in Figure 5.19 consists of a tunable laser, PC, fibre polarisation beam splitter (PBS), a
fibre rotator, a 3D stage, a dual channel power meter and polarisation maintaining (PM) fibre. The
PBS has two output ports (using PM fibres) which produces linearly polarised light with orthogonal
polarisation states. One of the output polarised light goes to one channel of the power meter as
a reference and the other output from the PBS goes to through the fibre rotator which is butt-
coupled to the 45°-TFG. The second chanel of the power meter is then connected to the output
of the 45°-TFG. By rotating the PBS output through the fibre rotator, the polarisation distribution
of a 15mm 45°-TFG was measured and compared to the polarisation distribution of a bare optical
fibre. The transmission distribution shows a uniform power distribution from a fibre without a
TFG (Figure 5.20 (a)) as it has no polarizing function and a figure-8 shape from a 15mm long 45°-
TFG with ~13dB PER (Figure 5.20 (b)). The closeness of the figure-8 clearly indicates the strength

of polarizing function of the grating.

350 | o with 15mm TFG

(a) (b)

Figure 5.19: (a) The Polarization distribution in a plain fibre with 0dB PER; (b) the polarization distribution
of an 800nm 45°-TFG (15mm in length) with ~13dB PER.
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5.5 POWER TAPPING FUNCTION AND MEASUREMENT

5.5.1 Introduction

Power tapping, also known as optical tapping, is the process of monitoring and measuring the av-
erage signal intensity through an optical fibre via a fractional power tapped out from the side of
the fibre. It is a concept that exploits the propagation of light in optical fibres through total internal
reflection, i.e. the light radiates out of the cladding when the angle of incidence is less than the
critical angle [18]. Over the years different methods have been used to tap light out of a fibre; fibre
bending, evanescent coupling and scattering [19]. The complete analyses of TFG structures using
the volume current method and the coupled mode theory method have been explored in previ-
ous literatures [2][20]. The 45°-TFG also acts as a reflector which is wavelength dependent [21].
This however causes the reflected light to leave the fibre core at an angle that depends on a reso-
nance condition between the wavelengths, blaze angle and period of the fringes. The relationship

between the period and tilt angle can be expressed as [22]:

A cos() = A (5.7)

2n

The angle dispersion of a grating can be expressed as: [22]

B _ nsin(f)A
0N n2A2 — 2nAAcos(f) + \2

(5.8)

Equation 5.9 shows that for a given \g, the maximum angle of dispersion occurs when 6 = 45°. The
conventional tapping devices in this category are the fused coupler, which is used to tap light into
another fibre for monitoring signals. A power tapper would be ideal for applications like network
monitoring, fibre laser systems, fibre optic sensors, real time in-line test and measurement and
optical amplifier gain monitoring. Since the side-tapped light is highly directional, it can also be
used to measure return losses instead of transmitted power. According to its unique polarization
property, a 45°-TFG is a natural side power tapper, as S-polarization light is coupled out from the
grating fibre and the amount of the out-coupled light depends on the grating strength. For this
function and application, the side power tapping property of 800nm 45°-TFGs has been systemati-

cally investigated.
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5.5.2 Side Tapped Power Distribution Measurement

The experimental set-up used to measure the side-tapped and transmitted power from a 45°-TFG
fibre is shown in Figure 5.20. For the measurement, the single wavelength light source used is a
802.7nm laser diode from LUMICS. An InGaAS amplified detector (700nm -1800nm) from Thorlabs
connected to an oscilloscope was used to measure the power from the side of the 45°-TFG. The

other end of the grating fibre was connected into a power-meter to measure the transmitted light.

Aston University

ustration removed for copyright restrictions

Figure 5.20: Experimental set-up used for the power tapping measurement; comprising of an 800nm but-
terfly laser diode, power meter, polarization controller, silicon photo-detector, an oscilloscope, fibre holder,
a 3D stage and a 45°-TFG at 800nm

By replacing the 800nm laser diode in Figure 5.20, the first side-tapped experiment was carried
out by lunching a BBS (SuperK light source from 450nm to 2400nm) and a red light source at
633nm into the device using the set up in Figure 5.20; the image of the out-coupled light was
captured using a digital camera; images observed are shown in Figure 5.21 (b) and (c). In Figure
5.21 (b), different wavelengths (colours — green, yellow, red) are seen and, with the appropriate
filter, a single wavelength can be selected; Figure 5.21 (c) shows the image of the red light lunched
out coupling from the grating area of the fibre. Using the set up in Figure 5.20, the side tapped
power was measured for 800nm 45°-TFGs of five different PERs, this was performed to analyse
the effect of PER on the side tapped power measured. The grating PERs are 1dB, 3dB, 7dB, 10dB
and 13dB respectively. As the 800nm laser diode was launched into the fibre; it can be seen that
as the PDL of the grating increases, the side tapped power increases and the transmitted power

decreases. Therefore the amount of transmitted power can be carefully controlled to suit a specific

156



5 45°TILTED FIBRE GRATINGS AT 800NM RANGE

application.
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Figure 5.21: (a) the relationship showing the amount of side tapped power and PDL (b) Captured image of
white light through the 45°-TFG grating and (c) captured image of red light through the 45°-TFG grating.

To further investigate the side tapped diffraction pattern, the power distribution over the entire

grating length (9mm long 45°-TFG) was measured by mounting the photodiode unto a translation

stage, moving in 1mm steps. The result (Figure 5.22 (a)) shows the power is highest at the start of

the grating, but reduces as the photodiode scans close to the end of the grating length.

B
(=]
[ ]

w

o

°
Power (mV)

-
o

T

[ ]

Side Tapped Power (mV)
S
3 [ ]
Azimuthal Side Tapped

o
ad
Lo

0 1 2 3 45
Grating length (mm)
()

o
~

401 - .
Venier Venier
scanning scanning

301 peft right

201

10}

0

10 05 00 05 1.0
Photodiode Position (mm)

(b)

Figure 5.22: (a) Side tapped power distribution along the TFG length (b) measured power distribution in
azimuthal direction along a 9mm 45°-TFG, showing a Gaussian profile

The 9mm long grating sample, which has a modest PER, was analysed by scanning the detector

along the 45°-TFG. The side-tapped power distribution along the grating length (azimuthal direc-

tion by moving the photodiode in the lateral dimension) is plotted in Figure 5.22 (b) and Figure

5.23. A Gaussian fit was applied to Figure 5.22 (b) to generated Figure 5.23.
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Figure 5.23: Gaussian profile generated from the measurement seen in Figure 5.22 (b) using Matlab

5.5.3 Side Tapped Beam Characterisation And Dispersion Measurement

To be able to effectively use this device as a power tapper, the side-tapped beam size from the

45°-TFG was measured using the set-up shown in Figure 5.24.

Aston University

ustration removed for copyright restrictions

Figure 5.24: Schematic diagram of the experimental set-up for the side tapped beam characterizing and
dispersion measurement.

A LC100 CCD-array from Thorlabs with a 14um pixel size was used to view the radiation beam
size from the 45°-TFG via the LabView program used to capture the CCD-array data. The set-up
is such that the CCD camera is moved close (<0.5mm) to the 45°-TFG, which is mounted on a 3D
stage. A 2mm diameter cylindrical rod is placed almost touching the 45°-TFG to focus the radiated

beam in the x-direction and the CCD-array is placed at approximately 100mm from the cylindrical
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rod. This set-up was essential to enable easy alignment of the side-tapped beam to the CCD-array.
The CCD was mounted on a motorized stage and placed in the plane of the side-tapped beam. The
initial alignment of the side tapped beam to confirm its direction was carried out using a He-Ne

red light source.

After the alignment, the light source was changed to a single wavelength laser diode operating
at 802.7nm. The CCD array was then scanned across the radiation beam profile to measure the
side tapped beam width. For this experiment, a short (1mm) 45°-TFG and a medium length (10mm)
45°-TFG were examined. For the 1mm 45°-TFG, the CCD measurement confirms the length of the
45°-TFG under test, as 100 pixels (Figure 5.25 (a)) of high intensity were shown, giving 100x14pm

= 1.4mm, which is broader than the actual grating length of 1mm due to the edge illusion effect.

For the 10mm long 45°-TFG, as shown in Figure 5.25 (b), 750 pixels of high intensity were measured,
giving 750x14pum = 10.5mm, which verified the grating length more accurately. It can be observed
from the side tapped beam width measurement for both the 1mm 45°-TFG and 10mm 45°-TFG that
there was a difference of 0.4mm and 0.5mm respectively, in comparison to the calculation. This

difference is due to systematic errors in the measurement.
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Figure 5.25: (a) Measurement of the side tapped beam width of a 1mm 45°-TFG, (b) measurement of the side
tapped beam width of a 10mm 45°-TFG

The outcome of this measurement means that we are able to select the right grating length that will
give the right side tapped beam size for the appropriate silicon photo-detector, hence improving

the efficiency of the device. It also means that it is possible to measure the whole size and intensity
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distribution of the side tapped beam from a 45°-TFG, which would be suitable for applications of
a power-tapping device. The side tapped beam was also analysed with a 2D camera to observe
the dispersion of the side tapped light by moving the 2D camera (on a motorized stage) at various
distances from the 10mm 45°-TFG, without the use of the 2mm diameter cylindrical rod. The result
(Figure 5.26 (a)-(d)) shows that the intensity of side tapped light was highest and sharp when the
10mm 45°-TFG was 1mm away from the 2D camera, but as the 2D camera moves in 5mm steps away
from the 10mm 45°-TFG, the side tapped light became weaker and less focused. Its is important to

understand this in order to ensure all the side-tapped power is efficiently captured by the detector.

Figure 5.26: (a) Measurement of the side tapped beam dispersion of a 10mm 45°-TFG with 2D camera at
1mm from TFG, (b) measurement of the side tapped beam dispersion of a 10mm 45°-TFG with 2D camera
at 5mm from TFG, (c) measurement of the side tapped beam dispersion of a 10mm 45°-TFG with 2D camera
at 10mm from TFG and (d) measurement of the side tapped beam dispersion of a 10mm 45°-TFG with 2D
camera at 15mm from TFG.

Thus, for a real device, a suitable grating length must be chosen in order to maximize the efficiency

of the power-tapping device.

Another factor that needs considering is the azimuthal dispersion of the side tapped beam at vari-
ous distances between the CCD camera and the 45°-TFG; in this investigation it was realized that
the dispersion only occurs in the azimuthal direction, but the horizontal section of the beam re-
mains unchanged at various distances between the CCD and the 45°-TFG. This experiment was
carried out for both the 1mm and 10mm grating 45°-TFG. The results are shown in Figure 5.27 (a)

and Figure 5.27 (b) shows the dispersion in the azimuthal direction as the distance between the
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CCD camera and the 45°-TFG increases for a 1mm and 10mm long 45°-TFG respectively.
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Figure 5.27: (a) Azimuthal dispersion measurement of the 1mm 45°-TFG sample, (b) Azimuthal dispersion
measurement of the 10mm 45°-TFG sample

The spectral width of the CCD spectrum increases (pixel number difference) as the distance be-

tween the CCD and 45°-TFG increases. It should also be noted that the intensity of the detected side

tapped power by the CCD camera decreases (from 0.75 to 0.57 for the 1mm 45°-TFG and from 0.75

to 0.62 for the 10mm 45°-TFG) as the distance between the CCD camera and the 45°-TFG increases.
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Figure 5.28: Dispersion rate comparison between the Imm 45°-TFG and the 10mm 45°-TFG.

Further analysis shows that the result in Figure 5.28 reflects a linear relationship between the

dispersion rates of the side tapped beam and the CCD camera distance from the 45°-TFG; it also

shows a slight difference in the rate of dispersion between the 1mm and 10mm 45°-TFG. The rate
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of dispersion of the 1mm 45°-TFGs is slightly higher than that of the 10mm 45°-TFG, which could
be as a result of the length of the 45°-TFG. So a short grating length 45°-TFG is most desirable for
fibre tapping applications, as the silicon photo detector is able to capture all the out-coupled light

with minimal loss due to dispersion.

5.6 CHAPTER CONCLUSION

This chapter was introduced by mentioning the developments in TFGs and its applications in re-
cent years; and concludes that the 45°-TFGs ability to couple out the S-polarisation component of
light and leave the P-polarisation component propagating has made it a good candidate for in-line

polarisers and power tapping device.

The structure and mode coupling of 45°-TFGs is such that the TE polarization component of light is
coupled out of the fibre while the TM polarization state transmits through the fibre. A simulation by
Zhou et al also confirms that the strongest coupling wavelength condition occurs when the phase
matching condition (tilt angle = 45°) is established. The radiation coupling efficiency is however

determined by the index modulation (~10~?) strength and the tilt angle of the grating.

The phase mask fabrication technique was used for the inscription of the TFGs structures. This
technique is the most effective method of fabricating TFGs owing to its simplicity, stability repeata-
bility. When the UV beam shines on the phase mask (pitch of 922.46nm and internal tilt of 33.7°),
the light is diffracted into different orders (0,41,£2); the TFGs are therefore inscribed using the
+1 (>40%) orders with the 0 order suppressed (<5%). The hydrogenated PS750 fibre (clamped in
place by a fibre holder mounted on a 3D stage) is then placed at the beam interference region after
the phase mask. The grating length and speed of fabrication is set by a LabView programme. Also
changing (defocusing) the focal length of the cylindrical lens to 1.5mm increases the interference

region of the UV beam, at the expense of intensity.

Further analysis of four phase masks was then carried out to analyse the diffraction efficiency of the
0 and the +1 orders. One of the four was a commercially made phase masks from Ibsen photonics
and the other three was custom made. The outcome of this analysis showed that the phase mask
from Ibsen is well suited (with the efficiency of the £1 >45% and the 0 order suppressed to <5%)

than the custom-made phase masks.
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The entire PER profile of the 800nm of the 45°-TFG is near Gaussian in nature, covering almost
200nm. This was measured by using both a BBS and a single wavelength laser diode. The PER
measurement shows a linear correlation with the grating length and after post-inscription anneal-
ing (at 80°C for 48 hours), the PER variation observed is <2dB. The effect of elevated temperatures
on five 800nm 45°-TFG of different grating lengths was also examined and the result shows that the
effect of elevated temperature is negligible. The different grating lengths also show different PER
values (i.e. the PER increases linearly with grating length). Due to limitation of the phase mask
length in inscribing long length gratings with higher PERs, two 15mm gratings were concatenated

together (making a grating length of 30mm) yielding a PER of ~37dB.

In order to achieve an ultra broadband PER, a 22mm 800nm 45°-TFG was detuned to give external
tilt angles of 35.7°, 37.7° (for the +2 and +4 detuning) and external tilt angles of 31.7°, 29.7° (for the
-2 and -4 detuning). The detuned +2 and -2 were concatenated together to give a very broad PER
spectrum in comparison to the measured individual PER spectrum. A 15mm 800nm 45°-TFG was
selected in comparison to a bare fibre for polarization distribution measurement; the result shows
an almost figure 8 for the fibre with the TFG and a complete circle for the bare fibre when the fibre

was rotated through 0-360°

Finally, the power tapping application of this device was then examined. The ratio of the trans-
mitted power to the radiated power of 800nm 45°-TFGs with different PERs was first analysed to
investigate the effect the PER on the transmitted and radiated power. The result shows that as the
PER (PDL) increases the radiated (side tapped power) increases and the transmitted power reduces;
meaning that both the transmitted and the side tapped power shows an inverse relationship as the
PER increases. The side tapped power distribution across the length of a 9mm TFG was then exam-
ined, showing the highest side tapped power at the beginning of the grating and reduces towards
the end of the grating length. The azimuthal side tapped power was also measured showing a near
Gaussian power distribution. In order to ensure the efficiency of this device, the dispersion of the
side tapped light was analysed. The result shows that dispersion increases as the detector moves
away from the out-coupled light, but noticed that there is minimal dispersion in the horizontal
direction but most dispersion takes place in the azimuthal direction of the TFGs. This analysis
means that we are able to select the appropriate grating length and detector for this device. The
side-tapped power vs. PDL shows that using this device, it is possible to tap power as small as 1%

out of the fibre guided mode, which can be useful in optical communication systems.
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6 45°TFB BASED SPECTROMETER

6.1 INTRODUCTION

Optical taps using TFGs as a side detection system was reported by Meltz [1] and in 1991, Meltz
et al filed the first TFG patent [2] and since then Koeppen et al and Perez et al later filed another
patent. In 1997, Wagner et al designed a spectrometer based on blazed fibre Bragg grating (BFBG),
using a 256-element InGaAs detector array and an index-matching prism (to remove cladding — air
gaps). Due to these advancements, researchers have devised several new detection systems based
on TFGs, including TFG based interrogation system with three photo-detectors [3], spectrometer
(using a chirped TFG and a detector array) [4] and a demodulation device (using a TFG, CCD array
and a convex lens) [5]. In 2004, Simpson et al developed a 1550nm-interrogation system based
on a TFG-Convex lens-CCD structure, but the design reported in this section would be working at
800nm wavelength range. There are advantages to build spectrometer in this wavelength range, be-
cause most commercial CCD-arrays are cheap and sensitive in this wavelength range, light sources
at 800nm is cheaper than light sources at 1550nm, compact interrogation systems can be designed
at 800nm wavelength range and 800nm interrogation systems can be used to detect biochemical

samples, making them viable in the medical, life sciences and environmental applications.

Based on the discussion in Chapter 5 about the spectral characteristics of 45°-TFGs power tapping
capabilities, this Chapter, however, explains the design and development of a 45°-TFG based inter-
rogation system working at 800nm capable of true spectral measurement by utilising a CCD linear
array and a 45°-TFG. In the second part, we will demonstrate the use of this interrogation system

as an optical coherence tomography (OCT) for bio-sensing application.
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6.2 45°- TFG BASED INTERROGATION SYSTEM

6.2.1 Principle And System Set-Up Of The Interrogation System

An important application of TFGs is its use as a dispersive grating; coupling light from the forward
propagating core mode to radiation modes. These radiation modes are then focused unto a CCD
linear array. However, from equation 6.1 the spatial position of the illuminated pixel on a CCD is

a function of the wavelength since the radiation angle ¢ is wavelength dependent.

% cos(§) — nerrko

0) = 6.1
cos(0) o 1)
where ko= 27“, the equation 6.1 now becomes:
2 cos(€) — Neysy
cos(f) = & (6.2)

na

The 800nm interrogation system is made from a TFG (at 800nm), a cylindrical rod, a convex lens
and a CCD. The schematic of the laboratory setup for the interrogation system is shown in Figure
6.1. A white-light super-continuum light source (SC450-M, 80 MHz rep. rate, 4ps pulse width,

450-2400nm), by Fianium LTD is used as the broadband light source.
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Figure 6.1: Schematic showing the 800nm TFG-CCD interrogation system

The transmission spectrum of the Super-continuum Fianium broadband light source is shown in
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Figure 6.2 and it was measured using an optical spectrum analyser (OSA) with an optical resolution

of 0.06nm; and also measured with the CCD device (within the wavelength specification of the

CCD), showing a full optical bandwidth of 450nm (600nm — 1050nm) and an output power greater

than -40dB.
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Figure 6.2: Transmission spectrum of the white-light continuum laser by Fianium, measured from 600nm

to 1050nm.

The interrogation system has an overall dimension of 210mm length and 150mm width, with an

arrangement of: a 2mm diameter cylindrical rod is < 0.5mm from the TFG, the cylindrical lens is

placed 45mm from the cylindrical rod and the CCD is placed at the focal point (155mm) of the

cylindrical lens. A schematic of this system is shown in Figure 6.3
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Figure 6.3: The dimensions and arrangement of the 800nm TFG interrogation system as used in the set up

shown in Figure 6.1.

The light is lunched into the sensing gratings via a 3dB coupler; with port 1 connecting to the BBS,
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port 2 connecting to the Bragg gratings and port 3 connecting to the 800nm TFG (passing through
the light reflected back from the FBGs), which then radiates to the linear CCD. As mentioned above
in Equation 6.2, the direction of radiation is wavelength dependent and it also depends on the fibre
used and TFG parameters. To know the wavelength radiated is crucial to correctly analyse the
CCD detection and decoding. The CCD-array records the far field radiated light focused by the
convex lens, which is related to the wavelength change of the FBG sensor. The reflected signal
from the FBG can then be captured by the CCD signal through its spectral spatial transformation

function.

6.2.1.1 Spectral property of the sensing FBG and 45°-TFGs

The 800nm 45°-TFG used for out-coupling the light was fabricated in hydrogen loaded photosensi-
tive PS750 single mode fibre using the scanning phase mask technique. The transmission spectra
of the sensing TFG and FBG are shown in Figure 6.4 (a) and (b). The transmission spectrum of
the 800nm 45°-TFG is near Gaussian in nature (Figure 5.12 in Chapter 5), with a radiation range of

about 180nm (690nm - 870nm) as seen from Figure 6.4 (a).
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Figure 6.4: (a) The transmission spectrum of an 800nm 45°-TFG, measured in air. (b) The reflection spectrum
of the sensing FBG sensor.

A FBG sensor with the Bragg resonance in the TFG radiation range by UV inscription using the
two-beam holographic technique; Figure 6.4 (b) shows the reflection spectra of the fabricated FBG,

with resonance at 805nm.
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6.2.1.2 Set-up of the 800nm TFG-CCD interrogation system

Figure 6.5 shows the actual evaluation system set on the laboratory optical table. In this system, the
TFG is clamped on both sides to a 3D stage; this helps to keep the grating area straight. Immediately
after the grating is a cylindrical rod of about 2mm in diameter. This is glued to a surface mounted
on a 3D stage; this makes the alignment of the radiated light from the TFG to the CCD accurate
and also focuses the radiated beam in the x-axis in relation to the fibre. The cylindrical lens is
placed on a temporal surface for the purpose of this experiment to focus the light in the y-axis and
the CCD placed at the focal point of the cylindrical lens. The cylindrical rod is the master lens by
which the bandwidth and resolution of the spectrometer system are defined; the cylindrical lens is

then used to increase the intensity of the radiated light.

» ’ ‘ '.. .
Cylindrical

Figure 6.5: The photograph of the experimental setup using the CCD, cylindrical lens, cylindrical rod and
TFG.

The Sony ILX511 linear CCD, coated with Y202S:Er,Yb (to make it responsive to infra-red (IR)
radiation since it was originally made to respond to wavelengths between 400nm and 1000nm) was
employed in capturing the out-coupled radiation from the TFG. The CCD device has 2048 pixels
with a pixel size of 14pm in length, which makes it low cost and gives it improved sensitivity. The
choice of CCD arrays over photodiode arrays is due to the possibility of smaller pixel size, longer
arrays and low cost. The spectral sensitivity given by the manufacturer (Figure 6.6) shows that this
CCD is intrinsically sensitive to illumination from an 800nm source. The CCD is positioned at a

certain distance along the x-axis in the focal plane of the cylindrical lens in the y-axis.
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Figure 6.6: The manufacturers stated relative sensitivity from 400nm to 1000nm radiation range (Sony
ILX511 datasheet).

6.2.1.3 System alignment

The initial alignment of the CCD to the out-coupled light from the 45°-TFG was carried out using
a 5mW, 633nm red He-Ne laser Source. A screen is placed in front of the light radiated outwards
by the TFG, covering the x-y plane of radiation. The visible output is used to set the orientation of
the TFG and CCD array. Figure 6.7 (a) shows the image projected from the 633nm He-Ne red laser
on the screen without the cylindrical rod and also without cylindrical lens; Figure 6.7 (b) shows
the image projected from the 633nm He-Ne red laser on the screen without the cylindrical rod
and with cylindrical lens placed before the screen; Figure 6.7 (c) shows the image projected from
the Fianium super continuum BBS on the screen without the cylindrical rod and cylindrical lens;
Figure 6.7 (d) shows the image projected from the 633nm He-Ne red laser on the screen with the
cylindrical rod and without the cylindrical lens placed before the screen; Figure 6.7 (e) shows the
image projected from the 633nm He-Ne red laser on the screen with the cylindrical rod and with

the cylindrical lens placed before the screen.
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Figure 6.7: The photographic images projected on the screen from the 633nm He-Ne laser; (a) without the
cylindrical rod and cylindrical lens, (b) without the cylindrical rod and with the cylindrical lens, (c) using
Fianium BBS without cylindrical lens and rod, (d) with the cylindrical rod and without the cylindrical lens
and (e) with both the cylindrical rod and cylindrical lens.

It is clear to see that without both the cylindrical rod and lens (Figure 6.7 (a)), the radiation captured
on the screen is elongated in the y-axis and there is increase in x-axis. But when the cylindrical lens
was placed in the set up, without the cylindrical rod (Figure 6.7 (b)), the radiated light was focused
in the y-plane; when a Fianium super continuum BBS was lunched into the fibre, the radiated
light shows a series of colours (green, yellow, orange and red) relating to the radiation at different
wavelengths (Figure 6.7 (c)); the cylindrical rod was then placed after the fibre at a distance of
about 0.5mm without the cylindrical lens, the projected image (Figure 6.7 (d)), shows the focusing
of the radiated light in the x-plane; for the full system, both the cylindrical rod and the cylindrical
lens were placed before the screen, showing the radiated light been focused both in the x-y plane

on a point (Figure6.7 (e)), which will make the CCD detection efficient. The different colours in
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Figure 6.7 (c) were then separated into individual colours (Figure 6.8) using a smart phone camera
(8MP with 1.5p pixel and f/2.2 aperture). The colours of green, yellow, orange and red correspond

to wavelengths 530nm, 600nm, 630nm and 670nm respectively.

Figure 6.8: The separated colours from Figure 6.7 (c), showing individual colours green, yellow, orange and
red corresponding to wavelengths 530nm, 600nm, 630nm and 670nm respectively.

Once a good alignment is achieved using the 633nm He-Ne laser, the different components of the
set up are then put in place; with the radiation pattern distributed symmetrically and shift along

the screen when the experimental factors (the temperature and strain of the FBG sensor) change.

6.2.1.4 CCD detected signal — bandwidth and resolution

Once the CCD-array is in place right at the centre of the radiated light, examples of radiation
signals using 800nm laser diode and He-Ne red laser were captured and compared to the measured

signal using the OSA, as seen Figure 6.9 (a)-(d).
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Figure 6.9: (a) Signal captured from an 800nm laser diode by the CCD-array, (b) Signal captured from an
800nm laser diode by an OSA, (c) Signal captured from a 633nm He-Ne laser by the CCD-array and (d) Signal
captured from a 633nm He-Ne laser by an OSA.

The captured signals from the laser diode using the CCD and an OSA are almost similar in intensity

and width; this is also the same when the 633nm He-Ne laser was measured using the CCD-array

and an OSA. Figure 6.9 (c) and (d) possess similar features, but not as identical in comparison to

Figure 6.9 (a) and (b).

Due to the finite width of the CCD pixels size (14um), a consequence of pixilation occurs as the

maximum physical resolution of the CCD-array is reached. In order to correct this possible pixi-

lation effect, a function is needed to transfer the signal profile to radiation wavelength. Since this

affects the resolution of the system, different algorithms can be applied to improve the resolution

[6]. However, the centroid detection algorithm provides a minimal computation time; by taking

the amplitude weighted mean of the data using equation 6.3:
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2048
1

2048

Zyi
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&= (6.3)

where 7 is the centroid fitted peak value, x; is the wavelength of the ith element and y;(> Ymin) is

the amplitude of the ith element greater than the noise floor ¥ -

Bandwidth and resolution are always a trade off that needs to be balanced in this system; as the
bandwidth becomes wider, the resolution becomes reduced. The factor that affects the bandwidth
of this system is the detection length of the CCD-array, the focal length of the cylindrical lens
and the range of radiation of the TFG. In this system, the bandwidth is calculated by multiplying
the spectral resolution and the number of pixels. The focal length of the cylindrical lens used in
this system is 155mm. Through calculation, a bandwidth of 26nm and a physical resolution of
12.7pm/pixel were deduced. These two parameters then enable the usage of the full length of the

CCD array and increases its efficiency.

With the cylindrical lens of 155mm focal length selected, the intensity counts of the CCD-array
captured image was analysed, (a) when the focal length of the cylindrical lens was changed by
£ 10mm (in 1mm steps) using the 3D stage and (b) when the focal length stays the same but the
802nm laser diode current was increased from 30mA to 50mA, the results are displayed in Figure

6.10 (a) and (b) below:
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Figure 6.10: (a) The CCD array captured signal when the focal length of the cylindrical lens was changed
by +10mm in steps of 1mm, (b) The CCD array captured signal when the focal length of the cylindrical lens
was kept at 155mm and the 800nm laser diode current changed from 30mA to 50mA in steps of 2mA.

The result shown in Figure 6.10 (a) when launched with an 800nm pigtailed laser diode shows
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that the optimum intensity of the 800nm interrogation system is at the focal point (155mm) of the
cylindrical lens, outside this focal point the radiated signal received by the CCD array becomes
weaker and not well resolved. Figure 6.10 (b) shows that another factor that can affect the power
of radiated signal received by the CCD array is the source power, showing that at the cylindrical
lens focal point, the more the laser diode power increases from 30mA to 50mA, the stronger the

intensity of the captured signal.

6.2.1.5 Transfer function of the interrogation system

Since the CCD measurement is encoded in pixel counts, it is important to correlate the wavelength
shift and the CCD pixel by carefully calibrating the spectral-spatial encoding function of the 45°-
TFG-CCD system. The reflection signal of the FBG (at 805nm) in Figure 6.4 (b) was used to carry
out a strain sensing and the result was used to generate a transfer function for the system. Tension
was applied to the FBG sensor (Figure 6.1) and the wavelength shift was monitored on an OSA
and the CCD based interrogation system simultaneously. The result in Figure 6.11 shows a linear
correlation between CCD reading and the Bragg wavelength shift recorded by the OSA. The con-
version coefficient is therefore 11.3pm/pixel for a 155mm focal length, meaning this interrogation

system has a resolution of about 11.3pm.
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Figure 6.11: The relationship between the CCD pixel reading and the Bragg wavelength shift of the 800nm
interrogation system; showing a linear correlation.
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6.3 APPLICATION OF 45°- TFG BASED INTERROGATION SYSTEM

6.3.1 Temperature Sensing

In order to demonstrate a practical application of the system, a sensor interrogation system em-
ploying a WDM sensor array, which was fabricated in SMF with Bragg resonances to coincide with
the near Gaussian fitted profile of the 800nm 45°-TFG (Figure 6.4 (a)). The central wavelength of
the FBG sensor is at 805nm (Figure 6.4 (b)) and with a strength of ~10dB. This central wavelength
was chosen because its around a PER region of 12dB on the 800nm 45°-TFG PER profile, meaning

that the TFG will couple out most of the FBG sensor reflected signal changes.

6.3.1.1 Experimental set up

The experimental arrangement for using 45°-TFG interrogation units to monitor FBG temperature
sensing is shown in Figure 6.12. The FBG sensor is carefully placed in a peltier heating unit con-
nected to a temperature controller, which is used to increase the temperature applied to the FBG
sensor, while capturing the wavelength shift with the CCD array. The temperature was elevated
from 10°C to 70°C with 10°C intervals; the temperature controller reading was allowed to settle
for 10mins between each temperature change to ensure an equilibrium temperature reading. By
inserting a 2mm cylindrical rod and a cylindrical lens of 155mm focal length between the 45°-TFG
and the CCD array, the losses surrounding the coupling of the radiation modes from the 45°-TFG to
the CCD array was reduced. The high power Fianium Super continuum BBS was chosen, with the
sensing FBG connected to the output of the 3dB coupler and the return port of the coupler connect
to the 45°-TFG; enabling the FBG sensors reflected signal to be radiated onto the CCD array which

enables a data capture through a software system.
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Figure 6.12: The schematics of the 800nm interrogation system based on 45°- TFG and CCD for temperature
sensitivity.

6.3.1.2 Experiment result and discussion

The FBG sensor was monitored in varying temperarute environments. Figure 6.13 (a)-(g) show
a series of 7 intensity profiles captured using the CCD array at elevated temperatures of 10°C to
70°C. Observed is a red shift in the CCD pixel and the data were converted to wavelength shifts
against temperature change as shown in Figure 6.13 (h). From this plot we estimate the temperature
sensitivity is ~5pm/°C; which is in a similar order with the temperature results of 6.8pm/°C reported
by [7]. The intensity was maintained throughout all the temperature measurements, owing to a

stable set up.
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Figure 6.13: (a)-(g) The intensity profiles of FBG captured by the 800nm 45°- TFG and CCD based interroga-
tion unit under temperature change from 10°C to 70°C; (h) Converted wavelength shift against temperature
for the FBG sensor.

In order to confirm this result, an OSA interrogated the same FBG sensor and the captured spectrum
for each temperature is shown in Figure 6.14 (a) and the wavelength shift against temperature is

plotted in Figure 6.14 (b)

179



6 45°TFB BASED SPECTROMETER

0.40
e8] | —10°C —0.35 Y=0.006x -0.06 |
68 —20°C (a) = '

-70¢ 30°C -E— 030 B /./

72l —a0c £ 0.25}

24l 50°C Red Shift & (.20

=

£ 0.15 A

5 0.10

2 0.05

1]

Z 0.00
-0.05

—_~
=
—

N

Intensity (dB)

\

10 20 30 40 50 60 70

Temperature (°C)

Wavelength (nm)

Figure 6.14: (a) The reflection spectra for all temperatures captured by the OSA system; (b) the plot of
wavelength shift against temperature.

In Figure 6.14 (a), the reflection signal from the FBG sensor operating at 805nm shifts to the longer
wavelength as the temperature of the heating unit is elevated from 10°C to 70°C. The wavelength
shift for this temperature change is recorded as 6pm/°C. This is very close with a 1pm/°C difference
to the temperature sensitivity measured using the 800nm 45°-TFG and CCD interrogator (Figure
6.13 (h)). This clearly demonstrated the proposed and developed 45°-TFG and CCD based interro-
gation unit is capable of monitoring FBG temperature sensing, which is a low-cost and much more

compact interrogation system than an OSA and should be suitable for real applications in the field.

6.4 BIOLOGICAL APPLICATION

6.4.1 Application In Optical Coherence Tomography (OCT)

Building spectrometers with diffraction gratings is common practice. Though such spectrometers
can show high performance, the miniaturization of these devices is restricted by the diffraction
limit that necessitates expansion and focusing of the beam. Furthermore, the number of com-
ponents and the long-term alignment drives the costs for low maintenance and high-resolution
instruments. An approach to miniaturize devices and thereby increase their stability is to com-
bine functionalities of different optical components into one, such as with classic concave gratings
that integrate the grating with the focusing element [8] or arrayed waveguide gratings that found

examples of applications in spectrometers for biomedical imaging [9]. These approaches suffer
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from high complexity of the manufacturing process. A tilted fiber grating acting as the dispersive
element can be integrated via a rather simple inscription process directly into the optical fibre,
which is already an intrinsic component of the optical set-up. The principle realization of a high
resolution tilted fibre Bragg-grating (TFBG) Optical Spectrum Analyzer (OSA) was demonstrated
[4], [10]. Its simplicity and high potential for efficient light collection makes it appealing for low-
cost high-resolution spectrometry, and spectral imaging techniques like Spectral Domain Optical
Coherence Tomography SD-OCT. OCT is a well-established technology to generate non-invasive
cross-sectional depth resolved 2-dimensional and 3-dimensional tomograms of biological tissue by
measuring the backscattered and back-reflected light [11-13] that encodes depth information in a

spectral interference signal.

A compact, fibre-based spectrometer for biomedical application utilising a tilted fibre grating (TFG)
as an integrated dispersive element is demonstrated via collaborative work between Bern Univer-
sity of Applied Sciences, Bangor University, Jiangnan University and Aston University. Based on
a 45° UV-written in PS750 TFG, a refractive spectrometer with 2.06 radians/pm dispersion and a
numerical aperture of 0.1 was set-up and tested as an integrated detector for an OCT system. Fea-
turing a 23mm long active region in the fibre, the spectrum is projected via a cylindrical lens for
vertical beam collimation and focused by an achromatic doublet onto the detector array. Covering
740nm to 860 nm, the spectrometer was optically connected to a broadband white light interferom-
eter, a wide field scan head and electronically to an acquisition and control computer. Tomograms
of ophthalmic and dermal samples obtained by the frequency domain OCT-system were obtained

achieving 2.84um axial and 10.2um lateral resolution.

Integration of the spectrometer’s dispersive element (i.e. 45°-TFG) into the fibre eliminates the need
for an external diffraction grating and the collimation optics. The reduction of the bulk optical
elements increases stability. Together with simple broadband light sources the miniaturization
and simplification results in cost reduction for OCT-devices. This opens new fields of potential

applications such as portable OCT devices for flexible and long term monitoring of diseases.

6.4.1.1 System design

A TFG alters the propagation direction and causes partial coupling out of the fibre by reflection.

The angle of the out-coupled light is strongly wavelength dependent. In other words, adjacent
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wavelengths, separated by 0\ are separated by the angle 66. The dispersion can be formulated as:

00
D)

Aston University

lustration removed for copyright restrictions

Figure 6.15: Simplified sketch of a TFBG displaying the emission geometry. Left: Divergence output char-
acteristics in the radial plane of the fiber. Right: Wavelength dependent refraction of the tilted Bragg grating
in the axio-lateral plane.

The refraction in the axial direction leads to a diverging light bundle coupling out at angle « in the

radial direction, according to the numerical aperture as displayed in Figure 6.15.

N4 = sin(a) (6.5)

However, only a small portion of the inserted light is de-coupled by the TFG. Therefore, a part
of the light is not refracted and is further guided towards the end of the fibre. The transmitted
light depends on the polarization [14], [15] of the incoming light and the length of the TFG. As
expected, the emitted intensity profile in the axial direction follows an exponential decay in the
propagation direction [16]. After quantifying the spectral and intensity characteristics of the TFG
in a first stage, a simple two-element imaging system was realized, consisting of a cylindrical and
a spherical lens of suitable focal lengths. Connected to a high-resolution 2D-camera with standard

data acquisition and a Michelson interferometer with a motor-driven sample arm, the spectral
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resolution and the corresponding depth dependent fringe loss could be specified as -16dB/0.4mm.
Since the sensitivity of this device was limited by the chromatic error of the cylindrical lens, the
size of the focusing lens and the instability of the fibre mount, a second spectrometer with a USB
line-camera (3648 pixels, 8um pixel pitch) was devised to span a 6.4mm depth scan range in air. To
optimize the performance of this low-cost configuration the optical concept was revised based on

the specifications of the TFG.

6.4.1.2 OCT system

A PS750 fibre with an UV-inscribed 45°-TFG providing a dispersion of 2.06 radians/pm, a grating
length of 23mm and a numerical aperture of 0.1 was used to build a spectrometer. For horizontal
beam collimation a cylindrical lens 69-747 from Edmund Optics with a focal length of 20mm was
inserted. The spectral focusing was achieved by an objective consisting of two achromatic doublets
AC508-150-B from Thorlabs with focal lengths of 150mm using an additional field flattener lens
with a focal length of 86mm for reducing internal reflections to a low-cost USB CCD Line from
Mightex with 3648 pixels of the size of 8um pitch and 200pm height. The field flattener lens was
not optimized for this spectrometer design; however, it was inserted to reduce the reflection on the
uncoated camera glass. The spectrometer was designed for a super luminescence diode laser source
(SLED) EBS8000 from Exalos with a central wavelength of 800nm the FWHM broadband of 120nm,
which was mapped on approximately 2000 pixels. Since the orthogonally emitted wavelength of
the TFG was 776nm, the TFG and the cylindrical lens had to be tilted with respect to the CCD line
array. The arrangement of the elements was optimized with the ray trace software Zemax. Figure

6.16 shows the two different planes as 2D Layout printouts.
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Figure 6.16: Optical design illustrated in different planes as a printout of the Zemax simulation.
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Figure 6.17: The opto-mechanical design of the TFG spectrometer.

Aston University
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Figure 6.18: Schematic overview of the OCT system with the implemented TFG spectrometer: SLED -
superluminescence diode, FC — 50:50 fibre coupler, PC1-PC3 - Polarization controller, Ref — reference arm,
L1-L6 — lenses, Dim — screw to dim the reference signal, Mirr — silver mirror, Sam — Sample arm, Galvo —
galvanometric scanner, Spec — TFG Spectrometer, TFG - tilted fibre grating, CCD — CCD line camera, USB
- USB interface, Comp — computer, DAQ - data acquisition card.
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The element positions were numerically optimized for broadband operation to maximize through-
put and minimize chromatic error. The 280x80x70mm set-up (including the camera) was realized
as a cage system supporting the necessary degrees of freedom for the alignment (Figure 6.17). The
spectrometer with the TFBG was connected with a common fibre optical Michelson Interferometer
OCT set-up as schematically shown in Figure 6.18. The broadband laser light of the SLED (A¢ =
800nm, A\ gy i = 120nm) is guided in a single mode fibre trough a FC APC plug to a 50:50 fibre

coupler where the light is split into reference- and sample arm.

The backscattered and reflected light interferes in the fibre coupler before it is analyzed by the
TFG spectrometer. Since the coupling efficiency of the TFG is highly polarization sensitive, in the
reference arm, the sample arm and before the spectrometer, polarization controllers were inserted

to adjust the polarization.

6.4.1.3 OCT sensitivity measurement

The performance of the spectrometer was specified with the OCT system described above. In a
first step a sensitivity characterization of the spectrometer was done. In a second step B-Scans of
different biological samples were acquired. All measurements were done with an integration time
for the CCD Line Camera of 100ps. The spectrometer sensitivity can be determined by measur-
ing an extremely low back-reflected signal from the sample arm, calculating the SNR and adding
the losses in the sample and the common mode losses from sample arm to the entrance of the
spectrometer as Grulkowski et al. describes in [12]. Therefore the sensitivity can be calculated as

follow:

3" = SNR+ 20.log ( /Rgamp.\/TCM.TND) 6.6)

Where Rgqmyp is the reflection of the sample, Ty p is the transmission of the ND filter inserted in
the sample arm to attenuate the signal and 7oy is the common mode transmission of the sample
signal to the spectrometer. The sensitivity and the fall-off of the TFG spectrometer implemented
into the OCT set-up are shown in Figure 6.19. The fall-off of -34dB is caused by the mean RMS

(waist) spot size, which is the 2.5 amount of the pixel pitch.
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Figure 6.19: Measured sensitivity over the half depth range acquired with an integration time of 100ps and
an optical power of 0.98 mW on the sample. The maximum sensitivity reaches 108 dB and falls-off by -34
dB over 3.23 mm.

To evaluate the imaging performance of the TFG spectrometer 2-dimensional OCT, imaging on a
lemon slice shown in Figure 6.20 (a) was performed. The low scattering and high contrast of the

sample’s cellular structures underlines the high resolution of the device.

Human in-vivo measurements of dermal tissue were obtained by a telecentric 2-D galvanometric
scanhead with an effective focal length of 47mm and a minimal spot waist of 10.2um, Figure 6.20 (b)
shows a 2-dimensional OCT image of a fingertip. Furthermore ophthalmological cross-sectional
OCT images from an anterior segment of a pig eye were performed (Figure 6.20 (c) and (d)). All

measurements were performed at an optical power of 0.98mW on the sample.

Aston University

Nlustration removed for copyright restrictions

Figure 6.20: (a) Single tomogram of lemon pulp: lateral scan range of 18 mm, acquired at 100us integration
time sampled at 10244096 pixels. (b) In-vivo OCT image of a fingertip with 4001200 pixels from a volun-
teer acquired on an integration time of 100us over a scan range of 11 mm. (c) Anterior segment images of a
pig-eye made with an integration time of 100ps; cross-sectional OCT image of the cornea, scan range of 12.5
mm, 10241400 pixels (d) averaging of 18 frames shows lens and the iris, scan range 11.5 mm, 667 %1096
pixels.
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6.5 CHAPTER CONCLUSION

The use of a 45°-TFG to construct a spectrometer working at 800nm has been investigated and the
design, principle and laboratory implementation are described in this chapter. The set up for this
interrogation system includes BBS or laser diode, 3dB coupler, 45°-TFG, a 2mm cylindrical rod, a
cylindrical lens, CCD array and a software to capture the signal. The CCD array records the spatial
position of the illuminated pixel and through calibration; a correlation is made between the pixel
number and wavelength. The spectral for the 800nm 45°-TFG signal (near Gaussian in nature) and
the FBG sensor reflection signal were captured and used for the interrogation. The interrogation

bandwidth of this system is 120nm with a resolution of 11.3pm.

After careful system alignment using the 633nm He-Ne laser, this system was then used to mea-
sure the temperature sensitivity of an FBG sensor, showing a sensitivity of 5pm/°C and was also
confirmed by using an OSA to measure the reflected signal, given a thermal sensitivity of 6pm/°C,
which is in close agreement with the former. However, this system is capable of WDM interro-
gation by detecting multiple signals from FBG sensors array operating within the TFG dynamic

range.

In collaboration Bern University of Applied Sciences, Bangor University and Jiangnan University,
the feasibility of a TFG-spectrometer for SD-OCT was successfully demonstrated. The maximum
sensitivity of the prototype reaches 108dB at 100us integration time and an overall sensitivity fall-
off of 34dB across 6.4mm detection length. Cross-sectional 2-D OCT images of a fruit, a human
fingertip and the anterior segment from a pig-eye were demonstrated and depict a reasonable image

quality for this preliminary low-cost system that is well comparable to competing devices.

Further improvements of the optical design and the TFG fabrication process have the potential to
optimize the TFG spectrometer towards smaller size and higher efficiency to achieve better optical

performance and higher imaging speed.
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7 THESIS CONCLUSION, FUTURE WORK
AND PUBLICATIONS

7.1 THESIS CONCLUSION

7.1.1 Theoretical, Literature Review And Fabrication Techniques

The work presented in this thesis started with the review of the history of photosensitivity mech-
anism in optical fibres and the various photosensitisation techniques were discussed. A brief
overview of the mode coupling theory and phase matching conditions for FBG, LPG and TFG

structures were also included in this thesis.

The fibre grating structures reported in this thesis has been fabricated using one of the UV in-
scription techniques: two-beam holographic technique, phase mask scanning technique and the
point-by-point technique. The two beam holographic technique was employed for the fabrication
of FBGs at arbitrary wavelengths due to its low cost and flexible system set up. The phase mask
scanning technique was used for fabricating high quality and complex grating structures, including
normal FBGs and TFGs (small, large and 45°-TFGs). The fundamental limitation of the phase mask
when tilted due to the effective inscription area (EIA) was also discussed and a defocus technique
during the inscription process, which can increase the EIA, was introduced. In order to ensure
UV-inscription efficiency during the fabrication, the power distribution of the diffraction order
from the phase mask (normal and tilted) were analysed and the relationship between the internal
and external tilt angle for TFGs was clearly revealed. The point-by-point technique, in which the
hydrogenated standard fibre is exposed to a scanning UV beam, was used for fabricating the LPGs

reported in this thesis.
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7.1.2 Spectral Characteristics Of Normal Periodic Structure Gratings And Their

Applications

The light weight, in-fibre and highly sensitive nature of normal periodic structures including FBGs
and LPGs have made them ideal candidates for optical fibre sensors with applications in thermal,
refractive index, chemical and bio sensing. FBGs with operating wavelengths from near-IR to mid-
IR were fabricated and subject to elevated temperatures, showing that the temperature sensitivities
of FBGs and their operating wavelengths are linearly related. Due to the unique core-to-cladding
mode coupling properties of LPG, the refractive index and thermal sensitivities of LPGs were inves-
tigated and reported, showing a much higher thermal response compared to the FBGs. The LPGs
were further investigated for monitoring the protein degradation in Fetal Bovine Serum (FBS).
The measured sensitivity results have shown the capability of these grating structures and their

potential benefit in a wide range of applications.

7.1.3 Spectral Characteristics Of Small And Large Angle Tilted Grating

Structures And Their Applications

In this thesis, the results from the theoretical and practical investigations of the small and large
angle TFGs, including inscription methods, spectral characteristics, thermal and refractive index
change effects and polarisation dependences, were presented. Small and large angle TFGs have
been fabricated in hydrogenated standard fibre for the purpose of this investigation. The mode
coupling regimes of these TFGs were also reported, showing three main coupling regimes corre-
sponding to backward cladding mode coupling, radiation mode out coupling and forward cladding
mode coupling. Further investigation was then carried out on the effect of change in polarisation
on the dual peaks of large angle TFGs, showing that the polarization mode splitting effect is much
more pronounced on the large angle TFGs compared to the small angle ones. A Mach-Zehnder
interferometer making use of cascaded large angle TFG pair for chemical sensing was then devel-
oped. A twist sensors was also implemented using a combination of 45°-TFG and a large angle

TFG, with the 45°-TFG replacing a bulk commercial polariser in Chapter 4.
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7.1.4 45°-TFG Structures In Near-IR 800nm And Their Applications

Based on the coupled mode theory and their unique radiation mode coupling properties, the 45°-
TFGs were fabricated in a hydrogenated 800nm single mode fibre, showing high PER and a near
Gaussian PER spectral profile. The polarisation characteristics of these 800nm 45°-TFGs were
fully investigated, showing a linear correlation between the measured PER and grating length.
To achieve high value PER, 45°-TFGs were concatenated during fabrication to increase the effec-
tive grating length and overall response bandwidth. A power tapping device was then developed
using a short 45°-TFG, showing a possibility of tapping out 2% of the transmitting power which
could be a useful way to monitor the power in a fibre laser system. Further development were
carried out in collaboration with Bern University of Applied Sciences and Bangor University to
develop an OCT spectrometer based on the 45°-TFG UV-written in PS750 fibre. The system was
used to measure the tomograms of ophthalmic and dermal samples, achieving 2.84pm axial and
10.2um lateral resolution. Also, a spectrometer system specifically designed to work at 800nm was
developed for a WDM interrogation system. The system involves the use of focussing lenses and
a CCD array. This TFG-CCD spectrometer was then used for temperature sensing experiment and

found to have a measurement resolution of 12pm/pixel.

7.2 SUGGESTED FUTURE WORK

7.2.1 Dual Parameter Grating Sensor

The temperature sensing using FBG based sensors have been discussed in this thesis and also
FBGs for applications in strain sensing and micro bending have been widely reported. But an issue
of thermal cross-sensitivity has made measuring both the temperature and strain simultaneously
using FBGs difficult. Ranges of solutions have been provided in the past but with a poor discrimi-
nation resolution [1-3]. By fabricating a tilted chirped fibre grating (TCFG) with a small tilt angle,
both the Bragg peak and the cladding mode resonance peaks can be used. For example, due to the
possibility of coupling light in both the backward core and cladding modes, the cladding resonance
peaks may be used to sense the changes in refractive index change while the Bragg peak will only

be sensitive to temperature.
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7.2.2 LPG In 2pm Region For Chemical And Bio Sensing

The LPG work reported in this thesis shows that the higher order cladding modes have higher
sensitivity to changes in surrounding medium and also LPG sensitivity increases as wavelength
increases. Since these were all carried out in the 1550nm wavelength range, LPG with operating
wavelength in the mid-infrared region (2um) will have enhanced sensitivity and can be used for
applications in the mid-infrared region such as: in medical and bio sensing, fibre lasers and spec-
troscopy. The only foreseen obstacle will be the expensive high power BBS required to carry out
the characterisation and the high absorption of standard fibre at about 1970nm. However, as more
R&D activities extends to mid-IR region, the low-cost light sources, other components and better
fibres will become available in future. The point-by-point set up in our laboratory can be optimised
for scanning speed, cylindrical lens defocus, and laser beam power to produce high quality LPGs

in 2pm region.

7.2.3 OCT Spectrometer Optimisation

Further improvement of the optical design and the TFG fabrication process has potential to op-
timize the TFG spectrometer towards smaller size and higher efficiency to achieve better optical
performance and higher imaging speed. In the current setup the detection probe is the limiting
component rather than the detection side. Even without further optical optimization the device
can be fitted into a 200x60x10 mm format after removal of unnecessary optical surfaces using only
standard components. To reduce the depth dependent signal loss that is caused by the limited
spectral resolution, an increase of the numerical aperture is necessary. This is usually associated
with enlarged optics. A more efficient grating with shorter emission length but higher coupling
ratio can help reduce the physical size of the device, so that the radii of curvature can be reduced.
The relatively simple design and dense integration of a fiber-optic adapter to an existing cheap
optical-electronic infrastructure overcomes mechanic limitations of bulk systems, enables minia-
turization at reduced costs and has the potential to extend the field of application for OCT-systems

in biology, medicine and technology.
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7.2.4 Dual Wavelength 45°-TFG Based Spectrometer

The ability of 45°-TFGs to tap light out of the fibre core and its use in side detection spectrometers
are reported in Chapter 6 of this thesis; several spectrometer involving the use of small angle TFGs
have also been reported [4-7], but are all limited to a narrow radiation mode profile (about 30nm for
a 10°-TFG) and the fibre has to be immersed in an index matching gel, making the system complex
and inflexible. The use of a 45°-TFG instead of a small angle as reported in Chapter 6 provides a
wider wavelength range of almost 200nm and giving a broader dynamic range for the spectrometer
without the need for an index matching gel. However, the present system is only working at
800nm and by changing the system arrangement, there is a possibility of dual wavelength range
spectrometer using a single CCD array. The Sony ILX511 CCD array has sensitivity ranging from
400-1000nm, so by fabricating another FBG sensor working at 980nm, the FBG sensors combined
can then be used to sense different parameters at the same time. One of the issues that could
arise will be the cross talk between the reflected signals from the FBG sensors and the accurate

discrimination between the signals detected by the CCD camera.
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