Hindawi Publishing Corporation

Journal of Sensors

Volume 2009, Article ID 871580, 17 pages
doi:10.1155/2009/871580

Review Article

Properties of Specialist Fibres and Bragg Gratings for

Optical Fiber Sensors

John Canning

Interdisciplinary Photonics Laboratories, School of Chemistry, University of Sydney, Sydney, NSW 2006, Australia

Correspondence should be addressed to John Canning, j.canning@usyd.edu.au

Received 4 March 2009; Accepted 9 June 2009

Recommended by Christos Riziotis

The advent of optical fibres based on air holes running along their entirety opens up new directions in addressing various properties
relevant to sensing, including the temperature/strain challenge of optical fibre sensors. This paper looks at the measurement
challenges associated with temperature and strain, examines the potentially unique functionality structured fibre designs with
and without gratings open up, and briefly describes some current research directions within conventional fibre and grating

technologies.

Copyright © 2009 John Canning. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. Introduction

The projected market size of optical fiber sensors generally
is expected to exceed $US 1.6 billion in 2014, up from the
2007 figure of $US 235 million [1]. Grating technologies
are increasingly pervasive within this market finding appli-
cations ranging from biomedical, chemical, and cosmetic
[2-6] to structural health monitoring (SHM) of buildings,
vehicles, aircraft, bridges, trains, and windmills [7-19]. Two
important characteristics dominate the criteria of gratings
for sensing applications: temperature and strain/pressure
sensitivity, both of which are affected by the type of optical
fibre and the performance parameters not only of the grating
itself but also of the type of fibre and the required packaging.

Traditionally, the separation of the intertwined temper-
ature and strain response has been done using reference
grating elements to calibrate out one or the other parameter.
However, innovations in new fibre design, largely centred
on structured fibre technology [20], offer radically new
solutions that may circumvent the need for secondary
reference gratings. The ability to tailor the hole distribution
in general allows an incomparable flexibility in fibre design
and in parameter control, not just of temperature and strain
but of many others. For example, by adjusting the crystal
lattice parameters of a photonic crystal fibre appropriately,
unique composite system properties providing multiple

functions, such as dual dispersion compensation and Raman
amplification [21], are possible. By controlling the hole
distribution and size, mechanical (including acoustic and
pressure response) properties are altered as well as even more
basic properties such as strain optic coefficient. Inserting
material gives greater scope for adjusting composite system
properties such as the effective thermo-optic coefficient
of zero, ideal for zero temperature gratings [22, 23]. The
recent demonstration of microfilling a structured optical
fibre with three separated laser dyes around the core of
the fibre [24] reveals the full potential of structured fibres,
particularly bringing the speculative prospect of the “lab-
in-a-fibre” [25] closer to reality. Grating technology will
inevitably contribute to such functionality—it will, as noted,
also benefit the separation of temperature measurements
with the grating, the most immediate area where practical
progress using structured optical fibre gratings will likely be
seen.

2. Structured Optical Fibres and
the Evanescent Field

Figure 1 illustrates three contemporary examples of interest
to the sensing community: the first is a single mode “pho-
tonic crystal fibre” [27] (so-called because of the periodic lat-
tice although diffractive effects are clearly observed at short
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FIGURE 1: Examples of common structured optical fibres into which gratings have been written: (a) low loss (<4 dB/km) 4-ring all-silica
photonic crystal optical fibre; (b) 12-ring photonic crystal fibre with triangular core and photosensitive, high NA step-index germanosilicate

centre; and (c) a simple Fresnel fibre.
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Figure 2: All-fibre add-drop acetylene reference cell using a
photonic crystal fibre (a). Spectra for both single pass and double
pass of the cell are shown (b) [26]. (EDF-erbium doped fibre source,
OSA-optical spectrum analyser, SMF-standard single mode fibre
smf 28, PCF-photonic crystal fibre: scanning electron microscope
image of cross-section shown above y-axis).

wavelengths—see, e.g., [28, 29]); the second is a photonic
crystal fibre with a highly nonlinear and photosensitive core
surrounding by a triangle of silica which supports an unusual
additional mode, and the latter is a Fresnel fibre [30], where
propagation is diffractive and the mode peak intensity is
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F1GURE 3: Absorption measurement of PCF containing a porphyrin
thin film deposited on the surfaces of its holes in DMF: (length =
50 cm, absorption rescaled to 25 cm) the typical Q-band (559 and
599 nm) is observed along with a new near-IR band (660-930) nm.
Numerical simulation is shown in red for a typical charge transfer
band. More details can be found in [5].

surprisingly well localised in the hole centre. Perhaps more
interesting still, light is partially focused at the output [30—
32], from which small phase zone plates can be fabricated
[33].

An important consideration for exploiting the structure
within these fibres is the penetration depth, and overlap
integral, of the evanescent field within the holes. Within a
conventional photonic crystal fibre (a structured fibre with
a regular periodic array of holes determining the cladding
without necessarily having significant diffractive effects at the
sensor probe wavelength), the evanescent field overlapping
with the holes is a key determinant of the effective interaction
lengths possible. A typical “endlessly single mode” fibre
usually has an overlap integral that is too low to be of
significant use so the air fraction tends to be increased.
Generally, a few per cent overlap at 1500 nm becomes useful;
the figure increases towards the red and decreases towards
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FIGURE 4: (a)—(f). Numerical simulation of (red) optical localisation in varying hole size within a bandgap Fresnel fibre and (blue) optical
localisation within the silica. As the hole size becomes smaller (a and b), a step-like discontinuity arising from the interface boundary is
observed [34]. There appears to be enhanced field localisation of the evanescent field in addition to that expected from the far-field phase

diffraction of the Fresnel structure.

the blue. Notably, the bulk of the evanescent field lies within
the first 60—100 nm from the surface—it is often not recog-
nised that the probing field is therefore highly concentrated
close to the near field regime, making it an ideal tool for
exploring interface effects but also a potentially problematic
issue when comparing to bulk references. On this scale what
sometimes appears to have no detectable interaction with a
silica surface in free space can sometimes be picked up over
long interaction lengths complicating any analysis that relies
on bulk sample, or indeed short path length, interactions.
Therefore, whilst for many species this is not a problem,
for others, particularly those associated with biodiagnostics
where surface interactions are not unexpected, the issue may
be both problematic and opportunistic. For example, to

highlight this point, an overlap of a few percent is sufficient
to perform numerous sensing and device experiments.
Figure 2 shows a double-pass add-drop all-fibre acetylene gas
reference cell made with a photonic crystal fibre, filled with
low pressure acetylene, and with a few percent field overlap
with the first ring of holes in the near IR [26]. A cross-
section of the fibre is shown for comparison with Figure 1(a).
In this case, there is no observable difference between these
measurements and bulk, consistent with the expectation that
acetylene does not react with the glass surface. On the other
hand, an identical fibre was also used to make the first
direct observation of charge transfer between porphyrins
and silica [5], a molecular interface effect which has not
been previously observed. This added effect generates a large
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FiGgure 5: Near field profile of the end of the Fresnel fibre shown
in Figure 1(c). The centre profile is the end face, and the other
profiles are imaged using an objective lens within and beyond the
fibre, respectively. Complex interfering supermodes are observed
including one with tight optical localisation within the hole.

near IR band (Figure 3) which needs to be considered if
porphyrins are to be used in biodiagnostics that operate in
this region, for example.

A solution for writing gratings is to introduce a pho-
tosensitive core, as in the second example illustrated in
Figure 1(b). This is often done by preparing a standard
optical preform using MCVD and then etching out the core
(typically close to Imm in diameter) before inserting into the
structured optical fibre preform. Whilst this process clearly
introduces a standard photosensitive core and makes grating
writing easy, the benefits of single-material fibres are lost
and the added complication of further confinement away
from the holes by a step index needs to be dealt with. This
latter problem can in part be handled by making the photo-
sensitive region much smaller than the effective mode field
diameter and, consequently, such fibres often have smaller
cores.

Numerical simulation of a Fresnel fibre with decreasing
hole size in the centre that showed a highly localised peak
intensity within the hole is possible once subwavelength
dimensions were reached [34]. This localisation arises as a
result of the impedance matching required at the interface
between two materials of different refractive indices and on
the lower index side the electric field, E, scales as the square
of the ratio of the index contrast, n;/n, (E proportional
(n1/n2)*. The higher the index contrast the more significant
the effect—in silicon photonic crystal waveguides this forms
the basis for very sensitive nanoparticles detection and
biosensing on a chip [35-38]. Figure 4 shows the simulation
for the Fresnel fibre. In any case, optical localisation over the
hole is observed experimentally at larger sizes attributed to
the diffractive properties of the Fresnel fibres [30-32]. Other
work also supported very tight optical localisation within a
silica structured photonic crystal fibre using a subwavelength
hole [39]. All these forms of optical localisation phenomena
have significant potential for enhancing sensitivity in many
applications that require small volumes and high interaction
with optical fields, such as biodiagnostics applications. For
example, localisation of light is central to developing metal
free optical microscopy both in the far and near fields [40].
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Figure 5 shows the near field profile of experimentally
observed localised light within a Fresnel fibre (Figure 1(c))
with a central air hole which is smaller than the effective
mode wavelength. Also observed is the ring mode associated
with the silica ring region around the central hole, as
expected from simulation. There is evidence that the two
localised propagating fields (modes) interfere every 80 ym
within this fibre sample. The localization of the evanescent
field within the central air hole is difficult to observe since
the resolution is diffraction limited. In contrast to so-called
“photonic bandgap” fibres, a key advantage of this type of
optical field is that there remains sufficient silica in the
surrounding ring into which useful gratings can be written
(shown later). (These “photonic bandgap” fibres are essen-
tially diffractive fibres with only a partial bandgap; the index
contrast is usually too small to have anything more than
a small angular stopgap, which is analogous to diffractive
fibres such as Bragg and Fresnel fibres.) These gratings can
therefore be used to perform additional spectrally selective
monitoring of samples probed by the high field within the
central hole (in contrast to the much poorer overlap in the
cladding holes). Quasicrystal fibres such as Fresnel fibres rely
on simplifying the design based on the circular nature of
the waveguide. Periodic lattices associated with 3D structures
are unnecessary—instead designs based on omnidirectional
filters allow much broader stopgaps. For example, the fibre
in Figure 1(c) has a bandgap over 1000 nm wide [41]. These
fibres also lead to significantly lower losses since the resonant
coupling between interstitial regions (both in terms of optical
field within and or at the interface of the glass regions,
perhaps as surface modes) is reduced, as discussed later.

From the few examples illustrated above, the potential
and challenges of structured optical fibres, which can
generate complex propagation, can clearly benefit by the
inscription of wavelength selective components such as
Bragg gratings. Grating writing, therefore, within nonpho-
tosensitive, pure silica, single material fibre becomes of
paramount importance if many of these unique features
are fully retained. In this particular paper, the focus is
on specific silica-based Bragg grating technologies that
address new directions in the temperature/strain challenge of
optical fibre sensor gratings in conventional and structured
optical fibres. This will serve to highlight the potential to
sensing.

3. Temperature and Strain

Grating sensors rely on a shift, Alg, in the resonance
wavelength, Ap, arising from either strain, ¢ = Al/,
and/or temperature, T. This is because ¢ affects a change
in resonance through both spatial changes in period, A,
and refractive index, n, whilst T largely affects a refractive
index change (although this is also affected by changes in
stress between the core and cladding as a result of different
thermal expansion coefficients, which in turn affects the
stress contribution to refractive index change). In general,
the relationship which binds strain and temperature with
the grating resonance wavelength can be described simply in
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one equation (see, e.g., [42]):

My _An A
W - 7 X =(1-p)e+x«T, (1)

where p is the elasto-optic coefficient of the fibre, and « is
the thermo-optic coefficient. The particular expression for
studying specific stain parameters introduced by pressure
can be obtained by noting Poisson’s ratio and expanding the
series if necessary. This expression forms the basis for nearly
all Bragg grating-based optical fibre sensor applications.

4. Conventional Step Index Fibres

For nearly all practical cases using conventional silicate-
based optical fibres, it is assumed that the fibre parameters
are approximately those of pure bulk silica, which are well
known (p ~ 0.22,k ~ 5x 107°). If the tolerable experimental
error bars are sufficiently large, or a self-calibration reference
is implemented for each sensor, then this is an acceptable
approximation. However, it is just that—in reality, the actual
response profiles that are obtained cannot be fitted so
nicely by such a simplification—estimates of both strain
optic and thermo-optic coefficients based on optical fibre
work therefore often vary noticeably not only from bulk
measurements but also between laboratories. This may come
as a surprise, but this variation cannot be readily calibrated
out using a universal standard—each fibre is genuinely
different depending on how it was fabricated, by whom (an
element of black magic sometimes comes into play!), what
dopants are employed, and sometimes by what lathe system
is used. In practice, there is an additional term that affects
the values to (1)—frozen in mechanical pressures and strains.
For instance, the axial strain generated by the fibre drawing
process alone can be described as [43, 44]

~ n_ _E
%% [foRq(r)rdr ng(r)rdr} @

where F = drawing force/tension, h = viscosity, and E is the
Young’s modulus. This strain increases with drawing tension,
viscosity, or decreasing E. Consequently, the processing
history becomes important in determining the optical fibre’s
mechanical properties, which are in turn dependent on the
type and quantity of dopants used. These dopants also clearly
affect the local refractive index of the core and, therefore, the
confinement of the optical mode which in turn affects the
measurands.

For most normal optical fibres made from germanosil-
icate, for example, optical fibre drawing conditions are
selected that happen to produce a certain range of tensile
stresses arising from the fact that conventional fibres are
composite systems determined by two differing glass com-
positions between core and cladding. It is entirely possible
to obtain the reverse—mechanical stress can be of opposite
sign and exceed magnitude of thermal stress and lead to

compressive stress at the interface depending on preparation
conditions, impurities, and dopants [45, 46]. For example,
under very high drawing tensions, compressive stresses can
be generated.

Equally important to the frozen-in mechanical stresses
are the subsequent thermo-elastic stresses arising from
differences in thermal expansion coefficient between core
and cladding. The expansion coefficient for SiO, is typically
~ 0.55% 10~ but this can be changed substantially by adding
dopants. Adding 20 mol% of GeO; increases this to 2.8 X 10°°
whilst adding only 12 mol% of P,Os increases this to 2 x207°,
This changes the temperature dependence of the fibre and in
combination with the effects of frozen-in mechanical stresses
means even fibres with identical recipes can vary between
each other substantially. Table 1 summarises some of the
thermal expansion coefficients, «, per mol % of common
dopant added [47]. Interestingly enough, using materials
with large negative expansion coefficients in sufficient con-
centrations can open up pathways to designing glass hosts
that have reduced, zero or negative temperature dependence,
an alternative to subsequent mechanical tensile stress—
based packaging of optical fibre Bragg gratings currently
sold commercially. Not considering the frozen-in mechanical
stresses, only 5mol% of TiO, is required to cancel out
the positive temperature dependence of SiO,. Of course,
an important consideration is whether the dopant can be
readily introduced and whether it will impact on the desired
properties of the optical fibre, including photosensitivity.
For this latter case, the almost ubiquitous material chosen
is GeO, and often codoped with B,Os to facilitate better
mixing into the silica glass network and to lower the
refractive index step. Standard grating writing within these
fibres takes advantage of highly coherent frequency doubled
Ar* lasers to generate arbitrary grating profiles using a
computer controlled free space interferometer. This level of
sophistication was developed for the telecommunications
industry where alternative filters to etalon-based thin films
were needed to achieve superior performance. Inevitably,
such technology would find applications in chemical sensing
diagnostics since a filter designed to filter out a specific
molecular absorption or emission band can be readily made.
This has been particularly useful already for those species
with overlapping bands in existing telecoms windows, such
as OH a problematic source in spectroscopic studies of the
night sky. Fibre grating filters promise to displace current
thin film etalon filters [48], for example.

For active sensor devices based on rare earth ions,
it is often preferable to avoid these dopants since they
have a deleterious impact on the longevity of the upper
level lifetimes crucial for laser and amplifier performance,
particularly in codopeded systems such as Er**/Yb*" that are
more exposed to phonon decoupling. For these, preferable
dopants include P,Os for reduced decoupling of the upper
level excited states although at the expense of higher
scattering losses and lower fibre thermal tolerance. For higher
power laser operation and power handling generally, Al,O3
is the preferred dopant. Mixing and phase separation are
two important considerations when optimising optical fibre
functionality because the issue of loss is critical for most



TaBLE 1: Thermal expansion coefficients (per degree Celsius) for
common glass dopants used in conventional optical fibres.

Dopant a (x107%/mol%)
P,Os 1.3

GeO, 0.7

B,0s 0.7

F —-0.02

TiO, -1.0

functional applications, especially long distributed sensor
systems that consist of numerous components.

Another important dopant that has not been considered
in detail in the past (at least with respect to grating writing)
is OH impurities. OH impurities are known to give rise to
compressive stresses [45, 46]. It is almost certain that the
formation of OH acts to create an internal pressure within
the glass that can help offset tensile stresses, if not exceed
them. The ramifications for a well-known photosensitive
enhancing procedure—hydrogen loading—are significant.
OH formation is often a by-product of conventional grating
writing and its formation conveniently accounts for the
induced index changes through Kramers-Kronig analysis
[49]. The effect of mechanical stress within the fibre is
not widely considered. On the other hand, it seems highly
plausible that this mechanical effect contributes substantially
to the total index change possible by alleviating the stresses
that might otherwise restrict normal type I grating formation
(where stresses have been observed to increase directly at
the core-cladding interface [50, 51]). Furthermore, it seems
crucial that this effect takes place for type Ip (or type IA)
positive gratings [52]. There is no doubt that the complexity
and range of grating writing opportunities [52] across the
type I spectrum are dependent on all these processing
conditions and dopant properties. If this insight is correct, we
can actually begin to make predictions of additional effects
one might expect using other dopants, for example, Cl is
also known to reduce the thermal expansion coefficient of
the core [53, 54] and is a standard drying material used in
MCVD optical fibre fabrication. If used appropriately, axial
stress during fibre fabrication may be reduced. If standard
germanosilicate optical fibres are considered, by reducing the
total frozen-in stresses into the final fibre, it is likely that
the photosensitivity of type I gratings can be substantially
optimised, with potentially important outcomes such as
improved thermal stability. Likewise, the impact on higher
processed gratings such as negative index gratings and
regenerated gratings bears consideration.

Clearly, in addition to changing the mechanical and
thermal response parameters of a fibre Bragg grating, there
remains substantial scope for tailoring the photosensitive
response of conventional optical fibres. Conversely, there
has been considerable work in tailoring the grating writing
process itself to the medium—the advent of 193 nm laser
applied to optical fibre Bragg gratings, in particular, extends
the application to many other materials, including important
phosphosilicate and aluminosilicate systems that benefit fibre
lasers [59-61]. New lasers, especially femtosecond lasers
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FIGURe 6: Temperature performance of a regenerated grating
(10% T) in a telecom matched photosensitive germanosilicate core
optical fibre. Two full cycles from room temperature to 1295 °C are
shown [55].

that depend less on the dopants and more on the damage
threshold to affect index change [62, 63], promise to have a
similar impact. Below the damage threshold, the exploration
of photosensitivity into other materials for conventional fibre
Bragg gratings has meant that in parallel a large number of
new processing recipes allow the properties of Bragg gratings
themselves to be tailored substantially—for a review of these
photosensitive mechanisms see [52].

Most conventional fibres, therefore, have an inbuilt stress
(or pressure) that adds or detracts to the actual sensitivity
of the component. The strain and temperature curves as
a function of applied pressure will in all likelihood vary
across fibres from recipe to recipe and composition to
composition, a problem that raises interesting challenges
for the definition and measurement standards, international
bodies must eventually determine if there are to be universal
generic sensor elements. Differences between laboratories
are often attributed to arising from variable experimental
parameters rather than, potentially, from differences in the
mechanical and thermal parameters between fibres.

4.1. Extreme Gratings. As an illustration how conventional
optical fibres remain far from exhausted in terms of novel
research and direction for grating sensors, and how little is
still understood in terms of the underlying photosensitive
mechanism of even the most thoroughly investigated type
I gratings, it is worth examining recent reports of gratings
in conventional fibres that survive repeated cycling at
ultrahigh temperature (>1000°C) [55, 64, 65]. These so-
called regenerated gratings presently outperform all other
gratings—despite the expansive growth in new writing
recipes and formulations, these results were obtained by
taking ordinary type 1 gratings and thermally processing
them with an appropriate recipe where the temperature



Journal of Sensors

S S =TT Eeees .- —=<a ]
a-- v
08 e Sl 1
. -
7]
=]
g |
5
=]
2
2 |
g
5
Z -H
_—”‘D’/
1 1 1
7.5 10 125

Bend radius (mm)

(a)

1T 3
0.8
jnd
g
= 06r b
o]
2
g 04f .
-
S)
Z
0.2 b
O 1 1 1 1 1
2.5 5 7.5 10 12.5
Bend radius (mm)
—- 1 turn -¥- 4turns
-®- 2turns -0O- 5turns
—-A- 3turns

(b)
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regular photonic crystal fibre and (b) “fractal” (or chirped Fresnel)
fibre [56].

is ramped to ~ 9000 °C and the regenerated grating allowed
to evolve. The final regenerated 5mm long grating can be
as strong as 25% transmission and can be cycled repeatedly
as high as a temperature of 1295°C with full recovery
at room temperature [55], as illustrated in Figure 6. The
grating can outlast the fibre itself, that is, whilst the fibre
becomes brittle at such temperatures and often breaks, no
observable impact on the grating spectra is noted. A simple
diffusion model alone, based on hydrogen bonding and
oscillating reactions, therefore, seems unlikely to suffice to
explain these results. H is crucial for any diffusive process,
particularly via OH transfer. One argument rests on the
formation of molecular water as a mean of displacing
oxygen, which would not normally be possible [64], based
on a modified oxygen diffusion model [66]. However, such
a transfer implies that substantive oxygen-deficient silica
is created, which would likely lead to a crystallisation of
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FIGURE 8: Grating in pure silica single material photonic crystal
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in this example.
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silicon or structural transformation to a larger bond angle
polymorph, both of which would give rise to large scattering
and large index changes. Alternatively, the seed grating with
hydrogen allows a different glass quenching and relaxation
to occur in the processed regions that give rise to, perhaps,
a crystallised or amorphous grating structure of similar
tetrahedral properties. This remains the subject of ongoing
work. Nevertheless, these gratings can now be applied to
ultrahigh temperature applications including temperature
monitoring of smelters, furnaces, and engines.

5. Single Material Structured Fibres

Equation (1), along with the discussion above, would suggest
that single material optical fibres will have much less vari-
ability to parameters and, in particular, the effective thermo-
optic coefficient should be lower. The possibility that such
fibres might form the basis for more reproducibility between
laboratories, amongst many other applications, makes the
idea of single material fibres especially attractive. This
reduced temperature dependence of such fibres has recently
been verified many times in many ways, not only with Bragg
gratings, but also for long period gratings in single material
photonic crystal fibres [67] and, particularly attractive,
linearly and spun birefringent photonic crystal fibres and
devices utilizing them [68-73]. Modal interferometers using
a short length of single material photonic crystal fibre [74]
have also been used as a temperature insensitive strain
sensor [75]. Specifically, structured optical fibres based on air
holes running along their entire length have one other key
advantage not possible with conventional fibre technology
based on dopants. Essentially, step index propagation can be
achieved by a reduced average cladding index determined by
the distribution of air holes.

The structured optical fibre is made up of so-called leaky
modes where the normal confinement boundaries defining
modes in convention step index fibres are less defined
because there is leakage between the holes. In perfectly
periodic lattices this leakage translates into coupling between
the interstitial regions, both in terms of optical field within
the region and the optical field at the interface (sometimes
described in terms of surface modes), and the surprising
possibility of having complex cladding supermodes with
close to equal or, in some cases, higher effective index than
the core mode. In fact, this problem is almost certainly the
reason why in terms of low loss fibres one would not use
a periodic structure. Bend loss in particular is significantly
worse for a periodic lattice fibre than even conventional
step-index fibre with substantially lower NA (this beggars
the explanation of what NA means in such fibres?). On the
other hand, by removing the periodic lattice and preventing
interstitial optical coupling of light, quasiperiodic or other
nonperiodic Fresnel and “Fractal” fibre designs have been
shown to reduce bend loss so effectively that they outperform
conventional fibres. Zero bend loss is possible [56], as shown
in Figure 7. For many sensor and other device applications
this is a highly desirable property and allows tight bending
of optical fibres. This net result also shows fundamentally
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the difference between higher-order modes and fundamental
modes within photonic crystal fibres—the loss differential
can be huge.

Given that, in the first instance, the fundamental leaky
mode of the structured fibre has a k vector along the fibre axis
and therefore the role of leakage loss is somewhat suppressed,
the fundamental mode may not be so distinctive in behavior
to that of the step index analog. This forms the justification
for the step-index approximation of simple structured fibres
where the cladding index is, on average, lower than the core
index. In contrast, when higher-order modes are present
they will be significantly affected by leakage loss and greater
access to the evanescent field within the holes—a property
which opens up new opportunities for sensing applications.
For example, because the difference between index and loss
is large between the fundamental and higher-order mode
of a two-mode structured optical fibre, it is possible to
exploit this to create an internal reference for a Bragg grating.
This was done using, instead, an active grating structure in
the form of a DFB fibre laser [76]. Equivalent intermodal
interference within photonic crystal fibres has also been
demonstrated [74], and this needs to be considered when
short devices are fabricated.

The ability to write gratings in single material fibres
was first demonstrated using 193nm from an ArF laser
[57]. A key challenge that needed to be overcome was the
large attenuation of the writing beam through scattering of
the lattice structure—a comprehensive description of these
processes can be found in [77]. Figure 8 shows the first such
grating in a regular photonic crystal fibre (similar to that
in Figure 1(a)). An immediate advantage is the absence of
cladding modes since the index is not confined solely to
the core. For conventional fibre technology, a photosensitive
matched cladding needs to be custom designed to achieve
a similar result. Figure 9 also highlights another important
example—a 5 dB strong grating within a Fresnel fibre [58].
Although the optical mode has a large amount of optical
filed interacting within the hole, the fibre design is such that
there is sufficient propagation within the silica ring region
into which the grating is inscribed so as to see the grating. By
making the field smaller the optical localisation of evanescent
light into the hole can be exploited for extremely sensitive
biodiagnostics and chemical sensors.

5.1. Temperature Response

5.1.1. Fresnel Versus Photonic Crystal Fibre. Figure 10 shows
the relative wavelength shift of a Bragg grating written
by 2-photon excitation within a single material all-silica
Fresnel fibre (Figure 1(c) and Figure 8) and a similar single
material, single mode, all-silica 4-ring photonic crystal fibre
(Figure 1(a)) as a function of temperature [58]. Below
100°C the Fresnel fibre has a slightly higher temper-
ature dependence, or effective thermo-optic coefficient,
(1/71efr1) (Onefr1 /OT) = 7.8 x 107%/°C compared to the
photonic crystal fibre of 6.5 x 107%/°C, although both are
very close to that of pure silica ~ 6 x 107%/°C [47]. There
is a quadratic dependence on this effective thermo-optic
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coefficient, which is particularly pronounced for the Fresnel
fibre. This is directly attributable to mode field confinement
by the air holes as the index of the glass changes and, hence,
great care must be taken when interpreting and comparing
the temperature dependence between structured optical
fibres. The apparent observation of a sharp transition within
the Fresnel fibre may characterize a cut-off condition for
propagation which is especially sensitive in the Fresnel fibre
given the larger dependence on diffractive propagation. As
noted previously, the role of surface optical field localization
also remains unclear.

The illustrated results reflect, overall, huge scope to
adjust both the fibre design and fibre parameters and control
properties such as the temperature dependence. This can
be applied to enhance various configurations of thermally
tunable devices using structured fibres, active or passive, and
gratings, for example. For sensing applications this control
over the temperature dependence can be used to help sep-
arateing the intertwined relationship between temperature
and strain. Single material fibres have other advantages, for
example, given that the index contrast with air is sufficiently
high, properties such as form birefringence can be readily
introduced into these fibres. Form birefringence within a
single material fibre is free of the temperature problem
associated with two materials of different thermal expansion
coefficient—fibre that has a zero temperature dependence of
birefringence from—20 to +800 °C has been demonstrated
[68]. These results were extended to a spun version of
this fibre [72] which has important applications, amongst
many, within electric field sensors and gyroscopes, where a
critical parameter is packaging to isolate the system from
temperature fluctuations. These two can be combined with
Bragg gratings for enhanced and multifunctional properties.

5.1.2. Fundamental versus Higher-Order Modes. The stronger
evanescent field interaction of the higher-order with the air
holes can allow the fundamental mode to be used as a relative
reference arm, an attractive all-in-one fibre solution. This
possibility was recently extended to DFB fibre laser operation
where lasing could be obtained on the fundamental mode
or the higher-order mode, using a doped aluminosilicate
core to further confine the fundamental mode away from
the holes [56]. Such active grating structures allow enhanced
resonance detection of many measurands, for example, it
is an important approach to make optical fibres sufficiently
sensitive for undersea acoustic detection [78, 79]. Below
the lasing threshold, such a structure was used to study
strain and temperature within structured optical fibres [80].
The effective indices of the two modes give rise to two
distinct grating peaks (Figure 11). The modes are determined
by the corresponding fractional powers (1) of each mode
within the higher index doped region (0.002) and in the
surrounding silica. Leakage phenomena play an important
part in determining and defining the mode field radius and,
therefore, the fractional distribution of light of the modes
either in the doped core or in the silica. Those modes
with large transverse vector components will be sensitive to
changes in the hole shape and stress between the holes in the
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FiGURrE 11: Transmission spectrum of a two-photon written Bragg
gratings within a two-mode 4-ring photonic crystal fibre. (1)—
fundamental mode; (2)—higher-order mode and the dip in the
centre is some cross coupling between the two arises from some
asymmetry in transverse profile of the induced index change [80].

structure arising from, for example, tensile or compressive
stress applied along the fiber.

But it is also clear that this sensitivity will depend on
air fraction, the regularity of the lattice, the constituent
materials, and the type of index guidance. For example, the
Fresnel fibre described earlier has much less air fraction,
no regularity, is single material all-silica, and the mode
is largely determined by diffractive guidance even for the
fundamental mode rather than an average step-index like
effect. On the other hand, related diffractive coupling loss
is a characteristic of regular photonic crystal fibres with
the smallest microbends. Therefore, a comparison of both
temperature and strain effects of the fundamental mode
within a single material Fresnel fibre and a single-material
photonic crystal fibre will further illustrate just how much
flexibility in design exists by controlling structure alone.

From Figure 11, the transmission spectrum of a 4-
ring photonic crystal fiber with a fibre grating has two
reflection bands corresponding with the two modes it is
designed to support, one at longer wavelengths (1535.2 nm)
for the fundamental mode, and the other ~ 4nm at shorter
wavelengths for the higher-order mode. Figure 12 shows the
obtained temperature dependencies for each mode—both
grating transmission bands are found to have a similar linear
variation with temperature. These results are in accordance
with the material properties of the fiber, since the thermal
expansion coefficient, asioz, of the fiber (asio, ~ 0.55 X 10°¢
for silica) is an order of magnitude smaller than the thermo-
optic coefficient—for germanium-doped silica core fiber this
is (1/71efr) (One/0T) ~ 8.6 X 107, which serves as a reference
value [81]. From the grating response as a function of tem-
perature, the fundamental mode wavelength dependence is
0Ap1/0T = 19.72pm/°C, and for 1535.2 nm of dAp,/0T =
20.14pm/°C. These correspond to (1/#ef)(0nem/0T) =
12.9x107°°C™", and (1/nem ) (0nem/9T) = 12.8x107°°C™'
which are nearly double that of pure silica although similar



10

Adg (nm)

o High-order mode
® Fundamental mode

FiGure 12: Temperature dependence of the two modes of the fibre
described in Figure 11 [80].

to doped optical fibres. This larger value is due to the Er’*-
doped aluminosilicate core, and it is not surprising that the
higher-order mode, which sees more silica, has a slightly
lower value. Therefore, the composite system behavior is
expected on the basis of constituent component materials.

5.2. Strain Dependence. In contrast to the temperature
dependencies, there is a difference between the fundamental
mode and the higher-order mode of the previous Er’*
doped aluminosilicate photonic crystal fibre. The observed
shift with applied strain in the Bragg wavelength corre-
sponding to the fundamental mode (Figure 13) has a linear
behavior (dAg1/de = 1.2 pm/pe). However, the shorter Bragg
wavelength, corresponding to the higher-order mode, has
nonlinear behavior described by a quadratic dependence.
Unlike conventional fibers, the higher-order leaky modes (in
particular) of a photonic crystal fiber are sensitive to changes
in stress between the holes and both the hole size and shape
as well as the ratio of the hole diameter over the hole pitch,
d/A [82]. The compression of the first ring, in part arising
as the solid core resists the compressive force, leads to an
increase in d/A with positive strain (applied tension). This
problem is a well-known one that also contributes to hole
deformation of the first ring during fiber fabrication if not
addressed [83]. By increasing d/A, the modal confinement
loss decreases, leading to improved confinement of the mode.
This alters the fractions of power, 7, in the center of the core
and in both the silica ring and cladding. Since the effective
index is dependent on this fraction, there is an additional
shift in the Bragg wavelength (Ap = 2n.rd) that deviates
the curve from linearity. Given that the changes are based
on circular confinement and therefore mode area, to first
approximation a quadratic dependence (A oc ae + be?) is
expected and observed [80]. The strain-optic coefficient,
therefore, reduces to dAzi/de = a + 2be. Further, the
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FIGURE 13: Wavelength shift versus applied longitudinal strain on
the Er’* doped, aluminosilicate dual mode photonic crystal fibre. A
quadratic dependence is observed for the higher-order mode [80,
84].

grating strength is also dependent on this fraction [k =
tanh*(m A vLy/)) and we expect to observe a change in
grating strength as a function of strain. The air structure itself
becomes integral to defining the material properties and in
this context is indistinguishable from a composite material.
Therefore, the whole medium can be considered a unique
super-structured material (SSM) with properties that can be
tailored by tailoring the refractive index in a way analogous
to tailoring the atomic distribution of constituents and their
fractions in composite systems.

In contrast to this fibre, and despite the large interaction
of the sensitive fundamental diffractive mode with the
structure given its reduced confinement and the absence of
an insulating step index core, the Fresnel fibre has a linear
dependence with strain, as shown in Figure 14 [58, 84]. This
is explained by the very low air fraction and the irregular
arrangement of holes that prevent a sponge-like structure
susceptible to compressive effects that sufficiently affect the
mode overlap with the holes.

The most obvious application of this work is to enable
a simple distinction between strain and temperature from
the perspective of controlling strain instead of temperature.
The ability to remove, or unravel, the strain contribution is
a key problem in fibre sensing with gratings generally and
structured optical fibres offer a unique pathway to resolving
this.

6. Refractive Index Measurements Using
Photonic Crystal Fibres

As a consequence of the high core-cladding index contrast,
the contribution to mode propagation from, for example,
a periodic arrangement of holes is negligible when the
wavelength of light is larger than the bridge thickness
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FiGure 15: Refractive index measurement of the water and ice 1 h
before, during, and after freezing [29].

between the holes but smaller than the core diameter. On the
other hand, for less confined modes or when the wavelength
of light is commensurate or smaller than the interstitial
hole spacing, as well as the core size itself, a periodic lattice
provides phase conditions that allow coherent scattering
of light and therefore diffractive confinement [85]. This
resonant phenomenon has been observed in bending loss
tests where light leaks out from the core and is launched into
the cladding, generating a short wavelength cutoff in the fibre
transmission band [28]. Given that this property is unique to
periodically structured optical fibres, it can be exploited in a
unique fashion to measure the properties of what is placed
into the holes.

The short wavelength cutoff is sensitive to the perturba-
tions applied to the fibre as well as the index of the material
within the hole. In fact, such regular coupling of light
between the interstitial regions of a regular lattice structured
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fibre plays a key role in high bend loss characteristic of such
fibres [56]. The best way to prevent this is therefore to remove
the crystalline regularity of this lattice thereby spoiling the
coupling—zero bend loss has been demonstrated using a
chirped Fresnel fibre (or fractal fibre) [56]. Such optical
fibres were also ideal as the basis for tapered structured
fibres for efficient metal free near field microscopy [86], an
important tool for diagnostic analysis which removes the
problems of plasmon coupling in metal coated tips.

A 1D variation of this diffractive scattering problem
was observed within air-clad optical fibres. It arose from
the regular corrugations of the surrounding air hole ring
[87]. These particular fibres are especially important for
astrophotonics and imaging applications because they can
have extraordinarily high numerical apertures as a result of
approaching the idealised air ring fibre. Recently, careful con-
sideration to the effect on focal ratio degradation (FRD) was
reported [88]—whilst no significant impact from diffractive
scattering was noted, scattering generally off the corrugated
surface was observed to give rise to degradation in FRD.

For the crystal lattice fibre, the corrugations associated
with densification gratings produce the necessary coupling
to the lattice through scattering [29]. The condition for the
wavelength dependence of this scattering will be sensitive to
what is in the air channels—in effect a diagnostic tool for
measuring refractive index is possible. The refractive index
of ice was measured this way, confirming how a simple
Bragg condition suffices to describe the processes at short
wavelengths. Therefore, the refractive index of the material
within the holes, 1y, is given by [29]

Hcore cOS[sin ™1 (Am/2nA)] — xsio, 1si0,

ny = (3)
Xn

where fdadding = Xnfth + XsioaMsio2, Xsio2 and xj are the
fractions of silica and holes that make up the cladding, m
is the grating order, A is the lattice pitch, and nsio, is the
index of SiO,. Figure 15 shows the calculated refractive index
of water determined from the transmission band edge shift
in the visible to longer wavelengths as a function of temper-
ature. Freezing is observed to occur at a lower temperature
than zero, ~ —3°C, consistent with very high pressures
induced within the microchannel. To lower the m.p. of ice
by such an amount requires a local pressure >30 Mpa [89],
giving an indication of the high effective pressures that can
be generated within micro-and nanocapillaries of ice 1h,
which has ~9% volume increase from the liquid state. This
has important implications for micro-and nanofluidics. The
calculated refractive index for the frozen ice is in agreement
within error with that of ice 1 h as expected.

It is also possible to determine the refractive index of
a material within the holes by monitoring the effective
temperature dependence of an inscribed grating—the index,
and its temperature dependence, can be extracted from the
effective thermo-optic coefficient (or dn/dT) of the fibre and
its effective overlap derived form reference samples used to
calibrate the sensor. Such a method was used to determine
the thermo-optic coefficient of perfluoroheptane, which was
not available in the literature [22]. Figure 16 shows the
measurement of effective index change as a function of
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FiGurk 16: Effective index determined from shift in Bragg wave-
length as a function of temperature. Heptane is used a reference to
determine the actual dn/dT of perfluoroheptane as [22].

temperature for both the unknown perfouroheptane and the
known heptane. Substituting H for F in heptane significantly
reduces the negative thermo-optic coefficient of the organic
molecular system.

7. Other Examples Based on
Filling Structured Optical Fibres

Filling of structured optical fibres has already produced
simple but interesting all-fibre results. These include the
demonstration of substantially enhanced stimulated Raman
scattering (SRS) within a photonic bandgap fibre using
hydrogen gas [90]. Simply using structured fibres as a cell
for direct optical detection of gases such as methane and
acetylene has also been demonstrated [91, 92]. For these
latter applications it is clear that side access of the fibre, either
by etching, laser ablation [93-96], or ion beam processing
[97] will become important. Straightforward functional
devices using liquid crystals have also been demonstrated,
some of which have already been described earlier. A critical
factor in taking this relatively straightforward approach to
device fabrication to another level that truly differentiates
structured optical fibres has been the development of
selective filling, initially by filling the core only of a diffractive
Fresnel fibre [98]. The techniques for allowing this to be done
laid the foundation for the first true material engineering
of an optical fibre by superposing the properties of three
different materials without mixing them [24], a critical step
to demonstrating the feasibility of lab-in-a-fibre technology
[25] where multiple functionality, perhaps using all the above
examples in the one fibre along with gratings and various
other components, becomes possible. Optical localisation
at the interface may play a critical role in condensing the
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feature sizes possible within a complex lab-in-a-fibre system,
including the incorporation of semiconductors, polymers,
and soft glasses to help raise the index contrast. A schematic
of the potential lab-in-a fibre system is shown in Figure 17.

8. Conclusions

The purpose of the paper was to highlight some of the
properties of the new generation optical fibres and grat-
ings that are coming to fruition whilst also showing that
conventional fibre technologies retain huge potential for
further development. Starting with step index structured
fibres [20], through to proposed Bragg bandgap fibres [99],
demonstrated in structured form [100], to the step-index
crystal lattices developed in a similar direction [101] and the
subsequent bandgap fiber experimental results [102] based
on theoretical designs [103], with later experimental results
more convincing [104], to the quasicrystal, zone plate Fresnel
fibres [30-34, 84, 105], structured fibres have the potential
for extending optical fibre capability well beyond conven-
tional technologies. Nevertheless, the literature database for
both conventional and structured optical fibres is now so
large and rapidly growing that it is impossible to do fair
justice to all examples developed. The select few chosen here,
largely air-structured fibres, are aligned with the perspective
of exploiting these new trends.

Material science is clearly an increasingly important
determinant for application specific devices and systems.
Given the wide exploration space into new materials,
especially soft glasses and polymers, the paper has focussed
specifically on silica-related technologies as these remain by
far the most mature and practical with regards to applica-
tions within the sensing industries. However, in some areas
these other materials (ranging from disposable and soluble
cellulose fibres for biodiagnostics [106] through arbitrary
structured fibre cross-section using polymer extrusion [107]
to soft glasses for infrared operation [108, 109] through to
semiconductor optical fibres [110] including new silicon core
silica-based fibres [111]) will have an important role to play.
In this respect, it is worth digressing and commenting briefly
on the next material system heralded for fibre Bragg gratings
sensor work: polymer fibres.

Grating writing in other materials is sometimes, in
relation to the work done in silica, contentious. Recent
demonstrations of gratings in polymer structured fibres, for
example, are shown in reflection only because they have been
virtually undetectable in transmission [112, 113], similar to
initial work in regenerated gratings [64]. Further, in addition
to the very large losses associated with these structured
polymer fibres, mostly made of polymethylmethacrylate
(PMMA), there is evidence that the gratings written into
them are made up of periodic UV oxidation of the polymer
in air along the fibre—in addition to observable coloration
with longer exposures, when nitrogen was used to displace
air no gratings were able to be inscribed [113]. In contrast,
however, some interesting results in solid polymer fibre with
a special photosensitiser such as trans-4-stilbenemethanol
[112-115] do promise potential applications in biomedicine
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FIGURE 17: Schematic of multiple functionality within a possible future lab in a fibre.

where some organic compatibility is required. (The issue
of biocompatibility is a complex one that needs full peer
review within the medical community, particularly given the
increased range of materials, and dopants, being proposed
for biomedical applications that often involve invasive pro-
cedures within organic tissue.) This is significant progress
from the first results in polymer fibre [116] where high
propagation losses made implementation impossible. It is
clear, nonetheless, to anyone who has worked in this area
that there still remains enormous materials work to advance
polymer fibre gratings to applications. A key problem that
has to be investigated is deformation and the impact on
long-term performance—this is particularly problematic for
structured polymer optical fibres which have been proposed
by the author and others for LAN networks. On the
other hand, this detrimental aspect of polymer structured
optical fibres has been exploited to make effective point
sensors for the first force measurements within orthodontic
applications [3, 117]. The ability to incorporate polymer
(or other materials including silicon [111]) materials within
and around silica structured fibres, including photosensitive
systems, offers a simple interim solution for biocompatible
applications as well as a viable access route to the large
strain and thermo-optic coefficients of polymers (recall the
use of organic fluids within structured silica fibre for such
effects).

With regards to grating writing in soft glasses, this should
see relatively straightforward success, since index changes
should be easy to achieve using visible laser light to access
the band edge and/or specific defect sites, although little
work has yet been reported in fibre form. The question of
long-term stability, however, will likely pose further material
challenges.

The future of the silica fibre Bragg grating, therefore,
as the lynch pin for optical fibre sensing looks bright. New
writing technologies, such as femtosecond laser processing,
continue to be explored—these enable writing in almost
any material, for example, and the technologies have been
covered in greater detail within other reviews [52, 61-63,
76]. Meanwhile, a structured optical fibre potentially allows,
using both air holes and filled glass systems, unprecedented
custom tailoring of both a fibre and a gratings properties in
terms of genuine composite material engineering. Despite
all these new developments and promises, however, type
I grating writing within conventional fibres continues to
persist as an active starting point for new grating research.
Regenerated gratings that operate in excess of 1200 °C are
a novel highlight. These “conventional” gratings are par-
ticularly attractive as they retain many important practical
features of conventional fibres that the new generation of
fibres has yet to fulfil: low splice losses, low propagation
losses, no interior contamination with breaks, and general
overall simplicity and compatibility with existing mainte-
nance technology. Further, the grating writing process using
CW 244 nm light remains the most commercially accepted
and by far the most advanced, enabling any spectral filter
design for numerous applications. On the other hand, new
structured fibres offer alternative routes to solve many of
the problems of existing conventional fibres. The decision
of which technology to use will depend on whether the
maturity of practical conventional fibre technology can
be outweighed by new functionality that structured fibres
offer for a specific application. The optimistic longer-term
directions for sensing, epitomised by the potential of lab-
in-a-fibre technology, look promising indeed. On the other
hand, for many applications simplicity is central to a working
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design—a good example that also highlights the potential of
structured fibre technology is a simple hydrostatic pressure
sensor based on a grating written into a germanosilicate
core fibre with two large side holes [118]. Simply breaking
the symmetry of the fibre using holes breaks the isotropic
response to hydrostatic pressure and allows induced grating
birefringence to serve as direct, and effective, monitor of
pressure. The sensitivity can obviously be enhanced with a
passive or active resonant structure.
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