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This thesis presents the fabrication of fibre gratings in novel optical fibres for sensing
applications. Long period gratings have been inscribed into photonic crystal fibre using
the electric-arc technique. The resulting sensing characteristics were found to depend on
the air-hole geometry of the particular fibre. This provides the potential of designing a
fibre to have enhanced sensitivity to a particular measurand whilst removing unwanted
cross sensitivities. Fibre Bragg gratings have been fabricated in a variety of polymer
optical fibres, including microstructured polymer optical fibre, using a continuous wave
helium cadmium laser. The thermal response of the gratings have been characterised and
found to have enhanced sensitivity compared to fibre Bragg gratings in silica optical fibre.
The increased sensitivity has been harnessed to achieve a grating based device in single
mode step index polymer optical fibre by fabricating an electrically tunable fibre Bragg
grating. This was accomplished by coating the grating region in a thin layer of copper,
which upon application of a direct current, causes a temperature induced Bragg
wavelength shift.
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1. Thesis Overview

Thesis Overview

Since the discovery of fibre Bragg gratings by Hill er a/in 1978 [1], extensive research has
been conducted into their spectral characteristics and potential applications. As a result
these devices are currently deployed in applications as diverse as Wavelength Division
Multiplexing (WDM) for telecommunication networks [2-3], optical fibre lasers [3-5] and
sensing systems [3,6-9]. The work presented in this thesis focuses on using fibre gratings
as sensing devices. Although extensive research has been conducted in this field of fibre
optics, investigations have been primarily conducted with silica-based standard geometry
fibres; i.e. circularly symmetric, one cladding, step index, single mode fibre. Recently
however, interest has been developing in alternative optical fibre types, for example,
photonic crystal fibres and polymer-based optical fibres. This thesis is concerned with
investigating the sensing capabilities of fibre gratings inscribed in these fibres with the

aim of discovering enhanced or differing sensitivities.

Photonic crystal fibres consist of a series of holes which run along the entire length of the
optical fibre. These holes provide an effective refractive index for the cladding and the
geometrical layout dictates the dispersion characteristics of the fibre. Consequently, since
the spectral sensitivity of long period gratings depends on the dispersion properties of the
fibre, fibres with different hole geometries could have significantly different sensing

characteristics. The investigations presented in this thesis focus on determining the

12



1. Thesis Overview

sensing characteristics of long period gratings fabricated in two different geometries of
photonic crystal fibre with the aim of verifying the dependence of the sensing

characteristics on the geometrical layout of the fibre.

Polymer based optical fibres are becoming of increasing interest for biomedical
applications such as in-vivo temperature profiling. As well as the obvious advantage that
organic polymers are inherently biocompatible, their breaking strain is also higher than
silica-based optical fibres. Fibre Bragg gratings fabricated in these fibres are expected to
have enhanced thermal sensitivity over their silica counterparts initiating the work

presented in this thesis.

The subsequent chapters are detailed as follows.

Chapter 2 introduces the theory of fibre Bragg gratings and long period gratings. The
optical properties of both types of gratings are discussed with particular reference to their
sensing characteristics. The chapter concludes with typical fabrication techniques of both

varieties of fibre gratings.

Chapter 3 provides information on the differences between ultra-violet inscribed long
period gratings and their electric-arc inscribed counterparts. The resulting difference in

thermal stability is then discussed.

In chapter 4, the electric-arc inscription technique is used to inscribe long period gratings
in two different types of non photosensitive photonic crystal fibre. The sensing
characteristics of the resulting gratings are investigated. Different sensing characteristics
are observed in the different fibres and are dependant on the geometry of the fibre. The

results are then compared to modelled behaviour.

13



1. Thesis Overview

Although the majority of previously reported research has been concerned with silica-
based optical fibres, polymer optical fibres are becoming of increasing interest. Chapter 5
provides an introduction to these fibres and their application in telecommunication
systems as well as sensing systems, which is the primary focus of this thesis. The
photosensitivity of these fibres is then detailed. Following this, fibre end preparation and

light transmission through the fibre is discussed.

Chapter 6 is concerned with fibre Bragg grating inscription in a variety of different
polymer optical fibres. Different attempts at inscription are detailed following knowledge
gained from inscription in silica-based optical fibres. However, different considerations
have to be implemented for successful inscription into these fibres. All the attempts are
shown with explanations as to why some techniques were successful and others not.
Implementation of the successful inscription technique revealed that fabrication in some
polymer optical fibres was still unsuccessful which may be associated with the material
composition of these particular fibres. Finally, the profiles of the successfully fabricated

fibre Bragg gratings are shown.

Chapter 7 investigates the thermal characteristics of the fabricated polymer optical fibre
Bragg gratings for potential implementation in biomedical sensing systems. The chapter
concludes by measuring the response of a polymer optical fibre Bragg grating coated in a
thin layer of copper and tuned using Joule heating.

Chapter 8 provides a summary of this thesis and suggestions for future research.

The thesis concludes with a summary of published works achieve during the progression

of this PhD.
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2. Fibre Grating Theory

Fibre Grating Theory

This chapter aims to provide a background to the principles of optical fibre gratings. The
phase matching and consequent power transfer between different modes in the optical
fibre, in the presence of a fibre grating, is discussed. The difference between fibre Bragg
gratings and long period gratings is detailed as well their associated sensing characteristics.

Finally, fabrication techniques of both types of fibre gratings are discussed.

2.1 Modes in an Optical Fibre

Optical fibres consist of a core region of refractive index n, which is surrounded by a
cladding material with a lower refractive index, n,. The number of modes supported by

the core in a step index fibre can be found by calculating the V-parameter [10]:

2ma
V=" -nl 2.1)

where ais the radius of the core region and A, is the cut-off wavelength below which
multiple modes propagate in the core region. For single mode operation the V-parameter

must fulfil the requirement V' <2.405.

The propagation constant of the guided core mode, £,,, is given by:
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2. Fibre Grating Theory

B = = e (2.2)

Glass optical fibres are surrounded by an acrylate coating, whose refractive index closely
matches that of the cladding. As well as providing mechanical support, the coating
effectively provides an infinite cladding, which minimises the possibility of guided
cladding modes in the fibre due to the air/cladding interface. During grating inscription
this coating is usually removed which results in a number of guided cladding modes being
supported by the fibre which have a propagation constant in the range:

2z

27z
— < Py < =Ny, 2.3
PR 1 S (2.3)

(9

where n, is the refractive index of the surrounding material, usually », =n,, =1.

Radiation modes, where the light is lost through the side of the fibre, also exist if the

condition below is met.

2
0< B <%”3- (2.4)

A schematic diagram of the modes in an optical fibre is shown in Figure 2-1.

Core

Cladding

Air - -
Figure 2-1: Core and cladding modes supported by an optical fibre.

When the electric fields of the modes overlap with each other there is a possibility of
energy transfer between the modes. Phase matching of the modes can occur when the
fields encounter a perturbation in the optical fibre and this is the principle mechanism of

fibre gratings.
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2. Fibre Grating Theory

2.2 Gratings in Optical Fibres

The periodic perturbation in the core of an optical fibre is usually created by exposing the
fibre to spatially periodic ultra-violet (UV) radiation, which locally changes the refractive
index of the exposed regions. The resulting structure causes power transfer to occur
between the different modes in the optical fibre. There are two different classifications of
fibre gratings; fibre Bragg gratings (FBGs) and long period gratings (LPGs). Fibre Bragg
gratings have short periodicities, typically less than 2 pm and couple light from the
forward propagating core mode to a counter propagating core mode as demonstrated by

the K-vector diagram in Figure 2-2.

Reflected Core Mode Core Mode

_

Grating Vector
Figure 2-2: K-vector diagram for the diffraction from an FBG.

Long period gratings (LPGs) usually have periodicities ranging from 100 pm to 1 mm and
couple light from the fundamental core mode to co-propagating cladding modes as shown
by the K-vector diagram in Figure 2-3.

Core Mode
e
G
. rating
Cladding Mode Vector

Figure 2-3: K-vector diagram for the diffraction from an LPG.

The following sections describe the different coupling mechanisms between the two types

of fibre gratings.
2.2.1 Fibre Bragg Gratings

For an FBG the induced perturbation in the refractive index of the core along the length
of the fibre (z axis) can be described by [11]:
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2. Fibre Grating Theory

on,,(2) = E(z) [1 +ucos(2i£z +¢(z)ﬂ ; (2.5)

where 0On,, is the ‘dc’ index change spatially averaged over a grating period, v is the
fringe visibility of the index change, A is the grating period and qﬁ(z) is a term which

describes the chirp of the grating. For a uniform grating with no chirp, ¢(z) equals zero.

When white light is incident on an FBG, wavelengths of light which phase match with
the period of the grating planes are coherently back reflected into counter propagating
core modes. At the phase matching condition, the propagation constant of the diffracted

wave, f3,, is related to the propagation constant of the incident wave, f, by:

B = A s (2.6)

where m is the diffraction order of the grating, which for a fibre Bragg grating is
predominately the first order resulting in m =—1. The propagation constants of the co and
counter propagating core modes are equal in value, but due to the vector relationship,
opposite in sign. Consequently, substituting equation 2.2 into 2.6 and rearranging provides

the resonant wavelength, A, for the counter propagating core mode:

Ay =2nTA. (2.7)

where n? is the effective refractive index of the core region.

As well as coupling to the counter propagating core mode, a small amount of the
transmitted light is coupled to counter propagating cladding modes. For this condition

equation 2.7 becomes:

e =(nZ +1Z, A, (2.8)

res ol ,m
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2. Fibre Grating Theory

where n? is the effective refractive index of the m™ cladding mode. Although this

coupling is significantly less than that of the counter propagating core mode, the effect is
to observe a series of transmission dips in the spectrum on the short wavelength side of

the Bragg resonance; see Figure 2-4.

MR L L L T

2

Transmission (dB)

1550 1555 1560 1565 1570
Wavelength (nm)

Figure 2-4: Fibre Bragg grating with cladding modes losses on the short wavelength side
of the grating.

2.2.2 Long Period Gratings
LPGs couple light from the fundamental co-propagating core mode, LF, to phase
matched circularly symmetric co-propagating cladding modes, HE,, [15]. These cladding

modes are attenuated as they propagate along the fibre due to losses at the cladding
coating interface and fibre bends. This leads to a series of attenuation bands in the

transmission spectrum of the fibre; as shown in Figure 2-5.
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Figure 2-5: Transmission spectrum of an LPG with a period of 397 pm.

The difference between the propagation constants of the co propagating core and cladding

modes, Af, is small. Since the periodicity of a grating is related to Af by:

_ 2z
= (2.9)

LPGs have large periodicities compared to FBGs. The phase matching equation for LPGs is
given by:

Ae={nd -nZ A, (2.10)

For standard optical fibre geometries, the only non-zero coupling constants occur
between the fundamental mode and the first order circularly symmetric azimuthal
cladding modes i.e. / =1. The effective refractive indices of the core and cladding material
depend on the material and waveguide dispersion of the optical fibre which, from
equation 2.10, affects the wavelength at which particular cladding modes couple to the
fundamental core mode. By calculating the effect of dispersion on the propagation
constants of the core mode and different cladding modes, phase matching/dispersion
curves can be drawn. These depict the theoretical resonance wavelengths which occur for

a given grating period; see Figure 2-6. The calculation of these curves is well documented

[12-14].
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Figure 2-6: Phase matching curves for the first 9 cladding modes of a standard optical
fibre with a cut-off wavelength of 675 nm [12].

Coupling however, can only occur between the fundamental mode and cladding modes
which have an overlap integral with the core mode. Erdogan [15] used the strongly
guiding condition to calculate the intensity of the 4 lowest order azimuthal first order

cladding modes as a function of the optical fibre radius using the equation:

1.(r)= éRe(ExH').é =%Re(E:‘H;" -H{E}), (2.11)

where E“ is the radial component of the electric field of the cladding mode, E;’ is the
azimuthal component of the electric field, H; and Hj are the radial and azimuthal

components of the magnetic field of the cladding mode, respectively. The resulting
intensities are shown in Figure 2-7 and demonstrate that even numbered modes have very
little intensity in the core region of the fibre whereas the odd modes have a significant
proportion of their intensity in the core region. This suggests that the coupling to the even

modes is extremely small.
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Figure 2-7: Plots of the local intensity Z(z) of the four Jowest order azimthual first order
cladding modes as a function of the radius of the optical fibre. All the modes are
circularly symmetric and have been normalised to carry a power of 1 W [15].

2.3 Coupled Mode Theory

Coupled mode theory is a mathematical model used to theoretically describe the power
transfer between phase matched modes and deduce the resulting spectra of optical fibre

gratings. The derivation of the equations is not reported here since it is covered in detail

by Yariv [16].

2.3.1 Fibre Bragg Gratings

The amplitudes of the co propagating and counter propagating core modes can be
represented by A(z) and B(z) respectively. Energy transfer between these modes can only
occur in the presence of a perturbation. Along the length of the grating the amplitude of
the two modes alters as coupling between the modes occurs. The amplitudes of the
individual two modes is given by R and S for the co and counter propagating modes
respectively [11]:

R(z) = A(z)e £ (2.12)

and



2. Fibre Grating Theory

7Y _¢
S(z)=B(z)e 2, (2.13)

where A= —mn/A is the detuning wave vector (a measure of the amount by which

the Bragg condition is violated),

Assuming that all the power is transferred from one mode to another:

%=1’(AﬂR(z)+ k5(2)). (2.14)
and
§§= ~i(ABS(2)+ " R(2)), (2.15)

where « is the coupling coefficient and equals x =k~ = %&zeﬂ .

For a uniform grating, dn, and x are constant and ¢ is zero. Assuming that no

backward propagation occurs for z> L/2, where L is the length of the grating and that

the incident wave originates from z = —, the amplitude reflectivity, p, of the grating is

given by:
S(-L/2)
TR 21
R(-L/2) (2.16)
which results in:
po- —xsinh(QL) -
ABsinh(QL) +i/S coshOL ° (2.17)

where Q =+/x* = AB’ . The reflection coefficient is given by R = |p2 i:
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R sinh®(QL)
2 ' (2.18)

85" | cosh?(OL)

2

A graph of the reflection characteristics are shown in Figure 2-8 for a grating of length

L= 25 mm, with varying coupling constant x and detuning Af. As kL increases, the

peak refle

ctivity increases to unity with a broadening of the spectrum and increased

sidelobe level.

Reflectivity

1.0 1 =
! xL=2
A
xL=1
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| , \-.
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Figure 2-8: FBG reflectivity with varying values of kL. L =25 mm varying x .

The maximum grating reflectivity occurs when the detuning wave vector Af =0 i.e. at

the point

of exact phase matching. At this condition the reflectivity is given by:

R, =tanh’(xL). (2.19)

Using equation 2.19, R__ equals 21.4% for kL= 0.5, 58% for kL =1, 92.9% for xL=2, and

99.8% for kL =4.

With an

increasing number of grating planes, N = L/A , the bandwidth of a grating for a

particular kL decreases as shown in Figure 2-9.
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Figure 2-9: Changes in FBG bandwidth with changing values of N for kL =2.

Figure 2-9 shows the reflectivity of an FBG against normalised wavelength A/ _, where:

A1
';I’max T % (2‘20)
N

The full-width half-maximum (FWHM) bandwidth can be approximated by [17]:

on ¢ 1Y 21
Aliying = ApS n + _ﬁF > (2.21)

where s ~ 1 for strong gratings with near 100% reflectivity and s ~ 0.5 for weak gratings.

2.3.2 Long Period Gratings
The amplitudes of the co propagating core and cladding modes for an LPG can be
represented by A4, and A, respectively. Equations (2.14) and (2.15) still apply but

K = K,, = K,,, which are the “ac” cross-coupling coefficients and the new amplitudes are

given by:

R(z) = A,e[_i(a"+"“)§}e[f“ﬁ %] (2.22)
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5(0) = el 4] 2.2

3

where o,, and o,, are the “dc” coupling coefficients.

The resulting transmission spectra can be found by assuming that one mode originates

from negative infinite (z=-c) giving the initial conditions R(0)=1 and S(0)=0.
Consequently, the power bar and cross transmissions, f_= lR(z]2 /iR(O]2 and

t, = ‘S(z]2 K‘R(O]l are given by equations [16]:

1. =cos’ k> +AB*z+

14 K’ (2.24)

and

1 ;
t, = —sin” \/x? + AS’z.
AB” (2.25)
1+—-
K
The bar transmission is a measure of the transmission response of the core mode which

has induced loss through coupling to a cladding mode; see Figure 2-10 for a grating with
coupling constant L =37/2.
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Figure 2-10: Bar transmission through a uniform LPGs with xL=3m/2.

The cross transmission is a measure of the ratio of power coupled into the cladding mode
from the fundamental core mode. Examples can be seen in Figure 2-11 for gratings with
kL=m/2 and xL=57/2.
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Figure 2-11: Cross transmission through uniform LPGs with xL=m/2 (black line) and
kL=5m/2 (grey line).

As with FBGs, the maximum coupling occurs when the detuning parameter AS =0. At

this condition the equations become:
o = cos?(xL), (2.26)
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and
e =sin”(kL). (2.27)

Comparison of Figure 2-9 and 2-10, clearly demonstrates that there is a significant
difference in bandwidth of LPGs and FBGs with FBGs having narrower features. The
bandwidth of an LPG is typically measured as being the separation between the first zero

points on either side of the main spectral peak and is given by [11]:

(2.28)

for a grating which at the most has one complete exchange of power between two modes

(&L < 7). For extremely weak gratings the normalised bandwidth is A4, /A =2/N.

2.4 Sensing Characteristics

The main emphasis of the remaining chapters of this thesis is concerned with using fibre
gratings as sensing devices. As shown by section 2.2, the resonant wavelength depends on
the grating period as well as the effective refractive index of the optical fibre’s constituent
materials. Both of these parameters can be affected by external measurands such as
temperature and strain. Consequently, the resultant shift in resonant wavelength can be

directly related to the magnitude of the external measurands.

2.4.1 Fibre Bragg Gratings
FBGs are only capable of sensing measurands which affect the effective refractive index of
the core and/or the periodic spacing of the grating planes. Examples of such measurands

are temperature and strain.
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2.4.1.1 Temperature Sensitivity

The temperature induced Bragg wavelength shift, A4, , for a temperature change, AT, is

given by [18]:

Adg = A5 (a, +a,)AT, (2.29)

where ¢, is the thermal expansion coefficient for the fibre given by (1/A)(dA/8T),
which is approximately 0.55 x 10-¢ for silica and ¢, is the thermo-optic coefficient given
by (1 I )(3nqu / 3T) which is approximately 8.6 x 10 for a germanium doped silica core

fibre. The typical temperature sensitivity of silica fibre FBGs at 1550 nm is +10 pm/°C
[19].

2.4.1.2 Axial Strain Sensitivity
The axial strain induced Bragg wavelength shift, A4, for applied longitudinal strain,

Ag,_, is given by [18]:

Ay = Ay (1= p,)As, (2.30)

where p, is the photoelastic coefficient of the fibre defined as:

Po = 1P ~0p0 = P)), 231)

Py, and p,, are the components of the fibre-optic strain tensor and v is Poisson’s ratio. In

silica-based optical fibres the strain sensitivity of 1550 nm FBGs has been measured to be

1.15 pm/pe [19].
2.4.2 Long Period Gratings

LPGs are capable of sensing any external parameter that modifies the core and cladding

guiding properties. The magnitude of the response is primarily due to a differential change
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in the propagation constants of the core and cladding modes, which alters the resonant
coupling wavelengths. As with FBGs, the external measurands can also affect the
periodicity of the grating planes. Therefore the sensitivity of the long period grating to
external measurands depends on the material and waveguide dispersion of the core and
cladding materials. This results in optical fibres with different dispersion characteristics

having significantly different sensing capabilities.

The range of sensing parameters of LPGs is greater than for FBGs. As well as temperature
and strain, LPGs can also detect changes in the external refractive index. They also have

increased sensitivity over FBGs to bends in the optical fibre located at the grating region.

2.4.2.1 Temperature Sensitivity
The temperature sensitivity of an LPG can be found by differentiating equation 2.10 to

give [20]:

off off
d/l: dA [dnm “dnd ]_‘_Adﬂ. 1dL

dr  d@Gn\ar  dr ) dALdl’ (232)

where A is the central wavelength of the attenuation band being investigated, T is the

temperature, &n,, =n? — n? | L is the length of the LPG and A the period. This equation

o "M >

demonstrates the dependence of the sensitivity on the material and waveguide dispersion;
the material dispersion, calculated from the first term on the right hand side of equation
(2.32) and the waveguide dispersion (the change of grating period with temperature)
described by the second term on the right-hand side of equation (2.32). Both terms can be
either negative or positive; the waveguide dispersion however, is strongly dependant on
the slope of the phase matching curve of the particular cladding mode. Since these curves
have differing responses for different cladding modes and the effective refractive indices
vary between cladding modes, the temperature response of each individual attenuation

band varies.
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2.4.2.2 Axial Strain Sensitivity
The axial strain sensitivity is of similar structure to the temperature sensitivity. The

longitudinal strain sensitivity is therefore provided by the equation [20]:

di_ dA (dnff dn? ] dA

B nit
de d@en )\ de  de ) dA (2:33)

The material effects for this measurand arise from the changes in the fibre dimensions
from the applied strain as well the strain optic effect. The waveguide dispersion

component comes from the slope of the dispersion term dA/dA .

2.4.2.3 Refractive Index Sensitivity

LPGs can only detect external refractive index changes if part of the relevant cladding
mode comes into contact with the surrounding material. Subsequent changes in the
refractive index of the surrounding medium change the effective refractive index of the

cladding mode and consequently the phase matching condition.

The equation for the refractive index sensitivity of long period gratings is shown below

[12]:

dA dA dn,
dn, dn, dn, ’

(2.34)

where n, is the refractive index of the surrounding material. For bulk immersion, this

effect is dependant on the surrounding refractive index being less than the refractive
index of the cladding material. The sensitivity response of the attenuation bands increases
exponentially with increasing values of surrounding refractive index. This continues until
the surrounding refractive index matches the effective refractive index of the particular
cladding mode being investigated. At this point the cladding appears to be infinite and

since the cladding mode is no longer supported, it is lost from the fibre by radiation.
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For surrounding refractive indices greater than that of the cladding material, guided
cladding modes cannot exist because total internal reflection cannot occur at the cladding-
surrounding material interface. However, attenuation bands are still present because
Fresnel reflections occur at the cladding-surrounding material interface resulting in leaky
cladding modes. The magnitude of the Fresnel reflections increases with increasing
external refractive index leading to deeper attenuation bands. However, the external
index no longer affects the propagation constant of the cladding mode. Consequently the
phase matching condition is not affected and no significant wavelength shift of the bands
occurs with further increases in external refractive index. The change in wavelength shift

and attenuation band strength for different values of external refractive index is shown in

Figure 2-12.
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Figure 2-12: Spectral response of an LPG with a period of 400 pm inscribed into BGe
co-doped fibre against various surrounding refractive indices (R.1.): (a) wavelength shift
(b) minimum transmission value [12].
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As well as the bulk immersion spectral response of the LPG to refractive index changes,
investigations have been conducted by depositing thin films of material onto the optical
fibre whose refractive index is dependent on the environmental conditions. This has
resulted in a species-specific chemical sensor [21] and a tunable loss filter [22]. Research
into the effect the thickness of the overlap material has on the response of LPGs was
investigated by using the Langmuir-Blodgett technique to deposit one molecular layer at a
time [23]. For thin films with refractive indices higher than that of the cladding material,

the spectral response of the LPG was found to have a high sensitivity when thicknesses
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around a few hundred nanometres had been deposited. In contrast, materials of lower
refractive index than the cladding showed reduced sensitivity to the thickness of the

deposition.

2.4.2.4 Bend Sensitivity

When inducing curvature into a fibre containing an LPG there are two possible responses
of the transmission spectrum. As with the sensitivity to the other external measurands, a
shift in the central wavelength of the attenuation bands can occur, which unlike the
aforementioned sensitivities, is accompanied by spectral broadening of the band as well as
a reduction in the power, whilst the other potentially observed effect is resonance

splitting, where each band splits into two components.

The wavelength shift occurs through stress induced changes in the effective refractive
index altering the phase matching condition. Whilst this effect is possible in fibre Bragg
gratings, LPGs exhibit increased sensitivity due to the differential between the core and
cladding effective refractive indices. The reduction in the magnitude of the attenuation
band is attributed to the field profile of the cladding mode changing with increasing bend

so that there is less overlap with the core mode and hence a smaller coupling constant.

The splitting of an attenuation band during bending is attributed to the symmetry of the
fibre being disrupted which results in two degenerate spatial cladding modes becoming
non-degenerate. One of these modes propagates in the tensioned region of the cladding
resulting in a red wavelength shift and the other propagates in the compressed region
resulting in a blue wavelength shift [24]. Consequently, with increasing curvature these

modes move further away from each other spectrally.
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Tensioned Region

Figure 2-13: Schematic diagram of a bent fibre showing the tensioned and compressed
regions of the cladding.

2.5 Grating Inscription Techniques

Described in this section are the different fabrication techniques for inscribing fibre Bragg

gratings and long period gratings into optical fibres.

2.5.1 Fibre Bragg Grating Inscription Techniques
In order to inscribe FBGs, a periodic UV interference pattern is usually required, although
recently pulsed laser systems have been used to inscribe each fringe of the grating

individually. Consequently, there are currently, four different techniques for inscribing

FBGs into optical fibres:

1. Amplitude-Division Interferometry
Wavefront-Division Interferometry

Phase Mask Inscription

Sl T

Point-by-Point Inscription

2.5.1.1 Amplitude-Division Interferometry

This technique is performed by splitting monochromatic light into two components
which are then recombined with an angular separation. The result is a sinusoidal variation
in intensity at the intersection of the two beams. The period of the resulting intensity

fringes, A, depends on the wavelength of the monochromatic light, 4, , as well as the

angle of intersection, &, by the equation:
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_
A= 2sn(672)” (2.35)

This method was first proposed by Meltz et a/ in 1989 [25], where a beam splitter was
used to divide a UV laser beam into two paths. These two beams were then directed to
converge at a point using two mirrors. This system has the advantage that by changing the
intersection angle, the Bragg wavelength of the grating can be changed to any desired

value, provided the diffraction limit of the inscription wavelength (4/2) is not exceeded.

However, the major drawback of this technique is its susceptibility to vibrations in the
environmental conditions as well as in the mechanical mounts of the optics. These
vibrations cause submicron displacements of the recombining beams causing the fringe
pattern to drift, reducing the fringe visibility and consequently the strength of the grating.
It is also important to ensure that the optical path length difference is significantly less
than the coherent length of the laser source otherwise coherent interference of the beams
does not occur and grating inscription via the interferometric technique is made

impossible.

2.5.1.2 Wavefront-Division Interferometry

This technique involves directing a parallel laser beam at a reflective surface so that half of
the beam is reflected across the path of the unreflected section of the beam. Interference
occurs where the reflected and unreflected beams overlap. Examples of this technique are
the prism interferometer [3,26] and the Lloyd’s mirror interferometer [3,26]; see Figure 2-

14.
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Figure 2-14: Schematic diagrams of wavefront-division interferometric techniques.
Left: prism interferometer, right: Lloyd’s mirror interferometer.

The main advantage of the wavefront-division interferometer over the amplitude-division
interferometer is that only one optical component is needed which reduces the
susceptibility to mechanical vibrations. In the Lloyd’s mirror interferometer the distance
over which the components of the UV beam are separated is shorter than in the
amplitude-division interferometer reducing the effects of air currents. However, the

length of the resulting FBG is restricted to half the beam width of the incident laser beam.

2.5.1.3 Phase Mask Inscription

Phase mask inscription has been shown to be a reliable method for fabricating FBGs into
photosensitive fibre [27-28] since it was first demonstrated in 1993. A phase mask is a
diffracting optical element which is used to generate an interference pattern similar to
that achieved by the interferometric technique. It is constructed of a surface relief grating
which has been etched onto the surface of fused silica and is designed to spatially
modulate a UV inscription beam. Consequently, when UV radiation is incident normally
to the mask it is diffracted into the different orders of the mask; see Figure 2-15. For phase
masks deigned to produce FBGs in the 1550 nm telecommunications window, the plus
and minus first order diffractions are maximised to be greater than 35 %. The mask is also
designed to ensure the zero-order diffraction contains less than 3 % of the transmitted

power.
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UV laser beam

Phase mask

Figure 2-15: Schematic of phase mask diffractions.

The first order diffractions interfere with each other creating the near-field fringe pattern.
Therefore for successful grating inscription the zero-order diffraction must be eliminated
or reduced as much as possible to achieve the maximum fringe visibility and reduce the
effect of three-beam interference. To achieve this minimisation, the etch depth of the
surface relief grating of the phase mask is controlled to equal one half of the UV

inscription wavelength, 4, , and is given by the equation [26]:

Gy
=2y’ (2.36)

where n is the refractive index of the phase mask material. For absolute elimination of
the zeroth-order, the phase modulation amplitude is exactly m resulting in totally
destructive interference. Consequently, for maximum efficiency different phase masks are

required for different laser sources.

When using a phase mask to inscribe FBGs, the period of the resulting fibre grating, A,

is half that of the phase mask period, A ,,:
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A =B (2.37)

The angle subtended between the +N® orders of the mask is being given by:

et Mgy
8, =sin {A J (2.38)

pm

Consequently, the maximum depth of the interference patterns behind the phase mask,

Vuwax » 18 dependant on the diameter on the inscription beam, D and the angle between the

1+t orders, as given by the equation:

B D
2tanf

h L (2.39)

Although phase masks are designed to minimise the zeroth-order, a component always
remains. Consequently, the intensity pattern behind the phase mask is not just defined by
the interference of the + 1% orders but also by the interaction of these beams with the
zeroth-order. This three-beam interference results in more complex interference patterns,

which affect the quality of the induced FBGs and is detailed in the following section.

Mathematical Description of Three-Beam Interference

This section considers the effect that the zeroth-order has on the interference pattern of
the +1% orders and how this affects FBG inscription; the higher order contributions have
been ignored since these can be minimised by placing the fibre a sufficient distance from

the mask.

Whilst the effect of the zeroth-order on the interference behind the phase mask has been
analysed by Dyer er a/ [29], the mathematical description presented here follows that
provided by Xiong er a/ [30]. Whilst this method does not provide detailed information on
the amplitude and phase of the diffracted orders from the phase mask it does give the

characteristics of the field distribution.
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The phase change of the electric field behind the phase mask at a position (x, z) is
provided by the expression:

¢y =xsin(6, )+zcos(6), (2.40)

where ¢, is defined by equation (2.38), the x axis is the length of the grating (i.e. parallel

to the mask) and the zaxis corresponds to the direction of the incident laser beam (i.e.
normal to the phase mask). The resulting electric field distribution from the interfering

N ® diffraction orders is given by:

E= i C, exp[i2ng, /| A |, (2.41)
k=-N

where C, is the amplitude of the electric field of the k™-order diffraction. The
symmetrical diffraction situation C, =C_, is only considered in this analysis and the

zeroth-order amplitude is replaced with 2C,. The intensity distribution EE’is then

provided by:
| onke)  (27jx)]|
GG, cos( f }cos( fJxJ
N Il
1=4{3| 2 cos? 22k oy ” e (2.42)
k=0 A, ) ek 23’.‘.’2(005 g, —cos 91.)
X COS
Ay |

Finally, when just the interference between the +1* orders and the zeroth-order are taken

into consideration, the intensity distribution given by Xiong er a/[30] is:

27rx

1., =4|C}cos’ [A

2
+C2+42C,C, cos 27 X COS 2}72[1“ 1_(JWKAM) )
b === A A (2.43)

pm pm
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The effect of the zeroth-order diffraction from the phase mask

When there is no power in the zeroth-order the intensity distribution arises solely from
the first term in equation (2.43) and therefore is oscillatory in the x-direction with a

spatial period of half the phase mask period and with no variation along the z axis.

The second term, C; , in equation (2.43) is a constant associated with the zeroth-order

which reduces the contrast in the fringe pattern of the first term. The third term
demonstrates that the interaction between the zeroth-order and the 1% order beams not

only creates oscillation in the x axis but also in the z direction with a period, A_, defined

by:

A, = Ay :
gE v, o

Therefore, for an inscription wavelength of 325 nm and a phase mask period,

A ,,,=1.06085 um the period of the oscillation in the z direction is 6.9 um.

In order to demonstrate the effect of the zeroth-order on the interference fringes of the
grating, intensity distributions for different levels of the zeroth-order were calculated and

are shown in Figure 2-16.
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Figure 2-16: The intensity distribution along the x axis at z = 0 for different levels of
zeroth-order: (a) =0 %, (b) =1 %, (c) =3 % and (d) = 13 %.

The +1% order contribution was taken as being C}= 35 %. Figure 2-16 shows that as the

level of the zeroth-order increases, the resulting interference pattern changes. For large
levels of zeroth-order (trace (d) in Figure 2-16), fringes with periodicities equal to the
phase mask periodicity become dominant, whereas with no zeroth-order (trace (a) in

Figure 2-16) a sinusoidal distribution is observed with the fringe spacing equal to half that

of the phase mask.

Figure 2-17, shows the three-dimensional diffraction distribution behind the phase mask
for the same zeroth-order contributions shown in Figure 2-16 and clearly shows the
oscillation in the z axis which destroys the visibility of the fringes culminating in reduced

grating quality.
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Figure 2-17: Three-dimensional intensity distribution of the three beam interference
for different levels of zeroth-order: (a) =0 %, (b) = 1 %, (c) = 3 % and (d) = 13 %.

Advantages and Disadvantages of the Phase Mask Technique

The huge advantage of the phase mask technique is the stability of the system compared
to the interferometry-based techniques, due to the beam not being split until the exit face
of the phase mask. The distance from the mask to the fibre is typically in the order of 100

um reducing the effect of the environmental instabilities.

However, the main disadvantage of the phase mask technique is that the FBG is totally
dependent on the period of the phase mask. Consequently, although the phase mask
technique is capable of producing high quality gratings with repeatable results for mass

production, the producible wavelengths are limited by the period of the expensive phase
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mask. Although pre-straining the fibre and then inscribing an FBG can change the Bragg
wavelength of the released fibre [31], typically by the order of a few nanometres for silica-
based optical fibres, the amount of applied strain is restricted by elastic limit of the optical
fibre’s constituent materials. Therefore in order to fabricate a range of operational
wavelengths several phase masks are required. Also, since the separation of the mask to
fibre is small (~100 pm) any residue remaining on the fibre once it has been stripped can
be ablated by the laser on to the phase mask damaging the fragile pattern, rendering it

useless.

2.5.1.4 Point-by-Point Inscription

This technique for FBG inscription utilises pulsed laser systems to individually inscribe
each fringe of the grating one step at a time [32]. Initial reports used a KrF (krypton
fluorine, A = 248 nm) excimer laser which was passed through a slit with a lens to image
the slit onto the core of the optical fibre. A single pulse was used to create a change in the
refractive index of the core at the irradiated point. The fibre was then translated by a
distance, A, equal to the desired period of the grating and the procedure repeated.
Recently, this has also been achieved using a femtosecond laser [33]. Since the point-by-
point technique involves individual fringe inscription, no phase masks are required and
the only restriction on the range of Bragg gratings that can be inscribed is the resolution
of the translation stage which defines the period of the grating and the size of the focused

inscription radiation.

2.5.2 Long Period Gratings Inscription Techniques

LPG fabrication can be achieved by either one of two ways [12]:

1) Permanent modification of the refractive index of the core

2) Temporary physical deformation of the fibre
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2.5.2.1 Permanent Modification
Some of the permanent modification inscription techniques of LPGs are briefly described

in this section with further details provided throughout the thesis in relevant sections.

Ultra Violet Radiation

As with FBGs, LPGs can also be fabricated by exposure to UV radiation. However, due to
the significantly larger period of LPGs the inscription techniques are slightly different.
Firstly, each fringe of the grating can be inscribed separately by a point-by-point
inscription technique [34], which is an extremely flexible methodology, secondly

amplitude masks can also be used [13].

Ion Implantation
Fujimaki er a/ [35] demonstrated that LPGs can be fabricated by periodically implanting

helium ions into the core of an optical fibre to create the refractive index change. This
was achieved by exposing SMF 28 to He* ions at room temperature and a pressure of 1.3
x10* N/m? The ions were accelerated towards the fibre through a metallic mask,
constructed of nickel and cobalt, which had 29 periods with a pitch of 170 ym and a
spacing of 60 pum. The ions only had a penetration depth of 24 pm so in order to implant
the ions in the core region, the optical fibre had to be etched away using hydrofluoric

acid.

Femtosecond Lasers

Femtosecond lasers have been shown to be capable of inscribing LPGs into optical fibres.
Kondo er a/ [36] first demonstrated that a femtosecond laser emitting at 800 nm, with a
repetition rate of 200 kHz and pulse width of 120 fs could be used to inscribe LPGs in
standard telecommunications optical fibre. Further work has since been conducted using
femtosecond lasers with different emission wavelengths and improving the resulting

strength of the attenuation bands [37-38].
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Carbon Dioxide Lasers

Davis et al [39] were the first to demonstrate that carbon dioxide lasers which emit at
10.6 pm could also be used to inscribe long period gratings. Later these gratings were
found to have high temperature stability [40].

Electrical Discharge

This inscription technique uses electrical discharge, typically from the electrodes of a
fusion splicer, to periodically alter the refractive indices of the core and cladding materials

[41-43]. This technique will be discussed in further detail in chapter 3.

2.5.2.2 Physical Deformation of the Fibre

Mechanical Bending

LPGs can be temporarily induced by a process called microbending. This technique
involves applying pressure to a, typically metallic, corrugated block which is placed on top
of an optical fibre. Periodic refractive index changes are created through localised induced

stress in the fibre. Once the pressure is removed no grating is observed [44].

All of these inscription techniques show the diversity and flexibility of fabricating LPGs
into optical fibres, the large periodicities of these gratings enabling relative easy of

manufacture.

2.6 Summary

Phase matching between different modes in optical fibres has been discussed. The
different mechanisms involved between fibre Bragg gratings and long period gratings are
detailed. The sensing characteristics of both types of gratings have been demonstrated

along with the different fabrication techniques associated with the different gratings.
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Electric-Arc Long Period Gratings

This chapter details research on long period gratings fabricated in standard single mode
silica-based optical fibres using the electric-arc technique. Firstly, the inscription
mechanism of the electric-arc technique is compared to that of ultra-violet inscription.
This is followed by a comparison of the growth characteristics of fabricated gratings using
the two different techniques. The thermal annealing of the two different inscription
techniques and the implication for long term stability and high temperature measurement

is also discussed.

3.1 Introduction

The majority of grating inscription techniques rely on expensive and complex laser
systems. The electric-arc technique however, provides a comparatively low cost and easily
implemented process. The technique is limited to long period grating (LPG) inscription
due to the size of the electrical discharge but does have the additional advantage of
providing different annealing properties when compared to standard ultra-violet (UV)
inscribed gratings. One major topic of interest, in the field of photonics, is Photonic
Crystal Fibre (PCF). The majority of these fibres have pure silica cores and so are not
inherently photosensitive. This is increasing the interest in the electric-arc technique for

LPG inscription since it does not require the fibre to be photosensitive. Before inscription
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attempts could be conducted in PCF, a full understanding of the electric-arc technique in

standard fibres had to be attained and is the focus of this chapter.

3.2 Inscription Mechanism of the Electric-Arc Technique
Several investigations into the inscription mechanism of the electric-arc technique in

standard telecommunication fibres have been conducted. Rego et a/ [42] proposed three

potential mechanisms:

1) Fibre diameter perturbation
2) Dopant diffusion

3) Glass property change by the fast local heating-cooling process

They concluded that fibre perturbation and dopant diffusion were minor contributions to
the refractive index changes with the majority of the cladding mode coupling occurring
through localised changes of the glass properties. Rego er a/[42] proposed these changes to
be due to the fast heating and cooling of the fibre, resulting from the electrical discharge,
which changes the fictive temperature of the glass. This results in a change of the glass

density, viscosity, refractive index and Rayleigh scattering of the exposed sections of fibre.

Recently, Rego et a/[45] have estimated the peak temperature reached by the fibre during
the process to be 1400 + 50 °C which is above the glass transition temperature of silica;
1127 °C [46]. They achieved this thermal estimation by exposing a section of optical fibre
to an electric-arc discharge for 1 second. The low intensity radiation emitted by the fibre
during the exposure was guided through the same fibre towards a Cronin spectrometer. At
the spectrometer the radiation is separated by a holographic grating and then directed
towards an array of detectors. Each wavelength range is allocated simultaneously to a
particular detector. Consequently, there is no wavelength sweep, as provided by an optical

spectrum analyser, ensuring detection occurs at the same time for all wavelengths. This
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data was then fitted to the blackbody expression to achieve an estimation of the

temperature. Further information can be found in reference [45].

Malki et a/ [47] in 2003 used Raman and luminescence spectroscopy to investigate the
mechanisms involved with this technique. Comparing the Raman spectrum of an un-
exposed and a periodically exposed fibre showed a significant decrease in the Raman
intensity of the exposed sample over the Raman shift range of 200-700 cm™!. A decrease in
this spectral range has been shown to correspond to an increase in density or in fictive
temperature of the exposed regions. However, measurements showed the fictive
temperature to remain unchanged. The spectral luminescence measurements showed a
large increase in red luminescence intensity which can be due to specific structural
changes in the glass. They consequently concluded, that the mechanism is mainly caused

by a local rearrangement of the fibre structure (densification).

3.3 Ultra-Violet Photosensitivity in Silica-Based Optical Fibres

Although several mechanisms for the photosensitivity of silica-based optical fibres have
been proposed, the current consensus is that it is initiated through the formation of colour

centres [48] that give way to densification of the UV exposed glass [3, 49-50].

There are several absorption bands associated with germanium doped silica optical fibres,
principally located at 180, 213, 240, 281, 325 and 517 nm [51-52]. The bands at 213 nm
(5.8 V) and 281 nm (4.4 eV) have been assigned to Ge(2) and Ge(1) centres, respectively

[52]; see Figure 3-1 for schematic representations of the two centres.
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Ge(1) hz’ Ge(2)

Figure 3-1: Ge(1) and Ge(2) electron trap centres associated with absorption bands at
281 nm and 213 nm respectively. Light grey circles represent oxygen atoms, black
circles unpaired electrons.

The absorption band located at 517 nm has been assigned to an oxygen hole centre by
Friebele er a/ [52]. The predominant effect in germanium-doped silica is however
associated with the band at 240 nm. This strong band at 240 nm and the weak band at 325
nm have been assigned to the ‘wrong bond’ defect [52-53]. These defects occur during
fibre manufacture when the GeO2 molecules dissociate to the GeO molecule since it has
higher stability at these elevated temperatures. Consequently, when incorporated in the
glass structure, oxygen vacancy Ge-Si or Ge-Ge ‘wrong bonds’ are formed. The centres are
known as germanium oxygen-deficient centres (GODC). Upon exposure to 240 nm or 325

nm radiation this bond breaks and an electron is released in to the glass matrix.

. SilGeO;

Figure 3-2: GeO defect (wrong bond) absorbs a photon and creates a GeE’ defect
which contains an extra electron (black circle) which is free to move in the glass
matrix until it is trapped by the original GeE’ centre or another defect site. Grey
circles represent oxygen atoms.
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The UV light excites the carriers into the conduction band, from where they fall into traps
and remain; the 240 nm band is attributed to singlet-to-singlet transition (So to S1) and the
325 nm band to the partially forbidden singlet-to-triplet transition (So to T1). The weakly
allowed So to T: transition, which involves a change in spin state, is a slow transition
compared to the So to S1 where no change in spin state occurs. Consequently, grating

formation takes longer with 325 nm radiation than with 240 nm.

This ‘colour-centre model’ results in the photoinduced refractive index changes through

the Kramers-Kronig relationship [48, 54]:

P g di,
g (4 27r 6[1—(/1!’/1) G

where P is the principle part of the integral, A is the wavelength, A the wavelength at which the

refractive index is calculated and Ae,, (/'L) is the effective change in the absorption coefficient of

the defect given by:

Aa,(2)= [%)]Aa(i, z)z, (3.2)

where L is the thickness of the sample.

3.3.1 Hydrogen Loading

The photosensitivity of germanium doped optical fibres can be enhanced by hydrogen
loading which diffuses molecular hydrogen into the fibre core through the cladding [55-
56]. The concentration and rate at which the molecules diffuse into the core is dependant

on the pressure and temperature of the gas. The saturated hydrogen concentration, x, , is

given by [57]:

(3.3)

K., =3.3481p exp[wj ,

RT
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where p is the pressure (atmospheres), T is the temperature (Kelvin) and R is the gas
constant which for hydrogen is 8.311 J/[K-mol]. Consequently, the hydrogen saturation

level increases with increasing pressure but decreases with increasing temperature. The

diffusion coefficient of hydrogen, D, is given by [57]:

(3.4)

D= 2.83)(10”4pexp(_40'19k”mog),

RT

and so increasing the pressure and temperature increases the diffusion rate. Therefore at
higher temperatures the saturation level is reached faster but the ultimate concentration is

lower than if left at the same pressure at a lower temperature.

The hydrogen in the core of the fibre reacts with Ge-5iO2, upon UV exposure, to form
GeH therefore creating more GeE’ centres. As well as the refractive index increases
associated with GeE’ centres, GeH changes the band structure in the UV region further
increasing the refractive index change according to the Kramers-Kronig relationship (3.1).
The hydrogen molecules also disassociate forming Si-OH and Ge-OH bonds which also
enhance the resulting refractive index change [26].

3.4 Inscription Set Up of Electric-Arc Long Period Gratings

The inscription set up used to inscribe LPGs using the electric-arc technique is shown in
Figure 3-3.

Magnet Optical Fibre V-grooved

Magnet

- . Electrodes

] e

X-direction — _ %X’Y% .

translation stages -. Commercnal [ translation stage
\ i Splicer

- B ‘ Block |

Figure 3-3: Schematic of the electric-arc inscription set up.

The electrical discharge was provided by a commercial splicer (Fitel S175 v2000) which

had an electrode separation of ~1 mm. A stripped section of optical fibre was positioned
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between the electrodes of the splicer with one end of the fibre clamped onto a x-direction
translation stage using a strong magnet and the other end of the fibre mounted on a v-
groove attached to a x,y,z translation stage. The fibre was held on to the v-grooved plate
by a small weak magnet, which ensured the fibre remained located in the v-groove but
could still slide through the groove. The same negligible tension was applied to the fibre
each time by moving the x,y,z translation stage away from the splicer, by altering the
micrometer screw, until the fibre slid in the v-groove. The x,y,z translation stage also
enabled the position of the fibre to be altered relative to the electrodes ensuring that the
fibre was completely perpendicular to the electrical discharge and parallel to the optical
table ensuring a uniform distribution of the discharge over the fibre. After each discharge,

the x-direction translation stage was displaced by a distance corresponding to the desired

period of the LPG.

3.5 Fabricated LPGs in SMF using the Electric-Arc Technique

Several different periods of LPGs were fabricated validating the operation of the
inscription technique. Using the commercially defined electric-arc power of 87 (arbitrary
units) and arc duration of 750 ms, periods of 400 pm, 500 pum, 600 um and 800 pm were
successfully fabricated in the single mode fibre; see Figure 3-4.
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Figure 3-4: Various periods of LPG fabricated in single mode fibre.
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The LPGs were fabricated in 10-15 minutes each, including set up time. Provided the
same technique was used each time to put the tension on the fibre, gratings made on the
same day with the same period were repeatable to an attenuation band location of less
than 0.5 nm. However, this technique is susceptible to degradation of the electrodes,

which affects the reproducibility of the attenuation band location.

Periods equal to and less than 350 pm were not successfully fabricated using this
technique. Kato er a/[58] have investigated the optimum splice conditions for single mode
fibres. They demonstrated that as the electrode separation increases the dimensions of the

electric discharge also increases; see Figure 3-5.
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Figure 3-5: Relationship between the melting region of a silica fibre and the electrode

gap [58].

Since the electrode separation of the electrodes in the Fitel splicer used in the fabrication
of the LPGs shown in Figure 3-4 had a separation of ~1 mm the affected area of the fibre
was approximately 400 um. When this is coupled with the shape of the electric discharge
being Gaussian, periods less than 400 pm will not have significant fringe contrast in the

refractive index fringes for coupling to occur.

The growth of the attenuation bands of an LPG with increasing numbers of grating planes

is shown in Figure 3-6.
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Figure 3-6: Formation of the attenuation bands of an electric-arc induced LPG with a
period of 600 um. Each trace taken after the fabrication of 5 grating planes.

During and after fabrication of the LPG, no shift in the spectral location of the attenuation
bands was observed. This is significantly different to UV inscribed LPGs which experience
spectral shifts in the location of the attenuation bands. This shift is associated with the out
diffusion of hydrogen from the fibre which changes the effective refractive indices of the
core and cladding. Jang er a/ [59] and Fujita er a/ [60] have studied the effect that the
diffusing hydrogen molecules have on the phase matching condition of LPGs. A typical

trajectory of the attenuation bands during the diffusion is shown in Figure 3-7.
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Figure 3-7: Wavelength (upper) and Transmission (lower) of an LPG attenuation band
against time at room temperature [60].

During hydrogen loading of the optical fibre, equal quantities of hydrogen are diffused
into the core and cladding material, upon saturation, raising the overall refractive index of
the fibre but retaining the same refractive index profile. Exposure to UV radiation
increases the refractive index of the core causing the attenuation bands to shift to longer

wavelengths (Points A to B) according to the phase matching condition:

A, = (nff -nZ A, (3.5)

The rate of change of the core refractive index slows as the concentration of hydrogen in
the core is reduced by the photoinscription mechanism. When no hydrogen remains in
the core a state called quenching is reached (Point B). At this point the hydrogen still
present in the cladding of the fibre migrates into the core raising the refractive index of
the core back to the level before quenching took place (Points B to C). Once the core has
been refilled with hydrogen, (Point C) the hydrogen molecules in the core and cladding
start to diffuse out of the fibre until the fibre is free from hydrogen molecules (Points C to
D). The time shown for all the hydrogen to diffuse out of the fibre at room temperature is

9 weeks. Annealing the fibre in an oven at 80 °C reduces this time to 2-3 days according to
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equation (3.4). Only once annealing has taken place can the final location of the

attenuation bands be accurately known.

For UV inscribed LPGs the resulting spectral location of the attenuation bands depends
not only on the grating period but also on the coupling strength or the amplitude of the
index modulation. This is because the increment of the average core refractive index by
the UV radiation induces a change in the beat length of the two coupled modes. As
demonstrated by Figure 3-6, the resonance wavelength of the electric-arc induced
gratings is independent of the coupling strength and so is only defined by the period of
the grating. Consequently, the grating parameters such as the central wavelength,
bandwidth, transmission strength and the filter profile can be easily controlled. An
explanation for this different behaviour is provided by Nam er a/ [61]. The resonaﬁce

wavelength phase matching equation can be expressed as [61]:

res

Fs = 17 ()~ (1, (Aus))+ O (2) (02— ) | (3.6)

where anizi is the induced refractive index change. The relative effective index

perturbation between the core and cladding modes, 82 —dn;’, differs depending on the

inscription technique of the LPG. In UV inscribed LPGs the induced refractive index

change is primarily in the core of the optical fibre making 87 >> 8&? . The electric-arc

inscription technique on the other hand modifies the core and cladding materials by

approximately the same amount resulting in 8% mﬁn‘? . Since both materials are being

affected by the same amount, the ratio of the core to cladding effective indices remains

the same resulting in no spectral shift of the attenuation bands during fabrication.

3.6 Thermal Annealing

A continued area of study is the reliability of fibre gratings over time [62]. UV inscribed
fibre gratings experience temperature and time dependant annealing (photobleaching)

which reduces the strength of the grating until erasure occurs. Erdogan er a/ [63]
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demonstrated that the decay was due to the electrons, which were trapped in the GeE’
centres, receiving enough energy to escape back into the conduction band; the energy
typically provided by heat. The trapped electrons distribute themselves with a Gaussian

function across the energy range; see Figure 3-8.
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Figure 3-8: Electrons excited by UV irradiation and trapped by a GeE’ trap (left).
Thermal depopulation of the traps (right).

The position of the electrons is referenced to a demarcation energy, E,, which depends

on time and temperature by the equation:

E, =k,Tn(w), (3.7)

where k, is the Boltzmann constant and v is acquired from experimental data. If the

energy state of the electrons E < E,, thermal equilibrium between the conduction band

and the electrons is reached and the electrons are able to escape the trap at any time
returning to the conduction band; see right hand side of Figure 3-8. Electrons with higher
energy states than the demarcation energy are too deep to be thermally excited and so
remain in the trap until acquiring sufficient energy to leave. This process is described as
the power law of fibre Bragg grating decay and the normalised refractive index change of
Ge doped silica fibres is given by [63]:

1

(E, - AE)] ’ (3.8)
kBTO

n —
1+exp|:

where 7, is an experimentally determined temperature related constant measured in

Kelvin. However, fibre gratings inscribed in hydrogenated fibre do not follow the power
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law. This is thought to be due to the trapped electrons having a wider energy distribution
which allows more states to be close to the conduction band, with these electrons
requiring less energy to escape the trap. This leads to a more rapid decay in hydrogenated
fibres. Baker er a/ [64] demonstrated that for hydrogenated fibres a log time’ model best

describes the behaviour observed in these fibres.

??=1—Klog[£], fort>7
T

(3.9)
77 =1 fort<rt

where K is a constant, 7 is temperature dependant and ¢ is time. Values for K and 7 are

found by fitting curves to experimentally obtained data of the annealing.

Although less research has been conducted on the thermal annealing of LPGs fabricated
using the electric-arc technique, some studies have been conducted by Rego er a/[42] and
Allsop er al [65]. Electric-arc gratings are fabricated primarily by the structural
rearrangement of the glass at high temperature. Consequently, annealing is not observed
until high temperatures are reached where structural rearrangement can once again
prevail. Two distinct temperature regions have been observed. Up to about 800 °C linear
shifts in resonance wavelength occur, whereas increasing the temperature further to
~1200 °C demonstrates a nonlinear dependence on temperature. The nonlinear section
initiates at the strain point in the fibre where structural rearrangement can occur. This
point is defined by the viscosity of the fibre [66] and so depends on the glass composition
of the fibre. Consequently, different fibres have different strain points. Investigations by
Rego er al[42] demonstrated that for standard optical fibres, no hysteresis occurred in the
spectral location of the LPGs at 500 °C, after they have been previous heated to 600 °C for
13 hours, 700 °C for 1 hour and 800 °C for 10 minutes. However, when the gratings were
heated to 800 °C for 15 minutes or to 700 °C for 75 minutes the whole spectrum shifted to

lower wavelengths by typically 3.5 nm; the magnitude of the shift depended on the
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particular cladding mode investigated. They also discovered that at 1190 °C it took an

hour to almost fully erase a grating in standard fibre.

Work done in collaboration with Dr. T. Allsop from Aston University’s Photonic Research
Group has verified the findings by Rego er al [42]. A UV and electric-arc inscribed LPG
with periods of 350 pm and 400 pm, respectively, were placed into an oven and the
temperature cycled between room temperature and increasing temperature settings in the
range 100-850 °C. The same cladding mode attenuation band in both gratings was
investigated for its susceptibility to thermal affects. The resulting effect on the central

wavelength of the attenuation band can be seen in Figure 3-9.
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Figure 3-9: Response of Electric-Arc and UV inscribed LPGs to temperature.

The strength of the UV LPG had significantly decayed with temperatures over 650 °C
with the result that measurements could not be taken on the performance of the grating

for these temperatures.

The hysteresis of the spectral location at room temperature following each temperature

setting is shown in Figure 3-10.
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Figure 3-10: The shift in room temperature spectral location of the grating after each
consecutive heating step. The x-axis depicts the temperature the grating was heated to
before returning to room temperature.

Figures 3-9 and 3-10 demonstrate that the thermal annealing occurs in the UV LPG at a
significantly lower temperature than for the electric-arc LPG where it occurs at around
500-600 °C. Figure 3-10 demonstrates that up to 600 °C both LPGs experience blue
wavelengths shifts with the electric-arc LPG having a coefficient of -2 pm/°C and the UV
LPG having a coefficient of —76 pm/°C. After 600 °C both LPGs experienced red
wavelength shifts; +500 pm/°C for the UV inscribed LPG and +180 pm/°C for the electric-
arc inscribed LPG. The significant blue shift observed by the UV LPG is attributed to the
photobleaching described earlier. The escape of the electrons from the traps reduces the
effective refractive index of the core affecting the phase matching condition. The red
wavelength shift observed in both gratings is related to the rearrangement of the glass

structure described earlier.

3.7 Summary

The inscription mechanism outlined in section 3.2 for electric-arc induced LPGs is un-
reliant on the optical fibre being inherently photosensitive or hydrogen loaded to increase
the photosensitivity. This results in the ability to inscribe gratings in fibres such as silica

core fibres. These fibres are of significant importance for implementation in areas that
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could be exposed to nuclear radiation. Gratings in hydrogen loaded germano-silica fibres
can experienced a wavelength shift of several tens of picometers when exposed to a
Megagray (MGy) dose of radiation [67]. Ionizing radiation also significantly increases the
transmission loss of these fibres compared with fibres with pure silica cores. Rego et a/
[68] have shown LPGs fabricated in silica core optical fibres using the electric-arc
technique to be almost unaffected by doses of radiation in excess of 0.5 MGy without the

temperature and strain sensing characteristics of the grating being unaffected.

The electric-arc technique is a significantly cheaper fabrication method since it eliminates
the need for expensive laser systems and pre-hydrogenation of the optical fibre. When
this is coupled with enhanced thermal stability of the resulting gratings and the ease of
manufacture, it is clearly an advantageous technique and worth using on, not only

standard geometry fibres but specialised optical fibres such as photonic crystal fibre.
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Long Period Gratings in Photonic Crystal Fibre

Contained within this chapter is a brief introduction to Photonic Crystal Fibres followed
by a description of long period gratings inscribed into two different varieties using the
electric-arc technique. Initial modelling results of the gratings are described followed by
the experimental spectral sensitivity to external measurands of the fabricated long period

gratings.

4.1 Introduction

One of the major drawbacks against industrial implementation of long period gratings in
sensing systems is the device’s cross-sensitivity to a multitude of different measurands.
The cross sensitivity makes it difficult to distinguish wavelength shifts produced due to
the desired measurand from those produced by other external variables. This culminates
in the need to deploy discriminatory schemes to separate the effects, which further
increases the cost and complexity of the system. Such schemes may, for example, involve
interrogating either, an LPG using the reflection of two fibre Bragg gratings (FBGs) [69] or
the first and second order diffraction attenuation bands associated with a particular LPG
cladding mode [70], or two different cladding modes of an LPG [71]. However, the
spectral sensitivity of long period gratings depends on the material and waveguide
dispersion [13] and consequently gratings inscribed into some optical fibres have been

shown to have reduced sensitivity to some measurands whilst maintaining good
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sensitivity to others. For example, long period gratings inscribed into multi-clad optical
fibres such as progressive three layered (PTL), air-clad and depressed-cladding fibre [72-
74] have been shown to possess reduced sensitivity to external refractive index changes.
Elimination of strain sensitivity has been achieved by inscribing gratings into fibre whose
waveguide and material dispersion are equal in magnitude but opposite in sign [75]. Since
the sensing characteristics depend on the dispersion properties of the optical fibre it
should be possible to design a fibre to have optimum sensitivity to desired measurand(s)

whilst minimising, or removing completely, undesirable cross-sensitivities.

Photonic Crystal Fibre (PCF) has good potential for such optimisation due to its dispersion
properties being strongly dependent on the air-hole geometry [76]. The flexibility of this
fibre’s drawing technique [77] enables a wide variety of geometries to be produced which
potentially have dramatically differing sensing characteristics. Consequently, the

fabrication of long period gratings in PCF and their resulting sensing characteristics are

the focus of this chapter.

4.2 Background to PCF

Photonic Crystal Fibres (PCF) were first introduced in 1996 by Knight ez a/ [77]. They
differ from standard telecommunications fibre by consisting of a periodic series of holes

which run through the structure of an otherwise homogeneous fibre; see Figure 4-1.

4.2.1 Different Classes of Photonic Crystal Fibres
There are currently, two classifications of PCF defined by the different light guiding

mechanisms of the fibres:

1. High Index Guiding (shown in Figure 4-1)
2. Low Index Guiding (Photonic Band Gap optical fibre,)
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Figure 4-1: Schematic of a microstructured optical fibre.

4.2.1.1 High Index Guiding Photonic Crystal Fibre

These fibres guide light in a solid core region by a very similar mechanism to standard
fibre; Modified Total Internal Reflection (M-TIR). The microstructured region of fibre
creates an effective cladding with a refractive index less than that of the core enabling the
condition for total internal reflection to occur. Whilst this is analogous to standard fibre
geometries, the microstructured cladding exhibits completely different wavelength
dependence. As a result, microstructured optical fibres can be designed to have a
completely different set of novel advantageous properties such as endlessly single mode

operation, extreme nonlinearity and anomalous dispersion in visible wavelengths [78].

4.2.1.2 Low Index Guiding Photonic Crystal Fibre

These fibres have a defect in the photonic band gap structure (analogous to the effect in
electronics), typically an extra hole, at the centre of the fibre where the light can
propagate. These fibres consequently have narrow transmission bandwidths that can
propagate in this region, the wavelength of which depends on the photonic band-gap
structure; an operating wavelength of 1550 nm only has a bandwidth of around 200 nm.

The hollow core of these fibres provides several advantages like high power delivery
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without damaging the fibre and potential as gas sensors. Interestingly, these fibres have
been shown to be extremely insensitive to bending and have extreme dispersion

properties with values of thousands of ps/nm/km obtainable [78].

4.2.2 Fabrication of Photonic Crystal Fibres

Fabrication of PCF is similar to step index geometry fibres with a preform being placed
into a high temperature oven and drawn down. However, the preform consists of silica
tubes and rods stacked together to form the desired crystal structure [77]. This process
offers extreme flexibility of fibre design since replacing a tube for a rod changes the fibre’s

hole geometry dramatically affecting the resulting fibre properties.

4.2.3 Properties of Photonic Crystal Fibres
This section describes some of the different properties PCFs have in comparison to

conventional optical fibre geometries.

4.2.3.1 Endlessly Single Mode Operation

One of the most important properties of PCF is its ability to be designed to achieve
endlessly single mode operation, i.e. single mode operation is achieved regardless of the
transmitted wavelength. This is clearly an important advantage over standard fibre which

becomes multimode below a certain cut off wavelength, A, defined by equation (2.1) and

the V-parameter < 2.405.

In 1996, J.C. Knight er al [77] confirmed the unusual endlessly single mode (ESM)
operation of certain PCFs by examining the near-field patterns emanating from the fibres.
It was found that at shorter wavelengths the light becomes more confined to the silica
core region. Since there is less light intensity distributed in the holey region of the fibre,
the effective refractive index of the cladding increases becoming close to that of pure
silica. This dispersion counteracts the dependence of the V-parameter on the wavelength,

extending the single mode range to at least 400-1700 nm.
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Knight er a/ defined the V-parameter for photonic crystal fibre as being [76]:

V., =kAF2 (2 -n2 ),

T | —

(4.1)

where n, is the refractive index of the material in the holes (usually air=1), n, the

refractive index of the core material (usually undoped silica), &is the wave vector which
equals 27/4, A the hole separation (centre-to-centre spacing, see Figure 4-2) and F is

the air filling fraction given by d/A , where d is the diameter of the holes; see Figure 4-
2.

Figure 4-2: Typical cross section of ESM PCF.

Curves of V;ﬁ, against A/A for a fibre with a core refractive index of 1.45 and a hole

refractive index of 1, for fibres with differing filling factors, d/A , are shown in Figure 4-
3
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Figure 4-3: Variation of V; against A/A for various relative hole diameters d/A .
Dashed line marks the standard fibre single mode step index cutoff V value, ¥, =2.405
[76].

Figure 4-3 shows that fibres with relative hole diameters < 0.15 were all below the
standard optical fibre single mode cutoff V-parameter of 2.405. Single mode operation in
PCF is not defined by this particular parameter but has been experimentally approximated

to 2.5 [79]. Consequently, designing a fibre to always have a ¥V, value of less than 2.5

across the desired wavelength range ensures endlessly single mode operation.

4.2.3.2 Dispersion Effects

Dispersion effects within fibres are extremely important for telecommunication
applications as well as for sensing systems containing long period gratings. Figure 4-4
shows the dispersion for 5 different geometries of PCF. For small air fill fractions, the
material dispersion is the dominant contribution. Its value is very close to that of pure
silica since the light hardly penetrates into the holes. This results in the overall dispersion
being very similar to that of standard fibre with a zero dispersion point at around 1300
nm; see d/A = 0.10. As the hole size is increased, the waveguide dispersion becomes

increasingly dominant reducing the dispersion; see d/A = 0.40 and 0.50.
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Figure 4-4: Dispersion as a function of wavelength for PCFs with a hole separation of
2.3 um and varying hole diameters [78].

This evidence demonstrates that PCFs with different air-hole geometries have different

dispersion properties.

4.3 Grating Fabrication Techniques in Photonic Crystal Fibre

The first reported fabrication of both fibre Bragg gratings (FBG) and long period gratings
(LPG) in PCF was by Eggleton er a/ [80]. The fibre used in their investigations had a
hexagonal crystal lattice with hole diameters of 2 pum and a spacing of ~10 um. The core
region was ~2 um in diameter and germanium doped, resulting in a photosensitive fibre.
Therefore inscription attempts were conducted with an excimer-pumped frequency-
doubled dye laser (A = 242 nm) with a fluence of 240 m]/cm? and the fibre was deuterium
loaded to increase the photosensitivity. Successful FBG inscription was achieved using the
standard phase mask technique. Following this work, an LPG with a period of 155 pm was

fabricated with a resulting resonance at ~1600 nm.
The majority of PCFs, however, do not have a doped core region since the holes provide

the effective cladding. Fabrication of long period gratings in non-photosensitive PCF has
been achieved by a number of different techniques: periodically collapsing the holes by
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heat treatment with a carbon dioxide (CO2) laser [39], by using an electric-arc to modify

the fibre structure [81] and by microbending [82].

These techniques remove the need for pre-hydrogenation of the fibre and consequent
post-thermal annealing to stabilise the gratings. CO: laser fabrication systems are,
however, more expensive than the electric-arc and microbending techniques. For
commercial applications the cost is of importance as well as having a permanent change in
the fibre. Therefore, the electric-arc technique was investigated for its stability for long

period inscription in PCF.

4.4 Investigated Photonic Crystal Fibres

Two different geometries of PCF were investigated for their potential as sensing devices: a
large mode area (LMA) fibre and an endlessly single mode (ESM) fibre, both supplied by
Crystal Fiber A/S [83].

The first fibre investigated was the Large-Mode Area (LMA) PCF (Crystal Fiber, LMA 10).
This fibre was designed to be endlessly single mode with a large effective mode field area
of approximately 40 pm?. It had an outside diameter of 125 pm and a core diameter of 11
um, which was surrounded by 89 air holes with a separation distance of 7.1 pm; see Figure
4-5. Using the microscope image, the hole radii were measured to be 2.0 + 0.2 ym. The
symmetry of the photonic crystal was disrupted by a hole missing in the outer ring and
two holes of radii 4.3 pm and 0.9 pm. Consultation with Crystal Fibre, revealed the
asymmetric crystal to be due to errors in the fabrication process which has since been

improved.

69



4. Long Period Gratings in Photonic Crystal Fibre

Missing hole

0.9 pm hole

Figure 4-5: Cross-section of large-d:a‘l'réa PCF taken using a microscope with
x 20 objective.

The endlessly single mode (ESM) PCF used for this work (Crystal Fibre, ESM-1550-01)
had an outer diameter of 125 pm, a core diameter of 12 pm surrounded by 54 air holes
with diameters of 3.7 pm. The space between adjacent holes was 8 pm giving a filling
factor of d/A = 0.46; see Figure 4-6.

Figure 4-6: Cross-section of the endlessly single mode PCF taken using a microscope
with x 20 objective.

Both fibres have attenuation at 1550 nm of less than 1 dB/km which is higher than the
attenuation of standard telecommunications fibre (Corning SMF 28) which has a value of

less than 0.2 dB/km. Although this level of attenuation would restrict the quantity of PCF
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used for long distance telecommunication networks, sensing systems require significantly

less fibre resulting in this loss having negligible effect.

4.5 Long Period Gratings in Photonic Crystal Fibre

The fabrication process used was exactly the same as defined in chapter 3 i.e. the same arc
current, arc duration and fibre tension. Due to a limited quantity of fibre, the PCF was
connectorised to single mode fibre patch cords using bare fibre adapters, giving an
insertion loss of 1 dB. However, it is possible to splice the PCF to standard fibre using a

modified program on a commercial splicer giving a loss of around 1 dB per splice.

The resulting gratings in the LMA PCF can be seen in Figures 4-7.
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Figure 4-7: Various periods of LPG fabricated using the fusion arc technique in LMA
PCF.

The grating with period 400 pm had a length of 37.6 mm, 500 um had a length of 25 mm
and the 600 pm period grating had a length of 18 mm.

The LPGs in the ESM PCF are shown in Figure 4-8.
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Figure 4-8: Various periods of LPG fabricated using the fusion arc technique in ESM
PCF.

The grating with period 400 pm had a length of 34 mm, 500 pm had a length of 19 mm
and the 600 pm period grating had a length of 18 mm.

As can be seen from Figures 4-7 and 4-8, as the grating periodicity increases the location
of the attenuation bands decrease in wavelength. This is contrary to long period gratings
in standard single mode fibre where the location of the attenuation bands increases with

increasing period [13].

The fill factor of the ESM PCF is d/A = 0.46. Referring to Figure 4-4, this indicates that
this particular optical fibre has negative dispersion. It is therefore predicted that the phase
matching curves for the experimentally investigated fibres, LMA PCF and ESM PCF, will
have negative slopes, which is supported by the reduction in resonance location with

increasing period shown in Figure 4-7-and 4-8.

Jovana Petrovi¢ of Aston University’s Photonics Research Group has commenced work
theoretically characterising these fibres and long period gratings fabricated in them [84].
The phase matching curves for the ESM PCF have consequently been calculated using the

coupled mode equations for a 1% order long period grating and the commercial full-
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vectorial finite element Maxwell solver, Comsol (www.comsol.com) to determine the
effective refractive indices. The resulting curves can be seen in Figure 4-9. As confirmed
by the experimental data, the dispersion curves for this particular PCF have negative
slopes. This is mainly attributed to the waveguide dispersion. With increasing wavelength
the light propagates further into the holes reducing the effective refractive index of the
cladding and increasing the differential between the core and cladding effective indices. If
the increase in differential index is non-linearly faster than the linear increase in

wavelength, the beat length decreases and the slope of the curves becomes negative.
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Figure 4-9: Phase matching curves for all modes (i.e. not LP modes) of the ESM PCF
where As=A the period of the long period grating [84]. Some lines appear thicker due
to overlapping.

For a period of 500 um and a wavelength of 1402 nm (see Figure 4-8), Figure 4-9 predicts
the possibility of coupling occurring to three cladding modes. However, calculation of the
overlap integrals revealed only one mode to have a significant overlap and this was
therefore determined as the coupled mode. The profile of the resonance mode at 1402 nm

is shown in Figure 4-10.
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Figure 4-10: Profile of resonance mode at 1402 nm for the 500 um LPG in ESM PCF.
Bright areas indicate areas of highest intensity [84].

4.5.1 Growth Characteristics

The growth characteristics of the gratings in PCF are exactly the same as the electric-arc
induced LPGs in standard single mode optical fibre with no shift in the location of the

attenuation bands occurring with increasing length; see Figure 4-11.
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Figure 4-11: Growth data of 500 um period LPG in ESM PCF. Each trace taken after the
fabrication of 5 grating planes.
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This is again associated with the fibre not needing to be hydrogen loaded and both the

cladding and core material being affected by the electric-arc; see section 3.5.

4.6 Sensing Characteristics

Investigations into the spectral sensing characteristics of the two fibres were carried out
on the 400 pm period LPG in the LMA PCF and the 500 ym period LPG in the ESM PCF.
Both gratings were chosen due to their attenuation bands being located in the higher
wavelength range giving ease of interrogation. The LMA PCF 400 pm grating had a length
of 37.6 mm and a transmission spectrum containing four strong attenuation bands located
at 1668 nm, 1511 nm, 1434 nm and 1389 nm. The ESM PCF 500 pm grating had a length

of 19 mm and two attenuation bands located at 1245 nm and 1402 nm.

4.6.1 Temperature

The temperature sensitivity was investigated by placing the LPGs on an insulated Peltier
heater. The Peltier was fixed inside a plastic box with two slits at either end for the optical
fibre to enter and exit. The insulation was provided by polystyrene surrounding the heater
and a polystyrene lid, which was placed on top of the fibre once it was in position. The
Peltier had a built-in thermocouple to feed back the actual temperature attained by the
device. Investigations using this experimental set up with UV inscribed LPGs in standard

single mode fibre revealed expected thermal sensitivities.

The temperature of the Peltier was varied in temperature from 20 °C to 90 °C. Each
individual attenuation band was investigated separately enabling the lowest resolution of
the OSA, 0.1 nm, to be used, maximising the accuracy of the measurements. No change in
the central wavelength of any of the attenuation bands was observed on the OSA. To
evaluate the temperature response, the resonance wavelength at each temperature was

determined by noting the maximum attenuation value, extrapolating from the data to find
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the two wavelength values corresponding to a transmission 3 dB above this level and

finally averaging the values obtained. Linear regression was then carried out on the data.

LMA PCF

The resulting sensitivity of the 400 pm LPG in LMA PCF was found to be 3.9 + 0.5 pm/°C,
5.9 + 0.7 pm/°C, 2.1 + 0.5 pm/°C and 3.4 + 0.2 pm/°C for the attenuation bands located at
1389 nm, 1434 nm, 1511 nm and 1668 nm, respectively. The spectrum at 20.0 °C and 90.2

°C for the attenuation band at 1511 nm can be seen in Figure 4-12, which clearly

demonstrates the minimal temperature sensitivity.
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Figure 4-12: Effect of temperature on the 1511 nm attenuation band in LMA PCF.

ESM PCF

The temperature sensitivity of the LPG in the ESM PCF was found to be 3.7 + 1.0 pm/°C
and 2.2 + 1.3 pm/°C, for the bands at 1245 nm and 1402 nm, respectively. The spectral

effect of 20.0 °C and 90.4 °C on the 1402 nm attenuation band can be seen in Figure 4-13.
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Figure 4-13: Effect of temperature on the 1402 nm attenuation band in ESM PCF.

The size of the uncertainties for both fibres shows that the sensitivity is often at the limit
of the measurement resolution in this experiment. These data may be compared with the
results of Humbert et a/ [81] who quote a temperature sensitivity of 9 pm/°C in the range
of 25-160 °C for a pure silica endlessly single mode PCF. By way of further comparison, a
typical temperature sensitivity for an electric-arc induced LPG in standard single mode

fibre is 70 pm/°C [85].

The low temperature sensitivity observed in photonic crystal fibre can be explained by

examining the temperature sensitivity equation defined in chapter 2:

dr _ dA [dngf _dn:{}r di1dL

ar _ il :
dr — dlon, )\ ar  dr dA L dT (42)

In conventional fibres, the significant temperature sensitivity arises due to the core being
doped which causes the effective core index to be more temperature sensitive than that of
the cladding. In PCF, the core and cladding effective indices have very similar

temperature dependences (close to that of pure silica), which significantly reduces the
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contribution provided by the first term in equation 4.2. The second term, which describes

the thermal expansion of the grating period, may be estimated to be around 1 pm/°C,

consistent with the measured values.

4.6.2 Bending

As discussed in chapter 2, LPGs are spectrally sensitive to fibre curvature. This coupled
with the small size of optical fibres allowing them to be embedded within materials, has
resulted in several potential applications including respiratory monitoring [86] and
structural health monitoring [6-7]. Structural deformation can occur in any direction so it
is imperative to have sensors capable of not only detecting curvature but the direction of
the perturbation. However, vectorial curvature sensors cannot be simply realised using
LPGs inscribed into standard symmetrical optical fibre. LPGs inscribed into asymmetrical
fibre geometries such as D-shaped fibre [87,88] and eccentric core optical fibres [89] have
been shown to have reasonable vectorial curvature sensing with red and blue wavelength
shifts of the attenuation bands occurring depending on the induced bend direction. When
asymmetric fibre geometries are bent, different strain areas are created within the fibre.
The magnitude and location of the strain depends upon the fibre orientation. Since strain
affects the phase matching condition, differing spectral responses are observed for
different fibre orientations. Asymmetric fibre geometries are however difficult to connect
to standard fibres for interrogation purposes. Recently, an UV inscribed LPG in standard
symmetrical telecommunications optical fibre was made to have directional sensitivity by
using a femtosecond laser to induce an asymmetric change in the refractive index of the
cladding of the fibre [90]. However, the sensitivities achieved were less than those

achieved by asymmetric structures.

Consequently, since PCF has the same outer diameter as standard fibre and a concentric
core region, the LPGs in both PCFs were investigated for their spectral bend sensitivity.
The measurements were made by clamping the fibre into two rotational stages. Two labels

were attached to the fibre prior to mounting to ensure that no twist occurred when
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clamping the fibre. The rotational stages were fixed onto two blocks, one of which was
mounted on a translation stage that was moved inwards, inducing a bend in the fibre; see
Figure 4-14. The rotational stages allowed the direction of the bend to be controlled,

permitting the investigation of directional bend sensitivity.

Mounting Rotational Stages
Blocks
Y X-direction
translation stage
2L il \l’ °
% T | e

Figure 4-14: Schematic of the bending rig.

When the LPG is midway between the two blocks, the resulting curvature, R, of the

sensor is given by [91]:

2d
R=—m—0r, 4.3
d +I (45)

where d is the bending displacement and L is half the distance between the fibre

clamping points.

LMA PCF

Investigating the bend sensitivity of the LPG in the LMA PCF showed the attenuation
bands to be sensitive to the direction of bending. This manifested itself as red and blue
shifts in the central wavelength of the attenuation bands for different orientations of the
rotational stages. The maximum sensitivities were found to occur at positions which were
180 degrees apart. These positions were arbitrarily designated 0 degrees and 180 degrees.
The dependence on curvature was investigated at these two positions; the resulting

wavelength shifts can be seen in Figure 4-15.

79



4. Long Period Gratings in Photonic Crystal Fibre

Transmission (dB)

1300 1350 1400 1450 1500 1550 1600 1650 1700
Wavelength (nm)

Figure 4-15: Spectral response of the LMA LPG to bending. Black line, LPG with no
curvature; dark grey line, curvature of -2.09 m™ in the 180 degrees position and light
grey line, curvature of +2.09 m™ in the 0 degrees position.

With the rotational stages set at 0 degrees, the attenuation bands at 1668 nm and 1511 nm
experienced a blue wavelength shift while the bands at 1434 nm and 1389 nm
experienced a red shift. With the rotational stages set at 180 degrees all shifts were in the
opposite direction. This is an effect previously unreported in LPGs fabricated in PCF. The
details of the theoretical explanation for the blue and red shifts are currently under
investigation. It is most likely accredited to the asymmetric air hole geometry of this

particular PCF leading to the presence of asymmetric cladding modes.

The spectral sensitivities of all the attenuation bands were investigated and the band
centred at 1668 nm was found to have the maximum sensitivity to bending with a value of
dA/dR = 9.6 + 1.0 nm.m with the fibre in the 180 deg rotational state and a sensitivity of

d\/dR = -12.4 + 1.2 nm.m when in the 0 deg position; as shown by the trend lines in
Figure 4-16.
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Figure 4-16: Spectral sensitivity to bending of the attenuation band at 1668 nm in LMA
PCF.

This maximum sensitivity compares favourably against other directional bend sensors
such as the SMF altered by a femtosecond laser [90], which had maximum directional
sensitivities of -1.6 nm.m and +3.8 nm.m, the D-shaped fibre [88] which had sensitivities
of — 3.56 nm.m and 6.51 nm.m and the eccentric core fibre [89] which had maximum
sensitivities of -9.6 nm.m and 10.4 nm.m. The results for all the attenuation bands can be

seen in Table 4.1. The negative signs indicate blue wavelength shifts.

Table 4.1: Table showing the spectral responses of all the attenuation bands in LMA
PCF to the induced curvature.

Attenuation Bands
1668 nm 1511 nm 1434 nm 1389 nm
0 degree rotation -124+12nmm | -1.1+0.1 nm.m | 6.5+0.3nm.m | 4.5+0.4nm.m
180 degree rotation | 9.6+1.0nm.m | 0.7+0.1nm.m | -4.0+05nm.m | -4.3+0.5 nm.m

The spectral investigation of the band at 1668 nm was carried out up to a curvature of 2.09
m’!, whereas the attenuation bands at 1511 nm, 1434 nm and 1389 nm were only taken up
to 1.45 m™'. This was because at larger curvatures it became increasingly difficult to
determine the location of the bands at 1434 nm and 1511 nm due to their reduction in

size and broadening bandwidth.
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ESM PCF

Investigations into the bend sensitivity of the LPG in ESM PCF showed no directional
bend sensitivity. On bending, the attenuation band at 1245 nm disappeared after a
curvature of 2.56 m™ and the band at 1402 nm experienced a red wavelength shift as well
as a reduction in power. Another attenuation band also appeared induced by the bending,
which increased in strength with increasing curvature as well as experiencing a red
wavelength shift. This band had a central wavelength of 1354 nm at the finishing

curvature of 5.45 m™'. The results can be seen Figure 4-17.
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Figure 4-17: Spectral response of the LPG in ESM PCF to bending up to a curvature of
5.45 m™. Unbent curve in bold. Inset: Wavelength shift of band initially at 1402 nm as a
result of induced curvature.

The wavelength shift of the 1402 nm attenuation band at a curvature of 5.45 m™ was 53.0
+ 1.4 nm and the induced band had a wavelength shift of 29.8 + 1.4 nm in the curvature
range 1.60 m’ to 5.45 m?. The purely symmetrical crystal structure resulting in

symmetric cladding modes and no directional bend sensitivity.
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4.6.3 Refractive Index

The spectral sensitivity to surrounding refractive index (SRI) was investigated by placing
the LPG in a v-groove and immersing the grating in certified refractive index (CRI)
liquids (supplied by Cargille laboratories Inc). The refractive index values of the oils are
quoted at a wavelength of 580 nm with an accuracy of +0.0002. Before immersion in each
of the CRI liquids, the LPG and v-groove were cleaned using methanol, then deionised
water and finally dried, to prevent cross contamination. All measurements were made at a
constant room temperature of 25 °C to eliminate any thermally induced refractive index

variations in the oils.

The v-groove was created in an aluminium plate and was clamped to the optical table to
ensure no movement occurred. The fibre was attached to two small metallic blocks either
side of the v-groove. These ensured that the fibre was suspended in the middle of the v-
groove and was not touching the metal, giving total bulk immersion. After each cleaning
and subsequent repositioning of the fibre, it was ensured that the fibre was under the
same tension each time by comparing the spectrum on the OSA with a saved trace of the
original spectrum. Several different CRI liquids were compared in the range n = 1.325 to
n = 1.514. Since the refractive index of silica is 1.444 (at a wavelength of 1550 nm and
temperature of 25 °C) this range enabled a study of the response of the grating to

refractive indices lesser and greater than that of the fibre.

LMA PCF

The effect of SRI changes on the transmission spectrum of the grating in LMA PCF for
CRI liquids of index less than that of silica is shown in Figure 4-18. As can be seen, all

attenuation bands experience a red wavelength shift with increasing index.
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Figure 4-18: The effect of SRI on the attenuation bands in LMA PCF.

The wavelength shift as a function of the SRI for each attenuation band is shown in Figure

4-19. This figure shows that the peak initially centred at 1434 nm has the greatest

wavelength shift followed by the peak at 1389 nm then 1511 nm and finally 1668 nm.

Wavelength Shift (nm)
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Figure 4-19: The wavelength shift of the four attenuation bands in LMA PCF as a
function of the SRI (less than silica).

The sensitivity increases markedly as the SRI approaches that of the cladding with a

maximum shift of 30.8 + 0.2 nm by the attenuation band at 1434 nm and a minimum shift

of 12.0 + 0.2 nm by the 1668 nm attenuation band. When the SRI and cladding indices are
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matched, the cladding appears to be infinite and thus no co-propagating cladding modes
are supported. This spectral response is similar to the behaviour of LPGs fabricated in
standard single mode fibre, except that standard fibre typically shows a blue wavelength

shift instead of the red shift observed in the PCF [13,69].

For refractive indices greater than that of silica, the spectrum of the LPG changes with
only three attenuation bands present, see Figure 4-20. This plot also shows that as the SRI
is increased the amplitude of the attenuation bands grow without any significant spectral

shifting and the fourth attenuation band starts to reappear.
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Figure 4-20: The wavelength shift of the attenuation bands in LMA PCF as a function of
the SRI (greater than silica).

ESM PCF

The ESM PCF grating also experienced red wavelength shifts with increasing SRI values
less than silica. No shift was observed for values higher than silica; the results are shown

in Figure 4-21.

85



4. Long Period Gratings in Photonic Crystal Fibre

4 -
3.5 - S— —
= |——1402nm Band|
£ ° -~ 1245nm Band,
£25
w
£ 2
g
915
[
8 1 -
2 //_/\
0.5 -
| B
0 = - —— : 0
1 11 1.2 1.3 14 15

SRI

Figure 4-21: The wavelength shift of the attenuation bands in ESM PCF as a function of
the SRI.

The maximum wavelength shift was observed in the 1245 nm attenuation band which had
a shift of 3.5 + 0.1 nm. The maximum wavelength shift for the 1402 nm attenuation band
was 0.8 + 0.1 nm. For values of SRI 1.5 and above, all the attenuation bands were present
and no wavelength shift was observed. The difference in sensitivity between the modes is

attributed to the mode at 1239 nm have more interaction with the surrounding material

than the mode at 1402 nm.

The SRI sensitivity for the ESM PCF is significantly less than for the LMA PCF
demonstrating that there is a dependence on the air-hole geometry of the fibre. Jovana
Petrovi¢ has found the air-hole geometry to dictate how much of the cladding mode

propagates in the bulk cladding and consequently is able to interact with the surrounding

material [84].

4.6.4 Strain
The axial strain sensitivity was investigated by fixing one end of the stripped section of

fibre to a metallic block using Norland Optical Adhesive No. 81 (NOA 81). The other end
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of the stripped fibre was fixed to an x-direction translation stage, which was the same
height as the block, using NOA 81. The distance between the block and translation sage
was measured using a pair of Vernier Callipers. Axial strain was applied to the LPG by
moving the translation stage away from the block in steps of 100 pm. The spectral
response after each 100 ym increment was recorded using an OSA. The resulting strain

was calculated using:

£= (4.4)

AL
L
where L is the distance between the translation stage and the block with no strain
applied to the LPG and AL is the change in length induced by altering the translation

stage.

LMA PCF

A linear blue wavelength shift of the central wavelength of all the attenuation bands was
observed, see Figure 4-22 for details of the band at 1668 nm. The attenuation band centred
at 1668 nm had a strain sensitivity of dVdo = -2.50 + 0.04 pm/pe. The other attenuation
bands demonstrated similar strain sensitivities, except for the band centred at 1389 nm

which had a sensitivity of d\/do = -1.8 + 0.2 pm/pe.
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Figure 4-22: Spectral response of LPG band at 1668 nm, in LMA PCF, to strain in the
range (0—1.8 me. Unstrained curve in bold. Inset: Wavelength shift as a result of the
applied strain used to produce the spectral response shown.

ESM PCF
A blue wavelength shift was again observed with increasing strain giving a strain

sensitivity of d\/do = -2.08 + 0.05 pm/pe. The result can be seen in Figure 4-23.

Chapter 2 showed the strain sensitivity of an LPG to be defined by:

di _ dA [dnjf _dnd ] d

Eg_d(aneﬂ) de  de g ¢

In the case of the studied PCF, the strain-optic coefficients applicable to the core and
cladding modes are very similar (close to that of pure silica) and as a result, the strain
sensitivity is largely determined by the second term on the right hand side of equation
45, i.e. the grating period extension with applied strain. Increasing the periodicity of the
grating causes the resonance wavelength to decrease resulting in a blue wavelength shift

with increasing strain.
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Figure 4-23: Spectral response of LPG band at 1402 nm, in ESM PCEF, to strain in the
range 0-2.07 me. Unstrained curve in bold. Inset: Wavelength shift as a result of applied
strain.

The two PCF types have similar strain sensitivities which can be attributed to the fact that
the LPGs were fabricated under the same conditions. It has been shown by Rego er a/[92]
that the sensing characteristics of LPGs fabricated in SMF 28 using the electric-arc
technique can be altered by varying the current of the electric discharge and the tension

on the fibre under fabrication and hence great care was taken to keep these parameters

constant.

4.7 Modelled Sensing Characteristics

Jovana Petrovi¢ has conducted theoretical modelling on the spectral response of the LPG
attenuation band located at 1402 nm in ESM PCF to the various measurands investigated

experimentally [84].

4.7.1 Strain and Temperature Sensitivity

The strain calculations were conducted using the equation:

0on
d—’1=m[1+——ef e J (45)
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where

n. = -0.57° (Plz - #(Plz + P )) =-0.3, (4.6)

taking the elements of the strain-optic tensor as p,, =0.121, p,, =0.27 and the Poisson’s
coefficient for fused silica as x =0.17[93]. The derivative ddn/on=-1.17x10"" was
found by linearisation with the fixed wavelength and the refractive index range of
+5x107™. The change in refractive index at the maximum experimentally applied strain
of 2 me was found to be —6x107*. The grating period was increased for, AA = ¢A and the
new resonant wavelength was found by interpolation at the point A" = A(l + ¢). Although
both the change in index profile and the change in grating period contribute to the strain

sensitivity, the change in period was found to dominate. The resulting strain sensitivity

was found to be —1.85 pm/pe.

The temperature sensitivity was found from the equation:

dA

—= yﬁ.[a + (4.7)

dr

B&Gﬂ, Mr
on o, |

eff

where the thermal expansion coefficient of silica is @ = 4.1x107 /°C and the thermo-optic
coefficient of silica is 7, =7.8x107°/°C [93]. For the temperature range of 70.4 °C the
maximum change of refractive index is 5x107*. Assuming that the grating response is
linear the already calculated derivatives used to calculate the strain were applied. The

resulting temperature sensitivity was calculated as being 3.9 pm/°C.

The theoretically modelled strain and temperature sensitivities closely match those

achieved experimentally; see comparison in Table 4.2.
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Table 4.2: Comparison of modelled results of the spectral sensitivity of the LPG in ESM
PCF with the experimentally recorded data.

Theoretical Result | Experimental Result
Temperature Sensitivity 3.9 pm/°C < 4 pm/°C
Strain Sensitivity -1.85 pm/pe -2.08 + 0.05 pm/pe

4.7.2 Refractive Index Sensitivity

Refractive index sensitivity is only achievable if a part of the resonance mode comes into
contact with the surrounding material. This can only happen in PCF if the resonant mode
propagates through the bulk silica cladding. Modelling of the profile of the resonant mode
at 1402 nm has shown the mode to protrude outside of the fibre, see Figure 4-24. External
refractive index sensing does not cause the grating period to alter. Consequently, any
wavelength shift is attributed to the change in effective refractive index of the cladding
mode, which affects the phase matching condition. Figure 4-25 shows the dependence the
phase matching curve has on the external refractive index and clearly shows the red

wavelength shift with increasing index.
All these results show that the modelling and consequent understanding of these fibres

and LPGs is progressing well with the potential in the future of designing a PCF for

specific sensing applications minimising all unwanted cross sensitivities.
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Figure 4-24: Line plots along x-axis (solid lines) and y-axis (dashed) of the profiles of

the core mode (black lines) and the 1402 nm resonant mode (blue lines) in air [84].
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Figure 4-25: External refractive index sensitivity of resonant mode at 1402 nm in ESM
PCF. Refractive indices: 1.0 (solid line), 1.2 (dashed), 1.3 (dotted), 1.35 (dash-dot), 1.4

(x), 1.42 (O) and 1.44 (V) [84].
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4.8 Summary of the Experimental Sensing Characteristics

Table 4.3 shows a summary of the dimensions of the two investigated PCFs and their

associated sensing characteristics.

Table 4.3: Summary of sensing characteristics of the two investigated PCFs and an LPG
in standard telecommunications fibre (period 300 um, L= 5 cm, sensitivities @ 1550nm

[94]) for comparison.

LMA PCF ESM PCF SMF

Dimensions | Core Size | 11 pm 12 pm 8 um

Hole Size | Mostly 2.0 um 3.7 pm

Separation | 7.1 um 8 pm

No. Holes | 89 54
Temperature <6 pm/°C < 4pm/°C -410 pm/°C
Curvature -124+12nm.m | AtR =454 m!shift

964+1.0nmm | 530+14nm +95 nm.m
SRI max 30.8 £+ 0.2 nm 35+0.1 nm i
min | 120:0.2nm 0.8+0.1 nm o

Strain 250+ 0.04 pm/pe | -2.08+0.05 pm/pe |  +0.9 pm/pe

The investigations revealed a temperature sensitivity in the order of a few pm/°C which
for many applications is considered negligible. This is important for applications where
cross sensitivity is undesirable, eliminating the need for discriminatory schemes and
reducing the overall cost of the system. Another important result from these experiments
is the directional bend sensitivity observed in the LMA PCF. The sensitivity compares
well against other reported sensors and is attributed to the disrupted symmetry of the
photonic crystal fibre. The ESM PCF, which has a completely symmetric photonic crystal
structure, did not show directional bend sensitivity. The fibres also show significantly
differing sensitivities to surrounding refractive index demonstrating that they could be
either used for refractive index sensing or embedded into composite material without
significantly changing the spectral response of the device. Similar strain sensitivities were
observed which is mostly attributed to the gratings being fabricated under the same

inscription conditions and both fibres being constructed of pure silica.
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All these results demonstrate that different PCFs can have different sensing characteristics
with the ability to have reduced or no sensitivity to some measurands whilst having good

sensitivity to others, which is mainly attributed to the air-hole geometry of the fibre.
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Polymer Optical Fibre Background

This chapter aims to provide an introduction to polymer optical fibres. To start with, the
uses and potential applications of polymer optical fibre are discussed followed by details of
typical polymers used for fabricating fibres. The effect that the different polymers have on
the resulting fibre attenuation is then detailed. The photoinscription mechanisms
involved in fibre Bragg grating fabrication in polymer optical fibre is provided. Practical
techniques for fibre end preparation are demonstrated with different processes required
for different fibre types. Finally, light transmission through the available polymer optical

fibres is studied with an emphasis placed on compatibility with specific light sources.

5.1 Introduction

Polymer optical fibre (POF) has advanced significantly in the last few years with the ever
increasing potential that it will become an integral part of future transmission networks.
Although the majority of today’s transmission network consists of high bandwidth glass
optical fibre, the last sections, local area networks (LANs) and ‘in house’ transmission, still
consist of copper cabling. With the rapid expansion of the internet and increased demands
on bandwidth, copper cabling will soon be obsolete due to its limited bandwidth.
Consequently, the remaining section of non-optical network will potentially need

replacing resulting in a completely optical system. However, the large quantity of wiring
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to be replaced demands an economically sound, efficient and easily installed solution. Due
to the numerous connections and junctions contained within LANS, silica-based optical
fibres are a costly solution since they require precise connection, dedicated installation
and handling. Polymer-based optical fibres may provide a solution to this increasingly
pertinent issue. Multimode polymer optical fibres typically have an outer fibre diameter
of approximately 1 mm. Unlike their glass counterparts, polymer optical fibres (POF) with
these dimensions still retain their mechanical flexibility allowing easy installation and
inexpensive connectivity of the fibres due to their large multimode core. However, large
core step index polymer optical fibres (SI POF) have limited bandwidth, a problem which
can be improved by using graded index polymer optical fibres (GI POF) [95].

The majority of polymer optical fibres are based around polymethylmethacrylate (PMMA)
more commonly known as Perspex® or Plexiglas®. Recently however, prefluorinated
(PF) graded index polymer optical fibre (PF GI POF) has been shown to have a higher
data transmission over not only PMMA-based step index POF but PMMA-based graded
index POF as well [96]. Consequently, PF GI POF is likely to be a potential replacement
medium for the existing copper cabling. A table comparing the data transmission rates of
copper cabling, glass and polymer optical fibre is shown in Table 5.1, which clearly shows
that PF GI POF is a suitable replacement for copper cabling. Not only does it provide a
greater bandwidth than copper but also provides the advantages of optical cabling such as
insensitivity to electromagnetic radiation and tapping immunity. Consequently, in 2000 a
1 Gbit/s campus LAN constructed of PF GI POF was implemented at Keio University and
has subsequently led on to networks in housing complexes, hospitals and medical

conference halls in Tokyo [97,98].

In order to increase the bandwidth of a POF data network, optically based techniques
such as wavelength division multiplexing (WDM), already developed for glass optical
fibre based systems, can also be employed. WDM works by using a number of different

wavelengths as separate data channels increasing the total bandwidth attainable.
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Table 5.1: Comparison of the transmission performance of copper cables and optical
fibre [95-101]. PNA (Phone Network Association) existing copper cables; PLC
(PowerLine Communications) electrical power supply.

Transmission Medium

Transmission Rate

Copper Cables

PNA Some Mbit/s
Coaxial Some 100 Mbit/s
Data Cables 1 Gbit/s < 100m
PLC Some Mbit/s
Optical Fibres

Glass SM-Fibre 160 Gbit/s
Glass MM-Fibre 2.5 Gbit/s
MM PMMA POF Some 100 Mbit/s < 100m
PMMA GI POF 3.0 Gbit/s <100 m
PF GI POF 1 Gbit/s <1000 m

11 Gbit/s <100 m

A fundamentally important component used in this technique is the fibre Bragg grating
(FBG) which filters and separates the different wavelengths. Whilst this is a mature
technology for glass-based systems, it is a relatively new area for polymer-based systems.
Z. Xiong et al at the University of New South Wales in Australia were the first to report

on FBGs inscribed in POF [102].

As well as components of telecommunications devices, fibre Bragg gratings are also used
in sensing applications, where shifts in the central wavelength location occur as a result of
external measurands such as temperature or strain perturbing the optical fibre. Standard
uniform FBGs in silica-based optical fibres have limited spectral sensitivity to external
measurands with typical strain responses of ~1 pm/pe and temperature responses of ~10
pm/°C, for gratings at 1550 nm [19]. The sensitivity of these devices can be increased by
inscribing complex grating structures such as Moiré gratings [103] or Fabry Perot cavities
[104]. Such structures are however difficult and time consuming to manufacture. These
limitations could potentially be overcome by using FBGs fabricated in polymer optical
fibres. Since polymers have different mechanical properties to silica, FBGs fabricated in

polymer have different spectral sensitivities to external measurands. Liu er a/ [105] from
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the University of New South Wales in Australia, characterised their uniform fibre Bragg
gratings in POF and demonstrated that they possess increased sensitivity to strain with a
recoverable strain of 13%. Temperature sensitivity was also found to be 130x greater than
uniform FBGs in silica-based optical fibre. For medical sensing applications, a resolution
of 0.1 °C is required over a temperature range of ~35-50 °C [3], which is significantly
below the glass transition temperature of ~100°C for POF. Although current medical
applications such as in-vivo temperature profiling [106] and remote temperature sensing
in NMR (nuclear magnetic resonance) machines [107] use multiplexed FBGs in silica
optical fibre, the enhanced temperature sensitivity of POF FBGs (130x) as well as the
inherent biocompatibility of organic polymers, is clear motivation for increased research

in this field.

Microstructured optical fibres are becoming of increasing interest due to their unique
properties over standard optical fibre; see chapter 4. In silica-based optical fibres, the holes
are fabricated by drawing a preform constructed of stacked silica rods and tubes. The
manufacturing process in polymer is more versatile with a number of different techniques
available including drilling, extrusion, casting, polymerisation inside a mould and
injection moulding [108]. Whilst the viscosity of silica and polymer at their respective
drawing temperatures are very similar [109-110] the surface tension of the polymer is of
several orders of magnitude less than silica [111-112], minimising hole collapse and
enabling fine structures to be created. This results in almost any hole arrangement being
fabricated and consequently single mode fibres and graded index fibres can be
manufactured relatively easily by controlling the size and position of the holes in the fibre

preform.

Microstructured POF has also been recently shown to have applications in imaging [113].
Since the light can either be guided in the multiple polymer cores between the air holes,
or by the air holes themselves, this allows multiple signals to be transmitted by the same

fibre. This results in the potential for a miniaturised endoscope consisting of one fibre,
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instead of the numerous glass fibres currently employed. This makes the fibre ideal for

small areas where current endoscopes do not fit, such as for cochlear implant surgery

[114].

The work reported in this thesis is concerned with inscribing FBGs in step-index and
microstructured POF with the main emphasis towards their potential as sensing devices.
This chapter provides background information on the polymer optical fibres investigated,

effects of attenuation in typical fibres as well as photosensitivity and fibre preparation.

5.2 Chemistry of Polymer Optical Fibre

In order to understand the optical and mechanical properties of polymer optical fibre, as
well as the mechanisms for grating inscription in these fibres, the chemical construction
and properties of the most commonly used polymers needs to be considered and compared
with silica. Polymers are constructed of vinyl monomers; small molecules containing
carbon-carbon double bonds. During vinyl polymerisation, this double bond splits
allowing the monomers to attach together to form a long chain molecule; see section 5.3.
Table 5.2 contains the chemical formulae, glass transition temperature (the temperature
below which molecules have little relative mobility) and refractive index of the most
commonly utilised polymers, as well as silica for the sake of comparison. The square
brackets in Table 5.2 show the repeating units (monomers) of the polymer chains. There
are numerous different varieties of the polymer PFCB which vary in structure from each
other by differing aryl groups (Ar): molecules containing 6 carbon atoms in a ring
(benzene) schematically depicted as hexagons. A commonly investigated PFCB is PFCB
(TVE) for which the aryl group is trifluorovinylether; shown in Figure 5-1 [115].
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Table 5.2: Table of the different polymers used to construct POF. Silica is added for

comparison [46,116].
Material | Formula | Refractive Glass Structure
Index Transition
Temperature
Silica SiO:2 1.46 1127°C Si
71\
@) O
Polymethyl | CsHsO2 1.49 105 °C ~  CH g
methacrylate | :
(PMMA) T 57 “%2 |
C CH
N i 3
o” o
i Jn
Polystyrene CsHs 1.59 100 °C C H al
(PS) |
T—C—CH, 1T
|
- Jn
CYTOP® CeF . 108 °C h ]
(Asahi Glass) \ /
——CF—CF—1—
/ \
O,\ /CFZ
CF,
L Jn
Teflon-AF® | (CoF2)« 1.29 160 °C P E AITE E )
(Dupont) (CsFsOx2)y || ] | |
T | T
F Fl| o 0
/C\
] F,C CF,] v
Perfluoro- | CaFsO2Ar 1:5 350 °C  F F 7
cyclobutane | ]
(PFCR) F—?_?—F
F—(i.: — Cll— F
—0 O—Ar4—
- n
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e
L F Fln
Figure 5-1: aryl group for PFCB (TVE).

Perfluorinated polymers such as CYTOP®, Teflon-AF® and PFCB are becoming of
increasing importance because their lower attenuation makes them feasible for short haul
telecommunication links. Despite this obvious advantage, the lower refractive index of
these polymers makes the choice of cladding material limited in order to maintain a
sufficient numerical aperture for coupling light into the fibre. In the future,
microstructured polymer optical fibre (mPOF) may provide a solution to this limitation
since the air holes create an effective refractive index for the cladding, which is less than

that of the core material.

However, Asahi Glass Co. Ltd in partnership with Keio University have designed a
successful fibre which is available commercially under the trade name CYTOP®. Liu er a/
[117] have investigated inscribing FBGs into slabs of CYTOP®; since it proved difficult to
inscribe into the core of a multimode fibre constructed of CYTOP®. The gratings were
inscribed using a frequency tripled Nd:YAG laser emitting at 355 nm. Temperature testing
of these gratings revealed minimal thermal decay in reflectivity over 200 minutes with the
gratings held at either 45 °C or 60 °C. Similar investigations into PMMA FGBs showed a
reduction in the normalised reflectivity from 1 to 0.8 and from 1 to 0.7 when held at 50
°C and 65 °C, respectively, for a duration of 140 minutes [117]. However, the thermal
sensitivity of the gratings in CYTOP® was reduced to a 9 nm wavelength shift over a
temperature range of 60 °C, compared to 18 nm for a grating in PMMA over the same

temperature range.
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5.3 Free Radical Vinyl Polymerisation

Free radical polymerisation is a standard chemical procedure which creates long
molecules (polymer chains) from small molecules (monomers). In order for
polymerisation to occur, the monomer has to be exposed to another molecule called an
initiator. Typically used initiators are either 2,2’-azo-bis-isobutyrylnitrile (AIBN) or
benzoyl peroxide; see Figure 5-2.

oo e 3
He,C—Cli—N=N—(i)FCH3 @—C—O—O—C—CH;@
CN CN
azo-bis-isobutyrylnitrile benzoyl peroxide

Figure 5-2: Chemical structures of free radical vinyl polymerisation initiators.

Azo-compounds and peroxides are extremely unstable molecules which break up into free
radicals (chemical molecules which have a single unpaired electron) with moderate heat.

The thermal decomposition of AIBN is shown below in Figure 5-3.

CH CH CH N=N CH

i e 60-80°C . | 2
HSC—?~N=N—?—CH3——>HSC—('I|J' -(|:—CH3

CN CN CN CN

Figure 5-3: Thermal decomposition of AIBN; dots represent unpaired electrons (free
radicals).

This reaction is irreversible due to the formation and subsequent escape of nitrogen
molecules; which are extremely stable due to the triple covalent bond. The C-N bonds in
AIBN thermally cleave resulting in a pair of 2-cyano-2-propyl radicals and nitrogen. The
resulting free radicals are unstable due to the unpaired electron so consequently will bond
easily with other molecules in order to gain stability. The carbon-carbon double bonds in
vinyl monomers are prime examples of easily attained electrons which initiate the

polymerisation process, as shown in Figure 5-4.
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Figure 5-4: Initiation of PMMA; arrows indicate transfer of electrons. Left molecule:
2-cyano-2-propyl radical, Right molecule: methylmethacrylate monomer.

One of the electrons in the carbon-carbon double bond in the monomer joins with the
free radical on the 2-cyano-2-propyl molecule. The remaining free radical in the
methylmethacrylate molecule moves to the last carbon atom in the chain enabling more

monomer to attach to the chain by the same process; see Figure 5-5.

g
CN H C=0

g

L

3

Figure 5-5: Monomer of MMA attaches to the initiator adding another free radical to
the end of the chain enabling further molecules to attached to the chain.

Termination of the process occurs if the ends of two growing chains meet, ‘coupling’, or
by a process called disproportionation; instead of bonding with the free radical from
another chain, bonding occurs with a hydrogen bond on another growing chain,

terminating one chain with a hydrogen atom and the other with a carbon double bond.

5.4 Investigated Polymer Optical Fibres

In this thesis, several different varieties of POF have been investigated for their suitability
for FBG inscription. Initially, step index single mode and multimode POF were obtained
from the commercial company, Paradigm Optics Incorporated [118]. In addition to this

fibre, some POF was acquired through collaborations with other institutions. Single mode
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and few mode standard step index fibre was supplied by G.D. Peng from the University of
New South Wales in Australia. Microstructured polymer optical fibre (mPOF) was made
available by M.C]J. Large of the Optical Fibre Technology Centre (OFTC), also in
Australia. A summary of the POFs used in this work, their dimensions and material

composition, are shown in Table 5.3.

Table 5.3: Table of the different varieties of POF investigated for FBG inscription.
MMA = methylmethacrylate, EMA = ethylmethacrylate, BZMA = benzylmethacrylate.

POF | Supplier Mode Identity Core/Cladding | Core/Cladding
Type Operation | Acronym Dimensions, | Material
(um)
SIPOF | Paradigm single mode SMPOF 8/125 PMMA-PS
Optics Ltd multimode MMPOF 60/120 /PMMA
SIPOF | G. D. Peng, single mode | SMPengPOF 12/240 MMA-EMA-
University of | few mode FMPengPOF 18/220 BzMA/PMMA
New
SouthWales,
Australia
mPOF | M.J. Large, single mode SMmPOF 13/150 PMMA
OFTC, few mode FMmPOF 13/160
University of | multimode MMmPOF 50/160
Sydney,
Australia

As can be seen from Table 5.3, the primary constituent material of the above polymer
optical fibres is PMMA. PMMA has been shown to be a photoreactive material from the
very first studies conducted in the 1970s [119-121]. Consequently, PMMA based optical

fibres were investigated for their suitability for FBG inscription.

The few mode and single mode mPOF incorporated 60 air holes arranged in four
hexagonal rings; see Figures 5-20a and 5-20d respectively. The single mode mPOF had
hole diameters of 2.7 um with a separation of 8.8 pm resulting in the ratio of hole
diameter to spacing, d/A, being 0.31. This placed the fibre in the endlessly single mode
regime; see chapter 4. By contrast, the few mode mPOF had air holes with diameters of

5.5 pm with a separation of 10 um, giving d/A = 0.55. The multimode mPOF however, had
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72 holes of diameter 5 pm and separation of 10 um arranged in three hexagonal rings; see
Figure 5-20b,c.

Detailed descriptions of the fabrication methods of polymer optical fibres are outside the
scope of this thesis but if the reader requires information they are directed towards the

references [122-125].

5.5 Attenuation

The attenuation in polymer optical fibres is significantly higher than in silica-based
optical fibres, resulting in them being impractical for long or medium haul
telecommunication links. The various loss mechanisms in polymer and silica based optical
fibres are essentially the same, however, the relative contributions of the mechanisms
varies between the two. A summary of the loss mechanisms in POF are shown in Table

5.4 [126].

Table 5.4: Loss contributions in polymer optical fibre.

Intrinsic Extrinsic

Absorption Scattering Absorption Scattering

Higher Rayleigh Transition Dust and Microvoids

Harmonics of | Scattering Metals

CH Absorption

Electronic Organic Fluctuation of Core

Transition Contaminants | Diameter
Orientational
Birefringence
Core-Cladding
Boundary
Imperfections

The intrinsic losses are associated with the polymer optical fibre constituent materials and
so comprise the absorption and scattering losses of these materials. The extrinsic losses are
artefacts of the manufacturing process of the fibre itself and so can be minimised by

careful, optimum design and control of the fabrication conditions. This therefore results in
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the major loss contribution in polymer optical fibre coming from the intrinsic losses of the

fibre. The intrinsic losses are consequently described in further detail in the following

sections.

5.5.1 Absorption of Core Materials

Organic materials such as polymers have numerous high strong absorption bands due to
the different chemical bonds within the material. The most influential absorption in the
infrared region is associated with the vibrational absorption of the carbon-hydrogen (CH)
bonds. This results in polymers such as PMMA and PS having extremely high attenuation
at 1550 nm resulting in recoverable data only being capable of transmission through
extremely short lengths of fibre. The lowest absorption loss for these polymers is in the

visible region of the optical spectrum as shown in Figure 5-6.
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Figure 5-6: Transmission loss for PMMA and PS core polymer optical fibre [126].

In PMMA core optical fibre, the visible spectrum absorption is dominated by the
stretching vibrations of the C-H bonds at 544, 622 and 740 nm. The lowest transmission
loss of 89 dB/km occurs at 522 and 570 nm. The PS core optical fibre has a higher

transmission loss with the lowest value of 114 dB/km at 670 nm.
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The high C-H harmonics in PMMA core polymer optical fibres are shown in Figure 5-7.
This graph clearly demonstrates the adverse dependence the transmission loss has on

increasing wavelength; the loss at 1550 nm approximately equalling 10¢ dB/km.

Wavelength (um)
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Wavenumber (X 10° em™7)

Figure 5-7: C-H harmonics in PMMA core optical fibre [126].

The high attenuation of PMMA based polymer optical fibres in the 1500 nm
telecommunications window means that it could never replace medium or long haul
communications networks currently consisting of glass optical fibre. Indeed the enormous
disadvantage of this high attenuation prompted investigations into polymers not
containing hydrogen atoms. Substitution of fluorine atoms for hydrogen atoms have been

shown to lower the attenuation in polymer optical fibres [127].
In Figure 5-8, van den Boom er a/ [128] demonstrate that perfluorinated (PF) polymer-

based graded index polymer optical fibre has dramatically lower attenuation than PMMA

based fibres. This is primarily due to fluorine compounds preventing the penetration of
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Figure 5-8: Attenuation of several different types of POF for different wavelengths,
theoretical and experimental. The attenuation in silica is added for comparison [128].

moisture into the polymer compared with polymers containing hydrogen or deuterium
that prolifically absorb moisture [129]. Fluorine also causes the fundamental absorptions
to occur at longer wavelengths, ultimately resulting in the intrinsic attenuation loss being

primarily due to the Rayleigh scattering.

These factors have served as the impetus behind introducing perfluorinated GI POF into

the final stages of the telecommunications network.

5.5.2 Electronic Transition Absorption

Polymers absorb light in the ultraviolet region of the spectrum. The absorption
mechanism depends on transitions between electronic energy levels of the bonds within
the materials. Although the transitions occur in the UV, the absorption tail extends into

the low infra-red.

PMMA core POFs have transitions associated with an n - 7* due to an ester group in the

MMA molecules, n - ¢* of the chain transfer agent and 7 - ©* of an azo-group when azo-
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components like AIBN are used as polymerisation initiators. The most significant is
attributed to the n - n* transition in the double bond of the monomer. In polystyrene core
POF the n - n* transition within the delocalised bonds of the benzene ring produce
extremely high absorption. This results in PS core POF having a higher attenuation
contribution from the electronic transition than the PMMA-core POF [126].

5.5.3 Rayleigh Scattering

This particular intrinsic loss is caused by structural irregularities within the core of an
optical fibre. It is predominantly caused by fluctuations in the material density and
composition. Consequently, Rayleigh scattering in fully polymerised material is attributed
mainly to material density whilst scattering in partially polymerised materials is from the
material composition. When the density fluctuations are small in comparison with the
incident wavelength, Rayleigh scattering dominates the attenuation of the fibre. The

attenuation of the fibre attributed to Rayleigh scattering is conventionally given by [46]:

_ 87’

=5 P (#T;). 5.1)

VR

where n is the refractive index, p is the photoelastic constant, £ is the isothermal

compressibility, £ is the Boltzmann constant and 7', is the fictive temperature of the

material (the temperature at which the material reaches thermal equilibrium on cooling
down). Although equation (5.1) is only valid for single component systems (e.g SiOz), it
can be applied to macromolecules and inorganic multicomponent glasses if the local

dielectric fluctuations remain small when compared to the wavelength.

Ballato er a/[130] calculated the Rayleigh scattering for various polymers and found them
all to have lower Rayleigh scattering than silica; see Figure 5-9. From equation (5.1) and
Table 5.2 it can be seen that this is primarily due to the lower glass transition

temperatures of the polymers which are typically an order of magnitude less than silica.

109



5. Polymer Optical Fibre Background

c

g —— TVE
[.-]

2 12 —=— P
-]

:(.: —a— Cytop
> E ¢ —e— Tefion
<a —»— Siica
=3 6

]

L%

w

fm 3

=

@ 0 L

400 600 800 1000 1200 1400 1600 1800

Wavelength (nm) [Wavelength]~ (nm+) « 10"
(a) (b)
Figure 5-9: (a) Attenuation due to Rayleigh scattering in PFCB (TVE), PMMA, Cytop,

Teflon and Silica. (b) Attenuation due to Raleigh scattering linearised to (1/1%)
abscissa [130].

5.6 Photosensitivity in PMMA based Optical Fibres

Considerable research has been conducted investigating the photosensitivity of PMMA.
This section aims to provide an overview to some of the different inscription wavelengths

investigated and their effect on the material.

5.6.1 UV irradiation at 325 nm

The first studies of photosensitivity or photoreactivity in PMMA based polymers were
conducted over 30 years ago by Tomlinson [119], Moran [120] and Bowden [121]. These
investigations were directed to inscribing gratings or waveguides into polymer slabs.
Tomlinson et a/[119] were the first to report that when prepared PMMA is exposed to UV
radiation of 325 nm, supplied from an helium cadmium (HeCd) laser, a significant
increase in refractive index of the exposed region can be achieved. However to create the
change in refractive index through UV exposure, essential pre-processing of the PMMA
samples had to take place. This involved peroxidation of the monomer
methylmethacrylate, (MMA) prior to the polymerisation step. This pre-processing was
done by stirring the MMA in an oxygen atmosphere for 48 hours whilst irradiating the
sample with UV light from a 5W low pressure mercury (Hg) lamp. PMMA which has not
undergone this oxidation step before polymerisation shows no increase in refractive index

when exposed to UV radiation indicating that it is the presence of oxidation products
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which is the essential requirement for the photoreactive effects to take place. Monomer
prepared without the presence of oxygen completely polymerises, demonstrating that the

oxygen is acting as an inhibitor to the polymerisation by the formation of unreactive

peroxides [131]. The reactions are shown below.

Step 1 M+UV __j M* (oxidation step)
Step 2 either ~M*+ 02 —®»MO: (peroxide)

or M+M* —p MM*+M ——p MMM* (polymerisation)

where M is the unreactive monomer and M* the free radical monomer.

It has been demonstrated [119] that, after the pre-processing step of the monomer and
consequently polymerisation using the initiator azo-bis-isobutyronitrile (50-200mg/litre)

at 40 °C, refractive index changes of 3 x 10 could be induced by exposure to UV light.

There are two ways in which the refractive index of a material can be changed; either the
density of the material can be altered or the molecular polarisability can be changed (or a
combination of both). Tomlinson er a/ [119] found the origin of the refractive index
change to be attributed to an increase in the density of the material, with densities of
0.8% greater than unirradiated samples of PMMA. This has also been verified by Bowden
et al [121], who confirmed the density changes by using a bath of calcium nitrate,
Ca(NOs)2. The concentration of the bath was adjusted to ensure that an unirradiated
sample would just float at the surface. Irradiated samples placed in the calibrated bath
sank to the bottom demonstrating clearly a change in density. Unirradiated samples which
have been heated to 100 °C also showed the same increase in density, thus heating also
causes the active component to create the density change. However, samples which had
not been prepared from the preoxidised monomer, which demonstrates no sensitivity to
irradiation by a HeCd laser, also showed an increase in density after annealing. This
demonstrates that the mechanism for the density increase by irradiation is not necessarily

the same as attained by heating the samples. Recently, Hiscocks er a/ [132] have
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demonstrated that permanent long period gratings can be fabricated in microstructured
POF by thermal imprinting. Consequently, although refractive index changes are
observed through irradiation by 325 nm light the exact mechanism behind the change is

not confirmed.

5.6.2 Effect of other UV wavelengths on PMMA

Modifications to the optical properties of PMMA have also been investigated using a
pulsed UV excimer laser at output wavelengths of 193 nm and 248 nm [133]. The different
wavelengths resulted in different photochemical effects. Irradiation by 248 nm at a
relatively low fluence (15 mJcm™?) resulted in a free methyl formate radical being formed
demonstrating that complete side chain scission from the main polymer chain is

occurring; see Figure 5-10.
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Figure 5-10: Reaction showing complete side chain scission by exposure to 248 nm
radiation at 15 mJcm2.

Continuous irradiation at a high fluence, 30 mJcm? or greater, degrades the free esther
radical either into methane and carbon dioxide or methanol and carbon monoxide; see

Figure 5-11.
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Figure 5-11: Reaction showing further degradation of the free esther radical to
continuous exposure to 248 nm at a fluence of 30 mJcm2

The formation of the free radical in the main polymer chain destabilises the chain, which

during prolonged exposures, results in scission of the main polymer chain; see Figure 5-12.
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Figure 5-12: Main polymer chain scission due to prolonged exposure of 248nm
radiation.

In comparison, irradiation by 193 nm UV radiation only causes partial side chain scission

resulting in free methanol radicals; see Figure 5-13.
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Figure 5-13: Reaction showing partial side chain scission by exposure to 193 nm
radiation.

Both 193 nm and 248 nm, exposed samples experienced an increase in the refractive index

as a result of the partial or total side chain scission. This change occurs through an
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increase in mechanical density via volume contraction by Van der Waals interactions
[42]. The maximum refractive index change of 0.01 occurred as a result of exposure to 248
nm at a fluence of 17 mjecm? The refractive index changes through exposure to 193 nm
were less than those achieved with 248 nm since the partial side chain scission results in

weaker volume contraction.

Despite the ability to create refractive index changes using 248 nm and 193 nm the
penetration depth in PMMA at both wavelengths is less than 10 um. For standard optical
fibre geometries the distance to the core of the optical fibre is 62.5 ym making these
wavelengths impractical for grating inscription in the core. Srinivasan er a/ [134]
investigated the UV absorption of PMMA and the results are shown in Figure 5-14. It
clearly demonstrates that 193 nm and 248 nm are impractical for inscription into PMMA-

based optical fibres whereas the absorption for 325 nm is, comparatively, very low.
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Figure 5-14: UV absorption spectrum of PMMA. Arrows correspond to the wavelengths
of the emission lines from an excimer laser [134].
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5.6.3 Femtosecond Laser Irradiation

Femtosecond lasers have been used to process polymeric materials by focusing the laser
beam inside a substrate. Since the beam comprises of very short laser pulses, when the
beam is focused the intensity at the focal point becomes extremely high. This in turn
induces nonlinear effects like multi-photon absorption, which modify the polymeric
material creating a change in the refractive index. Femtosecond lasers typically emit
radiation in the near infrared, where the absorption in polymer is negligible compared
with UV sources and operate at photon energies far below the bandgap energy of the
processing material. These facts allow processing within a polymeric material without
ablation occurring at the surface of the material due to absorption of the incident
radiation. This enables devices such as waveguides, three-dimensional structures and

grating structures to be fabricated within the polymer.

Waveguides

Zoubir er al [135] have demonstrated that tubular waveguides of 25 pm diameter cross
section and a guiding region of 5 pym can be fabricated inside a 25 mm slab of PMMA
using a Ti:sapphire laser with a repetition rate of 25 MHz, that produces 20 nJ pulses of 30
fs duration. Refractive-index profiles of this type have been shown to be used for optically

trapping and manipulating micrometer-sized particles [136].

Three-Dimensional Structures

With increasing speed and miniaturisation of modern day computer components and
devices, the requirement for high data storage in a small area is becoming of increasing
importance. Three-dimensional (3D) optical data storage has the ability to increase the
data stored capacity of a particular area. Recently, this has been demonstrated in
transparent materials by using femtosecond lasers to create refractive index changes,

photoreduction and void creation [137-139].

115



5. Polymer Optical Fibre Background

The ability to produce this effect in PMMA based polymers has been demonstrated by Jiu
et al [140]. They used Sm(DBM)3 phen-doped PMMA and a 800 nm Ti:sapphire laser
which emitted 200 fs pulses at a 1 kHz repetition rate with an average power of 800 mW.
Using the laser, voids were created in the material each from a single laser pulse of energy
14.5 nJ. The laser pulse causes microexplosions to occur within the material at the focal
point of a 0.65 NA microscope objective. The ability to create voids at different locations
within the material allows a 3D storage pattern to be fabricated. The data can be retrieved
by illuminating the altered regions with radiation from a 514.5 nm laser. This causes the
regions to fluoresce, the result of which can be interrogated using a laser-scanning

fluorescence microscope.

Grating Structures

Femtosecond lasers have also been used to create gratings inside bulk polymeric materials
[141-144]. Si er al [141] were the first to demonstrate gratings fabrication inside bulk
azodye doped PMMA using a holographic set up and a femtosecond laser. However, as
well as the volume grating inside the bulk material, two surface relief gratings were also
fabricated, one on the top surface of the material with the other on the bottom surface. Li
et al [142] found that ablation occurred at the surface of a block of un-doped PMMA if the
energy in a single beam was higher than 180 pJ. Consequently, they were able to
successfully fabricate gratings inside the block of PMMA with no by-product surface relief

gratings, provided the two laser interference beams contained between 60-100 pJ each.

Recently, studies have been conducted by Wochnowski er a/ into the effect of
femtosecond laser radiation on other inexpensive and industrially wide spread polymers
and compared with the more familiar PMMA [144]. They fabricated surface gratings and
volume gratings in PMMA, fluorinated PMMA, PMMI (poly-N-methacrylimide), PC
(Polycarbonate), PI (Polyimide) and Polysiloxane. They discovered that the volume
gratings fabricated inside PMMA had extremely low diffraction efficiencies and were the

worst of the investigated polymers. Volume gratings in PMMI had the best performance
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over both fluorinated PMMA and PMMA. The highest overall diffraction efficiency was
attained by volume gratings in polysiloxane with the remaining aromatic polymers having

lower efficiencies than PMMI but higher than the fluorinated PMMA volume gratings.

5.7 Cleaving

In order to observe grating structures inscribed into POF, sufficient quantities of light
need to be coupled into the fibre. Consequently, the fibre end has to be perfectly flat to
minimise scattering from the end face. To achieve this in silica-based optical fibres
commercially available cleavers are used. These operate by scratching the fibre with a
diamond blade. Strain is then applied on the fibre which propagates a fracture
perpendicular to the longitudinal axis of the fibre, originating from thé scratch. Polymers
however, are constructed of long chains of molecules, which vary in length and can be
randomly aligned. Consequently, commercial cleavers are ineffective on polymer optical
fibres. Due to the high attenuation in these fibres, it is important to couple as much light
as possible into the fibre. Therefore, techniques for successfully cleaving POF had to be

investigated.

5.7.1 Razor Blade

The first method investigated used a razor blade (Wilkinson Sword classic twin edge) to
slice through the POF. The razor blade was heated to between 60-70 °C to aid
propagation of the blade through the fibre. The polymer optical fibre was laid flat under
no tension on an optical table. The cleaving result on SMPOF was inspected using a

microscope (Zeiss Axioskop 2 mot plus) and can be seen in Figures 5-15.
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@
Figure 5-15: Cleaved SMPOF using a hot razor blade; images captured with x20
objective: a) end face on, b) end side.

These pictures demonstrate that a sufficiently flat and smooth end face is unachievable on
this fibre using this technique. The process was repeated, firstly with a razor blade at
room temperature and then with a heated razor blade, on the FMPengPOF; the result can

be seen in Figure 5-16.

@
Figure 5-16: Cleaving FWPengPOF using a razor blade; images captured with x20
objective: a) razor blade at room temperature, b) heated razor blade.

Figure 5-15 shows that both the conditions cause layers of polymer to be pushed over
each other and more importantly the core region. It also illustrates that the heated razor

blade actually melted the fibre. Both attempts show ridges in the end face of the fibre.
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The unsatisfactory results of using purely the razor blade to cleave the polymer optical

fibres meant that another technique to prepare the ends of the fibres was needed.

5.7.2 Liquid Nitrogen and Razor Blade
The next investigations were conducted using liquid nitrogen, which has a temperature of
—40 °C. It was hoped that this would be of a sufficiently low temperature for the polymer

to become more brittle and cleave in a similar way to silica.

The liquid nitrogen was carefully dispensed into a thermos flask and poured over the POF.
The POF was then cleaved using a razor blade at room temperature. The results can be

seen in Figures 5-17 and 5-18, for the two different step index POFs.
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Figure 5-17: Cleaving SMPOF using liquid nitrogen and a razor blade at room

temperature; images captured with x20 objective: a) end face, b) end side on.
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Figure 5-18: Cleaving FMPengPOF using liquid nitrogen and a razor blade; image
captured with x20 objective.

There was no significant improvement in the end faces of the POF using this technique.

A further complication was encountered with the preparation of end face of the fibre

supplied by G.D. Peng. After cleaving, the fibre started to loose its integrity and fray apart;
see Figure 5-19.

Figure 5-19: Fraying observed with the FMPengPOF over time after cleaving; image
taken with x20 objective.

This particular effect is prevalent in unannealed plastic optical fibres and is symptomatic
of fibres with a high degree of chain alignment [124], which can occur if a fibre has been
drawn under too high tension. Whilst annealing the fibre reduces this effect, it also
reduces the Young’s modulus and tensile strength of the fibre; ductility is however,

increased.
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A technique had to be found which not only produced a flat end face but also reduced or
eliminated the post processing loss of fibre cohesion. Consequently, polishing the end face

of the fibre was investigated.

5.7.3 Polishing

In order to polish the fibre end faces whilst maintaining the fibre integrity, the ends of the
fibre were embedded into metal capillaries. The metal capillaries were purchased from
Cooper’s Needle Works Ltd, with a length of 1 cm, an inner diameter of 254 pm and outer
diameter of 1590 pm. The POF was fixed in place using Norland Optical Adhesive (NOA)
No 81, which is designed to precisely bond optical components including polymers. Once
the epoxy was fully cured using UV radiation, the end of the POF was polished using
aluminium oxide lapping film of various different abrasives sizes. Films 5 pm, 1 pym, 0.1
um and 0.05 pum were used in this order. The polishing had to be done extremely slowly
and lightly to minimise any heat build up which could adversely affect the polishing
result. The polishing was also implemented using a figure of eight pattern on the films to
ensure an even polish over the whole surface and reduce directionality of any surface
marks. The result can be seen in Figure 5-20, where a very flat smooth end face results

from this method.

Figure 5-20: Polished end of FWPengPOF mounted in a metal capillary, image taken
with %20 objective.
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The figure demonstrates that the result is good enough for the short length of fibre to
transmit light from the microscope; the bright spot indicating the core of the fibre. Figure
5-20, also demonstrates the core to be non concentric. Since the POF was embedded in

epoxy, which in turn was inside a metal capillary, the fibre did not fray apart.

This preparation method was tested on the microstructured POF. However, the technique
was unsuccessful. The polishing process pushes residue from the technique up into the
holes. Since the holes are then filled with a material of a very similar refractive index to
the polymer, the condition for light guiding is dramatically reduced and insufficient light

can be transmitted through the fibre.

5.7.4 Microstructured POF

A different technique needed to be found to prepare the end of microstructured polymer
optical fibre. Therefore the razor blade approach was attempted with this fibre and proved
to be more effective than with the step index POF. Whilst working with this fibre,
Aston’s collaboration partners at the OFTC in Sydney in conjunction with the University
of Auckland, found an even more successful method of cleaving this particular fibre type.
They found that the fibre and razor blade needed to be heated to between 65-85 °C for the
best cleave to occur [145]. This is due to a brittle-to-ductile transition which can occur
around 50 °C; a temperature well below the glass transition temperature of 105 °C [146].
Kusy [147] also showed that the brittleness of bulk PMMA is strongly dependant on its
viscosity molecular mass, Mv, with brittle behaviour occurring for Mv < 10 and ductile
behaviour occurring for Mv > 10°. As the temperature of a material increases the viscosity
molecular mass increases, changing it from the brittle material to the ductile regime. This

behaviour has been reported as evidence of a phase transition.
Reproduction of the results by Law er a/ [145] using a hot plate set to a variety of

temperatures also verified this technique to be the most efficient for end preparation for

microstructured polymer optical fibre; see Figure 5-21.
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(a) 20°C (b) 65 °C

(©) 70°C d75°C
Figure 5-21: Cleaved ends of microstructured POF by heating the fibre and razor blade
to various temperatures; images taken using x20 objective.

These fibres did not fray apart after cleaving indicating that they had been drawn under a
lower tension than the fibre supplied by G.D. Peng.

5.8 Light Transmission Through Polymer Optical Fibre

Due to the large attenuation of the investigated POFs, different light sources had to be

investigated for their suitability and successful transmission through sections of POF.

An AFC/PC pigtail was butted up against the launch end of the polymer optical fibre with
a small amount of index matching gel to reduce the Fresnel reflections from the end and
aid coupling into the POF. Initially, a helium neon (HeNe) laser with an output of 15 mW
at a wavelength of 633 nm was used to couple light in the fibre. This was used to enable
visual verification that the light was in the core of the fibre. The attenuation of the

polymer at this wavelength is also low, maximising throughput. An SMF patchcord, butt-
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coupled to the other end of the POF, was used to monitor the transmission through the

POF on an optical spectrum analyser (OSA). The resulting HeNe transmission for the step
index POFs can be seen in Figure 5-22.
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Figure 5-22: HeNe light source through step-index POF; OSA resolution 1 nm.

In order to measure an FBG fabricated in the 1550 nm telecommunications window, a
suitable light source had to be used that would have sufficient light transmission through
the POF in this higher attenuation region. The first source investigated was an Agilent
broadband source (BBS) 83437A which covers the wavelength range of 1150 nm to 1700
nm and consists of four edge-emitting light emitting diodes (1200 nm/-17 dBm, 1310 nm/-
13 dBm, 1550 nm/-13 dBm, 1650 nm/-17 dBm). The resulting light transmission of this
source through the POFs is shown in Figure 5-23. Although there is some transmission

around the 1550 nm wavelength, it is of insufficient quantity and range to observe any

FBGs fabricated in this region.
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Figure 5-23: Agilent BBS source through step index POF.

The next source investigated was an ASE light source (Thorlabs ASE-FL7002-C4, 5 mW
output power) with an operating wavelength range of 1530-1610 nm. The results from
this source can be observed in Figure 5-24. Reasonable transmission is seen with this

source and was deemed acceptable for grating inscription at these wavelengths.
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Figure 5-24: ASE light source through step index POF.

The structure observed in the all the spectrum in Figure 5-24, is most likely due to

cladding modes, excited during the initial launch conditions, which have not been lost

from the fibre due to the short lengths of fibre, 11.4 cm.
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5.8.1 Microstructured POF

All the microstructured POF investigated in this thesis also showed good transmission of

the Thorlabs ASE light source, enabling FBG fabrication attempts in this fibre; see Figure
5-25 for the transmission through the single mode mPOF.
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Figure 5-25: ASE light transmission through single mode mPOF.

The graph clearly shows that there is more light transmission through the single mode
mPOF with a maximum of 35 dB signal above the noise floor than there was through the
single mode step index paradigm POF shown in Figure 5-24, which had a maximum of 20
dB above the noise floor. However, the launching conditions were slightly different for
this variety of POF. With the AFC/PC connector a millimetre from the end of the POF,
changes in coupling HeNe light into the mPOF, caused changes in the far field pattern
emitting from the other POF fibre end. Certain launching positions enabled the light to
travel through the holey region of the fibre [113] stimulating the cladding modes instead
of the core mode. This demonstrated itself by a ‘doughnut’ shape in the output pattern of
light from the fibre. The centre was dark indicating that no light was in the core region.

When the light was in the core a small bright spot is seen; see Figure 5-26 for a schematic

representation.
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O e
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Figure 5-26: Schematic representation of the pattern of HeNe laser light through

mPOF; shaded region represents area of greatest intensity. (a): Light transmitting
through the holey region, (b): Light in the fibre core.

In order to see an FBG in the core of the mPOF, pattern (b) in Figure 5-26 is required.
However, once the index matching gel on the end of the AFC/PC connector touched the
fibre end, the ‘doughnut’ pattern could no longer be observed. This removed the ability to
know if the light was in the core or the holey (cladding) region. Consequently, it was
essential to align the fibre to achieve pattern (b) just before the gel touched the fibre, to
ensure coupling in the core region of the fibre. It was important not to use too much
index matching gel since it was found to enter the holes via capillary action removing the

light guiding conditions of the fibre.

5.9 Summary

An introduction to polymer optical fibre has been presented. Typical polymers for optical
fibre manufacture have been discussed along with the loss mechanisms within the fibre
which limit its use at higher wavelength ranges. The mechanisms for photopolymerisation
by different wavelengths of ultra-violet radiation have been described with the aim of
understanding the process of fibre Bragg grating inscription. This demonstrated that, for
successful fibre Bragg grating inscription in polymer optical fibre, a laser with an output
wavelength of 325 nm was required. Importantly, practical techniques for cleaving and
fibre end preparation for successful light transmission have been shown. It was found that
step index polymer optical fibre requires the ends of the fibre to be mounted into metal
capillaries and then polished to produce an acceptable end face. This technique was
unsuccessful with microstructured polymer optical fibre due to the residue from the

polishing process being pushed up into the holes. Instead, the microstructured polymer
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optical fibre was found to require heating to between 65-80 °C and the end cut using a
razor blade heated to the same temperature as the fibre. Finally, techniques for light

transmission through polymer optical fibres and suitable light sources were discussed.
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Fibre Bragg Grating

Inscription in Plastic Optical Fibres

Described in this chapter are various attempted fabrication set ups for fibre Bragg grating
inscription in polymer optical fibres. Fibre Bragg gratings are inscribed in step index

polymer optical fibre and, for the first time, in microstructured polymer optical fibre.

6.1 FBG Fabrication

This section describes various attempted fabrication set ups for FBG inscription in POF.
The most suitable ultraviolet (UV) wavelength to achieve fabrication is 325 nm (see
section 5.6). Consequently, a Kimmon IK series (IK3301R-G) helium cadmium (HeCd)
laser which emits at 325 nm was used. This laser had a continuous wave output, a rated
output power of 30 mW, a beam diameter (1/e?) of 1.2 mm and its transverse mode was

TEMOO providing the laser with a Gaussian beam profile.

6.1.1 Amplitude-Division Interferometry

Amplitude-Division Interferometry is an extremely versatile technique which enables any
Bragg wavelength to be inscribed, provided the diffraction limit of the inscription
wavelength (M/2) is not exceeded, by changing the convergence angle of the intersecting

laser beams; see section 2.5.1.1. This allows inscription of Bragg gratings at lower
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wavelengths where the attenuation of POF is significantly lower; see section 5.5.1.
However, one major system limitation of this technique is its susceptibility to vibrations
and drift. A Mach-Zehnder Interferometer was set up to investigate the presence of any

system vibrations that could limit the effectiveness of this technique. The set up is shown

in Figure 6-1.
Beam from
HeCd laser
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splitter
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Figure 6-1: Schematic of Mach-Zehnder Interferometer setup.

To reduce as many mechanical vibrations as possible, the optical table was floated. The
temporal coherence length of the laser was measured to be greater than 10 cm. Therefore,

the maximum likely beam path imbalance of 2 mm could be ignored.

The resulting interference pattern displayed on the white card screen was continuously
moving randomly more than a fringe width, demonstrating significant system instabilities.
These were likely to originate from a number of different sources. The laser resided on the
optical table so vibrations from the laser could be transmitted to the table and mechanical
mounts. Secondly, the laser was air-cooled by a fan located on top of the laser which
pumps the hot air into the surrounding atmosphere. Since the grating fabrication area was
not enclosed by a laser safety cage, the resulting convection currents could cause
instabilities in the system. Finally, there could be mechanical instability in the mirror

mounts and posts.
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The substantial instability indicated that the Amplitude-Division Interferometer
inscription technique would be of insufficient stability for grating inscription given the

likely exposure times required.

6.1.2 Phase Mask Inscription

Phase mask inscription is less susceptible to system vibrations since the path length of the
interference beams is limited to the distance between the phase mask and the optical
fibre; typically around 100 pm and the beam path distances are common to the two
beams. Despite the restriction in the resulting fibre Bragg grating wavelength decreed by
the periodicity of the phase mask, this technique was investigated for its suitability for

inscription into POF.

6.1.2.1 Horizontal Alignment
Initially, a standard FBG fabrication set up was implemented, whereby the laser beam is

maintained along the axis it emerges from the laser i.e. the horizontal axis; see Figure 6-2.

lens

ngure 6-2: Initial fabrication set up for FBG inscripﬁén into POF.

Each end of the POF was fixed to a v-groove mounted on a three dimensional translation

stage. Due to the high attenuation of POF at higher wavelengths, a phase mask with a
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period of 0.5742 pm, designed to produce FBGs in silica at around 836 nm with an
inscription wavelength of 248 nm, was used. A superluminescent diode (Superlum, SLD-
37-MP) with a central wavelength of 835 nm and a wavelength range of 50 nm was
coupled into the POFs to measure the grating growth. After exposing a sample for 30
minutes, no fibre Bragg grating was observed. Inspection of the exposed region of fibre
using a microscope (Zeiss Axioskop 2 mot plus) did not reveal any refractive index fringes.
The absence of fringes was either due to minuscule changes in the fibre position during

inscription or beam movement of the interferometer arms from vibrations on the phase

mask.

Consequently, a piece of hydrogenated SM-800 silica-based optical fibre (Oxford
Electronics Limited), which is designed to have a single mode cut off wavelength of 770
nm, was placed into the fabrication setup to establish if fibre or beam movements were
preventing grating inscription. No grating was formed within the 50 nm bandwidth of the
825 nm diode. Inspection of the transmission spectrum through the fibre using a white
light source revealed the molecular hydrogen associated absorption band at 1245 nm [55]

and the silica-hydroxyl band absorption band at 1390 nm [55,148] as well as a grating at
1656 nm; see Figure 6-3.
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Figure 6-3: Un-normalised absorption spectra of SM-800 after being exposed to 325
nm radiation.
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The grating was located 820 nm away from the design wavelength of 836 nm. The shift in
Bragg wavelength was attributed to the diffraction efficiency of the phase mask which for
325 nm radiation contained 33.2 % and 35.6 % respectively in the plus and minus first
orders and 17.4 % transmitted power in the zeroth-order. The resulting intensity pattern

produced behind the mask is shown in Figure 6-4 and has been calculated from the

equations shown in section 2.5.1.2.
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Figure 6-4: Effect of 17 % zeroth-order on the fringes behind a 0.5742 um phase mask
at a distance of zero behind the mask; z = 0.

This is equivalent to the summation of two sine waves having periodicities of 0.5742 pym
and 0.2871 pm and demonstrates that for 325 nm radiation, the period of the diffraction
pattern behind this mask predominately equals that of the phase mask instead of half that

of the phase mask. Therefore the phase matching condition becomes:
N/'LB = 2?1:}1\.”_4 5 (6.1)

Verification of this result was obtained by calculating the Bragg wavelength to be 1657
nm (n;;=1.443 at 1650 nm and 25 °C, A, = 0.5742 pm), which is 1 nm away from the

experimentally observed grating.
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Whilst there should still be a grating located at 836 nm associated with half the period of
the phase mask, the visibility of these fringes are extremely low. The strength of the
grating at 1656 nm of -1 dB, where the fringes are of higher visibility, suggests that the
grating at 836 nm would not be seen due to a weak coupling coefficient. The small
strength of the grating at 1656 nm could be due to insufficient quantities of hydrogen in
the fibre. This is evidenced by the size of the absorption bands, which are intrinsically
linked to the amount of UV exposure and hydrogen content of the fibre, and which are
also comparatively small. The inscription wavelength of 325 nm also affects the strength
of the grating due to the lower UV absorption and partially forbidden singlet-to-triplet

transition; see chapter 3.

Although the grating was weak, fringes in the core of the silica optical fibre were
observed with the microscope indicating that fringes were not formed in the polymer
optical fibre using this technique due to fibre movement. To prevent movement of the
fibre during inscription, the POF was fixed on to a microscope slide (25.4 mm x 76.2 mm x
1 mm) by sandwiching it between the slide and two cover glass slides. The cover slides (20
mm x 20 mm x 0.2 mm) were attached with super glue at the four corners and two
polymer optical fibres were mounted to keep the cover glass slides and microscope slide

parallel to one another; as shown in Figure 6-5.

Top View Side View
- i
55 _ Microscope Side 5 s - Cover Slide
A Super Glue
‘ POF ’ )
‘ %Q . . i [ Microscope Slide |
poF' | T i 0 B
Super Glue

Cover Glass Slides
Figure 6-5: Schematic of mounting the POF on to a microscope slide from the top
view (left) and the side view (right).

The 0.2 mm thick cover glass slides attenuated the 30 mW laser beam to 23 mW which

was still deemed sufficient for grating inscription to occur. Due to this mounting

134



6. Fibre Bragg Grating Inscription in Plastic Optical Fibres

arrangement, light could not be coupled into the fibre during the exposure so the fibre

was inspected afterwards using the microscope for evidence of inscription.

All the phase masks owned by Aston University’s Photonics Research Group were
designed to operate with an inscription wavelength of 244 - 248 nm and so were tested to
find the highest diffraction efficiency for 325 nm radiation. The most efficient mask was
found to contain 13.8 % in the zeroth-order whilst the plus and minus first orders
contained 34.4 % and 32.5 % respectively. The mask supplied from QPS Technology Inc
had a period of 1060.85 nm designed to produce FBGs in silica at 1535.9 nm, where the
attenuation of POF is extremely high. This particular mask was used for the rest of the

experiments involving FBG inscription in polymer optical fibre.

Exposures of duration, 1 minute, 2 minutes, 5 minutes, 15 minutes, 20 minutes and 35
minutes, were used with the Paradigm MMPOF mounted on the microscope slide.
Fringes were observed in the material from 5 minute exposures onwards. The effect of 15

minutes of exposure can be seen in Figure 6-6.

00000

Figure 6-6: Microscope image of damage fringes on the surface of MMPOF after 15
minutes of exposure taken using X63 objective.

The uniform fringes are clearly visible and have a measured spacing of 1.07 pm; the period
of the phase mask. Exposures longer than 15 minutes, whilst still creating stable fringes in
the material, the power density of ~1200 mW/mm? on the fibre, also resulted in surface
charring as the laser beam heated the optical fibre.
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This proved FBGs could be inscribed into POF if the fibre was held rigid to eliminate fibre
movement. However, light still needed to be coupled into the fibre to determine if a
grating was fabricated in the core region. The current set up could not cater for this

requirement and so had to be changed.

6.1.2.2 Vertical Alignment

To enable the grating to be monitored during inscription and the fibre to be supported
along its entire length during fabrication, the inscription set up was changed and can be
seen in Figure 6-7. To prevent miniscule positional changes of the polymer optical fibre
occurring during inscription, the fibre was placed in three consecutive v-grooves and
anchored in position using polyimide tape. This arrangement enabled light to be coupled
into the fibre by butt coupling the end of the POF to an AFC/PC connector; see section
5.8. However, for FBG inscription to be achieved with the fibre mounted in this way
required the laser beam to be directed down on to the fibre from above. To achieve this,

two periscopes were employed with the second one positioned above the three v-grooves.

HeCd laser

Cylindrical lens

Cylindrical lens

Phase mask

Fiber
Figure 6-7: Schematic of the vertical set up for FBG inscription [149].
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In order to align the laser beam perpendicular to the fibre, a card with an aperture was
placed in the beam between the two periscopes. On this card the fluorescence of the UV
back reflections from the lens, the edge of the fibre and the fibre core are observed.
Alignment is correct when all of these back reflections overlap each other and propagate
along the same optical path as the incident beam; examples of typical back reflections can
be seen in Figure 6-16. Since the optical fibre was placed in metal v-grooves, a gap of 5
mm was created between two of the v-grooves and the laser beam directed to enter this
region. This was done to ensure that the back reflections observed on the card for
alignment of the fibre was purely due to the fibre and lens and not from any spurious
reflections from the metallic v-grooves. During fabrication of fibre Bragg gratings the

alignment card was removed to prevent clipping the laser beam.

Typically, a distance of 100 um is required between the phase mask and the fibre during
the inscription process. In this set up, the phase mask was placed on top of the v-grooves
and the separation distance attained by attaching layers of polyimide tape to the un-
patterned section of the mask. Since the tape had a thickness of 20 um, four layers of tape

were added to achieve a separation of around 80 pm.

6.2 Fibre Bragg Gratings in Silica Optical Fibre Using 325 nm
Radiation

To validate the inscription stability of the vertical alignment setup, FBGs were fabricated
in highly photosensitive boron germanium co-doped silica optical fibre (Fibercore,
PS1200/1500). Although this fibre is intrinsically photosensitive, not requiring
hydrogenation, the low inscription efficiency of 325 nm radiation compared with that of
244 nm radiation required the fibre to be highly hydrogenated at a pressure of 200 bar for
94 hours at 80 °C. The same phase mask intended for use with the polymer optical fibre
(QPS, period 1060.85 nm) was used for the inscription, as well as the maximum output

power of the laser, 30 mW. The growth data of the resulting FBG is shown in Figure 6-8.
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Figure 6-8: Graph of the growth characteristic of an FBG fabricated in PS1200/1500
single mode silica fibre using the HeCd laser. Inset: grating profile.

After an exposure time of 100 minutes, an FBG with a transmission depth of -15.5 dB at a
wavelength of 1539.3 nm with a FWHM of 1.4 nm was obtained. The growth data
demonstrates that after 100 minutes of exposure the grating was saturated. The length of
time needed to produce the saturated grating demonstrates that the inscription setup was

sufficiently stable to produce gratings and therefore likely to be successful at inscribing

FBGs in polymer optical fibre.

The long exposure time required for saturation to occur is attributed to the inscription
wavelength of the laser; 325 nm. For comparison, inscription was conducted in the same
fibre using a continuous wave frequency doubled argon ion laser emitting at 244 nm.
Static beam exposure was conducted and the resulting growth data can be seen in Figure
6-9 for laser output powers of 90 mW and 30 mW. The 90 mW exposure required a total
time of 10 seconds to achieve a transmission notch depth of —27.9 dB at a wavelength of
1539.1 nm with a FWHM of 1.2 nm. The FBG fabricated at 30 mW had a transmission
notch depth of —24.2 dB at a wavelength of 1539.2 nm with a FWHM of 1.3 nm.
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Figure 6-9: Comparison of the growth of FBGs fabricated using 244 nm UV at 30 mW
and 90 mW laser powers. Inset: 30 mW grating profile.

The difference in strength and the time taken to reach saturation between the gratings
inscribed with 325 nm radiation and those inscribed with 244 nm is mainly attributed to
the different inscription mechanisms of the two different wavelengths (244 nm absorption
leading to singlet-to-singlet transition and 325 nm absorption leading to a singlet-to-
triplet transition). The diffraction efficiency of the phase mask also differs depending on
the inscription wavelength (see chapter 2) which affects the fringe visibility of the

gratings and consequently the resulting strength of the gratings.

6.3 Fibre Bragg Gratings in Polymer Optical Fibre

All the available polymer optical fibres were investigated for successful grating inscription
using the vertical phase mask setup. Unfortunately, attempts at fabrication in the core of
the Paradigm Optics Ltd polymer optical fibre were unsuccessful. This may be due to the
fibre having no unreacted monomer left in the constituent material of the fibre (see

section 5.6).
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However, grating inscription was achieved in all other varieties of available polymer

optical fibre and the results are detailed in the following sections.

6.3.1 Step Index Polymer Optical Fibre

The first successful fabrication was achieved in few-moded Peng POF (FMPengPOF). Due
to the charring seen in the blind exposure tests completed in section 6.1.2.1, the laser
power was attenuated using Neutral Density Filters to 3.8 mW, resulting in a power
density on the fibre of ~200 mW/mm?. This allowed longer exposure, providing more
time for any photochemical reaction to take place without deformation of the fibre
occurring through heat build up from the inscription beam. The fibre was exposed for an

hour.

During the exposure the grating was monitored in transmission but no grating was
observed. Weak gratings are easier to observe in reflection and so a 2x2 50:50 coupler was
used and the reflection arm inputted into an OSA. Since the physical location of the
grating was offset to the launch end of the fibre, observing the grating in reflection
reduced the length of polymer the light had to travel through. Due to the high
attenuation of polymer at 1550 nm (see chapter 5) reducing the amount of fibre the
probing light experiences, reduces the experienced attenuation dramatically. A fibre Bragg

grating reflection was observed and can be seen in Figure 6-10.
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Figure 6-10: First FBG in POF fabricated in few-moded POF.

The resulting grating was located at 1568 nm, had a length associated with the beam
diameter (1/e?) of the laser beam of 1.2 mm, a FWHM of 2.0 nm and a reflected signal
above the general background reflections of 4.7 dB. To ensure that the reflection peak
observed was attributed to a Bragg grating and not to any artefacts or reflections at the
launching silica end, a soldering iron with a temperature of 345 °C was held a distance of 1
cm above the grating to check for an induced wavelength shift. A blue wavelength shift
was observed; see Figure 6-11.
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Figure 6-11: Temperature effect on FBG in POF. Black line: room temperature, grey
line: arbitrary quantity of heat applied.
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Liu et al [150] showed polymer fibre Bragg gratings to have a negative temperature
coefficient resulting in blue wavelength shifts occurring as a result of increasing
temperatures. Consequently, the observed blue shift with temperature verified that a fibre
Bragg grating had been inscribed. No side-lobes were observed in the refection profile of
the grating. This is attributed to the Gaussian profile of the laser beam, combined with the

static fabrication system, creating a self-apodised FBG.

Although successful inscription was achieved, the strength of the grating was weak
compared to silica gratings. To increase the grating strength a second lens was
incorporated into the fabrication set up to expand the static laser beam and hence inscribe
a longer grating. The extra lens was placed a distance of 56.5 cm away from the fibre; just
before the first periscope resulting in the length of any inscribed gratings changing from
1.2 mm to approximately 1 cm. The neutral density filters were also removed, exposing
the 1 cm length of fibre to the full output power of the laser. Previously, the full laser
power resulted in charring the surface of the polymer optical fibre provided by Paradigm
Optics Ltd. However, expanding the laser beam distributed the laser power over a larger
area resulting in a power density of ~200 mW/mm?, the same value as for the unexpanded

laser beam with neutral density filters.
During inscription the FBG was monitored in reflection and the growth of the grating

recorded. The resulting spectra of the gratings fabricated by this technique in
FMPengPOF and SMPengPOF can be seen in Figure 6-12.
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Figure 6-12: FBGs in few and single mode step index POF; OSA resolution 1 nm,
grating length 10 mm.

Both gratings were centred at 1568.4 nm. The FMPengPOF grating had a signal above the
noise floor of 18 dB and a FWHM of 1.2 nm. The SMPengPOF FBG had a signal of 15 dB
and a FWHM of 1.1 nm. The attainable induced refractive index change for the grating
has a saturation level related to the quantity of un-reacted monomer in the fibre.
Consequently, increasing the exposure region increased the strength of the grating since
more un-reacted monomer was accessible. Therefore expanding the laser beam and

increasing the laser power had the desired effect of increasing the strength of the grating

as well as reducing the bandwidth.
The growth characteristics of the FBG inscribed in FMPengPOF can be seen in Figure 6-

13; data collected every minute. The graph shows that the growth rate of the grating is

slowing down as it becomes close to the saturation point of the fibre.
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Figure 6-13: Growth characteristics of an FGB in FMPengPOF.

6.3.1.1 Interferometric Devices in POF

Amongst optical sensing techniques, interferometry incorporating silica-based optical
fibres has demonstrated the highest measurement resolution. Some interferometric
systems can be achieved by using directional couplers to implement amplitude division in
Michelson [151] or Mach-Zehnder arrangements [152]. These techniques however, have
the disadvantage of being difficult to incorporate into other systems. Interferometric
devices fabricated into optical fibres by utilising fibre Bragg gratings overcome this
problem whilst maintaining the high resolution of interferometric devices. Consequently,
the viability of fabricating these devices into POF, where the sensitivity of the grating to

external measurands is already enhanced over their silica counterparts, was investigated.

Phase shifted gratings

Phase shifted gratings are a uniform fibre Bragg grating which has a phase shift within the
grating structure itself. The phase change creates two gratings out of phase with each
other which act as a wavelength selective Fabry-Peérot resonance allowing light at the
resonance to penetrate the stop-band of the original grating; see Figure 6-14 for a grating

transmission profile with a m phase shift [153].
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Figure 6-14: Grating profile with a 1 phase shift [153].

The phase shift can be introduced by several different methods:-

1. Using a phase mask with a shift incorporated into the design [154]
2. Post-processing of a grating by exposing a region of the grating to further UV
radiation [153]

3. Post-fabrication processing using localised heat treatment [155]

The first method has been used to successfully fabricate a phase shifted FBG in a polymer
waveguide [156]. However, phase shifted FBGs in POF have not been previously reported
and is demonstrated in this section. To achieve the phase shift, the second method was
utilised. A 1 cm standard uniform grating was fabricated to saturation and the unexpanded
laser beam, approximately 1 mm, used to expose the centre of the grating. The resulting

phase shifted grating can be seen in Figure 6-15.
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Figure 6-15: Phase shifted FBG in single mode POF for different OSA bandwidths.

The resulting stop band had a FWHM of 0.16 + 0.02 nm which equates to a ~19 GHz
passband. The width of the stopband is large compared to silica based devices which is
likely to be attributed to the large attenuation of polymer at these wavelengths and the
weak reflectivity of the grating. Shifting the gratings to lower wavelengths should result

in a sharper feature which can be correspondingly monitored with higher precision.

Despite the weak grating and broad stop band, the feasibility of creating such devices in

POF has been demonstrated for the first time.

6.3.2 Microstructured Polymer Optical Fibre

The air-hole geometry of microstructured polymer optical fibre presents a particular
challenge for FBG inscription. The presence of several rings of holes surrounding the core
scatters the incident side exposed laser beam, resulting in significantly reduced optical
intensity in the core. FBGs have however been fabricated in silica microstructured optical
fibres with a small germanium doped core by deuterium loading the fibre and then
exposing it to 242 nm radiation from a frequency-doubled excimer-pumped dye laser for
1000 seconds [80]. The resulting FBG had a length of 4 cm, a length of 3 dB with a An of

103. FBGs have also been fabricated in pure silica microstructured fibre using a ArF 193
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nm laser with a pulse width of ~15 ns operating at a repetition rate of 40 Hz [157]. This
resulted in an FBG which had a strength of ~14 dB, a length of 1 cm and a An of 2 x 10+
after an exposure time of 3.8 hours. Inscription was also achieved in pure silica
microstructured fibre using a 267 nm femtosecond laser (120 fs pulses) with a repetition
rate of 1 kHz [158]. After an exposure time of 60 minutes, 10-12 dB strength FBGs were
achieved with a length of 4 mm and a An of 4 x 10

All these examples demonstrate that grating inscription was achievable in these fibre
geometries but that high energy pulses were deemed necessary to compensate for the
attenuation due to the hole-induced scattering. Despite these potential restrictions fibre
Bragg gratings have been inscribed in microstructured polymer optical fibre using the low

power continuous wave helium cadmium laser using the following method.

It was found that the orientation of the fibre geometry with respect to the incident laser
beam was critical for successful photoinscription. In step index fibres, the alignment of the
inscription laser beam to the fibre affects the quality of the fabricated gratings, incorrect
alignment when inscribing gratings in mPOF completely prevents inscription from
occurring. Inspection of the back reflections of the HeCd beam from the mPOF revealed
two different diffraction patterns as the fibre was rotated; one thin and bright and the
other broad and dull. The thin bright pattern was found to be successful for grating
inscription to occur. The two different patterns are shown in Figure 6-16. The successful
bright diffraction pattern is likely to coincide with the laser beam being incident on the
I'M (flat side of the hexagon) axis of the photonic crystal structure due to this orientation

causing less light scattering [159].
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Figure 6-16: Backscattered diffraction patterns of the HeCd laser viewed by
fluorescence; the pattern on the left was needed for successful inscription. Note that
for clarity in the images, the fibre has been twisted slightly in order to shift the
backscatter off the core region to the left of the main pattern; for correct alignment
these would be superimposed. (photo: David Webb)

Inscription was initially attempted without expanding the laser beam so that the
maximum energy could be focused down to the core region. Successful inscription was
achieved in all three microstructured polymer optical fibre varieties: endlessly single
mode microstructured POF (SMmPOF), few-moded microstructured POF (FMmPOF) and
multimode microstructured POF (MMmPOF); see section 5.4 for geometries, see Figure 6-

17 for grating spectra.
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Figure 6-17: Grating profiles in the 3 different varieties of mPOF grating length 1 mm,
OSA resolution 1 nm.

The spectral properties of the resultant gratings and the exposure times for the fabrication

are shown in Table 6-1.

Table 6-1: Table containing the different fabrication conditions for the different fibre

types.
POF Exposure | Bragg Signal FWHM
Type Time Wavelength
SMmPOF 16 mins 1566.8 nm 14 dB 2.6 nm
FMmPOF 15.5 mins 1568.8 nm 15 dB 2.0 nm
MMmPOF | 20 mins 1566.8 nm 13 dB 1.9 nm

The different wavelength locations of the FBGs is either due to differing amounts of strain

on the fibres during fabrication or thermal annealing during inscription.

Fibre Bragg gratings were also fabricated with the second lens incorporated into the

inscription system producing narrower gratings. For this setup, the exposure time for the

FMmPOF was 60 minutes at a room temperature of 29 °C before saturation of the grating
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occurred. The resulting FBG had a Bragg wavelength of 1570 nm, a FWHM of 1 nm, a

length of 1 cm and a reflective signal above the noise level of 7dB. Figure 6-18 shows the

grating profile (OSA bandwidth = 0.2 nm) and the growth characteristics. Evidence for

the few-moded structure of the reflectivity profile can be clearly seen.
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Figure 6-18: Reflection profile of FBG fabricated in few-moded mPOF.

The growth characteristics can be seen in Figure 6-19.
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Figure 6-19: Growth characteristics of the FBG in FMmPOF.
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The return signal was observed to be comparable to the Fresnel reflection from the end of
the fibre launching light into the POF in the absence of index matching gel. The
attenuation of the POF at the grating wavelength is around 72 dB/m [160]; consequently,
the 3 cm distance to the grating from the input face of the POF implies that the
reflectivity of the grating will be at least 10 %, which using the equation:

1
100

gives a transmission value of 0.46 dB. Possibly due to the high fibre attenuation at these

wavelengths and weak grating, it was not possible to observe the grating in transmission.

The fibre Bragg grating inscribed in SMmPOF with the expanded laser beam had a Bragg
wavelength of 1569 nm, a FWHM of 0.5 nm, a length of 1 cm and a reflective power
above the noise level 2 dB less than that in the few-moded fibre. The grating profile (OSA
bandwidth = 0.2 nm) and growth curve can be seen in Figure 6-20 and Figure 6-21

respectively.
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Figure 6-20: Reflection profile of FBG fabricated in SMmPOF.
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Figure 6-21: Growth characteristics of the FBG in SMmPOF.

6.3.2.1 Transmission Profile of FBG in Microstructured Polymer Optical Fibre

Although fibre Bragg gratings were fabricated in the investigated polymer optical fibres,
attempts to observe the gratings in transmission were unsuccessful. The transmission
spectra of the fibre consisted of a continuously moving set of fringes, thought to be
accounted for by stimulated cladding modes; see section 5-8. Not being able to measure

the transmission spectrum meant that the exact strength of the gratings was not known.

As part of the collaboration with the OFTC in Australia, some of the fabricated gratings
were sent to the group. After several attempts, they were able to successfully observe one

of the 1 cm long gratings in transmission; see Figure 6-22.
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Figure 6-22: Transmission profile of FBG in mPOF [data provided by A. Argyros].

They achieved this result by butt coupling single mode silica fibres to the mPOF at both
ends. The single mode silica fibre was spliced to a coupler, which was connected to an
erbium ASE source. The grating strength of 0.42 dB is consistent with the value of 0.46 dB
estimated from the reflected strength.

Although the grating was weak, the exponential growth characteristics of the gratings
level off indicating saturation of the induced refractive index change in the gratings. If the
inscription mechanism is photopolymerisation this would indicate that the resultant

grating strength is determined by the quantity of monomer remaining within the
polymer. The dc average spatial induced refractive index change, dn,; , was found to be

~3 x 10° by using the equation:

R__ =tanh*(xL), (6.4)

to calculate the coupling coefficient, x, (0.0314 mm™) and then equation [11]:
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K= %séneﬁ , (6.5)

to calculate dn,; , using s=0.5 for a weak grating.

Typical values for fibre Bragg gratings induced by UV radiation in silica-based optical
fibres range from 1x 103 to 1x 10 depending on the exact fibre type and UV inscription
wavelength [3]. This emphasizes the fact that the fibre Bragg gratings fabricated in the
polymer optical fibre are extremely weak.

6.4 Discussion

The ability to inscribe fibre Bragg gratings into polymer optical fibres opens up a range of

potential applications.

The group at the OFTC in Sydney Australia have demonstrated that a Rhodamine 6G
(R6G) doped PMMA microstructured polymer optical fibre can lase at 568 nm if pumped
with 532 nm radiation supplied from a frequency doubled Q-switched Nd:YAG laser
[161]. The ability to lase was found to depend on the geometry of the microstructure and
the length of the fibre used; long lengths of fibre with a small core resulted in stimulated
Raman scattering dominating, which depletes the pump preventing lasing threshold being
reached [162-163]. For successful lasing, a 5 m length of doped fibre was used which had a
50 pm radius core region. The laser cavity was created by having flat cleaves on the fibre
ends. Fibre lasers typically operate by incorporating fibre Bragg gratings into the system,
which define the laser cavity and lasing wavelength. The ability to fabricate fibre Bragg
gratings in microstructured polymer optical fibre, especially the multimode mPOF which
has a core region of 50 pm, is clearly important for this particular application. The fact
that the multimode mPOF FBG still maintains the relatively narrow FWHM of 1.9 nm for

a grating length of 1 mm results in it potentially being used in this application. Also the
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tunability of fibre Bragg gratings in polymer optical fibre to strain [102] presents the
possibility of fabricating a tunable laser cavity. Rhodamine 6G PMMA mPOF is likely to
be provided by the OFTC in Australia for grating inscription attempts to be conducted

with this application in mind.

Biomedical applications could also benefit from the development of grating devices in
polymer optical fibre. Optical fibre sensors offer the huge advantage of electric isolation
whilst the small size of optical probes enables minimally invasive procedures and accurate
profiling of, for example, temperature. However, in the case of silica-based optical fibres,
precautions must be taken to ensure no breakages occur inside the patient. The inherent
biocompatibility of organic polymers could make this precaution redundant. When this is
coupled with the fact that fibre Bragg gratings in polymer optical fibre are expected to

have enhanced thermal sensitivity means they have huge potential in this field.

However, the fibre Bragg gratings presented here are extremely weak and this must first
be improved for accurate interrogation of the devices. In order to achieve this, phase
masks are being purchased which have improved diffraction efficiencies for 325 nm
radiation increasing the fringe visibility and strength of the resulting gratings. The phase
masks are also designed to produce fibre Bragg gratings at 800 nm where the attenuation

of the polymer is significantly lower.

Improvements could also be implemented in the fabrication set up. Currently, the phase
mask is placed on top of the optical fibre with layers of tape defining the separation
distance between mask and fibre. A new phase mask holder could be designed to rigidly
suspend the mask above the fibre without it resting on the optical fibre. This would not
only allow for easier alignment of the phase mask to the optical fibre but also reduce any
mechanical vibrations on the mask. A beam expander instead of a lens could be used in
the system to expand the beam further making longer fibre Bragg gratings and increasing

the resulting reflectivity.
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As well as perfecting the inscription set up, different polymeric materials need to be
investigated to see if stronger gratings can be fabricated in them. For example, trans-4-
stilbenmethanol doped PMMA mPOF is being provided by the PFTC in Australia. This
material has significantly higher UV absorption than pure PMMA [164] so has the

potential to produce stronger gratings.

The OFTC are also hoping to provide a fibre with a flat side so that the orientation of the
holes can be known, making the alignment of the fibre to the inscription laser beam

easier.

6.5 Summary

Different techniques for fabricating fibre Bragg gratings have been presented.
Explanations for the use of the phase mask technique over the Amplitude-Division
Interferometry technique is given with experimental justification. It was found that for
successful inscription in polymer optical fibre, the entire length of the fibre needs support
to eliminate fractional movements of the fibre reducing the fringe visibility. Fibre Bragg
gratings have been fabricated in several different varieties of PMMA based polymer
optical fibres including standard step index fibre and microstructured fibre using a
continuous wave helium cadmium laser. A table summarising the resulting fabricated

FBGs is shown in Table 6-2.
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Table 6-2: Table containing a summary of the different varieties of POF investigated for
FBG inscription and the resulting spectral characteristics of the FBGs.

POF Type Supplier FBG Length | Wavelength | Reflection | FWHM
Fabricated | of FBG (nm) (dB) (nm)
SMPOF Paradigm No - - - -
Optics Ltd
MMPOF Paradigm No - - - -
Optics Ltd
SMPengPOF | G.D. Peng Yes 1 cm 1568.4 15 1.1
FMPengPOF | G.D. Peng Yes 1 mm 1568.0 47 2.0
1 cm 1568.4 18 1.2
SMmPOF M.]. Large Yes 1 mm 1566.8 14 2.6
1cm 1569.0 5 0.5
FMmPOF M.J. Large Yes 1 mm 1568.8 15 2.0
1 cm 1570.0 7 1.0
MMmPOF | M.J. Large Yes 1 mm 1566.8 13 19
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Thermal Tuning of Fibre Bragg Gratings

in Plastic Optical Fibres

Described in this chapter are initial temperature characterisation experiments carried out
on fibre Bragg gratings in two different geometries of polymer optical fibre. The emphasis
of the characterisation is to establish the upper temperature working limit of such fibre
Bragg gratings to verify their practical usability. The results demonstrate that polymer
optical fibre Bragg gratings have enhanced temperature sensitivity over their silica-based
counterparts by at least a factor of six. Different varieties of polymer optical fibre have
been found to have different upper working temperature limits but both display hysteresis
upon exceeding a specific temperature. Finally, the large thermal sensitivity of the POF
FBGs is utilised to manufacture a device by coating a polymer optical fibre Bragg grating

in a thin layer of copper and tuning it via joule heating.

7.1 Introduction

To enable fibre Bragg gratings in polymer optical fibre to be incorporated into commercial
systems, the thermal response and long term stability of the gratings must be established.
To date only a few investigations have been concerned with the temperature response of
fibre Bragg gratings in step index polymer optical fibre [105,150]. The first reported
temperature response showed a total wavelength shift of 18 nm between 20-70 °C [150].

158



7. Thermal Tuning of Fibre Bragg Gratings in Plastic Optical Fibres

Although the response was non-linear, no hysteresis was observed between heating and
cooling the grating. Later work involved using a silica and polymer FBG together in the
same sensing head to discriminate between strain and temperature effects [105]. The
temperature response of the polymer optical fibre grating in this work was —145 pm/°C

with no reported hysteresis up to 65 °C.

Whilst these results are of importance, the upper working limit of these gratings had not
been established and at what point, if any, hysteresis starts affecting the results.
Consequently, this chapter describes work aimed at investigating these potential
limitations of the devices in step index and previously un-reported microstructured POF.
Work then progresses to use the enhanced sensitivity to produce a grating based device in

polymer optical fibre.

7.2 Temperature Characteristics of POF and mPOF gratings

The temperature sensitivity of gratings in both SMPengPOF and SMmPOF were

investigated using the setup shown in Figure 7-1.

V-g roove gap
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Figure 7-1: Setup of heating equipment for temperature calibration of POF FBG.

The POF resided in a series of v-groove blocks. To isolate the FBG from the thermally
conductive properties of the metallic v-grooves, the FBG was located in an air gap
between two v-grooves. To ensure the optical launch conditions remained constant
during the investigations, the POF and AFC/PC connector were glued together.

Connecting silica to polymer optical components together is notoriously difficult since the
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epoxy needs to have good bonding to both materials whilst maintaining good optical
transmission with a refractive index ideally between that of silica and polymer. All of
these requirements were not found in a single epoxy resulting in two different epoxies
being used; DYMAX OP 45 which had a refractive index of 1.47 but had weak tensile
strength once cured (325 psi) and Norland Optical Adhesive 81 which had a refractive
index of 1.5 but high tensile strength (4000 psi). In order to monitor the FBG in reflection,
the Fresnel reflections from the end of the fibre need to be minimised which is achieved
by having a material whose refractive index is closely matched to that of the fibre. The
DYMAX epoxy had a refractive index between that of silica and polymer facilitating its
effectiveness to aid coupling between the two fibres and reduce the Fresnel reflections. Its
low tensile strength though was insufficient to hold the bond for the duration of the
investigations. Subsequently, it was encapsulated in Norland Optical Adhesive to hold the
joint together. Both epoxies were UV cured since temperature cured epoxies could
damage the POF and FBG. Care was taken to ensure that only the epoxy was exposed to
the UV curing lamp.

A high power resistor (150€2, 2.2W) was then placed over the top of the FBG to achieve
joule heating of the device. Finally, the FBG and resistor were enclosed by a polystyrene
hood to ensure an equilibrium temperature surrounded the grating. Different amounts of
current were passed through the resistor and the resulting temperature inside the hood

measured using a thermocouple to provide a calibration curve.

7.2.1 Thermal Response of FBGs in Single Mode Step Index POF (SMPengPOF)
The fibre Bragg grating inscribed in the SMPengPOF had a length of 1 cm, a reflection
signal of 8 dB above the noise floor, a FWHM of ~1 nm and a wavelength of 1579.4 nm.

The reflection spectrum can be seen in Figure 7-2.
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Figure 7-2: Spectral profile of the FBG in SMPengPOF.

To ensure thermal equilibrium, each resistor current setting was held for 15 minutes and
then the resulting spectral shift of the grating recorded. Between each current setting, the
power to the resistor was turned off for a further 15 minutes to record any hysteresis in
the room temperature spectral location. The temperature sensitivity of the FBG in

SMPengPOF is shown in Figure 7-3.
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Figure 7-3: Temperature sensitivity of the FBG in SMPengPOF.

Figure 7-3 shows a total wavelength shift of 3 nm over the temperature range 26.6-68 °C
with a linear temperature response of -64.4 pm/°C between 26.6-57.8 °C followed by an
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increased sensitivity of -101 pm/°C between 57.8-68.0 ‘C. Both of these values are
significantly higher in magnitude than the ~+10 pm/°C temperature sensitivity displayed
by silica-based optical fibres [19]. The temperature sensitivity of FBGs, A4, is defined

by:
Adgy = Ay (a, +a, ) AT, (7.1)

Consequently, the difference in thermal sensitivity between silica and polymer FBGs is

attributed to differing values for the thermal expansion coefficient, «, , and the thermo-
optic coefficient, &, , between the two materials; see Table 7.1. Both of these coefficients

are higher in PMMA explaining the increased thermal sensitivity.

Table 7.1: Table showing the values for the thermal expansion coefficient, &, , and the
thermo-optic coefficient, &, , of silica and PMMA [150].

a, (cm/cm/°C) | «, (/°C)
Silica 0.55 x 106 8.6 x 10
PMMA 8.0 x 103 -1x 104

Increasing the temperature further from 68.0 to 80.3 °C resulted in the grating being
permanently erased. The erasure of the grating between the temperatures of 68.0-80.3 °C
is likely to be attributed to the core composition of the fibre; methyl-ethyl-benzyl
methacrylate. Whilst the ratio of composition of these monomers is unknown, the glass
transition temperature of methyl methacrylate is 105 °C, ethyl methacrylate is 66 "C and
benzyl methacrylate is 54 °C. The combination of these three glass transition temperatures
could result in an overall glass transition temperature in the range 68.0-80.3 °C. Below the
glass transition temperature only local movements of segments of the polymer chains can
occur. However, this particular fibre has a high degree of molecular alignment introduced
during high tension drawing of the fibre, evidenced by the fraying observed during the
cleaving experiments shown in section 5.7. Upon exceeding the glass transition

temperature, movement of the entire polymer chain can occur allowing the molecules to
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relax back to a more random arrangement. This consequently, shortens the fibre length

and could erase the grating by significantly reducing the fringe visibility.

The hysteresis observed in the room temperature spectral location of the grating after

each consecutive temperature setting is shown in Figure 7-4.
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Figure 7-4: The shift in room temperature spectral location of the grating after each

consecutive heating step. The x-axis depicts the temperature the grating was heated to
before returning to room temperature.

It can be seen from Figure 7-4 that between the temperatures of 49°C and 58°C the grating
no longer returned to its original spectral location demonstrating a permanent structural
change. Increasing temperatures make this effect more prominent shifting the spectral
location further away from its original position. A hysteresis of 0.83 nm was observed

before the grating was erased.

7.2.1.1 Discussion

These results significantly differ from those reported by Liu er a/ [105] for a similar
composition and structure polymer optical fibre. Their investigations yielded a —145
pm/°C sensitivity with no hysteresis up to 65 °C. The grating investigated by Liu er a/had
a wavelength of 1523.1 nm compared with 1579.4 nm reported here. Ishigure er a/[127]

163



7. Thermal Tuning of Fibre Bragg Gratings in Plastic Optical Fibres

have investigated the wavelength dependence of the refractive indices of PMMA, PF and
compared them to silica; see Figure 7-5. As well as demonstrating that the refractive index
of PF has a lower dependence on wavelength than silica and PMMA, they showed that
the response of silica and PMMA is extremely similar. Consequently, the thermo-optic

coefficient, which equals:

1 (Ony
(94 W = 'n_" 6T 3 (7'2)
eff

would not be significantly different if the composition of the two different fibres was

comparable.

1.5 e

i
C

.'E 1as | e S )
® g [N
Eisof -
& :

135F o o———o

].30 'AA.l...l...l..;l...l...l Loba s
02 04 06 08 10 1.2 14 16 18

Wavelength (jum)
Figure 7-5: Wavelength dependence of the refractive indices of PMMA, PF polymer
and silica. (A): 15 wt.% benzyl benzoate (BEN) added PMMA; (B) PMMA
homopolymer; (C) 13.5 mol% GeO2-doped SiO2; (D) pure SiO2; (E) 5.5 wt.% PF
dopant added PF polymer; (F) PF homopolymer. Plots: experimental data. Solid line:
approximated by Sellmeier equation [127].

However, the FBGs investigated by Liu er a/ had a reflectivity of 80% instead of the 10%
investigated here. Since the photosensitivity mechanism of PMMA is possibly due to
photo-polymerisation upon exposure to 325 nm radiation, the gratings used by Liu would
have contained more fully polymerised polymer. The refractive index of a monomer
differs from that of the polymerised monomer; methyl methacrylate (MMA) is between
1.4118 - 1.4125 [165] whereas PMMA is 1.49. Since the thermo-optic coefficient, «,,,
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depends on the effective refractive index of the grating region this could potentially result
in different thermal responses. The difference however, is still unlikely to be the sole

contributory factor to the observed discrepancy.

7.2.2 Thermal Response of FBGs in Single Mode Microstructured POF (SMmPOF)

The fibre Bragg grating inscribed in microstructured POF (mPOF) had a length of 1 mm, a
reflected signal above the noise floor of 11.5 dB, a FWHM of ~5 nm and a wavelength of
1562.1 nm. Investigating the thermal response of gratings in this fibre showed them to
survive temperatures up to at least 106.1 “C for 15 minutes. The spectral profile at room

temperature and 106.1 °C is shown in Figure 7-6.
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Figure 7-6: Spectral profile of the FBG in SMmPOF at 26.6 “C and at 106.1 °C.

A total wavelength shift of -21.5 nm was achieved over the 79.5 °C temperature range.
After the initial results, the experiment was repeated to see if the same spectral shift could
be achieved. The temperature sensitivity of the initial and secondary heating can be seen

in Figure 7-7.
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Figure 7-7: Temperature sensitivity of an FBG in SMmPOF. Black: Initial temperature
cycling; Grey: second temperature cycle.

The temperature sensitivity of the secondary temperature cycling was measured to be
-63.3 pm/°C which is comparable with the temperature sensitivity of —64.4 pm/°C
recorded for the SMPengPOF.

The hysteresis of the room temperature spectral location of the grating was found to be
19.2 nm after the initial temperature cycling and no further hysteresis was observed
during, or after, the second thermal cycle; see Figure 7-8. No hysteresis after the second
cycle indicates that a permanent change in the material of the optical fibre occurred

during the initial heating experiment with no changes occurring on subsequent heating.
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Figure 7-8: The shift in room temperature spectral location of the grating after each
consecutive heating. The x-axis depicts the temperature the grating was heated to
before returning to room temperature.

7.2.3 Explanation of Thermal Hysteresis

The observed hysteresis in the spectral location of the fibre Bragg grating at room
temperature following heating can be explained by the mechanical changes which occur
in PMMA at certain temperatures. The temperature sensitivity and hysteresis are

intrinsically linked to the effect of temperature on the Young’s Modulus, E, of PMMA; see
Figure 7-9 [166].
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Figure 7-9: The effect of temperature on the young’s modulus of PMMA. (graph

obtained from [166]).
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The distinctive shape of the graph in Figure 7-9 is very similar to that obtained for the
temperature sensitivity and hysteresis of the FBG in mPOF (which is constructed of pure
PMMA). Matsushige er a/ [146] in 1976 investigated the stress/strain characteristics of
polystyrene and PMMA as a function of temperature and found a brittle-to-ductile
transition to occur in PMMA at 50 °C. This is the yield point of the material after which
the material no longer obeys Hooke’s Law. In Figure 7-9 this transition occurs at 60 °C,
the difference between this value and that reported by Matsushige er a/ (50 °C) is likely to
be attributed to a difference in molecular weight [167]. The brittle-to-ductile transition is
the point at which the material’s fracture mechanism changes from being brittle (no
plastic deformation) to ductile (extensive deformation due to the sliding of the polymer
chains). Once this point is exceeded, the fibre and consequently the fibre Bragg grating
experiences permanent deformation resulting in hysteresis. Figure 7-8 shows hysteresis
occurred once temperatures over 58.8 °C had been reached. As well as this effect, the
molecular rearrangement with temperature also contributes to the hysteresis with the
consequent shortening of the fibre producing the permanent blue wavelength shift of the
grating. Although this effect is less prolific in the microstructured POF, due to this fibre
being drawn under less tension than the step index POF, it is still a contributory factor.
The substantial decrease in the Young’s Modulus shown in Figure 7-9 and Figure 7-8 is
attributed to the polymer exceeding its glass transition temperature, Tg, which for PMMA

is 105 °C.

7.2.4 Discussion

Fibre Bragg gratings inscribed into step index and microstructured POF have been shown
to have enhanced temperature sensitivity over their silica counterparts. This enhanced
sensitivity allows the potential use of lower resolution, simpler and therefore cheaper
interrogation systems or alternatively enables accurate temperature monitoring over a
small temperature range, for example for in vivo temperature profiling. The inherent

biocompatibility of organic polymers makes them ideal for biomedical applications since
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they eliminate the precautions needed to prevent silica fibre breakages, ultimately

reducing the complexity of the device.

However, the grating in step-index POF was erased in the temperature range 68.0-80.3 °C.
Consequently, an accurately defined operational temperature range needs to be identified
before implementation into a commercial system can be achieved. Both gratings
experienced hysteresis in the results upon exceeding a specific temperature limit;
SMPengPOF in the range 48.8-57.8 °C and SMmPOF in the range 57.8-68.0 "C. Since
different polymers have different stress/strain curves, FBGs inscribed into a variety of
polymers will have different practical working limits. This presents an opportunity to
choose polymers for specific applications. The two polymers presented here have upper
limits higher than 48.8 °C which considering the maximum body temperature is

approximately 40 °“C makes them ideal for biomedical applications.

However, a lot of experiments still need to be conducted to help understand the
mechanisms involved with these types of gratings and consequently evaluate their

reliability and lifetime.

- Polymer is a very fluid material and so over time there is a possibility that any
remaining monomer could diffuse into the grating region affecting the spectral

profile.

- Accelerated aging experiments need to be conducted, for example, temperature
cycling the gratings between 20-40 °C for extended periods of time to investigate if
the grating deteriorates over continued use. Also standard annealing investigations
need to be conducted to observe the evolution of a grating held at an elevated

temperature for long periods of time.
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- The investigations into the thermal response of the mPOF FBG showed that once
106.1 °C had been reached, subsequent temperature cycling experienced no
hysteresis. Consequently, the thermal response of FBGs inscribed into pre-
annealed fibre (105-110 °C for 2 days) needs to investigated to see if the hysteresis
can be eliminated.

- Thermal sensitivity experiments on fibre Bragg gratings inscribed in other types of

polymer optical fibres to investigate if they have any beneficial characteristics.

7.3 Tuning Copper Coated Polymer Optical Fibre Bragg Gratings

Tunable fibre Bragg gratings which use thin film metallic layers deposited on the surface
of the optical fibre as actuators have been shown to have applications in
telecommunications [168-171]. Passing current through these metallic films causes joule
heating to occur, the rate and magnitude of which depends on the electrical current and
resistance of the coating. This process results in devices which are compact, have a fast
response and good efficiency. Whilst these devices in silica-based optical fibres have been
characterised [168-171], devices in polymer-based optical fibres are reported here. The
different thermal conductivities and emissivities of glass and polymer result in differing

responses.

7.3.1 Copper Coating Procedure

One centimetre long fibre Bragg gratings fabricated in single mode step-index POF (SM
PengPOF) and single mode microstructured POF (SMmPOF) were sent to the Department
of Electrical Engineering of University College London to be coated with a copper
metallic layer. Unlike other metallic deposition techniques, their process operates at room
temperature and at a low vacuum pressure of 102 mbar [172-173]. As shown by section
7.2, temperatures above 50 °C permanently change the spectral characteristics of the

grating so the low temperature deposition was extremely important.
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The metallic deposition was initiated by exposing the POF to a vacuum UV (VUV) light
source operating at a wavelength of 172 nm. Section 5.6 demonstrated that the
penetration depth of this wavelength in PMMA is in the order of a few microns and
therefore causes no damage to the grating device. However, the UV light causes the
surface of the POF to undergo a chemical roughing, since the radiation initiates bond
scission. The resulting free radicals are consequently able to bond physically and
chemically to the metallic particles. The VUV exposure times ranged from 1-10 minutes.
The resulting deposited metallic thickness is determined by the concentration of a

precursor and the UV irradiation time.

7.3.2 Wavelength Response of the Device

The metallic coating procedure was found to be successful for the step index POF with no
deterioration of the spectral profile of the grating. However, the FBG in the
microstructutred POF did not survive the process. The transmission spectrum of the
mPOF before and after the coating procedure is shown in Figure 7-10 and is synonymous
with microstructured fibre which has experienced hole collapse along its structure. The
hole collapse most likely occurred at the optical fibre mounting points in the vacuum

chamber. The remaining experiments were consequently conducted using solely the step

index POF.
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The copper coating on this particular fibre Bragg grating had a thickness of ~8 pm around
the whole of the fibre. Fine gauge copper wire was fixed to the thin metal film either side
of the FBG using silver loaded paint. The separation of the electrodes was 12 mm
encompassing the 10 mm FBG. The total resistance of the film surrounding the grating,
and the connection via the copper wires and silver-loaded paint, was measured to be 3.2
Q. The induced wavelength shift caused by joule heating on passing a direct current
through the metallic film is shown in Figure 7-11.
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Figure 7-11: Wavelength Shift of the Bragg grating as a function of input power.

As the grating was tuned the grating spectrum remained unchanged indicating that
heating was occurring uniformly across the grating. After each applied power setting, the
electrical power was switched off to investigate any effects of hysteresis. None were
observed. Figure 7-11 demonstrates a linear wavelength shift to applied power with a
coefficient of —13.4 pm/mW. This coefficient demonstrates that this particular polymer
device has a higher sensitivity compared with the results from Limberger et a/[168] who
measured a coefficient of 4.1 pm/mW for a silica FBG coated in 20 nm of titanium and 300
nm of platinum (Pt) and with the results from Rodgers er a/ [169] who measured a

sensitivity of ~3 pm/mW for a silica FBG coated in 200 nm of Gold.
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7.3.3 Tunable Filter Time Response

For switching applications it is important to know the response time of the filter for
successful integration into an operational system. The response time was measured by
recording the spectral location of the grating at set time intervals after a sudden
application of power at t=0 s. The time response of the device can be seen in Figure 7-12

for three different electrical powers, 45.8, 71.5, and 103.2 mW.
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Figure 7-12: Rise time of thermally tuned fibre Bragg grating using a thin film copper
coating as a resistive heater.

The filter response curves all fit a single exponential each with a time constant of a=1.7 s’
demonstrating that there is no dependence of the response time on the applied power.
The time constant of the results presented by Rogers er a/[169] was ~2.5 s' demonstrating
that the polymer tunable filter presented here not only has a higher coefficient but a

quicker response time than reported silica optical fibre counterparts.

Rogers er a/ [169] demonstrated that a measurement of a provides information about the

rate of heat flow out of the fibre and is related to the surface conductance of the fibre, #,

by:
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2h

a=—-—-:
PCp Rﬁbre

(7.3)
where p and c,are the thermal density and constant pressure heat capacity of the
polymer (or silica), respectively. R, , is the radius of the fibre which for the polymer

optical fibre investigated here is 120 um. A table comparing the typical values for these
parameters in PMMA and silica is shown below [169,174].

Table 7.2: Table comparing parameters between the silica and polymer thin film heaters.

p (kg/m®) | ¢, (/kgK) | Ry, (um)
PMMA 1190 1450 120
Silica 2200 730 62.5

The surface conductance of the polymer optical fibre was calculated to be 110.0 W/m?K.
This value is comparable to the surface conductance of the silica fibre used by Rogers ez a/
[169] which was 125.5 W/m?K. Consequently, the main explanation for the difference in
filter response time between the polymer and silica coated devices is the difference in

constant pressure heat capacity between the two materials.

The heat flow through and along the surface of the fibre is characterised by the Biot
number [169]:

hR
Bi=—"%, (7.4)
where xis the thermal conductivity of the material; x,,,,=0.17 W/mK and xg;,=1.38

W/mK [170]. When the Biot number is less than 0.1, any thermal gradients that may exist
radially across the grating become negligible since the thermal conductance over the
length R is significantly greater than the surface conductance. The Biot number for
the POF device was found to be 0.0485 compared with 0.0057 for the silica device used by
Rogers er al [169]. Since the Biot number is less than 0.1, the POF device can treated as a

simple one—dimensional system, ignoring any radial thermal gradients and the effect of
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the thin metal coating. Consequently, the temperature flow through the device is given by

the equation [169]:

oT(x,t)  &°T(x, t) P, (x, t)-P, (x,1)
=K 1 ,
ot o’ pc, 7R (7.5)

fibre

where xis the distance along the fibre, T(x,7) is the change in temperature, P, (x,) is the
heating generated by the thin film heater and P, (x,t) is the rate of heat loss from the

fibre to the air. P, (x,t) is provided by:

P, (x,1)=I*(t)R(x), (7.6)

where I(t) is the electrical current and R(x) is the resistance per unit length of the

coating.

Making the assumption that the rate of flow is proportional to the change in temperature,

P, (x, t) equals:

Pau-' (x’ f) = a‘T(xi‘ t‘) - Tafr

’ (7.7)

However, the heat loss from the metal to the air actually follows radiative heat transfer

from two grey bodies in the form:

27R,,, o(T(cs) -T2 (7.8)

where o is the coefficient of thermal radiation dissipation, which given the low

temperature range used here, can be approximated to:

(T(x1)-T,,). (7.9)
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Consequently, since the rate of heat loss is linearly proportional to the change in
temperature, P, (x,t) is provided by the equation:

Pom (x,f)= 27":Rﬁbre hT(x,I). (7.10)

Rogers et a/[169] state that when the input power is uniform the temperature variation as

a function of time is defined by:

T(r)= %[1 ~exp(-at)], (7.10)

where P, is related to the input power, P,

in in?

but depends on the thermal capacity of the

PMMA and metal film by the equation:

oV (7.11)

where V is the volume of the fibre given by V' =R, ,L where L is the length of fibre

heated, which for the polymer device was 12 mm.

Therefore the temperature reached by the fibre for the three different electrical power

inputs was calculated and is shown in Table 7.3.

Table 7.3: Table showing the calculated temperatures of the three different electrical
input power.

Input Power (P,) | Temperature ("C)
45.8 mW 28.8
71.5 mW 449
103.2 mW 64.8

A graph of these temperatures with the corresponding fibre Bragg grating wavelength

shift from room temperature is shown in Figure 7-13.
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Figure 7-13: Temperature of the three input powers and the corresponding Bragg
wavelength shift.

Figure 7-13 shows this device to have a temperature sensitivity of —21.9 pm/°C which is
approximately a third less sensitive than the -64.4 pm/°C sensitivity shown in section

2.1

The exact explanation for the difference in sensitivities is still under investigation.
Mathematical investigations into whether any inaccuracies in the measurement of the
fibre diameter and the length of copper being heated, could significantly affect the
calculated temperature, revealed these to not account for the discrepancy. One potential

explanation could arise from the constants, p (thermal density) and ¢, (constant pressure

heat capacity). The values of these constants used to calculate the temperatures were for
pure PMMA. However, the core of the fibre investigated here consists of a mixture of
methylmethacrylate, ethylmethacrylate and benzylmethacrylate. This could result in
significantly different values for these constants which might help to account for the

difference in thermal sensitivity.
No hysteresis was observed during the experiments. Since the temperature reached a

calculated 64.8 °C at an input power of 103.2 mW, hysteresis was expected. However, the

expansion coefficient of copper is 1.7x 105 cm/cm/°C [175] which is less than the value of
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8.0x 10" cm/cm/°C for PMMA, the copper could restrict the expansion rate and molecular
rearrangement of the polymer with temperature, resulting in the yield point of the
stress/strain curves (i.e. the brittle to ductile transition) being shifted to a higher

temperature.

7.3.4 Summary

An FBG in step index POF was successfully coated in a continuous layer of copper. The
grating was thermally tuned via joule heating on passing an electric current through the
metallic film. The grating device demonstrated a linear wavelength shift to applied
electric power giving a coefficient of —13.4 pm/mW. The response time of the device was

found to be 1.7 s! which compared well against ~2.5 s! reported for similar silica devices.
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Thesis Conclusions

This thesis has been concerned with inscribing fibre gratings into alternative optical fibres
with the aim of achieving enhanced or differing spectral sensitivity to various
measurands. The results presented in this thesis have arisen from investigations using

silica-based photonic crystal fibre and a variety of polymer optical fibres.

Long period gratings were fabricated into two different silica-based photonic crystal fibres
using the electric-arc technique. Evaluation of the gratings revealed differing sensing
characteristics between the two fibres attributed to the different air-hole geometries of
the fibres. The spectral sensitivity of long period gratings depends on the dispersion
properties of the optical fibres. Since the air-hole geometry dictates the dispersion
characteristics of these fibres, different geometrical layouts result in different sensing
characteristics. Consequently, these fibres have the potential to be designed specifically to
have enhanced sensitivity to some measurands whilst removing any unwanted cross-

sensitivity to other measurands.

Future research into using long period gratings in Photonic Crystal Fibre as sensing
devices could include embedding the fibres into various substrates to investigate the
mechanical robustness of these fibres for potential applications. Theoretical modelling on

the sensing characteristics needs to be continued with the response to bending
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investigated. Once full sensing performances are understood there is a potential to design

these fibres for specific applications.

Fibre Bragg gratings have been successfully inscribed into step index and for the first time
microstructured polymer optical fibre. A significant proportion of the PhD time was
concerned with achieving a successful inscription set up in order to fabricate the gratings.
It was found that for inscription to occur the fibre needed to be supported along its entire
length, preventing fibre movement during fabrication. The orientation of the
microstructured polymer optical fibre with respect to the incident inscription laser beam
was also found to be critical for successful inscription. Thermal analysis of the gratings in
both fibre types revealed a temperature sensitivity of ~-64 pm/°C up to a temperature of
~49 °C. Higher temperatures resulted in hysteresis in the room temperature location of
the grating attributed to a physical change in the polymer. A fibre Bragg grating in
standard sep index polymer optical fibre was successfully coated in a thin layer of copper
and tuned through joule-heating. Investigations into the response of this device
demonstrated a higher coefficient of -13.4 pm/mW compared with a highest report

coefficient of 4.1 pm/mW for a silica device.

Future work in this field is concerned with changing the properties of the metallic coating
and investigating the resulting effect on the fibre Bragg gratings. For example, work is
planned to coat a polymer fibre Bragg grating with a non-uniform thickness across the
grating. When current is passed through a tapered coating, a temperature gradient is
produced across the grating producing a chirp in the spectral profile of the grating. This
can lead to applications in dispersion compensating systems. Further work is planned to
change the coating material from copper to palladium. Optical fibres coated in a thin film
of palladium have been shown to be good hydrogen sensors [176-177]. Upon exposure to
hydrogen or a hydrogen containing gas, a hydride is formed in the palladium which has a
lattice constant proportional to the hydride composition and consequently the

concentration of hydrogen in the gas being sensed [176]. The coating expands with the
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formation of the hydride which in turn stretches the optical fibre and shifts the Bragg
wavelength of the fibre Bragg grating [177]. With the potentially high strain sensitivity of
polymer fibre Bragg gratings [105] there is a possibility of an extremely sensitive hydrogen
sensor. Detection of hydrogen leaks is extremely important for the prevention of
explosions and is becoming essential with the development of hydrogen fuel cells for the

automotive industry as an alternative fuel source.

There is still a significant amount of research to be conducted in the field of polymer
optical fibre Bragg gratings. As stated in chapter 5, polymers containing hydrogen atoms
absorb moisture. This presents the possibility of using fibre Bragg gratings inscribed in
such polymers as humidity sensors. Also the strain response of these gratings needs to be
investigated. Since polymers have a higher response to strain than silica, the strain
response of fibre Bragg gratings is expected to be significantly higher leading to higher
accuracy strain measurements. However, as shown in chapter 7, the Young’s modulus is
affected by relatively low temperatures and so not only does the effect of strain need
investigating but also the effect of temperature on the strain response. Consequently,
upper strain limits need to be established for different environmental conditions.
Ultraviolet inscribed long period gratings have yet to be achieved in any polymer optical
fibre. Since these gratings have enhanced sensitivity over fibre Bragg gratings in the same
fibre, they are expected to have beneficial sensing qualities. Long period gratings inscribed
into microstructured polymer optical fibre with asymmetric holey regions are also
expected to have enhanced directional bend sensitivity over silica fibres making them
ideal for shape sensing applications. Consequently, the ability to embed polymer optical
fibre into composite materials for such applications also needs investigating. Polymer
optical fibre is only in its infancy when compared to silica-based optical fibres so there is

vast amounts of research to be conducted to fully unleash the potential of these fibres.

Apart from the work presented in this thesis, other alternative optical fibres types have

been investigated in collaboration with Dr. Tom Allsop, also of the Photonics Group at
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Aston. Long period gratings have been inscribed using 244 nm ultra-violet radiation in
elliptical core three-layered D-shaped optical fibre. The gratings were polarisation
sensitivity with a separation of around 15 nm between the two orthogonal polarisation
states. Attenuation bands with overlapping orthogonal polarisation states were observed.
Bending the grating devices resulted in sensitivities of —3.56 nm.m and +6.51 nm.m for
convex and concave bending respectively demonstrating reasonable directional sensitivity
with potential applications in shape sensing. The use of neighbouring attenuation bands to
the overlapped orthogonally polarisation states enabled discrimination between

temperature and bending effects.

Investigations have also been conducted on long period gratings fabricated into a
concentric circularly symmetric progressive three-layered fibre. This long period grating
had two attenuation bands associated with a single cladding mode which were located
either side of a modal turning point (the point where the sign of the slope of a phase
matching curve changes). On bending, one band experienced a blue wavelength shift and
the other a red shift until the bands converged. This resulted in spectral sensitivities of

+22.3 nm.m and —19.1 nm.m which are the highest values seen for this fibre.

All of these examples demonstrate the advantageous sensing characteristics that
alternative optical fibres can provide and that it has been, and will be, worthwhile
pursuing further research into this area. This has been reflected by the interest received
from the worldwide research community with one invited paper being awarded on the
long period gratings inscribed in photonic crystal fibre and three invited papers as a direct
result of the work on polymer optical fibre gratings. Fibre gratings in polymer optical
fibre have attracted special attention and as a result Aston University’s Photonics
Research Group has been approached by groups in Switzerland, France, Brazil, South
Africa and Australia wanting to collaborate in this field as a direct result of the research

presented in this thesis.
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