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ABSTRACT
OPTICAL FIBRE SENSORS AND THEIR INTERROGATION

Alexander George Simpson
Doctor of Philosophy
January 2005

This thesis describes novel developments in the fabrication and understanding of type IA
fibre Bragg gratings, the uses of said gratings as optical sensors and the interrogation of
optical sensors using tilted fibre Bragg gratings.

Modern methods of construction for composite structures such as marine vessels, aircraft,
and high performance cars require detailed feedback of loading and deformation. As
structural complexity increases, so does the required number of measurements and
measurement sites. Fibre sensors are capable of fulfilling these demanding roles due to
their small size, low cost and ease of multiplexing.

The main contributions to the knowledge of the subject documented by this thesis are in
related subtopics which together form two of the most common issues with optical sensor
networks; the cross-sensitivity of optical sensors to more than one measurand, and the
interrogation of optically encoded measurand data produced by fibre sensors using
equipment which is both compact and rugged.

This thesis presents the most detailed study of type IA gratings performed to date and
provides the basis of a dual grating optical sensor capable of independently measuring
strain and temperature. Until this work it was not known how to reliably fabricate type 1A
gratings or how they would react to high ambient temperatures, nor was it known what
effect external parameters such as fibre type, dopant levels, inscription laser intensity, or
hydrogenation levels would have on the physical properties of the grating. This
comprehensive study has yielded answers to all of these unknowns and produced several
unexpected uses for type IA gratings, such as the use of the previously unreported strong
loss band at 1400nm to locally heat fibres by optical absorption and thereby fabricate
optically tuneable gratings which do not affect directly adjacent standard gratings.

Blazed fibre Bragg gratings have been studied in detail and used to produce several high
quality prototype sensor interrogation systems yielding stability and accuracy values
unsurpassed by similar devices reported in literature. An accurate distribution map of
light radiated by blazed gratings is shown for the first time and has been studied in
respect of polarisation state showing that for certain easily achievable conditions a blazed
grating spectrometer may be deemed to be polarisation insensitive. In a novel
implementation of the system, it is shown that the dynamic wavelength range of a blazed
grating spectrometer may be at least doubled by superimposing blazed gratings.

INDEXING TERMS: fibre optic sensors, fibre Bragg gratings, photosensitivity, type IA gratings, self
compensating temperature and strain sensors.
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Figure 5.4 A modification of the static beam setup shown previously. This figure shows a
scanning beam inscription setup using a phasemask and an aperture card to ensure uniferm
EXPOSUre Of the GratiNg. ... .uciieirerarismsrseresnestasrese cerestasss sarsst st s shosussbsssossssrssshsnasiessasenssassien 132

Figure 5.5 The relationship between the mean index change (or IA maturity) and the
1400nm absorption band under UV exposure. It is this relationship which enables |A index
changes to be inscribed without writing a grating since the index change may be monitored
by observing the absorption at 1400NM. ...t 133

Figure 5.6 This plot shows the rate of inscription of type IA gratings with decreasing UV
inscription laser power. This example shows gratings written holographically in Verillion
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Figure 5.7 This plot shows the rate of inscription of type IA gratings with decreasing UV
inscription laser power. This example shows gratings written according to the scanning
phasemask method in Fibercore PS1250/1500 B/Ge fibre. Refer to Table 5.1 for the
inscription parameters and colour code of each plot. ..o, 137

Figure 5.8 A zoomed in plot of Figure 5.7 showing the transition from type | to type IA and
further showing that the inscription intensity dependence is significant only for the IA growth
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Figure 5.9 Dual y-axis plots showing the mean (blue) and modulated (red) index change of a
type |A grating for (a) (left) the complete inscription period and (b) (right) the transition from
type | to type IA. This plot is designed to show that the change in gradient of the mean index
coincides precisely with the start of the decay of the type | grating, indicating the exhaustion
of one of the underlying photosensitive MechaniSmS..........viiiieioieieieiesrieaeanennreneenenenenes 139

Figure 5.10 A logarithmic plot of inscription intensity vs. mean index shift per joule
delivered to the sample. This is directly proportional a plot of photon density vs. successful
transitions, and is used to show that the formation of type |IA gratings is unlikely to be a
single photon: abSONDtON DIOCESS . .iiriasiaisiniensiosst e i smmhonsbisbates s skirtn svis ises sois foss af dassnisasasas 140

Figure 5.11 A demonstration of the heat generated in a germanosillicate fibre by the
application of UV light. (a) (left) The red trace shows the Bragg wavelength with the laser
on, and the blue shows the cooled trace after the laser has been turned off. (b) (right) A plot
of Bragg reflection versus time showing the point at which the laser was tuned off indicating
the rapid cooling of the fibre due to its small thermal mass. ............ccccviviiiiiiiieicieieeee 142

Figure 5.12 Type |A grating evolution under near identical conditions. The red trace shows
a normal inscription, but the blue trace shows the effect of cooling the fibre to 5°C during
inscription. The cooled fibre evolves significantly more slowly than the un-cooled fibre,
thereby indicating that the heating effect of the inscription laser has a significant effect on
the rate-at Which |A gratings oMM S s essberiaatebstaistereiesetinst vmcbomsinsbionte st mmmstetsdos dest o 143

Figure 5.13 This figure shows the growth dynamics of a series of IA gratings written under
increasing axial strain. It shows (a) (left) the wavelength evolution and (b) (right) the
reflectance evolution of type IA gratings. The random nature of the growth characteristics
indicates that the presence of strain does not have a significant effect on the growth
dynamics, which is in contrast with I|A gratings. ...........ccoceeviovieieiicceeeeeeies e, 145

Figure 5.14 An example of the temperature coefficient plots for the gratings ST1 to ST8,
This graph depicts ST4 and shows typical thermal coefficients for both gratings............... 146

Figure 5.15 The spectrum of immature IA gratings manufactured by (a) (left) the
holographic and (b) (right) the scanning beam phasemask methods. This figure highlights

the requirement for exposure uniformity since (a) indicates a hybrid grating with a non-
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Figure 5.1_6 Reproduced from [7] (Figure 5.33). The figure shows the evolution of a IA
grahrjg_under holographic inscription. This is an example of a poor IA inscription due to
inscription non-uniformity as there are multiple levels of maturity present in the sample...150
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Figure 517 By contrast to Figure 5.16, this figure shows the spectral evolution of a 0.5mm
IA grating manufactured by the scanning beam technique utilising a phasemask and 0.5mm
aperture card to ensure uniform exposure. The result is a uniform grating throughout
inscription with only a single maturity level present.......... 151

Figure 5.18 Reproduced from [108]. This figure shows a IA grating manufactured
according to the holographic method. It shows noise on the blue side of the IA resonance
which extends to the wavelength associated with a type | grating written in the same fibre.
This is a result of a non-uniform exposure profile crating multiple peaks across the IA mean
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Figure 5.19 (a) (left) The spectrum of a IA grating, similar to that shown in Figure 5.18,
which was acquired using a tuneable laser and power meter setup 5pm resolution. This
shows that the noise seen in the early IA gratings was made up of multiple Bragg
resonances caused by the existence of a broad range of mean index'’s. (b) (right) The offset
of each peak shown in (a) indicating a trend in the peak-to-peak spacing of the resonant
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Figure 5.20 The spectrum of FBGS8, a |A-| temperature compensating dual sensor head.
The figure shows the gratings pre- (feint) and post- (bold) annealing and shows that proper
choices of laser scan speed must be made so that the final sensor head has gratings with
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Figure 5.21 (a) (left) The thermal and (b) (right) the strain response of a IA-l dual grating
sensor head (FBG8). Each case shows the response of the individual gratins in blue and
red for the type | and IA gratings respectively. This shows that there is a significant
difference in the temperature coefficients and a smaller, but measurable, difference in the
strain coefficients from which temperature and strain mey be independently measured. ..156

Chapter 6:

Figure 6.1 Evolution of type IA gratings shown in terms of the wavelength shift (upper) and
integrated coupling coefficient (lower) in Verillion IF01001410101 B/Ge (red), Fibercore
PS1250/1500 B/Ge (blue), Fibercore SD079-00B Ge (green), Fibercore SD748A-00AB Ge
(black) and Fibercore Ge SD254-01B (yellow). This figure shows that fibres without boron-
doping form |A gratings significantly slower than doped fibres. ................c.c.ooooiv. 163

Figure 6.2 A comparative figure showing the differences between the mean index evolution
of type |A and type IlIA gratings. The IA grating undergoes a large red shift, whereas the IIA
grating undergoes a significantly smaller blue Shift. ...........ccocoveeiiiririiiii e eeeeeiereeseenns 165

Figure 6.3 A comparative figure showing the differences between the modulated index
evolution of type IA and type IIA gratings. The IA grating reaches peak reflectance within the
first few seconds before decaying and re-forming slightly, whereas the IIA grating reaches
an initial maximum before decaying completely and then re-forming to produce a
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Figure 6.4 This figure shows the evolution of IA gratings written in (a) (left) Verillion
IF01001410101 and (b) (right) Fibercore PS1250/1500. Each sample was hydrogenated
and stored at RTP such the outgassing occurred. The traces represent successive gratings
written with progressively less hydrogen. (b) Shows that after sufficient outgassing had
occurred, a IIA grating formed. Refer to Table 6.2 for details of the hydrogen outgassing
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Figure 6.5 The growth rate of IA gratings in fibre types as indicated, for hot (red) and cold
(blue) hydrogenation conditions. This figure shows that in all cases, the cold hydrogenated
samples form faster than the hot samples. This shows that the inscription rate is related to
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Figure 6.6 _ Pre? (upper traces) and post- (lower traces) annealing spectra for type | and type
IA gratings written in fibre types as indicated, for hot (red) and cold (blue) hydrogenation
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conditions. This figure shows no significant spectral trend between the hydrogenation
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Figure 6.7 This figure shows the thermal coefficients for type | (left-hand traces) and type IA
(right-hand traces) gratings written in various fibre types (as indicated) for hot (red) and cold
(blue) hydrogenation conditions. This shows that in every measurable case, thet thermal
coefficient of both grating types was lower for the samples with higher concentration of H,
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Figure 6.8 Reproduced from [111]. The growth curves of gratings written under similar
conditions for 30mins for different hydrogenation pressures, as indicated. This figure
complements the results shown above and confirms the result that the rate at which IA
gratings may be inscribed is related to the saturation of H, molecules within the core. .....174

Figure 6.9 The refractive index model for IA gratings. The small modulated index change is
offset by the large mean index change of IA gratings. It is this huge mean index change that
differentiates |A gratings from all Other types. .......cccevvvvvririniiisiiiiiiiisssiicseesscnierianssennesnacns 170

Figure 6.10 Schematic showing the arrangement of apparatus used to map the far-field
image of radiation being emitted from samples of IA treated and virgin B/Ge fibre in a bid to
calculate/the INAOF the SAMPIES! st i it i v hsis face dovaranassnacsbassndumadssdias deen sobs sy s haren 176

Figure 6.11 Contour plots showing the beam diameters of 1511.2nm radiation emitted from
samples of virgin (left) and IA treated (right) Verillion fibre at various heights (as indicated)
above the fibre cleave. The plots show that the NA of the |A treated fibre is significantly
larger than the virgin fibre. The horizontal contours in some figures are a result of the
radiation:saturating the GG D array. « .t b St f e B Lrafliafit st s sk b bh ok saeb antabasantnasatas L

Figure 6.12 A plot showing the gradients of the acceptance cone vectors for |A treated (x)
and virgin (o) Verillion B/Ge fibre. It shows that IA treatment increases the acceptance angle
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Figure 6.13 Schematic experimental outline showing the dispersive effect of an optical
fibore when illuminated from the side by a visible laser source (top), the positioning of the
CCD array in the experiment with respect to the diffraction pattern (bottom, left), and the
manner in which the source should be scanned along the axis of the fibre (bottom, right). .....

................................................................................................................ 180

Figure 6.14 A contour plot showing the image of diffracted light from the fibre. The central
peak intensities show the position of the IA mean index change in the fibre. ..................... 180
Figure 6.15 A plot showing the overlaid intensities of the diffraction patterns along the fibre

axis of a type IA grating. The central peak corresponds to the position of the grating in the
fibre and may be used to calculate the resolution of the IA index change as the slope of the
sides represents the decay in the mean index at the edge of the IA change..........c.c......... 181

Figure 6.16 (a) (left) The absorption band at 1400nm, shown for continuing exposure and
(b) (right) the absorption band at 1400nm deconvolved to show its constituent peaks. This
figure shows that the OH band is made up from competing OH species..........c.ccoveverenn.... 183

Figure 6.17 Evolution of the OH band assaciated with the formation of IA gratings during
inscription in Verillion IF01001410101 B/Ge (red), Fibercore PS1250/1500 B/Ge (blue),
Fibercore SD079-00B Ge (green) and Fibercore SD748A-00AB Ge (black). This figure
shows that the competing OH species have are weighted according to fibre dopants and
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Figure 6.18 The OH band created by uniform exposure of a 20mm section of fibre to UV
radiation. Shown for Fibercore PS1250/1500 B/Ge (blue), Fibercore SD079-00B Ge (green),
Fibercore SD748A-00AB Ge (black), Fibercore Ge SD254-01B (yellow), Verillion
IF0100331001 Ge (red-dashed), Verillion FA1631211 Ge (magenta) and Corning SMF28
(cyan). This figure shows the contrast between the OH bands of different fibres more
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Figure 6.19 A schematic showing the connection of equipment used to demonstrate the IA
heating effect. P . S W e TR L e R LR e e SNy L R e e T

Figure 6.20 The shift in the Bragg wavelength of a IA grating heated with a 1410nm
tuneable laser of varying power levels which was controlled manually (a) (left) and by
computer (b) (right). This shows that the Bragg wavelength of a IA grating may be controlled
remotely with strictly OpHCal FEANS: s e sicictniuimsiiestamnsitntshobobabonshassses imes s s srsasossiosbatesste FOO

Figure 6.21 (a) (left) The OH band of the IA grating tested in this experiment, and (b)
(right) the shift in the Bragg wavelength of the IA grating when the tuneable laser was held t
a constant power and the wavelength was shifted up the edge of the OH band. This further
shows that the Bragg wavelength of a IA grating may be controlled remotely with strictly
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Figure 6.22 The overlaid reflection spectra of a |A-| dual grating under the heating effect of
a Raman laser source being used to heat the |IA grating. The type | grating remains at a
constant wavelength whilst the IA grating shifts despite the gratings being directly adjacent
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Figure 6.23 A plot of the wavelength shifts of the type | and IA gratings when heated with a
Raman source at 1425nm. This figure clearly shows a controllable change in the Bragg
wavelength of the IA grating and a constant Bragg wavelength of the type | grating. ........ 191

Figure 6.24 (a) (left) A simulation showing the decay in the intensity of the Raman laser
along the length of a 2mm IA grating. (b) (right) The overlaid reflection spectra of a IA
grating under the heating effect of a Raman laser. This figure shows that it is also possible
to tune the chirp of a IA grating by purely remote optical means. ........cccccevveeeececeiiiiieeeenns 192

Figure 6.25 (a) (left) A plot showing the linear relation between the FWHM bandwidth of a
IA grating and the intensity of the Raman laser. (b) (right) A plot showing the linear relation
between the Bragg wavelength shift of a IA grating and the intensity of the Raman laser. 193

Figure 6.26 Schematic showing the tuneable laser system used to characterise the
gratings during the heating cycle in the tubular oven. This system enabled 5pm resolution
with 100dB dynamic range on all 8 channels. ........ccccvieeeeeeeeiiieiece e seeereserieses e 195

Figure 6.27 (a) (left) The 80°C annealing curves for type | (blue) and IA (red) gratings for
sample reference FBG4 shown in terms of the ICC per unit length. (b) (right) The annealing
curves shown in terms of the Bragg wavelength shift during annealing. This figure shows
that the modulated index of the IA grating anneals significantly faster than the type |, but
their mean indexes anneal similarly due to H, outgassing. ...........ccccocoviivieecieecininnn.. 196

Figure 6.28 The 80°C annealing curves for type | (blue) and IA (red) gratings for 8 samples
shown in terms of the normalised ICC. This shows that the annealing curves for IA gratings
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Figure 6.29 The 80°C annealing curves for type | (a) (left) (blue) and IA (b) (right) (red)
gratings for 8 samples shown in terms of the normalised coupling coefficient and zoomed to
show the end of the process when the gratings were allowed to cool naturally to 25" at 70
hours. This shows a curiosity in the reflectances of the two grating types as the fibres cool. ..

Figure 6.30 80°C Annealing plots for type | (blue) and type IA (red) gratings written in
various fibre types (as indicated) for hot (upper) and cold (lower) hydrogenation conditions
shown in terms of the normalised ICC. This figure does not show any significant differences
in the annealing properties of the fibres under different hydrogenation conditions. ............199

Figure 6.31 ‘ _The spectra of type | (blue), IA (red), and IIA (green) gratings prior to
annealing written in B/Ge fibre. Each grating has the same period and demonstrates the
differences in the mean index of the three gratings. ............coooeeeooeoooooeoooe 200
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a type | grating in non-hydrogenated Fibercore

Figure 6.32 Showing the Agr of _ : _ ‘
PS1250/1500 with nes = 1.4441 as used to calculate the period of the inscribed gratings
during the annea“ng experiment. ______ ............‘..”“‘.“‘“.A..................................”””...............202

Figure 6.33 The decay in the mear? index experienced by type | (blue), IA (red) and IIA

0C (top, left), 200C (top, right), 300C (bottom, left) and
the first evidence that the mean index change of IA
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(green) gratings during heating at 10/
400C (bottom, right). This figure is
gratings also decays under moderate
Figure 6.34 The decay in the normalised integrated coupling constant (k) by type | (blue),
A (red) and 1A (green) gratings dur'ing hgatipg at 100C (top, left), 200C (top, _right), 300C
(bottom, left) and 400C (bottom, rigr‘t)- This figure shows that the type IA gratlngs present
the lowest thermal stability, being erased at only modest temperatures. This has profound

implications on the potential uses of IA GratINGS. ..o.ociririiiiies 204
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1. INTRODUCTION

PREAMBLE

The subject of this thesis is developments in the field of fibre Bragg grating (FBG) based
optical sensors. FBGs are reflective opitical filters which may be fabricated in sections of
optical fibre by exposure to spatially ‘modulated ultraviolet radiation. Figure 1.1 shows
the structure of an FBG in the core of an optical fibre.

FBGs find their origin from the work of Kenneth Hill and co-workers at the Canadian
Communications Research Centre (CIRC) [1]. Fibre gratings were discovered when a

fibre sample doped with germanium was used in an experiment concerning Raman lasers.

Figure 1.1 An image of a fibre Bragg grating showing the grating structure within the core of the
fibre.

OPTICAL SENSING

Optical sensing is simply the act of encoding measurand data by some optical means. An
early example is Moiré Fringes which are used in many optical rotational or linear
displacement sensors. More recently it has become common place to encode measurand
data such as temperature or strain (and many derivatives thereof) in terms of colour or
wavelength. Devices such as fibre Bragg gratings reflect a narrow bandwidth of light at a
central wavelength (termed the Bragg wavelength) determined by the period of the
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grating and the refractive index of the fibre core. In operation, elongation of the fibre
through applied strain results in a measurable shift in the Bragg wavelength of the device
through an increase in the period of the grating. Temperature changes may be detected
through the thermo-optic effect which is a change in the refractive index of the fibre
proportional to temperature (thermal expansion also accounts for ~10% of the measurable

shift in Bragg wavelength).

Optical sensing has grown in popularity as a result of the need for larger numbers of
sensors complying to more stringent weight limits. Historically it has not been possible to
achieve such targets with electrical sensors; the final Concorde prototype, Concorde 101,
flew with more than 12,000kg of test equipment, chiefly comprising traditional wire-film
strain gauges and their associated instrumentation equipment. This massive weight
accounted for almost the entire payload of the aircraft and all but filled the available
cabin space. The problem with this type of sensor system is that each sensor requires an
individual set of measurement circuitry, and more significantly, an individual wiring
loom from the sensor to the measurement circuitry. Although many techniques exist for
reducing the wiring requirements in such systems, it is not possible to multiplex such

devices at the most basic level.

Optical sensors, however, may be easily multiplexed in terms of time (TDM), wavelength
(WDM) or both, leading to large numbers of sensors in a single fibre. For a system of
given bandwidth, it is clearly possible to optically space a finite number sensors such that
the signal reflected by each device does not interfere with any of its neighbours during
transit. A TDM topology may be achieved by taking account of the transit time between
points within a length of fibre. By combining the two multiplexing regimes large arrays
of sensors may be built within a single low-loss fibre of considerable length. The result of
this technology is that a modern day equivalent of Concorde, probably requiring an order
of magnitude more sensors, would be implemented optically and would require only a
small number of arrays. An additionally beneficial aspect of optical fibre sensors is that
the fibres are sufficiently small (having an un-clad external diameter of only 125um) to

be embedded within composite structures. This property has lead to the practical reality
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of smart structures with bridges and d aircraft alike being able to react in real time to

different loading conditions.

In the case of fibre Bragg grating optbtical sensors, the measurand information is usually
encoded as a derivative of the fundammental sensitivities, strain and temperature. Because
these sensitivities coexist, unless a serensor is exposed to only one type of environmental
change it is not possible for a decodiding system to distinguish strain from temperature.
Unfortunately, such situations are commmon and provision must be made for de-coupling
the information. Another drawback:k of FBG based optical sensors is that the
instrumentation required to convert wavavelength shifts to measurand data is often delicate

and extremely expensive.

This thesis suggests viable solutions ti to these problems using novel implementations of
FBG based devices and demonstratates their use. It shows the development of an
interrogation system that is compact, |, low-cost and rugged and also shows a method of
fabricating a sensor capable of decouplpling temperature and strain. In doing so, this thesis
documents substantial findings in theie field of fibre photosensitivity known as type 1A

photosensitivity.

In order that the reader may gain a hisistorical perspective of this thesis, a timeline of the

key milestones leading to this work is s shown below:
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Sir William Henry Bragg (1862 to 1942) and William Lawrence Bragg (1890 fo

pED 1971) were jointly awarded the Nobel Prize for Physics.

Hill et al discovered fibre gratings during experiments using 488nm radiation
1978 and germanosillicate optical fibre. This was the first report of _ﬁbre [1]
photosensitivity and the gratings produced later became known as Hill gratings.

Lam and Garside determined that Hill gratings had been the result of two
photon absorption. Their work led to the prediction that photons at 5eV 2]
(244nm) could be used to induce refractive index changes by absorption of a

single photon thereby significantly increasing writing efficiency.

1981

Meltz and Morey reported the successful side writing of FBGs through the
cladding of an optical fibre using a transverse holographic method. This

1989 discovery enabled the inscription of gratings at a wavelength determined by the [3]
angle of the interfering beams and was instrumental to the beginning of
widespread research interest in the topic.

Hill et al and Anderson et al published independent reports of FBG inscription

using a phasemask. The use of a phasemask has enabled near identical [4, 5]
gratings to be manufactured on a large scale and has been largely responsible :
for the commercialisation of FBG based devices.

1993

Meltz et al reported the fabrication of a fibre optic tap. This was a tilted grating (6]

1950 structure that radiated light guided in the core.

Liu reported the discovery of a regenerated grating with a significantly reduced 7]

2901 thermo-optic effect and large mean index shift.

Since Hill et al’s discovery, the subject has evolved such that there is a sufficiently large
body of information to produce several review articles on FBGs (e.g. [8-11]), on FBG
sensors (e.g. [12-16]) and a further selection of books encompassing the subject as a
whole (e.g. [17, 18]).

THESIS OUTLINE

Chapter 2: Theoretical Basis

Chapter 2 provides the relevant theoretical background for the remainder of the thesis.
The photosensitivity of fibres to UV radiation and the associated decay is discussed at
length giving an important insight into the work of all chapters, particularly Chapters 5 &
6. Fibre gratings are discussed; including a mathematical explanation for the “fibre optic
tap” reported by Meltz et al [6], pertinent to Chapter 4, and the operation of FBG sensors,
pertinent to Chapters 5 & 6. Sensor cross-sensitivity is shown mathematically and a

means by which solutions may be compared like-for-like is provided.

=10



Chapter 3: Optical Fibre Sensors

Chapter 3 serves largely as a review of literature available in the subject relevant to this
thesis. It provides a vital basis for Chapters 4 to 6 by setting the work in context and
giving the reader a reference for alternative solutions to problems solved and

developments made therein.

Optical fibre sensors are discussed in general, leading to a detailed review of FBGs, their
operation, manufacture and uses. This in turn leads to a review of temperature-strain
cross-sensitivity and a direct comparison of the published methods for overcoming this.
Finally, the interrogation of optical sensors is discussed in relation to spectroscopic

methods using blazed FBGs.
Chapter 4: Blazed Fibre Grating Spectroscopy

Chapter 4 gives a detailed account of the experimental work performed on the subject of
blazed FBG spectrometers. The chapter shows accurately profiled radiation mode
patterns and demonstrates how these modes move and change with wavelength, blaze
angle and fibre type. From this work a spectrometer pre-prototype is developed and
system testing information is provided indicating a successful spectrometer design. A
novel design is then provided wherein blazed FBGs are superimposed to increase the
bandwidth of the system. The pre-prototype is then formally prototyped yielding

significant gains in system stability, accuracy and resolution.
Chapter 5: Type IA Fibre Bragg Gratings, Fabrication and Applications

Chapter 5 details the fabrication and application of type IA gratings. In doing so it draws
several conclusions relating to the photosensitivity effects and reactions underlying their
formation. A detailed report of the unique characteristics of TA gratings is provided and
best-practice is suggested for the inscription of these regenerated gratings. This
discussion is expanded to include important fabrication parameters, such and the need for

uniformity of exposure along the length of the inscription site. This chapter concludes
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with a description of how best to use the properties of IA gratings to manufacture a self-

referencing independent temperature and strain sensor head.
Chapter 6: Type IA Fibre Bragg Gratings, Fundamental Investigation

Chapter 6 discusses the parameters which affect the growth of IA gratings and the
physical properties of the mature grating. This chapter provides a substantial body of
information on gratings formed in several fibre types with varying dopant levels and
differing hydrogenation saturation levels within the fibres. A previously unreported (in
relation to [A gratings) absorption band at 1400nm is reported and shown to be useable
for selective grating tuning by optical means. Finally, considerable experimental data is
provided on the annealing properties of IA gratings and their longevity at elevated

temperatures.
Chapter 7: Thesis Conclusions

Chapter 7 provides a concluding overview of the thesis.
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2. THEORETICAL BASIS

2.1. PREAMBLE

Fibre Bragg gratings have been the subject of intense research for several years, their
small size, ease of multiplexing and reliability have made them indispensable to the
telecommunication and optical sensing markets. This chapter introduces the fundamental
theoretical concepts which must be outlined to enable the reader to understand the content
of the later chapters. This chapter introduces and discusses the photosensitivity of silica
fibres to ultraviolet radiation, the mechanism by which Bragg gratings may be inscribed
within silica fibres, and the decay of these gratings at elevated temperatures. Following
this, fibre geometrics are discussed and the concept of blazing grating fringes such that
light guided by the core of the fibre may be radiated from the side of the fibre is
introduced. A mathematical description of in-fibre Bragg gratings as optical sensors is

presented and followed by a discussion of sensor cross-sensitivity.
2.2. PHOTOSENSITIVITY IN OPTICAL FIBRES

Photosensitivity of optical fibres manifests itself as a change in refractive index following
exposure to UV radiation. It is fundamental to the inscription of fibre gratings and an

understanding of current thinking is essential for this work.

It is extremely well known that Hill et al were the first researchers to report the UV
photosensitivity of optical fibres in 1978 [1] in the paper which spawned intense
worldwide research into the subject of fibre Bragg gratings (FBGs). However, despite the
widespread academic interest photosensitivity has received, there is still no one theory
which can explain photosensitivity in all cases; indeed there is still much disagreement on
the subject. There is consensus, however, that photosensitivity is a combination of several
effects and that the relative contributions from each differ according to fibre type, fibre

preparation (hydrogenation, flame brushing, etc) and inscription details.

There are currently at least six published theories which interleave significantly. These

are set out for completeness in Table 2.1.
e



Photosensitivity model Author Year  Reference
Compaction / densification  Fiori & Devine 1986 [19]
lonic migration Lawandy 1989 [20]
Colour-centre Hand & Russell 1990 [21]
Electron charge migration Attard 1992 [22]
Stress relief Sceats 1993 [23]
Permanent electric dipole Williams et al 1993 [24]

Table 2.1 A summary of some of the current models for UV photosensitivity in silica fibres

2.2.1. Point defects (colour centres)

It is believed that the mechanism of photosensitivity is linked to the UV absorption band

resulting from oxygen deficiencies in the crystal structure of the fibre [25].
2.2.1.1. Silicon glass

Point defects are responsible for (for example) unwanted absorption bands affecting
telecommunication transmission over fibres, non-linear optical fibre transmission and the
fibre fuse effect. Point defects are also believed to be responsible for the phenomenon of
photosensitivity in optical fibres, to this end, extensive research using electron spin
resonance (ESR) techniques has identified a number of point defects in silica glass. Three
intrinsic defects in silica glass are now known: the E’ centre, the nonbonding [or
nonbridging] oxygen hole centre (NBOHC), and the peroxy centre [18]. Although widely
accepted as constituting one of the fundamental mechanisms behind photosensitivity,

their structure, role and photochemistry are still uncertain.
2.2.1.2. Germanosillicate glass

Germanium has two stable oxides and thus can be expected to occur as both GeO and
GeO,. GeO may also exist as discrete molecules; however, it is believed to be more likely
to exist as Ge-Si wrong bonds which themselves are believed to be point defect
forerunners. Thermodynamic analysis predicts that a defect centre known as a
germanium-oxygen deficiency centre (GODC) exists at a level proportional to that of
GeO,. A characteristic of GeO defect centres is a luminescence at 400nm seen as a blue

glow at the inscription site when inscribing gratings with 240nm radiation [26].
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Photo-ionisation of GODCs, Ge-Si or Ge-Ge, creates positively charged GeE’ hole
centres and free electrons. The defect is fixed to the matrix, but the electron has enough
energy to escape and so diffuses into neighbouring Ge(1) and Ge(2) sites to form
negatively charged traps [24]. Simmons et al [25] showed the presence of the GeE’ as
characterised by a singly charged oxygen vacancy using ESR techniques. They further
showed that the number of GeE’ sites in the samples had a strong wavelength dependence
which was consistent with the two-photon process proposed some ten years earlier [2, 27]
and now widely accepted as the mechanism behind the original Hill gratings [1]. The
result of this work is that GeE’ centres are known to form according to a two-photon
process with inscription wavelengths of 488nm or a one-photon process when using
244nm radiation [28]. Note that the absorption band at 240nm has a FWHM bandwidth
of more than 25nm [26] meaning that sufficient energy may be imparted by lasers within

this band.

Williams et al reported the first observation of bleaching in the 240nm band under the
action of UV radiation [29]. The electrons released during this bleaching and formation
of GeE’ centres are believed to form further defect centres. This was supported by Atkins
et al, using UV inscription lasers of 242nm [30] and 248nm [31] who further showed that

the resultant defect centres are responsible for changes in the UV absorption spectrum.

Any change in the refractive index may be related to the photo-induced change in

absorption through the Kramers-Kronig' relation, expressed as [18]:

B A
Equation21  An,, (/1) = 21 - P-[l T;”/&A))’di
> e A

"It is a general property of complex functions describing a physical reality that under certain conditions the
real and imaginary parts are directly related. The relation is called the Kramers-Kronig relation. It is a
mathematical not a physical property and demands that two conditions are met; causality (no output before
an input) and linearity, In this case the Kramers-Kronig technique yields an analysis of the reflection

spectrum which allows determination of the experimental dielectric function.
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where P is the principal part of the integral, An,, () is the change in refractive index

and Aa,, (1) is the effective change in the absorption coefficient of the defect. This

demonstrates that the index change produced in the IR to visible range of the spectrum by
photo-induced processing results from a change in the absorption spectrum of the glass in
the UV to far-UV spectrum [21, 27, 32, 33]. Experimental support for the GeE’ model is
substantial, e.g. [25, 29-31, 34]. This defect centre model, however, yields only an
approximation of the change in refractive index and there is evidence that it does not

provide a complete explanation for all experimental observations [35-37].
2.2.2. Compaction / densification

A large portion of the UV induced refractive index changes in non-hydrogen loaded
fibres is thought to be a result of densification of silica and has experimental accreditation
[38]. The densification model is based on laser irradiation induced density increases that
result in an increase in the refractive index of the glass. Fiori & Devine [19] originally
showed that thermally reversible compaction was possible in amorphous silica grown on
Si wafers. The film reduced in thickness by ~16% and returned to its original state after
one hour at 950°C in a vacuum. Longer term radiation resulted in a permanent
densification. However, Malo er al showed [39] that annealing at 1200°C removes the

photosensitivity of germanosilicate glass irrecoverably.

Douay et al provide a comprehensive review of the photoelastic densification models
[40].

2.2.3. Enhancing photosensitivity

2.2.3.1. Co-doping of germanosilicate optical fibres

The inclusion of co-dopants, such as boron [41] or tin [42] in germanosillicate fibres
results in the enhancement of the UV photosensitivity. Boron doping in particular has
become widely used after its introduction by Williams et al [41] and is particularly
effective. It can lead to an index change 4 times greater than that obtained in pure

germanosillicate fibres (for a given level of Ge doping) and it has been shown that an
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index change of 107 in non-hydrogenated fibres and 10 in hydrogenated fibres [43, 44]
is possible. Absorption measurements suggest that the mechanism responsible is different

from the photo-bleaching of GODCs [41].

[n addition to increasing the photosensitivity, Section 6.2 of this thesis shows that the
addition of boron to germanosillicate fibres has a profound effect on the energy required
to fabricate type IA gratings. Gratings in B/Ge fibres are shown to form significantly
faster than those in pure Ge doped fibres; indeed the Ge only fibres require more than 5

times more energy to form IA gratings given otherwise identical preparation conditions.

Boron co-doping is often used to alter the refractive index of optical glasses. For
example, in order that highly intrinsically photosensitive fibres may be manufactured and
used in applications where splicing to standard fibre is necessary, boron is often added as
a co-dopant because its presence has the opposite effect of Ge on the refractive index of
fused silica in that it reduces it. It is believed that the effect on the refractive index of
boron is enhanced by the natural quenching process of optical fibres during the drawing
process. Large differences in the thermal properties of the boron doped core and the silica
cladding cause a build up of stresses which decrease the refractive index further
according to the stress-optic effect. By balancing the B and Ge levels, fibre manufacturers
are able to make fibres which are highly photosensitive, without the requirement of costly

hydrogenation, and which possess NA values extremely close to that of standard fibre.

It is from knowledge of the stress related index reducing properties of boron that the
current understanding of the mechanism by which boron enhances photosensitivity is
deduced. Heating caused by the absorption of UV causes stress relaxation to occur. It is
postulated that the refractive index increases through photo-induced stress relaxation

initiated by the breaking of wrong-bonds by UV light [45].
2.2.3.2. Hydrogenation of germanosilicate optical fibres

Hydrogenation was introduced as a method to increase the intrinsic photosensitivity of

optical fibres by Lemaire ef al in 1993 [43, 44]. The technique is a simple one, and

requires that the fibres be soaked in hydrogen at pressures of typically 150-225bar at
S




temperatures of 25°C to 80°C. In non-hydrogenated germanosillicate glasses, the number
of GODCs in the lattice is dependent on the number of naturally occurring defects. It is
believed that the process of hydrogenating germanosillicate optical fibres enhances
photosensitivity because the hydrogen has the capability to turn all Ge atoms in the lattice
into GODCs and that these GODC and OH species are formed by thermally driven
reactions of H, and Si-O-Ge glass sites. The photosensitivity mechanism of hydrogenated
fibre is dependent on the interactions between germanium, silica and hydrogen
molecules, coupled with the UV exposure conditions. Under UV exposure, an OH band is
formed at ~1400nm which comprises two peaks at 1390nm and 1410nm. This is
attributed to OH groups of Si and Ge respectively that do not form in fibres which have
not been first loaded with Hy. This absorption band is shown in Figure 2.1 [11, 18, 46].
Figure 2.1b shows the growth of the OH band with increasing fluence for a fully
hydrogen loaded B/Ge co-doped fibre. Canning et al [46] showed that the level of
hydrogen present in the fibre is proportional to the size of the absorption band at 1400nm.
They further showed that pre-sensitisation of the fibre by hydrogen loading followed by
hydrogen outgassing may be used to enhance the photosensitivity without forming a large
OH band. Section 6.2.2.1 shows, however, that type IA gratings do not form in pre-

sensitised optical fibres and that they require the presence of hydrogen.

Aston University

Nlustration removed for copyright restrictions

Figure 2.1 (a) (left) Reproduced from [11]. The absorption spectrum changes in the IR region
for a hydrogenated germanosilicate optical fibre. (b) (right) Reproduced from [46].

f$I:|;Jectra of OH and near-IR attenuation bands for a fully H; loaded B/Ge co-doped
1ore.




Viswanathan et al [47] recently reported a noteworthy development in the procedure of
hydrogenating optical fibres. They used an ultra-high pressure setup and diluted H, with
only latm partial pressure of H,. In their method, the H, is diluted with gasses such as
argon, carbon dioxide, methane or ethane at pressures >1000atm. They showed that these
high pressure mixtures enhanced the photosensitivity of the fibre above that achievable
using the equivalent H, partial pressure because the diluent gasses have the ability to
enhance the fugacity of the H in the mixture. The fugacity of the gas depends on the
temperature, pressure and selection of diluent gas. However, the need for a pressure
vessel capable of safely containing such large pressures has prevented this method being

widely adopted by research or industrial facilities thus far.

Note that although some evidence exists that low level hydrogenation can increase the
rate at which type IIA photosensitivity occurs [48] it is not widely experimentally
supported, being contradicted even by its own authors [40]. This becomes important

when considering the similarities between IA and IIA gratings.
2.2.3.3. Hydrogen saturation levels

The concentration of hydrogen molecules and the rate at which these molecules diffuse
into the core of the optical fibre depend on the temperature and pressure at which the
fibre is soaked. The concentration of H, molecules in the core of an optical fibre at

saturation (the equilibrium solubility), k., , is given by [49]:

8670J / mol
RT

sar

Equation22 «_ = 3.3481pexp[ } [ppm] (1 ppm = 10®° moles H, / mole SiO,)

where p is the pressure of the hydrogen in atmospheres, 7" is the temperature in Kelvin,
and R is the gas constant (8.31451 JK'mol™). The saturated hydrogen concentration
increases linearly with pressure and decreases as the temperature increases. The variance
in x,, for changes of p and 7 is shown in Figure 2.2a. The diffusivity of hydrogen

molecules in silica is given by [49]:




. —40190J / mol k
Equation2.3  d,, :2.83*10'4pexp[ i j| [cm%s™]

RT
and increases with both pressure and temperature.

The variance in d,, for changes of p and 7'is shown in Figure 2.2b. Figure 2.2 shows the

trade off which must be made when hydrogenating optical fibres; higher temperatures
mean that it is possible to hydrogenate fibres relatively quickly, but only at the expense of

the final concentration of hydrogen in the core of the fibre.
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Figure 2.2 (a) (left) The variance in the hydrogen saturation levels of a silica fibre core for

changes of p and T, and (b) (right) The variance in the diffusivity of hydrogen in silica
for changes of p and T.

The solution on the axis for outward diffusion in cylindrical geometry is conveniently
given by Crank [50] as:

4d,, 1

Sat

_ C a
Equation24 —=1-exp| ———
where C'is the concentration of hydrogen in the fibre and a is the fibre radius.

2.2.3.4. Flame brushing of germanosilicate optical fibres

The intrinsic photosensitivity of germanosilicate optical fibres may be increased by flame
brushing. Flame brushing requires the fibre to be immersed in the flame of a hydrogen-

oxygen burner at a temperature ~1700°C for around 20 minutes [51]. This method
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induces a strong absorption band in the 240nm UV band, typically reaching 700dB.mm’")
[18]. The effect is localised to the germanium doped fibre core leaving the cladding
properties unaffected. It has been shown that this technique is capable of increasing the
UV photosensitivity of the fibre by a factor of 10 and that it is possible to achieve >107

changes in the refractive index of the core [51].
2.2.4. Multi-photon absorption
It is extremely well known that the energy of a photon was defined by Niels Bohr as:

Equation 2.5 E=hf = %

where / is Planck’s constant (6.63x107* J.s™), fis the frequency of the photon and c is the
speed of light (2.998x10% m.s™'). Bohr showed that the energy of a photon emitted by the

transition of an atom from an excited energy state (E,) to the ground state (Ey) is:

Equation2.6  Af = %C- =FE, =E;

Similarly, the energy required to raise an electron from E, to E; is equal to |E| - En| .

Excited state

E, i

Ground state

(@) Single photon absorption (b) Two photon absorption (¢) Three photon absorption

Figure 2.3 A schematic demonstration of multi-photon absorption. The figure shows the energy

requirements of a photon, or multiple photons absorbed quasi-simultaneously, to
move an atom from state E, to E;.

s




It is now widely accepted that the original Hill gratings [1] were formed by a 2-photon
process at 488nm, which is shown schematically in Figure 2.3b. The photon energy at
this wavelength is 2.54eV (1eV = 1.602x107%]); to perform the transition with a single
absorbed photon, the photon must have twice the energy, as shown in Figure 2.3a. The
wavelength of light having 5.08eV per photon is 244nm; thus UV lasers at this
wavelength are now used to inscribe gratings. The associated absorption band has a
FWHM bandwidth of >25nm; thus gratings within this spectral region are commonly

used, such as the Ar' lasers at 244nm used in this thesis.

In the single photon case, transitions will occur when a photon excites an electron in the
ground state; this will occur with a probability P which is related to the density of
photons at the site. Clearly then, the two photon case requires two photons to quasi-
simultaneously excite an electron and the probability is therefore P°. It follows that a
three photon transition has probability 2’ (and so on). If we plot photon density against
atomic transitions, the gradient will be equal to the number of photons required to move

the electron to the excited state, as shown in Figure 2.4.

!cmg10 (Transitions per photon)

log 1 (Photon density)

Figure 2.4  Plotting photon density against atomic transitions, showing the gradients of multi-
photon processes. By plotting this figure using experimental data it is possible to
determine the number of photons which must be quasi-simultaneously absorbed for
an atomic transition to take place.
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2.2.5. Photosensitivity / photosensitisation summary

There are three widely recognised types of photosensitivity observable in germanosilicate

fibres under UV inscription; type I, II and ITA. These are summarised below in Table 2.2,

which also shows the lesser known IA index changes.

Type Description Photosensitisation Refractive index change
Standard grating, written in both None Ningd = 1x107
hydrogenated and non- B doping Aot = 1X10°™
hydrogenated fibre of all types.  £jme brushing Nimog = 1x107°
" Hydrogenation (H,) Nmog = 3x10°°
Regenerated grating written after H, Amea = 110, Ningen = 1:8%107

IA erasure of a type | grating in 5
hydrogenated germanosilicate  H, & B doping Rrod = 3%10°, Nmean = 1.8x10°
fibre of all types.

Il Damage written gratings (pulsed UV, not CW) Ninod = 2%10™°
Regenerated grating written after B co-doping (no H,)
erasure of a type | grating in = 3 =310

I3 %hydrogen-free germanosilicate  Strain Mimod = 1X10°, Nimean = -3x
fibres.

Table 2.2 A summary of the refractive index changes associated with various fibre treatments.

The table shows modulated (grating strength) and mean (grating offset) index

changes.
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2.3. DEcAY oF UV INDUCED GERMANOSILICATE GRATINGS

The index change achieved by exposure to UV radiation is not permanent. Standard fibre
gratings are widely accepted as having a lifetime of 25 years at room temperature. Sensor
gratings are often required to operate for prolonged periods of time at elevated
temperatures and it is therefore necessary to study the decay of FBGs in order that safe

working constraints may be imposed.

Williams and Smith [52] studied the thermal stability of strong and weak gratings. They
showed that proper stabilisation by annealing ensures that the gratings remain extremely
stable and may be expected to last at least 25 years. This result was confirmed by Kannan
et al [53] among others. Ishikawa et al [54] proposed a model by which the proper
annealing time may be calculated. Patrick et al [55] compared the stability of
hydrogenated and non-hydrogenated germanosilicate fibres and concluded that gratings
written in hydrogen-free fibre were significantly more stable at elevated temperatures.
Aslund et al [56] showed that pre-sensitised fibres (refer to Section 2.2.3.2) are more
thermally stable than hydrogenated fibres. Niay er al [37] showed that UV grating
inscription using either CW or pulsed sources resulted in gratings possessing the same
clevated temperature stability properties (for the same grating types, and after proper

annealing).
2.3.1. Modulated index changes during annealing

The modulated index change may be represented by the integrated coupling constant
(ICC) in preference to reflectivity or peak transmission loss because this quantity is
proportional to the UV-induced refractive index change, even for cases where the

gratings are non-uniform. This quantity may be calculated according to [57]:

Equation 2.7 ICC = tanh ' \J1=T

where Ty is the transmission minimum, i.e. the grating peak reflectance 1-T=R. It is

possible to normalise ICC plots according to grating length, i.e. /CC'= [—CE or initial

SR




1I6G : z
Coo =11, or both which enables the direct comparison of

amplitude, i.e. ICC"(t) =
1CC(1)

gratings with different lengths or initial reflectances.

Erdogan et al showed that initially gratings decay extremely quickly which is followed by
a substantial decrease in the rate of decay at longer times. They concluded that this
behaviour was indicative of a power law dependence on time and could be fitted

according to [57]:
I

1+A(%]a

where the factor 4 and exponent & depend on temperature and are dimensionless, whilst

Equation28 7=

t; = Imin in order to keep dimensions consistent. Baker et al [58] confirmed the power
law thermal decay model holds well for non-hydrogenated fibres but went on to suggest

that for hydrogenated fibres it was a poor fit.
2.3.2. Mean index changes during annealing

A study of the wavelength shift of FBGs manufactured in hydrogenated germanosilicate
(Corning SMF28) fibre by Masuda et al [59] showed that the wavelength shift during
annealing was solely due to the outgassing of H, from the fibre. This was shown by
annealing a specimen grating then re-hydrogenating it and then annealing it again. During
both annealing processes the wavelength evolution was shown to be the same, and hence
they concluded their result. However, Chisholm et al [60] showed that for boron-
germanium co-doped silica fibres, the wavelength decay even occurred after the
hydrogen had out gassed. Pal et a/ [61] showed that the power law model used to model

modulated index decay may be modified to model the decay in mean index.
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2.4. FIBRE BRAGG GRATINGS

Fibre Bragg gratings (FBGs) are periodic perturbations in the refractive index of the core
of an optical fibre core and were first reported by Hill e a/ [1]. The fundamental principle
behind FBGs is that of Bragg reflection. When light propagates through regions of
periodically modulated refractive index (known as fringes), small reflections take place at
cach boundary. If the spacing between the reflections is such that their round trip is an
integral number of wavelengths, then these reflections add in-phase and the reflection can

grow to almost 100%.

np Iy

_»N

T Sl v

y

Figure 2.5 A schematic diagram showing the structure of a fibre Bragg grating of a given period
in a step index optical fibre.

[t follows that this in-phase condition must only be possible for specific wavelengths
since the round trip distance is determined by the spacing of the index modulations.

Consequently, all other wavelengths result in cancellation and high transmission results.
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It is this condition for high reflection, known as the Bragg condition, which determines

the Bragg wavelength (Agg) of an FBG and is given by [62]:

Equation2.9 4, = 2n,, A

where n.5 is the effective (average) refractive index of the guided mode and A is the
period of the refractive index perturbation maxima. The refractive index profile of a fibre

Bragg grating is shown schematically in Figure 2.5 and may be described according to

An cos [ﬁi).
A

where, 4n is the amplitude of the induced refractive index perturbation from peak-to-

the following equation [18]:

Equation2.10 n(z)=n,, +

peak. The coupled mode theory analysis of Lam et al [2] (which is well documented by,
for example [17, 18]) may be used to predict that the reflectivity, R, of an FBG with

sinusoidal fringes and of length, /, is given by:
Equation 2.11 R = tanh’ («1)
where « is the coupling coefficient of the fibre and is given by [18]:

TAnn

Equation 2.12 « =
BR

where 7 is an efficiency giving a measure of how much optical power guided by the

fibre is within the core at the physical location of the grating. It may be approximated

according to n=1— Vlz where V is the so called V-parameter of the fibre, given by [62]:

2
Equation2.13 V = gfaNA = %an, V2A
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where NA is the numerical aperture of the fibre. The V-parameter is <2.405 for single

mode fibres..

The modulated refractive index may be approximated according to [18]:

Equation 2.14 An,_ = (iﬂ%fjtanh" (,/1 =1 )

where 7,,,;, is the transmission loss at the Bragg wavelength.
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2.5. BLAZED FIBRE BRAGG GRA TINGS

Blazing (or tilting') the index perturbations shown in Figure 2.5 results in modes which
were previously confined to the core being coupled to loosely bound guided-cladding or
radiation modes. This principle forms the basis of the spectrometers designed and
documented in Chapter 4. The bandwidth of radiated light and the efficiency at which

these core modes are out-coupled is dependent on the strength and angle of the index

perturbations.

Transmission loss [dB]

8deg, B/Ge, 5mm |

1450 1500 1550 1600
Wavelength [nm]

Figure 2.6 The transmission spectra of an example BFBG shown in air (blue) and immersed in
index matching gel (red). The trace in air shows the resonant structure caused by
the cladding-air interface of the fibre and may be removed by simulating the infinite
cladding condition by immersion in index matching gel.

Figure 2.6 shows the transmission profile of a typical BFBG. This particular specimen is

a Smm grating manufactured by the phasemask method (refer to Section 3.3.1) in B/Ge

' The terms “blazed” and “blazing™ have been widely adopted in place of the more accurate terms “tilted”
and “tilting” in common literature. Speaking strictly, a tilted fibre Bragg grating may only be described as
blazed if the angle of incidence is equal to the angle of reflection. This is not the case for the majority of so
called blazed fibre Bragg gratings. However, this thesis accepts convention and will refer to blazed

gratings.
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co-doped fibre. The blue trace shows a resonant structure which is caused by reflections
at the cladding-air boundary. These may be removed by immersing the grating in index

matching gel which simulates the infinite cladding condition. The result of so doing is

shown in red.

The refractive index distribution in a BEBG structure is given by:
2 2z .
Equation 2.15  n(z,x) = Ancos l:—A]Ecos Ez— -% sin cf.\‘]

where z and x are the coordinate axes defining the fibre orientation and & is the internal

fringe tilt angle, as depicted in Figure 2.7.
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Figure 2.7 A schematic diagram showing the structure of a fibre Bragg grating of a given period
in a step index optical fibre whose fringes have been tiled (or blazed) with respect to
the fibre normal. Also shown in the coordinate system which is used throughout this
thesis.

-40 -




The radiation mode vector is highly directional and its exit angle is related to the fringe

angle. This may be modelled using the volume current method suggested by Li et al [63].

L?a;%

in

Figure 2.8 (a) (upper) The vector diagram of a BFBG for the Bragg condition (b) (lower) and the
vector projection on the x-axis.

Figure 2.8a shows the vector diagram of a BFBG at the phase matching (Bragg)
condition, we have:

L L L
Equation2.16 K, =K +K,

R in

it follows that if we consider the projection on the x-axis, as indicated in Figure 2.8b

where k = ’%| , we have:

Equation 2.17  k,, =k, cos(&)—k, cos(6)

2
where, k, =n_k,, k; = % ,and k, =n,k,

so Equation 2.17 becomes

2 e (&)=rk

Equation 2.18 008(6’) = =
n,k,

« 41 =




2
where k&, = —f , thus Equation 2.18 reduces to:

iCOS(é:) LY
Equation 2.19 cos(6) =2 :

n,

This analysis shows that the angle of radiation from a BFBG is a function of wavelength,

blaze angle and the period of the grating.

The peak wavelength of the light radiated by a BFBG is given by Li et al [63] as:

Equation2.20 4, =1,y A gy (1+c082&) = 2n,, A cos (&)

where A, is defined in Figure 2.7.

For a uniform period grating, Equation 2.19 tells us that the radiation modes are parallel
in the x-z elevation, but divergent in the azimuthal direction due to the circular geometry
of the core and cladding. It is therefore possible to manufacture a chirped BFBG having
different solutions of Equation 2.19 along the z-axis. This was first reported by Wagner et
al [64] who showed that radiation modes converge at a point determined by the chirp

rate. They approximated that the focal length, f, of a chirped BFBG to be: 5

Equation 221 f =~ 4 106, 1) "
Acos(&)C |

where C is the uniform chirp rate in nm/cm.

Side-detection of radiation modes offers many application-specific advantages ascribable i
to its highly predictable spectral-spatial relationship; for example, in conjunction with a ‘
CCD detector array, the function of side-tapping light with high spatial resolution may be
utilised to implement a spectrometer function or to form the basis for low-cost WDM
devices. The wavelength component is the basis by which BFBGs may be used as

spectrometers or WDM add-drop components (for example).
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2.5.1. Inscription considerations

The operation of tilting the grating has an effect upon the period of the inscribed grating.
A comprehensive study by Mihailov et al [65, 66] shows that the internal grating period

of a BFBG (A) is related to the UV interference fringe period (Agxt) according to:

Equation 222 A = i\-ﬂ—c?—s(él
€08 (&rr )

in both the phasemask and the holographic cases (see Section 3.3 for a discussion of the
two manufacture techniques) where &,,,. is the angle of the fringes externally incident to

the fibre.
2.5.1.1. Phasemask inscription

Owing to the cylindrical geometry of the fibre, the internal fringe angle (&) is not the

same as the external phasemask angle (&,,, ). This is effect is shown in Figure 2.9,

Aston University
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Figure 2.9 Reproduced from [66]. A demonstration of the difference between the internal and
external fringe angles of a BFBG using a glass rod.

The relation between internal and external fringe angles is given by [65, 66]:

n J
Equation 223 &=——tan"

sl
2 ntan (&, )

G o



where 7 is the refractive index of the fibre.

In the case of the phasemask inscription method, the normal period of the grating is

solely determined by the period of the mask, that is:

Equation2.24 A, = 7S Nh

The grating period is thus independent from the tilting operation.
2.5.1.2. Holographic inscription

In the case of holographic fabrication, the fibre is rotated within the region of interference

of the two inscribing beams. In this case, the internal fringe angle, &, is described by

[67]:

Equation 2.25 ¢ = %‘:arcsin(lsin (a+&py )J — arcsin (lsin(a —Cexr )H
n n

where « is the angle between the two interfering beams and & 18 the fibre tilt angle.

Simple geometry shows that the grating period is a function of &.r and may be expressed

as [67]:

A
Equation 2.26 A= e

2nsin ( %[arcsin (l sin(a+&,,, )J +arcsin [l sin(a—&,,, )JD
n n

Thus, in contradiction to the phasemask case, the period of blazed gratings formed using

the holographic technique is related to the tilt angle of the grating.
2.5.2. Polarisation considerations

Theoretical simulations of the far-field image formed by light radiated from a BFBG
performed by Zhou [68] have shown that the polarisation sensitivity of BFBGs is

insignificant for wavelengths close to the Bragg resonance of the grating, when the blaze
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angle is <~10". However, when the incident radiation is at a wavelength which is

sufficiently separated from the grating, the polarisation dependency becomes significant.

Aston University
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Figure 2.10 Reproduced from [68]. The simulated far-field images for 0° and 90° polarised
633mn and 1560nm radiation, as indicated. The figure shows that at wavelengths
close to the Bragg resonance the polarisation sensitivity is negligible, but at
wavelengths distant from this value the radiated image is heavily polarisation
dependant.

Figure 2.10a&b show the large difference in radiation profile for a 7° grating with central
Bragg resonance of 1540nm for polarisation states of 0° and 90° illuminated with a
630nm He-Ne laser source. It shows that at this wavelength, the radiation profile is
extremely sensitive to polarisation state. However, as the radiated light approaches the
Bragg resonance (Figure 2.10c&d) the polarisation sensitivity becomes negligible, and
the radiated strength becomes significantly (5 orders of magnitude) higher. Further
theoretical study by Zhou [69] has shown that when the blaze angle approaches 45° the
A5l



polarisation characteristics are significant for wavelengths close to the Bragg wavelength

and it is possible to fabricate an in-fibre polariser.
2.5.2.1. 45° BFBGs

As an alternative to coupled mode theory, the spectrum of a BFBG may be simulated
using the volume current method (also known as Green’s Function) [63]. The loss of core

mode in a small section (67 ) of a BFBG in single mode fibre can thus be expressed as
[69]:

Equation 2.27 Loss=—y -6/

where y is the loss coefficient and can be calculated using [69]:

ko’ 1 K!(aw)
4n w K7 (aw)

Equation 2.28 ¥ =-—

where £, :% is wave vector of the light in vacuum, &n and n are the perturbation and

original refractive indexes of the core respectively, a is the radius of the core and u and w
are the fibre waveguide parameters as defined by Green’s function, extensively discussed
in [69], and not repeated here. The integration parameter F in Equation 2.28 is defined as
[69]:

Equation 220 F = [ (1~ sin’ (6)cos? (£ - 4))

K. Jo(au)J (aK,, )—ul (aK,, ), (au) ;
K. _*—u ag

where X, =JK,:+k0:nd:sin(03)+2K,k0nﬁsin(9)cos(¢) and angle @ denotes the polarisation

of the core mode [69].

Using the above equations it is possible to calculate the transmission spectra for light
bound within the core after a BFBG [69]. Figure 2.11 shows the simulated transmission

spectra for BFBGs of period 542nm at varying blaze angles (as indicated) for 0° polarised
~ 46 -



(solid line) and 90° polarised (dashed line) incident modes. Figure 2.11 shows that
although the trends are similar for both polarisation states, the change in amplitude for
90" light is most noticeable. However, at & = 45° almost all 0° polarised light is
transmitted, whereas the 90° polarised light undergoes significant attenuation. This

characteristic provides a mechanism through which an in-fibre polariser may be

manufactured.
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Figure 2.11 The simulated transmission spectrum of BFBGs with different tiiting angles. The
dashed blue lines show the transmission spectra for 90° polarised light and the solid
red lines show 0" polarised light. This figure shows that 45° gratings have a strong
transmission loss for 90° polarised light but almost no attenuation for 0° polarised
light. It is this phenomenon which makes it possible to use 45° BFBGs as fibre
polarisers.

The null transmission loss of 90° light in 45°-tilted BFBGs may be explained using
Brewster’s law. The grating comprises a periodic structure of two-layer materials with
slightly different refractive indexes, n, and n,. The Brewster angle for the interface is

determined by:

Equation 2.30 tan(&)= e

Hb

Since n, and ny, are almost identical (typically, An < 0.01), & is very close to 45°. So

when the index fringes of the grating are oriented at 45°, the 90° light component in the
AT



core mode will propagate through the BFBG structure whereas the 0° light will be

reflected by the 45°-fringes and coupled into cladding and radiation modes.
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2.6. FBG SENSORS

FBG sensors are a comparatively new and exciting alternative to traditional sensor
techniques. They are inherently sensitive to temperature and strain and may be
implemented such that these sensitivities are utilised for encoding measurands other than

strain or temperature.
2.6.1. Axial strain and ambient temperature response

The shift in Bragg wavelength for an FBG with period A and core refractive index # in

an axial strain (& = A//1) and temperature (T) field may be expressed using [15]:

~ fa)

AA =2(A§E+n OAJ&5+2(AE+H-%]QT
o€ o oT 0

Equation 2.31

Ad= z[lﬂulmu(ﬁam?
n og
1 oA : - <o 1 on .
where & =—— and is the thermal expansion coefficient of the fibre and ¢=—— 18
A oT n ol

the thermo-optic coefficient. The thermo-optic effect may be either positive or negative in
optical fibres [70]. For plastic optical fibres (POF), e.g. polymethylmethacrylate fibres
(PMMA), dn/dT < 0 and a negative change in refractive index is observed, but for silica
fibres dn/dT > 0 and a positive change in # is observed. Table 2.3 provides a summary of

the contributions of the two competing processes:

Fibretype, n o 3
S0, | 15 0.55x107° 1x10°
POF RO 0.93x10® -1x10™ to -4x10™

Table 2.3 A summary of values for the thermo-optic effect and the thermal expansion
coefficients of polymethylmethacrylate and silica fibre. This table shows that PMMA
fibres have a negative temperature coefficient and that they are an order of
magnitude more sensitive than silica fibres.

Thus the temperature sensitivity of FBG sensors is predominantly a result of the thermo-
optic effect rather than thermal expansion. POF optical sensors provide a substantially

more sensitive medium for thermal sensing applications.
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If we expand the analysis to consider more closely the effect of axial strain on the Bragg

resonance of the sensor, we may describe it accordingly [12, 71, 72]:

Equation 2.32 A4, = 2:1/\5[1 —(%)(ﬁw ~V(B,+h, J)]

where Pj; coefficients are the Pockel’s coefficients of the stress-optic tensor and v is
Poisson’s ratio. The strain response of an FBG is governed by the physical elongation of
the grating’s period and also by a change in the refractive index as a result of the Pockel
coefficients (strain-optic effect). The photoelastic effect comprises coefficients of the

refractive index, Poisson’s ratio and the Pockel coefficients and is described by [73]:

Equation 2.33 [%J(P]z ~v(B, +B,))=0.21

which equates to a reduction in the strain sensitivity of silica gratings of ~21% as
compared to the response based on elongation of the grating alone [74]. The measured

strain response is thus given by =L and the thermal response by SUTT (at

Agp O€ Hip 0L
constant temperature and constant strain respectively). The exact figures for these values
are dependent on fibre and grating types; this is discussed extensively in Chapters 5 and
6. However, the following approximations for type I (standard) gratings are widely

accepted and give a good insight to the properties of fibre sensors:

1 Oy = | pm shift per 1pe of axial strain

Aign- \OE

_1__6’13’? =1 Opm shift per 1°C change in the ambient temperature
Anis ' OT

There is also a component of the strain response which is dependent on temperature;
however, James et al [75] report that the strain coefficient of an FBG sensor is

temperature invariant over a wide temperature range from cryogenic levels to room
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temperature. Additionally, Maier et al [74] report that there are no incidences in literature
where the strain-optic effect is said to be strongly temperature variant. This is supported
by O’Dwyer et al [76] who carried out @ comprehensive investigation in to the effect,
consolidated with theoretical discussion. Their results showed only a 0.03fmpg"°C"
variation over the temperature range 100°C to 400°C. Maier et a/ do, however, report that
the stress (force / area) response of an FBG has a thermal dependence of 1.22x107K™" in
the temperature range of -38°C to 110°C. This may be explained because the value is
approximately equal to the increase in Young’s Modulus of the fibre over the same
temperature excursion. Flockhart et al [77] report that the temperature response of an
FBG is non-linear over the extended range of -70°C to 80°C (they report a ~35pm
deviation from linear) having used a Fourier-transform spectroscopy technique to

measure the absolute Bragg wavelength.
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2.7. SENSOR CROSS-SENSITIVITY

Because temperature and strain sensitivities of FBGs co-exist, it is necessary to devise a
method for decoupling them. Equation 2.31 shows that the effect of a change in the axial
strain or ambient temperature fields produces an indistinguishable change in the Bragg
resonance. The issue of cross-sensitivity will be discussed at length later in this thesis.

For now, we will consider only the simple underlying mathematics.

For an ideal optical sensor arrangement which is sensitive to strain and temperature (¢, 7)
such that each measurand induces a change in the observables ¢; and ¢, respectively

with no cross-sensitivity, we have [78]:

et Ll ol
Equation 2.34 =
¢2 0 K?a &

where K, and K, are the temperature and strain responses of the sensors respectively.
Equation 2.34 is plotted in the (¢7) plane in Figure 2.12a for specific values of
observables ¢; and ¢,. The intersection of these loci yield the values of ¢ and 7.

Er 1€
b, |

0. e

|
B
|

Figure 2.12 (a) (left) The loci ¢ and &, in the (g,T) plane for the ideal case of zero cross-
sensitivity. (b) (right) The loci ¢4 and &, in the (g,T) plane for the non-ideal case
when cross-sensitivity exists between the two observables. The dashed lines
represent the uncertainty in the measurement of the observables. The grey shaded
areas represents the corresponding uncertainty in the recovery of the measurands.
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In practice, however, it is most common for the ideal case to be unrealisable and Cross-
sensitivity exists such that the observables ¢; and ¢> have a response to both ¢ and 7. In

this instance we must rewrite Equation 2.34 as follows:

E . &, el Kbk i
quation 2.35 =
?, Kyr Ky )\€

such that:

Equation 2.36 = =
& (KK, - K, K\ -Kyr K )\ &

Equation 2.35 is plotted in the (¢ 7) plane in Figure 2.12b for specific values of

observables ¢, and ¢,. Again, the loci intersection point yields the values of ¢ and 7. The
practical determination of ¢ and T results from the inversion of matrix following accurate
measurement of ¢; and ¢;, as per Equation 2.36. As the angle between the loci tends to
zero, then the condition where K;7/K>r = K;,/K>, will exist and the result of Equation 2.36

will tend to infinity thus invalidating the measurement.

We can compare errors in the derived measurements with those of the ideal case. Ideally,

the errors in strain (¢ ) and temperature (57') are given by [79]:

¢,
5T rd KJ T
se ) | 64,
KZe:

where o¢, and &g, are the measurement errors of ¢; and ¢, as indicated by the dashed

Equation 2.37 (

lines of Figure 2.12. The shaded areas around the intersections show the uncertainty of
the determined measurements. The error increases when the case is non-ideal and the loci

are not orthogonal, such that [80]:

AR L A
|KITK25 = Kz:rKlg

Equation 2.38 [55[ =
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and,

|K2L- §¢|!+|Ku— 5‘?“'2
[KETKIJ: B KIT'KZJ:

Equation 2.39 ‘c‘)‘T

An alternative description has been provided in [81] where the errors in ¢; and ¢&; have

been converted to an error ellipse in the (&, 7) plane.

A useful mathematical tool for quickly assessing the accuracy of a dual sensor
arrangement is to calculate the condition number of the sensor matrix. The condition
number of a matrix measures the sensitivity of the solution of a system of linear equations
to errors in the data. It gives an indication of the accuracy of the results from matrix
inversion and the linear equation solution. This is easily calculated in Matlab using
cond(c,1) or MathCad using condl(c) where c is the sensor matrix in question. For the
ideal case shown in Figure 2.12a, the matrix is given by Equation 2.34. The condition
number of this matrix is therefore 1 indicating a perfectly conditioned matrix. For a
mathematical explanation for the procedure of calculating the condition numbers of

matrices see, for example, [82, 83].

Refer to Section 3.4.2.5 for a summary of the condition numbers for published results.
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2.8. CHAPTER CONCLUSIONS

The theoretical study of fibre gratings has progressed significantly in recent years and is
now the sole focus of many research groups and individuals alike. As a consequence of
this dedicated study it is now possible to produce fibre gratings for a plurality of diverse

applications with a good degree of fundamental understanding.

Unfortunately, despite this intense research the topic of photosensitivity is still widely
accepted as lacking a cohesive model applicable to all instances. Fortunately, however, in
many practical situations it is not always necessary to completely understand the atomic
or molecular transitions taking place such that the photochemistry of a particular fibre
type is wholly understood; it is often possible to simply accept the results of the exposure
of a certain fibre to certain ultraviolet conditions. It is likely that a breakthrough will soon
occur in the study of photosensitivity and will therefore enable pre-dating experimental

results to be revisited and more completely understood.

This chapter predominantly and deliberately shows the results of theoretical study which
are useful to an experimentalist. For example, Section 2.2.3.3 gives equations for the
diffusion rate of hydrogen gas in silica fibres later used in Section 6.2.2.2 to calculate the
saturation levels differently prepared samples and Section 2.2.4 provides the theoretical

background for the discussion of multi-photon absorption in Section 5.4.1.

This chapter, in conjunction with Chapter 3, serves as the basis for the following

experimental chapters and is referred to frequently.
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Chapter 3

Optical Fibre Sensors
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3. OPTICAL FIBRE SENSORS
3.1. PREAMBLE

This chapter builds upon the theoretical concepts introduced by Chapter 2, concentrating
on the operation of optical fibre sensor systems. Optical fibre sensors are discussed at
length, including their inscription, the different types of fibre Bragg grating and their
associated properties, and an in-depth review of current solutions to sensor cross-
sensitivity. The concept of embedding photonic sensors in composite structures is also
discussed. An introduction to sensor interrogation using blazed fibre Bragg grating
spectroscopy includes a review of previous descriptions and prepares the reader for
Chapter 4.

3.2. OPTICAL FIBRE SENSORS

A recent survey of OFS15 by Lee [16] showed that the predominant measurands for
optical fibre sensors are strain and temperature and that the vast majority of fibre sensors
are Bragg gratings, or variants thereof. The results of this survey are shown for

completeness in Figure 3.1.

Displacement
Bio 3% Others
% Bending / lorsion 13%
4%

Strain Low-coherence
24% ~. . Vibration / Acceleration interferometer
{ 6% 4%
Rotation FOG
B 4%

Fibre gratings
44% Fluorescence /
luminescence / Blackbody
7%
Chemizal | Gas
11%
Faraday rotation
Temperature 7%
17%
Current | voltage Scattering / reflaction
12% 10%
Interferometers
Presswre [ Acoustic 11%

15%

Figure 3.1  (a) (left) The distribution of OFS15 papers according to measurand and (b) (right)
according to technologies used. This figure shows that strain and temperature are
the most commonly measured physical entities and that Bragg gratings are by far
the most used sensor. After [16].
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3.2.1.1. Benefits of optical fibre sensors
The principal benefits of optical fibre sensors are threefold:

© They can be easily multiplexed into large arrays, either in terms of
wavelength or time, or both making them ideal for applications requiring
multi-point measurement.

© They have a very small cross-sectional area, typically 250um for acrylate
jacketed fibres, or 130um for polyimide jacketed fibres making them ideal
for embedment in compositte materials.

e They are electrically passive and so are both immune to electromagnetic
interference and do not present an ignition hazard making them ideal for

sensing applications in expllosive environments.
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3.3. FIBRE BRAGG GRATINGS

3.3.1. FBG manufacture

The original Hill gratings [1] were fabricated during an experiment that saw light from an
Ar' laser being guided by a fibre. Fresenel reflections (typically of ~4%) from the ends of
the fibre created a standing wave within the fibre and a grating was formed at the
wavelength of the Ar" laser (488nm). This arrangement inscription is extremely simple,
but also very limited as there is no convenient way to select the resonant wavelength of

the inscribed grating.

Side inscription in glass optical fibres by holographic exposure through the cladding was
reported by Meltz and Morey in 1989 [3]. They followed the findings of Lam and
Garside [2] who demonstrated that Hill gratings were inscribed according to a 2-photon
absorption process at 488nm by observing that grating strength increased as the square of
the inscription laser intensity. It followed, therefore, that use of an inscription with twice
the photon energy would result in a 1-photon process; thus Meltz and Morey [3] used a
244nm laser. Further developments that result in generally higher quality gratings were
proposed in 1993 by Hill et al [5] and Anderson et al [4]. The two techniques are now
widely known as the holographic (or interferometric) and phasemask techniques
respectively. There are many custom variations of each method published, but the base

concepts are clear in all cases.
3.3.1.1. Holographic inscription

The first technique for side writing in-fibre gratings was patented by Meltz and Morey
[84] shortly before their 1989 paper [3] describing the technique.
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Figure 3.2 An early diagram showing the familiar holographic inscription apparatus [85]. The
diagram shows a compensator plate whose purpose is to ensure that the optical
path is similar in both arms of the interferometer which is particularly important when
dealing with sources with poor coherence. The Bragg wavelength of the inscribed
gratings is related to the interfering angle.

Figure 3.2 shows the now well known holographic inscription technique as pictured by
Moran et al [85]. The holographic equipment used in this thesis is shown below in Figure
3.3

The holographic inscription method is extremely versatile and represents a convenient
way to inscribe gratings over a wide range of wavelengths — typically a holographic setup
may be used to inscribe gratings with central resonances from 600nm to 1600nm. The
system operates by passing the UV inscription beam through a 50:50 beam splitter; these
beams are then reflected at two similar mirrors and focused on to the fibre core using
similar cylindrical lenses, as shown in Figure 3.3. In order to ensure that each beam is of
the same intensity, a /2 wave plate may be placed in front of the 50:50 beam splitter; by
rotating the polarisation of the input beam, it is possible to balance the intensities in each

arm of the interferometer.
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Figure 3.3 An annotated photo of the holographic FBG inscription system used throughout this
thesis. Photo: David Birkin.
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Interference of the two beams governs the period of the UV fringes and the central
reflecting wavelength of the inscribed grating is selected according to the angle at which

these beams interfere. This angle, 20, is related to grating period as follows [18]:

Equation 3.1 Yy e —ﬂ-—
2sin(6)

for non-tilted gratings where 4, is the wavelength of the inscribing laser. This may be

re-written for Bragg wavelength as follows [18]:

Mg oy
Equation 3.2 T e el
%K sin (9)

It is often desirable to produce gratings that are longer than the length of the interfering
UV beams. This is achieved by expanding the UV beam by means of a beam expanding
telescope. Usually, an aperture is used to select the central portion of the expanded beam
thereby approximating a uniform intensity profile along the length of the interference
pattern. An additional compensator plate, as shown in Figure 3.2, is required for
inscription lasers with poor coherence (e.g. excimer lasers) but is almost always omitted
in setups using Ar’ lasers such as Coherent FRED and SABRE FRED lasers. The
inclusion of such a plate (or additional mirror) insures a similar optical path for both arms
of the interferometer and thereby eliminates different lateral orientations of the interfering
beams. There are other configurations which achieve this, such as using an extra mirror in
place of the compensator plate; although Ar" lasers do not usually require such measures.
A number of prism based (also referred to as wavefront-splitting interferometers)
techniques have also been proposed (prism interferometer [86, 87], and Lloyd
interferometer [88]), which generally offer improved stability at the expense of the

wavelength versatility of a free-space approach.

The main disadvantage to the interferometric approach is the susceptibility of the grating
fringe visibility to mechanical vibrations. Due to the large mechanical distances involved,
any submicron displacements in the position of any of the optical components will result
in poor fringe visibility of the inscribed grating.
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3.3.1.2. Phasemask fabrication

Phasemask exposure [4, 5] is widely regarded as the most effective method for inscribing
gratings. A phasemask is a one dimensional diffractive optical element which spatially
modulates the inscribing laser thereby determining the period of the UV fringe pattern.
Usually constructed in fused silica, phasemasks are manufactured either holographically
or by electron-beam lithography. Lithographically produced phasemasks have the
advantage that the period of the phasemask may be varied along its length. This is useful
for producing chirped or Moiré patterns. Electron-beam lithography is usually performed
in sub-millimetre sections which are joined to form the entire relief grating. Errors in the
alignment of the sections are commonly referred to as stitching errors which clearly does
not affect holographically produced phasemasks. The effects of stitching errors form a
large body of literature in their own right; however, it has been shown (e.g. [89]) that the
consequence of stitching errors in uniform period gratings is minimal compared with

chirped gratings.

Phasemask (Apm)
Photosensitive fibre

nnnnrrd

=

Grating (Argg = 2Apym)

Figure 41 A schematic diagram showing the operation of a static phasemask inscription
system. The UV laser is passed through a surface relief phasemask and the
resulting fringe pattern is projected on to the optical fibre core, thereby inscribing a
grating with period equal to twice that of the phasemask.

The period of a phasemask can clearly not be altered post manufacture: although it is

common for manufacturers to produce masks with multiple sections of differing period, it
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us often desirable to tune the wavelength of the inscribed fibre grating. To this end,

several techniques have been proposed.

Prohaska et al [90] proposed a system wherein the inscribed wavelength was shortened
by means of a magnifying optic arrangement prior to the phasemask. A biconvex lens
was positioned such that the light emerging from the phasemask was a converging
sphere, magnified by 0.9987. However, this method is not particularly successful; their

results showed a shift in the Bragg wavelength of only approximately -2nm.

Zhang et al [91] showed that it was possible to strain the fibre prior to inscription thereby
shifting the Bragg resonance upon relaxation of the fibre relative to that inscribed in an
unstrained grating. The wavelength tuning range of this method is only limited by the
level of strain one may apply to a fibre before failure; typically it is possible to tune the
Bragg resonance by up to -Snm to -7nm. Byron et al [92] showed that by varying the
applied strain during inscription it was possible to fabricate complex grating structures,

such as chirped gratings, using a uniform period phasemask.

Simpson et al [93] have shown that it is possible to tune the resonance of a grating
written in hydrogenated germanosilicate fibre by tailoring the mean refractive index using
prolonged exposure to UV radiation. The absolute tuning range is governed by the fibre
type and hydrogen saturation levels; typically it is possible to tune a grating in SMF28 by
up to 8nm and in highly B/Ge co-doped fibre by up to 19nm. This work is discussed

extensively in Chapters 5 and 6.
3.3.2. Types of fibre Bragg grating

The four currently published types of photosensitivity have already been described in

Chapter 2. A summary of the resultant grating types is provided below in Table 3.1:
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Designation

Description

|

A

Standard grating, written in both hydrogenated and non-

| hydrogenated fibre of all types.

Regenerated grating written after erasure of a type |
grating in hydrogenated germanosilicate fibre of all
types.

| Damage written gratings

Regenerated grating written after erasure of a type |
grating in hydrogen-free germanosilicate fibres.

Table 3.1 A summary of the types of fibre Bragg grating reported to date.

Figure 3.4 shows the spectra of types I, IA and IIA gratings written in B/Ge co-doped

fibre before annealing. Each grating has the same period but they are separated in

wavelength due to the different mean index changes associated with each type.
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Figure 3.4 The spectra of type | (blue), IA (red), and IIA (green) gratings prior to annealing
written in B/Ge fibre. Each grating has the same period and the spectral separation
of their peaks demonstrates the differences in the mean index of the three gratings.

3.3.2.1. Type | gratings

Type I gratings are usually known as standard gratings and are manufactured in fibres of

all types under all hydrogenation conditions. Typically, the reflection spectra of a type I

grating is equal to (1-T) where T is the transmission spectra. This means that the
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reflection and transmission spectra are complementary and there is negligible loss of light
by reflection into the cladding or absorption. Type I gratings are the most commonly used

of all grating types.
3.3.2.2. Type Il gratings

Archambault ef al showed that it was possible to inscribe gratings of 100% (>99.8%)
reflectance with a single UV pulse in fibres on the drawing tower [94] and, more
importantly, by the holographic technique in fibres doped with 15mol% Ge [95]. The
resulting gratings were shown to be stable at temperatures as high as 800°C. The gratings
were inscribed using a single 40mJ pulse from an eximer laser at 248nm. It was further
shown that a sharp threshold was evident at ~30mlJ; above this level the index modulation
increased by more than two orders of magnitude, whereas below 30mJ the index
modulation grew linearly with pulse energy. For ease of identification, and in recognition
of the distinct differences in thermal stability, they labelled gratings fabricated below the
threshold as type I gratings (known as standard gratings, see above) and above the
threshold as type II gratings. Microscopic examination of these gratings showed a
periodic damage track at the grating’s site within the fibre [95]; hence type II gratings are

also known as damage gratings.
3.3.2.3. Type llA gratings

Later research by Xie et al [35, 37] showed the existence of another type of grating with
similar thermal stability properties to the type II grating. This grating exhibited a negative
change in the mean index of the fibre; this new type was termed type II4. The gratings
were formed in germanosilicate fibres with pulses from a frequency doubled XeCl
pumped dye laser. It was shown that initial exposure formed a standard (type I) grating
within the fibre which underwent a small red shift before being erased. Further exposure
showed that a grating reformed which underwent a steady blue shift whilst growing in
strength; this is shown in Figure 3.5 below [96]. It is believed that the photosensitivity
mechanism is related to the UV photo-bleaching of a GODC absorption band near 5eV,

although the exact mechanism is not well understood [97].
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Figure 3.5 Reproduced from [96]. (a) (left) The index change with exposure for a type IIA
grating shown in terms of the Bragg resonance of the grating, and (b) (right) the
peak transmission loss of the grating. This figure shows the well known negative
index shift of IIA gratings, and that they decay to zero reflectivity before reaching a
maximum reflectivity at the end of the inscription process.

A three energy-level model has been proposed by Dong et al [98]. It suggested that a
positive index change is obtained when level 2 is populated by depletion of the ground
level, and a negative index occurs when level 3 is populated by the depletion of level 2.
This is an extremely simplified model, but it can be used to support the experimental
observation of Dyer et al [99, 100] that a grating can be amplified in terms of its

reflectance using uniform post exposure to a 193nm ArF laser.

Canning et al [96, 101, 102] showed a direct correlation of type IIA grating growth and
an increase in the compressive stress orthogonal to the core. This correlation was
explained by structural change through expansion of the glass in the regions of peak
irradiation. They concluded that a large negative contribution to the refractive index came
from the structural change in the exposed regions which formed a less dense glass.
However, it has further been shown [11], that axial stress during the inscription process
retards the formation of type I gratings, and increases the efficiency of the IIA grating

formation.
3.3.2.4. Type |A gratings

Type IA gratings were first published by Yu Liu in 2001 during experiments designed to

determine the effects of hydrogen loading on the formation of ITA gratings in
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germanosilicate fibre [7]. In contrast to the anticipated blue shift of the peak Bragg
wavelength, a large positive wavelength shift was measured. as shown in Figure 3.6a;: it
was noted that 8nm and 18nm red shifts were achieved in hydrogenated SMF28 and
highly B/Ge co-doped fibre respectively. This type IA grating appeared once the
conventional type I FBG had reached saturation followed by subsequent complete or
partial erasure, and was therefore labelled as regenerated. It was also noted that the
temperature coefficient of the regenerated grating was lower than a standard grating
written under similar conditions. In keeping with the rationale of Archambault et al [94],
gratings formed before this threshold were labelled as type I gratings, and those which
evolved after were labelled type IA gratings. There is a clear relationship between type
[A and ITA gratings insomuch as their fabrication conditions are identical in all but one
aspect: they both form in B/Ge co-doped fibre but IAs form only in hydrogenated fibres
and IIAs do not. As shown in Figure 3.6b, type IA gratings do not decay completely in a
similar way to IIA gratings and their peak reflectivity is a result of the initial type I

grating formed before the [A grating grows.
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Figure 3.6  An example of the characteristic red shift displayed during prolonged UV exposure of
hydrogenated germanosilicate fibre shown in terms of the spectral red-shift and
associated refractive index change (a) (left) and the modulated index change (b)
(right). This figure is in marked contrast to Figure 3.5.

Further work highlighted the potential application of these gratings for temperature
compensated dual grating sensors [103-108]. The largest temperature difference was

achieved between type IIA and IA gratings [106].
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Although Liu er al were the first to identify the large 1A mean index change as a
significant growth characteristic of fibre Bragg gratings and moreover that IA gratings
have a substantially lower thermal coefficient than all other grating types; there are
several examples in literature [109-112] of the IA growth characteristics which pre-date

Liu’s initial publication [7].

Brennan ef al [109-111] studied the high pressure hydrogenation of Ge doped (~9 mol%)
silica fibres. They hydrogenated the fibres at pressures of 140, 1035, 1400 and 1930bar at
60°C until saturation. A 1dB grating was then written using a KrF excimer laser at 248nm
and phasemask. Following the initial inscription, the phasemask was removed and the
samples were exposed to 30mins of uniform radiation whilst the peak Bragg resonance
was monitored. They showed that for the pressures listed above, the Bragg wavelength
shifted 3.5, 9, 11 and 12.5nm respectively. Kawano ef al [112] have also shown the large
IA mean index change is possible for long period gratings. An interesting study by
Poignant et al [48] was performed which showed that small levels of hydrogen in the core
speeded up the formation of ITA gratings. It is unclear why they did not show the
formation of IA gratings during this work and was soon contradicted by at least one

author [40].
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3.4. TEMPERATURE-STRAIN DUALITY OF FBG SENSORS

Almost all sensors are cross-sensitive in some way. The well known wire film resistive
strain gauge is used to detect strain as a function of resistance. Unfortunately, the
resistance of the device changes as a result of elongation or as a result of temperature
fluctuation. This problem is easily solved; strain gauges have two axes, only one of which
is sensitive to strain. By placing two devices at the same sensor location but orientated at
90° to each other, one will detect temperature and strain, whilst the other detects only
temperature. The application of a simple circuit, the Wheatstone bridge (described by
Christie in 1833 but used extensively by Wheatstone), yields a temperature invariant
reading of strain. Unfortunately, such a straightforward approach to the cross-sensitivity
of fibre sensors has yet to be found, because it is not commonly possible to exploit the
passive axis technique with optical fibres due to the type of sensing applications they are
usually employed in. The more popular solutions to strain, temperature cross-sensitivity

are reviewed below.
3.4.1. Reference grating

This is the simplest solution to the cross-sensitivity problem; were it not for practical
considerations this approach would have solved the problem with similar ease to the wire
film strain gauge method. In the reference grating approach an extra grating is included in
the sensor array which is isolated from either strain or temperature; its response is
monitored and subtracted from the sensor data thus isolating temperature and strain e.g.
[113-116]. Strain isolation is the most common since it can be achieved by having one
grating which is simply not bonded to the structure, or which is mounted inside a
sufficiently rigid structure. Temperature isolation is a little more complex but is
achievable by mounting the grating within a package that expands with temperature such
that it applies a strain exactly (and oppositely) mimicking the increase in Bragg
wavelength caused by temperature [117]. It has also been shown that packaging the

grating in liquid crystal has significant success [118].
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However, despite the general effectiveness of this technique, it has additional costs
involved since it usually requires an additional grating and associated interrogation
electronics. In addition to the financial aspect, the technique can only compensate for
general temperature changes — it can not compensate for temperature changes at each
sensor location. If the sensor array was monitoring (for example) the stress distribution
on the engine casing of a gas-turbine aircraft engine, the temperature gradient could be as
much as 2000°C from the near frozen air-scoops to the extremely hot exhaust. In this
situation, a single temperature monitoring grating would not give suitable thermal
compensation. Of course any temperature above 1200°C would erase the sensors, but that

is another issue.
3.4.2. Two FBGs with different temperature / strain responses

The problem of temperature gradients can be solved by manufacturing sensor heads
which are self referencing. This can be done by inscribing two adjacent gratings with
markedly different temperature and strain responses. In doing this, it is possible to

decouple temperature and strain at each sensor location.
3.4.2.1. Markedly different Bragg wavelengths

The thermo-optic and photo-elastic effects both have wavelength dependencies, which
result in a slight difference in the strain and temperature response of gratings written at
different wavelengths. Xu et al [119] exploited this by superimposing two gratings in the
same location within the fibre providing reflective peaks at 850nm and 1300nm. A
theoretical and experimental study by Sivanesan et a/ [83] investigated the optimal
wavelength pair selection and the accuracy of the technique using Corning Flexcor-980
fibre. They showed that a wavelength pair including a member in the shorter wavelength
range yields a better conditioned matrix than pairs with both are in the upper wavelength
range. They concluded that the measurement accuracy of a 1300nm - 660nm grating pair

was almost twice as accurate as a 1550nm — 780nm grating pair.

Kalli et al demonstrated this approach using a single grating [81, 120]. Under certain
writing conditions, it is possible to inscribe a grating that reflects equally at the 1% and 2™
Sl




harmonics of the Bragg resonance. In doing so, the manufacture of a dual or
superimposed grating sensor head is not required since the single grating provides all the

information required.

The practical drawback of this technique is that the interrogation electronics must be
capable of operating at two wavelengths; this usually requires two light sources and two

photodiodes.
3.4.2.2. Photo-induced differences in the thermal responses of two gratings

Liu et al [103-108] proposed a revolutionary approach to this problem using type IA and
type lIA gratings which have substantially different temperature coefficients, typically
6pm°C™" and 12pm°C”! respectively. By monitoring these gratings, which are separated by
15-20nm if inscribed using the same phasemask, the temperature change is determined by
the distance between the two peaks and the strain is determined by the relative shift from
the relaxed state. Simpson er al [93] showed that there is a small, but measurable,
difference between the strain responses of the two gratings caused by the difference in
wavelength. They further showed that the manufacturability of the devices may be
significantly improved by using a IA-I combination which, although yielding a slightly
less well conditioned sensor matrix, does not require the fibre to be annealed in between
the inscriptions of the gratings. Frazao ez al showed a similar sensor head utilising a I-1IA

grating pair [121].

The beauty in the approach of using two different grating types is that each grating pair
can be interrogated using the same photodiode / light source due to the close spectral
proximity of the reflective peaks and that every sensor in the array is capable of
independent strain-temperature measurement. Refer to Chapters 5 and 6 for a more

detailed discussion of this work.
3.4.2.3. Different thermal responses of two joined fibres

Another approach is to splice two different fibres and write a grating over the join. Proper

choice of fibre insures that the two gratings have different central wavelengths and that
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the thermal and/or strain responses are different. Cavalerio et al [122] used hydrogenated
Siecor SMF1528 and Fibercore PS1250/1500. They inscribed gratings using two
different phasemasks to give sufficient distance between the grating peaks. Their results
showed that the strain coefficients were 0.97pmpe” and 0.95pmpe™ and the temperature
coefficients were 8.43pm°C™ and 7.37pm°C™". Their estimated error was 18.4ue and
2.2°C.

Guan et al [123] manufactured a dual grating sensor head (although they describe it as a
single grating approach) with similar strain coefficients and dissimilar temperature
coefficients. They used Corning SMF28 and Er,Yb co-doped hydrogenated fibres. Their
results showed that the strain coefficients were 1.05pmpue™ and 1.04pmpe™ and the
temperature coefficients were 10.6pm°C™" and 9.2pm°C"'. Their estimated error was 8.5ps
and 1.6°C.

Although Guan et al [123] claim significantly improved results over Cavalerio et al
[122], it is likely that, since the percentage differences in the thermal response of their
sensor heads are approximately the same, this claim stems from assuming a more

accurate interrogation system and that the results are comparable,
3.4.2.4. Different strain responses between fibres of different diameters

In this technique, two fibres of similar core diameter but different cladding diameters,
usually standard 125um and 80um suppressed cladding fibres are spliced together [124].
Since strain is related to Young’s Modulus by stress and stress is a function area, the
strain experienced by the grating in the wider fibre is smaller than that in the narrower

fibre.
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Figure 3.7 lllustration of a grating written either side of the splice between two fibres of different
diameters which may be used to discriminate between temperature and strain
changes because the fibre in the narrower fibre will experience more strain than the
grating in the wider fibre.

If the two gratings are given a different period, strain changes are given by the separation

of the peaks and temperature is given by the shift of both peaks from their resting state.

An interferometer has been designed which directly measures the difference between the

peaks, thus measuring the strain changes and ignoring temperature variations [125].
3.4.2.5. Dual grating summary

In order to compare and contrast the dual grating approaches labelled above, the matrix
condition number has been calculated as per Section 2.7 using the published values of
Kyt and K,; for each method. The results are shown below in Table 3.2 and offer a

unique contrasting compilation.

Method Reference Condition Number
Strain or temperature isolated reference grating (Kr=10pm'C”, K.=1pmpe™') 10
Different diameter fibres James et al, [124]. 48
Type IIA and type |A grating pair Shu et al, [105]. 68
Superimposed grating pair Xu et al, [119]. 123
First and second order Bragg resonances Sivanesan et al, [83]. 161
Germanosilicate and Er,Yb doped germanosilicate Guan et al, [123]. 169
Germanosilicate and B doped germanosilicate Cavalerio et al, [122]. 173
Type |IA and type | grating pair Simpson et al, [93]. 188
First and second order Bragg resonances Kalli et al, [81, 120]. 203
Type IlA and type | grating pair Frazao et al, [121]. 272

Table 3.2  Matrix condition numbers of dual grating temperature-strain isolation configurations
outlined in this section. The table is ordered with the most effective method (as
defined by the lowest condition number) first.

=




3.4.3. FBG and a chirped FBG in a fibre taper

In a uniform period FBG, the spectral bandwidth has a negligible dependence on strain
and temperature. If a strain gradient is introduced along the length of a grating, then the
spectral bandwidth term becomes significant and may be used to compensate for changes
in the strain of a sensor. Xu er al applied a strain gradient by tapering the fibre and then
inscribing a chirped grating over the taper, a uniform grating was inscribed adjacent to
the taper [126]. The taper was designed such that the grating was linearly chirped when
tension was applied. The average strain was measured as a change in the spectral
bandwidth of the grating. Temperature changes induce a change in both central reflecting
wavelengths, but only strain altered the effective bandwidth of the tapered grating; thus
temperature and strain may be decoupled. A schematic of this system is shown below in

Figure 3.8.

Aston University

lustration removed for copyright restrictions

Figure 3.8 Reproduced from [126]. A schematic showing the arrangement by which
independent temperature and strain measurement may be used using a chirped
grating in a tapered fibre and a uniform reference grating.
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3.5. EMBEDDED PHOTONICS

One of the most attractive aspects of fibre sensors is that they have an extremely small
diameter. This combined with the ability to multiplex many sensors into a single length
of fibre make them am obvious choice for engineers wishing to manufacture so called
smart structures. A smart structure is a structure with feedback that indicates its current
state and enables action to be taken to maintain an equilibrium state. However, the very
fact which makes fibres ideal for embedding in to composite structures is also their
Achilles heel; fibres are extremely susceptible to damage at the ingress / egress point
within the structure. If we consider a commonly sited example of a large passenger
aircraft it is easy to understand the financial implications of a large wing structure which
relied heavily on embedded fibres for structural health monitoring being irreparably
damaged by a trivial accident at the fibre access point. For this reason, there is currently a
great deal of research in to the manufacture of reliable, re-configurable fibre connectors

for use with composite materials.
3.5.1. Composite connectors

Research into composite fibre connectors is almost entirely carried out by aerospace
research groups rather than optical fibre research groups, which is an indicator of the
potential market for such technology. An early solution to the problem was proposed by
Lu et al wherein they suggested the incorporation of slightly adapted standard FC:PC
connectors at the desired entry point of the structure [127]. This solution relied on the
inclusion of bulky metal components within the composite material which would require
extensive qualification in order to be permitted by either civil or military aerospace
regulatory authorities. However, this solution represents an extremely cost effective
solution to the problem and whilst finding use primarily in laboratory based applications,
it does provide a simple and reconfigurable solution. Talat ez a/ [128] proposed a hybrid
concept wherein a silica capillary tube was used to terminate the fibre at the edge of the
composite material with a section of Teflon tubing used to guide a similarly terminated
fibre to be glued into position with index matching adhesive. The problems associated

with index matching adhesive not withstanding, this approach has two primary draw
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backs, namely ruggedness and re-configurability. A narrow silica capillary tube does not
represent a significant defence against accidental damage and the use of an optical
adhesive makes the de-mating and re-mating of such a connector extremely impractical.
Additionally, it is not possible to machine the edge of the composite panel when using
this method since the fibre must be cleaved post-curing and the Teflon tube is required to
protrude from the surface. Morgan et al [129] proposed a progression of Talat’s method
which incorporated two GRIN lenses to minimise coupling losses. Unfortunately,
Morgan’s method has the same drawback of Lu and Talat’s; the solution required a fibre
to protrude from the composite during the curing process. This is when the fibre is most
susceptible to damage. Similar solutions have been suggested by Kang ez a/ [130] but are
little more than reinforcing methods for standard fibre pig-tales exiting the composite
structure. More recent work has begun to address the issues of the practical incorporation
and use of composite connectorisation. Sjogren [131], for example, proposed several
options including a flush mounting dual channel fibre connector with the potential to be
incorporated such that the panel edge might be machined post-curing. The device was
also extremely compact having a cross section of only 3mm by 7mm. An additional study
into the effects on the static strength of the composite structure following the embedment
of the connector was also performed [132]. This work showed that the impact on the
composite strength was significant in both tension and compression. It further showed
that smaller connectors which could be embedded by simply overlaying the plies had

reduced structural impact compared to those requiring the cutting of the plies.

Green et al [133, 134] have studied resin flow during the curing process and highlighted
that resin can flow along the exposed fibres at the point they exit the structure. This may
lead to fibre breakage due to the comparatively poor elastic properties of epoxy resin.
Resin flow is also a problem for embedded connectors since flow into the connector shell

usually results in damage to the highly polished end-faces of the fibre.

The ideal solution, therefore, is a completely sealed connector shell that is totally
embedded within the composite material during the curing process. The connectors may

be accessed by machining the edge of the composite and revealing the connector. This
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has been successfully prototyped by Deutsche Connectors as their contribution to the DTI

EMPIRE project, for which the work detailed in this thesis was produced.

Figure 3.9

Aston University

Hlustration removed for copyright restrictions

A sample of the composite connectors designed by Deutsche Ltd as part of the DTI-
Link EMPIRE project. Shown are designs for edge and surface connectors. The
edge connectors are buried in the composite during lay-up and curing and are
exposed by post-machine. This approach represents the most reliable method for
ensuring the integrity of the connector during composite manufacture.

-78 -




3.6. BFBG SPECTROSCOPY

Since their first report in 1990 by Meltz er al [6], blazed fibre Bragg gratings (BFBGs)
have been demonstrated for applications including WDM channel monitoring [135],
WDM add-drop multiplexers [136-138], macro bending sensors [139], refractomerty
[140], erbium doped fibre amplifier (EDFA) gain flattening [141], polarisation
discrimination [142], comb-filters [143], narrow-band rejection filters [144] and edge
filters [145] etc. Several reports have been published showing that BFBGs may be used to
outcouple light from the core of a fibre which may be used as the basis of a diffractive

spectrometer [64].

Spectroscopy using diffraction gratings is a simple concept: light is diffracted according
to wavelength such that a detector may be used to relate the spatial distribution to the
optical spectrum; widely used commercial systems include the low cost, miniature
spectrometer by Ocean Optics. It is beneficial to use all fibre components since this has
an impact in both insertion loss and the overall size of the unit. BFBGs have already been
discussed theoretically in Chapter 2; they act as diffraction gratings because the fringes

allow coupling of core modes to radiation modes.

The first BFBG patent was filed by Meltz and Morey [146] following their 1990
publication of the potential applications of BFBGs as optical taps [6]. Since then, two
similar patents have been filed by Koeppen et al and Perez et al [147, 148]. Wagner et al
[64] also published a BFBG spectrometer design. They used an index matching prism to
remove cladding-air resonances and focus radiated light on to a 256 element InGaAs
detector array. They achieved focusing of the beam along the fibre axis by chirping the
grating, as discussed in Chapter 2. Other applications include the novel use of BFBGs in
planar waveguides as optical interconnects [149] and as waveguide grating couplers

[150].
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Figure 3.10 Reproduced from [151]. A schematic diagram showing the setup of the BFBG sensor
interrogation system proposed by Jauregui et al.

Jauregui ez al [151-155] have demonstrated a BFBG interrogation system which exploits
the resonant structure of the radiated light form the grating. They placed a BFBG, which
was not covered in an index matching medium, approximately Smm from a 512 element
array as indicated by Figure 3.10 [151]. In doing so, a resonant structure caused by partial
radiation of core modes (refer to Section 2.5 for a discussion of the resonant structure)
was detected by the array which corresponded to the convolution of the spectra of the
reflective gratings in the sensor array. A moderately complicated deconvolution is
required with this setup since each sensor grating contributes to the final spectrum. The
authors report large bandwidth (>150nm) although the system accuracy was reported to

be only 25pm and operated in the 1300nm range.

Wielandy & Dunn [156] proposed another compact system which used a superstructure

grating, an index matching prism and a 512 element array, as shown in Figure 3.11.

-80-




Aston University

ustration removed for copyright restrictions

Figure 3.11 After [156]. The schematic diagram showing the operation of the BFBG spectrometer
proposed by Wielandy and Dunn which uses an index matching prism and a 512
element photodetector array.

The design uses a tilted superstructure grating which couples light out of the fibre and
produces an interference pattern on the detector array. The Fourier transform of the
interference pattern serves as a direct measurement of the optical input spectrum. They
report picometer resolution over an 80nm bandwidth and more coarse resolution over a

160nm bandwidth.

Feder et al [157] proposed a system which used three BFBGs separated in wavelength
and three photodetectors. The system operated by measuring the ratio of the optical
power radiated by each grating. However, this system was designed for coarse
spectroscopy of WDM systems. The reported resolution of 7nm would not be sufficient

for most sensing applications.

Aston University

Hlustration removed for copyright restrictions

Figure 3.12 Reproduced from [157]. The multi-element BFBG spectrometer proposed by Feeder
et al which uses the relative intensities of the light radiated from 3 different BFBGs to
calculate an approximate wavelength for light incident to the device.
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3.7. CHAPTER CONCLUSIONS

Optical fibre sensors are now enjoying more commercial popularity than ever before.
This is predominantly market driven: for example, the aerospace composite industry
requires the ability to take large numbers of measurements within strict weight limits and

the undersea drilling markets require intrinsically safe sensors for use within oil or gas
fields.

Optical fibre sensors have emerged as the most common optical sensor element largely
due to extremely repeatable fabrication techniques such as the phasemask method which
enables medium-skilled operators to fabricate identical or near-identical gratings. As with
all sensors, measurand cross-sensitivity is frequently a problem for FBG sensors. To this
end there are a large number of published solutions to the problem with varying
effectiveness and individual drawbacks. This chapter reviews many of the most
successful methods and provides a basis for direct comparison in the form of Table 3.2
which orders them in terms of accuracy derived from the matrix condition number

defined in Section 2.7.

This chapter also provides the reader with an insight in to the current state-of-the-art
optical connectors, as designed by the Embedded Photonic Infrastructure project
(EMPIRE). The connector solutions shown represent the next generation of fibre
connectors that will be used in the aerospace and auto-sport industries and which will

facilitate the growth of optical sensor technology beyond the current level.

A crucial element of optical sensing is the recovery of information encoded by the sensor
using spectroscopy techniques. In recent years, attention has been paid to the use of
blazed fibre Bragg gratings as diffractive elements for spectrometers. This chapter

provides a review of the first such devices and the current embodiments of the concept.
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4. BLAZED FIBRE BRAGG GRATING SPECTROSCOPY
4.1. PREAMBLE

Fibre optic sensors are of enormous interest because their small size, immunity from
electromagnetic interference, potential low cost and ease of multiplexing make them ideal
for embedding in composite materials. Traditionally, the problem with wavelength
encoded optical sensors has been the recovery of information; bulky laboratory
equipment cannot be used in the field since it is usually extremely expensive and
insufficiently rugged. The most promising systems to date involve variants of tuneable
filters to perform the optical interrogation. Common types of tuneable filter incl ude, the
Fabry-Perot filter (an interferrometric technique based on a tuneable cavity between two
mirrors), the sensor-receiver grating pair (the receiver grating is strained until the two
gratings reflect the same wavelength, at condition the measurand may be calculated) and
edge filters (the reflected signal from a sensor is passed through a linear intensity filter).
This chapter, however, details the development of a sensor interrogation system capable
of true spectral measurement which utilises a CCD array and a blazed fibre Bragg
grating. It will build on the literary and theoretical introductions of Chapters 1-3 and
detail the design of a laboratory demonstration system, an industrial prototype and several
novel uses of BFBGs.

4.2. BFBG RADIATION MODES

BFBGs may be UV inscribed using the phasemask or the holographic interference
techniques. Fringes in BFBGs are slanted either by tilting the mask with respect to the
fibre or by rotating the fibre in the plane formed by the two interfering beams. In order to
examine the characteristics of the radiation mode out-coupling, BFBGs were UV-
inscribed in standard telecom, hydrogenated SMF and MMF by both phase-mask and
holographic techniques. The tilt angles for gratings written by the phase-mask method
were limited by the finite width of the phasemask fringe pattern to 6° whereas the

holographic setup was not so constrained and yielded up to 18°.

-84 -




1 deg 6 deg

| 2 deg
8deg
=30 w -25
3deg £ 5 \_/—
40 \/— 10 deg

35
_ 4.deg _\///—‘
-50 \_//—_— 40 |

R
=]

0
'scaled lo 25% Odeg 07 Adeg
-5
-10
\scaled to 25% -10

Transmission loss [dB]
Transmission loss [dB]

14 d
-6? = = e it = et .5,? .
510 1530 1550 1570 500 1510 1520 1530 1540 1550

Wavelength [nm] Wavelength [nm]

Figure 4.2 The transmission loss profiles of two sets of BFBGs immersed in index matching gel
that were manufactured in SMF according to (a) (left) the phase-mask, and (b) (right)
the holographic techniques. This figure shows the differences between the Bragg
wavelength of the BFBG and the wavelength of the most intense radiation mode
which result from the differences in the geometrical arrangements of the two
inscription methods. Each plot is offset on the vertical axis.

Figure 4.2a shows the spectra of several gratings written in SMF using the phasemask
method. It shows an increase in the wavelength of the Bragg resonance (whilst its
strength decreases) and a decrease in the wavelength of the peak radiation mode (whilst
its strength increases) with increasing blaze angle. Figure 4.2b shows similar gratings
manufactured according to the holographic technique. In this instance, the Bragg
resonance experiences an increase in wavelength whilst decreasing in amplitude at a
significantly higher rate than the phasemask example. In contrast to the phasemask case,

Figure 4.2b shows a steady increase in the wavelength of the peak radiation mode.
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Figure 4.3  The transmission loss profiles of two sets of BFBGs in air that were manufactured in
MMF according to (a) (left) the phase-mask, and (b) (right) the holographic
techniques. This figure shows that the self-chirping effect of holographic BFBG
inscription reduces the resonant structure of the radiation modes. Each plot is offset
on the vertical axis.

Figure 4.3 shows the spectra of gratings similar to those in Figure 4.2, but fabricated in
hydrogenated multi-mode telecoms fibre. Figure 4.3a shows gratings manufactured by
the phasemask method, Figure 4.3b shows those manufactured holographically. Figure
4.3 shows broadly the same spectral characteristics as F igure 4.2, however, the radiation
mode out-coupling is significantly stronger and more spectrally confined in MMF than in
SMF. For example, gratings with a 10° tilt angle produced by the holographic technique
achieved a maximum radiation out-coupling of 14dB in MMF compared with only 4.5dB
in SMF. The strong radiation mode out-coupling in MMF may be explained by the
comparative fibre core sizes; MMF fibre has a much larger core (50pum) diameter than
SMF (9um). This larger core diameter contains a larger surface area of BFBG fringes

than the SMF case resulting in stronger radiation out-coupling.

In order to produce Figure 4.2, the SMF gratings were immersed in index matching gel to
enforce the infinite cladding condition. However, it is to be noted that the gratings
manufactured holographically had a significantly weaker resonant structure prior to
immersion that those fabricated using a phasemask. The MMF gratings used to produce
Figure 4.3 were not immersed, by way of demonstration. Figure 4.3 clearly shows the

profile smoothing effect which results from the slightly chirped structure of holographic
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gratings which is a consequence of rotating the fibre in the slightly diverging inscription

beam.

Two trends can be clearly seen from Figure 4.2 and F igure 4.3. They show that with

increasing tilt angle:

The peak radiation mode wavelength of gratings fabricated using both methods shift in

opposite directions with a similar rate

The Bragg wavelength response shifts toward longer wavelengths at a much higher rate
for BFBGs fabricated using the holographic method than those using the phase mask

technique

This may be explained using the theory discussed in Chapter 2, Section 2.5. The peak
radiated wavelength may be calculated according to Equation 2.20:

Equation 2.20 Aiax =Ny N gy (14 €0528) = 2n,, A cos(£)

and is a function of both blaze angle and period. Due to the optical geometry of the
inscription conditions in the two BFBG manufacture processes, the period of the grating

is a function of blaze angle according to Equation 2.22:

A gxr c0s(&)
cos (&pyr )

Equation 2.22 =

When manufactured holographically, the external interference fringe period is also a
function of blaze angle. This was discussed in Section 2.5.1 where Equation 2.26 defined
the relationship mathematically:

A
Equation 2.26 A= =
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Figure 4.4 shows a plot of the central Bragg resonance and peak radiation mode
wavelength as a function of external blaze angle (for fixed interference fringe period,

normal to the apparatus).
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Figure 4.4  The calculated relationship between the Bragg wavelength (solid), the peak radiation
wavelength (dashed) and external tilt angles for BFBGs fabricated using the
phasemask (red) and holographic (blue) methods. This figure offers a theoretical
explanation of the experimental evidence shown by Figure 4.2 and Figure 4.3.

Figure 4.4 shows that the Bragg wavelength increases with external tilt angle in both
inscription regimes, but significantly more so in the holographic case where the evolution

is enhanced by the increase in grating period due to Equation 2.26.
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4.3. BFBG SPECTROMETER PRE-PROTOTYPE

4.3.1. System concept

The BFBG may be used as a dispersive grating which couples light from the core of the
fibre to form directional radiation modes which are in turn focused onto a CCD array.
Since the radiation angle is wavelength dependent as defined by Equation 2.19, the
spatial position of the illuminated pixels on the CCD array becomes a direct function of
wavelength and thus the system acts as a spectrometer. The system schematic is shown in

Figure 4.5.

FBG sensor array

SLED BB source

Linear CCD array s

; !

Figure 4.5 Pre-prototype system overview showing the simple concept which makes the design
so versatile.

4.3.2. CCD arrays

The detector array used in this series of experiments was a Sony ILX511 linear CCD
array, coated with Y>0,S:Er,Yb in order to make it responsive to infra-red radiation. The

device is comprised of 2048 pixels, 14um in length, and is shown below in Figure 4.6.
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Figure 4.6 The physical dimensions of the CCD array used extensively in this thesis. Sourced
from the datasheet for the Sony ILX511 CCD array.

CCD arrays are desirable to use in place of photodiode arrays because they offer longer
arrays with smaller pixel size at a fraction of the cost of an InGaAs array. However, this
is not without its drawbacks; CCD arrays use CMOS technology which is most sensitive
to light in the visible portion of the spectrum. It is possible to coat the array with a
substance which emits visible light when illuminated with infra-red radiation.
Unfortunately, the responsivity of these coated CCD arrays is highly non-linear; Figure
4.7a shows the responsivity measured using a highly accurate tuneable laser at a constant

level of output power. Figure 4.7b shows the manufacturers stated responsivity up to
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Figure 4.7  (a) (left) The responsivity of the CCD to IR radiation after coating with an IR sensitive
compound and (b) (right) the manufacturers stated responsivity up to 1um stated in
the Sony ILX511 datasheet.

CCD arrays essentially count photons for a period of time, termed the integration period

(sometimes known as the shutter time in analogy to photography). The integration period
=00




is usually controlled by software and is typically of the order of 1-500ms and represents

the lower limit at which the CCD may be sampled.
4.3.3. Pre-prototype description

For this prototype, a 7° BFBG was inscribed by the phasemask method in hydrogenated
B/Ge fibre (Verillion IF01001410101) with a 244nm Sabre Fred laser. The grating was
then annealed at 80°C for 48 hours to stabilise the grating. The fibre was clamped such
that the radiation direction could be controlled by rotating the clamp within its holder, to

aid initial alignment. Application of Equation 2.19,

—)icos(cj’)wnm

n,

Equation 2.19 cos ( 9) =

yields a radiation angle of ~22°. The BFBG was immersed in index matching gel to
remove cladding-air resonances from the radiation spectrum which would otherwise have
caused significant attenuation at multiple wavelengths. An IR coated Sony ILX511 CCD
array was mounted on a motorised stage in the plane of the outcoupled light (refer to
Section 4.3.2). This enabled the CCD array to be scanned across the far-field image of the
light radiated from the BFBG and by saving CCD images at controlled locations it was
possible to build up a highly accurate plot of the far-field image. This beam profiling
technique was used to monitor the focusing of the system and thereby improve
performance. The pre-prototype is shown in Figure 4.8 wherein all major components are

annotated.
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Figure 4.8 The pre-prototype of the BFBG/CCD spectrometer system pictured with annotations
indicating the important features. Photo: David Birkin.

Focusing was achieved in the x- and y-planes using cylindrical lenses. Two lenses were
used in the y-plane (since the beam is heavily divergent in this plane due to the circular

geometry of the fibre) and one in the x-plane.
4.3.3.1. System alignment

In order that the system may be initially aligned, a 633nm He-Ne laser was coupled to the
BFBG input and thereby radiated outwards by the grating. A screen was placed over the
equipment and the orientation of the BFBG and CCD were approximately placed using
the visible output. Subsequent alignment and focusing was achieved with real-time
feedback from the CCD array and beam profiling techniques outlined above using a

tuneable laser at 1511.2nm.

Figure 4.9 shows the beam profile for the system both in terms of a contour plot

indicating the spot size and an intensity plot showing the significant improvement
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achievable with only one lens. In each case, the leftmost plot shows the radiation profile
without any collimation, the right hand trace shows the radiation profile with collimation
in the x-plane. The CCD array needs to be placed with its long axis directly parallel to the
x-axis and positioned on the y-axis to bisect the point of maximum intensity. Clearly the
addition of a lens in the y-plane will increase the signal detected by the CCD array
further.
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Figure 4.9 Far field images showing the increase in spatial resolution and intensity achievable
with the use of only one lens in the x-plane. The leftmost peak of each plot shows
the unfocused beam, whereas the rightmost peak represents the focused result. The
surface plot clearly demonstrates the increase in intensity as a result of the focusing
in only one plane.

4.3.4. Pre-prototype operation

4.3.4.1. Transfer function

In order to determine the function of the system, it is first necessary to calibrate it in
terms of wavelength by means of a tuneable laser. This was done by connecting the
BFBG input to a tuneable laser. For each discrete wavelength a distinct peak is detected
by the CCD array, as indicated in Figure 4.10a. A computer program was written to

control the tuneable laser and monitor the output of the CCD array.

Figure 4.10b shows the evolution of the far-field image for 1500nm to 1520nm in 2nm
steps. This plot clearly shows how the diffractive operation of the BFBG and is the first

indication of wavelength dependent signal to noise ratio (refer to Section 4.3.5.3) wherein
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wavelengths closer to 1511.2nm appear distinctly brighter than wavelengths around

1502nm where a dip in the responsivity plot exists (refer to Fi gure 4.7).
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Figure 4.10 (a) (left) An example of a peak received by the CCD for the output of a tuneable

laser. (b) (right) A contour plot showing the distribution of the far-field images at
discrete wavelengths. Higher intensities are represented by ‘brighter’ colours.

In order that the system may be used as a spectrometer, it is necessary to create a transfer

function, or look up table, which converts the wavelength units from ‘pixels’ to the more

usual ‘nm’. This was done by instructing the tuneable laser to scan across the working

range in S5pm steps. By plotting wavelength against illuminated pixel one may quickly see

that the relationship is linear, as depicted in Figure 4.11a.
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Figure 4.11 (a) (left) The system transfer function relating wavelength to illuminated pixel, shown

for two systems of different focal length. (b) (right) A closer view of the difference
between plotting the most intense pixel and the centroid fitted pixel values which
shows the improvement to the system resolution achievable with software
interpretation of the data.
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In practice, it may not be necessary to convert pixels to true wavelength units; since the
relationship is linear, if the system is being used to decode a WDM sensor array the

conversion may be made from pixels straight to strain.
4.3.4.2. Pixilation

Figure 4.11b shows the effect of pixilation on the detected peak of the CCD array.
Pixilation is a simple consequence of the finite width (14pum) of the pixels used in the
CCD array and represents the minimum physical resolution of the system. This problem
may be addressed in software and greatly reduced with simple techniques which
significantly improve the system performance. There are many different algorithms
which one may apply to a dataset in order to improve the resolution (see for example
[82]) and there would be little worth in reviewing them in this thesis: suffice to say that
one of the simplest approaches yields excellent results and requires only minimal
computation time. The Centroid Detection Algorithm (CDA) takes an amplitude

weighted mean of the data according to Equation 4.1 [158]:

2048
Z xr' ‘y:' (> y:nin )
1

2048

Zl:y

Equation 4.1 i =

where / is the centroid fitted peak value, x, is the wavelength of the i” element and

th

Y (> Vi) is the amplitude of the y” element greater than the noise floor Ymin - The result

of this equation may be seen in Figure 4.11b which unequivocally demonstrates the

benefit of software data enhancement.
4.3.4.3. Bandwidth and resolution

Figure 4.11 shows the trade off which must be made between resolution and bandwidth,
that is that the wider the bandwidth of the system, the lower the resolution will be.
Ultimate system bandwidth is limited by the length of the CCD array and the bandwidth
of the BFBG’s radiation modes. For a CCD array of a given length and BFBG of given
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spectra; the bandwidth of the system is a function of the distance from the grating to the
array. The physical resolution may then be simply calculated as the bandwidth divided by
the number of pixels. Note that data interpolation techniques may be used to significantly
improve the resolution, as indicated in Section 4.3.4.2. For the two lenses used in Figure

4.11, the system parameters may be summarised as per Table 4.1:

Focal length | Bandwidth  Gradient Max Intensity Physical resolution
mm nm nm/mm counts pm/pixel
50 70 2.71 3720 38
150 _ 25 0.89 2587 12

Table 4.1 System parameter summary for two lenses of different focal length

In addition to the trade off between bandwidth and resolution, it is also necessary to
consider the effect of altering the focal length of the system on the intensity of the light
falling on the CCD array. In the simplest arrangements, it is only necessary to use one
lens focusing the radiation modes onto the CCD array in the x-plane. Since the radiation
modes diverge heavily in the y-plane due to the cylindrical geometry of the fibre core and
cladding (refer to Chapter 2, Section 2.5), the beam will be significantly less intense. This

is shown diagrammatically in Figure 4.12 and numerically in Table 4.1.
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Figure 412 A contour plot showing the far-field images of 1511.2nm light radiated from the
BFBG. This plot shows the difference in spot sizes (and therefore intensity) with
different focal length lenses.

4.3.5. Sensor interrogation

In order to demonstrate the utility of the system as a sensor interrogation system, a WDM
sensor array of nominally 4 elements was fabricated in SMF with Bragg resonances

chosen to coincide with the peak responsivities indicated in Section 4.3.2.
4.3.5.1. Sensor interrogation using a tuneable laser

Initial experiments utilised the simplest arrangement possible with this system using only
one lens in the x-plane to focus the light onto the CCD array. Since much of the light was
lost due to poor focusing of the radiated beam, it was necessary to scan a powerful
tuneable laser across the spectral regions associated with the WDM grating array. This

yielded significantly more effective optical power than a broadband source.
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Figure 4.13 (a) (left) The plot of the spectrum detected by the BFBG/CCD spectrometer with
illuminated with a tuneable laser and (b) (right) a comparison of the detected spectra
from the BFBG/CCD spectrometer and a laboratory spectroscopy system.

Figure 4.13a shows the spectrum of one sensor grating in two states of stress (at rest and
at 1500ue). It clearly shows good representation of a reflective sensor grating. Figure
4.13b shows a comparison between the BFBG/CCD system and a spectrometer system
comprising a tuneable laser, wavemeter and power meter array. The tuneable laser
apparatus detects significantly more of the reflected features from the grating, but both

systems show the peak of the grating to a similar extent.

By way of demonstration, Figure 4.14 shows the result of an experiment to strain a sensor

grating incrementally up to 1500pe.
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Figure 4.14 A plot showing the example data of a sensor FBG being strained and interrogated
using the BFBG/CCD spectrometer.

4.3.5.2. Sensor interrogation using a broadband source

In order that the system become a practical reality, it was necessary to reduce the losses
surrounding the coupling of the radiation modes from the BFBG to the CCD array. This
was achieved by inserting two lenses in the y-plane as indicated in Figure 4.8, thus
narrowing the radiation profiles seen in Figure 4.12 to those shown by Figure 4.15a
which shows the far field image of radiation modes from a BFBG focused to a uniform
Imm diameter spot. The plot shows a series of contours representing discrete intensity
levels. Clearly this has profound implications on the intensity of the radiation modes
detected at the CCD array and enables the use of a broadband source to illuminate the

WDM sensor array.
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Figure 4.15 (a) (left) The far-field image of radiation modes, shown as a contour plot of discrete
intensity levels, from a BFBG/CCD spectrometer system when focused in two
planes. This shows the excellent collimation achievable with properly designed
optics. (b) (right) The spectrum of the SLED light source used to illuminate the
sensor demonstration system.

The BBS chosen for the demonstration of the system was a superluminescent light
emitting diode (SLED). The output spectrum of this source is shown in Figure 4.15b. The
grating array was connected to the output of an optical circulator as shown in Figure 4.5,
and illuminated by the SLED operating at maximum bias current (refer to Figure 4.15b).
The return port of the circulator (port 3) was connected to the BFBG, enabling the sensor

spectral data to be radiated onto the CCD array and the waveform captured by software.

Sensor gratings from the array were monitored in strain and in temperature varying
environments. For each discrete change of measurand, 10 readings of Bragg wavelength
were calculated using the CDA, and their average plotted. Figure 4.16a shows the results
for an increase in strain of up to 1400ue, whilst Figure 4.16b shows the results for a
temperature shift of 30°C. They show an RMS deviation from a linear trend of 3.7pm and

1.7pm respectively.
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Figure 4.16 Detected strain (a) (left) and temperature (b) (right) induced wavelength shifts using
the BFBG-CCD apparatus and a SLED broadband light source. This shows excellent
system accuracy. The points marked with ‘O’ show the result of software
interpretation of the physical data which is marked with X'

The points marked with ‘0’ in Figure 4.16 represent the shift in the Bragg wavelength
calculated by the Centroid Detection algorithm, whilst those marked with ‘x’ are the
value calculated simply by looking for the point of maximum optical reflection. The
difference in accuracy between the two data collection techniques is clearly demonstrated

by these two datasets.
4.3.5.3. Signal-to-noise ratio

Figure 4.17a shows the spectrum of one of the sensor FBGs used to produce the results in
Section 4.3.5.2 above. The signal to noise ratio was calculated from the relative
intensities of the FBG peak and the maximum noise level of the system (after correction
in software for dark current, as detailed in Section 4.3.2). However, the SNR of the
system is a function of the integration time of the CCD array by virtue of the fact that
longer shutter times result in more photons being absorbed by the array. In order that this
may be demonstrated graphically, the system was set up to monitor the reflection from
the sensor grating which was held at a constant temperature with a constant illumination
level from the SLED light source shown in Figure 4.15b. The integration time was then
steadily increased in 1ms steps. At each integration time, 20 readings of the grating were
taken and their average plotted against integration time. This is shown in Figure 4.17b

where the SNR is plotted on a dB scale. At approximately t=120ms, the SNR begins to

- 101 -




decay because the signal from the sensor grating becomes too intense and the CCD
saturates. At this point the noise floor continues to rise resulting in the decay shown. This

represents the maximum possible SNR for this configuration.
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Figure 4.17 (a) (left)The CCD output spectrum when illuminated with a sensor FBG and SLED
broadband source indicating the excellent signal to noise ratio. (b) (right) A plot of
the signal to noise ratio measured in dB for increasing integration times showing the
saturation point at ~140ms.

4.3.5.4. System drift

Drift is an extremely important factor to consider when designing a sensor interrogation
system. Values which should remain constant over time but show change through system
drift are a large contributing factor to overall system error. To model this, the system was

used to monitor the reflected spectrum of a sensor FBG held at constant temperature for a

period of 45 minutes at a sample rate of 1Hz.
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Figure 4.18 (a) (left) (upper) The drift over time of the recorded Agr value of a sensor FBG
measured with the BFBG-CCD system and (lower) filtered for external temperature
variations. (b) (right) A histogram showing the distribution of the recorded values of
the Bragg wavelength over a 45-minute period.

Figure 4.18a shows the recorded value of Bragg wavelength against time. The large
variations may be attributed to temperature changes in the Peltier controlled sensor. In
order to ascertain the fluctuations in the reading made by the system, these large
variations have been mathematically filtered out and are shown in the lower portion of
Figure 4.18a. Figure 4.18b shows the approximately normal distribution of the data from
Figure 4.18a. The RMS deviation from the mean of this histogram is a 1.2pm thus

indicating that the system is inherently stable.
4.3.5.5. Polarisation sensitivity

Polarisation sensitivity affects the performance of a sensor interrogation system because
random changes in polarisation state may be interpreted as a measurand change in a
polarisation sensitive system. In order to ascertain the sensitivity of the system to these
changes in polarisation state, a tuneable laser was used to simulate the peak formed by
the reflection of light from an FBG sensor on the CCD array. This radiation was passed
through a PC controlled polarisation state adjuster before reaching the BFBG-CCD
system. The polarisation state adjuster was set to scan all possible permutations over a 12
second period. The peak position and amplitude was then logged every 250ms for a 20-
minute period. Figure 4.19 clearly shows that although the intensity of the radiation
varies according to polarisation state, its spatial position remains constant. This indicates

polarisation insensitivity for sensor gratings illuminated with a broadband source since
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only a snapshot is required. This may be explained by Chapter 2, Section 2.5.2. Figure

2.10 and its accompanying description show that the position of radiation modes whose
wavelength is close to that of the Bragg resonance is negligibly effected by polarisation
state. Figure 2.10 further shows that there is, however, a slight polarisation induced

variation in the radiation efficiency at these wavelengths.
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Figure 4.19 The peak position of a sensor for all possible polarisation states. This figure
demonstrates the polarisation insensitivity of the BFBG-CCD detection system.

4.3.5.6. WDM channel separation

For a multiplexed system, the minimum possible spacing of sensors is an important factor
because it determines the number of sensors per channel. Clearly, as signals begin to
overlap, tradeoffs must be made between SNR and WDM spacing. In order to
demonstrate the ultimate limit of this system in terms of WDM separation, two tuneable
laser sources were used to simulate sensor FBGs with 0.5nm linewidth. One was held at a
constant value whilst the second was scanned such that it crossed the first’s spectral
location. Figure 4.20 shows two frames from this experiment; Figure 4.20a shows the

point when the two sources are separated by 100pm, whilst Figure 4.20b shows them at

50pm separation.
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Figure 4.20 This figure shows two received sensors separated by (a) (left) 100pm (WDM
separation of 100pm) and (b) (right) 50pm (WDM separation of 50pm).

Note that minimum WDM separation is dependent largely on the linewidth of the FBG
and the separation of the CCD detector from the BFBG. For this instance with a linewidth
of 0.5nm and f=50mm, the WDM channel separation is shown as a function of SNR in

Figure 4.21.
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Figure 4.21 This figure shows the SNR of the system as a function of the separation of the WDM

sensor channels. The central null position denotes the point wherein the channels
became indistinguishable.

- 105 -




4.4. SUPERIMPOSED BFBG SPECTROMETER

A blazed grating couples a portion of forward propagating modes into radiation modes;
the spectral width of radiation mode out-coupling is usually tens of nanometres and
represents the fundamental limit to the bandwidth of a BFBG/CCD spectrometer. It is
possible to use cascaded side detection systems which cover sequential spectral portions
and therefore interrogate an extended wavelength range. This approach, however, results
in a significantly increased system complexity and cost, since each cascade requires an

entire BFBG/CCD setup.

An alternative approach is to combine the cascaded systems into a single piece of

apparatus by superimposing blazed gratings upon each other.
4.4.1. Superimposed BFBG Fabrication

In this experiment, the gratings were fabricated according to the normal phasemask
method wherein the phasemask is tilted in the plane of the fibre so as to introduce slanted
fringes in the core at a predetermined angle. Figure 4.22a shows the transmission spectra
of two separate blazed gratings with the same periods at blaze angles of 4° and 8°. It may
be clearly seen that the radiation mode envelopes cover 1540 to 1570nm and 1500 to

1550nm respectively.
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Figure 4.22 The transmission spectra of (a) (left) two individual BFBGs with tilt-angles of 4" and
8" and (b) (right) the spectrum of a superimposed BFBG comprising overlaid 4° and
8" gratings. This figure shows that the convolution of the separate gratings yields the
spectrum of the superimposed grating.

The data in Figure 4.22 has been divided for clarity; the red traces denote a contribution

from the 4° grating, whilst the blue traces represent the 8° grating. This convention will

be carried forward for the remainder of this section.

Superimposed blazed fibre Bragg gratings (SBFBGs) may be fabricated by overlaying
gratings with different tilt angles at the same location within the fibre. Figure 4.22b
shows the transmission spectrum of a SBFBG consisting of 4° and §° gratings. The
shorter wavelength portion of the spectrum is contributed mainly by the 8° grating and
presents a broader, shallower profile with more sparse cladding resonant peaks than the
longer wavelength portion which results from the 4° grating. It is clear from Figure 4.22a
and Figure 4.22b, that superpositioning the two spectra of the former, one may produce
the latter. This technique gives an extended radiation mode spectral bandwidth greater
70nm.
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Figure 4.23 The far-field image of the SBFBG system when illuminated with 1546.6nm radiation
from a tuneable laser. The two radiation modes are a result of light being radiated at
slightly different angles by the constituent gratins in the SBFBG.

There is an obvious region in Figure 4.22 where the spectra from the constituent gratings
overlap, this is from approximately 1540nm to 1550nm. In order to better demonstrate
this overlap and highlight the significance of the effect of superimposing BFBGs, Figure
4.23 shows the far-filed image of the SBFBG when illuminated with radiation from a
tuneable laser at 1546.6nm (chosen to coincide with a peak in the responsivity of the
CCD array shown in Figure 4.7 which is within the overlap region of the SBFBG).
Although the gratings are superimposed within the same core and illuminated with the
same source, they radiate the light at differing angles because they posses different blaze
angles. This approach may find uses in a great many applications, such as complex beam

splitters for telecom applications.
4.4.2. Radiation mode characterisation of SBFBGs

Before using the SBFBG-CCD spectrometer system to interrogate a sensor array, it was
first necessary to calibrate the system so as to produce a transfer function describing the

system response to applied wavelength. This was implemented by scanning a tuneable

- 108 -




laser through the working range of the device and a spectral-to-spatial conversion was
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Figure 4.24 A plot of the system calibration data for a SBFBG spectrometer system, showing the
wavelength to pixel transfer functions, the detected intensity and the detected
intensity normalised for the responsivity of the CCD array. The red traces denote
contributions from the 4° grating, whereas the blue traces originate from the 8°
grating. This figure shows that the SBFBG may be used to radiate light over an
extended bandwidth compared to a conventional BFBG system.

The uppermost plot of Figure 4.24 shows the now familiar transfer function for the
system which is used to convert data from units of ‘pixel’ to more usual ‘nm’ or ‘ue’.
Note the overlap from the 2 contributing gratings in the 1540nm to 1550nm region;
whilst both gratings radiate the same wavelength at this point, they do so at different
spatial locations on the CCD. This is the consequence of the superimposed gratings
having different blaze angles, as highlighted by Figure 4.23 and explained by Equation
2.19. The central plot of Figure 4.24 shows the detected intensity as a function of
wavelength and is difficult to interpret due to the highly non-linear nature of the CCD
array, as discussed in Section 4.3.2. This has been clarified in the lower plot which shows
the result of normalising the data in accordance with Figure 4.7. One may now see the

contributions from the two gratings extremely clearly and recognise the shape of the
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radiation intensity profile as an approximate inversion of the spectrum of the SBFBG

shown in Figure 4.22b.
4.4.3. Interrogation of sensors

The SBFBG-CCD system was used to interrogate a WDM sensor array consisting
nominally of two Bragg gratings, G1 and G2, as shown in figure 2. Their wavelengths
(1510nm and 1560nm) were chosen to fall in the first and second spectral portion of the
SBFBG. G1 was used to sense strain whilst G2 monitor temperature fluctuations. Due to
the relatively weak strength of this SBFBG, it was necessary to use a scanning tuneable
laser to simulate a very high power broadband light source, as described previously in

Section 4.3.5.1.
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Figure 4.25 An example of one of the sensor gratings interrogated using the SBFBG system.
The figure shows the grating at rest and strained.

Figure 4.25 shows the measured reflection spectra of sensor G1 at two levels of applied
strain. Figure 4.26a shows the wavelength shift of G1 versus applied strain from 0 to
160ue. Similarly, Figure 4.26b shows temperature-induced shifts in the Bragg
wavelength of G2. From the SBFBG-CCD detection system, we obtained linear strain
and temperature responses of 8.87pm/pe and 9.4pm/°C with RMS deviations of 5.2pm

and 14pm, respectively.
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Figure 4.26 The strain coefficient of sensor G1 (a) (left) and the temperature coefficient of sensor
G2 (b) (right) as measured by the SBFBG spectrometer system.

This experiment represents the first report that SBFBGs may be used to radiate light from
the side of an optical fibre and that they can significantly increase the dynamic range of a
BFBG spectrometer system. The distinct advantage of enhanced dynamic range from a
low-cost single-device will enhance the functionality and commerciality of BFBG-CCD

side detection systems, and is applicable to all variants of such systems.
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4.5. BFBG SPECTROMETER PROTOTYPE

4.5.1. Prototype design

The next stage in the development of the blazed grating spectrometer was to built a
demonstrator prototype that was sufficiently robust that it might be more than simply a
laboratory curiosity. The overriding problem with the practical solution was that the fibre
must be immersed in index matching gel to remove air-cladding resonances and to permit

the coupling of core modes to radiation modes.

BK7 window

i

filling hole

fibre positioning tube

[
5

<

Figure 4.27 (a) (upper) The design of the grating housing which contains the index matching gel
and (b) (lower) the fibre adjustment arrangement for rotating the fibre within the gel-
filled housing enabling the system to be aligned.

alignment sleeve

fibre fixing tube

This was achieved by the fabrication of a customised housing, shown in Figure 4.27a. A
Imm O/D, 250pum I/D capillary tube was sealed into the main chamber at an angle of 22°
in accordance with Equation 2.19, through which the fibre could be threaded. A BK7
glass window was then fixed to the end of the block with a large (13mm) aperture,
through which the radiation modes would pass approximately normal to the window. The
device was then inverted and filled with index matching gel via the small (3mm) diameter
filling hole. Following 48 hours at 80°C during which time the index matching gel was

able to de-gas the filling hole was sealed with epoxy resin. It was necessary to make
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provision for the fibre to be rotated within the alignment capillary tube so that the
direction of radiation from the BFBG could be accurately adjusted. This was achieved by
using an alignment tube with 1mm I/D which was permanently fixed to the capillary tube
as indicated in Figure 4.27b. The fibre was then glued into another section of 1mm 1I/D
capillary tubing and threaded through the gel filled capillary. Course rotational control
was permitted by rotating the tube in which the fibre was fixed, and then using removable
adhesive tape to fix the position. The finished alignment system is pictured in Figure 4.28
which shows the properly aligned BFBG radiating a 633nm light source through the BK7

window.

Figure 4.28 The index matching gel filled alignment device, shown with a properly aligned BFBG
illuminated with 633nm He-Ne radiation which is visible at the grating location.
Photo: David Birkin.

The focusing optics for the system were designed to be as simple and compact as
possible. This was achieved with ‘of-the-shelf” BK7 optics using a single 70mm focal
length lens in the x-plane and two 50mm focal length lenses back-to-back in the y-plane.
The x-plane optics are shown in Figure 4.29 and the y-plane optics are show in Figure
4.30. The lens mounts, CCD mount and base were designed to be highly adjustable to

allow for alignment necessary as a result of grating imperfections.



Figure 4.29 (a) (upper) A schematic showing the placement of the x-plane focusing optics and
(b) (lower) a picture showing the manufactured prototype in the x-z orientation.
Photo: David Birkin.

Figure 4.30 (a) (upper) A schematic showing the placement of the y-plane focusing optics and
(b) (lower) a picture showing the manufactured prototype in the y-z orientation.
Photo: David Birkin.
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The final prototype is shown next to a laboratory OSA for scale in Figure 4.31a with the
light shielding cover removed. Figure 4.31b shows the positioning of the alignment

device, focusing optics and CCD array.

Figure 4.31 The finished prototype shown (a) (left) next to a laboratory spectrum analyser for
scale and (b) (right) in detail indicating the position of all components. Photo: David
Birkin.

4.5.2. Prototype testing

The prototype was calibrated using a tuneable laser as previously described. The laser
was scanned across the region of interest in Spm steps. 20 readings were taken at each
discrete wavelength and the average plotted against wavelength in terms of peak position
(Figure 4.32a) and peak intensity (Figure 4.32b). Figure 4.32a shows the transfer function
of the system and may be used to determine the wavelength of an incident signal or
sensor grating. There is a slight non-linearity evident in this transfer function which is
attributed to a slight rotation of the x-pane optics causing non-uniform diffraction as a
function of wavelength. The transfer function shows a spectral bandwidth of 64.5nm and
an average physical pixilation (without software interpretation of the data) of 44pm per

pixel.
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Figure 4.32 (a) (left) The transfer function of the system measured with a tuneable laser and (b)
(right) the intensity calibration of the system which corresponds to the responsivity of
the CCD array shown in Figure 4.7.

[n order to calculate the SNR of the system it is necessary to consider the two
interdependent variables in conjunction with the signal strength; the integration time of
the CCD array and the wavelength of the reflected signal. This data is shown below in
Figure 4.33. Figure 4.33a shows the SNR of the system with a simulated sensor FBG
signal (the output of a tuneable laser) for an integration time of Ims and an input power
of -5dBm. The peak in the SNR corresponds to the 1537.2nm responsivity peak of Figure
4.7. Figure 4.33b shows a similar plot, but in 3 dimensions. The plot shows the SNR of a
simulated senor from 1530nm to 1545nm, with integration times from 1ms to 150ms and
an input power of -15dBm. There is now a steady decrease in the SNR at 1537.2nm with
increasing integration time. This is a result of a slight side-lobe in the signal received by
the CCD which quickly increases in amplitude as the integration time increases. Since the
main signal is sufficiently strong to saturate the CCD at this wavelength, the signal does
not keep ahead of the noise and the result is a severe degradation in the SNR. Dynamic
control of the integration time is therefore a desirable extra for this system and is easily
achievable in software. The offending side-lobe is likely to be a consequence of a poor
quality BFBG, an air bubble in the index matching gel enclosure, poor system alignment

or all three.
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Figure 4.33 (a) (left) The signal to noise ratio against wavelength for a -5dBm source and (b)
(right) the SNR surface plotted in three dimensions for wavelength and integration
period for a -15dBm source.

The system drift was calculated in a similar way to that shown in Section 4.3.5.4. A
tuneable laser was allowed to warm up and held at a constant wavelength of 1537.2nm.
The peak was then detected in software using the CDA and a value recorded against time
at a frequency of 10Hz. Figure 4.34a shows the result of this in terms of the direct
measurement of wavelength (upper) and calibrated into ‘pm’ (lower). The lower plot also
shows the drift with the sinusoidal variation, which may be attributed to instabilities
within the tuneable laser, removed. The distribution histogram of the data shown in
Figure 4.34b shows a typically normal distribution and yields a FWHM drift value well
within +0.35pm. This represents a significant improvement in the stability, compared

with the pre-prototype, and shows this design to be intrinsically stable.
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Figure 4.34 (a) (left) The system drift against time shown as measured in terms of pixels (upper)
and converted to wavelength (lower) where the sinusoidal variations have been
filtered out showing the true drift of the system. (b) (right) The distribution of the drift,
clearly indicating a normal distribution.

4.5.3. Prototype demonstration with a commercial sensing system

Indigo Photonics recently unveiled their FSI — or Fibre Sensor Interrogator — which is a
TDM based optical sensor interrogation system utilising synchronous detection
techniques first deployed in radar systems, implemented in this instance using
semiconductor optical amplifiers as switches [159] (the system is now marketed by
Insensys LTD). The system will surely enjoy commercial success since it offers up to 16
channels at 100 sensors per channel with better than lpe resolution. The spectral
interrogation in this system is performed (usually) by means of an edge filter. Unlike
edge filter arrangements, the BFBG/CCD approach is not affected by increases in the
broadband noise of the system and was thus deemed better able to cope with fluctuations
created by the SOAs. To this end, it was decided to make a customised version of the FSI

which used a BFBG/CCD array spectrometer.

The FSI was connected to an array of nominally 4 sensor gratings at the same wavelength
separated by 2 meters of SMF fibre. The spectral output of the FSI was then connected to
the BFBG/CCD array spectrometer. The output from the FSI is a stream of short pulses
which are reflected from the grating selected by the FSI software interface. It is possible

to select and interrogate each grating in turn via this software interface.
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Figure 4.35 Examples of the spectra reflected from the Indigo Photonics FSI TDM system, as
detected by a BFBG/CCD. Each plot shows a different sensor FBG in a relaxed
condition.

Figure 4.35 shows the spectra of the gratings in the array and indicates a set of extremely
clear sensor spectra. In order that the BFBG/CCD apparatus might be used to determine
temperature, the system was calibrated by placing the sensor gratings in a computer
controlled Peltier oven and saving 20 discrete wavelength values (measured in ‘pixels’)
for each temperature. This is shown in Figure 4.36a and shows a good linear result. The
interrogation system was then demonstrated by recording the temperature of a liquid as it

cooled in air. This result is shown in Figure 4.36b.
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Figure 4.36 (a) (left) The temperature calibration plot of sensor FBG110 and (b) (right) an
example of the system sensing a cooling cup of coffee with milk and two sugars.
These plots indicate the success of the system when used in conjunction with the
current state of the art WDM sensor decoder.

Although fairly straightforward, this is an extremely important result for this project since
it shows that it is not only a practical reality, but that it has significant advantages in
terms of technical operation and potential manufacture cost over an aspect of the current
state of the art sensor interrogation system. An edge filter will give an inaccurate reading
if there is an increase in background noise since this will increase the radiation falling on
the detector. The BFBG/CCD spectrometer system is not affected by this since it

measures wavelength directly rather than by making an intensity-dependent calculation.



4.6. IN-FIBRE POLARISER USING A BFBG

Reyes et al [160] showed that it was possible to use BFBGs as PDL controllers by
twisting the grating structure. In-fibre polarimeters have been described by Westbrook et

al [161] and Peupelmann ez a/ [162] using complex grating arrays.

In this experiment, 45° BFBGs were fabricated in Ge-doped photosensitive fibre using
the scanning phasemask technique and a 244nm CW laser source. To ensure the spectral
response of the BFBGs with large tilt angles fell in the 1.55um region, a phasemask with
a large period (1800nm) was commissioned. The phasemask was rotated by 33.3° so as to

induce slanted fringes at 45° within the fibre core in accordance with Equation 2.23:

Equation 2.23 &= e tan ' {;
' .2 ntan(&,, )

The 45° slanted fringes were verified by examination with an oil immersion, high
magnification microscope. As shown below in Figure 4.37, the internal fringe angle was
46.1°.

Figure 4.37 The fringes of a 45° blazed grating observed with an oil immersion microscope using
a 100x objective.

The bespoke phasemask used in the experiment had a phase relief pattern of a modest
3x10mm which resulted in a maximum grating length of only 4.6mm when rotated to
33.3°. Because this resulted in low efficiency of cladding and radiation mode coupling,
several grating sections were concatenate so as to produce a second grating of effective

length 40mm. It should be noted that Battiato and Kostuk successfully inscribed 45°
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gratings using a prism based holographic inscription technique [163] but were still only

able to achieve a reported maximum grating length of 4mm.

Two characterization systems, as illustrated in Figure 4.38, were used to measure the
polarisation property of the 45°-tilted FBGs. The first system was designed to measure
the maximum and minimum polarisation dependent loss (PDL) and consisted of a
broadband source, a fibre polariser and polarisation controller, and an optical spectrum
analyzer. The second system was used to investigate the entire PDL response of the
gratings (for different polarisation directions). In this system, a tuneable laser and a

power meter were used in conjunction with a polarisation controller and a polarisation

beam splitter with PM fibre pigtails and a fibre rotator.

OSA

System 1 polarisation
controller
BBS ? () O Gpss
| O O  BrFBG
polariser
System 2 s
polarisation
controller fibre rotator
BBS D) N
O O/, ) BFBG

Figure 4.38 The two different experimental setups used to characterize the polarisation

polarisation beam
splitter

characteristics of the 45" BFBG.

By way of comparison, the normalized maximum PDL of both gratings were measured
using system 1 of Figure 4.38 and are shown in Figure 4.39 below. The PDL of 4.6mm

grating is only approximately 3dB compared with more than 28dB in the 40mm case.
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Figure 4.39 The PDL of the 4.6mm and the 40mm 45° BFBGs measured using system 1 shown
in Figure 4.38

The full PDL response of the 4cm-BFBG was characterized with system 2 using linearly
polarised light from 0° to 360°, generated by rotating the PM pigtail on the output port of
the polarisation beam splitter, as shown in Figure 4.38. The transmission from the BFBG
was measured as a function of the polarisation direction of the light, the results of which
are plotted in Figure 4.40. The results show two expected maxima separated by 180° (at

140° and 320°) and minima orthogonal to these maxima.
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270

Figure 4.40 The PDL measurement of the 40mm grating over 360° of polarisation states. This
was measured using system 2 of Figure 4.38

The polarising capability of the 40mm grating as polariser was also evaluated. Radiation
at 1.55um from a tuneable laser was first depolarised using a polarisation scrambler; the
measured degree of polarisation was measured using a Newport polarisation analyser as
1.2%. The grating was then placed in the optical circuit before the analyser and the

degree of polarisation was measured as 99.51%.
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4.7. CHAPTER CONCLUSIONS

The work described by this chapter shows the novel implementation of several blazed
grating based devices. The primary result of the work is that an extremely low cost
spectrometer has been shown which may be quickly built using a BFBG, a CCD array

and a few commonly available optical components.

This work shows the progression of a design intended for practical implementation, and
the results correspond accordingly; the system was shown to be extremely accurate with
an FWHM drift of <0.5pm over an extended time period. The final prototype, whilst not
claiming to be a direct alternative to a laboratory style optical spectrum analyser, was
clearly much smaller than such a device and far less expensive. More importantly though,
the final system is rugged and with proper development will be capable of
implementation in harsh environments. It was shown that an example WDM sensor array
could be interrogated by the system using a broadband source, or a pulsed commercial
system. These results indicate the successful design of an optical fibre sensor

interrogation system.

It has been shown that a significant increase the bandwidth of a BFBG system may be
achieved using superimposed BFBGs. This novel experiment superimposed 4- and 8-
degree gratings and showed that the system functioned as expected yielding distinct
radiation profiles associated with each grating. Figure 4.22 shows that the spectrum of a
SBFBG corresponds to the convolution of its two constituent grating profiles and Figure
4.24 further shows that the optical power radiated by the device very accurately matches
the loss profiles of Figure 4.22. This result indicates superb predictability of a system

using superimposed blazed gratings.
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5. TYPE IA FIBRE BRAGG GRATINGS, FABRICATION
AND APPLICATIONS

5.1. PREAMBLE

This chapter comprehensively documents fabrication methods and applications of type IA
gratings. The unique growth characteristics of type IA gratings are discussed at length
and a novel fabrication method for regenerated gratings is introduced, explained and
proven. The necessity for exposure uniformity is shown and experimental evidence is
used to support a theoretical model of the mean index profile of type IA gratings. The
chapter concludes with a detailed description of the fabrication of a self-referencing fibre

sensor head which may be inscribed in a single fibre.
5.2. THE DISTINCTIVE GROWTH PROFILE OF THE TYPE IA FBG

The spectral characteristics of type 1A gratings are unique; they are distinct from other
grating types because they exhibit a large increase in the mean index of the core that is
readily identifiable as a large red shift seen in the Bragg wavelength of the grating during
inscription. This red shift is dependent on fibre type and hydrogenation conditions, but

for a highly doped fibre is typically in the order of 15-20nm, and for SMF28 is 5-8nm.
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Figure 5.1 The spectrum of a standard grating (left) and a longer type IA grating (right) written
in the same fibre with the same phasemask. The difference in wavelength is caused
by the large increase in mean refractive index caused by type IA grating growth. This
also accounts for the ghost mode as the mean index change is sufficient to cause
the fibre to become multi-mode.

Figure 5.1 (above) shows the spectrum of a 4mm regenerated IA grating (right) and a
Imm standard type I grating (left). These gratings have been written in the same fibre
with the same phasemask, yet their central reflecting peaks are 14.5nm apart after
annealing. The large increase in mean refractive index caused by prolonged UV exposure
has additionally increased the NA of the fibre to such an extent that it has become multi-
mode. It is well known that for single mode fibres, the V-parameter must be <2.405. In
the example above, the NA of the virgin fibre is 0.161 whereas the NA of the 1A
modified fibre is 0.247 (refer to Section 6.3.1). Using Equation 2.13, we may calculate

the V-parameter as follows:

2w
—  _(3.7x107°)(0.161) =2.399
(1560x10'°]( 4 )( )

for the untreated fibre case, and:

2T 6
—— _[(3.7x107°)(0.247) =3.681
[1560x10°]( gl )

- 128 -



for the IA treated case. This accounts for the second Bragg resonance, or ghost mode

visible at 1564nm. Because this part of the fibre has become multimode, the grating
reflects a second mode with different effective index in a similar way to the multiple
peaks of long period gratings. If the Bragg wavelength is plotted against time as in Figure
5.2, the transient profile is also unique and shows three regions: the first is the rapid
formation of a type I grating, this then decays and a linear period of mean index change

begins before saturation occurs at which point the grating stabilises.
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Figure 5.2 An example of the characteristic red shift displayed during prolonged UV exposure of
hydrogenated germanosilicate fibre shown in terms of the spectral red-shift and
associated refractive index change on a dual y-axis plot. The three distinct regions of
IA growth are shown.
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5.3. REGENERATED GRATING FABRICATION

Regenerated gratings are inscribed by the prolonged exposure to the inscribing laser. This
has classically been performed in one of three ways: 1) by prolonged exposure in a
holographic inscription setup; 2) by repeated scanning in a phasemask setup; or 3) by
static exposure through a phasemask. Each method is generally suitable for most
applications, but all have a common drawback. During a prolonged exposure, the quality
of the grating is a function of the stability of the system during inscription since the fringe
visibility will be degraded if the interference pattern is unstable. Clearly, the effect of any
instability is multiplied when exposure time is doubled; thus regenerated gratings are

significantly more difficult to inscribe with good fringe visibility than standard gratings.
5.3.1. Holographic fabrication

Chapter 3, Figure 3.3, shows a good quality holographic inscription setup, time has been
spent assembling the components such that the vibrations transmitted to the interference
fringes are minimised. Good quality lens mounts, firmly fixed to an optical bench which
itself is isolated from ground vibrations by means of a system of air-springs, are a vital
precursor to stable operation. However, even an extremely high quality setup such as that
shown is degraded because the mechanical distance from the 50:50 beam splitter to the
interference fringes is large. There are always unavoidable vibrations within the system
and they are amplified by this distance causing the quality of an extended exposure to be
reduced. In addition, it is difficult to inscribe gratings with uniform exposure profiles
since the output of most UV lasers now available typically have a Gaussian cross section
intensity profile; this problem is compounded if a beam expansion telescope is used to

inscribe gratings of a longer length than the inscription laser beam diameter.
5.3.2. Static beam, phasemask exposure

The static phasemask exposure technique is by far the least demanding method of FBG
inscription and requires the minimum of equipment, although high quality flexure stages
are a prerequisite. The method works well for simple grating designs although

apodisation is difficult. The drawback to any phasemask technique is that phasemasks are
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often extremely expensive and although there are several published methods for

extending the useful wavelength range of a phasemask (see Section 3.3.1.2) they are only
usually applicable for small changes to the shorter side of the Bragg resonance. The

principle of operation of a static phasemask system is shown below in Figure 5.3.

uv

Phasemask (Apm)
Photosensitive fibre

Grating (Arsg = 2Apm)

Figure 5.3 A schematic diagram showing the operation of a static phasemask inscription
system. The UV laser is passed through a surface relief phasemask and the
resulting fringe pattern is projected on to the optical fibre core, thereby inscribing a
grating with period equal to twice that of the phasemask.

This system has some of the same drawbacks as the holographic system, it is not easy to
produce exposure uniformity across the length of the grating and system vibrations
reduce fringe visibility. This system is, however, generally more stable than holographic
systems because the distance between phasemask and interference fringes is minimal

(approximately 100pm).
5.3.2.1. Scanning beam, phasemask fabrication

Another well known method of FBG manufacture is the scanning beam, phasemask
fabrication system. This system is again extremely straightforward in principle, however,
it is extremely difficult to perfect and is the subject of a great deal of research in its own
right. Rather than having a static beam, a mirror is placed on a translation stage (usually

an extremely complicated piece of equipment costing a significant fraction of the total
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system cost) that scans the beam along the length of the phasemask thus inscribing a

grating within the fibre core. This is shown below in Figure 5.4.

Scan direction >
e Aperture card
Mirror /
s
B 18

Figure 5.4 A modification of the static beam setup shown previously. This figure shows a
scanning beam inscription setup using a phasemask and an aperture card to ensure
uniform exposure of the grating.

Assuming an extremely high quality translation stage and associated equipment, the
scanning beam fabrication method is of comparable stability to the static beam system but
with the crucial advantages that gratings at least as long as the phasemask may be
fabricated and that one may ensure a uniform intensity profile using a simple aperture

card.
5.3.3. Blank beam fabrication

The principal drawback to all of the three methods listed above is that they require the
microscopic interference pattern to be present for the full duration of the exposure. When
fabricating standard (type I) gratings the process usually requires only a few seconds of
UV exposure. This means that the fringe pattern is present for the minimum length of
time thereby minimising stability concerns. However, when manufacturing regenerated
gratings such as TA or IIA gratings, a significant amount of energy must be delivered to
the fibre in order to change the properties of the fibre; this can typically take from 20mins
to 5 hours. In this situation it would be far better to deliver the energy required to bring

about the change in fibre properties and then to inscribe the grating afterward in the
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normal way. The need for this will become apparent later in this chapter, especially when

several thousand scans are required to deliver the required level of fluence to a fibre.

The principle of blank beam pre-exposure is therefore simple. A standard scanning beam
inscription setup is modified by removing the phasemask, or translating it so that the
inscribing beam may pass through a section with no phase relief pattern, the fibre may be
pre-exposed to the UV radiation by repeated scanning of the fibre. In this way, the fibre
may be pre-conditioned to the final state achieved during a prolonged exposure. Once the
fibre is fully mature, the phasemask is reintroduced and a grating written in the modified
fibre in the usual way. This method was first described during the post-deadline session
of OFS 2003 [93] where the correlation between the mean index evolution and an
absorption band at 1400nm was shown. Figure 5.5 shows the mean index evolution,
which is akin to the maturity level of a type IA grating, and the associated increase in the
absorption band at 1400nm. Both curves follow the three trends outlined in Section 5.2,

Figure 5.2. The absorption band will be discussed at length in Chapter 6, Section 6.4.
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Figure 5.5 The relationship between the mean index change (or IA maturity) and the 1400nm
absorption band under UV exposure. It is this relationship which enables |A index
changes to be inscribed without writing a grating since the index change may be
monitored by observing the absorption at 1400nm.

This absorption band is a consequence of the formation of OH ions within the fibre and
has no dependence on the modulated index change required for a Bragg grating to be

formed in the core. It is therefore possible to monitor the transmission loss at 1400nm and
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glean accurate feedback as to the maturity: of the fibre. When the absorption loss

saturates, the fibre is fully mature and ready fior inscription of any form of IA grating, be

it slanted, long-period or standard.

Currently, this method has only been successfiul for the fabrication of type IA regenerated
gratings; although it should be possible to apjply the same technique to IIA gratings this

has not yet been achieved.
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5.4. FABRICATION OF IA GRATINGS

5.4.1. The dependence of |IA growth on inscription intensity

A study was carried out to ascertain the dependence of the rate of IA formation on the
inscription laser intensity with a view to calculating the optimum inscription wavelength

and intensity.

Verillion IF01001410101 B/Ge co-doped fibre was hydrogenated at 225bar, 80°C for
68hours. A Coherent Sabre FreD laser at 244nm was used in conjunction with the
holographic inscription setup shown in Figure 3.3 to inscribe four identical [A gratings
with varying inscription powers of 10mm in length. The inscription power was varied by
means of a calibrated set of neutral density filters whilst the laser maintained a constant
250mW output. The FBGs were monitored in transmission using a broadband source and
an optical spectrum analyzer connected to a PC. The Bragg wavelength and the strength

of the grating were logged every 6 seconds by PC.

Figure 5.6 shows the spectral location of the central Bragg resonance plotted against
fluence as the gratings form in the fibres. Figure 5.6 gives a good indication of the
characteristically large red shift that accompanies type IA grating formation and
highlights the 3 distinct phases shown earlier in Section 5.2. Figure 5.6 shows two

distinct intensity dependences:

The formation rate of the initial grating (type I grating, as defined in Section 3.3.2.4)

exhibits negligible variation with inscription power

The formation rate of the regenerate grating (type IA grating, as defined in Section

3.3.2.4) exhibits large variation with inscription power
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Figure 5.6 The rate of inscription of type IA gratings with decreasing UV inscription laser power
is depicted. This example shows gratings written holographically in Verillion
IF01001410101 B/Ge fibre.

In order to maximise the quality of the grating and to guarantee a uniform intensity
profile, a scanning beam approach was adopted wherein the inscription laser scanned an
aperture against a phasemask increasing the cumulative fluence with each scan of the

laser in accordance with Section 5.3.2.1.

Fibercore PS1250/1500 B/Ge co-doped fibre was hydrogenated at 225bar for 68 hours at
80°C. The inscription laser was held at a constant 400mW and a calibrated neutral density
filter set was utilised to adjust the power of the inscription laser. An OSA was used to
save a spectrum of the sample gratings after each scan of the inscription laser. The laser

was scanned at lmms™' across a 0.5mm aperture.
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Figure 5.7 The rate of inscription of type |A gratings with decreasing UV inscription laser power
is depicted. This example shows gratings written according to the scanning
phasemask method in Fibercore PS1250/1500 B/Ge fibre. Refer to Table 5.1 for the
inscription parameters and colour code of each plot.

The intensity of the inscription laser after the ND filter was calculated according to the

simple relation OD(A) =~—log,, T'(1) where OD(7) is the optical density of the filter and

I(4) is the transmissivity in % at wavelength A. This equation has been applied to

calculate the inscription intensities shown in Table 5.1.

Figure 5.7 shows the inscription rates for five mature type IA gratings (and 1 immature
grating) written with inscription intensities as laid out in Table 5.1. The trends shown in
Figure 5.6 are again shown here with the higher quality data. The transition from type I to
IA is shown more clearly in Figure 5.8; this plot not only shows the distinct corner where
the type IA process begins but highlights that the inscription laser intensity is only a

significant factor for [A formation.
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Figure 5.8 A zoomed in plot of Figure 5.7 showing the transition from type | to type IA and

further showing that the inscription intensity dependence is significant only for the 1A
growth region.

This distinct change in growth profile indicates a fundamental change in the
photosensitive mechanism which forms type I and IA gratings, and is an indication that
[A gratings form as a result of multi-photon absorption. Closer inspection of the
transition from type I to type IA is provided in Figure 5.9. In this series of figures the
mean and modulated index change evolutions are plotted on dual y-axis charts. The mean
index change is plotted in terms of wavelength shift in the Bragg resonance and the

modulated index is shown simply in terms of maximum transmission loss.
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Figure 5.9 Dual y-axis plots showing the mean (blue) and modulated (red) index change of a
type IA grating for (a) (left) the complete inscription period and (b) (right) the
transition from type | to type IA. This plot is designed to show that the change in
gradient of the mean index coincides precisely with the start of the decay of the type
| grating, indicating the exhaustion of one of the underlying photosensitive
mechanisms.

If we first examine Figure 5.9a, we can see that the initial grating forms extremely
quickly, reaching a maximum transmission loss of -19.5dB in only 6 scans of the
inscribing laser during which time the Bragg resonance has shifted 2.88nm. It then begins
decaying rapidly and the mean index change slows somewhat. Note that the modulated
index change does not follow a predictable pattern after this point; repetition of identical
conditions frequently produces markedly different modulated index growth patterns.
Figure 5.9b examines the transition from type I to IA more closely as it is a zoomed plot
of Figure 5.9a. Note that the maximum reflectance is reached precisely at the same time
as the mean index changes gradient. In order to compare these values we must define

certain points on the growth curve. It is assumed that the point of maximum reflection

represents the transition from I to IA; this will be termed t(/l,‘;h,) . The wavelength change

and fluence required to produce it is shown below in Table 5.1. Moreover, it is important
to investigate the gradient of the mean index evolution from type I to [A wherein the

marked difference in inscription power may be noted. This is done by calculating the

fluence required to increase the central Bragg resonance a further 10nm from I(A;R) ; this

is termed t(/'L;R +10) and is again summarised in Table 5.1. An increase of 10nm was

chosen because it encapsulates the gradient of the linear part of the IA growth cycle.
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Fluence to

FBG ; : ; _
dent colour | ND Filter Power  MaxAA AAto !(/’LBR) Fluence to r(,{m) f(A;R +IO)
mwW nm nm J.m? Jm?

1 black 0 400 15.56 2.91 2.00x10° 1.88x1 0*;
2 blue 0.04 367 15.65 281 2.20 x10° 2.57 x10
3 green 0.1 274 | 16.56 2.88 1.64 x10° 3.15 x10°
4 red 0.1+0.04 251 16.93 2.71 1.51 x10° 4.92 x10°
5 cyan 0.2 241 2.91 3.37 x10° 1.02 x10"
6 magenta | 0.2 +0.04 221 2.26 22.88 x10° >4.9360 x10°

Table 5.1 A summary of the growth data of Figure 5.7 indicating the colour codes used in the
plot and the intensity of the inscription laser for each grating. The table also shows
the fluence levels required to reach the milestones in the formation of IA gratings, as
shown in Figure 5.9a.

Multi-photon absorption processes were described in Chapter 2, Section 2.2.4. It was
shown a plot of photon density against successful molecular energy level transitions
could be used to calculate the number of photons required to by quasi-simultaneously
absorbed. Photon density is directly proportional to the intensity of the inscription laser
and we may measure the successful molecular transitions in terms of the mean index
shift. Figure 5.10 shows these results plotted on a logarithmic scale with overlaid x"

curves indicating the expected gradient for an n photon absorption process.

10|

|A shift / Joule [nm/J] (~ sucessful transitions)

102.4 102.5 1025
Inscription intensity [mW] (~ photon density)

Figure 5.10 A logarithmic plot of inscription intensity vs. mean index shift per joule delivered to
the sample. This is directly proportional a plot of photon density vs. successful
transitions, and is used to show that the formation of type IA gratings is unlikely to be
a single photon absorption process.
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It should be pointed out, that Figure 5.10 represents the result of many repetitions of the

experiment although unfortunately the results are far from conclusive. The curve most
closely matching the data is x°, although the fit is extremely poor. This is caused by
inaccuracies in the alignment of the fibre within the interference fringes thus significantly
reducing the intensity within the core. The inaccuracies are believed to originate from
concentricity errors in the poly-acrylate fibre jacket through which the fibre is clamped in
to the inscription apparatus. What we may safely conclude, however, is that the gradient
is significantly higher than x’ indicating that the type A effect is most likely to be a result
of multi-photon absorption at 244nm. We may also conclude that the type IA
photosensitivity mechanism is distinct from the type I photosensitivity mechanism due to

the differences in the growth rates, as indicated in Figure 5.8.
5.4.2. Temperature

A portion of the UV light used to inscribe gratings within the core of optical fibres is
absorbed by the fibre. This may be seen as a slight blue glow at the spot where the laser is
incident and is also responsible for a significant rise in the temperature of the glass. The
thermal mass of a 125um fused rod is very small and thus the heating remains localised
to the point of interaction and cools almost instantaneously when the UV is removed. A
simple way to demonstrate this, and to estimate the temperature within the fibre, is to

examine the effect of turning off the laser when inscribing a holographic grating.
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Figure 5.11 A demonstration of the heat generated in a germanosillicate fibre by the application
of UV light. (a) (left) The red trace shows the Bragg wavelength with the laser on,
and the blue shows the cooled trace after the laser has been turned off. (b) (right) A
plot of Bragg reflection versus time showing the point at which the laser was tuned
off indicating the rapid cooling of the fibre due to its small thermal mass.

Figure 5.11a shows this effect for a grating inscribed in germanosilicate fibre (refer to
Section 5.4.1, Figure 5.6, ND = 0 for the precise details of this grating). The red trace
represents a mature IA grating whilst the laser is still turned on; the blue shows it a short
time later when it has shifted by 625pm. Figure 5.11b shows the timeline of this cooling
with a resolution of around 6s. Although the resolution is not particularly fine, it is clear
from this plot that the fibre has fully cooled within 6 seconds of the laser being turned
off. The implied temperature shift equates to a temperature decrease of ~100°C which
means the fibre was resting at ~125°C, and is our first hint that intensity dependent
heating can affect the growth dynamics. This value is clearly dependent on intensity.
Table 5.2 shows the details and implied temperature shifts for the remaining gratings
illustrated in Section 5.4.1, Figure 5.6 which have decreasing levels of fluence. This is a

good indication of the expected temperatures within the fibre.

ND Filter | Intensity ~Agg shift AT

| MW.m? pm G

0 1.50 -625 -104
0.04 1.38 -500 -83
0.1 1.03 -375 -63
0.2 0.90 -350 -58

Table 5.2  Summary of the heating within a fibre exposed to UV radiation at a given fluence and
an approximate temperature reached by the fibre calculated from the shift in Bragg
wavelength.

-142 -



A clear consequence of this is that when the laser has a sufficiently high intensity the

fibre will become heated and will cause the outgassing of hydrogen during the

inscription, thus causing the grating to self-anneal.
5.4.2.1. Self annealing

Self annealing occurs when the inscribing laser is absorbed by the fibre to such an extent
that the heat generated causes the hydrogen within the fibre to diffuse out. This is
depicted below in Figure 5.12 by the red trace. This shows a typical spectral plot of a
self-annealing IA grating. The grating forms relatively quickly, but the Bragg wavelength

then begins to decay and is reduced by almost 3nm before the experiment ends.

1560

1556

15521

Bragg wavelength [nm]

1544 . .

0 20 40 60 80
Time [min]

Figure 5.12 Type IA grating evolution under near identical conditions. The red trace shows a
normal inscription, but the blue trace shows the effect of cooling the fibre to 5°C
during inscription. The cooled fibre evolves significantly more slowly than the un-
cooled fibre, thereby indicating that the heating effect of the inscription laser has a
significant effect on the rate at which IA gratings form.

[t was initially assumed that if the heating effect of the inscription laser could be removed
then extremely high inscription powers could be employed, thus speeding the
manufacture process significantly. In an attempt to achieve this, a Peltier device was
placed close to the fibre during inscription and connected to a standard laboratory

temperature controller set to -5°C. The grating evolution shown in blue by Figure 5.12
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was significantly slower than the un-cooled inscription shown in red. This may be

because the hydrogen used up in the IA process cannot be replenished by the hydrogen
stored in the neighbouring fibre as quickly because the fibre is cooler and thus the
diffusion rate (refer to Section 2.2.3.3, Equation 2.3) is significantly slower than the
heated case. In either case, it shows that there are two contributing factors in the rate at

which IA gratings form:

1. The intensity of UV light
2. The temperature of the fibre

5.4.3. The influence of strain on IA grating formation

It has already been discussed in Section 3.3.2.3 that ITA gratings form with less energy
when the fibre in which they are being inscribed is placed under axial strain. It is believed
that this is related to stress relaxation within the fibre. Due to the obvious similarities
between IA and ITA gratings, it was pertinent to inscribe several gratings under increasing
axial strain to ascertain if the same effects are responsible for the formation of 1A

gratings.

A standard scanning phasemask experiment was setup wherein successive scans of the
UV laser across the phasemask caused the A grating to grow in such a way that the mean
and modulated index change could be monitored. A Imm aperture was used to ensure
that the gratings received a strictly uniform intensity profile across their length. Each end
of the fibre sample was firmly clamped in customised fibre clamps, one of which was
mounted to a load cell, whilst the other clamp was mounted on a translation stage
enabling the fibre to be placed under a known amount of strain. In this experiment, 8

samples were created with strain levels ranging from almost zero to ~5000pe.
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Figure 5.13 This figure shows the growth dynamics of a series of IA gratings written under
increasing axial strain. It shows (a) (left) the wavelength evolution and (b) (right) the
reflectance evolution of type |A gratings. The random nature of the growth
characteristics indicates that the presence of strain does not have a significant effect
on the growth dynamics, which is in contrast with IIA gratings.

Figure 5.13a shows the inscription rate for the gratings in terms of the mean index shift,
as indicated by the central Bragg resonance evolution. The traces overlay each other
within a reasonable level of noise; one trace represents a significantly faster evolution,
which may have been caused by an increase in the intensity of the inscription laser. There
is no order to the traces; indeed the traces (ST1 to ST8), which represent an increasing
level of strain, do not form any trend and are randomly distributed within the overlaid
traces. The same is true of Figure 5.13b which shows the reflectance evolution; there are

no recognisable trends in the inscription process with increasing strain.
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Figure 5.14 An example of the temperature coefficient plots for the gratings ST1 to ST8. This
graph depicts ST4 and shows typical thermal coefficients for both gratings.

The gratings were then annealed at 80°C for ~100 hours. The annealing data again shows
no sign of a trend. Figure 5.14 shows a typical temperature response curve for an example
of one of the samples. The temperature coefficients for all gratings are shown in Table
5.3 and do not indicate any trend with respect to the inscription strain level; there is a

variance in the measured coefficients but it does not indicate any discernable trend.

- AL AT I im_ g1
Reference | INscription strain AL(TY AT % Aok R jf\ieat;
HE pm'e? . pm G’ % nm nm

ST1 263 9.1 7.6 19.929 14.096 13.879
ST2 917 8.9 7.9 12.056 12.875 12.701
ST3 1583 8.4 7.9 5.592 13.554 13.631
ST4 2250 9.0 et 15.661 14.312 14.148
S5 2903 8.9 8.0 12.214 | 13.247 12.972
ST6 3517 8.5 7.4 14.001 I 14.682 14.385
ST7 4170 8.8 8.0 10.867 | 14.928 14579
ST8 4830 9.6 8.4 14.282 14.353 14.151

Table 5.3 The measured data for gratings ST1 to ST8 summarising the inscription strain levels,
the thermal coefficients and the difference in Bragg wavelengths between type | and
IA. There are no noticeable trends in the data.
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Table 5.3 summarises all data gathered durinjg this investigation into the effect of strain

on the formation of type IA gratings. Whillst there is a larger than usual degree of
variance across the fibre samples, there is; no clear trend in any of the measured
parameters which one might expect to see as a result of applied strain during inscription

in the case of IIA gratings. This may indicate a fundamental difference between the

underlying photosensitivity mechanisms of IA, and IIA gratings.
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5.5. EXPOSURE UNIFORMITY AND THE MEAN INDEX PROFILE

An important issue to consider when inscribing regenerated gratings is exposure
uniformity. Beam expanded interferometer setups usually display an approximately
Gaussian intensity profile across the interfering area. Similarly, with a scanning setup the
edges of the scanned area may experience higher than average levels of exposure due to
the time taken for the beam to change direction; they may also experience under-exposure
if the scanning beam itself displays a strongly Gaussian intensity profile. This is most
simply solved using a combination of the scanning technique and an aperture card, as
shown in Figure 5.4. By scanning the beam over an area which is at least the grating
length plus 2 times the beam width across an aperture card, the exposure is guaranteed to
be exactly uniform since all parts of the exposed area must experience the same level of
radiation. This is more important for regenerated gratings than standard gratings because
if different parts of the grating are exposed to varying levels of energy, there will be
gratings of different maturity levels (and ultimately different mean index values) along

the sample resulting in extremely poor quality gratings.

Transmission loss [dB]
Transmission loss [dB]

= . A1
535 1540 1545 1550 1555 1560 1565 ?555 1560 1565 1570 1575 1580
Wavelength [nm] Wavelength [nm]

Figure 5.15 The spectrum of immature IA gratings manufactured by (a) (left) the holographic and
(b) (right) the scanning beam phasemask methods. This figure highlights the
requirement for exposure uniformity since (a) indicates a hybrid grating with a non-
uniform mean index profile.

The need for exposure uniformity is demonstrated above by Figure 5.15. Figure 5.15a
shows the spectra of a holographically inscribed IA grating approximately half-way
towards full maturity; the grating was 10mm long, achieved by means of a beam

expanding telescope. Figure 5.15b shows a 0.5mm grating inscribed with a scanning
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phasemask approach and using an aperture card to ensure exposure uniformity. Figure

5.15a clearly indicates two Bragg resonances which correspond to a more mature grating
in the centre where the radiation was more intense and less mature gratings at the edges.
By contrast, Figure 5.15b shows the result of a truly uniform exposure profile and shows
a comparatively clean spectrum of a maturing grating. This could alternatively have been
achieved using a non-uniform velocity profile incorporating a slower velocity profile at
the endpoints and a faster velocity in the central portion. Whilst this approach would
decrease the overall fabrication time of the gratings by requiring a smaller scanning
length, it would only really be of benefit in a large scale manufacturing scenario, since
the complexities associated with measuring the intensity profile for many different
exposure conditions would significantly counteract the time savings in an experimental

situation.

Figure 5.15 also highlights the problem of maintaining good fringe visibility during
prolonged exposure; the holographic grating is 20 times as long as the phasemask grating,
yet it shows only 2.5dB peak transmission loss compared to more than 16dB in the
phasemask case. Whilst the aim of Figure 5.15 is to contrast a good example with a poor
one, the setup used to produce the holographic grating was by no of means poor quality.
Although this is not an example of the best output from such a system, it is not atypical
and goes a long way to showing the benefits of more advanced systems using
phasemasks. This may be further seen by inspecting the first published examples of type
[A gratings from the doctoral thesis of Yu Liu in 2001 [7].

Figure 5.16 shows a selection of temporally separated transmission spectra of an 8mm
grating manufactured by the holographic technique in hydrogenated standard fibre. This
example shows two clear peaks and echoes the spectrum shown in Figure 5.15a. The final
spectrum shows a fully mature TA grating, but it also shows a hybrid grating which, in
mean index terms, is somewhere between a type I and a type IA grating. Hybrid gratings
were described theoretically by Shu et al [164] although they did not suggest any

applications for these structures.
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Figure 5.16 Reproduced from [7] (Figure 5.33). The figure shows the evolution of a IA grating
under holographic inscription. This is an example of a poor IA inscription due to
inscription non-uniformity as there are multiple levels of maturity present in the
sample.

If the objectives to produce a clean transmission spectrum of a [A grating, it is unlikely to
be possible with a holographic setup. Figure 5.17 shows a similar plot to Figure 5.16, but
this figure was produced using data taken during the manufacture of a IA grating by the
scanning beam technique with a fixed phasemask and aperture card. The benefit of this
system is immediately apparent as there is only one peak throughout the entire
evolutionary process. The final grating shows a clean transmission profile with small

side-lobes and importantly only one Bragg resonance.
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Figure 5.17 By contrast to Figure 5.16, this figure shows the spectral evolution of a 0.5mm IA
grating manufactured by the scanning beam technique utilising a phasemask and
0.5mm aperture card to ensure uniform exposure. The result is a uniform grating
throughout inscription with only a single maturity level present.

5.5.1. Fabry-Perot resonances in |A gratings

When IA gratings are manufactured, noise in both the reflection and transmission profiles
is frequently seen in the region between the wavelengths associated with the type 1
grating and the maximum wavelength achieved by the IA grating. This was first seen in

print in Y. Liu ef al’s 2002 paper [108], reprinted below in Figure 5.18.
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Aston University

llustration removed for copyright restrictions

Figure 5.18 Reproduced from [108]. This figure shows a IA grating manufactured according to
the holographic method. It shows noise on the blue side of the IA resonance which
extends to the wavelength associated with a type | grating written in the same fibre.
This is a result of a non-uniform exposure profile creating multiple peaks across the
IA mean index increase.

Figure 5.18 shows the spectrum of a 10mm grating written in hydrogenated B/Ge co-
doped (of an unspecified type, but most probably Nortel C2 fibre) with a two beam
interferometric setup. The noise on the blue side of the IA resonance extends to the
wavelength associated with a type | grating written in the same fibre. This trace was
taken using an optical spectrum analyser and thus has a relatively large residual
bandwidth (RBW), i.e. the minimum width (in wavelength terms) of a spectral artefact
which may be resolved using the OSA is quite large. Figure 5.19 shows the spectrum of a
I.Imm grating, manufactured by the same two beam interferometric method as Figure
5.18 but the spectrum was acquired using a tuneable laser system comprising a tuneable
laser with 5pm step size, a wavemeter and a InGaAs power meter. This tuneable laser
system is capable of measuring the insertion loss and reflections from a fibre sample to an

absolute resolution of Spm.
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Figure 5.19 (a) (left) The spectrum of a IA grating, similar to that shown in Figure 5.18, which
was acquired using a tuneable laser and power meter setup 5pm resolution. This
shows that the noise seen in the early IA gratings was made up of multiple Bragg
resonances caused by the existence of a broad range of mean index's. (b) (right)
The offset of each peak shown in (a) indicating a trend in the peak-to-peak spacing
of the resonant noise.

The IA peak of Figure 5.19 is smaller than that of Figure 5.18, which is in keeping with
the difference in their physical lengths. It is clear from this high resolution spectrum that
the noise on the blue side of the IA resonance shown by Y. Liu ef al is in fact made up of
a resonant structure, similar to that exhibited by a Fabry-Perot resonator. However it is
clear from this high resolution data that the reflection and transmission data have modes
which map each other identically and show that these are in fact Bragg modes. This
indicates that the growth of the grating follows a complex process of inscription and
erasure as the Bragg condition is alternately matched and mismatched during inscription
leading to a non-uniform dc index of refraction change and multiple reflecting Bragg

resonances.
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5.6. DUAL GRATING SENSOR FABRICATION

Type TA gratings have previously been used as part of a dual grating arrangement
wherein a type IIA and a IA grating, with significantly different thermal coefficients,
were combined to form a sensor capable of decoupling strain and temperature [104-108].
Although not mentioned in these papers, the fabrication method for these IA-IIA sensors
was extremely labour intensive. The reader will recall that the fundamental difference
between the manufacture of IA and ITA gratings is that IA gratings require hydrogenated
fibre, and IIA gratings require un-hydrogenated fibre. Clearly these conditions are
mutually exclusive and require the fibre to be hydrogenated (or annealed) in between the
fabrication of the first and second grating. This seemingly trivial step in the fabrication
process would significantly increase the cost of commercial manufacturability for such a
device because most of the labour cost in FBG manufacture is taken up by fibre
preparation and alignment. Furthermore, removing and replacing the fibre once annealed
also complicates the alignment process as it becomes necessary to accurately mark the
position of the first grating, in order to produce the ideal situation of two directly adjacent
gratings, thereby minimising temperature gradients across the sensor head. Yu Liu et al
manufactured the two gratings in separate fibres, annealing the fibre containing the 1A
grating and then splicing the samples together. This situation is again non-ideal because it
involves twice the manufacturing time and an extra period spent accurately cleaving and
splicing the two fibres; it is unlikely that an operator could repeatedly splice such gratings

to produce directly-adjacent gratings of different type.

In order to address this significant commercial problem, a compromise situation was
designed wherein a type I and IA grating were combined, thus giving a smaller difference
between the temperature coefficients of the two gratings, but significantly simplifying the
inscription process by making it possible to inscribe both gratings at the same time and
allowing them to be truly adjacent. The ideal method for fabrication of IA gratings, by

means of blank beam pre-exposure (refer to Section 5.3.3) was used.

A section B/Ge fibre (Verillion IF01001410101), hydrogenated at 200Bar / 80°C for 64

hours, was pre-exposed to 244nm UV radiation. An aperture was used to ensure exposure
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uniformity and the laser was scanned at Imms™'. The intensity of the radiation was found

to be 40mW at the fibre location. The laser was scanned a sufficient number of times to
ensure that the OH absorption band had reached a maximum value (refer to Section 6.2.2
Figure 6.3), which in this case was of the order of 150-200 scans. To ensure that the
gratings had a similar reflectance once annealed, trial and error was used to find a
combination of grating length and inscription speed which yielded a good result. In this
case the type IA gratings were 4mm long and written at 0.05mms” whereas the type |
gratings were lmm long and written at 0.5mms™. By pre-exposing a 4mm section and
then replacing the aperture with a phasemask it was possible to inscribe both gratings in a
single action with no space between them thus giving a 5mm sensor head with an

absolute minimum potential for temperature gradient across the sensor.
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Figure 5.20 The spectrum of FBGS, a |A-l temperature compensating dual sensor head. The
figure shows the gratings pre- (feint) and post- (bold) annealing and shows that
proper choices of laser scan speed must be made so that the final sensor head has
gratings with similar reflectances.

This process was repeated 8 times forming a batch of samples to assess the repeatability
of the process and give an indication as to the commercial viability of production runs of
such gratings. An example of the gratings manufactured by this technique is shown above
in Figure 5.20. The gratings were annealed at 80°C for 70 hours. During this time, a

multi-channel tuneable laser characterisation system with 5pm resolution was used to
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save a spectrum for each grating pair every minute for the first 10 hours, and every 5

minutes thereafter. Clearly, prior to annealing the IA grating is significantly stronger than
the type I; however, after annealing they have approximately the same reflectance. The

annealing data may be seen in Section 6.6-2. specifically Figure 6.27 and Figure 6.28.

The temperature and strain responsivities ©f the IA-I sensor were measured by placing the
sensor in a small insulated chamber whose internal temperature was controlled by a
Peltier device and temperature controller of the type used to stabilise laser diodes. The
change in the Bragg resonance with temlperature is represented in Figure 5.21a for a
specific example (FBG7). As anticipated there are different responses displayed for each
grating type. The wavelength to strain response 1s shown in Figure 5.21b, where smaller
but measurable differences are also recorded for the strain data. These primarily result
from the differences in the centre waveleng&ths rather than a hardening of the glass during

the formation of the IA grating, as discussed in Section 3.4.2.1.
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Figure 5.21 (a) (left) The thermal and (b) (right) the strain response of a IA-| dual grating sensor
head (FBG8). Each case shows the response of the individual gratins in blue and
red for the type | and IA gratings respectively. This shows that there is a significant
difference in the temperature coefficients and a smaller, but measurable, difference
in the strain coefficients from which temperature and strain may be independently
measured.

Six of the eight gratings fabricated showed similar spectral, annealing, thermal and strain
properties. This indicates superb potential repeatability for a properly constrained

process. This data is summarised below in Table 5.4.
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! A )‘ r,q (5) a.d4 ;!’;‘R (T) I A ! /1,!':';{' Aii’.‘\
Reference  :%ar(€) Agp(€) () | Aan(T) gy (T) An(T) | Aan = e annealed
pmpe” pmpe” % | pm€' pm'cC % | nm nm

FBG1 0.82 0.83 -1.078 | 9.7 8.5 13.283 @ 15.844 14.571
FBG2 0.82 0.83 -1.098 10.0 8.9 12.824 | 15.951 14.762
FBG3 0.81 0.82 -1.289 9.7 8.6 12.990 | 15.271 14.235
FBG4 0.82 0.82 -1.080 9.4 8.7 8.537 | 14.064 13.438
FBG5 082 0.83 -1.259 8.6 8.2 52111 | “157178 14.313
FBG6 0.81 0.82 -1.128 9.6 8.5 12990 | 15726 14.504
FBG7 0.82 0.83 -1.232 9.6 8.5 12.695 | 15.590 14.549
FBG8 0.82 0.83 -1.441 9.6 8.5 12.221 | 15.476 14.449

Table 5.4 A summary of eight similar IA-I grating sensor heads. The table shows the
temperature and strain coefficients of each grating, and the differences in the Bragg
wavelengths of each grating pre- and post-annealing.

In order to determine the validity of the sensor design one may utilise the conventional
matrix inversion technique, with the usual caveat; one must assume that strain and
temperature are essentially independent, that is, the related strain—temperature cross term

is negligible; refer to Section 2.7 for a discussion of this topic. Using the specific case of

!
FBG7 shown in Figure 5.21, the ratios A (T )—I 130 and A5 ()

I A
BR BR 3

=0.988 . These

translate accordingly; an increase of 1me corresponds to temperature rise of 85.15°C for a
type 1, and 97.42°C for a type IA grating. Assuming a Ipm error in wavelength
measurement; the strain and temperature errors associated with these coefficients are
+12pepm™’ and +1.2°Cpm™ respectively. For this example, the matrix condition number,
calculated as described in Section 2.7, is 188. This makes the solution more accurate than
those of Kalli et a/ [81, 120] and Frazao et al [121], the condition numbers of which are
203 and 272 respectively (for a full breakdown of the condition numbers of published
dual grating measurand decoupling solutions, see Table 3.2). Therefore one may
conclude that for the case outlined here, the IA-I dual grating sensor may be said to
differentiate between strain and temperature to a high resolution for a fraction of the

manufacturing complexity.
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5.7. CHAPTER CONCLUSIONS

Type IA gratings are regenerated gratings fabricated in hydrogenated germanosilicate and

boro-germanosilicate optical fibres. During inscription they undergo a unique mean index

shift which is many times larger than observed with any other type of grating recorded to

date. This mean index change occurs in three phases:

.

The initial phase is a very rapid yet small increase in mean refractive index,
accompanied by a large modulated index change. This initial phase represents the
formation of a standard, or type I, grating. The rate at which this change occurs does
not vary with inscription laser intensity and may therefore be attributed to a single
photon absorption process. The termination of this initial phase, notable due to a
distinct change in the rate of mean index change, coincides precisely with the moment

at which the grating is most reflective.

The majority of the mean index change occurs during the mid-phase of IA grating
formation. During this period the grating amplitude varies from sample to sample and
does not exhibit any good degree of uniformity between seemingly identical samples
and conditions. However, this phase often exhibits decay to almost zero reflectivity
before a re-growth to a final reflectivity which is significantly less than the maximum
reflectivity achieved by the standard grating. The final reflectivity achieved is

comparable to that achieved when inscribing a similar type IIA grating.

The final growth phase is a saturation phase where the mean index change rolls off to
a maximum shift. In a typical example using boro-germanosillicate fibre of common
dopant levels, a mean index shift of ~0.015 is achieved equating to a change in the

Bragg wavelength of ~16nm in the 1550nm range.

The inscription process may be stopped at any time thereby enabling the tuning of a

grating inscribed by the phasemask technique up to this maximum value.

The ideal fabrication method of type IA gratings is by the blank-beam method described

by this chapter. In this method a section of hydrogenated fibre is exposed to uniform
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intensity UV radiation whilst monitoring the strength of the 1400nm absorption band (the

1400nm absorption band is associated with the formation of hydroxides in the fibre and

occurs at the same rate as the mean index change. Refer to Chapter 6 and Section 6.4).

The initial growth, up to the point of maximum reflectivity, requires single photon
absorption; importantly however, the period of growth following this requires a multi-
photon absorption process. Although it has not been possible to accurately predict the
number of photons absorbed during this stage, it is clear that a photosensitivity
mechanism somewhat different to that of type I gratings underlies the process (refer to

Section 5.4.1 and particularly Figure 5.8).

Both TA and ITA gratings may be inscribed in germanium doped fibres, the inscription
conditions and parameters are similar, except that IA gratings require the presence of
hydrogen in order for them to form (refer to Section 6.2.2). The rate at which ITA gratings
form is proportional to axial strain during inscription (refer to Section 3.3.2.3); by
contrast, axial strain has no observable effect on the formation rate of type I gratings.

This indicates a different photosensitivity mechanism to that of IIA gratings.

Finally, this chapter shows the fabrication conditions for a dual grating, self
compensating, sensor. Unlike previously published configurations, this novel
implementation does not require special treatment of the fibre between inscription of the
two grating elements. By using a combination of types IA and I, it is possible to pre-
expose one section and then use only a single phasemask scan to inscribe both grating

types. This simple approach yields a matrix condition number better than 188.
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6. TYPE IA FIBRE BRAGG GRATINGS, FUNDAMENTAL
INVESTIGATION

6.1. PREAMBLE

This chapter builds upon the introduction to type IA gratings of Chapter 5 and discusses
the results of a comprehensive investigation into the fundamental processes behind the
formation of type IA gratings. It shows results of a comparative study into the formation
of type IA gratings in fibres of differing dopants and dopant levels. It also shows a link
between hydrogen saturation level within the core of the fibre and the evolution of TA
gratings. This work shows, for the first time, that the concentration of hydrogen directly
affects the inscription speed and temperature coefficient of type IA gratings. The
presence and importance of the absorption band at 1400nm is shown in fibres of differing
dopants and dopant levels and a novel method of selectively optically tuning an FBG is
shown. The first report of the annealing characteristics of type IA gratings is made and a

comparative study into the thermal stability of type I, IA and I1A gratings is documented.
6.2. TYPEIA FBG FORMATION UNDER VARIOUS CONDITIONS

Clearly the choice of fibre, or more precisely the level of core dopants, has a great effect
on the gratings formed within, as do the techniques employed for increasing the

photosensitivity of fibres.
6.2.1. Type IA formation in germanosilicate and boro-germanosilicate fibre

It is widely accepted that high levels of germanium (Ge) added to the core of optical
fibres increases the photosensitivity of the fibre. A consequence of Ge-doping is that the
refractive index of the fused silica increases — indeed Corning SMF28 uses 2-3 mol% Ge
to increase the refractive index of the core above that of un-treated fused silica (SiO;)
giving the necessary step index for optical guiding and a NA of 0.14. Several fibre
manufactures offer Ge-doped cores with extremely high levels of Ge doping, such as

Fibercore FA1631211 where the NA increases to 0.30. The consequence of this high
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level Ge doping is that these fibres become extremely difficult to splice to standard

telecom fibre without significant losses (typically 1-10dB). In order that highly
intrinsically photosensitive fibres may be manufactured and used in applications where
splicing to standard fibre is necessary boron (B) is often added as a co-dopant since its
presence as the opposite effect of Ge on the refractive index of fused silica in that it
reduces the refractive index. By balancing the B and Ge levels, fibre manufacturers are
able to make fibres which are highly photosensitive, without the requirement of costly
hydrogenation, and which possess NA values extremely close to that of standard fibre.
For example Verillion IF01001410101 fibre has an NA of 0.18 and Fibercore
PS1250/1500 has an NA specified as 0.12 to 0.14; these fibres may be reliably spliced to
Corning SMF28 with losses in the range of only 0.05-0.2dB (typically). Until this work,
the effect of dopant levels and the differences between Ge and B/Ge co-doping had not

been studied with relation to type [A gratings.
6.2.1.1. Grating inscription

Fibre samples from Verillion and Fibercore were hydrogenated at 80°C at 200Bar for 68
hours and allowed to cool for a further 24 hours after which time the pressure fell to
180Bar. The samples were then stored at -40°C for a short time until their use. Gratings
were inscribed using the usual scanning phasemask technique with a 2mm aperture used
to ensure an accurately uniform exposure profile along the length of the grating. The
stage was scanned at 0.25mms-1 with 200mW optical power delivered to the fibre. The
samples consisted of two different B/Ge co-doped and three different Ge doped samples
as summarised in Table 6.1. Identical gratings were inscribed in each fibre with sufficient
scans that the grating matured, as defined by the observation of the mean index shift

saturating.

The formation of these gratings has been plotted in terms of the mean index shift, as
depicted by the Bragg wavelength shift, and the integrated coupling constant as defined
by Equation 2.7 which yields a comparison of the modulated index. This data is shown
below in Figure 6.1 where there are 3 clear trends. The red and blue traces represent the

Verillion and Fibercore B/Ge co-doped fibres respectively, whilst the green, black and
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yellow traces are those of the Fibercore Ge doped traces. The gratings in B/Ge fibres

form significantly faster than those in Ge doped fibres, indeed the Ge only fibres require
more than 5 times more energy to form given the same laser intensity and hydrogenation

conditions.

i

0 05 1 1.5 2 25 w10l
Cumulative fluence [J.m‘2]

Figure 6.1 Evolution of type IA gratings shown in terms of the wavelength shift (upper) and
integrated coupling coefficient (lower) in Verillion IF01001410101 B/Ge (red),
Fibercore PS1250/1500 B/Ge (blue), Fibercore SD079-00B Ge (green), Fibercore
SD748A-00AB Ge (black) and Fibercore Ge SD254-01B (yellow). This figure shows
that fibres without boron-doping form IA gratings significantly slower than doped
fibres.

The lower part of Figure 6.1 shows that both samples of B/Ge fibre produced type I
gratings of similar peak amplitudes at approximately the same rate. Although the A
grating grew more rapidly in the Verillion sample, it did not reach the same mean index

shift as the Fibercore sample.

A5z (D)
z ! IA

Fibre Sample oD A () _ZE”E(T)

pm‘'C’ pm‘C’ %

Verillion IFO1001410101 B/Ge 8.5 it 10.4
Fibercore SD254-01B Ge 10.2 9.4 8.5
Fibercore SD079-00B Ge 10.6 9.8 8.2
Fibercore SD748A-00A B/Ge it 0| 10.3 7.8
Fibercore PS1250/1500 B/Ge 8.7 T 13.0

Table 6.1 A summary of the temperature coefficients for the fibres tested in this experiment.
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The Bragg wavelengths and temperature coefficients of the samples are shown in Table

6.1. Table 6.1 shows that the choice of fibre has an effect on the individual grating
temperature coefficients in keeping with the findings of Cavalerio e al [122] and Guan et
al [123]. However, this variance in thermal coefficients not withstanding, the results for
the boron free fibres seem to suggest that boron acts as a catalyst during the formation of
IA gratings since the final properties are not dissimilar to the B/Ge doped fibres which

required significantly less energy to form.
Section 6.4.1 discusses the 1400nm absorption bands for these samples.
6.2.2. Hydrogen levels: a comparison of IA and IIA grating formation

The similarities between IA and IIA gratings are fairly obvious. The fundamental
difference is simply that TA gratings require hydrogen loading before inscription and IIA
gratings expressly do not (refer to Section 2.2.3.2). This condition produces markedly
different FBG growth profiles, both in terms of the growth to the point of a standard type
[ grating and beyond that to either a 1A or ITA grating. The most obvious difference is in
the mean index evolution of the gratings; it has by now been well documented in this
thesis that A gratings undergo a large red shift. By comparison, ITA gratings undergo a
slight red shift followed by a small blue shift with the absolute wavelength shift being
~40 times smaller than that of IA gratings.

In order to accurately compare IA and IIA gratings, two identical samples of Fibercore
PS1250/1500 were prepared; one was hydrogenated at 80°C / 200bar for 68 hours and the
other was left as virgin fibre. A standard scanning beam inscription setup was used with a
static phasemask and 0.5mm aperture card in order that the effect of cumulative fluence
on the mean and modulated index change could be recorded. Figure 6.2 shows the data
taken with the type A grating shown in red, and the ITA in green (this convention shall
be maintained for the remainder of this section). As expected, the IA grating shows a red

shift of ~15nm, whereas the ITA shows a blue shift of <0.5nm.
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Figure 6.2 A comparative figure showing the differences between the mean index evolution of
type IA and type IIA gratings. The IA grating undergoes a large red shift, whereas
the IIA grating undergoes a significantly smaller blue shift. The red plot denotes the
characteristics of a type IA grating and the green plot denotes a |lA grating.

The contrast in growth profiles does not end with the mean index change. The modulated
index shift is also significantly different, as shown in Figure 6.3. The initial grating
grown in both fibres is termed a type I; in the non-hydrogenated sample the maximum
grating strength is <0.5dB whereas the hydrogenated sample produces a grating which is
~15dB more or less instantaneously. Following the initial formation of standard gratings,
the grating in the non-hydrogenated sample is erased completely before regenerating to a
maximum reflectivity and then decaying once more. By contrast, the hydrogenated
sample does not decay completely but does decay significantly (by ~12dB) before
regenerating to a reflectivity comparable to the IIA grating. From this point onwards, the

IA and IIA gratings appear very similar in terms of their modulated index changes.
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Figure 6.3 A comparative figure showing the differences between the modulated index
evolution of type IA and type IIA gratings. The |IA grating reaches peak reflectance
within the first few seconds before decaying and re-forming slightly, whereas the IIA
grating reaches an initial maximum before decaying completely and then re-forming
to produce a significantly stronger grating. The red plot denotes the characteristics of
a type IA grating and the green plot denotes a IlA grating.

It should be noted, however, that the point at which the modulated index change depicted
in Figure 6.3 becomes similar for both gratings corresponds to the point in Figure 6.2
where the mean index change stabilises. The steady decay in reflectance of both samples
may simply be caused by small fluctuations in the position of fibre or phasemask

reducing the fringe visibility of the gratings.
6.2.2.1. Hydrogen outgassing

During the repeated manufacture of A gratings over a large timescale and using many
different batches of hydrogenated fibre of all types, it was noted that the quality of the
gratings produced and the rate at which they matured was highly dependent on the
concentration of hydrogen in the fibre. In order to demonstrate this and, to some extent,
quantify the relationship, two batches of different fibre (Verillion IF01001410101 and
Fibercore PS1250/1500) were hydrogenated at 80°C / 200 bar for 68 hours. The fibre was
then stored at room temperature and 3 gratings were written in each sample at varying

time intervals, as set out in Table 6.2.
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Figure 6.4 This figure shows the evolution of IA gratings written in (a) (left) Verillion
IF0O1001410101 and (b) (right) Fibercore PS1250/1500. Each sample was
hydrogenated and stored at RTP such the outgassing occurred. The traces
represent successive gratings written with progressively less hydrogen. (b) Shows
that after sufficient outgassing had occurred, a IlA grating formed. Refer to Table 6.2
for details of the hydrogen outgassing conditions and the colour code used.

Figure 6.4 shows the results of the experiment and clearly indicates that there is a
relationship between the hydrogen content of the fibre and the rate at which the IA
gratings form in the fibres. In the case of Figure 6.4b the final trace, shown in blue, shows

an approximate ITA growth profile, indicating that the hydrogen is almost completely out-

gassed.

Verillion t (hours)
Red FBG1 0
Green FBG2 23
Blue FBG4 92
Fibercore

Red FBG2 22
Green FBG3 48
Blue FBG6 165

Table 6.2 Summary of the hydrogen outgassing times for the gratings shown above in Figure
6.4

It was discussed in Section 2.2.3.2 that Canning et al [46] have shown that pre-
sensitisation of the fibre by hydrogen loading followed by hydrogen outgassing may be

used to enhance the photosensitivity without forming a large OH band. However, it has
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been shown in this section that type IA gratings do not form in pre-sensitised fibres

without the presence H.
6.2.2.2. Hot or cold hydrogenation?

In order to determine if the type of hydrogenation, be it room temperature or heated,
would have an effect on the formation of type IA gratings, two identical batches of fibre
were prepared. Each batch consisted of Corning SMF28 standard telecoms fibre,
Verillion B/Ge co-doped fibre and two different samples of Ge-only doped. One batch
was hydrogenated at 80°C, 190Bar for 93 hours and allowed to cool to room temperature
over 24 hours by which time the pressure had fallen to 160Bar; the other sample was
hydrogenated for in excess of 4 months at 180Bar at room temperature. In the following
section, data relating to the hot hydrogenation will be coloured red whereas the room

temperature samples will be blue.

It is well known that fibres hydrogenated at a lower temperature will achieve a higher
concentration of hydrogen within the core but will require a significantly longer time to
reach saturation. Refer to Chapter 2, Section 2.2.3.3. Equation 2.2 shows that we may

calculate the saturation level of hydrogen molecules within the core as follows:

Equation 2.2 K., =3.3481pexp {M]

RT

where x, is the equilibrium solubility of the hydrogen, p is the pressure of the hydrogen

in atmospheres, 7 is the temperature in Kelvin, and R is the gas constant (8.31451
J/K/mol).

Since both samples were hydrogenated for times sufficient for the equilibrium condition
to be achieved we may calculate the hydrogen concentration within the fibre samples by
applying Equation 2.2 to the hydrogenation conditions outlined above. The results are

shown below in Table 6.3.
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K atlospheres  hours | ppm
Hot | 353 178 93 | 11400
Cold : 208 188 >384 | 21000

Table 6.3 A summary of the hydrogenatio!n conditions for the hot and cold hydrogenated
samples, sowing the time, tempe€rature and pressure of hydrogenation and the

calculated saturation level within tihe core of the fibre.

Gratings were inscribed using the usual Scanning phasemask technique with a Imm
aperture used to ensure an accurately unifform exposure profile along the length of the
grating. The stage was scanned at lmms"l with 130mW optical power delivered to the
fibre. Figure 6.5 shows the growth rate for the hot and cold samples in the various fibre
types. There is a clear trend that fibres h:ydrogenated at room temperature grew faster
then those heated during the hydrogenattion process; in alternative terms, the fibres

containing more hydrogen formed type IA gratings with less energy.
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The growth rate of |IA gratings in fibre types as indicated, for hot (red) and cold (blue)
hydrogenation conditions. This figure shows that in all cases, the cold hydrogenated
samples form faster than the hot samples. This shows that the inscription rate is
related to the saturation of H, within the fibre.

In order that the IA gratings might have a reference grating whose properties are well

understood, a Imm type I grating was written within the same section of each fibre.

Figure 6.6 shows the spectra of each sample before (upper) and after (lower) annealing at

80°C for 96 hours. Figure 6.6 highlights that the gratings written in Verillion

IF01001410101 B/Ge co-doped fibre where both grating types differ significantly in

amplitude and the type I grating appears to be slightly offset in wavelength. However, the

remainder of the gratings are extremely similar between the hot and cold hydrogenated

samples and do not seem to exhibit any significant spectral characteristics. The

wavelength difference between Bragg resonances of the type I and IA gratings is

summarised in Table 6.4 for the pre- and post-annealing gratings. The wavelength and
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amplitude decay data for these gratings during annealing may be seen in Section 6.6.3.

This may be an indication that H, acts as an essential catalyst in the reaction which forms

IA gratings.

Note that the type I grating in the cold sample of FA1631211 was not inscribed due to an

experimental oversight.

Coming SMF28
5 b IF01001410101 (B/Ge)
0 a

Transimssion loss [dB]
(=}
Transimssion loss [dB]
(=}

-10
-10

-15

-1
2
To40 1545 1550 1555 1560 1565 1570 1575 1580 g 1550 1560 1570 1580 1580

Wavelength [nm] Wavelength [nm]
IF0100331011 (Ge) FA1631211 (Ge)

g : \F
2 5
-10
4

-15

=20 - !
0

-5

Transimssion loss [dB)

~N
Transimssion loss [dB)

-10

-15

-2
-?540 1545 1550 1555 1560 1565 1570 1575 1580 ?550 1560 1570 1580 1580 1600
Wavelength [nm] Wavelength [nm)

Figure 6.6 Pre- (upper traces) and post- (lower traces) annealing spectra for type | and type IA
gratings written in fibre types as indicated, for hot (red) and cold (blue)
hydrogenation conditions. This figure shows no significant spectral trend between
the hydrogenation conditions.

The thermal coefficients of the gratings were also calculated by means of placing each
individual grating on a temperature controlled block within an insulated chamber. The
temperature was controlled by means of a Peltier device connected to a standard
computer operated laboratory temperature controller. Temperature feedback was made
possible by the placement of a calibrated thermistor and the Bragg wavelength was

measured by passing broadband IR radiation from a powerful ASE source through the
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fibre to an OSA with 0.06nm RBW. The centroid detection algorithm (CDA) was used to

accurately locate the central Bragg resonance. A computer was used to set and record the
temperature of the grating and to record the OSA traces. 20 readings were taken for each
temperature and are plotted in Figure 6.7 for each grating and fibre type, as indicated.
The thermal coefficient for the cold hydrogenated sample of Verillion FA1631211 could

not be attained as the fibre did not survive handling after the annealing process. The

thermal coefficients are summarised in Table 6.4,

Corning SMF28 IF01001410101 (B/Ge)
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Figure 6.7 This figure shows the thermal coefficients for type | (left-hand traces) and type IA
(right-hand traces) gratings written in various fibre types (as indicated) for hot (red)
and cold (blue) hydrogenation conditions. This shows that in every measurable case,

the thermal coefficient of both grating types was lower for the samples with higher
concentration of H, molecules in the fibre.
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It is clear from Figure 6.7 that in all cases where temperature coefficients could be

calculated for both the hot and cold hydrogenated fibres (note that the cold FA1631211

sample was spoiled during the measurement) there is a clear and definite trend that the
cold samples possess a lower temperature coefficient (4zx(7)). Moreover it is apparent
from Figure 6.7 in conjunction with the table of summarised data, Table 6.4, that the
difference between the Azx(7) values for type I and 1A gratings is larger when the samples
were hydrogenated at 25°C in preference to 80°C. Although this surprising result may not
be completely explained, it has clear implications for situations where the thermal
properties of A gratings may be used to compensate for temperature shifts in a sensing

application (refer to IA-I sensors, Chapter 5, Section 5.6).

Hydrogenation . ATy AL ) A_j,@ A=A A =
Reference condtiona Fibre type Manufacturer 78k BR i ; (7) BR BR nnealed
pm'C’  pm°'C’ % nm nm
SMF28 hot Std Corning 10.2 10.2 0.039 5.848 5.761
SMF28 cold Std Corning 10.2 9.9 2.434 6.076 6.032
IF01001410101 hot B/Ge Verillion 91 8.1 11.853 14.147 13.925
IF01001410101 cold B/Ge Verillion 8.4 7.4 14.334 13.474 13.375
IF0100331011 hot 12mol%Ge Verillion 10.6 10.3 3.247 9.387 8.284
IF0100331011 cold 12mol%Ge Verillion 10.2 9.8 4.329 9.365 8.277
FA1631211 hot 21mol%Ge Verillion 11.0 10.8 1.648 13.067 10.757
FA1631211 cold 21mol%Ge  Verillion XX XX XX XX XX
Table 64 A summary of the data highlighting the differences between hot and cold

hydrogenation in various types of fibre. It shows that the fibres hydrogenated at 25°C
produced gratings with lower thermal coefficients and that the difference between
the type | and the |A thermal coefficients was larger with a higher H, saturation level.

These results compare excellently with those of Brennan es al/ [111] which were
discussed in Section 3.3.2.4. Brennan ef al studied the effects of extremely high pressure
hydrogen loading on the growth of FBGs in germanosilicate fibres with ~9mol% Ge
doping. Figure 6.8 shows the results of Brennan et al’s work and shows that the presence
of more hydrogen in the core of the fibre reduces the level of energy required to bring
about the mean index change. Brennan ef a/ did not report the temperature coefficients of
the final gratings, but it would be reasonably to assume that they exhibit a similar

dependence as those outlined above.



Aston University

lustration removed for copyright restrictions

Figure 6.8 Reproduced from [111]. The growth curves of gratings written under similar
conditions for 30mins for different hydrogenation pressures, as indicated. This figure
complements the results shown above and confirms the result that the rate at which
IA gratings may be inscribed is related to the saturation of H, molecules within the
core.
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6.3. REFRACTIVE INDEX MODEL

It is clear from the large red shift during inscription that the refractive index profile of
type IA gratings is markedly different from standard gratings and that it consists
significant mean and modulated refractive index components. This is depicted in Figure
6.9. During the grating inscription process the period of the grating does not change,
therefore we may readily calculate the increase in mean refractive index from the
measured shift in the Bragg resonance. An example case exhibited a shift of 18.50nm
which equates to a mean refractive index increase of ~1.8x10-2. The modulated refractive

index may be approximated according to Equation 2.14:

Equation 2.14 An 4= ( ;LB%L] tanh™" ( =T )

In this example case we have Aggr = 1565nm, Tmin = -10.4dB and L = 2mm which yields

An. . ~4.65x10™,

mod

1.47
1.465 VY Y VY VVVVVVY v
Type IA grating
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S 146
£
Q
=
©
o
‘s 1.455
o
refractive index of e i i
1.45 unexposed core ype | grating
| -
1.445 j
0 2 4 6 8 10

Position along fibre axis (mm)

Figure 6.9 The refractive index model for IA gratings. The small modulated index change is
offset by the large mean index change of IA gratings. It is this huge mean index
change that differentiates |A gratings from all other types.

Figure 6.9 shows the ideal case where all parts of the grating receive the same exposure

and consequently only one central Bragg resonance is present.
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6.3.1. Increase in numerical aperture of germanosilicate fibre

If blank beam UV radiation is used to create the large characteristic mean in the core
refractive index, it is possible to increase the NA of the fibre without writing a grating.
This may be desirable for applications where there is a need to tailor the acceptance angle
of a fibre. In order to show this principle, two samples of hydrogenated Verillion B/Ge
co-doped fibre were prepared. In one sample a scanning UV laser at 244nm was used to
fabricate a type IA mean index change in a 10mm section of the core, the centre of which
was then cleaved, giving a fibre end with a modified NA. The control fibre was a section

of identical fibre with a similar cleave made in an untreated section.

e § S o

CCD array e e > scan direction

acceptance angle (0)

mounting block

fibre sample

Figure 6.10 Schematic showing the arrangement of apparatus used to map the far-field image of
radiation being emitted from samples of |A treated and virgin B/Ge fibre in a bid to
calculate the NA of the samples.

These samples were then securely mounted as indicated by Figure 6.10 in a specifically
designed experiment to measure the diameter of the beam radiated from the fibre at
varying heights above the cleaved end. The apparatus used a scanning CCD array, coated
for sensitivity in the IR region (refer to Chapter 4, Section 4.3.2, Figure 4.7), which was
controlled by a motorised translation stage. The fibres were connected to a tuneable laser
outputting ImW at 1511.2nm (chosen to coincide with the peak responsivity of the CCD
coating). The beam diameters at increasing heights above the fibre were calculated from a

contour plot formed by overlaying the individual profiles saved from the CCD at 0.1mm

- 176 -



intervals. These are shown for the treated and untreated fibre samples in Figure 6.11a and

Figure 6.11b respectively.

Untreated sample
- 15 r

A treated sample
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Figure 6.11 Contour plots showing the beam diameters of 1511.2nm radiation emitted from
samples of virgin (left) and |A treated (right) Verillion fibre at various heights (as
indicated) above the fibre cleave. The plots show that the NA of the IA treated fibre
is significantly larger than the virgin fibre. The horizontal contours in some figures
are a result of the radiation saturating the CCD array.

The measured diameters are related to height above the fibre cleaves by Figure 6.12
which also shows the gradient of the acceptance cone vector. The acceptance angles may

be calculated from Figure 6.12 as follows:
Equation 6.1 @ = arctan(G)

Where 0 is the acceptance angle and G is the gradient of the acceptance cone vector. The

acceptance angle may also be calculated from classical geometrical optics as follows:
Equation 6.2 6 = arcsin(NA)

Where NA is the numerical aperture of the fibre. These equations have been applied to

the data to produce Table 6.5, which contrasts experimental and theoretical results.
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Fibre Sample : NA 8, Equation 6.2 G 8, Equation 6.1

Virgin 0.161 9.3 0.188x 10.6
|A treated 0.247 14.3 0.248x 13.9

Table 6.5 Summary of the calculated and measured values for the acceptance angle of 1A
treated and virgin Verillion B/Ge fibre showing excellent agreement between the
calculated and measured NAs.

Clearly the measured and calculated acceptance angles are in excellent agreement.
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Figure 6.12 A plot showing the gradients of the acceptance cone vectors for IA treated (x) and
virgin (o) Verillion B/Ge fibre. It shows that |A treatment increases the acceptance
angle of the fibre.

6.3.2. Minimum index change resolution

The type IA effect manifests itself not as a grating with large fringe visibility, but as an
increase in the mean refractive index of the core. It is therefore important to measure the
minimum axial resolution of the IA index change. In order to do this the side diffraction
pattern generated through side illumination by a visible He-Ne laser at 633nm was

utilised.

In an unexposed section of Verillion B/Ge fibre, the refractive indices of the core and
cladding are n; = 1.4738 and np = 1.4650 respectively. This yields a An of ~6x107 and an

NA of 0.161. In the case of a section of exposed fibre containing a type IA mean index
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change the NA has increased to 0.247 (refer to Table 6.5). This increase in the numerical

aperture causes a significantly different diffraction pattern when visible radiation is

focused into the core.

When a small laser spot is focused in to the core of a standard optical fibre (as shown in

Figure 6.13), the difference in refractive index of the core and cladding form a diffraction

screen

lens
\ £ A%

fibre - %
Scan axis
CCD array
K diffraction pattern |
[ ——] <
=%
e st / —<
ST e ) e e ——
S T e ——
v

pattern that is seen as a line when viewed on a screen placed behind the fibre with respect
to the illuminating source. In this case, the beam steering and focusing optics were
mounted on a computer controlled translation stage and the fibre was securely fixed
between accurately positioned clamps. The screen was replaced with a Sony ILXS511
CCD array (refer to Chapter 4, Section 4.3.2, Figure 4.6) whose lateral position was also
determined by the position of the translation stage. To this end, the intensity profile of the
visible radiation diffracted by the fibre core-cladding interface could be accurately
mapped along the axis of the fibre by moving the translation stage and storing the profile
captured by the CCD. By overlaying many such profiles it is possible to build up a
complete picture of the difference between the core-cladding refractive indices along the

fibre axis.
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Figure 6.13 Schematic experimental outline showing the dispersive effect of an optical fibre
when illuminated from the side by a visible laser source (top), the positioning of the
CCD array in the experiment with respect to the diffraction pattern (bottom, left), and
the manner in which the source should be scanned along the axis of the fibre
(bottom, right).

A TA mean index change was induced with a uniform intensity profile by using a
scanning blank-beam inscription set up with a 2mm aperture. The fibre was then aligned
in the apparatus and He-Ne diffraction patterns were saved every SOum along the axis of
the fibre for a Smm section encompassing the [A grating. This data is shown in the form

of a contour plot by Figure 6.14 below.
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Figure 6.14 A contour plot showing the image of diffracted light from the fibre. The central peak
intensities show the position of the |IA mean index change in the fibre.

Figure 6.14 clearly shows the difference in diffraction pattern between the virgin fibre
and the area containing the IA grating (within the dashed lines). There is a slight tilt on
the profile, caused by a misalignment of the CCD. Although extremely illustrative, this
plot alone is not particularly useful in ascertaining the minimum resolution of the TA
index change. Figure 6.15, shows the intensity of the fringes shown in Figure 6.14 above.
This plot clearly shows that there is decay in the mean index from its peak value to that of
virgin fibre which takes place over approximately 0.5mm. This would indicate that the [A

mean index shift is a diffuse process and may suggest that it is caused by a heating effect.
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Intensity [counts]

Fibre Axis [mm)]

Figure 6.15 A plot showing the overlaid intensities of the diffraction patterns along the fibre axis
of a type |A grating. The central pieak corresponds to the position of the grating in the
fibre and may be used to calculate the resolution of the IA index change as the slope
of the sides represents the decay in the mean index at the edge of the IA change.
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6.4. 1400Nv ABSORPTION BAND CHARACTERISTICS

The absorption band at 1400nm has already been introduced in Section 5.3.3 wherein it
was shown by Figure 5.5 that the rate of mean index change is paralleled by the growth
rate of the absorption band at 1400nm.

Figure 6.16a shows the growth of the absorption band in hydrogenated Verillion
[F01001410101 B/Ge co-doped fibre during IA inscription. Each trace represents an
additional scan from a 244nm UV laser at Imm/s over a Smm exposure length and shows
how the absorption band matures and saturates. This confirms the results of Canning et a/
[46] (see Section 2.2.3.2) and shows excellent agreement with their data (see Figure 2.1),
wherein the OH band at ~1400nm grows under continued UV exposure before saturating
in strength. Note that the peak of the curve is just beyond 1400nm under continuous UV
exposure, indicating that the anticipated contributions from a mixture of SiOH (1390 nm)
and GeOH (1410nm) bands are biased in favour of the GeOH bonds for this fibre.
Deconvolution of the data shows the presence of two peaks as shown in Figure 6.16b.
The solid trace represents the absorption band as measured with an optical spectrum
analyser. The dashed and dotted traces represent the de-convolved Gaussian peaks within
the absorption band and the bold solid trace shows the addition of these two traces which
closely follows the experimental data. The deconvolved peaks are located at 1401.1nm
(assigned to GeOH contribution) and 1424.1nm (as yet unassigned). There is also no
evidence of a hydride band at 1500nm that is most often associated with GeH; this may

indicate the rapid conversion of the hydride to a more stable hydroxyl form.
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Figure 6.16 (a) (left) The absorption band at 1400nm, shown for continuing exposure and (b)
(right) the absorption band at 1400nm deconvolved to show its constituent peaks.
This figure shows that the OH band is made up from competing OH species.

6.4.1. OH Band structure in different fibre types

The gratings manufactured in Section 6.2.1.1 in the fibre types summarised in Table 6.1
were monitored for transmission loss at 1400nm. The OH bands formed by these
different fibre types are shown in Figure 6.17. For each figure, successive scans with the
inscribing laser are represented by another OSA trace which shows increasing loss with

every pass until saturation. Note that the broadband loss also increases with continuing

cxposure.
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Figure 6.17 Evolution of the OH band associated with the formation of IA gratings during
inscription in Verillion 1IF01001410101 B/Ge (red), Fibercore PS1250/1500 B/Ge
(blue), Fibercore SD079-00B Ge (green) and Fibercore SD748A-00AB Ge (black).
This figure shows that the competing OH species have are weighted according to
fibre dopants and doping levels.

There are significant spectral similarities between the different fibre types shown in
Figure 6.17. The B/Ge co-doped fibres (top two plots, red and blue) both show the same
fundamental shape as deconvolved in Figure 6.16b, whereas the three Ge doped fibres
show the presence of another peak at around 1390nm possibly due to the influence of

SiOH.
6.4.1.1. OH Band formation in 20mm blank beam exposed sections

In order to further explore the differences between the shapes of the OH bands in

different fibres another experiment was performed where 20mm sections of the sample

1

fibres were exposed to blank-beam UV radiation. The scan speed was Imms~ with
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200mW of optical power incident to the fibre. The hydrogenation conditions were as per

section 6.2.1.1.

Figure 6.18 shows the result of this extended exposure normalised to equate the 20mm
exposure to a lmm section. The traces which show B/Ge fibre (blue) and SMF28 (cyan)
both exhibit fairly simple spectral characteristics; they show a slightly asymmetrical
Gaussian with the extended portion on the higher wavelength side. The remaining plots
show the OH bands formed in Ge doped fibres from Verillion and Fibercore and clearly
show at least two main peaks. This is because the OH band structure is a trade off
between the relative contributions of SiOH and GeOH, which explains the dithering

around 1380 to 1410nm.

Attenuation [dB.mm’

1350 1400 1450 1500
Wavelength [nm]

Figure 6.18 The OH band created by uniform exposure of a 20mm section of fibre to UV
radiation. Shown for Fibercore PS1250/1500 B/Ge (blue), Fibercore SD079-00B Ge
(green), Fibercore SD748A-00AB Ge (black), Fibercore Ge SD254-01B (yellow),
Verillion IF0100331001 Ge (red-dashed), Verilion FA1631211 Ge (magenta) and
Corning SMF28 (cyan). This figure shows the contrast between the OH bands of

different fibres more clearly.

The wavelength associated with the primary and secondary absorption peaks for each

trace in Figure 6.18 is shown below in Table 6.6.
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; Colour : Main peak | Secondary peak
el Wiandfaciiret convention FRerepe W nm dB/mm | nm dB/mm
SMF28 Corning Cyan STD 0.14 | 1388  0.51 XX XX
PS1250/1500 Fibercore Blue B/Ge 0.14 | 1404 1.22 XX XX
IF0100331001 Verillion Red-dashed Ge 023 1392 062 | 1406 0.51
SD079-00B Fibercore Green Ge 024 | 1393 068 | 1408 0.63
SD748A-00AB | Fibercore Black Ge 026 1412 071 | 1397  0.66
SD254-01B Fibercore Yellow Ge 0.30 | 1412 072 | 1395 064
FA1631211 Verillion Magenta Ge 0.30 | 1414 076 | 1397  0.60
Table 6.6 Summary of the absorption band Peaks and dopant levels for the fibres tested.
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6.5. OH BAND HEATING

6.5.1. OH Band heating using a tuneable laser

It has been extensively demonstrated in this section that for type IA index changes an
absorption band exists at ~1400nm that is typically ~1.2dBmm™ for a B/Ge co-doped
fibre. It is therefore logical that if a fibre containing a type IA grating were to be pumped

with a laser source coinciding with the absorption band, the fibre would be heated in the

IA region.

In order to demonstrate this principle an experiment was devised which illuminated a IA-
[ dual grating with a broadband source in the spectral region of the gratings and a
powerful Santec tuneable laser (with a range of 1410nm to 1490nm) as depicted in Figure
6.19. The [A-I grating pair consisted of a 2mm [A grating, manufactured by the blank
beam pre-exposure method in Fibercore PS1250/1500 directly adjacent to a 2mm type |

grating.

ASE-BBS

OSA

Figure 6.19 A schematic showing the connection of equipment used to demonstrate the IA

heating effect.

The Bragg wavelengths of the IA-I dual grating were monitored in reflection by the OSA.
Although the peak absorption of this fibre type occurs at 1404nm (refer to Table 6.6) the

tuneable laser was not capable of emitting a wavelength below 1410nm, thus the laser

was set to this closest value.

50:50
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Figure 6.20 The shift in the Bragg wavelength of a IA grating heated with a 1410nm tuneable
laser of varying power levels which was controlled manually (a) (left) and by
computer (b) (right). This shows that the Bragg wavelength of a IA grating may be
controlled remotely with strictly optical means.

Figure 6.20 shows the shift in Bragg wavelength with increasing laser power at 1410nm.
Figure 6.20a shows the shift for various power levels under manual control and Figure
6.20b shows the result for many more points this time controlled by computer.
Unfortunately the Bragg wavelength shifts are small and so a limiting factor in this data is
the minimum resolvable wavelength change of the OSA and is shown in the pixelated

data of Figure 6.20.
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Figure 6.21 (a) (left) The OH band of the IA grating tested in this experiment, and (b) (right) the
shift in the Bragg wavelength of the IA grating when the tuneable |laser was held t a
constant power and the wavelength was shifted up the edge of the OH band. This
further shows that the Bragg wavelength of a IA grating may be controlled remotely
with strictly optical means.
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The next step in this experiment was to shift the wavelength of the tuneable laser whilst

maintaining a constant output power and thus to use the shape of the OH band (Figure
6.21a) as an edge thus varying the amount of energy absorbed and hence the level of
tuning in the Bragg wavelength. Figure 6.21b shows the effect of scanning the Santec

laser from 1410nm to 1490nm whilst maintaining a constant 10mW output power.
6.5.2. OH Band heating using a Raman amplifier

Raman amplifiers are now commonly available with output powers in excess of SW.
Although the peak wavelength is 1425nm, placing it in a weaker region of absorption, the

extremely high energy levels compensate for this to some extent.

The experimental apparatus shown in Figure 6.19 was reconfigured so that the Santec
laser was replaced by the Raman source with variable output power. The IA-I grating was

then monitored in reflection using the OSA as before.

Figure 6.22 shows the overlaid reflection spectra of the IA-I dual grating. The results
show the principle of operation of an extremely useful property. Although the gratings
are directly adjacent to one another, the 1425nm radiation is only absorbed by the fibre
portion which was pre-exposed to UV radiation and contains the higher wavelength 1A
grating. Since the type I grating is written in virgin fibre with no strong 1400nm
absorption band it is not heated. The negligible thermal mass of the fibre prevents any
significant level of conduction from the two regions. Thus the application of the Raman
laser causes the IA grating to spectrally shift whilst the type I grating remains at a fixed

wavelength, making an optically tuneable grating pair.
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Figure 6.22 The overlaid reflection spectra of a |A-l dual grating under the heating effect of a
Raman laser source being used to heat the A grating. The type | grating remains at
a constant wavelength whilst the IA grating shifts despite the gratings being directly
adjacent to one another.

This data is more obvious in Table 6.7 wherein the relative shifts of the IA and I gratings
are summarised. This information is also shown by Figure 6.23, indicating a linear
relationship between Raman power and wavelength shift. Note that although there is a
slight fluctuation in the wavelength of the type [ grating, this may be attributed to

experimental error.

Raman Power ,5/1;}". Aiﬁw

mW pm pm

0 0 3

25.1 105 0
52.9 | 245 17
79.22 | 367 17
103.45 . 455 3
124.8 | 525 17

Table 6.7 A summary of the wavelength shifts of the type | and IA gratings when heated with a
Raman source at 1425nm.
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Figure 6.23 A plot of the wavelength shifts of the type | and IA gratings when heated with a
Raman source at 1425nm. This figure clearly shows a controllable change in the
Bragg wavelength of the |A grating and a constant Bragg wavelength of the type |
grating.

If we next consider the effect of the Raman source being absorbed along the length of the
grating; it is logical to conclude that the heating effect will be non-uniform along the
length of the absorbing section of fibre and that the result will be an induced chirp along
the grating. Clearly, higher Raman powers will induce a larger chirp and an increase in

the FWHM reflectance bandwidth of the IA grating.

The decay in the intensity of the Raman source along the length of the IA grating may be

summarised be the simple equation, Equation 6.3.
A
Equation6.3 I(p)= I(p—I).[l - 10'0J ., [{(p) < AT]

where /(p) is the Raman intensity at a point p, 4 is the absorption per unit length of the
Raman radiation measured in dB and A7 is the induced temperature increase. Figure
6.24a shows this relation for the power levels used to create Figure 6.24b and an

estimation of the absorption coefficient of 1.2dBmm™.
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Figure 6.24 (a) (left) A simulation showing the decay in the intensity of the Raman laser along
the length of a 2mm IA grating. (b) (right) The overlaid reflection spectra of a IA
grating under the heating effect of a Raman laser. This figure shows that it is also
possible to tune the chirp of a IA grating by purely remote optical means.

Figure 6.24b shows this effect for slightly higher powers than those used in the previous
experiment. Table 6.8 Shows the summary of this data and details both a clear increase in

the Bragg wavelength and the FWHM bandwidth of the reflectance peak.

Raman Power| AA;,  FWHM
mW pm nm

0 0 1.31
71.74 160 1.36
150.5 250 1.45
226.2 420 1.656
295.6 590 1.65
356.2 620 1.73

Table 6.8 A summary of the wavelength shift and FWHM expansion of a type IA grating when
heated with a Raman source at 1425nm.

The information shown above in Table 6.8 is plotted below in Figure 6.25 again
indicating linear relationships between the FWHM bandwidth and the Raman intensity

and also the Bragg wavelength shift and Raman intensity.
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Figure 6.25 (a) (left) A plot showing the linear relation between the FWHM bandwidth of a IA
grating and the intensity of the Raman laser. (b) (right) A plot showing the linear

relation between the Bragg wavelength shift of a IA grating and the intensity of the
Raman laser.

This experiment has unequivocally shown that it is possible to selectively heat a grating
within an array of other gratings by purely optical methods. Since all grating types could
be written in a section of pre-exposed fibre this method of optical tuning could be used
for all existing FBG applications making the technique invaluable to a multitude of

regimes such as selective wavelength tuning in a DFB laser or edge filter adjustment in

sensing applications.



6.6. ANNEALING STUDY

6.6.1. Experimental arrangement for monitoring annealing

The annealing properties of type IA gratings were studied in order to investigate their
thermal stability and any similarities to the annealing properties of other grating types.
An experimental arrangement was devised to measure the transmission profile of several

gratings whilst being held at predetermined temperatures.

The samples were fusion spliced to FC:PC pigtails to reduce coupling losses before being
connected to an 8 channel DWDM test system comprising a tuneable laser with Spm step
size, a wavemeter, launch power meter and a rack of 8 InGaAs photodiodes with >100dB
dynamic range. The tuneable laser was connected to the wavemeter, before feeding the
samples such that a highly accurate measure of the discrete wavelength might be
obtained. The samples were placed in a Sanyo environmental chamber (-40°C to 180°C

range). This apparatus is shown schematically in Figure 6.26.

A LabView script was written to automatically control the test equipment, enabling the
equipment to save an accurate transmission profile at a predetermined time interval for
the duration of the experiment. After running such an experiment the individual traces
were processed using another custom software program which calculated the Bragg

wavelength and peak transmission loss for each dataset.
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Figure 6.26 Schematic showing the tuneable laser system used to characterise the gratings
during the heating cycle in the tubular oven. This system enabled 5pm resolution
with 100dB dynamic range on all 8 channels.

6.6.2. Standard annealing at 80°C of IA-l dual sensors

This subsection details the annealing data for the gratings manufactured in Section 5.6
which were 8 IA-I dual grating sensors manufactured in B/Ge fibre (Verillion
IF01001410101), hydrogenated at 200Bar / 80°C for 64 hours. The type I grating was
Imm long and was written at 0.5mms™ whereas the type IA grating was 4mm long and
written at 0.05mms™ after 200 blank beam scans at Imms™ to induce the IA index

change.
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Figure 6.27 (a) (left) The 80°C annealing curves for type | (blue) and IA (red) gratings for sample
reference FBG4 shown in terms of the ICC per unit length. (b) (right) The annealing
curves shown in terms of the Bragg wavelength shift during annealing. This figure
shows that the modulated index of the |IA grating anneals significantly faster than the
type |, but their mean indexes anneal similarly due to H, outgassing.

The gratings were placed in the apparatus as described in Section 6.6.1 and annealed at
80°C for 70 hours. Figure 6.27 shows the annealing curves for an example grating
(FBG7). In Figure 6.27a the annealing curves for the two gratings in terms of ICC.mm”"
as laid out in Section 2.3, Equation 2.7 is shown. This plot explicitly shows that the type I
grating anneals significantly more slowly than the [A grating. Figure 6.27b shows the
decay of the mean index during the annealing process as metered by the Bragg
wavelength of the grating during the annealing. This figure shows that in this case, both

type I and IA gratings undergo the same rate of mean index change.
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Figure 6.28 The 80°C annealing curves for type | (blue) and IA (red) gratings for 8 samples
shown in terms of the normalised ICC. This shows that the annealing curves for IA
gratings follow a uniform trend.

Figure 6.28 shows the annealing curves for all 8 samples in terms of the normalised to
t=0 ICC value, #. This figure clearly shows that there is a definite trend to the annealing

process with only a small amount of variance between samples.

Figure 6.28 also shows a curiosity at the end of the annealing cycle. At t=70hrs, the
gratings were allowed to cool naturally to room temperature whilst the monitoring
software was still running at a slightly higher sample rate. Figure 6.29 shows this period
in more detail for both gratings. What is clear is that the majority of the type I gratings
increase in reflectivity whilst the majority of the IA gratings decrease in reflectivity.
Recalling that the type I and IA gratings are written in directly adjacent pairs, it is unclear

why this would be the case but highlights another contrast between the two grating types.
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Figure 6.29 The 80°C annealing curves for type | (a) (left) (blue) and IA (b) (right) (red) gratings
for 8 samples shown in terms of the normalised coupling coefficient and zoomed to
show the end of the process when the gratings were allowed to cool naturally to
25°C at 70 hours. This shows a curiosity in the reflectances of the two grating types

as the fibres cool.

6.6.3. Hot and Cold Verillion samples

This subsection details the annealing data for the gratings manufactured in Section 6.2.2.2

which were type IA-I dual gratings written in two identical batches of fibre; each

consisting of SMF28, B/Ge co-doped fibre and two different samples of Ge-only doped

fibre as laid out in Table 6.4, partially repeated below. One batch was hydrogenated at

80°C, 190Bar for 93 hours and allowed to cool to room temperature over 24 hours by

which time the pressure was 160Bar; the other samples were hydrogenated for in excess

of 4 months at 180Bar at room temperature. lmm gratings of each type were inscribed as

per Section 6.2.2.2.

Reference iHydrogenation conditions Fibre type Manufacturer
SMF28 hot Std Corning
SMF28 cold Std Corning

IF01001410101 hot B/Ge Verillion
IFO1001410101 cold B/Ge Verillion
IFO100331011 hot 12mol%Ge Verillion
IFO100331011 cold 12mol%Ge Verillion
FA1631211 hot 21mol%Ge Verillion
FA1631211 cold 21mol%Ge Verillion

Table 69 Table 6.4 The details of the fibres tested in this section.
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Figure 6.30 shows the annealing curves for these fibre samples.

4 Coming SMF28 IF01001410101 (B/Ge)
oo T T .
: Uos
0.5 05
E . HOT g HOT
(&] QL__ 5 ?
= 3! k
05 05 "
0 o ) COLD, =il coLb.
0 20 40 60 80 100 0 20 40 60 80 100
Time [hours] Time [hours]
IF0100331011 (Ge) FA1631211 (Ge)
T e e e
0.5 05
e -3 )
£ 9 HOT E HOT
(& ]
Q '\-— 8 9v
.
0.5 0.5
0 S coLp 0 : = COLD,
0 20 40 60 80 100 0 20 40 60 80 100
Time [hours] Time [hours]

Figure 6.30 80°C Annealing plots for type | (blue) and type IA (red) gratings written in various
fibre types (as indicated) for hot (upper) and cold (lower) hydrogenation conditions
shown in terms of the normalised ICC. This figure does not show any significant
differences in the annealing properties of the fibres under different hydrogenation
conditions.

Although this is a useful figure showing the annealing properties of several different fibre

types, it does not show any significant trends between the hydrogenation conditions.
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6.7. HIGH TEMPERATURE STABILITY

In order to evaluate the temperature stability of type IA gratings an experiment was
designed to make a direct comparison between types I, IA and ITA. The test looked at six
type I, six type IA and two type IIA gratings. The fibre used in this trail was Fibercore
PS1250/1500 B/Ge co-doped single mode fibre (serial number 30246B/A-00A).

The type I and IA gratings were fabricated in fibre hydrogenated at 200bar at 80C for
64hours. The TA gratings were manufactured according to the blank beam exposure
method detailed in Section 5.3.3, a 3mm section of fibre was pre-exposed by 244nm
radiation at Imms™ until the 1400nm absorption band had reached a maximum value. A
2mm FBG was then written using a scanning phasemask technique at 0.lmms™’. A 2mm
type I grating was then inscribed with a Imm separation from the IA grating at 2mms™.
The type IIA gratings were fabricated by the shuttered scanning phasemask method in
non-hydrogenated fibre (from the same PS1250/1500 batch) with a scan speed of lmms”

and a shutter width of 2mm. A typical spectrum of each grating is shown in Figure 6.31.

i |
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Figure 6.31 The spectra of type | (blue), IA (red), and IIA (green) gratings prior to annealing
written in B/Ge fibre. Each grating has the same period and demonstrates the
differences in the mean index of the three gratings.
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All gratings were manufactured in the middle of a 1m section of fibre and mounted in a

modified version of the apparatus outlined in section 6.6.1. The gratings were placed
inside a high temperature Carbolite tubular furnace in place of the Sanyo environmental

chamber. The gratings were held at 100C, 200C, 300C, 400C and 500C
6.7.1.1. Data processing

In order to ascertain the thermal stability of the gratings the mean and modulated index
changes of the samples were calculated. This was done by means of a software program
designed to sift through the 8000 or so individual spectral traces and produce tables of the
central reflecting wavelengths and peak insertion losses for each grating as a function of
time. This information was then converted to mean and modulated index change as

follows:
Mean index change

The mean index change was calculated according to the following rearrangement of
Equation 2.9:

A

Equation 6.4 :ﬁnﬂr(r) = "i(-_)h_- initial

where Angr is the effective refractive index at time ¢, Agg is the Bragg wavelength at time
t. Nininal 1S the initial refractive index of the fibre core (supplied by the fibre manufacturer

as 1.4441) and A is the grating period. A may be accurately approximated as follows:

Equation 6.5 2N = ﬂ”’—'

Wonitial
where Ainiiar is found by inscribing a type I grating in non-hydrogenated fibre. Care
should be taken that the grating is sufficiently immature that it has not exhibited a
significant level of the red shift seen during the earliest stages of [IA grating manufacture.
This is shown below in Figure 6.32, which yields a value of 1077.515nm for twice the
period of the gratings when applied to Equation 6.5.
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Figure 6.32 Showing the Agg of a type | grating in non-hydrogenated Fibercore PS1250/1500 with
Net = 1.4441 as used to calculate the period of the inscribed gratings during the
annealing experiment.

It is also desirable to normalise the recorded values of central reflectance for the effects
of thermal shift in the Bragg resonance. This is most simply done by applying

Ay (1) = T(1).A4, (T') , where T(¢) is the temperature at time ¢, and Agr(T) is the thermal

coefficient of the individual gratings. The average values shown in Table 6.10 were used,
since it was not possible to measure the thermal coefficients of these particular samples

as the high final temperatures used in this experiment carbonised the fibre beyond use.

Grating type  Thermal coefficient (pmC™)

I 8.0
IA 6.0
I1A 11.0

Table 6.10 Summary of average thermal coefficients used to calculate the shift in the Bragg
resonances during annealing. This data represents an approximation used to
normalise the mean index change under different temperatures.

The result of Equation 6.5 was substituted back into Equation 6.4 and normalised to =0
for successive values of Agr thus producing a dataset containing the mean index change
against time for the gratings at increasing ambient temperature. This data is shown in

Figure 6.33 below.
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Figure 6.33 The decay in the mean index experienced by type | (blue), IA (red) and IlIA (green)
gratings during heating at 100C (top, left), 200C (top, right), 300C (bottom, left) and

400C (bottom, right). This figure is the first evidence that the mean index change of
IA gratings also decays under moderate temperatures.

Modulated index change

The modulated index change was shown in terms of the normalised ICC, as discussed in

Section 2.3 and defined by Equation 2.7. The modulated index change is shown below in

Figure 6.34.
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Figure 6.34 The decay in the normalised integrated coupling constant (k) by type | (blue), IA
(red) and IIA (green) gratings during heating at 100C (top, left), 200C (top, right),
300C (bottom, left) and 400C (bottom, right). This figure shows that the type IA
gratings present the lowest thermal stability, being erased at only modest
temperatures. This has profound implications on the potential uses of IA gratings.

This data shows a vital result concerning the high temperature stability of type IA
gratings. Figure 6.34 indicates that TA gratings undergo a drastic initial decay at 100°C
which implies that they are thermally unstable at this temperature. Figure 6.33 shows that
the mean index change is severely reduced at this temperature However, the results of
Figure 6.28 and Figure 6.30 show that the modulated index change of IA gratings
remains stable at lower annealing temperatures of 80°C, whilst Figure 6.27b shows that
the mean index change decays at a comparable rate to type I gratings at 80°C. These
results show that the maximum temperature IA gratings may be reliably used is less than
80°C. Figure 6.34 also confirms well known reports as to the stability of different types
of Bragg grating showing that IIA gratings are more stable than type I gratings.
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6.8. CHAPTER CONCLUSIONS

Chapter 5 showed that type IA gratings have substantially different inscription and
physical properties than other reported grating types. This chapter looks at some of the
underlying parameters including the effect of dopants, dopant levels, hydrogen
concentration and the annealing characteristics for type IA gratings and draws

comparisons with grating types I and IIA.

Boron has long been added to fibre pre-forms to both enhance photosensitivity and
reduce the refractive index of the core. This chapter has shown that the presence of boron
within the glass has a profound effect both on the rate at which type I and 1A gratings
form and the maximum reflectivity of type I gratings. Referring to Figure 6.1 we can see
that ICC value of boron containing samples is more than 3 times larger than those
without. Additionally we can see that the fluence to inscribe a mature type IA grating is
~0.6J.m™ for boron containing glasses, whilst germanium only glasses require in excess
of 2.7J.m™. Tt has not been possible to confidently conclude what effect, if any, boron has

on the temperature coefficient of type IA gratings.

The fundamental difference between IA and ITA grating inscription regimes is that TA
gratings require the presence of hydrogen. This chapter has shown that the concentration
of hydrogen within the core directly affects the rate at which 1A gratings form and the
thermo-optic coefficient of the mature IA grating; gratings inscribed in fibre samples with
a higher hydrogen concentration form faster and have lower temperature coefficients. It
has also been shown that by allowing all hydrogen within the sample to outgas a type IIA
grating is formed. This shows that it is not possible to inscribe IA gratings using the pre
sensitisation technique of Canning et al (refer to Section 2.2.3.2) which infers a different

photosensitivity mechanism between type I and type IA gratings.

The refractive index model of type IA gratings shows a large mean index change which is
substantially larger than reported elsewhere. However, it has also been shown that the
minimum length of such an index change is more than 0.5mm. This may be the result of a

diffuse effect spreading through the fibre which is not substantially localised to the area
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exposed to prolonged UV exposure. It is logical to envisage this as a heating effect in

keeping with the demonstration of fibre heating caused by UV exposure in Section 5.4.2.
A use for this large mean index change has been suggested and demonstrated; the

consequential increase in NA could be used to decrease splicing losses between optical

fibres.

There has been substantial evidence of the absorption band at 1400nm and its relation to
the formation of hydroxides within the fibre under UV Exposure. It has been shown that
the final shape of the absorption band is related to the concentration of fibre dopants, and
is believed to be ultimately determined by the ratio of Si-OH and Ge-OH. A novel use for
this OH band has been proposed; it is possible to locally heat a type IA grating using
radiation within the absorption band and is thereby possible to selectively tune its

resonance by purely optical means.

Annealing experiments have shown similarities between the modulated index change of
types I and IA, but also shown that type IA gratings are substantially less stable at higher
temperatures. It should be noted that the use of type IA gratings at temperatures above
80°C for prolonged periods of time should be avoided, and exposure to temperatures

greater than ~150°C to 200°C is likely to result in the complete erasure of the gratings.
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Chapter 7

Thesis Conclusions
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7. THESIS CONCLUSIONS

Blazed Grating Spectroscopy

This thesis has shown the novel implementation of several blazed grating based
spectrometer devices. The primary result of the work on this subject is that an extremely
low cost spectrometer was assembled using only standard, low cost, components. The
final prototype showed excellent stability and high accuracy when operating with a range

of WDM sensor arrays and in various test environments.

An important result stemming from this work was the use of superimposed BFBGs to
enlarge the spectral bandwidth of the system. This worked because the radiation angle
and spectral range of BFBGs is dependant on the blaze angle of the grating. By
superimposing gratings of different blaze angles it was possible to design a system where
the radiation profiles of the two gratings complemented each other, thereby resulting in a

larger bandwidth.

This work will find use in the manufacture of spectrometers and fibre sensor interrogation
apparatus. Refer to the conclusions of Chapter 4 for a more detailed conclusion of this

work.
Type IA Gratings and Temperature Compensating Sensors

Type IA gratings have been studied in depth and shown to be a unique grating type
similar to, although distinct from, types I and ITA. It was shown that the formation of [A
gratings occurs in three distinct phases; initially a standard type I grating is formed which
then decays in the second phase, usually to almost zero reflectivity, before regenerating
and saturating with a large offset in the mean index signalling the end of the third phase.
The final reflectivity of type IA gratings approximates that of IIA gratings written in
similar conditions and is much less than the maximum reflectivity achieved by the initial

inscription phase.



It was shown that a typical IA grating undergoes a mean index change equivalent to a

shift in the Bragg wavelength of up to 16nm and that by stopping the inscription process

at the correct time it is possible to tune the intended wavelength of a phasemask by up to

this value.

Work has been presented detailing methods of fabricating IA gratings. The ideal
inscription method proposed was the blank beam method which uses uniform UV
radiation to pre-expose a section of hydrogenated fibre. This inscription method has the
advantage of not requiring highly stable apparatus during the prolonged exposure and

yields uniform gratings of a more pure spectral profile.

By varying the intensity of the inscription laser, it has been shown that the initial growth
phase (attributed to the formation of standard gratings) is not strongly dependant on
intensity. However, after the standard grating reaches maximum reflectivity a marked
change in the growth characteristic occurs and the rate of mean index change varies
strongly with inscription intensity. It was argued that this is likely to result from a single
photon absorption in the initial phase followed by a multi-photon absorption process in

the latter phases.

Work has been presented detailing the fabrication and characterisation of dual grating
sensors which may be used to simultaneously decouple temperature and strain. The
sensor head comprises a standard type I grating fabricated directly adjacent to a type IA
grating, having a lower temperature coefficient and slightly higher strain coefficient.
Fabrication of the IA-I sensor was shown to be significantly more straightforward than
other dual grating devices as the blank-beam pre-exposure technique may be used to
avoid the need to change or anneal fibres in between grating inscription. Using a standard
matrix technique it is possible to interrogate the sensor head and decouple strain and

temperature with a matrix condition number better than 188.

Novel work was presented pertaining to the effects of core dopants and dopant levels. It

was shown that boron should be used to accelerate the inscription process of type IA

-209 -



gratings and that a higher concentration of hydrogen in the fibre results in a lower final

thermal coefficient.

A method of reducing splicing losses by increasing the numerical aperture of germanium
doped fibres was presented. This method uses blank-beam exposure to induce a IA mean
index change in the section of fibre prior to cleaving. It was shown by direct
measurement and theoretical calculation that this method increases the acceptance angle

of the fibres.

A strong absorption band, which forms simultaneously with IA gratings, was shown for
several types of fibres. It was shown that this absorption band is related to the formation
of hydroxide species and that the final shape is determined by the core dopants, dopant
levels and hydrogen levels. It was also shown that by pumping a IA grating with a
1400nm source, it is possible to optically tune the central reflecting wavelength whilst not

effecting a directly adjacent grating.

This work will find use in situations where separate measurements of temperature and
strain are required. It will also be of use in any situation where it is desirable to optically

tune the resonance of an FBG.
7.1. SuUGGESTED FUTURE WORK

Blazed Grating Spectrometer

Previous reports of BFBG spectrometers used expensive InGaAs arrays with much larger
pixels because they offer significant improvements over coated CCD arrays in terms of
responsivity linearity. If a BFBG could be manufactured to operate at 600nm, then the
existing BFBG spectrometer prototype could be made to operate in the flatter and more
responsive region of Figure 4.7b. A system operating at this wavelength would also

benefit from low-cost light sources in this spectral region.

In the current BFBG spectrometer design, excessive temperature excursions cause the

glass window shown in Figure 4.27 and Figure 4.28 to deform as a result of thermal
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expansion of the index matching fluid and thereby impede system performance. If fibre

alignment and index matching component could be replaced by a solid prism the thermal

dependence of the system would be significantly improved.

Section 4.4 showed the successful implementation of a BFBG spectrometer in which the
bandwidth was improved by superimposing two gratings of different blaze angles. It
should be possible to repeat this with a number of overlaid gratings and thereby increase

the bandwidth of the system to a larger maximum level.
Type IA Gratings

Figure 5.2 (for example) shows the mean index change of a type IA grating during
inscription. The temperature coefficients at the end of the initial growth period (up to the
point of type I formation) and at the end of IA inscription are known, but it is not known
how the temperature coefficient changes in between these two points. By inscribing
multiple gratings at levels of maturity corresponding to points along this curve, it would
be possible to then plot the evolution of the temperature response during fabrication and
may thereby give significant insight into the photochemical changes taking place within
the fibre.

Among the most significant sections of this thesis is Section 5.4.1 which shows that there
are at least two photosensitive mechanisms involved in the fabrication of type IA
gratings. Figure 5.8 shows that the formation of type I gratings requires single photon
absorption, but the transformation from type I to type IA requires multiple photon
absorption. Unfortunately, despite repeated attempts, it has not been possible to safely
conclude the number of photons absorbed during the transformation. This is a
consequence of small fluctuations in the intensity of the inscribing UV laser on the fibre
sample, probably caused by sub-micron misalignments of the fibre in the inscription
apparatus. It may be possible to eliminate these fluctuations with feedback from beam
position sensors (see the works of Mikael Svalgaard, e.g. [165, 166]) and thereby

accurately predict the number of photons absorbed during IA formation.
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Heating a hydrogenated section of germanosilicate fibre above ~200°C results in the

formation of an absorption band similar to those shown in Section 6.4, but does not
impart a mean index change. Furthermore, Section 6.3.2 shows that the minimum
resolution in locality of an index change is ~0.5mm and indicates a diffuse nature through
the slope of the index change shown by Figure 6.15. This diffuse nature is an indication
that fibre heating may be responsible for the change. This may indicate that the formation
of the OH band is incidental to the formation of IA gratings and is simply the
consequence of UV induced fibre heating (see Section 5.4.2). Alternatively, type IA
formation may require both elevated temperature and the presence of hydrogen (Figure
5.12 indicates that elevated temperatures act as a catalyst to IA formation). Clearly the
OH band is required for IA fabrication using the blank-beam pre-exposure method
(Section 5.3.3) but the significance, or lack thereof, of the absorption band may be of

interest to photo-chemists and should therefore be the subject of further work.

Section 5.5 shows the importance of exposure uniformity in order to produce a clean type
IA grating. However, if the exposure were to be deliberately and controllably non-
uniform a grating with any desired mean index profile could be manufactured; this would

enable the chirping of a uniform period grating up to ~16nm.

Section 6.2.2.2 shows that samples containing a higher concentration of hydrogen form
IA gratings faster, and that the gratings have lower temperature coefficients than similar
samples with a lower concentration. This work should be expanded to investigate the
upper and lower limits of hydrogenation and to investigate the minimum achievable
temperature coefficients at extremely high hydrogen levels. It has been shown by Section
6.2.2.1 that hydrogen pre-sensitisation (refer to Section 2.2.3.2) does not result in the
formation of IA gratings. Alternatives to hydrogenation, such as deuterium loading or

flame brushing, should be tested with relation to the production of IA gratings.
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