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Abstract
The use of palladium coated optical fibres containing an in-fibre long period grating (LPG)
structure for the sensing of low concentrations of hydrogen has been investigated. Previous
proof of principle experiments were refined and extended, demonstrating sensitivities of up to
60 pm for 1% hydrogen at an operating temperature of 70°C.
Characterisation of the Pd deposition technique (RF sputter coating) including XPS and SEM
analysis to investigate surface roughness and contamination were carried out and are
discussed. These measurements were prompted by the need to characterise and eliminate
sensor drift associated with delamination of the sensor layer.
Particular care was taken to characterise the optical properties of Pd thin films, both in the
presence of hydrogen and without, through ellipsometry and surface plasmon resonance,
since values gained from the literature showed wide variations. The results presented in this
thesis differ from published Pd refractive indices but are specific for the conditions used in
this work.
Techniques to directly measure the refractive index profile within the core of an LPG were
investigated and a possible solution is presented.
Theoretical models to calculate the transmission spectrum of a LPG, both with and without a
Pd layer are presented, discussed and the implications due to the poor characterisation of the
LPG are considered.
The potential use of higher order double cladding modes (with up to 20 times the sensitivity
of the lower mode orders) as a sensing regime is investigated and the practical limitations
discussed.
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Chapter 1 - Introduction

Chapter 1. Introduction
If curiosity killed the cat then it has ennobled mankind. Throughout recorded history
humanity has struggled to explain the unexplained and to quantify the world around us.
In no field is this more obvious than that of metrology, the science of measurement.
Measurement has been essential to the development of human civilisation to the point
where it is inconceivable for us to go through a single day without reference to some
form of standardised measurement.
The story of metrology is thus as old as civilisation its self. From the very oldest,
known, civilisation in the Indus valley with its quite remarkable standardised length
measurements, good to ~1mm, through to the Egyptian ‘foot’ and the Roman ‘uncial’,
each major civilisation group or empire maintained its own standard of measurement.
Often these would be based on stylised lengths of the body and time units given by the
periodic motion of the heavenly bodies. Alternatives included measurements based on
local cultural or religious peculiarities.

Interactions between these measurement

standardisations were often complex and limited only to a small merchant class who
would travel extensively enough to require knowledge of several such systems and the
conversion factors between them.
The breakthrough in universal standardisation occurred in the 17th century after the
French Revolution. The revolutionary government, keen to export the universal ideals
of the revolution, decided to replace the discredited system of weights and measures
within France with a new universal system. In contrast to previous systems which were
based on comparison to particular artefacts (the king’s foot or a particular length of
wood defined to be a foot long etc.), this system was to be universal with weights and
measures defined through universal constants. The system created, the metric system,
while not a perfect implementation of the universal ideal, was swiftly adopted within
France and exported wherever French culture held sway. The Napoleonic wars ensured
rather slower adoption in the English speaking world but it is now close to a universal
standard, with only a few countries, notably the United States, having not adopted it,
and a few countries, like the United Kingdom, employing a mixed unit system.
The original definitions have been gradually updated over time to better reflect the
meaning of a universal constant. For example, the original definition of the meter, as a
1
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fraction of the earth’s circumference through the North Pole and Paris, has been
replaced with a more consistent unit based on 1/299 792 458 the speed of light in a
vacuum [1]. The kilogram was originally defined as the weight of volume of sea water
at specific pressure, temperature, latitude and altitude but this proved to be quite
cumbersome and was instead replaced by an artefact, which is still in use [1]. All other
units have now been defined in terms of distance and time in some form (and efforts are
continuing to also define the kilogram in these terms) with time and distance related by
the frequency of atomic (usually caesium) oscillations [1].

1.1. Optical Metrology
The SI units of measurement are, with the exception of the kilogram, defined in terms of
time and space and these are linked through frequency. The electromagnetic, EM,
spectrum may therefore provide some means to carry out measurement in a fundamental
form. The EM spectrum is broad indeed spanning fourteen orders of magnitude, from
gamma and x rays through the UV and visible up to the infrared and radio waves
(Figure 1).

The central, and usually more useful, part of this spectrum may be

considered the UV through the visible up to the near IR a region of approximately 200
to 2000 nm or ~ 5 x1013 Hz to 5 x1015 Hz.
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Figure 1: The Electromagnetic (EM) Spectrum

These frequencies are far too high for direct measurement of oscillations. As such it is
necessary to employ the properties of waves to create a detectable effect. The simplest
2
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approach is to mix two waves of differing frequency. These two frequencies (f & f )

will interfere with each other providing a new beat frequency (f  where f  |f

f |.

With a suitable choice of frequencies this beat frequency can be in the KHz range i.e.

detectable through standard techniques. With the advent of lasers this has become
relatively simple as laser line widths of a few 10s of Hz are commonly available across
much of the EM spectrum. Alternatively a single frequency can be employed and with
a suitable physical effect, such as temperature fluctuations of a vibration, a second
frequency can be induced, usually with only a very small difference between the two.
In this manner detection of the resultant beat frequency, now readily detectable, will
provide a sensor for the physical effect.

A

+

θ→0

=

2A

=

→0

a)

+

θ→π

b)

Figure 2: Illustration of a) constructive and b) destructive interference of two waves of
the same wavelength and amplitude, A, and phase difference θ.

If there is no difference between two frequencies, e.g. the same beam split by a beam
splitter, then the resultant mixed beam will not exhibit a beat frequency, but rather will
interfere based on the relative phase difference between the two beams (Figure 2). This
produces fringes of light and dark for each 2π of phase shift. This interferometric
3

Chapter 1 - Introduction
technique has become the mainstay of distance based measurements, effectively
forming a ruler from the wavelength of the radiation used. In theory the use of shorter
wavelengths should allow for more accurate (i.e. finer toothed ruler) measurements but
in practice operating outside of the central part of the EM spectrum requires the use of
more exotic and therefore more expensive equipment particularly in the case of sources
and detectors.
The experiments of Michelson and Morley in the late 19th century have spawned over a
hundred years of increasingly complex and precise optical measurement.

Three

quantum leaps in development can be identified in the last 100 years. The development
of Radar in the 1940s is probably still the largest scale out of laboratory use of optical
metrology in use today and its development required the invention and implementation
of what are now many standard techniques. The development of the laser in the 1960s
allowed for the use of optical metrology with hitherto undreamed of µm and ultimately
nm scale accuracies and corresponding time resolution. While the use of lasers for
optical metrology provided the fine resolution required for precision measurements it is
the development of optical fibre which has allowed these fine measurements to escape
from the laboratory in a significant scale.

1.2. Fibre Optic technology
While fibre optic development did not begin until the 1960s the principle of guiding via
total internal reflection had been demonstrated by Jean-Daniel Colladon in 1842 [2]
using a “light fountain” or light pipe to guide light in a water stream. During the 1960’s
the further development of computers generated a requirement for high-speed data
transfer, and fibre optics were recognised as a possible solution. Due to limitations in
the draw process, early fibres used a graded index arrangement and contaminants in the
glass resulted in comparatively high losses outside of the 600-900 nm region (Figure 3).
By the 1980s, fibre drawing had improved sufficiently to produce single mode step
index fibres, now an industry standard, and the purity of glasses improved to the point
of opening the 1300 nm transmission window (Figure 3) by lowering the OHabsorption peaks.

The corresponding low loss quality optical fibre allowed the

technology to be deployed worldwide. Fibre optic telecommunications cable started to
4
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be used for long haul cross continental communications [3]. Since then the purity of the
glass used for the fibres has improved to the point that the 1550 nm window has opened,
with corresponding low loss (Figure 3) and is used almost universally for telecoms with
the possibility now being discussed of a window, the U band, extending to 1700 nm [4].

Improving silica purity

600-900 nm

1300 nm

1550 nm

Figure 3: Graph of the losses in silica illustrating the fundamental Rayleigh scattering
limit, the OH - absorption peaks and the infrared absorption tail. Three key low
loss windows have become available as the IR absorption is pushed back and the
OH - peaks minimised by increasing purity of silica. Adapted from [5].

Fibre optics lend themselves quite readily to sensing and provide the possibility of
conducting remote, accurate measurement using small sensing elements as well as the
possibilities of multiplexing sensing elements with the bandwidth of telecoms fibres.
The explosion in fibre optic telecoms in the late 1980’s has also served to set up a
massive worldwide industry producing fibre optic components at the relevant
wavelength. The result has been an increase in availability and quality of components
and a drop in the cost, often by an order of magnitude. However, the periodic shift to
5
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each new generation of ever higher wavelengths results in older components at lower
wavelengths become harder to source and correspondingly more expensive and the
danger of technology becoming obsolete is always present.

1.3. Fibre Optic Sensing
Generally and simplistically speaking, once light is in a fibre optic it stays there. The
losses due to absorption in current fibres are so low that on the scale of meters they can
often be ignored. Fibres can therefore be generally seen as a robust and idealised light
guiding medium suitable for replacing equivalent bulk or freespace optics in a sensor
system. By itself the fibre is designed to be fairly insensitive with respect to external
stimuli to reduce noise and signal degradation. Single mode telecoms fibre has,
however, been demonstrated to be affected by temperature, strain stress and even
absorption of hydrogen. Such effects however are small and it is usually necessary to
construct more elaborate apparatus to enhance detection. Through the use of splitters,
combiners, polarisation controls, amplifiers, attenuators, depolarisers etc. all fibre
coupled, it is possible to build an arbitrarily complex optical system. This can be
readily used to get the light to and from a sensor or to construct interferometric
apparatus.

Exposed to external stimuli
Detector

Source

Coupler

Source

1 fringe

Isolated from external stimuli

Figure 4: Illustration of in fibre Mach Zehnder Interferometer in fibre where a single
fringe at the output detector represents a relative phase shift of 2π between the
two arms.
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The simplest, but by no means least useful of these arrangements is a Mach Zehnder
interferometer (Figure 4). This form of interferometer allows for the direct comparison
between the optical path length of two fibre arms where one arm is allowed to interact
with the environment and the other, the reference arm, is insulated from external
stimuli. This arrangement is a step further than using the fibre as an optical delivery
system, as the fibre arm its self becomes the sensing element. This can be readily used,
for example, as a temperature sensor as even very small changes to the optical
properties of one of the fibre arms due to temperature translates to large shifts in the
interference pattern at the recombined arm corresponding to several fringes.

Figure 5: Plot of the number of papers containing the phrase “fibre optic” or “fibre
optic“ and “sensor” in the title against year. Search carried out through the Web
of Knowledge on 6/11/09.

This form of interfermometry has been usefully applied to measure a range of stimuli
but is limited in that the system is unable to detect the direction of change, i.e. both
extension or compression of the fibre will register as a relative phase shift at the
recombination of the arms.

Although this can be overcome by using several

wavelengths simultaneously it rapidly becomes a complex system. This is only one
simple example of a fibre sensor. The field of fibre optic sensors has grown rapidly
7
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over the last thirty years. The technology has always been closely linked to
technological developments in fibre optic communications. A plot of the number of
papers published against year illustrates this quite well (Figure 5). The number of
papers increases rapidly with the implementation of low loss optical fibres in the 1980’s
and can be seen to mirror the boom in the telecoms industry through the nineties. As
the telecoms bubble burst in the early 21st century there is a significant drop in
publications for a few years. Fibre optic sensors is thus an industry that is yet to mature
and come into its own, however there is considerable interest, as can be seen by the
levels of publications and international conferences, with funding from industrial and
governmental sources.

1.4. In Fibre Structures
It is possible to use fibre only as wiring between optical sensing components or in an
interferometer arrangement to measure changes in the optical properties, i.e. optical
length, of a fibre. An alternative is to write a sensing structure within the fibre whose
characteristics are affected by an external stimulus and the response can be detected
through the optical fibre. This requires a specific modification of the optical properties
of the fibre within a small region which modifies the core mode in some form. The
most common of these is the fibre optic grating. A more complete discussion of the
development and application of gratings can be found in the review chapter (§2.1),
suffice to say that these optical components serve to modify radiation which passes
through them. The type, scale and effect of this modulation is dependent on the exact
parameters of the structure, which are dependent on external environmental effects.
This can then be used as the principle of optical sensing within a single optical fibre.
This powerful technique minimises the size of sensors, while retaining the capability to
make the most of the inherent bandwidth of the fibres for multiplexing of sensing
elements. The disadvantage of such systems is generally to be found in the fact that
such structures need to be written, inscribed etched or otherwise formed after the fibre
has been drawn.

Although a considerable amount of progress has gone into

standardising this process, particularly for fibre Bragg gratings there is still a
requirement to characterise each individual sensing element.

8
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1.5. Problem Posed by AWE
AWE, the Atomic Weapons Establishment, provides and maintains the United
Kingdom’s nuclear deterrent. AWE have a requirement for optical based sensors as a
compliment to their existing capabilities. The majority of the work in this thesis is a
response to these requirements.
A significant portion of the work carried out at AWE involves the stockpile,
stewardship and storage of nuclear devices. These devices are held in subterranean
depositories over the long term and in order to guarantee their safety it is necessary to
continually monitor their condition and environment.
There has been a strategic alliance between AWE and Heriot Watt University since
1992.

The Applied Optics Group, and specifically the Fibre Sensing Group have

contributed to this alliance through a series of collaborations.

An aspect of this

monitoring process which has yet to be satisfactorily resolved requires the detection of
the slow accretion of hydrogen gas, up to ~10,000 ppm, (1%) in a sealed, essentially
nitrogen atmosphere over a period of months and years. The requirement at AWE can
be summarised:
•

All Optical solution – no electronics at the sensing position

•

Fibre optic coupling between source/detector and sensing position

•

Small size sensor, sub mm scale for preference

•

Detection of 0-10,000 ppm H2 in balance N2

•

Long Term stability – up to 20 years without significant maintenance

There are numerous demonstrations of hydrogen sensors using both electrical and
optical techniques [6, 7]. The remote, inaccessible, positioning of the containers and the
levels of background ionising radiation, typically 80 kGy per annum, are prejudicial to
the successful deployment of electrical based sensors which would exhibit high levels
of interference.
Optical sensors by contrast offer much larger resistances to ionising radiation [8] (fused
silica is highly resistant to the effect of radiation [9-11]). An optical based solution is
therefore preferred due to increased resistance to radiation and the remote location of
the sensing environment further limits discussion to fibre optic based sensing elements.
9
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Several potential fibre based hydrogen sensors, almost exclusively dependant on Pd or
at least a Pd catalytic layer, have been demonstrated [7]. Among these the majority
depend on fibre tapers, cavities side polishing or other techniques which while
increasing sensitivity significantly reduce the mechanical reliability of the fibres [7].
Grating structures, and particularly long period gratings (LPG), offer the combination of
simple manufacture with reliability.
Optical fibres are, however, not made from pure fused silica.

It is necessary to

introduce dopants to either the core or cladding to provide the index contrast for total
internal reflection. Germanium (core) doped, standard telecom, fibre has been shown to
exhibit increased losses and temperature coefficients when exposed to large doses of
radiation [8-11].

Radiation exposure is, however, a complex science.

Given the,

comparatively, low levels of radiation, short lengths for an LPG and the small
dimensions of the fibre it is likely that the sensor will continue to operate (albeit with
increasing losses) for some time. Of greater concern are the connecting fibres leading
into and out of the LPG.

Here losses approaching 150 dB km-1 would prove

catastrophic [12]. Fluorine [13] and nitrogen [14] doped fibres have demonstrated
larger radiation tolerances but neither fibre is particularly suitable for LPG inscription
due to low photosensitivity. A sensible solution may therefore be to employ nitrogen or
fluorine doped fibres as connectors with a short (~3cm) length of germanium doped
fibre for the LPG element.
Some consideration must also go to the effect of radiation on a Pd layer. There is little
published information on this, but studies on the desorption of hydrogen from metals
induced by e- beams [15] suggests that some interference with hydrogen absorption is to
be expected. Radiation is therefore expected to have some detrimental effect on a PdLPG based system but this is outside the scope of this thesis.

1.6. Thesis Layout
The following chapter of the thesis is a review of fibre grating structures, LPGs in
particular, and the palladium – hydrogen system. Following this general treatment
conclusions are presented regarding the necessity to independently characterise our Pd
thin films and LPGs in order to fully understand the LPG-Pd system.
10
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The experimental work is therefore divided into four chapters. Initially work carried out
to characterise our thin films in terms of surface quality, contamination and optical
properties is presented and discussed. This is followed by the attempts to characterise
the LPG refractive index profiles both experimentally and theoretically.
These two characterised systems are then combined to provide a model of the LPG-Pd
system as a hydrogen sensor and is presented with the associated experimental work.
Finally conclusions are drawn concerning the LPG-Pd system paying particular care on
the theoretically derived sensitivities of various LPG-Pd structures and specifications
are presented for a high sensitivity LPG-Pd sensor element.

11
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Chapter 2. Review
2.1. In Fibre - Gratings
2.1.1. Introduction
In fibre-gratings are a common form of mode modification structure often used in
sensing applications. By inscribing a periodic change to the refractive index of the
guiding, i.e. core region, of a waveguide, the propagating modes are modified. In the
case of a periodic structure, this manipulation is often wavelength dependant. These
structures have enjoyed a great deal of success in the telecoms industry as band pass or
band rejection filters [16]. Changes to either the waveguide or the grating structure alter
the nature of this mode modification and hence gratings are also commonly used in
sensing applications. Two grating structures are commonly employed; fibre Bragg
gratings (FBG) and long period gratings (LPG).

The use of FBGs for sensing

applications is well developed, particularly for stress, strain and temperature
measurements while LPGs are an outgrowth from FBG development. There are number
of texts devoted to the strict mathematical interpretations of grating structures. This
thesis will be limited to the pertinent details and the reader is referred to texts such as
Raman Kashyap’s [17] excellent book or Othonos’ and Kalli’s description of FBGs [16]
for further details not presented in this thesis.
An FBG and an LPG can be said to be fundamentally the same structure within a
waveguide i.e. a periodic perturbation of the refractive index of the guiding, or core,
region. However, they excite significantly different optical phenomena at different
wavelengths. The relative schematics of an FBG and LPG can be seen in Figure 6.
At each periodic shift in the core refractive index there is a small Fresnel reflection. In
an FBG the spacing of these reflections is similar to the designed reflection wavelength.
These reflections are therefore all in phase giving a strong coherent reflection. The
result is a Bragg reflection system whereby a single wavelength - or more properly a
narrow range of wavelengths are reflected back down the fibre. Variations in the
properties of the grating result in a change to the reflected wavelength and so gratings
can be employed as a wavelength codified sensor. The key properties of the FBG can
be defined as the period (defining the wavelength of coupling), the refractive index
12
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perturbation amplitude, (affecting the mode coupling strength) and the length (total
number of periods affecting the bandwidth of the mode coupling).

Incident radiation

Transmitted
Reflected

Λ ≈ λ/3

a)

Incident broadband
radiation
Lost cladding modes

Transmitted
b)
Λ >> λ

Figure 6: Illustration of the mode coupling of a typical a) FBG and b) LPG illustrating
the differences in coupled modes and transmission spectrums.

This somewhat simplistic picture can be further expanded by considering that the FBG
is a mode coupling structure. The period of the structure, the physical dimensions and
the optical properties of the waveguide combine to give a phase matching condition
which most strongly couples light into the counter-propagating fundamental mode, i.e. a
reflection, Figure 7. While other modes (chiefly cladding and radiative modes in the
case of a single mode fibre) are also present, the phase matching condition is such that
the amount of power coupled into these modes are orders of magnitude lower than that
coupled into the counter propagating core mode.

13
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Figure 7: Schematic of the phase matching conditions for long and short period fibres
taken from Erdogan [18] including original caption.

By contrast, an LPG has a much larger period relative to the incident wavelength. The
phase matching condition for this longer period gives strong coupling to co-propagating
cladding modes (Figure 7). In fact the LPG is more selective even than this as it
couples only to a small subset of the symmetric LP0,ν cladding modes. Due to the
relative complexity of the LPG system there is, as yet, no single definitive theory or
mathematical description encompassing all LPG properties. There are however a series
of papers [18-25] detailing the mathematical interpretation of an LPG for various cases
14
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and it is to Erdogan’s [18, 21, 22] papers that this thesis most often refers for the
discussion of the fundamental coupled mode theory.
It is an interesting conceptual point that the difference between an LPG and an FBG is
only in reference to the scale of the period compared to the wavelength of excitation; a
structure of period 400 µm will behave as an LPG to 1500 nm radiation but as an FBG
to 1200 µm radiation, however the realities of producing a single mode fibre with such a
large range of guided wavelengths are such that to my knowledge no device has been
built to excite both sets of modes simultaneously.

2.1.2. Fibre Bragg grating (FBG)
In-fibre gratings were first observed by K.O. Hill et al. in 1978 [26]. Experiments in
non-linear fibre processes had led them to using high, for the time, intensity beams in a
germanium doped single mode fibre. After a period it was noticed that the fibre became
less transparent to the incident radiation and that an increasing fraction of the power was
reflected back down the fibre.

Further investigation led them to understand that

interference between the forward travelling core mode and backward travelling Fresnel
reflection from the end of the fibre was setting up a standing wave within the fibre.
Maxima of this standing wave induced a small but permanent refractive index change to
the core fibre region, in effect writing an FBG with a periodicity suitable for affecting
the source wavelength. Further experimentation demonstrated that the induced optical
change was specific to reflecting the wavelength used for the inscription process, but
that it could be tuned slightly by stretching the fibre or changing its optical properties
(e.g. applying heat) either during or after the writing process.
Since this first discovery, the characterisation and writing of FBG elements has come on
in leaps and bounds [26-28]. With the advent of more reliable, tuneable inscription
system (cf. §2.1.6) the use of FBG elements as the basis for optical sensors became
possible. As discussed in the introduction, an FBG has a period of the same order of
magnitude as the wavelength of radiation (i.e. the period is usually ~λ/3) to be coupled
and as such are extremely sensitive to changes to this period. This can be a direct
change to the period, i.e. strain-optic effects in the fibre or an indirect change to the
period e.g. temperature (the thermo-optic coefficient of the fibre is such that a change to
15
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the temperature gives a change to the optical length of the fibre as well as thermal
expansion of the fibre directly). FBG elements are now widely deployed as temperature
and strain sensors. Typically in a standard SMF-28® optical fibre a change of 1 K gives
a resonance shift of ~10 pm, an equivalent shift to 10 micro-strain [16] (µε), strain is a
measure of extension typically as extension in m per m or m m-1. As strain and
temperature manifest as the same measurement, a shift in the reflected wavelength, a
considerable amount of effort has gone into attempting to screen an FBG element from
one or other effect for direct reliable measurement of a single variable [16]. There has
been a large amount of interest in recent years in the use of FBGs as distributed or
multiplexed sensing elements. The telecoms industry have a range of solutions for
interrogating wavelength divided information, e.g. wavelength division multiplexing
and the operating bandwidth of an FBG is narrow compared to the available signal
bandwidth of an optical fibre. It is therefore quite feasible to insert several FBG
elements into a single fibre each operating at a separate central wavelength and
interrogate them all simultaneously [29]. Alternatively a large number of identical but
weak gratings may be used and interrogated by pulse with the signal from each FBG
separated by the return time [30].
FBG sensors and associated instruments for interrogation are available commercially,
meaning that the technique has reached a certain level of maturity, making it possible to
obtain multiple and essentially identical, well characterised elements. With this reliable
base there has been considerable interest in adopting FBG sensors for the detection of a
range of measurands using a range of packaging designs [16, 31, 32]. Examples include
using an FBG as vibration sensors, bend sensors, using multiple or multicore
polarisation maintaining fibres for directional strain or loading sensing, transverse strain
sensing etc.
These applications, while effective, are of limited use for the purpose of this thesis.
FBG sensor elements are not directly sensitive to the presence of hydrogen, as this does
not produce either: stress, strain or temperature shifts in the fibre (one of the more
useful aspects of FBG sensors is the limited sensitivity to anything other than
temperature or strain). One method for using FBGs relies on an additional, external
layer on the fibre to convert the presence of gas to strain. Pd expands in contact with
hydrogen, see §2.2 for a more thorough discussion. By coating an FBG in Pd it is
possible to detect hydrogen via strain introduced by the Pd layer.
16
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demonstrated [33] but the sensitivity of these devices has been found to be low, up to
three orders of magnitude less than an equivalent LPG sensor [33]. Various attempts
have been made to multiply the strain across an FBG element or to measure the
deformation of Pd by alternative means [34]. These arrangements invariably require out
of fibre mechanical or structural arrangements increasing the complexity, size, cost and
introducing further reliability issues. The use of LPG based sensors is to be preferred
on these grounds.

2.1.3. Long Period Gratings (LPG): Sensitivity to the Environment
An LPG is sensitive to any external stimuli which affects either the core or the cladding
modes or which changes the grating used to couple between them. Sensitivity to
temperature, strain, bend radius, and external refractive index have all been
demonstrated [35].

An understanding of the effect of these can be derived by

examination of the simplified mode matching condition for an LPG (Eq. 1).



  

Where Λ is the period of the LPG and δn is equal to n  

n,
 

effective index of the core, n λ and the νth cladding mode, n,ν
 λ.

Eq. 1

, the difference between the

and the difference between the core and cladding mode, δn increases. The coupling
At higher mode orders, the effective refractive index of the cladding mode decreases

efficiency between the core and a particular cladding mode will detune as a function of
wavelength. As an LPG is generally written with a specific wavelength or band in mind
it is necessary to use a longer period to couple to lower orders, (e.g. an SMF-28® fibre a
400 µm period will couple to the 1-9th orders between 1200-1550 nm).

By taking the derivative of Eq. 1 in terms of the temperature, T (Eq. 2) dλdT is
derived, which represents the sensitivity of the LPG to temperature [36].
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Eq. 2

This value can be positive or negative depending on the LPG structure, the fibre and the
mode order [37]. On the right hand side of Eq. 2 there are two contributions to this
sensitivity. The first term describes the change in the effective refractive indices as a
function of the temperature, which is known as the material effect [37]. The second
term, the waveguide contribution, describes the change to the period of the grating
proportional to both the change in δn and difference to the varying effective indices, it
including changes to the length of the LPG (L).

The material contribution is

is therefore highly dependant on the material of the fibre and on the mode order of the
cladding mode in question [37]. At lower mode orders, and therefore larger periods
(Λ>100 µm), the material effects will dominate [37, 38]. Conversely, for higher mode

orders (Λ<100 µm) the material effects in standard fibres are negligible and the
waveguide effect dominates [37, 38].
Appropriate choice of cladding mode, period and fibre material can result in the
material and waveguide effects having opposite signs, minimising sensitivity to
temperature. In standard telecoms fibres this requires coupling to higher order modes.
This has been demonstrated to produce an LPG with as low as 1.8 pm K-1 [38], an order
of magnitude lower than an FBG. Theoretically it is possible to produce a fibre where
the material and waveguide contributions cancel each other out resulting in a
temperature insensitive fibre. However the difficulties in fabrication (§2.1.6) make this
a problematic prospect. Alternatively, the two signs can be the same, thereby producing
an element which is particularly sensitive to temperature. In standard optical fibres
LPG sensitivities of up to 100 pm K-1 [35] have been demonstrated, an order of
magnitude larger than that of an FBG.
The differential equation describing strain sensitivity can be seen in Eq. 3 [37].
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Similarly to the temperature case there are material (first) and waveguide (second)
terms. At longer periods (Λ>100 µm) the material contribution is negative but the
waveguide contribution is positive resulting in a relatively low sensitivity as low as
~0.04 pm µε-1 [38], an order of magnitude lower than a typical FBG strain sensor. At
shorter periods (Λ<100 µm) both the material and the waveguide contributions are
negative and as such a relatively high sensitivity to strain has been demonstrated (-2.2
pm µε-1 [38]).
Transverse, rather than axial, loading can also produce shifts of the resonant
wavelength.

In this case the strain field is not radially symmetric and produces

birefringence in the fibre. The birefringence results in a splitting of transmission loss as
each polarisation couples to a different wavelength. As the separation of the two loss
bands is directly related to the scale of birefringence, increasing strain moves the peaks
further apart giving a high sensitivity, 500 nm kg-1 mm-1 [39], differential transverse
strain sensor, almost 800 times more sensitive than an FBG equivalent [39].
This combination of temperature and strain sensitivity allows LPGs to be sensitive to
strain but not temperature (short period), or to temperature but not strain (longer
period), or to produce an LPG without a particularly high sensitivity to either [37].
Additionally with careful choice of fibre period and wavelength, it is possible to create
separate sensitivities for different modes which can all be interrogated simultaneously
(due to the wavelength separation of cladding mode coupling) without the need for
separate LPG elements. This gives LPGs a potentially powerful advantage over the
equivalent FBG sensors.
While temperature and strain change the effective index of the core, the cladding modes
and the period of the LPG, changes to the external index affect only the cladding modes.
A more complete discussion of the effect of relative refractive index change and mode
order is presented in §2.1.4 and §2.1.5 respectively.

Essentially, a change to the

external index of refraction will affect the cladding mode shifting the effective index,
giving a change to the coupling wavelength conditions in Eq. 1. For temperature or
strain measurement applications this is generally an unwanted effect and, as such, care
must be taken to ensure that the external index is held constant during handling of the
fibre, e.g. applying an adhesive may shift the LPG spectrum out of the intended
operational range. The alternative is to write an LPG into a fibre with no external 19
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cladding mode interface. A depressed cladding fibre (Figure 8), where the cladding
modes are confined by an additional layer has been demonstrated [40] to effectively
eliminate the sensitivity to external index as well as reducing possible difficulties

Refractive Index, n

resulting from damage to the cladding external interface.

n1
n2
n3
a)
Radius (r)

0
Refractive Index, n

n1
n2
n3
b)
Radius (r)

0

Figure 8: Example schematic of the refractive index crossection of a) standard fibre, b)
depressed cladding fibre. In this case the raised outer index prevents the cladding
modes from interacting with the surrounding medium (n3). Scales have been
exaggerated for clarity.

2.1.4. LPG Sensing Regimes (index contrasts)
Within an optical fibre, the core mode is confined by the process of total internal
reflection (TIR). Similarly, the cladding modes of a standard fibre are confined via
TIR, although these modes are lossy, resulting in loss-bands in the transmission
spectrum of an LPG. Although the core-cladding interface, the optical properties and
dimensions of the fibre are important to the properties of an LPG it is the claddingexternal interface which is of primary interest to the subject of this thesis. This can be
most readily seen by considering the effect of immersing an LPG element into a
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medium of arbitrary dielectric refractive index (Figure 9).

The transmission of

spectrum of the LPG can be said to exhibit two distinct phases.

Figure 9: Plot of modelled resonant wavelength shift as a function of external index
from Hou et al. [23], fibre has cladding index of 1.450 for this simulation.

The first, or normal phase, encompasses the region where the external index is lower
than the cladding. In this regime the cladding modes are guided by TIR and strong
resonant coupling can be expected between the core and co-propagating cladding
modes. As the external index increases to approach that of the cladding the resonant
position of a cladding mode becomes ever more sensitive to external index [23]. This
continues to the point where the cladding index and external index are matched. At this
position the cladding becomes effectively infinite and no cladding modes are supported,
giving rise to the asymptote in Figure 9.
If the index increases further then it will become larger than that of the cladding. In
this, the second regime, there is no TIR at the cladding external interface and hence no
TIR guided cladding modes. It has, however, been demonstrated that mode coupling to
cladding modes does exist within this regime [25] (Figure 10). While the external index
is too large to support TIR it is not true to say that there is no reflection at the interface.
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A small Fresnel reflection is present at this interface, setting up high attenuation guided
cladding modes [23, 25, 41].

These modes couple across a broader range of

wavelengths with lower coupling efficiencies resulting in a wider shallower loss band
(Figure 10). Within this Fresnel guiding regime the gradient of resonance shift to index
change is much flatter, giving a lower sensitivity of the coupling wavelength to external
index variations (Figure 9) [25].

Figure 10: Transmission plot of a cladding mode loss band with various external
indices of refraction from Stegall and Erdogan [25]. Traces 1-3 are for nex<ncl,
regime 1, traces 4,5 for the case nex ≈ ncl and traces 6-9 for regime 2, nex > ncl.
An additional regime can be considered in the case where the external index is that of a
metal rather than a dielectric. In this case TIR is replaced by reflection from the metal
giving a set of guided cladding modes. This is made possible due to the complex nature
of the metal refractive index which provides for reflection and attenuation of incident
radiation. In principle this metal layer could have a real component lower than the
cladding index of the fibre, however, in practice there are almost no metals with such a
22
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low refractive index in the wavelengths used for sensing and the system is therefore
analogous to the second regime of a dielectric coating. Coupling to these modes has
been demonstrated and only a few papers have investigated this regime qualitatively
[24, 36] with no true quantitative analysis.

Metal jacketed fibres have been

demonstrated in the form of thermally tuneable filters [42, 43], propagating surface
plasmon mode sensors [44, 45] and Pd jacketed hydrogen sensing [34]. For simplicity,
we can consider that such a metal is non magnetic i.e. permeability µ, = 0 and extends to
infinity since, in practice a thickness of the order of 100 nm will be sufficient for an
infinite approximation [46, 47]. However, the validity of current models in the presence
of a metal jacket has not been investigated. The development and investigation of such
a model forms an important part of this thesis (§6.4).

2.1.5. LPG Mode Regimes (mode matching profiles)
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Figure 11: Plot of calculated coupling coefficient between the core and the first 59
cladding modes, LP0,ν , of an SMF-28® fibre ( core index n1 = 1.46145, cladding
index n2 = 1.456, external index n3 = 1, core radius a1 = 4.1 µm, cladding radius
a2 = 62.5 µm), calculated at 1550nm via my computational model, see §5.2.
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Figure 12: Plot of the first three a) odd and b) even order cladding mode intensities
illustrating the difference between odd and even order modes in terms of the
power in the core region. Calculated for the same fibre as Figure 11.

In addition to the external-cladding refractive index contrast it is also necessary to
consider the effect of the order of cladding mode. While there are a very large number
of cladding modes present in any given fibre, an LPG couples only to a specific subset
of radially symmetric cladding modes, LP0,ν.

Within this subset there are further

differences particularly within the coupling efficiency. A plot of the coupling efficiency
of the first 59 modes of a typical fibre is presented in Figure 11. The clear difference
between the odd and even order cladding modes requires that they are considered
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separately. Coupling efficiency is most strongly affected by the mode overlap between
the core and the cladding mode. At low mode order, ν < 20, there is little overlap
between the even order modes and the core mode due to the presence of an intensity
minimum in the core region (radius of ~4 µm, Figure 12b). By contrast the odd order
modes exhibit excellent overlap due to the presence of a maximum in the core region
(Figure 12a). Of note here is the distortion to the mode fields due to the presence of the
core (Figure 13).
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Figure 13: Comparative plot of mode profiles with the two layer approximation (no
core, in green) and the three layer model (red) illustrating the distortion to the
cladding modes due to the core.

The inclusion of this distortion, which is not included in the two layer approximation, is
a critical factor in accurately modelling the overlap integrals between the core and
cladding modes [18, 21]. As the mode order increases, there are more and more radial
oscillations (intensity periods) to fit within the fixed radius of fibre. For mode orders
above ~20 the sheer number of intensity periods within the cladding mean that some
power is present for both even and odd cases, hence the difference between them is less
obvious.

Both odd and even order modes exhibit a slow variation in coupling

coefficient with mode order. This is a result of the number of intensity periods and the
ratio between core and cladding sizes. As more and more periods are squeezed into the
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fibre, eventually a minima will move into the core region. This combined with the
distortion effect of the core on the mode results in low coupling for these modes (e.g.
ν=35, Figure 11).
The mode order will also affect the resonant wavelength of a mode, as discussed in
section §2.1.3. A plot of the phase matching condition for lower, and higher order
modes based on Eq. 1 (Figure 14) illustrates the difference between high and low
orders. Low order modes have a steep gradient phase matching condition suggesting
poor response to external stimuli. With increasing mode order the phase matching
conditions become shallower suggesting a larger response to external stimuli. This
flattening of the phase matching condition with increasing mode order reaches a zenith
whereby certain modes exhibit a turning point [48].

Figure 14: Mode matching curves for the a) first 8 mode orders illustrating a steep
unresponsive gradient and b) the 20-25 order modes illustrating the phase match
turning point. The red arrow indicates the turning point of the 21st order mode.
Taken from [49], presented with original caption.

For periods below the turning point, the mode couples to two separate wavelengths
resulting in a double dip transmission spectrum. With decreasing period (and here the
period of the LPG can be considered to be analogous to a change in the external index)
the two resonant wavelengths will move in opposite directions, effectively doubling the
sensitivity of the device when used as a differential measurement. At higher period the
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phase match plot would suggest that there is no coupling to the mode. However the
phase matching condition in Eq. 1 is an approximation of the resonance coupling
condition. When operating in this region the mode resonance increases and decreases in
intensity rather than shifts in wavelength [50]. This is a potentially powerful tool as this
changes a wavelength codified system to an intensity codified system. As an intensity
based system only requires a narrow band laser and a, relatively, cheap detector rather
than a broadband source and spectrum analyser, §2.1.9, this corresponds to significant
reduction in cost but at a cost of increase in intensity noise. To what extent these
features exist in metal jacketed fibres has been unknown, and the investigation of these
forms an integral part of this thesis (§6.4.3).

2.1.6. Long Period Grating Writing Techniques
In order to maximise the mode coupling between the core and another mode the grating
structure needs to be present at the position of mode overlap i.e. within the core of the
fibre. The first experiment to, accidentally, create an FBG element did so by mixing
two counter propagating confined core modes [26]. In fact, the experiment used the
same mode reflected at the termination of the fibre, setting up a standing wave. Over
time this standing wave created a permanent shift in the refractive index of the fibre
exploiting the inherent photosensitivity of a Ge doped fibre to the wavelength used in
the experiment.
Further experiments demonstrated that the process was dependant on the square of the
power used, i.e. that the process was non-linear [28]. In fact it was found that the
photosensitivity was a two photo absorption process at 488 nm. This immediately
suggested that the, relatively weak, two photon inscription could be improved by
shifting to the UV region at ~255 nm where single photon absorption could take place.
It is understood that the photo sensitivity effect in germanium doped silicon is based on
the presence of germanium oxygen deficient centres (GODC). There are a number of
processes which lead to the generation of these centres, mainly taking place at the
elevated temperatures present during the production of the raw materials, the production
of the preform and during the drawing of the fibre. Germanium is introduced in the
form GeO2 as a dopant (to increase the core index over that of the cladding) which, at
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elevated temperatures, can form GeO. This is a more reactive form able to create a
range of cross links in the silica matrix. Irradiation by 255 nm light, where detailed
analysis has shown the photosensitivity maximum, excites one of these GeO sites,
generating a free electron. This electron has sufficient mobility to move away from the
site becoming re-trapped after a number of interactions elsewhere in the structure. The
original, now electron deficient, site has a modified bond structure giving a permanent
shift to the refractive index.
Utilising this UV photosensitivity has become the industry standard for inscription of
gratings, but the photosensitivity of germanium doped silica is still fairly low, making
for a prohibitively long writing time. Hydrogen loading of germanium doped fibres was
found to significantly improve photosensitivity [51] through improved electron
mobility. The process used to hydrogenate the fibre is highly temperature dependant,
but at room temperature and a pressure of 20MPa, 14 days is sufficient, although faster
times or higher photosensitivity is possible by use of temperatures up to 150°C. The
increased photosensitivity means that the gratings can be written in significantly shorter
periods of time. This limits the amount of time that a fibre needs to be constrained for
the writing period thus improving the quality of the resultant grating. At the same time
this still requires only a germanium doped core fibre, e.g. telecoms industry standard
SMF-28® fibre, which is readily available at low cost and high quality.
While the addition of hydrogen results in a more complex and ultimately more
photosensitive bond structure, alternative co-dopants exist.

Boron-germanium co-

doping can lead to significant increases in photo-sensitivity. This has the advantage of
decreased writing times without the need for the lengthy hydrogen loading process
needed for standard fibres. The disadvantage lies with the use of a non-standard fibre
type with corresponding increases in cost and increase in losses. This fact has been
mitigated somewhat in recent years as the demand for B-Ge co-dope fibre for FBG
elements has significantly decreased the cost per meter.
While hydrogen loaded Ge or B-Ge co-doped fibre irradiated with UV has become the
industry standard for FBG inscription, there are a number of different techniques in use.
The first demonstration by Hill [26] used a standing wave to generate a grating
structure. The period of the grating is thus one third the wavelength of the radiation
used for radiation and while pre-straining the fibre allows for some variation in
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inscribed period the technique is fundamentally limited to the wavelength of the source.
As the photosensitive wavelength is in the UV, or with non-linear absorption at ~488
nm or even at ~725 nm with three photon absorption [52]; the period of the grating is
limited to these ranges. As such this inscription technique is rarely employed having
been superseded by more flexible inscription techniques.
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Figure 15: Illustration of four main FBG writing techniques [16].

a) Two beam

interference, b) Phase grating, c) Combination phase grating and interference, d)
Point by point fs laser inscription.

A more flexible approach for writing FBGs was developed by Meltz, Morey and Glenn
[53]. This side writing interferometric technique can generate gratings over a wide
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range of periods using the same irradiation source. Figure 15a illustrates the technique;
a single beam is split and reflected from two symmetrically placed mirrors.

The

interference fringes within the core of the fibre can be tuned by tilting the beam splitter.
This powerful technique opened up FBGs for further study as it became possible to
inscribe in FBGs with an arbitrary period. Further developments rapidly followed
simplifying improving and extending the ability to write FBGs. In particular further
work by Hill improved the writing technique with the use of a phase mask enabling
cheap mass production FBGs.
A phase mask is an etched transmission grating typically made from fused silica.
Radiation incident on the grating is diffracted into a number of orders (Figure 15b).
Typically the phase grating is etched to a depth equal to half the wavelength of the UV
[16]. This minimises the amount of light coupled into the zeroth order, i.e. undiffracted,
mode [16]. The fibre is placed close to the grating such that the ±1st order modes
overlap in the core creating an interference pattern within a Gaussian envelope
(Figure 15b). The manufacture of individual phase gratings is an expensive and time
consuming process but is ideal for mass production of FBGs as each individual grating
is near identical.
For research purposes, however, the process lacks flexibility as it is only possible to
produce a very narrow range of periods from an individual phase grating. The problem
can, and often is, solved by the introduction of additional optics. Beam stops and
mirrors (Figure 15c) allow for manipulation of the interference pattern while
eliminating unwanted higher, or residual zero, order radiation giving a higher quality
grating. This allows a single phase grating to produce a much larger range of periods
for research purposes.
The third technique commonly employed is a point by point writing system. In contrast
to the two previous techniques this does not generally take advantage of the UV
photosensitivity. Instead the fibre core is irradiated with a high power, usually fs, IR
source which produce individual point like periods of index contrast through multiphoton absorption [54]. Due to spot size limitations these gratings are rarely of small
enough period and as such are limited to second order FBGs. A grating can therefore be
generated either by translating the fibre in the focus of the laser such that individual
pulses become regularly spaced or by translating the focus of the laser, Figure 15d,
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often by moving the whole laser across the fibre. Accurate positioning of the laser/fibre
is thus key as individual periods are written independently. Errors in the translation
process result in a poor quality grating, this along with polarisation sensitivity due to
elliptical focusing effects in the FBG are seen as the most serious disadvantages of the
system.
The three techniques produce differences in the refractive index profile of the gratings.
The two interference writing techniques produce a sinusoidal profile generally within a
Gaussian envelope, Figure 15. In contrast the point by point technique gives a grating
consisting of almost delta function like points spaced at a particular period.

The

reflective spectrum of these two techniques does not generally differ significantly
although there may be differences due to the inherent or applied apodization, cf. §2.1.8.
Inscription of LPG elements is fundamentally different due to the scale of the periods.
Typically the period of an LPG is of the order of 300-600 µm and these cannot be
generated by the same interference patterns of 240 nm UV radiation. Instead a number
of techniques have been investigated and demonstrated; ion implantation [55], dopant
diffusion [56], mechanical stress [57], electrical discharge [58] and CO2 laser irradiation
[59] have all been demonstrated but the use of fs [60] and UV irradiation [61] are most
common due to the availability of equipment and expertise based on FBG inscription.
The fs point by point technique differs little from the FBG writing technique, only the
period and length of the inscription needs to be altered (Figure 16d).

Again, the

refractive index change is usually asymmetric due to focussing effects and as such the
LPG demonstrates birefringence [60]. While this may actually be beneficial for this
special case of transverse loading systems, in the case of most general sensors this
further complicates an already complicated system and was deemed unsuitable for the
work in this thesis.

31

Chapter 2 – Review

Incident

Incident

Gaussian Profile

Gaussian Profile

Shadow Mask

Amplitude Mask

Fiber

Fiber

LPG

LPG

b)

a)

Translation of Source/ Fibre
Translation of Source/ Fibre

Incident
Gaussian Profile

fs Pulses

LPG
LPG
c)

Approximates

d)

square or Sin wave

Figure 16: Illustration of common LPG manufacturing techniques. a) Amplitude mask
UV inscription, b) Shadow mask UV inscription, c) Point by point multipass slit
technique (CGCRI), d) Point by point fs laser inscription [16, 37].

As interference patterns cannot produce the required periods easily, masks are most
commonly employed. A common UV technique uses an attenuation or shadow mask.
This acts as an intensity filter to a broad UV beam giving a periodic sinusoidal or square
wave refractive index variation within a Gaussian envelope, similar in result to the
interference techniques used for FBGs (Figure 16 a & b). Another common alternative
is to use a slit of the same order of magnitude as the period of the fibre. Such a slit is
too wide to diffract the UV beam significantly but can be employed in a point by point
system to write each period of the LPG separately. This is the technique employed at
the Central Glass and Ceramic Research Institute (CGCRI) in Kolkata. The CGCRI
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have kindly provided us with research grade LPG elements as part of an ongoing
collaboration.

The point by point system has therefore been used to inscribe the

majority of the LPGs used in the experimental sections of this thesis.
The setup at the CGCRI consists of a Coherent1 (formally TUI) BraggStar laser [62]
producing 16 mJ at 248 nm. Individual periods are inscribed by irradiating the fibre
through a 200 µm slit at a distance of 6 mm from the fibre core (Figure 17). The entire
UV source is moved across the fibre between periods. Each pulse produces only a
small refractive index shift but with multiple passes the desired refractive index change
can be achieved. As the slit used is smaller than the period this gives the flexibility to
inscribe a range of wavelengths with a single slit as each period of the fibre is created
by overlapping a number of exposures through the slit (Figure 16c and Figure 18).

Incident Beam

200 µm slit

Diffraction and divergence

6 mm

Fibre

~ 11 µm 200 µm ~11 µm

Index Profile

Figure 17: Illustration of the CGCRI setup with the effect of divergence and diffraction
on the resultant refractive index profile.

While at first glance this would appear to produce a square wave refractive index profile
the sharp edges of the index change will be smoothed due to diffraction from the slit
and divergence of the source. An estimation of both effects can be made through the
geometry of the setup and the divergence of the BraggStar laser.

The FWHM

divergence of the laser is quoted as 1 or 2 mrad [62] for vertical and horizontal
1

Coherent Inc. 5100 Patrick Henry Drive Santa Clara, CA 95054 USA, http://www.coherent.com/
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respectively. We can assume that the lower divergence direction has been used to
irradiate along the axis of the LPG to minimise the effect of divergence. Given a
separation of 6 mm the total divergence then becomes 6 µm. The effect of diffraction
can be estimated as the angular separation between the central maxima and the first
minima of an Airy disk [63] i.e. Eq. 4:
+,-  1.22 

Where - is the angle of the first minima, d is the slit diameter and λ is the wavelength.

Eq. 4

Given a wavelength of 248nm, a slit diameter of 200 µm and a fibre-slit separation of
6 mm this gives a divergence spread at the fibre core of 9.3 µm. To estimate the
combined effect of both divergence and diffraction we can take the root of the summed
squares i.e ~ 11µm of spread either side of the period (Figure 17).

200 µm

400 µm

410 µm

1 pass

2 pass

3 pass

Figure 18: Illustration of 3 possible refractive index perturbations made by illuminating
a fibre through a 200 µm slit with a UV source with 1-3 passes, note that the
number of combinations of passes and index profiles is very large

This leads to significant uncertainties in the modelling of LPGs as the profile is neither
a sinusoid nor a square wave although it is usual in such cases to assume that the
refractive index profile can be approximated as sinusoidal.
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2.1.7. Annealing
The changes to the bond structures within the core of the fibre, central to the
photosensitivity process, can be undone with sufficient energy. As the interactions
between dopant(s) and hydrogen are complex, there exist a range of bond structures and
thus a range of energy levels which can be de-excited. With increased temperature,
bonds begin to gain sufficient energy to de-excite, in effect bleaching the grating and
slowly removing it. While it has been demonstrated that regenerated gratings (where
increasing temperature forms a new grating structure with a period very similar to the
original grating) can be formed at even higher temperatures [64] this is considered an
unwanted effect in the context of this thesis. During operation of a sensing element it is
necessary to assume some base line of stability. The bleaching process removes this
stability as the coupling strength of the grating will continually decrease as a function of
the maximum temperature that the grating has been exposed to.

It is therefore

preferable to expose the grating to temperatures above the maximum expected
operational temperature before installation. This process is known as annealing [65].
The annealing process will bleach the grating resulting in a drop in coupling strength. It
is therefore necessary to over-expose the grating in the writing process in expectation of
bleaching during annealing. Typically gratings are annealed to 200-400 °C dependant
on the expected operational requirements of the grating [65], for the fibres used in this
thesis an annealing process of 200 °C for 2 hrs (or sufficient to ensure stability) was
used, this ensured thermal stability and full hydrogen unloading during experimentation.
A grating thus annealed can be said to be stable in terms of the temperature based
bleaching up the annealing temperature. Estimating the required over exposure during
the writing phase and, in the case of hydrogen loaded fibres, the shift to the LPG
wavelengths and coupling strength due to temporary hydrogen induced refractive index
changes makes inscribing a grating to fit a particular requirement challenging.

2.1.8. Apodization of Fibre Gratings
The first FBGs produced in 1978 exhibited large sidebands in their spectra which was a
limiting factor in their usefulness as precise wavelength selective filters [16, 26].
Apodization, i.e. the modulation, or tailing off of the strength of the periodic
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perturbation of the grating reduces these sidebands. The effect is analogous to the use
of windowing in FFT analysis. In the case of FBGs, this has increased the effectiveness
for use in band pass or band reflection filters and increased the resolution for sensors
based on the wavelength codified position of the FBG reflection band by reducing the
bandwidth of reflection [16].
In LPGs, the effect of apodization is similar and it reduces the presence of side bands in
the transmission spectrum [22]. Again, this increases the effectiveness of LPG elements
when used as band rejection filters [65]. The effect on an LPG is transmission spectrum
can be seen in Figure 19, where the Gaussian, i.e. apodized grating, exhibits near zero
sidebands and a narrowing of the loss band [22].

Figure 19: Illustration of the effect of apodization with a uniform (sinusoid) and
apodized, (Gaussian) envelope LPG transmission plotted. Taken from Erdogan
[22] with original caption.

Creating apodized FBG filters is now standard for industrial applications and indeed the
common methods used to create FBG elements “naturally” produce an apodized
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element due to the use of a Gaussian beam cf. §2.1.6 [16]. In the case of an LPG,
apodization is easily achievable with a large Gaussian beam [37] and a shadow or
attenuation mask or, potentially, by varying the pulse power in fs laser inscription.
While the system used at the CGCRI does allow for apodization, this increases the
complexity of the inscription process and has not been implemented as it was felt to be
more important to have a well characterised grating for the work in this thesis.

2.1.9. Interrogation of LPG elements
FBG based sensor technology has benefited in recent years from the development of
dedicated FBG interrogation hardware.

One of the most widely used systems for

interrogating FBGs consists of a tuneable laser scanned over a wide spectral range and
the simultaneous recording of the reflected intensity as a function of wavelength.
Alternative systems consist of a broadband source illuminating an FBG and a swept
wavelength analysis of the reflected light or an array based detection in combination
with a dispersive grating [16, 17]. Depending on the configuration, data rates between
0.1 Hz and 10’s kHz can be achieved [16, 17] , allowing either high accuracy absolute
wavelength determination of the FBG’s centre wavelength or a high speed analysis of a
relative change (although there are numerous alternative systems each dedicated to a
particular application or form of sensor).
LPG elements are fundamentally different. In contrast to FBGs they operate only in
transmission. The transmission spectrum consists of a number of discrete loss bands
each corresponding to a single cladding mode. Individually each of these cladding
mode loss bands is significantly wider than the reflected bandwidth of an FBG, and
together the whole multi loss-band spectrum occurs over a bandwidth of about a
micron.
In order to measure such a large spectrum in its entirety, it is necessary to employ an
ultra-broadband source, i.e. white light radiation source, often a tungsten filament or a
supercontinum source, and a spectrum analyser. There is a substantial trade off between
the resolution of the system and the time taken to carry out a single scan. Timescales of
5-10 s per scan are common, e.g. 0.2 Hz, which for many sensing applications may be
substantially slower than the rate of change in measurand. The larger spectral range can
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often be mitigated by considering that the various modes do not all respond to external
stimuli equally (§2.1.5). It is often only necessary to measure one of these loss bands at
any given time, reducing the spectral requirements from 1000 nm to some 100 nm [22].
This is compatible with FBG interrogators which, provided that the loss band is
inscribed to match the operating wavelength of the interrogator, can be usefully
employed to measure relatively small shifts in the order of sub nm. More commonly, it
is necessary to interrogate the LPG using either a broadband white light source
(tungsten), a super luminescent LED (SLED) or amplified spontaneous emission (ASE)
source with a typical bandwidth of 60 nm. Use of a white light source gives the
flexibility to monitor any of the loss bands regardless of the scale of shift which occurs
in their spectrum. Use of an SLED, for which there are a large range of available
wavelengths, gives greater power and thus allows for higher resolution and faster
monitoring. In either case a broadband spectrum analyser is the preferred detection
technique giving 10s of pm resolution across the 1000-2000 nm range. Due to the
flexibility of this arrangement, it has been used extensively within this thesis with fibre
optic interrogators employed only where the increased temporal resolution is a critical
factor.

2.1.10. Modelling of Gratings
There are a number of commercially available software packages designed to model the
propagation of radiation through waveguides. These packages can be divided roughly
into two categories: propagation models and mode calculations. The propagation model
type involves a gridded model of the waveguide, including any grating, and applies a
finite difference algorithm to directly model the electric and magnetic field components
at each grid step over time. This provides a complete solution to the Maxwell equations
for a given simulation providing an accurate calculation of modal propagation. Due to
the relatively large size of an LPG in comparison to the wavelength of radiation to be
modelled, these simulations become unmanageably large in the case of LPGs. The
alternative is to calculate the available cladding modes and apply coupled mode theory,
the mode calculation type of software. The difficulty here is in the commercial aspect
of the software; it contains proprietary information. This results in the user being
presented with a black box like interaction with results essentially being presented with
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no indication on the exact method, or assumptions, being used to calculate them.
Attempts were made to simulate LPGs using OptiwaveTM (OptigratingTM) and
BeamPropTM (GratingModTM) but both were found to be unsatisfactory. In particular
the software is optimised for calculation of FBG-type core-core mode coupling, and it
was found that the simultaneous calculation of cladding and core modes was
inconsistent in the returned effective indicies. Additionally some behind the scenes
assumptions raised questions as to the reliability of calculated results, particularly in the
automatic removal of even order cladding modes and the re-indexing of the remaining
odd order modes. In essence the results derived from these simulations were found to
be inaccurate, unreliable and derived from unknown assumptions giving questionable
validity. The decision was therefore made to carry out my own simulation calculations.
There are several standard models for the theoretical modelling of a long period and
short period gratings [18, 19, 21-24]. In a standard single mode optical fibre there are
hundreds of available core, cladding and radiative modes.

In general, a complete

solution to grating mode coupling is too complex to implement, so by necessity each
model is based around a number of key assumptions. These assumptions mean that
each individual model is valid only for a particular fibre type, grating or refractive index
profile. These systems do, however, have a number of fundamental steps in common.
Generally speaking, the models require the calculation of the effective refractive index
of the core mode, the effective indicies of the available cladding modes (or counter
propagating core mode in the case of the FBG) and then coupled mode theory calculates
the mode interactions and therefore the transmission spectrum.

A more complete

discussion of the model applied for this thesis can be found in Chapter 4 and §6.4 and in
the code is presented in Appendix A.
Calculating the available core mode in single mode fibre is trivial, thanks to the work
done in perfecting optical telecoms fibre. By solving the dispersion relation of the fibre
the mode propagation constants, i.e. effective refractive index of the allowed mode(s)
can be found. These standard solutions are sufficient to describe the core mode of our
LPG systems and a complete derivation of these equations is not presented here but may
be found in many standard texts on the subject the most detailed of which may be found
in Tsao’s book [66]. Of interest is that these calculations assume an infinite cladding,
i.e. that there is no cladding external interface In standard fibres, the core mode is well
confined and it is to be expected that this approximation makes little or no difference to
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the calculated core mode effective refractive index while significantly simplifying the
solution.
In the case of an LPG it is necessary to also calculate the available cladding modes. In
principle it is possible to calculate them in the same manner as the core mode, i.e. a two
layer system ignoring the fibre core. Due to the larger size of the cladding there will be
multiple solutions to the dispersion relation and with the correct approximations only
the circularly symmetric cladding modes of interest need to be found. In practice this
approximation is wholly unsuitable for LPG modelling [18]. The coupling between
core and cladding modes takes place at the position of mode overlap i.e. in the core of
the fibre. This makes calculating the mode profiles in this region critical.
Instead it is necessary to calculate the cladding modes by considering a three layer
system, core, cladding and external layers. This adds a significant layer of complication
to the model and calculating the effective indices of the available cladding modes is the
most laborious part of a simulation. This can be simplified significantly by considering
that not all the modes need to be modelled. Over a given wavelength range and LPG
period there is a limit to the range of effective indices which can be coupled, cf. Eq. 1.
It is interesting to note that the solution of the three layer dispersion equation also
produces the solution of the core mode. This can be directly compared to the solution
for two layer approximation where the difference is of the order of 10-6 refractive index
units (RIU) validating the two layer approximation used to calculate the core mode.
With the core and cladding modes calculated, the remaining step is to calculate the
amount of power coupled form one mode to another thus deriving the transmission
spectrum of the LPG. There are two common techniques to this solution. The first is to
apply a simplified form of the coupled mode equation. The second applies matrix
transfer functions whereby the power in the modes is described as a matrix and each
period of the LPG as a transfer matrix [19, 67]. The difference between the two
techniques is primarily conceptual. In the case of this thesis the first technique, based
on Erdogan's [18, 21, 22] papers was chosen, primarily because it was felt that it could
be most easily adapted to the inclusion of metallic layers.
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2.1.11. Chemo-Optic Hydrogen Layers
There are a number of materials which, when exposed to hydrogen, exhibit a change in
optical properties. In some cases this change is dramatic enough to result in a change in
the colour of the material, while in others it is a more subtle change to the optical
constants (refractive index). As these layers change their refractive index in response to
some external stimuli of interest, they are known as chemo-optic layers. An LPG is in
principle sensitive to any change in the refractive index of a coating placed on the outer
surface of the cladding. As we have seen from §2.1.4, the sensitivity is dependent on
the refractive index contrast at this boundary. It is therefore sensible to assume that not
all materials will produce the same shift in resonance condition even with the same
scale of shift in refractive index.
In terms of the measurement of hydrogen, a large number of materials have been
demonstrated to be sensitive to hydrogen and, at least in principle, available for use as a
coating for a hydrogen sensing LPG. A complete list of hydrogen active layers would
be the subject of a study in its own right, but we can consider three main families of
materials. Rare-earth elements, often combined with additional catalytic or adhesion
layers, have been demonstrated to exhibit large optical changes in the presence of
hydrogen [68-72]. The transition metals all exhibit some form of change with hydrogen
absorption, although this is often to a lesser degree than Pd and requires a catalytic layer
[68, 73-79]. Finally, Pd and Pd based alloys have been used extensively due to the high
absorption of Pd and the uniquely selective dissociative catalytic activity, cf. §2.2 [8083]. In practice, only tungsten oxide, WO3, and Pd have enjoyed widespread patronage.
Where WO3 demonstrates superior long term stability but a lower response and often
requires a catalytic surface Pd layer to assist in absorption. In part this is due to
reversibility issues with the more exotic coating designs which require specific
conditions to purge absorbed hydrogen, or it is due to operating temperature. More
generally though, it is a case of complexity. In most cases, including WO3, it is
necessary to include a thin catalytic layer of Pd on the surface of the material in order to
dissociate the hydrogen molecules into atomic form [73]. This atomic form can then be
absorbed by the chemo-optic layer giving the required change in refractive index [73].
This catalytic layer has all the same vulnerabilities and disadvantages of a Pd detector
layer with the added vulnerabilities, disadvantages and increased deposition complexity
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of the chemo-optic layer. While the response of these layers may be larger, the system
as a whole becomes far more complex than is nessersary. In terms of the scope of this
thesis, the development of a robust understanding of LPG-Pd interactions, of the
behaviour of Pd and of metal jacketed LPGs in general is of primary interest. While the
existence of alternative optically active layers is therefore acknowledged they fall
outside of the scope of the thesis.

2.2. The Palladium-Hydrogen System
2.2.1. Introduction
Palladium, Pd, is one of the eight platinum group metals [80]. Geologically these metals
occur together and palladium is often found as the junior partner of platinum alloys
[80]. The isolation of Pd as an element was not accomplished until the 19th century and
since that time considerable effort has gone into studying not only the material
properties of Pd and its alloys, but also the interaction between Pd and hydrogen [80,
84-87].
Most bulk elements absorb hydrogen to some extent, but it is the platinum metals which
do so most effectively and palladium which does so to an extreme [80, 84-86]. So
effective is Pd at absorbing hydrogen that it can absorb up to 900 times its own volume
[80], a fact which has led to Pd being adopted as a possible storage medium for
hydrogen [80].

Since the first observation in the early 1860’s [80] a number of studies

have looked into the interactions of Pd and hydrogen, more so than any other metal gas interaction [80]. While the studies of Pd have been intensive they have not been
exhaustive and a completely comprehensive model of the Pd-H system has yet to be
formed [80, 88-91]. This review is therefore limited to those aspects which are directly
relevant to this thesis namely thin but homogeneous films. In particular the study of
“Pd black” and Pd electrolysis, while interesting, is of little direct relevance [80, 83].
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2.2.2. Absorption Process of Hydrogen in Palladium
The absorptive properties of Pd are a result of the catalytic properties with respect to
molecular hydrogen, H2. The absorption process can thus be broken down into two
distinctive phases. First, molecular hydrogen is dissociated at catalytic sites on the Pd
surface from where it is subsequently adsorbed as atomic hydrogen into the body of the
Pd lattice [80, 92, 93]. The desorption process can be seen as the reverse with hydrogen
atoms migrating to the surface to recombine into molecular hydrogen or, in the presence
of oxygen as OH- radicals which can subsequently form water at these catalytic.
This dissociative property is what leads Pd to adsorb of such large volumes of
hydrogen. Atomic hydrogen is much more easily absorbed into the lattice structure.
The range of hydrogen based devices that include at least a catalytic layer of Pd bears
witness to this property [73, 94, 95]. What happens to the hydrogen atoms once
absorbed into the lattice of Pd is a matter of some small debate [80, 84-86, 89, 93, 96100]. Early work supposed that the hydrogen reacted in some manner with the Pd
forming a hydride, hydrogenium or some similar semi-permanent molecular solid bond
[80, 84-86, 89]. However, more recently, the opinion has shifted towards hydrogen
being absorbed into the solid structure where it exists in a loosely bound state at specific
sites in the lattice. Considerable work has gone into the understanding of the energy
levels and lattice deformation energies created by inserting atomic hydrogen into the
octahedral and tetrahedral sites [93]. For the purposes of this study it is sufficient to
concede that the hydrogen atoms sit at interstitial sites within the lattice structure. The
comparatively small size of individual hydrogen atoms allow them to take these
positions with a minimal disturbance to the surrounding Pd lattice [93].
Naturally the presence of hydrogen atoms within the lattice provides some localised
strain and as such the distribution, and ultimately the adsorbed concentration, become a
matter of balancing the internal strains and the external hydrogen pressure – the so
called partial pressure balancing [80, 92]. As there is no formal direct chemical bonding
between hydrogen and Pd [93], rather a balancing of energies resulting in a shift of the
outer Pd4d band, the hydrogen is free to move about the lattice provided there is
sufficient energy (i.e T > 100 K) [97]. This ensures that the absorption is not confined
to a surface adsorption layer but rather the hydrogen is diffused throughout the Pd more
or less equally until equilibrium is reached. In this equilibrium state the macroscopic
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characteristics of the Pd will be stable even as hydrogen continues to circulate
microscopically at some drift velocity [83] and a molecular/atomic dynamic exchange
of hydrogen takes place at the Pd surface.
At low hydrogen concentrations it is therefore possible for the Pd lattice to maintain its
structure without significant alteration, aside of a 3D expansion which is known as the α
phase [80]. As hydrogen concentrations increase, individual stress fields generated by
hydrogen atoms begin to overlap and the Pd lattice is no longer able to maintain its
structure without a significant shift towards a new β phase [80]. The precise turning
point between these two phases is highly dependent on temperature and pressure, but
below a critical 573 K and 20 atm [99] the two phases will co-exist simultaneously at
hydrogen concentrations above ~3% in nitrogen (Figure 20).

β
β

α

α and β
α
α and β

Figure 20: Plots a) temperature and pressure and b) hysteresis of hydrogen absorption
in Pd over the α, β phase change adapted from [80, 84] respectively.

These two phases, α and β, have significantly different lattice constants - 3.889 Å and
4.04 Å respectively - a 4% shift [101] reflecting the effective expansion to
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accommodate increased hydrogen concentration [46, 102].

This significantly

complicates the model of Pd-H, introducing hysteresis (Figure 20b), non-reversible
hydrogen absorption and macroscopic changes to the lattice [46, 80, 102, 103].
Multiple cycles between the two phases will deform the structure of multi-crystalline
Pd to the point of destroying a sensing element based on it (Figure 21) [80, 101]. At the
same time the large shifts in micro and macroscopic properties due to this phase shift
makes the system potentially useful for a single shot measurement technique [103].
Some of the original data presented by Lewis [80], upon which much of the
understanding of Pd-H has been based, makes the oversimplification of a linear
response within the α, β and mixed phases with a transition point between them. An
assumption which has validity only when considering single crystal, defect free, Pd.

Figure 21: Comparative image of pure Pd (left) and PdAg, ~25% Ag an alloy which
has a higher threshold of phase shift, (right) bars after thirty cycles hydrogen
absorption through the α-β phase shift. The bars were originally of the same size.
Taken from Hunter [104].

Within the concentration and temperature ranges of interest to us, ~1-2 atm 0-1% H2 in
N2 283-373 K (cf. §1.5), we can assume that the system operates exclusively within the
α phase and as such can be described as a non-linear though reversible absorption
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process. The effect of temperature on the absorption of hydrogen within this regime is a
non-linear dual effect. With increased temperature the absorption rate increases but the
change to the lattice decreases. It should be noted that the literature cannot rule out the
possibility of hysteresis as the β phase is approached [80] and it is possible that once
exposed to hydrogen a minimum level will be retained within the structure permanently
or at least over a period of months [101]. All of these processes are temperature
dependant.

2.2.3. Optical Changes within the Hydrogen-Palladium System
Thus far we have discussed the absorption of Pd as a purely strain effect. While these
strain effects are easy to visualise, the operating principle of LPG type sensors requires
an optical change; although a strain based LPG sensor is possible an FBG is better
suited for this measurement [34]. Conceptually it is easy to imagine that a change to the
lattice bond structure (a deformation of the Pd4d bond) will result in a change to the
electrical conductivity, or resistivity of the Pd [105, 106]. Indeed it is this change which
is most often exploited to form electrical Schottky Diode type hydrogen sensors where
the resistance increases with hydrogen absorption [94, 95].
As it is the interaction between electron energy levels and photons that characterise the
optical properties of metals these will also change with the change in conductivity
[106].

The situation is further complicated as there is relatively little agreement

between published sources as to the complex refractive index of thin (1-100nm) Pd
films [107-110]. This is due to the various forms of Pd used in the studies. Bulk Pd
differs from particulate Pd (often called Pd black [80]), which differs from thin film Pd
and even within those groups, sample preparation, measurement technique and sample
creation technique all influence the resultant optical properties [110-112]. It is therefore
necessary to talk, not of the optical properties of Pd, but rather of the optical properties
of particular films produced by a particular method.
It is possible to infer the scale and the direction of the changes to the permittivity of Pd
as a function of hydrogen absorption, again provided that there is no crystalline phase
change. We expect there to be a drop in both the real and imaginary component of the
permittivity, corresponding to a decrease in reflectivity, of Pd as a function of hydrogen
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absorption (Figure 22) but that this process should be non-linear with respect to
hydrogen up to the phase boundary [113].

Figure 22: Plots of the reflected amplitude from a 5 Å thick Pd film over several cycles
of 4% hydrogen in balance air and air. Taken from Kalli et al. [114].

2.2.4. Palladium Alloys and Contamination
As a metal, the optical properties of Pd are impossible to separate from the surface
science of Pd. Since films over ~70 nm in thickness are optically opaque, over the
1000-2000 nm wavelength range, we expect the optical properties to be defined by this
~70 nm layer for which surface quality forms an critical part. With the introduction of
the Pd-H interaction the resultant system gains further complexity in regard to possible
contamination. This can be seen as three separate contamination issues:
1. Surface contamination through adsorbed material.
2. Bulk contamination from absorbed material.
3. Extra surface Pd-H interference.
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It should be noted that for the LPG-Pd system the optically active layer, monitored by
the radiation transmitted through the LPG, is removed from the catalytic Pd layer by the
thickness of the film; i.e. the adsorbing layer is separated from the fibre by the bulk of
the Pd film (Figure 23). As such the surface contamination leading to direct optical
changes is of less interest but may impact attempts to characterise the refractive index of
Pd.
Adsorbed materials are surface contaminants which will effectively alter the refractive
index of the material as observed from that side [115]. In addition, contaminants may
interact and block the catalytic dissociation sites on the surface of the Pd which will
have an effect on the rate of hydrogen absorption and desorption [115, 116].
Specifically, we must consider sulphur/sulphides [115-118] and complex hydrocarbons
[115-117]. Hydrocarbon chains do not, in themselves, interfere with the adsorption or
dissociation of hydrogen but in the presence of hydrogen these compounds will
fragment and these fragments may become lodged in catalytic sites [115-117].
Similarly sulphur will preferentially sit in the catalytic sites impeding the adsorption
desorption and dissociation of hydrogen [117, 118].

Gas
Pd/H2 Interchange Layer (surface contamination)

Pd Layer

“Bulk” Pd layer (bulk contamination)

Fibre

Pd-Optical (cladding mode) interaction layer

Figure 23: Schematic of the metal, glass interface in the LPG-Pd system illustrating the
absorption, bulk and optical interaction layers.

While palladium does not readily form an oxide a very, almost atomically, thin layer of
palladium oxide, PdO, can be expected to form over time in the presence of oxygen.
PdO has a substantially different refractive index to Pd [119] and its formation
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interferes with the critically important catalytic sites reducing the rate of absorption and
desorption significantly [119, 120]. Adsorbed, or oxide, contaminants can be readily
removed from the Pd surface with thermal or gaseous purging. In particular it is
expected that the PdO and sulphur will be effectively removed with repeated cycles of
hydrogen provided that there is sufficient catalytic activity to allow hydrogen
adsorption.
The second forms of contaminants are absorbed into the body of the Pd. This is most
often accomplished during the Pd thin film deposition. These contaminants effectively
act as dopants causing irregularities in the Pd lattice interfering with the bulk absorption
of hydrogen as well as altering the refractive index of the material [115]. With careful
control of the deposition technique it is possible to almost completely eliminate
unintentional dopants (typically 99.99% purity, also known as 4-9’s purity) [115].
Instead it may be of benefit to consider adding intentional dopants in the form of alloys.
The two most common alloys are silver and copper. Silver alloys typically increase the
amount of hydrogen which can be absorbed by the structure without a phase change
allowing a sensor to operate at elevated concentrations, pressures and or temperatures
(Figure 21).

Copper alloys by contrast are used to provide resistance to surface

contamination particularly in the presence of sulphur. The drawback is that the alloy
forms of Pd are less sensitive to hydrogen concentrations as the optical and mechanical
changes are muted.
Finally, it is necessary to consider interference with the Pd-H system. Thus far we have
limited our discussion to the presence of hydrogen within inert gases. It is necessary to
consider the possibility that certain species will prevent the dissociation of hydrogen, or
the adsorption/desorption process. Most common of these is oxygen. In the presence of
oxygen the system equilibrium is shifted in favour of desorption. In effect the hydrogen
is drawn out from the structure to form water on the surface.

This prevents the

absorption of hydrogen meaning that the Pd will act as if no hydrogen were present. In
a humid environment water will evaporate from the Pd surface less rapidly acting as a
barrier to hydrogen desorption or absorption [115, 116]. This has the additional effect
of preventing the Pd-H system from responding to hydrogen concentration changes or
to slow it considerably [115, 116].
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2.2.5. Conclusions
The Pd-H system is one of the most heavily studied and complex metal-gas interactions.
This review can only provide an incomplete overview of the more relevant information.
The sheer complexity of the system makes it difficult to make assumptions or
simplifications for a general case. The complex interaction of Pd-H can be significantly
simplified if we limit the consideration to the range ~1 bar 0-1% hydrogen in nitrogen
and 283-373 K. Within this range phase changes, hysteresis and irreversibility can be
ignored providing a reversible, though likely, non-linear absorption corresponding to a
decrease in the transmission and permittivity of Pd.

The precise changes to the

permittivity of Pd will have to be characterised for a particular deposition technique and
range of thicknesses as well as a function of hydrogen concentration. Additionally care
must be taken to eliminate or compensate for possible contamination, particularly in the
presence of water, oxygen and complex organic compounds. A study to characterise
our thin film Pd layers is therefore essential to develop sufficient understanding of the
LPG-Pd system for practical modelling. This forms the subject of the next chapter.

50

Chapter 3 – Characterisation of Pd Thin Films

Chapter 3. Characterisation of Pd Thin Films
3.1. Introduction
As discussed in §2.2 there is little commonality in the available literature on the optical
properties of Pd. This is particularly true of Pd thin films. The exact refractive index of
these films is highly dependent on the deposition method and precise deposition
parameters [110]. As a result it is necessary to thoroughly characterise and calibrate the
Pd films manufactured with our in house coating system.

3.2. Coating Technique
Our coating chamber is capable of both RF sputter coating and thermal evaporation. As
RF coating has greater control, decreased thermal effects and produces a superior
homogeneity – particularly for thin films it is the preferred method for creating all of
our Pd thin films. The thermal evaporation unit has been limited to providing Al and
Ag coating for thickness measurements as discussed in §3.4.

d

r

Example plot of expected film thickness

10cm

α
Source

Figure 24: Schematic illustration of Gaussian deposition from RF or thermal source.
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The coating chamber is an adapted Edwards Auto 206 Vacuum Chamber capable of
pressures to around 1 x10-8 mb although 1 x10-5 mb is used for most coatings. This
chamber is a general resource available to the group and by extension to the university
as a whole for deposition of various metals and compounds. As such there is a risk of
cross contamination with a variety of elements particularly Au, Ag, Cu, Al and ITO.
Assessment of the purity of the deposited films is therefore of importance (cf. §3.5).
The internal geometry of the chamber leads to more or less uni-directional coating
particularly for the RF unit. A motor is necessary to rotate fibres to ensure even coating
and masks may be used for selective deposition. As the evaporation or RF sputter
deposits with an essentially solid angle model with a roughly Gaussian distribution
(Figure 24) above the target, care must be taken to ensure that the distance separating
the substrate and source/target is kept at a constant both during a particular deposition
and between coatings, this is particularly important for rotating mounts. This ensures
reproducible coating rates (thicknesses) and surface quality, although some variation in
deposition thickness must be expected both between and across individual samples.

Spit

Stepper Motor

Fibre feed through
connectors

Figure 25: Fibre rotation setup showing stepper motor driven spit with optical feed
through.
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For fibre coating, a stepper motor is employed that is attached to a specially made spit
(Figure 25). The motor is rotated at a rate of ~0.25 Hz and in the case of the fibre being
connectorised for in situ measurements (§6.3.2), it rotates ~1.5 times before reversing
direction. The spit is anchored at both ends (via the motor and a pivot point attached to
the back of the coating chamber). This provides mechanical stability and helps to
ensure reproducible placement with respect to the target. The spit itself is designed to
be balanced in weight (two spools either side of the rotational axis) and the fibre to be
coated (max 10cm) is held securely and taught along the axis of rotation.
For flat samples, a metal plate sitting on brackets both front and back of the chamber is
used. This ensures reproducibility of the source-fibre distance between deposition runs
and provides a medium to attach masks to. Some samples require both RF and the
thermal unit to be used (§3.4), in which case a rotating arm and stop markers are
employed to allow the substrate to be moved during the coating process (Figure 26).

Sample mount

Rotating arm
Rotation stops

a

b

Figure 26: Armature used for flat sample deposition. Rotation of armature from
position a to b allows for both RF and thermal deposition respectively.

Both the RF and thermal units require a pressure of at most 1x10-6 mb which takes
approximately 2hrs to pump down to from atmospheric pressure.

The RF unit is

controlled via a Dressler Lesar RF Power Generator and for standard Pd coatings it is
run at 70 W plasma power in a 9.5 x10-4 mb flowing Ar atmosphere, although a
pressure of 6.0 x10-3 mb is needed to ignite the plasma. With 10 cm separating the Pd
target from the substrate this provides a coating rate of typically ~0.5 nm sec-1. A
shutter is used to shield the sample from coating during the plasma ignition process and
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for the first 60 s operation of the plasma to clean off any contaminants. It should be
noted that the simultaneous use of the shutter and the fibre spit is not possible as the
rotation of the spit would be stopped by the shutter, a symptom of the size of the
chamber. In this case the 60 s pre-burn is carried out shortly before loading the fibre
into the chamber and pumping down. This pre-burn ensures that any contaminants that
may have built up on the surface of the target, particularly oxides, are removed before
the sample is exposed to coating. All distances and parameters are held constant
between coatings ensuring repeatability of deposition.
The thermal evaporation unit operates by passing a current of up to 6 A2 through an
evaporation vessel. A movable shield is used to provide some control of coating times
and a quartz crystal can be used to monitor the deposition rates. The crystal is exposed
to a known density of deposition over a known surface area. Film thickness can be
calculated to an accuracy of ~1 nm during coating by measurement of the change in the
resonance frequency of the crystal, an automated process. This system can be used for
both the thermal evaporation and the RF unit but due to the roughly Gaussian solid
angle of deposition (Figure 24) the measured deposition will not accurately reflect the
thickness on the sample. As such it is necessary to make an independent measurement
of the deposited thickness either on the sample directly or by use of a witness slide
placed as close as possible to the sample.

3.3. Surface Smoothness
The modelling of metal jacketed fibres (§6.4), ellipsometry based measurements and the
surface plasmon resonance experiments all require a flat homogeneous layer of Pd.
Published investigations of the surface quality of RF deposited thin films suggests that
under certain conditions, particularly Ar pressure above 0.02 mb, surface structure or
roughness can occur [112]. Care was taken during our deposition process to ensure that
no such surface structure should form through control of Ar pressure and deposition
energies.

In order to determine the quality of the thin films scanning electron

microscope images taken from Pd layers deposited onto SMF-28® single mode fibres
and deposited on Si wafer (§3.6).
2

6 A is the current as read from the control interface, once through the transformer the current through
the filament would be much higher (e.g. ~ 30 A)
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A first attempt to analise the surface quality was made using an in house SEM equipped
with a tungsten filament electron source. Unfortunately the source used is of too high
an energy. By focusing the electron spot size to the resolution required to detect the
expected feature sizes, ~10-100 nm, the Pd film becomes damaged through excess
charge build-up making accurate scans impossible. An alternative, lower energy and
therefore higher resolution, field emission gun (FEG) SEM was located at AWE in a
classified area. Due to security considerations I was unable to be present for the scans.
Instead suitable samples were created, packaged in a nitrogen atmosphere and delivered
by next day courier to be scanned as soon as possible after arrival; minimising the
potential for contamination to occur.
The results of the scans (Figure 27 and Figure 28) illustrate that our deposition process
is successful in creating a homogeneous flat film with no structure on 10’s of nm scale
validating the homogeneous flat approximation.

Figure 27: SEM scan of Pd thin film deposited on a Si wafer using our in-house RF
deposition technique. Horizontal lines in the image, if present, are an artefact of
printing.
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Figure 28: SEM scan of Pd thin film (~100nm thick) deposited onto SMF-28® fibre.
Horizontal lines in the image, if present, are an artefact of printing.

3.4. Film Thickness
As mentioned in §3.2 the RF unit creates a solid angle of deposition. At 10 cm
separation the FWHM is approximately 30 cm. As my sample/films are typically of
order 2 cm in length, this gives an expected thickness variation of the order of 0.4%. As
such, thickness variations are not expected to be large across individual samples.
Direct measurement of the sample thicknesses has been attempted using two methods.
A stylus, e.g. Dektak, can be used to track across a step function or post deposition
scratch in the film giving a change in height and thus film thickness accurate to a few
nm.

This, mechanical process, gives a film thickness which is dependent on the

hardness of the material and may not be entirely suitable for optical characterisation.
As such it has been used only for estimating film thicknesses or the difference between
two films rather than for absolute film thickness.
An alternative technique is to use a white light interferometer (WLI). This technique
relies on tracking fringes across a sample surface, usually a step function between
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uncoated and coated regions, through a microscope as the sample is translated through
the coherence position of the WLI. The fringes from a broadband white light source are
intensely localised and hence may be used as an accurate means of determining relative
distances [121]. By monitoring these fringes across a step function it is possible to
calculate the step height. Properly calibrated this can provide a measurement of the film
thickness accurate to ~1 nm. Additionally as an optical technique the measured film
thickness is more appropriate for optical characterisation. Unfortunately the nature of
the thin Pd films we are investigating complicates the system.

WLI

WLI

Al

Pd

Si

Figure 29: Illustration of the uncertainty in the reflection from thin film Pd, the red
oval shows the range of optical penetration depths during reflection. Reflections
from the Pd/Si interface are clear on the Si side but unclear on the Pd side as
some light penetrates to the Si surface.

With an aluminium overcoat the

reflections are clear on both sides of the step.

Pd films below ~60 nm are not 100% reflective, but are partially transmissive [46]. As
such the surface from which the reflection and therefore fringes originate is not clear
and a derived film thickness becomes meaningless (Figure 29). To compensate we
developed a new technique, a second film is deposited over the first. 100 nm of Al
deposited via thermal evaporation provides a surface that is optically opaque, providing
an unambiguous reflection surface while retaining the step-function of the underlying
Pd. Additionally both sides of the step are made of the same material with the same
optical properties. This allows for a direct comparison of the height of the two sides
without having to compensate for the difference in reflective properties and phases. The
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use of thermal evaporation also allows both coating processes to be accomplished in a
single run for flat substrates (cf. §3.2). For rotating fibres it is necessary to remove the
witness slide from the spit and re-mount it for an Al overcoat. This provides a film
thickness with a resolution of ~1 nm but there is an expected systematic error due to the
provided calibration step being quoted with only 10 nm accuracy.

3.5. Film Purity
As discussed in chapter §2.2.4, the presence of contaminants on the surface of a Pd thin
film or within the bulk Pd can significantly alter the absorption of hydrogen into the
structure and the resultant change in refractive index. A common technique to measure
surface contamination is X-ray Photoelectron Spectroscopy (XPS). XPS operates by
illuminating a sample in an ultra high vacuum with a particular x-ray emission line,
usually Al Kα (1486.6 eV) or Mg Kα (1253.6 eV). These are absorbed on surface of the
sample and electrons are emitted via the photoelectric effect. These electrons can be
detected and, with suitable calibration, their binding energies measured. As the binding
energy of an electron in a particular element to another element is unique, this provides
some information on the relative abundance of particular elements, as well as
information on what those elements are bound to, i.e molecular information. For
example, there is a small change in the binding energy of an electron of Pd in the
presence of a molecular bond to oxygen compared to Pd only molecular bonds. The
technique is well suited to the characterisation of thin films, as the electrons typically
travel only very short distances, limiting the effective depth of the measurement to a
few nm. As the system requires the interaction of particular electrons with the x-ray
smaller, more confined shell states (e.g. those in hydrogen and helium), cannot be
detected as the probability of collision with the electron cloud is simply too small.
I was able to test a two Pd coated silicon samples using the XPS system of the AngleResolved Photoemission Group in the Physics Department at the University of StAndrew’s.

Two separate samples were chosen, both deposited onto a thin silica

substrate (microscope cover slip). Both samples were prepared at the same time. One
was sealed in a nitrogen atmosphere while the other had been exposed to a cycling of
100% nitrogen and 1% hydrogen in balance nitrogen over the course of a week until the
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surface plasmon resonance suggested a contamination of the surface (cf. §3.7). Both
samples were transported to St-Andrews in sealed sample containers in a nitrogen
atmosphere. The samples were mounted with conductive tape onto a gold slide for
loading into the machine. Plots of the recorded binding energy against the number of
counts provide characteristic peaks for each element. Plots of these, including higher
resolution plots of regions of interest can be seen in Figure 30 and Figure 31. A table of
the binding energies present and the corresponding elemental bond is presented below
(Table 1). It should be noted that small differences in the recorded binding energies are
to be expected between individual measurements due to calibration errors in the detector
[122].

Table 1: Lists of binding energies and their corresponding bonds for the two XPS
samples
Bond

No cycling sample Post cycling sample
bond energy (eV)

bond energy (eV)

Pd4p

52.7

52.7

Pd4s

87.0

87.1

Si2p

101.8

102.1

Si2s

153.4

153.3

S2p

166.3

NA

S2s

228.8

NA

C1s

284.5

284.6

Pd3d5/2

337.3

337.0

PdO23d5/2

335.1

335.1

Pd3d1/2

340.0

340.3

Pd3p3/2

531.0

531.8

Pd3p1/2

560.0

560.0

Pd3s

671.0

671.4

.
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a)

b)

c)

d)

335.1 Pd3d 5/2

337.3

e)

Figure 30:

f)

XPS scans of Pd film before contamination. a) overview, b) higher

resolution scan of area 1, c) higher resolution scan of area 2, d) higher resolution
scan of area 3, e) higher resolution scan of area 4 and d) higher resolution scan
of area 5. Fitted peaks are in red.
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a)

b)

c)

d)

e)

f)

Figure 31: XPS scans of Pd film after contamination. a) overview, b) higer resolution
scan of area 1, c) higher resolution scan of area 2, d) higher resolution scan of
area 3, e) higher resolution scan of area 4 and d) higher resolution scan of area 5.
Fitted peaks are in red.
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Figure 30 shows the XPS results from the uncontaminated sample stored in nitrogen.
Strong Pd peaks are expected and careful analysis of the splitting of the Pd3d5/2 peak
suggests the presence of a very thin layer of PdO2, which most likely formed during the
handling and transport of the sample after coating. Additionally the two Si peaks
suggest that the glass substrate was exposed, indeed a visual inspection of the sample
after XPS showed that some scratches had developed during XPS mounting and
handling, exposing the substrate. There are also two S peaks present. As these are not
present in the post cycling sample, and due to their small size we can assume that they
are due to contamination from the pump oil used for the coating chamber. This sulphur
contamination has probably been driven off the second by hydrogen cycling [116].
Finally there is a fairly strong carbon peak the position of which suggests a (CH2)n
structure i.e. a polymer. This is most likely a result of the use of a plastic sample
container.
The second sample (Figure 31) shows the same peaks as the first, although we notice
some key differences (Table 1).

Firstly there is no evidence of sulphur.

This is

consistent with the sulphur originating from the oil/grease of the coating chamber
pumps. On exposure to hydrogen this would be removed from the Pd [116] (§2.2.4).
Secondly we note that there is only slightly more PdO2 present, which is consistent with
this film being exposed to roughly the same amount of oxygen i.e. air. The third
difference is that there is more carbon present. As this sample was in the container for
considerably less time than the other we can assume that the difference is due to
contamination during the cycling process, most likely due to the plastic tubing used for
the gases which would be more liable to produce loose polymer strands due to the
presence of hydrogen [115-117]. The presence of these contaminants on the surface of
the Pd would slow the absorption of hydrogen and interfere with the SPR measurements
[115-117, 123] (§3.7).
In conclusion, we see that, although there is some small sulphur contamination of the
sample during coating, the surface is otherwise pure Pd and neither Al, Ag or Au or any
other contaminants are present. Although it is not possible to rule out the presence of a
thin layer of PdO2.
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3.6. Refractive Index

Linear Polarisation

∇

ψ

Elliptical polarisation

Pd Surface

Figure 32: Illustration of the principle of ellipsometry.
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Si

Figure 33: Illustration of the two stage coating process required to generate samples
for ellipsometry and WLI analysis.

With a reliable means to measure film thickness it is possible to characterise the
complex refractive index of Pd as a function of film thickness.

Ellipsometry is

specifically designed to measure the refractive index and film thickness of thin films
[112, 124]. It operates by measuring the change in the polarisation of linearly polarised
light reflected from the thin film on a known substrate at a known angle (Figure 32).
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The two measured angles of polarisation rotation, Ψ and ∇, can then be fitted to a
theoretical model of the sample. With the assumption that the substrate and film are
both flat there are only two degrees of freedom in this model, the film thickness and the
refractive index. The SEM analysis of the films suggests a homogeneous flat layer of
sufficient flatness for an ellipsometry measurement (§3.3). As the refractive index of
Pd is complex (a metal) it is necessary to independently measure the film thickness
using the WLI interferometry method outlined in chapter §3.4 above. As the WLI
requires a different sample surface (a step function over coated in Al) it is necessary to
use a pair of masks and two coatings to provide the required sample structure

∇ (Degrees)

Ψ (Degrees)

(Figure 33).

180 & 360s

36
34
32
30
28
26
24

90s
Coating Time
60s
40s

140 200 300 400 500 600 700 800 900 1000 1100
130
40s
120
60s
110
90s
100
Coating
time
120s
90
180s
80
360s
70
60
200 300 400 500 600 700 800 900 1000 1100

Wavelength (nm)
Figure 34: Plot of measured Ψ and ∇ as a function of the deposition time of Pd.

Figure 34 shows a plot of measured Ψ and ∇ for a range of prepared samples. As the
film thickness is expected to be directly proportional to the coating time this has been
used to label samples. The plot clearly demonstrates a trend indicating a proportionality
of coating time to both Ψ and ∇.

This is expected and can be attributed to a

combination of change in film thickness with coating time and a contribution by the
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change in refractive index which in itself is expected to be dependent on film thickness
especially for very thin samples [47, 125].
In order to analyse the data it is necessary take each assumption in turn. By assuming
that the proportionality of Ψ and ∇ to sample coating time shown in Figure 34 a is due
solely to a change in film thickness, we may use previously published values for the
refractive index of Pd [111] to recover the film thickness.

Figure 35 shows a

comparison of the film thickness retrieved by this assumption and that directly
measured for the same samples by WLI. Of note is the generally good agreement
between the two sets of data below a thickness of 40 nm. At longer coating times, i.e.
120 s giving about ~40 nm thickness, the deposited Pd film becomes more opaque and
ellipsometry is unable to derive an accurate film thickness resulting in a plateau at about
40 nm.

Ellipsometer
WLI

Film Thickness (nm)
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for ellipsometry

20
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100
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140

160

180

200

Coating time (s)
Figure 35: Plot of film thickness measured via WLI and derived via ellipsometry.

Of greater interest is that the two measurement techniques maintain good agreement for
thinner films. If the refractive index of the films were dependant on film thickness then
we would expect the two datasets presented in Figure 35 to be divergent for thinner
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films. As this is not the case this suggests that the refractive index of the films is indeed
independent of film thickness over the investigated range, 15-100 nm.
The alternative hypothesis is to assume that the WLI measurements for film thickness
are accurate and to attempt derive the complex refractive index of the films from the Ψ
and ∇ data. These data can be seen in Figure 36. Of interest here is the loss of clear
proportionality between film thickness and complex index compared to the
proportionality in Figure 34. Again this suggests that there is little or no dependence
between film thickness and refractive index in the investigated range.
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Figure 36: Plot of calculated complex refractive index derived via the WLI measured
film thicknesses.

As the complex refractive index of Pd has been demonstrated to be independent of film
thickness above 15 nm, we can use ellipsometry to characterise the complex refractive
index of a thicker, ~100 nm, film. As the film is effectively too thick for a reflection
from the Pd/Si interface to be visible, the film thickness is not a required variable of the
fitting model and the complex index can be measured directly. This provides the
required n(λ) from 1200-1600 nm of our Pd thin films.
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Additionally a sample of 100nm thickness was sent to Woolam 3 for independent
measurement. The results show excellent agreement (Figure 37) with those carried out
at AWE. Interestingly, these results for n and k sit between the published data for RF
sputter deposited Pd [110] and bulk Pd [111], illustrating the need to measure these
values for a particular coating process.
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Figure 37: Comparative plot of published refractive index for RF sputtered Pd,
Sullivan [110], bulk Pd, Johnson [111] and our films measured by ellipsometry at
AWE, measured, and measured by ellipsometry by Woolam.

3.7. Palladium Hydrogen
Measuring the change in refractive index of our Pd layers as a function of hydrogen
absorption provides more of a challenge, as the measurements must be carried out in a
system where the precise gas concentrations can be altered. Although this is in principle
possible, it would have required significant changes to the ellipsometer setup, which
was deemed impractical due to time considerations. Therefore an alternative technique
had to be devised. The alternative is to take advantage of the extremely sensitive
surface plasmon resonance conditions which can be found in a Kreschmann prism
arrangement [126] (Figure 38). Here, a thin metal (Pd) film is deposited onto the
3

Woolam Europe, L.O.T. Oriel, Im Tiefen See 58, 64293 Darmstadt, Germany: http://www.lot-oriel.com
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hypotenuse face of a prism. Light incident onto the back of the prism’s will couple via
the reflected beam evanescent field to a lossy surface plasmon mode on the air/metal
interface, resulting in a dip in reflected power. The coupling conditions for the surface
plasmon mode are dependent on the film thickness, the refractive indices of the prism
and metal layers, the polarisation of the incident beam and the angle of incidence [123,
127].

The surface plasmon mode can therefore be characterised by a plot of the

reflected system power against angle of incidence where resonant coupling is
represented by a loss in the reflected power [123, 127]. By fitting these data to a
rigorous model of the reflected power, it is possible to derive the permittivity of the
metal layer.

3.7.1. Theoretical Model
In general there are two approaches to modelling a surface plasmon resonance in the
Kreschmann setup. The simpler method (e.g. [128, 129]) models coupling with angles
of incidence above the critical angle which is quite suitable for the modelling of narrow
surface plasmon resonances (e.g. silver). Palladium, however, couples across almost all
available angles and as such the more complex (and complete) solution, including
modelling of angles below and about critical, is required.

This analysis therefore

closely follows that of Chen [127], although additional parameters have been included
to deal with the additional sources of loss. Here we are assuming that the incident light
is purely TM polarised with respect to the plane of the metal/dielectric interface as TE
does not excite the surface plasmon [123, 127].

Reflection R1

Reflected system light

Incident system light
θr2

θi
θr

θi2
θm

θp

Reflection R2
π/4

Surface Plasmon

Figure 38: Schematic illustration Kreschmann configuration [126], angles have been
exaggerated for clarity.
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The angle measured by the rotation of the prism θm can be related to the various angles
of incidence, refraction and the actual angle of incidence at the surface plasmon
interface by simple trigonometry and Snell’s law: Eq. 5 - Eq. 9.
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Where np, assumed to be a constant over the linewidth of the laser, is the refractive index of the prism and
the refractive index of the medium outside the prism is assumed to be air, i.e. 1 (although the refractive
index of air, nitrogen and hydrogen are all fractionally greater than 1 the difference is insignificant to the
modelling in this case).

If we assume that the material absorption is small then there are three separate losses to
account for in order to calculate the complete reflected system power.
1. Reflection from Air/Prism interface R1
2. Surface Plasmon and Prism/Metal interface
3. Reflection from Prism/Air interface R2
The reflections are simple to calculate as these are pure Fresnel reflection coefficients
dependant on only the refractive index of the prism and the angle of incidence in each
case: Eq. 10 & Eq. 11.
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The reflected power at the prism metal interface is: Eq. 12.
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Eq. 12

Where d is the metal film thickness Kzi is the wavevector component perpendicular to the interface in
medium i, p,m and a are indices indicating the prism, metal and air respectively such that γi,j and Kzi are:
Eq. 13

- Eq. 15.
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where ω, ε and c take their usual meanings of angular frequency, permittivity and the speed of light. Note
that while εp and εa are real εm is complex.

These three losses can be converted to dB and added to provide the reflected system
power, Rs: Eq. 16.
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Eq. 16

As the refractive index (and permittivity) of the prism are known, and the Pd film
thickness and permittivity have been measured it is possible to plot the expected
reflected power as a function of angle of incidence.
In general the actual film thickness and permittivity of the metal layer will differ
slightly from the measured values and as such it is necessary to fit the model to the data
for each film in the presence of nitrogen using the data from the ellipsometry as the
expected data. This gives an excellent fit and provides a film thickness for further
measurements of varying hydrogen concentration (and therefore permittivity).
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3.7.2. Experimental Setup
An experimental system to carry out these measurements has been constructed
(Figure 39). It consists of an optically chopped, collimated, polarised light source
(1524 nm HeNe laser) set to provide TM polarisation at the prism/metal interface. A
polarisation maintaining beamsplitter ensures that the light incident at the back of the
prism is solely TE polarised, while a second beamsplitter provides an optical power
reference. The prism is mounted on a rotation stage to change the angle of incidence
and a second detector mounted on a rotation arm measures the system reflected power.
Care must be taken to ensure that the incident beam is perpendicular to the plane of the
hypotenuse of the prism and passes over the centre of the translation stage. Errors in
either will result in difficult to predict errors in calculating the angle of incidence at the
prism/metal interface. Alignment of the back of the prism to the centre of the rotation
stage is not critical.
A small gas chamber (Figure 39b) is mounted onto the back of the prism allowing for
the Pd film to be exposed to an arbitrary hydrogen concentration controlled via mass
flow controllers. The thickness of the metal layer is critical to coupling to the surface
plasmon, too thin (i.e. below ~15 nm c.f. §3.6) and the refractive index may vary with
film thickness [47, 125], too thick and the metal/air interface will be too far from the
reflected beam to couple via sthe evanescent field; a film thickness of 20-40 nm is
typically acceptable [123, 127].
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b)
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Detector 2

1523nm HeNe

Detector 1
Beam Dump

Optical Chopper
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PM Beam Splitter

Beam Splitter

Figure 39: Photographs of Surface Plasmon Resonance setup a) Overview and b) rear
view of prism gas ports with schematic of the setup below.

The reflected light power is monitored with a detector mounted on a rotation arm. Care
has been taken to ensure that the height of the detector, in relation to the prism table,
does not change as it is rotated about the same axis as the prism table. The arm is
controlled via a screw giving fine angular control, but individual power readings must
be taken at a position of maximum intensity rather than a measured angle. Errors for a
single measurement are therefore possible in the alignment of the prism, the angle of the
prism and the position of the detector.

3.7.3. Results
As a measure of the stability of this system it is possible to record the reflected power at
a particular angle (within the range of the surface plasmon resonance) over time as
multiple cycling of gas concentration are carried out. This process may also be used to
monitor the rate at which the hydrogen is absorbed/desorbed by the system. The
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response may be monitored through a change in the gas concentration until an
equilibrium state is reached. Once achieved, a scan of the full angular range of the
setup can be made and fitted to record the permittivity.
Due to limitations in the mechanical arrangement of the detector arm it is impossible,
from a practical standpoint, to replace both the detector arm and the prism to precisely
the same position after each angular scan. This translates into an offset in the recorded
power before and after a completed scan. Figure 40 illustrates a typical response for
this system. Here the offset, marked in red, has been removed for clarity with the
original dataset as a comparison. The data demonstrates a limiting factor of this system;
namely that the surface quality degrades after a period of ~4hrs. The surface plasmon
resonance technique is critically sensitive to the surface quality of the metal film, up to a
few Å. In our case care has been taken to ensure the surface quality during the coating
process. Similar care was taken with the test rig for the experiment however, it is not
possible to guarantee quality over a longer period.
XPS analysis reveals no new species on the sample after cycling (§3.5). It is suspected
that the use of plastic rather than metal tubing, particularly in the presence of hydrogen,
results in hydrocarbon species being released, contaminating the Pd surface. These
hydrocarbons can become temporarily trapped on the Pd surface and while essentially a
molecularly thin film this provides a significant and noisy change to the surface
plasmon resonance conditions [123]. Their presence on the surface will also act to
mask the catalytic dissociation sites on the Pd surface slowing the rate at which
hydrogen can be absorbed by the metal film (Figure 40) [115-117].

Hydrocarbon

trapping on the surface of the Pd over the propagation of the surface plasmon resonance
would provide a significant change to the surface plasmon resonance [123]. The data
analysed has therefore been restricted to that taken within the 4hr window i.e. before a
sample becomes obviously and irreparably contaminated. Fortunately for the Pd coated
LPG this is not expected to be an issue. In this case the interaction surface is the one
facing the fibre and as such is not subject to surface contamination, although a gradual
decrease in the response speed will be expected as surface contaminants interfere with
the absorption of hydrogen on the gas facing surface of the Pd film [115-117].
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Figure 40: Example plot of normalised measured reflected power vs time. Red lines
are used to mark the positions of full angular scans – where no data was taken.
a) Full data: offsets have been removed by eye for illustrative purposes, original
data is presented in the insert b) Enlarged view of absorption of 0.0625%
hydrogen, marked in blue.
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Figure 41: Example plot of surface plasmon resonance with experimental (dots) and
theoretical fit (line).
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Figure 42: Plot of the real component of the permittivity of Pd thin films determined by
surface plasmon resonance. Note that each film, separated by colour, has a
different, although consistent permittivity.
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Fitting the recorded angular scans of the films to the SPR model is a two stage process.
For each deposited thin film it is necessary to take a calibration scan in the presence of
nitrogen only. Although estimated values for the film thickness and the permittivity
have been recorded via WLI and ellipsometry respectively, some variation in these
values for each film is to be expected. For each film therefore a fit is made to the model
based on the estimated permittivity and film thickness of the Pd (Figure 41). With this
fit made, the film thickness is effectively determined and only the permittivity is
expected to change as a function of the hydrogen concentration. The α phase expansion
at such low concentrations is negligible. At each hydrogen concentration a new scan is
made and fitted to the model with only the permittivity used as a variable.
Unfortunately fitting these data to the experiment has been more difficult than
anticipated.

Although individual scans fit to theory extremely well and there is

excellent repeatability for the same angular scan, i.e. without changing the
concentration, there is rather poor agreement between the permittivity of individual
films (Figure 42).

The range of the permittivities is in fact so large that some

fundamental explanation of the issue must be sought. Further analysis of the data
reveals that the permittivity of an individual film is roughly constant over multiple
cycles of hydrogen and nitrogen. Figure 43 illustrates this interesting point. Here the
data has been normalised for the permittivity defined in the control experiment, in the
presence of nitrogen with only the variation from this permittivity plotted. For each
film, colour coded for clarity, the nitrogen values, determined each time the system is
cycled back to nitrogen atmosphere, are in good agreement. This suggests that the
measurement results shown in Figure 42 are real. The large differences between the
films recorded permittivities suggest that there is some form of surface contamination
issue in the system. A thin, but stable layer on the surface of the Pd with either varying
refractive index or varying thickness would explain the discrepancy. The stability of
this layer indicates that it is most likely the result of the deposition or the handling
before mounting in the SPR setup.

The XPS analysis proves that there is no

introduction of new species onto the Pd surface except for (CH2)n chains and a PdO
layer.
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Figure 43: Plots of the change of a) imaginary and b) permittivity as a function of
hydrogen absorption.

The effect of hydrocarbon trapping on the surface of the Pd on the surface plasmon is
hard to quantify, but it is unlikely to be the sole cause of the problem. The data
presented in Figure 40 demonstrates that hydrocarbon trapping increases over time and
is fundamentally noisy due to the mobility of the hydrocarbons. By contrast the data
presented in Figure 43 illustrates that the measured permittivity is consistent albeit with
large discrepancies between the films. The effect of PdO is somewhat simpler to
quantify; at 1550 nm the refractive index of PdO is lower than Pd [119], 2.873 + 0.044i
compared to 3.6057 + 8.4929i for Pd. As the permittivities measured for the films are
all by varying degrees lower than that measured by ellipsometry this may well be
evidence of a PdO layer. While this is expected to be a very thin layer the thickness
may vary between depositions due to the samples being exposed to varying amounts of
oxygen during the handling process, this would give a shift to the surface plasmon
resonance between deposited samples. However we would expect that a PdO layer
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would be purged in the presence of hydrogen but the contamination layer appears to be
stable over multiple hydrogen-nitrogen cycles.
The alternative is to consider the possibility of the formation of a contaminant layer
which, although present in the lab, would disappear in the time interval between
deposition and transportation to either AWE, for ellipsometry, or St-Andrews, for XPS.
A possibility here is acetone which is known to form extremely thin contaminant layers
on samples. As acetone is present in our lab and in St-Andrews, but to my knowledge
not present at AWE, this is unlikely to provide an explanation.
Whatever the cause of the contamination it is still possible to derive the scale and
direction of the change in the refractive index of Pd due to hydrogen absorption
(Figure 43). Here the shift acts to reduce the real and imaginary components of the
permittivity but unequal amounts corresponding to a 10% decrease in real and 2%
decrease in the imaginary component over 1% hydrogen absorption. This corresponds
to an increase of the real and a decrease in the imaginary component of the refractive
index by approximately 2% and 4% respectively. This stands in direct contrast to
previous assumptions of the change in the refractive index [113].

Table 2: Comparative list of approximate permittivity and refractive index shifts in Pd
due to the absorption of 1% hydrogen.

Coefficient

100% N2

1% H2 in N2

Shift

Real Permittivity (εr)

-58.095

-52.286

-10%

Imaginary Permittivity (εi)

60.166

58.963

-2%

Real Index (n)

3.573

3.641

+2%

Imaginary Index (k)

8.418

8.096

-4%

3.8. Conclusions
Given the lack of consistency in the published refractive index of Pd, it has been
necessary to characterise our thin film Pd. SEM scans have revealed that our RF
deposition technique gives a flat homogeneous film while the ellipsometry analysis
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proves that the refractive index is independent of film thickness above ~15nm. The
measured refractive index of our Pd film sits mid way between published bulk and RF
deposited Pd thin films. XPS and SPR analysis suggests that there is most likely some
thin film surface contamination, most likely either PdO, hydrocarbon trapping or a
chemical mono-layer of unknown composition. While the presence of this film has
complicated the characterisation of the refractive index shift due to hydrogen exposure
it has been possible to determine that the shift increases the real and decreases the
imaginary component of the refractive index equally in the range 0-1% hydrogen in
nitrogen by approximately 4% for 1% hydrogen.
This study of the Pd layer, and its response to hydrogen, forms one half of a
characterised Pd-LPG system. To complete this process it is necessary to characterise
the LPG refractive index profile (un-coated) then combine the information to produce a
complete understanding of the LPG-Pd system.
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Chapter 4. Experimental Characterisation of LPG Refractive Index
Profile
4.1. Introduction
An LPG consists of a length of fibre with a periodic refractive index perturbation
designed to couple light from the core to co-propagating cladding modes. The multipass fabrication process for LPGs at the CGCRI (§2.1.6) produces an LPG created to
approximate a particular required transmission spectrum but the exact longitudinal
refractive index profile of the LPG is unknown, a result of the adaptive writing process.
While an estimated refractive index profile is usually sufficient as a first approximation
and gives an adequate result for general shape and position of LPG lossbands, the fine
details of the refractive index profile can make a substantial difference to a modelled
transmission spectrum particularly when trying to model and predict the effect of metal
coatings on the LPG (Chapter 6). It is therefore preferable to be able to directly
measure the longitudinal refractive index profile for an LPG and use this information as
the basis for theoretical modelling. No standard technique exists for measuring the
index profile of an LPG although techniques have been demonstrated for FBGs [16, 17].

4.2. Scanning Interferometer Technique
One standard technique to measure the index profile of an FBG is to characterise the
core mode by investigating back reflections. These best resolve the index profile when
measured as a function of length within the fibre. A technique for this is to use a
scanning Michelson interferometer. In an FBG, the refractive index changes within the
of ~1.4620 to 1.4625 giving an average index gradient of 5 S 108T nm8 (assuming an
core are over a small distance, typically 400-1500 nm with a change in refractive index

interference pattern writing system with a sinusoidal index profile). Reflections from
such significant gradients are quite strong.

As the coherence position of the

interferometer moves through the FBG region, individual reflections can be isolated,
measured and used to calculate the core index changes and profile as a function of fibre
length.
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This technique relies on the core mode being partly reflective or that the coupling to the
counter propagating core mode is strong. In the case of an LPG, individual changes in
refractive index are of a similar scale (∆n ~0.0005) to an FBG but occur over much
larger distances.
These distances are hard to directly quantify due to uncertainties in the exact refractive
index profile of the LPG which vary according to the inscription process. Our fibres,
inscribed by the CGCRI slit method (cf. §2.1.6) can be assumed to be a square wave
although the edges of each index change will be smeared due to diffraction from the slit
change over ~ 11 µm i.e. an index gradient of 4.5 S 108V nm8, an order of magnitude

and beam divergence (§2.1.6). Combined these give an approximate 0.0005 index

slower transition.

HeNe 633nm

Air Track
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Retro-reflector
LPG
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Microblock coupling
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1550nm Free Space

3
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Figure 44: Scanning Interferometer Setup

Nevertheless it was hoped that a sufficiently high finesse system would be able to
isolate these weak reflections and with suitable analysis return the refractive index
profile. Figure 44 shows the scanning interferometer adapted from Peter Harrison’s
fibre Bragg grating measurement system [130-132] used for this experiment. The
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system consists of a dual beam utilising a 633 nm HeNe and a fibre coupled infra-red
Super Luminescent Light Emitting Diode (SLED) centred at 1537 nm with a FWHM of
50 nm. The two beams are coupled into the system such that they run parallel into the
beam splitter (BS). The scanning arm consists of a retro reflector (RR) mounted on an
air-track and a mirror normal to the beams. The HeNe measurement arm consists of a
single return mirror. The recombined HeNe is incident on a zero crossing point detector
providing a distance calibration for the air-track. The IR measurement arm is coupled
into the LPG under test and the recombined arm returns through the fibre to a detector
via a fibre circulator.
The broadband IR beam has a sufficiently large FWHM to provide a small, 22 µm,
coherence length which determines the resolution limiting factor for this device and is
sufficient to detect the presence of a 400 µm period LPG. Both IR and HeNe detectors
are linked to a computer controlled data acquisition system.

Individual IR

measurements are triggered from HeNe zero crossing points (i.e. each 158.25 nm
distance in the scanning arm due to the folding of the scanning arm (Figure 44)) and a
light gate attached to the air track acts as a reference position to the start of the data
acquisition process. Careful alignment of the system is required to ensure that both
beams are parallel, exhibit minimum divergence and follow their respective paths.
Despite extremely careful alignment and adjustment of the power ratio of the two arms
the system failed to record any reflections from an LPG directly. Further statistical
analysis using FFT techniques to search for components of similar frequency to the
period of the LPG failed to find any relevant components in the Fourier Transform.
This suggests that much higher beam intensities and sensitivities are required to recover
the low intensity and widely distributed reflection from a 400 µm LPG. This was
confirmed by use of a optical backscatter reflectometer (OBR). This device has
sufficient sensitivity to detect Rayleigh back scatter but was unable to detect back
reflections from the index changes. Hence an alternative method was investigated as
described in §4.3.

4.3.

Quantitative Phase Microscopy (QPM)

4.3.1. Technique Description
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QPM is a technique to recover phase information for an object based on the transport of
intensity equation [133]:

W

XY
 [ · NY [ φQ
XZ

Eq. 17

This equation relates the phase information, φ, to the change in intensity, ∂I, between
two planes, separated axially ∂z. In a practical application `b is approximated from the
`a

subtraction of two intensity images taken at planes equally spaced from focus

(Figure 45). In general the solution of Eq. 17 is not trivial. A simplified algorithm to
solve Eq. 17 has been adapted from Barty [133]. This requires that two assumptions are
made concerning the illumination conditions.

1. Plane wave illumination of the object in transmission
2. Partially coherent illumination (i.e bandwidth of ~10 nm, this is in part to avoid
issues arising from laser speckle and the masking of phase information due to
low coherence but also allows the Born approximation to be used, in order to
simplify the modelled transport of radiation through the object [134])

Z = +x

Z = 0 (focus)

Z = -x

Figure 45: Illustration of the three planes of imaging
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In practice both assumptions are possible, standard Kohler illumination provides planar
(or near planar) wave fronts [133] at the object and an interference filter can be used to
tailor the bandwidth of the illumination source to the requirements. Phase subtraction
may also be employed to remove small phase aberrations introduced by the imaging
optics.
With these conditions met, the phase may be recovered:

φ  c de;d; YA,f > · !g,4 >

Eq. 18

Where f and hd are the Fourier transform and inverse transform respectively, dI is the intensity difference

matrix between the two planes of illumination, A is a calibration factor for a given system and !g,4 is the

transfer matrix:

!g,4 

ij
2 2 k j '  i Y

Eq. 19

Where a and b are the sizes of the dimensions of the subtracted intensity matrix dIl, , n and m are the
indices of the Fourier Transform corresponding to the dimensions a and b respectively and I0 is the mean
intensity at focus.

Thus far, this follows the analysis of Barty and Nugent [133, 135] closely. However a
problem occurs due to the form of the transfer matrix, since the matrix is inversely
proportional to the Fourier components it amplifies the low frequency components.
This will result in phase aberrations in the recovered profile. This can be most easily
corrected by the application of a mask in the Fourier plane by altering Eq. 18 above to
the following form:

φ  c de;d Y · !g,4 · mg,4 >

Eq. 20

Where Mn,m is a Fourier mask which in its simplest implementation is a cross pass eliminating the low
frequency components of the Fourier of the form:
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mg,4

0 n k,  o d
0 n k o dp q r d
0 n k q m dp o d
 0 n k,  o m, r d
1 $

Eq. 21

Where f describes the size of the filter in use and M and N are the size of the Fourier Matrix.

This has the general form illustrated in Figure 46.

f
f

m

n

Figure 46: Illustration of cross filter defined in Eq. 21.

The choice of Fourier mask and corresponding A will need to be calibrated for a given
optical system. Once this has been done the algorithm produces a quantitative phase
map in x and z for a fibre imaged in the z, x i.e. transverse plane (Figure 47). A crosssection along z can then be recovered to provide the desired phase profile of the LPG
while information in the x, z plane provides an estimation of the change in index outside
the core.
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Figure 47: Fibre Imaging Geometry

4.3.2. Preliminary Quantitative Phase Microscopy Results
A QPM system was set up using a Raman Spectroscopy Microscope, an existing
microscope within the university. Although for the purposes of this experiment the
Raman source is unnecessary, the system includes a computer controlled x, y, z stage,
transmission imaging and a collimator capable of approximating the required
illumination conditions. The bandwidth conditions were met by simply inserting a
suitable interference filter with a centre wavelength of 633 nm and a 10 nm width. As a
proof of principle experiment I decided to attempt to recover the phase generated by
imaging through the core of a standard SMF-28® fibre. This should prove that a) the
system can resolve the difference between core and cladding indices and b) give a
measure of the change in phase in the y plane, which should give an idea of the finesse
of the system. While in general this process involves the analysis of 2D images in
matrix form, for the purposes of a proof of principle these data can be collapsed into a
1D array along x.
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X Distance (µm)

Figure 48: Plot of retrieved phase (black) and theoretical phase (blue) from the Raman
Microscopy setup

The illumination conditions must be very carefully calibrated and as this microscope is
in more or less constant use, it is a general tool within the department, this became
impractical.

The illumination conditions are difficult to set up correctly and it is

impossible to exactly replicate them between imaging sessions. A cross-sectional plot
of derived phase can be seen in Figure 48. This demonstrates the general expected
phase profile but there is clearly a phase aberration as a function of the distance to
centre of image (core) due to illumination problems. In addition, the finesse is clearly
insufficient to detect the expected ~0.0005 RIU index variations due from the LPG
structure within the core.

4.3.3. Curved Grating QPM
An alternative to a standard microscope arrangement, as described in §4.3.2, can be
found by using diffractive optical elements.

Prof Alan Greenaway (Heriot Watt

University) has reported that a curved grating is capable of quasi 3D real time imaging
[136]. By diffracting the image plane into three (or more depending on the grating)
images the object may be resolved as a series of layers spatially separated in the z
direction. As only the original zeroth order, or undiffracted path, images in the original
focal plane, the higher diffracted orders will be defocused. With the correct choice of
grating and alignment the higher order pairs, principally ± 1st orders, will be at equal y
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displacement about focus (Figure 47). This technique allows for simultaneous imaging
of the three planes required for QPM with a guarantee of the same illumination
conditions, magnification and planar separations between images (Figure 49). A slit is
used to prevent overlap of the separate images. Unfortunately due to time constraints it
was not possible to create a full imaging system and only an adapted microscope system
was used, but the results from this system are extremely encouraging.

To our

knowledge this technique has not been applied to measure the index profile of a long
period grating.

Figure 49: Illustration of curved grating imaging technique resulting in simultaneous
imaging of three focal planes. Taken from Physics World [136].

A schematic of the proof of principle system may be seen in Figure 50. The system
uses a white light source (WLS) in tandem with a collimator to generate Kohler
illumination. This provides plane waves which approximate the required illumination
conditions discussed in §4.3.1.

The fibre is held between a silica flat, chosen to

minimise additional phase aberrations due to surface roughness, and a microscope
coverslip, which is sufficiently thin to allow the condenser to approach the fibre. Index

88

Chapter 4 – Experimental Characterisation of LPG Refractive Index Profile
matching fluid is also used to effectively remove the curvature of the cladding. A
microscope objective, typically x20, is used to image the fibre in what is a traditional
transmission microscope system. A re-imaging system is bolted on to the microscope
consisting of a 1:1 magnification lens (with a focal length 150 mm) system, an
interference filter (with 10 nm bandwidth), the curved grating and a CCD camera. In
contrast to the schematic shown in Figure 49 the proof of principle system, based on an
existing imaging setup, incorporates five separate images at five separate heights (+2,
+1, 0, -1, -2). However, only the +1, 0 and -1 are used (Figure 49). The central image
represents the in focus plane while diagonally opposite images are equally spaced
images at ~4 µm, top left, and, ~8 µm top right, respectively. Each pair of images must
be extracted and centred using a simple centroid finding algorithm. They can then be
satisfactorily overlapped and subtracted to provide the required dI.

Fibre
Index Matching Fluid

Re-Imaging System

Silica Flats

Condenser
633nm Interference Filter

(Kohler)

f
WLS

20x Microscope Obj.

f
1
2
3
CCD

Lens (f)
Microscope

Curved Grating
Aperture (Slit)

Figure 50: Schematic of curved grating imaging system
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m = +2, focus +8µm

m = +1, focus +4µm

m = 0, focus

m = -2, focus +8µm

m = -1, focus -4µm

Figure 51: Intensity image demonstrating the resolution of 5 separate image planes
with central image in focus using the microscope based QPM setup.
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Figure 52: Plot of collapsed 1D fibre intensity data for left: Un-filtered, right:
background subtracted data

The resultant plot of data reveals that the system still does not exhibit perfectly flat
wavefronts as there is a clear gradient in the subtracted intensity (Figure 52 left) while
trivial to correct by fitting and subtracting a background (Figure 52 right) the lack of
planar waves generates some error in the phase analysis.
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Figure 53: Recovered phase information from collapsed 1D data with 0 frequency
masking (f=0). With no frequency masking the image shows clear phase
aberrations and phase wrapping.

Once the images have been extracted and centred, a process which can be optimised and
automated for a specifically designed system, the images are subtracted and processed
using the phase algorithm outlined in Eq. 20. This requires a choice of suitable phase
mask. In our case a cross pass filter has been used to remove the low frequency
components. Due to the digital, pixelated, nature of the images the cross filter takes the
form such that a square of pixels are removed from the corners of the Fourier transform
(Figure 46). The side length, in pixels, of this square is the masking parameter f
(Eq. 21). The size of this parameter therefore dictates the high pass frequency of the
filter. Figure 53 illustrates the effect of using no Fourier mask, i.e. f = 0. The resultant
phase map demonstrates clear phase artefacts generated by the amplification of low
frequency components as well as phase wrapping.

But by the choice of a

suitable Fourier mask, f = 5, these artefacts can be removed and a much cleaner phase
map is recovered (Figure 54). The choice of Fourier mask for the system requires more
analysis and more robust mathematical treatment than the essentially arbitrary approach
used here. In the case of this analysis the quality of the data from this, non optimal
system, is not sufficient to justify the amount of time and effort required to fully analyse
and justify the Fourier mask. As the fibre in this case is immersed in index matching
fluid the expected phase map should reflect the cross-section of the core only. These
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data suggest that it should be possible to recover the phase changes in an LPG using a
more stable system. In particular the Fourier mask can be further improved by a more
subtle Weissman approach and a dedicated system should be able to improve the planar
wave-fronts and remove background intensity.
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Figure 54: Recovered phase information with a 5 point low frequency phase mask in
place based on the collapsed 1D image. The derived refractive index change from
the cladding index and estimated index change in an LPG has been included for
comparison.

In addition, the scale difference between the x/y and z of an LPG (10 µm vs 5 mm,
Figure 47) gives a trade off between magnification and field size and in general several
images are required to image the length of the LPG. Combined with the irreproducible
nature of the illumination conditions between experiments and exact x, y, z positioning
of images between calibrations makes imaging in this manner difficult for conventional
microscopes.
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4.4. Conclusions
While I was unable to recover the exact LPG profile data, the process has illustrated the
difficulty of directly measuring small refractive index changes within a fibre. For the
purposes of the LPG modelling it should be possible to continue with only an estimate
of the refractive index profile and a statistical method can be used to alter the model
accordingly. However the proof of principle experiment, using the QPM to extract
phase, and therefore refractive index information, has been sufficiently encouraging to
set up a continuing collaborative effort between our group, the CGCRI and Prof.
Greenaway to build a dedicated LPG characterisation setup using specially designed
and optimised curved gratings for the investigation of LPGs.
Accurate determination of the LPG refractive index profile is still, however, important
for modelling of the LPG transmission spectra and, more importantly, sensitivities. As I
have been unable to directly measure this refractive index profile it is necessary to
attempt to fit the measured transmission spectrum to the theoretical model of an LPG
through coupled mode theory. This will be the subject of the next chapter.

93

Chapter 5 – Long Period Grating Modelling

Chapter 5. Long Period Grating Modelling
5.1. Introduction
As mentioned in the review chapter, §2.1.10, the model employed for this thesis is
closely based on the work of Erdogan [18, 21, 22] which shares the notation of Tsao
[66]. There are some differences between my implementation and Erdogan in the
notation and in some of the calculation steps. The modelling of LPG transmission
spectra is a complex calculation, so the necessary steps are reproduced / produced here
with an emphasis on the differences between this approach and that presented by
Erdogan.

The Mathematica code implementing these equations can be found in

Appendix A.

5.2. Mathematical Modelling of LPG
5.2.1. Mathematical representation of the LPG
The optical fibre itself is represented by a standard cylindrical polar coordinate system
with the z axis aligned to the propagation mode direction (Figure 55). Within this fibre
confined to the core region i.e. r o a1. Using Erdogan’s notation the refractive index of
it is assumed that the refractive index perturbations making the LPG element are

the core in the LPG region may be defined as:

Z     )1 ' sZ t1 ' k "# u

22
Zvw*


Eq. 22

Where n λ is the dispersive refractive index of the core, σz is the grating envelope, m is the fringe
modulation (0 o m o 1) and Λ is the grating period.
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Figure 55:

Schematic illustrating the notation used for coordinates, physical

dimensions and refractive indices used for optical fibres in this thesis. In a two
layer approximation a2 is assumed to be infinite.
Eq. 22 provides a general form of the refractive index perturbation for which there are
two specific cases worthy of further consideration; a Gaussian envelope and a pure
sinusoid. For a Gaussian envelope, e.g. a grating written with an amplitude mask (cf.
§2.1.6), σz takes the form of Eq. 23.

sZ  s

8xyg

Iz
{z

Eq. 23

Where K and σ define the Gaussian envelope (Figure 56).

While Gaussian, i.e. apodized, envelopes are common, the majority of LPG elements
used in this thesis are of the sinusoidal envelope form.

In this case the fringe

modulation becomes m = 1 and σz takes the form of Eq. 24.
s

∆
2   

Where ∆n gives the amplitude of the refractive index perturbation (Figure 56).
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Note that Eq. 22 cannot reproduce a square wave or step type function for the refractive
index perturbation without modification. In the case of the LPG elements used
throughout this thesis this is not an issue as the profile is approximated as a sinusoid in
the absence of evidence to the contrary.

n1(z)

∆n
d.c.
z

a)

n1(λ)

b)

Figure 56: Illustration of the two common sinusoidal LPG perturbation envelopes. a)
top-hat envelope with an effective dc offset from un perturbed refractive index, b)
Gaussian envelope taken from Erdogan [18] illustrating his notational system.
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5.2.2. Core mode effective index calculation
The calculation of the allowed modes in single mode fibre is a well documented subject
[66]. It is not therefore necessary to derive the calculations from first principles but
instead the practical end of the calculations is presented here. We start by assuming the
linearly polarised approximation, a standard approximation for radially symmetric
fibres [18, 66]. With a further two layer approximation (Figure 55) the dispersion
relation of the fibre is: Eq. 25.

~  1

j 

 ~  1

 ~  1

j 

j 

 ~ j 

H ~ j 

H ~ j 

Eq. 25

Vλ is the V number of the fibre given by Eq. 26 and is a function of the wavelength. b is the normalised

Where J and K are Bessel functions of the first and of the second (modified) kind in their usual notation.

effective index given by Eq. 27.

~  

22

i   

  

Eq. 26

Where n λ and n λ are the refractive indices of the core and cladding respectively and a is the core

radius illustrated in Figure 55.

j  

      
     

Where n λ is the effective refractive index of the core mode(s).

Eq. 27

be solved in terms of n λ. For a single mode fibre there will be one solution to this
By substituting Eq. 26 & Eq. 27 into Eq. 25 and rearranging the dispersion relation can

dispersion relation which will be close to the core refractive index i.e. n λ

n λ  1. While this can in principle be done analytically, in practice it is simpler
to calculate a numerical solution for a range of wavelengths of interest i.e. 1200 nm –
1600 nm in 1 nm steps.
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5.2.3. Cladding mode effective refractive indices
The calculation of the effective refractive index of the cladding modes is somewhat
third refractive index, that of the external medium n λ shown in Figure 55. Again a

more complex as a three layer approximation is necessary. The third layer introduces a

linearly polarised approximation is used and the complete derivation of the Equations is
case the dispersion relation Eq. 28 is more complicated. For simplicity the use of fλ
not presented and instead the reader is referred to standard texts e.g. Tsao [66]. In this

to denote a function of wavelength is abandoned as almost all parameters are now
wavelength dependant. Here my notation differs slightly from that used by Erdogan

evaluation of the factors p , q  , r , s , Eq. 40 - Eq. 43, at the cladding - external

due to the implicit limitation to cladding modes of azimuthal order 1 and the explicit

interface, r = a2.
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Eq. 29

Eq. 30

Where σ , σ , u , u, u, p , r , s , J and K are all defined below and a  is the radius of the cladding,
Figure 1. N.b. J and K , the Bessel function derivative ratios, should not be confused with Bessel
functions of similar notation.
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Eq. 38
Eq. 39
Eq. 40
Eq. 41
Eq. 42
Eq. 43

Where n is the effective index of the cladding mode, N is a Bessel function of the second kind with the

usual notation,  is the electromagnetic impedance in a vacuum (~377 Ω), J′ , N′ and K′ represent their

respective Bessel functions differentiated in respect to their total argument. The explicit derivatives are
provided in Eq. 44 - Eq. 46 below.

1
 NQ   NQ
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r NQ  r NQ
2

1
H NQ   H NQ
2

 NQ

r NQ

H NQ

Eq. 44
Eq. 45
Eq. 46

Again it is possible to solve the dispersion relation in terms of n λ but in the case of
the vast majority of fibres there are hundreds of solutions to the dispersion equation.

Due to the complexity of this dispersion relation a numerical solution is necessary. A
plot of the dispersion relation (Figure 57) illustrates the difficulty in a practical solution
to the problem. The equation is complicated and some modes provide only a very small
distortion to the overall form of the dispersion relation. The solution implemented is a
rather inelegant, brute force, solution. A more elegant solution was not forthcoming.
This involves numerically evaluating the dispersion relation across a range of possible
effective refractive indices. These data can then be interrogated to determine positions
of change in sign and these values used as the basis for guess values in a numerical
solution of the dispersion relation. This is simplified by the consideration that the
effective refractive index of the cladding modes is less than the cladding and decreases
with increasing mode order.

In addition the simplified mode matching condition
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constrains the maximum δn  n
and a particular LPG period: Eq. 47.

5 M

 

n  for a given wavelength range of interest





y 

Eq. 47

Nevertheless it is necessary to perform a huge number of calculations for each
wavelength of interest.

This part of the calculation requires the majority of the

processing power and correspondingly time. The calculations were performed on a
maximum δn of 0.004 for a total calculation time of ~5 hrs. However once calculated
2.44 GHz processor over a wavelength range of 1200-1600 nm at 1 nm steps with a

for a particular fibre it is not necessary to repeat the calculation as this effectively
defines the available cladding and core modes for an LPG element to act upon.
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Dispersion Differential
DispersionMisalignment

a)

Effective Index

0.4

0.3

0.2

0.1

0.0

- 0.1

b)

1.428

1.429

1.430

Figure 57: Example plots of the dispersion differential: 
Effective
Index
Effective
Index

1.431

1.432

 evaluated at 1550 nm,

zero crossing points exist at allowed cladding mode effective indices. a) overall
shape, b) example of a hard to find small distortion mode.

5.2.4. Mode normalisation constants
Implementing the desired form of the coupled mode equations requires that individual
modes have their mode field parameters defined and the mode normalisation constant is
calculated. The mode normalisation constant is critical to the mode overlap integrals as
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it is necessary to evaluate modes with equivalent total power. In common with the
notation adopted by Erdogan [18] a total mode power of 1 W has been selected.
In the case of the core mode, the field definitions are again well documented [66]. For
the purposes of the coupled mode equations it is only necessary to consider the E mode
fields within the core, Eq. 48 & Eq. 49.
 ,
 , 
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Eq. 48
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Eq. 49

Where ¦ 
 is the mode normalisation constant for the core mode evaluated for 1 W total power, Eq. 50.

The notation  5 has been used to label mode fields where x indicates the mode (core or cladding) and y
L,§

indicates the region, core cladding or external.
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Where ∆ is the relative refractive index contrast of the fibre: ∆  n

Eq. 50
n /n

In the case of the cladding modes it is necessary to consider the core, cladding and
external regions in order to properly calculate the mode normalisation constant, for
simplicity we shall omit the z dependant Ez and Hz field equations Eq. 51 - Eq. 62.
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Eq. 58

H NK Q

Eq. 59

2i      N i Q
 °´ H NK Q ' H NK Q
4K H NK i Q

Eq. 60

s ²´
H NK Q ' H NK Q*
'
 

1¡¢1£I8{¤

s ²´
H NK Q
'
 

1¡¢1£I8{¤

H NK Q*

2i      N i Q
; ,s °´ H NK Q ' H NK Q
4K H NK i Q
,²´ H NK Q

H NK Q>

103

1¡¢1£I8{¤

Eq. 61

Chapter 5 – Long Period Grating Modelling
¯ ¥«

y , L

 ,¬

2i      N i Q
;,s °´ H NK Q
4K H NK i Q
²´ H NK Q ' H NK Q>

H NK Q

1¡¢1£I8{¤
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Where F2 G2 F3 G3 are defined below in Eq. 63 - Eq. 66, ¦µ is the mode normalisation constant for the

νth cladding mode, r, θ and z are the orthogonal cylindrical coordinates (Figure 55) and
n becomes the νth cladding mode effective index calculated via the dispersion equation in §5.2.3.
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Eq. 66

Erdogan [18, 21] provides a set of equations for determining the normalization constant
of the νth cladding mode in Appendix B of his paper. Unfortunately these equations
contain an error, the normalisation constants do not result in a power of 1 W and there
are discontinuities present in the boundary conditions between the core-cladding and
cladding-external interfaces; although I have been unable to find it the most likely cause
is a typographical error [21]. However it is trivial to implement a numerical evaluation
of the normalisation constant separately from this calculation by considering the power
in the mode through Eq. 67 - Eq. 69.
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The boundary conditions of the core, cladding and external regions can be seen in the
infinitesimal overlap of the regions at r = a1 and a2.
The mode normalisation constants given by evaluating P at Eν  1, Eq. 70, for each

wavelength of interest:

¬   

1

º¬  1

Eq. 70

5.2.5. Coupling Coefficients and Transmission Calculation
Eq. 25 - Eq. 70 are notable as there is no implementation of the LPG; the equations are
component of the LPG refractive index perturbation within the definition of n λ if one
solely calculating the available modes although care must be taken to include a dc

is expected (cf. §5.2.1). With the core mode and available cladding modes defined the
remaining steps calculate the mode coupling between them in the presence of an LPG
structure as defined in §5.2.1. A full derivation of the approximations and calculations
from the generalised coupled mode equation is presented in Erdogan [18, 21, 22] and as
it is not directly necessary for the calculation of the transmission spectrum it will not be
reproduced here. The two key terms of interest are the coupling coefficient between the
core and νth cladding mode Κν given by Eq. 71 and the small detuning parameter, a
measure of the bandwidth of mode coupling, for the νth cladding mode, δν, Eq. 72.
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Eq. 72

The power, P of wavelength λ coupled to the νth cladding mode across the length (L) of
the LPG can be calculated via these two parameters Eq. 73:
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Eq. 73

As the coupling between each individual cladding mode and the core mode is separated
in wavelength space, it is possible to ignore cross coupling and to sum the individual
coupling losses of the core mode through the fibre to derive the complete transmission
spectrum in dB Eq. 74:
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5.3. Discussion of the Effect of Modelling Parameters
5.3.1. Effect of LPG period, Λ
Eq. 47 gives the direct proportionality of the LPG period, Λ, to the coupling wavelength
of an LPG. With increasing LPG period the entire LPG spectrum is shifted, to higher
wavelengths for increasing period (Figure 58). This is qualitatively trivial to understand
as increasing the period will simply couple a longer wavelength to the same cladding
mode. As discussed in §2.1.5 increasing the LPG length allows the LPG to couple to
lower order cladding modes and vice versa.

LP0,1

0

Transmission (dB)

LP0,3
LP0,5
-10

LP0,7
395.0 µm
397.5 µm
400.0 µm
402.5 µm
405.0 µm

-20

Increasing Period
LP0,9

1.2

1.4

1.6

Wavelength (µm)

Figure 58: Modelled transmission spectrum of a typical LPG (L=24 mm, ∆n=3.4 x10-4
RIU) with a variety of periods between 395 and 405 µm. Changing the length
also shifts the resonant wavelength resulting in a change to the coupled power.
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5.3.2. Effect of LPG Length, L and Maximum Index Contrast, ∆n
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Figure 59: Modelled transmission spectra for the a) 9th and b) 7th order cladding
modes for a typical LPG (Λ 400 µm, ∆n 3.2 x10-4 RIU) with various LPG lengths.
The 9th order mode shows resonant coupling at ~23 mm before over coupling
while the 7th order mode is under coupled at all lengths up to 25 mm.

Mathematically the effect of the length of the LPG on the transmission spectrum is
described by Eq. 73. Here the power coupled between modes is proportional to the sum
of the cosine and sine squared. In other words the response will exhibit periodicity with
respect to length. Increasing the length, i.e. number of periods, will increase the amount
of radiation coupled to a cladding mode. At a particular number of periods, starting
with the higher order modes, a maximum coupling will be experienced i.e. the phase
matching is optimised across the length of the LPG. Above this number of periods,
radiation will be coupled from the cladding back into the core until a minimum coupling
is reached, a process known as over coupling. Figure 59 illustrate this principle. In this
case the 9th order mode is close to resonant coupling at 21 mm length. As the length is
increased the mode experiences maximum coupling, at ~23 mm, before over coupling.
By contrast the 7th order mode experiences increasing coupling over the modelled
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length with resonance and over coupling occurring at longer lengths. Increasing the
length therefore provides preferential coupling to lower order modes.
The dependance of the phase matching condition on length also has notable effects in
the side lobes of non-apodized LPG elements (Figure 60). As the length of the LPG
increases, the lack of apodization becomes more apparent as more power is coupled into
the mode side lobes. The wavelengths of these side lobes also change as they move
closer together for increasing LPG lengths. This behaviour forms a convenient means
to fit the length of an LPG element to an experimental transmission spectrum –
particularly in regard to identifying over coupled cladding mode resonances which will
exhibit stronger side lobes.
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Figure 60:

Illustration of the behaviour of the 9th order mode as LPG length is

increased for a typical LPG element (Λ 400 µm, ∆n 3.2 x10-4 RIU). Resonant
coupling in this case is achieved at ~22 mm length.

The amplitude of the refractive index perturbation within the core, ∆n, affects the
coupling coefficient between core and cladding modes.
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coupling coefficient is directly proportional to ∆n. A plot of the effect of varying ∆n
within a typical LPG is presented in Figure 61. Similarly to varying the length of the
LPG there is a resonant coupling condition such that with increasing ∆n an individual
mode will experience a maximum before over coupling (Figure 62). Of further interest
is that the refractive index amplitude has little effect on the side lobes for the cladding
modes, only changing the amplitude with little shift to the wavelength.
The effect of length and ∆n can be considered to be tied together through Eq. 71. Κ is
directly proportional to ∆n and δν is a constant for a given cladding mode in a fibre.

Therefore to maximise the coupling to a particular cladding mode it is necessary to
change both simultaneously. In practice, due to the complexity of LPG writing systems,
it is usually easier to change the length of an LPG by adding additional periods than it is
to change the refractive index (which would require multiple passes or variations in
laser power for inscription).
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Figure 61: Modelled transmission spectra for a typical LPG (Λ 400 µm, L 24 mm) with
various LPG amplitudes, ∆n (3.0-4.0 x10-4 RIU).
110

Chapter 5 – Long Period Grating Modelling

0

th

7 Order
-4

-5

Transmission (dB)

-10

3.0
-15

3.2

4.0

-20

3.0 x 10
-4
3.2 x 10
-4
3.4 x 10
-4
3.6 x 10
-4
3.8 x 10
-4
4.0 x 10

3.4
3.8

-25

Increasing Maximum

-30

Refractive Index

3.6
-35
1.38

1.39

1.40

Wavelength (µm)

Figure 62 Expanded view of the modelled transmission spectrum of the 7th order mode
from Figure 61. Here the mode demonstrates increasing coupling to a resonance
at ~3.6 x10-4 RIU before over coupling.

5.4. Fitting Model to Experimental Data
5.4.1. Estimating Optical Constants
The majority of the fibres used for the work described in this thesis are Corning® SMF28® fibres with LPGs inscribed by CGCRI scanning slit point by point technique
(§2.1.6). An SMF-28® fibre has a pure fused silica cladding and a Ge-doped core. The
refractive index of fused silica is well documented and may be derived from the
Sellmeier equation, Eq. 75.
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Where Ai and Bi are the Sellmeier coefficients, which for fused silica are A1=0.6961663, A2=0.4079426,
A3=0.8974794, B1= 0.0684043, B2= 0.1162414, B3=9.896161 and λ is the wavelength in µm. Coefficients
are taken from Malitson [137] and the notation used is for convenience.

The refractive index perturbation generated in the core of these LPGs is unknown but is
generally approximated as a sinusoid within a top-hat envelope. This refractive index
perturbation will, most likely, include a dc change to the refractive index of the core in
the region of the LPG. This, unknown, change to the refractive index needs to be
included in the model of n1(λ) in order to correctly calculate the available core and
cladding modes within the LPG region. For that matter the Sellmeier coefficients for
the core of a Corning® SMF-28® fibre are unpublished. It is therefore necessary to
estimate or derive the correct refractive index for the core region. Fortunately it is a
fairly simple matter to estimate by virtue of the phase matching condition in Eq. 47.
The transmission spectrum of an LPG of known period, Λ, can be measured with a
broadband tungsten lamp and spectrum analyser.
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Figure 63: Measured transmission spectrum of a CGCRI LPG with a period of 400 µm
showing 5 loss bands in the 1200-1600 nm including one at ~1550 nm.
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Within this transmission spectrum are a series of loss bands each corresponding to a
mode of, generally unknown, order (Figure 63). Fitting a Gaussian to these loss bands,
which although a poor fit in general, accurately determines the peak resonant position
for each mode. These loss band positions may then be used to determine the difference
in the effective refractive index of the core and cladding mode in question via Eq. 47.
The mode order for each band is also required, and can be determined by plotting the
phase matching conditions assuming that the core index is ~0.005 greater than the
cladding (Figure 64).
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Figure 64: Calculated phase matching condition for an SMF-28® fibre with cladding
index determined by Eq. 47 and core index at n2+.005, solid lines, and n2+.0055,
dashed lines, for the first 6 odd order modes. A resonance peak at 1550 nm and a
period of 400 µm must be the 9th order mode.

This gives a series of five known mode orders, their resonant wavelengths, the
difference between the core and cladding effective indices and the cladding index at
those wavelengths. The dispersion equation for the core and cladding modes may be
solved numerically for core refractive index at each of the mode resonant wavelengths.
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This determines 5 values of the core refractive index which give the peak mode
coupling positions at the required wavelengths. These five core indicies serve as the
base for a fit to derive a new set of Sellmeier coefficients to describe the core index
(Figure 65). In this case the position of the lowest, 1st, order mode has been ignored for
the purposes of the fit. Why this particular value is so poorly placed for derived core
refractive index is not entirely clear. It is most likely a result of a poor signal to noise
ratio giving a larger error in the fitted resonant wavelength position, in what is the
smallest and broadest of the resonant positions. The determined Sellmeier coefficients
for the core are A1=0.7042628, A2=0.415638, A3=0.895311, B1=0.064067,
B2=0.111816, B3=9.896570.
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Figure 65: Plot of the core and cladding refractive index as a function of wavelength.
Cladding index is that of fused silica from Eq. 75, the core index has been derived
from the transmission spectrum of the LPG in Figure 63. The points are the
derived refractive indices of the core based on the position of the LPG loss bands.
The left most point has been ignored for fitting the Sellmeier equation, the
inaccuracy of this point is likely due to a poor identification of the resonant
position in this shallow wide noisy loss band (cf. Figure 63). Data spot size is
larger than the error.
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5.4.2. Fitting Length, L, and Maximum Core Index Perturbation, ∆n
With the refractive index of the core and cladding of the SMF-28® fibres defined (along
with any dc offset to the core index created through the writing process) the parameters
remaining for fitting the LPG are the period, Λ, maximum refractive index perturbation,
∆n, and the length of the LPG, L. The LPG elements provided by the CGCRI are all of
similar design. They are specified as 400 µm (there is no error quoted on this which has
caused complications), with a length of “~25 mm”, there is no specification of the index
perturbation although it is estimated to be in the region of 3-4 x10-4 RIU. The period of
the LPG has been assumed to be accurate throughout the analysis. Recall that the
period was used as the basis for calculating the refractive index of the core mode of the
fibre hence it cannot be used as a free variable in the analysis or the fitting. An error in
the LPG period is liable to produce a complicated, and difficult to predict effect on the
transmission spectrum. The method used at the CGCRI, a slit illumination method, is
not expected to give much error in the period of the LPG. However it must be conceded
that an error in the period of the LPG will result in follow on errors in the rest of the
analysis. As the core index has been fitted to give loss bands for the first nine odd
modes at the observed wavelengths, we do not expect much of an error in the spectral
positions of the loss bands. The power coupled to each of the cladding modes will be
determined by the length and the refractive index perturbation.

115

Chapter 5 – Long Period Grating Modelling

Figure 66: Plot of the division of a single transmission dataset between lobe, red and
peak, blue data.

Note that the two sub-sets do not overlap, ~5 data points

separate them.

LPG Max Index Amplitude (∆n x10-4)

LPG Max Index Amplitude (∆n x10-4)

Zoomed Region

a)

b)

LPG Length (mm)

LPG Length (mm)

Figure 67: Plot of the correlation between measured and fitted transmission spectra in
the region of the side lobes (cf. Figure 66). Higher correlation suggests a better
fit with a correlation of 1 being perfect. a) overall plot, b) zoomed in on region of
interest.
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As discussed in §5.3.2, the shape and, more importantly, the wavelength of the side
lobes are strongly dependant on the length (or number of periods) of the LPG. Analysis
of this region of the transmission spectrum, both measured and modelled, should
accurately fit and therefore represent the length of the LPG (Figure 66). Data used are
extracted from the transmission spectrum and a correlation is performed between the
experimental and the theoretical data. A plot of this correlation (Figure 67) illustrates
that the fit, within the side lobe region, is indeed a function primarily of the length with
the refractive index perturbation having less effect. This effectively narrows down the
length range to 22-25 mm – slightly shorter than the specification of ~25 mm.
Likewise, an analysis of the correlation between the theoretical and experimental data in
the region of the loss bands only, illustrates that the coupling resonance conditions are a
function of both length and ∆n (Figure 68). This suggests that, over the length 22-

LPG Max Index Amplitude (∆n x10-4)

LPG Max Index Amplitude (∆n x10-4)

25 mm, ∆n should be of the order ~2.5-4.0 x10-4 RIU.

a)

b)

Figure 68: Plot of the correlation between measured and fitted transmission spectra in
the region of the peak resonance (cf. Figure 66). Higher correlation suggests a
better fit with a correlation of 1 being perfect. a) overall plot, b) zoomed in on
length of interest. The island-like structures in b are an artefact of the resolution.

As both analyses attempt to fit separate sections of the transmission spectrum it is
expected that the best fit will occur in the region where both correlation plots provide a
maximum. This can be found by normalising both datasets to 1 and plotting their sum.
A direct overlap of peak positions would result in a particular combination of L and ∆n
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giving a correlation of 2. In this case the maximum is found to be 1.996 suggesting an
excellent agreement on the best fit parameters (Figure 69). Not that the error analysis

LPG Max Index Amplitude (∆n x10-4)

LPG Max Index Amplitude (∆n x10-4)

here does not include any component from an error in the LPG period.

a)

b)

Figure 69: Plot of the sum of the normalised correlation of both the peak and lobe
datasets. Higher correlation suggests a better fit with a correlation of 2 being
perfect. a) overall plot, b) zoomed in plot of maximised correlation. Note that the
resolution of these plots is .05 x10-4 RIU and .01 mm respectively giving a fit of
∆n = 3.20 ± 0.025 x10-4 RIU and L=24.18 ± 0.04 mm.

With L and ∆n derived via correlation analysis a plot of the modelled transmission
spectrum can be directly compared to the experimental data (Figure 70). This shows
excellent agreement between the two sets. Of note is that the correlation between the
amount of power coupled into each mode decreases with mode order. This suggests
that there is a systematic error in the refractive index of the core and cladding. As these
have been derived from the grating period it is most likely due to an error in this value.
Alternatively the refractive index perturbation within the core has been approximated as
a sinusoid while in reality it is more likely to exhibit a square or step like profile due to
manufacture with a 200 µm slit (cf. §2.1.6). An error in this will have a direct effect on
the coupling coefficient and hence the amount of power coupled to each mode,
particularly in the side lobes.
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Nevertheless the fit is sufficiently accurate, particularly at the higher order modes, to be
of practical use. As each fibre has been inscribed by the same writing technique it is
reasonable to assume that the lengths and ∆n of each LPG element will not differ
significantly from these values.

Figure 70: Plot of the modelled, blue line with points, and experimental, red points,
transmission spectrum for CGCRI LPG element 2.4. Note that a 0.4 dB loss has
been included due to measured connector losses in the measurement system.
Fitted values for L and ∆n have been derived via correlation analysis while the
period, Λ, has been set at 400 µm.

The work presented in this chapter provides a complete picture of the dispersive optical
constants and LPG profile. In order to use the LPG to detect hydrogen however it is
necessary to introduce a layer of palladium onto the cladding. This has a significant
effect on the available cladding modes and coupling coefficients. In order to adequately
model the transmission spectrum and predict the sensitivity of the sensor it is necessary
to re-evaluate the model in the presence of this metal layer; the subject of the next
chapter.
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Chapter 6. Palladium Jacketed Long Period Gratings
6.1. Introduction
The use of a Palladium (Pd) coated Long Period Gratings (LPGs) for the detection of
hydrogen has been previously reported by, among others Maier [34].

These

experiments have, in the most part, been only proof of principle without detailed
analysis. In particular details on the coating process, characterisation of Pd coatings and
the dynamics of hydrogen absorption have been absent.

As a first step in the

characterisation process I attempted to replicate these data.
Although we possess the in house capability to coat fibres with Pd we do not have the
capability to write our own LPG elements.

All the LPG elements used in these

experiments were sourced externally. The first experiments were attempted with LPG
elements provided by Aston University on an ad-hoc basis.

The results of these

experiments demonstrated issues in the reproducibility, reliability and characterisation
of these LPGs.
An alternative source of LPGs was therefore required.

Through an existing

collaboration within the university between Prof. Ajoy Kar and the Central Glass and
Ceramic Research Institute (CGCRI) the CGCRI was contacted agreed to supply
research grade LPGs on a more formal collaborative basis. The study of Pd coated LPG
elements can therefore be broken down into two phases, proof of principle and
characterised gratings.

6.2. Proof of Principle Experiments
6.2.1. Experimental Setup
An LPG test rig was inherited from Dr Maier’s proof of principle work [34] and with a
few adjustments to improve the computer control interface it was pressed into service.
A sketch of the setup is provided in Figure 71. It consists of a double walled chamber
with gas flowing via a pair of Mass Flow Controllers (MFC) and gas flow switch. The
gas enters the outer wall of the chamber where it is heated via resistive heaters before
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flowing through the inner chamber, over the LPG and existing via a vent at the base of
the rig. The LPG is held in a vertical position under a small amount of constant strain
(eliminating strain and bending effects in the LPG) in the centre of the pipe. It is held in
place via a rubber bung with a slit in the side at the top end of the pipe. While not
providing a perfect seal, the pipe is held at positive pressure and flow, as such gas
entrainment was not thought to be an issue although it was observed in later
experiments (cf. §6.3.1).
The system is illuminated with a super luminescent light emitting diode (SLED)
operating at a centre wavelength at 1550 nm with a FWHM of ~50 nm, chosen to
adequately illuminate the LP0,9 mode.

Interrogation is via a computer controlled

(LabView) optical spectrum analyser (OSA) (cf. §2.1.9). LPG temperature is provided
through the use of the internally mounted Pt-100.

Combined with the measured

temperature coefficient of the fibre this allows for compensation of low frequency
temperature variations within the chamber (note the thermo optic coefficient of Pd is
low enough to ignore for the purposes of this form of temperature compensation). The
gas flows are controlled via MFC with set flow rates and the concentration is altered via
a timed gas switch.
Individual elements were coated using our in-house spit arrangement (cf. §3.2),
although these early experiments lacked adequate homogeneity in the resultant coating
(cf. §3.3). Over a period of several months data was gathered indicating the response to
hydrogen at various concentrations and temperatures. Due to the lack of specifications
for the gratings and their irregular designs there was considerable variation in the
responses. In particular the periodicities of the gratings were either not supplied or were
subject to significant inaccuracies.

The results presented here are therefore

representative of these early experiments.
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1% H2 in N2

0-1% H2 in N2

100% N2

1%H2 in N2
100% N2

0 or 1% H2 in N2

Figure 71: Schematic of LPG test rig, gas flow marked in red. Original design (right
and gas control: inset C). Inserts A, B and D illustrate the changes made to
improve stability, §6.3.1.
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6.2.2. Hydrogen Concentrations
The peak coupling position, i.e. position of minimum transmission, of the LP0,9 mode
was monitored as a function of hydrogen concentration (note that due to lower
sensitivities the LP0,1-7 modes did not exhibit any change in wavelength due to
hydrogen). Figure 72 shows the result of several cycles between a mix of 10,000 156.25 ppm of H2 in balance N2 and pure N2. Here we see the expected repeatability
and reversibility of the absorption-desorption process and, while not entirely clear on
this timescale, the desorption process can be seen to be slower (cf. Figure 75). The peak
shift in the resonance position for 10,000 ppm (1%) hydrogen is measured at ~60 pm, in
this case the LP0,9 resonance has a FWHM of 13 nm. Measuring such a small shift in
such a large feature is challenging and made even more so by the maximum accuracy
(±15 pm) of the OSA.

Figure 72: Plot of the response of an LPG-Pd element to a variety of cycled H2 gas
concentrations in balance N2.
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From Figure 72 it is also possible to observe that the response to hydrogen is, as
expected, non linear in the 0-1% range. A log-log plot (Figure 73) of the mean peak

Log Response Amplitude (pm)

position of each concentration illustrates the non-linearity well.

Log Hydrogen Concentration (ppm)
Figure 73: Plot of mean peak position (errors are one standard deviation) at each
hydrogen concentration indicated in Figure 72.

6.2.3. Temperature Effects
From our knowledge of the Pd-H system and of LPGs in general (§2.1.3 & §2.2.3) we
expect that there should be two distinct temperature effects on the LPG-Pd system. The
first is a consequence of the thermal dependence of the refractive indices of the fibre.
As the temperature changes the resonant coupling wavelength will also shift. Although
the thermal conductivity of the fibre is poor (at least in the silica) the dimensions are
such that it is possible to assume that the entire LPG is at a constant temperature. As
such we expect this temperature shift to be more or less instantaneous. The second
effect is that of temperature on the absorption of hydrogen in Pd. Here a decrease in
temperature will result in a higher hydrogen permeation equilibrium state and thus an
increase in the strain on the lattice. At the same time the decreased mobility energies
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gives slower absorption and desorption. In effect the response to hydrogen increases in
strength but decreases in speed at lower temperatures.

Figure 74: Plot of the central position of the LP0,9 mode resonance of an LPG when
exposed to a variety of temperatures. Note that a PAT electrical safety test (at 24
days) interrupted the experiments between 29.2 and 30.2°C creating an artificial
increase in the peak position which persisted to day 34.

Figure 74 shows the experimental data from these early temperature experiments at five
separate temperatures. Again the LPG is exposed to cycling between 1% H2 in N2 and
N2 giving a square wave like component to the trace. At a change in temperature there
is an almost instantaneous (the rig requires some time to cool or to heat) change in the
central wavelength of the LPG.

Measurement of this shift gives a temperature

coefficient of the order of 65 pm K-1. It is also possible to see that there is a drift in the
overall peak position as a function of time, suggesting a degradation of the LPG-Pd
system (§6.2.4).

The rate of this drift can also be seen to be proportional to

temperature.
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To observe the shift in the Pd-H system it is necessary to take a closer look at individual
cycles at each of the temperatures.

Figure 75 shows cycles at four of these

temperatures. As expected, the strength of the response is inversely proportional to
temperature while the rate of absorption and desorption is proportional to the
temperature, giving a system with a fundamental trade-off between speed and strength
of response.

Figure 75: Comparative plots of the response of an LPG to cycling between 1% H2 in
balance N2 and pure N2 at three separate temperatures. The high frequency noise
in plots B and C is due to the lab air-conditioning.

6.2.4. Long Term (Drift) Effect
The drift observed in the temperature experiments (Figure 74 §6.2.3) raised some
interest as this was not expected. It suggests that there is a long term problem with the
stability of the LPG-Pd system. To further investigate this issue, an LPG element was
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permitted to continue cycling over three months. In this experiment the LPG was
exposed to H2 and N2 cycling, N2 and (lab) Air for extended periods. These data
(Figure 76) shows that the drift is independent of gas concentration. This suggests that
the problem is not an issue with the lattice strains caused by repeated absorption and
desorption of hydrogen.

Figure 76: Plot of drift in the peak position of an early LPG over time illustrating the
independence of the drift with respect to gas concentration at 70°C. Note that this
LPG is different to that plotted in Figure 77.

Additionally it was noted that the direction of the drift is towards the uncoated LPG
spectral position, i.e. decreasing wavelength. This, combined with the temperature
dependence of the drift, suggested that it was some form of delamination process. As
one of the earlier experiments in this thesis, the coating process had not been completely
characterised and it was felt that it was possible that the Pd may deposit with some form
of microstructure. Over time the poor adherence of the Pd to the silica would result in
patches of the Pd delaminating, popping off or blistering, along these microstructure
lines. This would be an essentially random process, increasing with the increased
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energies of higher temperatures. As such it should result in an exponential decay
towards the uncoated LPG state.
On the timescale of 100 days the results shown in Figure 76 appear to be roughly linear
although the total drift over 100 days is a fraction of the total expected drift. In order to
test the delaminating hypothesis, a separate LPG element was exposed to a higher
temperature (110°C) effectively speeding up the aging process over a period of two
weeks. A plot of the results (Figure 77), again cycling between nitrogen and hydrogen,
clearly shows the exponential decay of the results. A fit to these data gives an estimated
end point for the drift at 1542.1 nm, which when compensated for the temperature
dependence of the LPG gives an end point of 1535.7 nm at 25°C, a figure which

Absorption peak position (pm offset 1546nm)

compares very well with the measured uncoated LPG position at 1536 nm.
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Figure 77: Plot of the drift of an LPG central resonant wavelength with time. Data was
recorded at the elevated temperature of 110°C to increase the rate of drift
revealing the exponential form decaying toward the uncoated LPG position.
Fitted exponential is in red.

A sample of this aged LPG element was preserved and once the apparatus became
available was scanned using a scanning electron microscope (SEM) at AWE (§3.3).
The image (Figure 78) shows a mottled surface further validating the hypothesis of
128

Chapter 6 – Palladium Jacketed Long Period Gratings
localised delaminating. These observations led directly to the characterisation of the Pd
deposition process and the improvement of the Pd surface quality by more careful
control of the deposition parameters.

Figure 78: SEM image of an aged fibre indicating localised delamination, blistering or
crystallisation of the Pd surface.

6.3. Characterised Gratings
6.3.1. Setup
During the proof of principle experiments, some issues were discovered with the
opearation of the experimental test rig. At low flow rates (<100 ppm), the response to
hydrogen became a function of the flow rate, suggesting gas entrainment. In order to
eliminate this entrainment, the bung was replaced with a specifically designed sealing
clamp arrangement. A vacuum KF plate was adapted for use by gluing it to the top of
the inner chamber (using epoxy) and mounting a fibre bulkhead adaptor in the KF end
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piece (Figure 71 A). This arrangement is airtight but requires that an LPG must be
attached to a pigtail with a specific length (30-40 cm) of fibre in order to remain in the
chamber.
Additionally the original position of the temperature sensor on the outside of the outer
wall of the test rig presented a problem in temperature compensation. There was a
delay between the temperature measured at the Pt-100 and the effect seen by the LPG
caused by the physical separation of the two positions. This was solved by mounting a
new Pt-100 within the inner wall of the test rig (Figure 71 B). The necessary holes in
the walls were sealed with epoxy to prevent the temperature variations, effectively
eliminating the problem.
Finally the gas flow was improved by replacing the single MFC and switch with two
MFCs. With the addition of custom made interface circuits these could be controlled
from the master LabView program, giving arbitrary gas flows (10-500 sccm and 0.1-1%
hydrogen) for arbitrary times (Figure 71 D).

6.3.2. In Situ Measurements
The in-situ measurements produced two sets of data. A full spectrum from 1200 nm to
1600 nm was recorded before and after the coating process using a broadband tungsten
halogen lamp for illumination. The second set of data consists of a record of the peak
loss and wavelength corresponding to the LP0,9 loss band during the coating process for
a 0-~100 nm Pd coating. The results of two separate LPGs (LPG1 and LPG2) are
presented here.
Figure 79 shows the transmission spectrum of LPG1 before and after the coating
process. There is relatively little difference between the two spectra. The effective
indices of the modes have only shifted slightly (to increased wavelength) with a
decrease in the coupling coefficient (strength of coupling). By appealing to the mode
coupling condition (Eq. 1) we note that this corresponds to a decrease in the effective
index of the cladding modes, assuming that the core mode effective index is unaffected
by the presence of the Pd. The dramatic decrease in coupling efficiency is more
confusing as a small shift to the effective refractive index (as evidenced by the small
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wavelength shift) should have little effect on the coupling efficiency although there is a
shift to the mode profile.
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Figure 79: Plots of the transmission spectrum of LPG1 before and after ~100 nm of Pd
is applied. Temporal noise in the background spectrum of the tungsten lamp has
resulted in some dB distortion between the two spectra. The LP0,9 loss band has
shifted to a higher (+8 nm) wavelength from its uncoated position.

Figure 80 plots the data corresponding to the change in the wavelength and strength
(maximum loss) of coupling to the LP0,9 mode during the coating process.

The

wavelength data shows discrete shifts at various stages. There is a small shift as argon
is allowed to enter the chamber (a), caused most likely by a temperature shift as the
argon is stored outside the lab, slightly below room temperature. As the coating process
begins (b) there is a rapid shift to the wavelength position over the first few seconds
indicating that the majority of the optical change to the fibre occurs as a result of the
first ~10 nm of Pd, as would be expected by the low penetration distance of the cladding
mode evanescent field outside the fibre in the presence of a metallic jacket [36, 66].
After this initial rapid change there is a longer term, apparently linear, shift in the peak
position throughout the coating process up to a maximum of 10.5 nm. Once the coating
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plasma is turned off (c) there is a stabilisation of the wavelength position which is
maintained until the chamber is vented (d). Venting the chamber (and returning the
LPG to room temperature) results in a third shift in the wavelength to that recorded as
the final coated spectrum (Figure 79) suggesting that this and the linear increase are
temperature effects.
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Figure 80: Plot of the amplitude (green) and spectral position (red) of the LP0,9 loss
band of LPG1 during the application of a 100 nm Pd coating. The temporal
position of locations of interest are included: a) Turn on argon and motor b)
strike plasma (begin coating), c) stop plasma, d) vent chamber. The significant
shift at the start of coating (in blue) suggests the shift in spectral position due to
Pd occurs entirely over the first 10 nm. The more gradual shift in spectral
position (fitted in red) has been determined to be a temperature effect.

From §6.2.3 the approximate temperature coefficient of an LPG is expected to be of the
order of 60 pm K-1 (cf. Measurement in §6.2.3). In Figure 80 the second component of
the wavelength shift is of the order of 10.5 nm, corresponding to a temperature increase
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of ~175 K a figure far higher than can be expected for RF sputter coating. This
discrepancy prompted a further experiment to directly measure the temperature during
the coating process by monitoring an FBG during the coating process. In this case the
FBG was not strained to eliminate possible strain effects and effectively isolate the
response as being a result of temperature. Figure 81 shows the recorded FBG peak
reflection position as a function of the coating process.
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Figure 81: Plot of the recorded reflected wavelength of an FBG during the deposition
of ~100 nm of Pd. Position a) coating start, b) coating end and vent chamber.
The temperature has been calculated based on a coefficient of 11 pm K-1 with the
rate estimated based on a linear fit to data (in red).

Again there are two distinct changes to the temperature, an initial rapid change followed
by a longer term slow accumulation of temperature. Once vented the FBG returns to its
initial spectral position, demonstrating that it is indeed a temperature effect. It is
possible to estimate the rate of the longer term accumulation of temperature by fitting
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linearly (Figure 81, 1.8 pm s-1) and taking the value of 11 pm K-1 for the FBG as
0.16 K s-1. This corresponds to a maximum temperature increase of the order of 20 K
over the ~200 s coating time. The discrepancy between the reversible temperature
based shift in the FBG and the LPG can be partially addressed by considering the fibre
mount. In both cases the fibre has been mounted on an aluminium spit. In the case of
the LPG the fibre is held taught (under low strain) across the spit in order to provide a
clear transmission spectrum (to eliminate the effect of bending on the transmission
spectrum). In the case of the FBG the fibre is held loosely in order to prevent the
accumulation of stress during the coating process. In effect the LPG is exposed to the
stress caused by the thermal expansion of the aluminium mount while the FBG is not.
The thermal expansion of aluminium is 23 x10-6 m m-1 K-1. The strain coefficient of our
LPGs has not been directly measured but can be calculated based on the theoretical
model described in Chapter 5. Strain can be modelled as an increase in the length and
the period of the LPG. One micro strain (1 µε) corresponds to an increase in length of
1 µm over a length of 1 m. The period of the grating therefore changes to Λ(1+ε),
where ε is the strain. While the length of the grating also increases this has no impact
on the spectral position of the loss band and can therefore be ignored for simplicity.
The change in the spectral position of the fitted LPG from §5.4.2 as a function of
several values of strain (ε) were calculated and tabled below (Table 3).

Period (µm)

Strain (mε)

Peak Position (nm)

Shift (nm)

pm µε-1

400

0

1548.96

0

NA

400+2/5

1

1550.545

1.584

1.58

400+4/5

2

1552.133

3.171

1.59

400+6/5

3

1553.722

4.761

1.59

400+8/5

4

1555.315

6.353

1.59

Table 3: Modelled effect of strain on the peak position of the LP0,9 loss band of LPG1
based on the fitting parameters calculated in §5.4.2.
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Over the range 0-4 mε the strain coefficient can therefore be seen to be almost linear.
Taking the value of 1.59 pm µε-1 for the LPG and the figure of 23 x10-6 m m-1 K-1 for the
expansion of aluminium we arrive at 36.45 pm K-1 for the strain effect of the aluminium
spit. As the effect of strain and temperature are not interdependent in an LPG (strain
gives a change in the period while temperature is a change in the optical properties of an
LPG) the two effects can be added together giving a total coefficient of 105.07 pm K-1.
Assuming the same temperature gradient during coating of the FBG as the LPG this
should result in a shift of 16.81 pm s-1 during the second phase of the coating process
which does not compare well with the measured 68.4 pm s-1 suggesting that there is an
additional, reversible,

temperature based effect in the deposition process.

The

thickness of the Pd deposition (~100 nm) precludes the possibility of this being a purely
optical change as the refractive index of Pd does not depend on the film thickness above
~20 nm (cf. §3.6) and the evanescent field of the cladding mode will not penetrate to
this depth of film.
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Figure 82: Plots of the transmission spectrum of LPG2 before and after coating. The
after coating plot has incorrectly compensated for the tungsten background hence
has an error in the transmission increasing with wavelength.
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The changes to the amplitude of coupling are harder to analyse. Here there is again a
rapid decrease in coupling as the coating process begins with a gradual decrease in
coupling over the rest of the coating process. In stark contrast to the wavelength data
this gradual decrease in coupling does not return on venting the chamber. It is unlikely
to be a purely temperature effect as the fibres have been annealed up to 200°C (although
an increase in temperature will have an effect on the coupling). As the fibre is held
under strain (and increasing strain due to aluminium expansion) during coating it cannot
be a result of bend losses in the LPG region and inspection of the LPG after coating
rules out bend losses as a result of the spit movement in the input and output fibre leads.
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Figure 83: Plot of the amplitude (green) and spectral position (red) of the LP0,9 loss
band of LPG2 during the application of a 200 nm Pd coating. The temporal
position of locations of interest are included: a) Turn on Argon and begin coating
b) stop coating c) vent chamber. Note the break in the x axis – the LPG was left
to settle for a half hour after coating but before venting. In this case the longer
coating time (for 500 s) shows the non-linear increase in temperature more
clearly.
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Figure 82 & Figure 83 from the second LPG element (LPG2) demonstrate the same
features (although in this case there is an issue with background subtraction of the
tungsten lamp in the transmission spectrum). The decrease in the coupling efficiency of
the LPG can therefore be characterised as a small change due to the change in the
optical properties of the fibre (the rapid initial shift) combined with a longer term
decrease, the result of an unknown phenomena in the coating process (neither optical,
strain, temperature or bending) although it is clearly linked to temperature as evidenced
by the similarities in the wavelength and amplitude curves in Figure 83.

6.3.3. Temperature and Concentration Effects on the Response to Hydrogen

1562.5

1562.037±.0005 nm

1562.0
70°C

Wavelength (nm)

1561.5
δλ = 2117±2.5 pm = 70.56 pm K-1

1561.0
1560.5

1559.920±.002 nm

1560.0
40°C

1559.5

δλ = 923±32 pm ~ 62 pm K-1

1558.997±.03 nm

1559.0
25°C

1558.5
30 40 50 60

128

130

132

134

136

138

140

142

144

Time (Days)

Figure 84: Plot of the response of LPG2 to changes in temperature. Data has been
acquired over long term cycling between various levels of hydrogen and nitrogen
at three temperatures (cycling is at too high a frequency to be visible on this
timescale). A section of data from the centre of the set has been omitted for
clarity.
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After experiments, reported earlier in section (§6.3.2), a series of data was acquired
cycling between 0, 0.25, 0.5, 0.75 and 1% hydrogen in balance nitrogen. At each stage
the system was left sufficiently for an equilibrium to be reached before repeating the
process. This response was recorded over three different temperatures 70°C, 40°C and
25°C in order to characterise the temperature response of the coated grating.
Figure 84 shows a selection of this data illustrating the LPG wavelength change due to
temperature. In this case the mean reading at each of the temperatures has been used to
characterise the temperature coefficient. The results here are clouded slightly by a
background drift in the response over the time periods indicated. Nevertheless it is
possible to extract a figure of 70.6 pm K-1 from the shift between 70°C and 40°C. The
poor quality of the data at 25°C makes it harder to estimate the shift between 40°C and
25°C but it appears to be substantially lower suggesting the possibility of a non-linear
response or an error in temperature measurement.
Additionally it is possible to examine individual cycles at each temperature for the
response to hydrogen. The noise in the system is caused by fluctuations in the power of
the ASE erbium doped fibre source used to interrogate the LPG, itself caused by
temperature fluctuations in the lab. In particular it is possible to make out the ~10min
cycle of the lab air-conditioning system in the spectral response – a fluctuation which is
markedly lowered at weekends when the lack of foot traffic through the lab reduces the
air conditioning workload. Unfortunately changes to the lab air-conditioning system
increased this component of the noise in comparison to the earlier proof of principle
experiments.

Nevertheless it is possible to directly compare the results of a few

individual cycles to ascertain the effect of temperature on the LPG-Pd response.
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Figure 85: Comparative plot of one complete cycle of hydrogen levels at a) 70°C b)
40°C and c) 25°C. Note that the timescales are different for each example. An
approximate rise time and delta (0-90) between 1% H2 and 0% H2 has been
provided for each.
139

Chapter 6 – Palladium Jacketed Long Period Gratings
Figure 85 shows three example plots at 70°C, 40°C and 25°C. While one such dataset
does not provide much quantitative data, qualitatively it is possible to see that at 70°C
individual steps of 0.25% are close to being lost in the system noise while at 25°C and
40°C they are much clearer, illustrating an increase in response with decreasing
temperature. It can also be clearly seen that the rise (or fall) time of each step increases
with decreasing temperature.
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Figure 86: Illustration of the data processing system. A mean of wavelength is taken
over the regions highlighted in red, shortly before a shift in concentration. These
are then used to calculate the shift in adjacent pairs of concentration.

To gain a more useful quantitative insight it is necessary to statistically analyse the body
of the data. This has been done at 70°C and 40°C respectively. The mean wavelength
position is taken over 40 points immediately preceding a change to the hydrogen
concentration. This ensures, wherever possible, that the system has reached equilibrium
before a measurement is taken. Due to the background drift in the peak position it is
necessary to calculate the change in the wavelength between adjacent concentration
changes (Figure 86) in effect calculating each individual shift between 0%-0.25%,
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0.25%-0.5%, 0.5%-0.75%, 0.75%-1% and 1-0% respectively. These data can be used
directly or if summed provide a measure of the wavelength shift from 0% for each
concentration. Figure 87 shows the derived statistical data illustrating the difference in
scale of response for increasing temperature. Interestingly in this case the response
appears to be linear over the range 0-1% in balance hydrogen in contrast to the earlier
proof of principle experiments, this could be a result of the improved Pd coating
techniques depositing a more homogeneous and purer Pd sample or may be indicative
of the increase in thermal noise in the system.
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Figure 87: Plots of derived shift in peak position of LPG due to hydrogen. a ) summed
shifts for each concentration b) individual point pairs.

6.3.4. Long Term Monitoring
It is possible to see from the complete long-term data set (Figure 88) that the drift in the
wavelength is reduced by an order of magnitude in comparison to the proof of principle
experiments. This is to be expected due to the improvements in the Pd deposition
technique underlining the necessity of ensuring a good coating quality for the use of this
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form of sensor. While this may form an issue for long term (years) monitoring the
relatively predictable nature of this drift should allow for it to be adequately subtracted.
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Figure 88: Dataset for LPG2 with linear fit to determine drift at 70°C and at 40°C,
there is insufficient data at 25°C to attempt a fit (experiment is still ongoing).

6.4. Modelling of Metal Jacketed LPG
6.4.1. Mode Calculation
The change from total internal reflection to a mode confined through a reflective metal
jacket makes it necessary to return to the LPG model to investigate its suitability. The
model, from Erdogan [18, 21, 22], described in Chapter 5 is based on the work laid out
in Tsao’s Optical Waveguide Analysis [66]. It is worth considering each assumption or
generalisation in turn in the case of a metal jacketed fibre.
The introduction of a metal layer to the outside of the fibre has no direct impact on the
core mode of a standard fibre as even the evanescent field does not penetrate through
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the cladding [36, 66]. However, depending on the coating technique and thickness of
the coating, it is possible that the introduction of a metal layer may cause stress effects
within the cladding.

Such stress effects would clearly have a large effect on the

cladding modes and with sufficient penetration into the fibre there is the potential for
interaction with the core mode and therefore a change to the effective refractive index.
In the case of our RF deposited 100nm Pd thin films we do not expect any interaction
between the core mode and metal layer. The Pd is simply too thin and deposited too
uniformly to introduce any overall or localised effects (cf. Chapter 3).
The cladding modes are, of course, altered as a result of the presence of the metal layer.
Change in the external index of refraction will inevitably alter the mode field
parameters and the effective refractive index. Not only this, but the mechanism of
guiding has also been changed, from total internal reflection to a hollow metal
waveguide like structure. The optics of hollow metal waveguides have been well
studied in the past [138, 139] and the mathematics required to describe them are well
documented. What is striking in this case is that there is such a small shift in the
coupling wavelength (and therefore in the cladding mode effective index) as a result of
depositing a metal jacket onto the fibre. This suggests that the difference between the
metal and non-metal coated fibres is relatively small. This suggests that it may be
possible to use Erdogan’s formula to describe the modes with relatively minor
alterations.
To evaluate this suitability we can return to the more general form of Erdogan’s
solution presented in Tsao (Chapter 9). Here it is interesting to note that the solution, an
implementation of the scalar Debye potentials, is valid for any circularly symmetric
three layer structure, including metal layers. As the Pd layer is homogeneous and flat it
is reasonable to assume that there is no breaking of the circular symmetry therefore it is
only necessary to justify the simplifications and assumptions made by Erdogan when
producing his formula to ensure that the validity of a metallic solution has not been lost.

The first of which is in the assumption of the sign of the quantities   and   (Eq. 35
& Eq. 36). In general these could be positive, the assumption used by Erdogan, or
cladding being higher than n1 or n2 respectively in other words (Eq. 76 & Eq. 77).

negative. Physically a negative sign is caused by the effective refractive index of the
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1 2 Á 0 ,dd 
2 2 Á 0 ,dd 

"$
"$

Ñ 1
Ñ 2

Eq. 76
Eq. 77

Mathematically this would require the substitution of the modified versions of the
phase term to cope with the imaginary  and  .

Bessel functions (I for J and K for Y respectively), and the inclusion of an additional

It is not entirely possible to rule this out. As part of the mode field extends outside of
the mode may increase to the point where it is higher than the cladding (  Á 0 ) or

the cladding into the metal layer it is conceptually possible that the effective index of
even core (  Á 0). Of course in reality what we see is that the effective index of the

mode is actually decreasing as a result of the introduction of the metal (this gives a
larger than the cladding and the choice of   ,   Ñ 0 is still general enough for our

positive λ shift). As such it is impossible for the mode effective indices to become

system.

Note that while the quantity Ò  does become negative this has no

consequence to the form of the Bessel functions required for solution and does not raise
additional difficulties in the mathematical treatment of the solutions.
Next is the choice of available cladding modes. An LPG will only couple between the
core mode and the co-propagating radially symmetric modes (LP0,ν).

A cursory

inspection of the mode calculations for a hollow metal waveguide in the visible and
near IR region demonstrates that these modes still exist [139]. There is no reason to
suppose that the introduction of a metal layer will alter the basic coupling mechanics of
the LPG. This is confirmed by the experimental observation that no mode disappears,
and no mode is introduced within the 1200-1600 nm region (§6.3.2). It is therefore safe
to assume that the LP0,ν modes and only the LP0,ν modes are required for a complete
model, in particular we continue to ignore coupling with the higher azimuthal order
LPm,ν modes.
The remainder of Erdogan’s assumptions are based on the LPG structure. In the case of
the metal jacketed fibre it is safe to assume that there is no change to any of the
assumptions of the LPG interaction for the same reason there is no change to the core
mode; the core (coupling) region is too far removed from the cladding-external
interface.
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The final assumption is mine, that there is no coupling between the cladding modes. In
effect the assumption that each cladding mode may be treated separately with no
cladding to cladding coupling (cf. Eq. 74). This assumption is primarily based on the
wavelength separation of individual cladding mode resonances. Although there may be
some cladding to cladding interactions in the wings of individual resonances the amount
of power in these regions is small enough that any inaccuracy introduced will be
insignificant.

The transmission spectrum after the introduction of the metal layer

(Figure 79) demonstrates that this is still the case. In fact, cladding resonance positions
are further separated as a result of the introduction of the metal layer.
A final consideration must go to the introduction of a complex index to the external
layer. This has the effect of changing real variables to complex variables across the
calculation. From a pure mathematical point of view this has little impact on the
calculation but in a programming environment care must be taken to ensure that the
   and    (Eq. 28) will gain non zero real components, however the solution of
variables

are

treated

correctly.

In

particular

the

dispersion

quantities

the dispersion relation is still dependant on the imaginary components becoming equal
(the real components will only tend to zero).

6.4.2. Fitting Modelled Transmission Spectra to Experimental Data
As the model outlined in Chapter 5 is applicable for the modelling of a metal jacket,
subject to careful handling of complex quantities, it is possible to build the necessary
simulation for one of the LPGs provided by the CGCRI, namely LPG1. n1, n2, a1, a2,
and the LPG specifications are assumed to have not altered from the uncoated state
while n3 has altered to a metal layer with refractive index equal to that measured by
ellipsometry in §3.6. By assuming that the metal layer is infinitely thick, i.e. above
70nm, then the three layer solution should accurately calculate the available modes and
hence the transmission spectrum. Figure 89 shows the theoretical and measured data
for LPG1. Of particular note here is that the LPG period has been modelled as slightly
lower 398.5µm rather than 400µm in order to provide a more accurate fit. This is
necessary because the LPG refractive indices were determined from the assumed period.
As there is an error in this period, there is also an error in the derived refractive index of
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the core. This becomes more apparent for the Pd coated LPGs as the miscalculation of,
in particular, the core mode results in a shift in the LPG coupling position (Eq. 1). To
compensate for this shift the modelled period of the fibre can be adjusted slightly.
Evidence for a mismatch in the optical constants can also be seen by the incremental
mismatch of the resonance position of the lower order modes in the plot.
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Figure 89: Plot of the modelled, blue line with points, and experimental, red points,
transmission spectrum for CGCRI LPG element 2.4. Note that a 0.4 dB loss has
been included due to measured connector losses in the measurement system.
Fitted values for L and ∆n have been derived via correlation analysis while the
period, Λ, has been set at 398.5 µm.

Overall, however, the fit between theoretical and experimental data is quite good aside
from the expected mismatch in coupling efficiencies. This was recorded in the in situmeasurements (§6.3.2) but does not seem to be caused by the optical presence of the
metallic layer and hence would not be included in the model of the LPG.
146

Chapter 6 – Palladium Jacketed Long Period Gratings
6.4.3. Sensitivity and Higher Order Modes
The sensitivity of an individual mode to stimuli, particularly to external refractive
index, is a difficult calculation. It is possible to derive sensitivity information by
calculating the mode phase matching conditions (resonant wavelength) over a range of
external indices but this is an extremely long and time consuming calculation.
Observation of the mode matching conditions provides much of the required
information at a fraction of the processing power and as such is a more convenient
means of observing expected mode sensitivity.
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Figure 90: Plot of the phase matching condition for the first 5 odd ordered modes
before (black) and after (red) the application of a 100 nm Pd layer.

Figure 90 shows the mode matching conditions for the first five odd ordered cladding
modes between 1200 and 1600 nm and over a range of grating periods of interest. Here
the gradient of the curve can be seen as analogous to the mode sensitivity – a lower
gradient will result in a larger wavelength change with a change in grating period (or
any other change to the LPG including external index) and therefore a higher sensitivity.
The plot indicates that with increasing mode order there is increasing sensitivity, this
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relates directly to the observation that I was unable to measure any change to the
LP0,1-0,7 modes with hydrogen absorption and only a small change in the LP0,9 mode (cf.
§6.2.2).
It is also interesting to note that the presence of a metal jacket does not significantly
alter the mode matching conditions of these modes – although there is a shift to higher
wavelengths and a small increase in sensitivity. As the response of the LP0,9 mode to
hydrogen is extremely small (~60 pm shift for 1% H2) it is logical to assume that
increasing the mode order further will result in an increased sensitivity. Indeed by
increasing the mode order sufficiently it should be possible to access modes exhibiting a
mode match turning point – i.e. maximum sensitivity due to the low gradient at a
turning point (c.f. §2.1.5) [49].
To access these higher order modes over the same wavelength range it is necessary to
decrease the grating period. Figure 91 shows the mode matching conditions, calculated
for a Pd jacketed fibre identical to LPG1, for the 10th-21st order modes. These modes
have been selected as they exhibit turning points within the 1200-1600 nm region. For
completeness the even order modes have also been included since the coupling
coefficients are small, but non-zero (cf. Figure 94).

Note that the calculation of the

even order modes is incomplete in the presence of the Pd layer. These modes have only
a very small effect on the dispersion relation (cf. §5.2.3) and as such are much harder to
find requiring a much higher resolution simulation than time allowed.
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Figure 91: Plot of the calculated coupled mode positions for the 10th-21st order modes
at the mode turning point for a bare LPG (black) and for an LPG coated in Pd
(red). Even and odd modes are alternated in solid and dashed lines for clarity.
The 17th and 18th order modes give a mode turning point at ~ 1550 nm for a
period in the region of 215 µm. Note that there are some gaps in the even order
lines (filled by dotted red line) caused by too low a resolution in the calculation of
the cladding modes.

Due to the shallow gradient of these modes it is reasonable to expect that they should all
exhibit sensitivity dramatically larger than the LP0,9 mode. As discussed in §2.1.5 the
presence of the turning point allows for double coupling, i.e. a single mode can couple
to two wavelengths simultaneously. A zoomed in plot of the 17th – 21st odd order
modes (Figure 92) shows the mode turning point decreasing in wavelength as the mode
order increases (dashed red line Figure 92). This provides the opportunity to perform
three forms of sensing. With a period lower than the turning point the mode will couple
to two wavelengths simultaneously [140].
monitored as a highly sensitive device.

Either of these wavelengths could be
Alternatively as the separation of these

wavelengths increases with decreasing period it is possible to inscribe a period ~4 µm
lower than the mode match position and use the two resonance peaks to double the
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sensitivity with a differential measurement [140]; they will move in opposite directions
with a change in external index (Figure 92). The third possibility is to inscribe a period
just above the mode turning point. Here the resonant wavelength will not change with
external index but rather the coupling efficiency will decrease as the mode moves
further from the coupling conditions [50]. This provides an intensity based sensor with
a single central wavelength of interest.
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Figure 93: Zoomed in plot of the 17th-21st odd order modes illustrating the decrease in
wavelength of the turning point with mode order (red dashed line).

The caveat with using such a system is that the mode matching profiles are extremely
flat. There is therefore relatively little margin for error in the period to be inscribed. In
addition the phase matching conditions before and after coating are not the same
(Figure 91). It is necessary to monitor the LPG transmission spectrum in a different
wavelength to the one required after coating in Pd, a problem which is discussed in
more detail in the following chapter.
The mode matching profiles, while useful, do not provide the complete picture. These
only provide information on the central coupling wavelength there is no information on
the strength of the resonance and hence how easy it would be to interrogate a mode.
This information is provided by the coupling coefficients. Figure 94 gives a plot of the
first 60 modes for a metal jacketed fibre identical to LPG1. The form of this plot is very
similar to the non-metal jacketed case (§2.1.5). Here we can see that at low mode
orders there is little or no coupling to the even order modes and that the overall shape
has a periodic function with a maxima in coupling coefficient between the 7th-19th
orders. This suggests that, with the correct choice of grating length, there should be
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strong coupling and hence a deep loss band due to these modes. Calculation of the even
order modes above order 12 is extremely challenging as the dispersion relation displays
little or no modification by these modes (cf. §5.2.3). As a result the even order coupling
coefficients have only been displayed up to the 12th order, however we can assume that
the higher order modes will display the same general form as the uncoated case (§2.1.5
Figure 11). Within the region of peak coupling the even order cladding modes exhibit
significantly lower coupling although this increases with mode order. This combined
with the mode wavelength separation (Figure 91) suggests that the < 21st order modes
should exhibit low or zero cross talk. At higher orders the wavelength separation
decreases and the even order mode coupling coefficient increases suggesting significant
cross talk between these modes and making them inadvisable for sensing use. In order
to access these higher coupling efficiencies, however, it will be necessary to calculate
the transition spectrum more formally and investigate the effect of the length of the
LPG.
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Figure 94: Plot of the coupling coefficients of the first 60 modes for a metal jacketed
fibre identical to LPG1. The red dashed line signifies the expected form (based
on the uncoated fibre mode coupling) of the missing even order modes above 12th.
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Figure 95 shows the transmission spectrum of the 17th order mode with a range of
lengths. Here we can see that we can preferentially couple to one or other peak by
increasing or decreasing the length of the LPG. In a double coupling arrangement it is
preferable to have roughly equal coupling and as such a length of 23.125 mm is optimal.
This then provides the last piece of information required to specify an ultra-sensitive
LPG-Pd sensor operating around the mode turning point. An LPG with a period (Λ) of
214 µm, a length (L) of 23 mm, a maximum index change (∆n) of 3.2 x10-4 RIU and a
sinusoidal profile will, theoretically, provide optimal sensitivity in the 1500 nm region.
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Figure 95: Calculated metal clad transmission spectrum for the double resonance 17th
order mode (214 µm period) coupling around 1550 nm over a variety of grating
lengths.

6.5. Conclusions
The results of the experiments outlined above demonstrate that it is possible to monitor
the absorption of hydrogen into a Pd coating through the change to the resonance
position of the cladding modes. The results, particularly the long term drift, highlight
the necessity for careful calibration of the coating process to ensure a flat homogeneous
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layer.

With poor quality coatings problems with surface adhesion have been

encountered leading to delamination on timescales of the order of days. With improved
lower energy deposition the delamination, while still present, is reduced by an order of
magnitude. There is, however, one outstanding issue with the coating process. There is
a decrease in the coupling coefficients of the modes during the coating process. Neither
the experimental nor the theoretical data supports this as being a consequence of the
optical change in the external (n3) layer nor does it appear to be a function of strain,
stress or fibre bending.

Most likely this is caused by some form of secondary

temperature effect – as the LPGs have been annealed to 200°C it cannot be as a result of
the fibre bleaching with increased temperature.
The response as a function of hydrogen deposition requires further investigation. The
initial, proof of principle experiments demonstrated a non-linear response in the 0-1%
range while the later experiments displayed more of a linear response. This may well be
the consequence of the improved coating technique, with the island like structures of the
earlier experiments giving a non-linear absorption distribution while the later
experiments provide a smooth absorption of hydrogen.
The theoretical model of the LPG system provides a good agreement to the
experimental. However there are issues with the optical constants and assumptions
regarding the periodicity of the LPGs which give relatively large margins of error for
the modelling. This is particularly true for the modelling of the higher order modes, an
error of as little as 1 µm in the periodicity results in a change to the resonant position of
70 nm, to say nothing of the error due to the assumptions of the fibre refractive indices.
The mode matching conditions for the first ~ 25 modes have been investigated and the
sensitivity, within the 1200-1600 nm region has been found to increase with mode
order.

The 17th-21st order modes exhibit phase matching turning points giving a

maximum sensitivity (up to 20 times that of the LP0,9 mode). Combined with the plots
of coupling coefficient, where the odd order 17th-21st modes are close to maximum and
the even order modes are close to zero maxes these modes an attractive possibility for
LPG-Pd hydrogen sensing. This must be tempered by the limitations of manufacture
and modelling, an issue which will be more thoroughly discussed in the following
chapter which pulls together all information in the thesis and discusses the viability of
the use of LPGs for hydrogen sensing.
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A palladium coated LPG makes an attractive prospect as a hydrogen sensor.
Many of the difficulties in characterising the complex metal jacketed LPG system
have been addressed including:
•

Characterisation of our Pd deposition technique (RF sputter coating) has been
carried out and significant deviations between the optical properties of our thin
films and the (widely varying) literature values have been found

•

The effect of absorption of hydrogen on the complex refractive index of Pd
have been directly measured for the first time showing discrepancies between
these data and published assumptions

•

The modelling of metal jacketed LPGs including the development of a full
analytical model of an LPG with a metallic overcoat demonstrating higher
order cladding modes with a phase match turning point and therefore higher
sensitivities to hydrogen

•

Studies on the effect of Pd coating quality on long term stability and hydrogen
response (drift) have been carried out resulting in an improvement of an order
of magnitude

•

Direct measurement of LPG refractive index profile along the axis of the fibre
has been attempted and the partially successful results indicate that the
proposed improved technique should provide the required resolution. This is
to be achieved with the continued collaboration between the CGCRI and
ourselves turning the QPM proof of principle results presented in this thesis
into a useful characterisation tool

There are outstanding issues to address to allow the system to operate to its best
potential
• An attempt should be made to couple to the higher order, more sensitive
cladding modes. At present the inscription setup at the CGCRI is unable to
inscribe short periods of the order of 200 µm, however following a significant
redesign this should be possible
• The exact refractive index changes in Pd as a function of hydrogen need to be
further investigated either by ellipsometry or with a redesigned SPR system
designed to minimise surface contamination of the Pd
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LPGs are a complex system responding to stress, strain, temperature, vibration,
bending, and external refractive index. Even in an idealised system, isolated from
unwanted interference the transmission spectrum of the LPG is difficult to understand
as the interaction of multiple resonance conditions which depend on the grating period,
the grating length, index contrast between core and cladding, the wavelength, the
external index (i.e. the environment) and the grating refractive index perturbation
profile all play their parts. With the introduction of a metal layer, like Pd, the already
complex LPG system becomes even more difficult to characterise.
The increased understanding of the mechanics of our RF sputter coating technique for
the deposition of Pd films has been a major step forward in the characterisation of the
Pd-LPG system.

The results of the ellipsometry analysis (§3.6) underlines the

importance of ensuring that thin films of Pd are well characterised and not to rely solely
on published library data. In addition the results presented in (Chapter 6) underline the
importance of a well characterised coating technique. Without a flat homogeneous
coating many of the assumptions essential for the analysis of the LPG-Pd system are
invalid.
The measurements of the optical properties of Pd as a function of hydrogen absorption
require some clarification. In particular there is discrepancy between the results in
regard to the linearity of the optical change in absorbing 0-1% H2. Here the proof of
principle experiments (§6.2) suggest a non-linear response, although this may be a
result of inhomogeneities in the Pd deposition. The results from the surface plasmon
resonance (SPR) (§3.7) and characterised gratings (§6.3) suggest more of a linear
change within this range although here the quality of data is insufficient to be definitive.
The results suggest that the real and imaginary components of the refractive index are
both decreased on exposure to hydrogen, as has been assumed in previous publications,
but not equally, which was not previously assumed.
The relatively large differences in the measured permittivities of the deposited Pd layers
as measured by SPR experiment suggest that the technique is simply too sensitive to
surface quality to be of practical use. Should the experiment be reproduced a significant
redesign of the apparatus will be necessary. In particular extreme measures must be
taken to prevent surface contamination. Plastic tubing should be replaced with metal
and a bake-out regime may be required to purge all contaminants from the system prior
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to use. The purity of the gases in this case is not thought to be an issue. The angular
resolution and accuracy can also be further improved by including a low tolerance (10'
at most) gearing system to automatically move the detector at twice the rate of the prism
during rotation. This would help considerably in addressing issues in reproducible
measurements of the transmitted power as a function of detector angle. A motorised
stage for the prism would also be a considerable improvement, decreasing measurement
times (and therefore limiting the system noise further) as well as improving accuracy in
the angular positioning of the prism. The extremely broad surface plasmon resonance
of Pd cannot be helped however and this is liable to be a limiting factor in the accuracy
of this measurement technique.
The theoretical model for the calculation of the transmission spectrum of the LPG is a
potentially powerful tool.

The calculation of the transmission spectrum of a bare

uncoated fibre shows good agreement between experimental and theoretical data
(§6.4.2), limited only by the accuracy of the optical characterisation of the LPG.
Appling the theoretical model in the presence of a Pd layer to design an optimal sensing
element should thus be regarded with some caution. The theoretical model outlined in
(Chapter 5 & §6.4) should be regarded as a close approximation due to the lack of
verifiable measured data concerning the specifications of the LPG.
The spatial dimensions (i.e. radii) of standard telecoms fibres are well documented and
can be considered to be accurate enough for modelling as the UV inscription and
coating processes will not change these dimensions. The refractive index of the fibre
core and cladding are a different matter. The fibre cladding has been assumed to be
pure fused silica – which for an SMF-28TM fibre should be an accurate assumption. As
there are no Ge-O or Ge-Si sites in the cladding region it will be unaffected by the UV
writing process although there is a temporary change to the refractive index due to the
hydrogen loading of the fibre. Post inscription annealing should effectively eliminate
any residual hydrogen from the cladding (and the core) and it will return to the well
characterised refractive index of fused silica.
The core of the fibre is doped with germanium. The exact doping concentration,
and - or the resultant refractive index is not provided by the manufacturer. While it
would be quite possible to directly measure the optical properties of the core of an
SMF-28TM this would not necessarily provide the required information. The LPG UV
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writing process can include the introduction of a dc component within the core, on
which the actual ac grating resides. Furthermore the annealing process again changes
the core refractive index. The measured refractive index of the core of an SMF-28 TM is
therefore not the same as the core of an SMF-28 TM with an LPG written into it. This
makes a considerable difference to the modelling of the effective index of the LPG
modes. This primarily affects the core mode as the majority of the power is in this
region. But the effect on the cladding modes should not be underestimated. As the
coupling occurs as a result of the mode field overlap, which is almost exclusively in the
core, accurate determination of the core refractive index is important to calculate the
coupling coefficients. Additionally the wavelength of the coupling resonance between
modes is dependent on the difference between the core and the cladding effective
indices.
In this thesis the optical properties of the LPG have been determined by using this
‘difference’ relation. In effect the optical properties of the core have been calculated
from the period of the LPG. This provides the single largest source of error for the
modelling process. There will inevitably be some error in the inscribed period, which
will have a knock on error in the core index, the effective indices, the resonant coupling
wavelengths and the coupling coefficients. In short every part of the simulation. In the
case of the LPGs manufactured by the CGCRI the period error in writing is determined
by the size of the slit used for illumination and the accuracy of the positioning system
for the slit (it is a multi-pass irradiation system, a misalignment between passes will
result in a change in the period). Even assuming that these errors can be minimised
there is still some uncertainty in the actual LPG period due to the fibre being held under
strain during the wring process. Once released from the writing process the fibre will
contract slightly, shortening the period (e.g. 500 µε will increase a 400 µm period by
0.1 µm). Measured strain in the fibre during inscription is 606 µε and as such a
significant shift to the period is not expected although it does add to the uncertainty. In
theory this could be managed by carefully measuring the level of strain in the LPG
during the writing process, but this would require some significant redesign of the fibre
mounts. Finally it is reasonable to assume that the absorption of UV in both the core
and cladding regions will increase the temperature of the fibre. The resultant thermal
expansion will decrease the strain on the fibre bringing further complication to the
written period.
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All of which combines to give an LPG inscription process where the period of the fibre
is likely to be inscribed with, at best, an accuracy of ±0.1 µm. As this is a multi-pass
system there is also the possibility that this error will be between individual periods
which will give rise to apodization like effects in the transmission spectrum. The
finesse of using a 200 µm slit to inscribe a 400 µm period is also a possible issue. It is
simply not possible to inscribe a true sinusoid or square wave with this system. What is
worse is that these errors are likely to be non-systematic i.e. that in attempting to
inscribe a series of identical fibres the period of each will be different. That being said
there is less scope for error in the maximum perturbation within the fibre, the strength
of the grating. Provided that the pulse time and power of the UV source is not altered
and that each period is made of the same number of passes there is little scope for an
error in the total refractive index change.
With the inclusion of the metal layer into the model there is the potential for further
error due to the error in the refractive index of the Pd. The lower order odd modes (1-9)
demonstrate a reasonable fit between experimental data and theoretical model but there
was a significant discrepancy once the Pd layer was included. It was necessary to alter
the period of the LPG by 1.5 µm (400 µm to 398.5 µm) to correctly align the position of
the LP0,9 loss band – a process which suggests that there was an error in the period of
the fibre which has been exacerbated by the inclusion of the Pd layer. This is certainly a
direct result of assuming, incorrectly, that the quoted period of 400 µm was 100%
accurate. As the mode order increases so too does the sensitivity and as a result the
impact of any error in the LPG specifications. At higher order modes it is reasonable to
expect that there will be a more significant discrepancy between theoretical and
experimental data.
The intended use of an LPG, with a metal jacket, also has an impact on the inscription
process. At present, the CGCRI fine tune the inscription by attempting to match the
spectral transmission to an expected theoretical profile. In the case of a Pd coated LPG
the spectral profile during this wring process will not correspond to the final spectral
profile after the application of the Pd layer. As the difference between the transmission
spectrum before and after coating increases with mode order it is reasonable to assume
that this will be exacerbated for the higher, more sensitive modes. This effectively
means that it is necessary to calculate two transmission spectra, one for the uncoated
LPG and one for the coated LPG. Fortunately the shift in the spectral position is not
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significant enough to move the mode outside of the 1200-1600 nm region.

It is

therefore possible to monitor a mode at a lower wavelength during the coating process
with the expectation that it will shift to increased wavelength after Pd deposition
(Figure 97).
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Figure 96: Reproduction of Figure 94. Plot of the coupling coefficients of a Pd coated
LPG at 1550 nm similar to LPG1. Only a few even order modes have a high
enough coupling coefficient to be of practical use but these will interfere with
nearby (in wavelength) odd order modes. Odd modes above 23rd order have low
coupling coefficients, modes below 15th order have low sensitivity. The 21st-26th
order modes have even-odd order cross talk limiting useful devices to the 15th,
17th and 19th order modes (green ellipse).

The sensitivity of the mode is not the only criteria for selection it is also necessary to
consider the effect of the coupling coefficients. Figure 96 reproduces the coupling
coefficient data presented in §6.4.3. A highly sensitive mode with a low coupling
coefficient can be considered to be useless as it will be too challenging to monitor the
peak loss position. We can therefore consider that only the 7th-13th order odd modes are
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worth consideration for a sensor based on the maximum in coupling coefficient.
Furthermore from the phase matching conditions we can see that the modes below the
~13th order have low sensitivity. Lastly we have noticed that the decreasing wavelength
separation between odd and even order modes above the 19th order – and the increasing
even order coupling coefficient renders these modes unsuitable due to cross talk. This
leaves only the 15th, 17th and 19th order (odd) modes.

Pre Coating

15

th

Post Coating

240

Grating Period, Λ (µm)

26.5µm

220

17

th

19

th

21.8µm
200

5.2µm
180
1.20

1.25

1.30

1.35

1.40

1.45

1.50

1.55

1.60

Wavelenght, λ (µm)

Figure 97: Phase match plot of the 15th-19th Pd coated odd order modes. Illustrating
decreasing period window with increasing mode order.

Designing an LPG element to fit to the most useful sensitive modes (15-19th) is likely to
be a difficult process. The optimal position for sensitivity is the mode match turning
point but the risk of over or under shooting this position is great. If the inscribed period
(or modelled period) is too long then the LPG may fail to couple to any modes or to do
so only very weakly. Conversely if the period is too short then the desired mode may
couple to two wavelengths so widely separated that it is impractical to measure them
both simultaneously. The tolerances for the inscription process can be best quantified
by considering the range of periods which a particular mode can couple to over the
161

Chapter 7 - Conclusions
desired wavelength range. For example the 19th order mode of a Pd coated LPG will
provide one or more resonant wavelengths within the 1200-1600 nm region for periods
between 182 and 187 µm (a period window of 5.1 µm, Figure 97). This effectively
means that if coupling within this region is required the LPG must be inscribed to a
period of 184.5 µm with a tolerance of ±2.54 µm – including any error in the theoretical
optimal position.

Table 4: Specification for a single wavelength high sensitivity LPG sensor. * Calculated
via the required LPG period and tolerance.
Parameter

Specification

Tolerance

Fibre Type

SMF-28TM

NA

Period (Λ)

236.5 µm

±10 µm

Length (L)

21.5mm

±0.2mm

Max Index Change (∆n)

3.2x10-4 RIU

±0.1x10-4 RIU

Coupling λ during inscription*

1316nm

1218-1452nm

Coupling λ after coating*

1335nm

1230-1498nm

The only choice is therefore to concede that there will be some inaccuracy in both the
modelled phase matching conditions and in the inscription process and modify the
design to anticipate this. This simplest approach here is to abandon the most sensitive
modes and couple to a slightly lower mode order. For example the 15th order mode has
a period window of 26.5 µm in the 1200-1600 nm region (Figure 97), although the
mode match turning point is outside of the monitoring region the mode will still be
significantly more sensitive than the 9th order mode. This is an attractive possibility for
creating a “fool proof” LPG sensor. During the inscription process the 15th order mode
(black line Figure 97) can be monitored and provided that it is observed to be coupling
in the 1300-1500 nm region it will be within the 1200-1600 nm regime after coating.
This of course requires some flexibility in terms of the central wavelength of the
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interrogation system but as only one loss band needs to be monitored this should be
quite possible.
This then provides a high tolerance sensitive LPG specification (Table 4), with the

Grating Period, Λ (µm)

accompanying phase match diagram (Figure 98):
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Figure 98: Phase diagram for the inscription of a high tolerance sensitive LPG
operating with the 15th order mode. Phase curves before (black) and after (red)
Pd coating are included with period and wavelength parameters defined in
Table 4.

The second option is to consider the possibility of tuning the LPG period after coating.
This can be done by applying strain. This requires less adaptation of the sensing system
than may be originally apparent as the LPG requires a small amount of strain to prevent
bend losses anyway. There is also no need to exactly measure the amount of strain
applied, it is sufficient to simply increase the strain until the desired transmission
spectrum is achieved. This process is, of course, mono-directional. It is not practical to
apply compression to a fibre. As such it is necessary to deliberately write the LPG with
a shorter period than desired.
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An estimated 3mε can be applied to the LPG before there is significant alteration of the
modes. For a ~200 µm period LPG (17th order with turning point at ~1570 nm) this
corresponds to a maximum increase in period of 0.6 µm. By deliberately creating the
LPG with a period 0.3 µm less than required the tolerances increase to ±0.3 µm which,
although small, are within the capabilities of manufacturing and a test LPG should
provide the required information to compensate for the error in the theoretical position.
This provides a specification for a ultra-high sensitivity but lower tolerance LPG as
follows (Table 5 & Figure 99):

Table 5: Specification for a double wavelength ultra high sensitivity LPG sensor.
* Calculated via the required LPG period and tolerance.
Parameter

Specification

Tolerance

Fibre Type

SMF-28TM

NA

Period (Λ)

211.5 µm

±0.3 µm

Length (L)

23.125 mm

±0.125 mm

Max Index Change (∆n)

3.2x10-4 RIU

±0.1x10-4 RIU

Coupling λ during inscription*

1415 nm

1405-1426 nm

Coupling λ after coating*

1509 nm

1485-1575 nm

164

Chapter 7 - Conclusions
218.0
217.5
Pre Coating

217.0

Grating Period, Λ (µm)

216.5
216.0
215.5
215.0
214.5
214.0
213.5

214.2µm

Post Coating

214.5µm

3mε tuning

213.9µm

213.0
212.5
212.0
1.350

1.375

1.400

1.425

1.450

1.475

1.500

1.525

1.550

1.575

1.600

Wavelenght, λ (µm)

Figure 99: Phase diagram for the inscription of a low tolerance ultra sensitive LPG
operating with the 17th order mode. Phase curves before (black) and after (red)
Pd coating are included with period and wavelength parameters defined in
Table 5.

As an additional benefit the post inscription tuning of an LPG gives the potential for a
single LPG to access all three higher mode order sensing regimes. With a period above
the phase match turning point the mode will no longer be sensitive in wavelength space,
instead a further increase in the period will change only the coupling coefficient (cf.
Figure 92).

In this manner it becomes an amplitude based sensor which may be

desirable for particular applications.
At a period just below the phase matched turning point the mode will simultaneously
couple to two, close together periods. As the phase matching conditions of these two
resonant positions converge at the phase matching point this gives two losses which
move in opposite directions as the result of external stimuli. By taking a differential
measurement this potentially gives a doubling in sensitivity. Finally only one of these
peaks could be monitored simplifying the interrogation of the sensor, yet would still
provide a comparatively sensitive sensor.
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For a given application it is therefore necessary to carefully consider the limits of
manufacture, the accuracy of the optical constants used for the modelling, the
wavelengths to be monitored and the required sensitivity of the sensor. With these
parameters in mind it is quite possible to design an optimal LPG specification including
built in compensation for expected errors.
These errors in the modelling process can be further reduced by accurately
characterising a written LPG element. Provided that there is some expectation of
repeatability in the inscription process this should allow for accurate determination of
the optical properties of an LPG and further reduce the uncertainties in a design LPG
specification. At present there is no means to characterise an LPG profile, by which we
mean determine the core refractive index, the profile of the inscribed refractive index
change in z, the period, the maximum index change and the ac and dc components of
the UV induced change in refractive index. The proof of principle experiment in (§4.3)
using quantitative phase microscopy (QPM) provides an attractive possibility.
This technique will ideally give the phase of a single wavelength propagating through
the side of the fibre as a function of the cross section. This phase information would
allow for direct measurement of the period, the maximum index perturbation and, by
comparing the difference between core and cladding, the core refractive index. The
prototype schematic in (§4.3), with a specially designed curved grating, should provide
this information for a single wavelength, ideally the central wavelength of interest (e.g.
1550 nm). This project is scheduled to continue as a collaboration between the CGCRI
and the Applied Optical Physics group here at HWU. The eventual outcome is a robust
dedicated system intended to specifically characterise LPGs. Such a device would also
prove a powerful, useful tool for the characterisation of the LPG inscription process.
In conclusion the LPG-Pd sensor has potential.

If issues in manufacturing and

theoretical modelling can be addressed, it is possible to write an LPG sensor with a high
sensitivity to the changes in the refractive index of Pd to hydrogen absorption. The
temporal response of the Pd (i.e. absorption time) is such that it is unlikely to find use in
safety applications where speed of response is critical. This could be addressed by
heating the LPG to improve absorption but unless an optical heating arrangement can be
implemented this would detract from the advantages of an all optical system. For the
application proposed by AWE the monitoring times can be recorded in the order of
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weeks and months and as such temporal responses in the order of hours are quite
acceptable.
Any bends within the LPG region will quickly shutdown or at least modify coupling
between core and cladding modes and therefore alter the characteristics of the sensor.
This requires that the mounting of any LPG element include a nominal strain, which
will shift the LPG peak position. Care must be taken to ensure that this strain does not
change over time but this is primarily a problem in the packaging of the sensor.
Correctly implemented this strain can be turned into an advantage, tuning the grating
period.
As the thermal coefficient of the LPGs gives a response to 1K of temperature change,
on a similar scale as the response to 1% H2, as shown experimentally in this thesis,
temperature compensation would also need to be implemented, even in a closed system
like the one required by AWE with low temperature fluctuations. This need is increases
when using a double coupling differential measurement with higher order modes
implmented. One possibility is to implement a temperature sensor, such as a FBG,
either in the same fibre but separated in wavelength, or in a separate fibre. Alternatively
a polarisation maintaining fibre with a Pd coating aligned to one optical axis could
provide differential temperature compensation however this has not yet been attempted.
Depending on the application care must be taken over the two stage temperature
dependence, there is a shift to the LPG position, the scale of response to H2 and the rate
of response to H2. In slow systems, like the one required by AWE, the LPG and H2
absorption scale shift could be directly compensated for while the rate of reaction can be
ignored.
Long term stability is a potential issue due to delamination of the sensor layer due to
weak adhesion, contamination and cyclic straining when exposed to hydrogen. Careful
deposition of the Pd coating should provide a sensor with a lifetime in excess of 2 years
at room temperature but higher temperatures will accelerate the aging process. The use
of a keying layer is unlikely to assist matters as this will interfere with the interaction
between the evanescent cladding mode and the Pd layer reducing the sensitivity. An
alternative is a capping layer designed to allow hydrogen to permeate through it but to
keep the Pd in place. One such possibility is a hydrophobic air gel layer which would
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have the added benefit of reducing contamination issues, particularly with humidity
which will otherwise kill the sensing.
The key problem in the use of LPGs as sensing elements is the difficulty in reproducible
manufacture and in isolating the desired LPG signal from the large number of
measurands. Solving these issues is largely an application specific process which is
both difficult and time consuming. It is for these reasons that LPG based sensors have
not been taken up by industry as rapidly or enthusiastically as FBG based sensors.
However, future research and development might change this perception and there are
still areas where LPG based sensors have a significant advantage over other sensor
concepts and the prime time for LPG based sensor technology might yet come.

168

Appendix A – Long Period Grating Mathematica Code

Appendix A: Long Period Grating Mathematica Code

169

Appendix A – Long Period Grating Mathematica Code

170

Appendix A – Long Period Grating Mathematica Code

171

Appendix A – Long Period Grating Mathematica Code

172

Appendix A – Long Period Grating Mathematica Code

173

Appendix A – Long Period Grating Mathematica Code

174

Appendix A – Long Period Grating Mathematica Code

175

Appendix A – Long Period Grating Mathematica Code

176

Appendix A – Long Period Grating Mathematica Code

177

Appendix A – Long Period Grating Mathematica Code

178

Appendix A – Long Period Grating Mathematica Code

179

Appendix A – Long Period Grating Mathematica Code

180

Appendix A – Long Period Grating Mathematica Code

181

Appendix A – Long Period Grating Mathematica Code

182

Appendix A – Long Period Grating Mathematica Code

183

Appendix A – Long Period Grating Mathematica Code

184

Appendix B – Quantitative Phase Microscopy Model

Appendix B: Quantitative Phase Microscopy Model

185

Appendix B – Quantitative Phase Microscopy Model

186

Appendix B – Quantitative Phase Microscopy Model

187

Appendix B – Quantitative Phase Microscopy Model

188

Appendix B – Quantitative Phase Microscopy Model

189

Appendix B – Quantitative Phase Microscopy Model

190

Appendix B – Quantitative Phase Microscopy Model

191

Appendix B – Quantitative Phase Microscopy Model

192

Appendix B – Quantitative Phase Microscopy Model

193

Appendix B – Quantitative Phase Microscopy Model

194

Appendix B – Quantitative Phase Microscopy Model

195

Appendix B – Quantitative Phase Microscopy Model

196

Appendix B – Quantitative Phase Microscopy Model

197

Appendix B – Quantitative Phase Microscopy Model

198

Appendix C – Surface Plasmon Resonance Model

Appendix C: Surface Plasmon Resonance Model

199

Appendix C – Surface Plasmon Resonance Model

200

Appendix C – Surface Plasmon Resonance Model

201

References

References
[1]

[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

[10]

[11]
[12]
[13]
[14]
[15]

[16]
[17]
[18]
[19]

[20]
[21]
[22]

I.B.O.W.M., and B. N. Taylor, [The international system of units (SI)] US Dept. of
Commerce, Technology Administration, National Institute of Standards and
Technology, (2001).
D. Colladon, “Sur les réflections d'un rayon de lumiére à l'intérieur d'une veine liquid
parabolique,” Comptes Rendus, 15, 800-802 (1842).
G. P. Agrawal, [Fiber-optic communication systems] Wiley New York, (1997).
B. Dussardier, and W. Blanc, "Novel Dopants for Silica-Based Fiber Amplifiers,"
National Fiber Optic Engineers Conference, 1-3 (2007).
J. Wilson, and J. Hawkes, [Optoelectronics an Introduction] Prentice Hall, (1998).
T. Huebert, L. Boon-Brett, G. Black et al., “Hydrogen sensors - A review,” Sensors and
Actuators B-Chemical, 157(2), 329-352 (2011).
S. F. Silva, L. Coelho, O. Frazao et al., “A Review of Palladium-Based Fiber-Optic Sensors
for Molecular Hydrogen Detection,” IEEE Sensors Journal, 12(1), 93-102 (2012).
K. C. Lin, C. J. Lin, and W. Y. Lee, "Effects of gamma radiation on optical fibre sensors,"
IEEE Optoelectronics, 151, 12-15 (2004).
E. V. Anoikin, A. N. Guryanov, D. D. Gusovsky et al., “UV and gamma-radiation damage
in silica glass and fibres doped with germanium and cerium,” Nuclear Instruments &
Methods in Physics Research Section B-Beam Interactions with Materials and Atoms,
65(1-4), 392-396 (1992).
E. M. Dianov, I. A. Bufetov, A. A. Frolov et al., “Catastrophic destruction of optical
fibres of various composition caused by laser radiation,” Quantum Electronics, 32(6),
476-478 (2002).
E. M. Dianov, L. S. Kornienko, E. P. Nikitin et al., “Radiation-optical properties of silicaglass fiber-optic waveguides,” Kvantovaya Elektronika, 10(3), 473-496 (1983).
M. N. Ott, "Radiation effects data on commercially available optical fiber: database
summary," IEEE Radiation Effects Data Workshop, 24-31 (2002).
E. M. Dianov, K. M. Golant, R. R. Khrapko et al., [Radiation resistance of optical fibres
with fluorine-doped silica cladding], (1994).
E. Dianov, K. Golant, R. Khrapko et al., “Nitrogen doped silica core fibres: a new type of
radiation-resistant fibre,” Electronics Letters, 31(17), 1490-1491 (1995).
N. Nikitenkova, A. Hashhashb, T. Sigfussonc et al., "Study of the Hydrogen–Metal
Systems," International Congress on Advances in Applied Physics and Materials
Science, (2012).
A. Othonos, K. Kalli, D. Pureur et al., “Fibre Bragg gratings,” Wavelength Filters in Fibre
Optics, 189-269 (2006).
R. Kashyap, [Fiber bragg gratings] Academic Press, (1999).
T. Erdogan, “Cladding-mode resonances in short- and long-period fiber grating filters,”
Journal of the Optical Society of America A, 14(8), 1760-1773 (1997).
E. Anemogiannis, E. N. Glytsis, and T. K. Gaylord, “Transmission characteristics of longperiod fiber gratings having arbitrary azimuthal/radial refractive index variations,”
Journal of Lightwave Technology, 21(1), 218-227 (2003).
A. Cusano, A. Iadicicco, P. Pilla et al., “Mode transition in high refractive index coated
long period gratings,” Optics Express, 14(1), 19-34 (2006).
T. Erdogan, “Cladding mode resonances in short- and long-period fibre grating filters:
errata,” Journal of the Optical Society of America A, 17(11), 2113 (2000).
T. Erdogan, “Fiber grating spectra,” Journal of Lightwave Technology, 15(8), 1277-1294
(1997).

202

References
[23]

[24]

[25]
[26]

[27]
[28]
[29]

[30]

[31]

[32]
[33]
[34]
[35]
[36]

[37]
[38]

[39]

[40]
[41]

R. Hou, Z. Ghassemlooy, A. Hassan et al., “Modeling of long-period fibre grating
response to refractive index higher than that of cladding,” Measurement Science and
Technology, 12, 1709-1713 (2001).
H. J. Patrick, A. D. Kersey, and F. Bucholtz, “Analysis of the response of long period
fiber gratings to external index of refraction,” Journal of Lightwave Technology, 16(9),
1606-1612 (1998).
D. B. Stegall, and T. Erdogan, “Leaky cladding mode propagation in long-perod fiber
grating devices,” IEEE Photonics Technology Letters, 11(3), 343-345 (1999).
K. O. Hill, Y. Fujii, D. C. Johnson et al., “Photosensitivity in optical fiber waveguides:
Application to reflection filter fabrication,” Applied Physics Letters, 32(10), 647-649
(1978).
D. P. Hand, and P. S. J. Russell, “Photoinduced refractive-index changes in
germanosilicate fibers,” Optics Letters, 15(2), 102-104 (1990).
D. K. W. Lam, and B. K. Garside, “Characterization of single-mode optical fiber filters,”
Applied Optics, 20(3), 440-445 (1981).
B. A. Childers, M. E. Froggatt, S. G. Allisonb et al., “Use of 3000 Bragg grating strain
sensors distributed on four eight-meter optical fibers during static load tests of a
composite structure,” Laser, 2(C1), C2 (2001).
G. D. Lloyd, L. A. Everall, K. Sugden et al., “Resonant cavity based fibre Bragg grating
sensor interrogation using ratiometric detection,” Optical Communications, 244(193197), (2005).
M. Majumder, T. K. Gangopadhyay, A. K. Chakraborty et al., “Fibre Bragg gratings in
structural health monitoring - present status and applications,” Sensors and Actuators
A: Physical, 147(1), 150-164 (2008).
Y. J. Rao, “In-fibre Bragg grating sensors,” Measurement Science and Technology, 8,
355-375 (1997).
A. Trouillet, E. Marin, and C. Veillas, “Fibre gratings for hydrogen sensing,”
Measurement Science and Technology, 17, 1124-1128 (2006).
R. R. J. Maier, B. J. S. Jones, J. S. Barton et al., “Fibre optics in palladium-based
hydrogen sensing,” Journal of Optics A: Pure and Applied Optics, 9(6), S45-S59 (2007).
V. Bhatia, “Applications of long-period gratings to single and multi-parameter sensing,”
Optics Express, 4(11), 457-466 (1999).
K. Gao, J. X. Geng, A. B. Yu et al., “Characteristics of metal-coated long-period fiber
gratings,” Optical Fiber and Planar Waveguide Technology II (Proceedings of SPIE),
4904, 166-170 (2002).
S. W. James, and R. P. Tatam, “Optical fibre long-period grating sensors: Characteristics
and applications,” Measurement Science and Technology, 14, R49-R61 (2003).
V. Bhatia, D. K. Campbell, D. Sherr et al., “Temperature-insensitive and straininsensitive long-period grating sensors for smart structures,” Optical Engineering,
36(7), 1872-1876 (1997).
L. Zhang, Y. Liu, L. Everall et al., “Design and realization of long-period grating devices
in conventional and high birefringence fibers and their novel applications as fiber-optic
load sensors,” IEEE Journal of Selected Topics in Quantum Electronics, 5(5), 1373-1378
(1999).
B. Lee, and J. Nishii, “Cladding-surrounding interface insensitive long-period grating,”
Electronics Letters, 34(11), 1129-1130 (1998).
B. H. Lee, Y. Liu, S. B. Lee et al., “Displacements of the resonant peaks of a long-period
fiber grating induced by a change of ambient refractive index,” Optics Letters, 22(23),
1769-1771 (1997).

203

References
[42]

[43]

[44]

[45]
[46]

[47]
[48]
[49]

[50]
[51]

[52]

[53]
[54]

[55]
[56]
[57]

[58]

[59]
[60]

D. M. Costantini, C. A. P. Muller, S. A. Vasiliev et al., “Tunable loss filter based on
metal-coated long-period fiber grating,” IEEE Photonics Technology Letters, 11(11),
1458-1460 (1999).
O. Duhem, A. DaCosta, J. F. Henninot et al., “Long period copper-coated grating as an
electrically tunable wavelength-selective filter,” Electronics Letters, 35(12), 1014-1016
(1999).
Y.-J. He, Y.-L. Lo, and J.-F. Huang, “Optical-fiber surface-plasmon-resonance sensor
employing long-period fiber gratings in multiplexing,” Journal of the Optical Society of
America B, 23(5), 801-811 (2006).
A. K. Sharma, R. Jha, and B. D. Gupta, “Fiber-optic sensors based on surface plasmon
resonance: A comprehensive review,” IEEE Sensors Journal, 7(8), 1118-1129 (2007).
T. P. Leervad Pedersen, C. Liesch, C. Salinga et al., “Hydrogen-induced changes of
mechanical stress and optical transmission in thin Pd films,” Thin Solid Films, 458(1-2),
299-303 (2004).
O. Heavens, “Optical properties of thin films,” Reports on Progress in Physics, 23, 1
(1960).
X. Shu, X. Zhu, Q. Wang et al., “Dual resonant peaks of LP015 cladding mode in longperiod gratings,” Electronics Letters, 35(8), 649-651 (1999).
C. S. Cheung, S. M. Topliss, S. W. James et al., “Response of fiber-optic long-period
gratings operating near the phase-matching turning point to the deposition of
nanostructured coatings,” Journal of the Optical Society of America B, 25(6), 897-902
(2008).
V. Grubsky, and J. Feinberg, “Long-period fiber gratings with variable coupling for realtime sensing applications,” Optics Letters, 25(4), 203-205 (2000).
R. M. Atkins, P. J. Lemaire, T. Erdogan et al., “Mechanisms of enhanced UV
photosensitivity via hydrogen loading in germanosilicate glasses,” Electronics Letters,
29(14), 1234-1235 (1993).
S. A. Slattery, and D. N. Nikogosyan, “Long-period fiber grating inscription under highintensity 352 nm femtosecond irradiation: Three-photon absorption and energy
deposition in cladding,” Optics Communications, 255(1-3), 81-90 (2005).
G. Meltz, W. W. Morey, and W. H. Glenn, “Formation of Bragg gratings in optical fibers
by a transverse holographic method,” Optics Letters, 14(15), 823-825 (1989).
A. Martinez, I. Y. Khrushchev, and I. Bennion, “Thermal properties of fibre Bragg
gratings inscribed point-by-point by infrared femtosecond laser,” Electronics Letters,
41(4), 176-178 (2005).
M. Fujimaki, Y. Ohki, J. L. Brebner et al., “Fabrication of long-period optical fiber
gratings by use of ion implantation,” Optics Letters, 25(2), 88-89 (2000).
E. M. Dianov, V. I. Karpov, M. V. Grekov et al., "Thermo-induced long-period fibre
gratings." 2, 53-56 vol. 2.
C. S. Kim, Y. Han, B. H. Lee et al., “Induction of the refractive index change in B-doped
optical fibers through relaxation of the mechanical stress,” Optics Communications,
185, 337-342 (2000).
P. Palai, M. N. Satyanarayan, M. Das et al., “Characterization and simulation of long
period gratings fabricated using electric discharge,” Optics Communications, 193, 181185 (2001).
D. D. Davis, T. K. Gaylord, E. N. Glytsis et al., “Long-period fibre grating fabrication with
focused CO2 laser pulses,” Electronics Letters, 34(3), 302-303 (1998).
Y. Kondo, K. Nouchi, T. Mitsuyu et al., “Fabrication of long-period fiber gratings by
focused irradiation of infrared femtosecond laser pulses,” Optics Letters, 24(10), 646648 (1999).

204

References
[61]
[62]

[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]

[72]

[73]
[74]
[75]
[76]
[77]
[78]

[79]
[80]
[81]
[82]

[83]

V. Bhatia, and A. M. Vengsarkar, “Optical fiber long-period grating sensors,” Optics
Letters, 21(9), 692-694 (1996).
Coherent
Inc.,
2007,
"BraggStar
S-Industrial
Series,"
[Datasheet]:
http://www.coherent.com/downloads/BraggStar_S-Industrial_DS_04-07.pdf,
[12/3/12]
E. Hecht, [Optics,] IE, Addison-Wesley Publishing Company, (1998).
E. Lindner, C. Chojetzki, S. Brückner et al., “Thermal regeneration of fiber Bragg
gratings in photosensitive fibers,” Optics Express, 17(15), 12523-12531 (2009).
A. M. Vengsarkar, P. J. Lemaire, J. B. Judkins et al., “Long-period fiber gratings as bandrejection filters,” Journal of Lightwave Technology, 14(1), 58-65 (1996).
C. Tsao, [Optical fibre waveguide analysis] Oxford University Press, (1992).
K. Morishita, “Numerical analysis of pulse broadening in grated index optical fibers,”
IEEE Transations on Microwave Theory and Techniques, MTT-29(4), 348-352 (1981).
D. K. Benson, C. E. Tracy, G. Hishmeh et al., "Low-cost fiber optic chemochromic
hydrogen detector." NREL/CP-570-25315.
J. N. Huiberts, R. Griessen, J. H. Rector et al., “Yttrium and lanthanum hydride films
with switchable optical properties,” Nature, 380(6571), 231-234 (1996).
Y. Imai, Y. Okuhara, Y. Noguchi et al., “Optically readable hydrogen sensor using Pd/Y
double-layered thin films,” AZojomo (ISSN 1833-122X), 2, (2006).
G. K. Mor, L. K. Malhotra, and D. Bhattacharyya, “Effect of palladium cap layer
thickness on desorption of hydrogen from PrHx films: A spectroscopic ellipsometry
study,” Journal of Applied Physics, 90(4), 1795-1800 (2001).
K. V. Rottkay, M. Rubin, F. Michalak et al., “Effect of hydrogen insertion on the optical
properties of Pd-coated magnesium lanthanides,” Electrochimica Acta, 44(18), 30933100 (1999).
M. Ando, “Recent advances in optochemical sensors for the detection of H2, O2, O3,
CO, CO2, and H2O in air,” Trends in Analytical Chemistary, 25(10), 937-948 (2006).
J. Isidorsson, I. Giebels, H. Arwin et al., “Optical properties of MgH2 measured in situ by
ellipsometry and spectrophotometry,” Physical Review B, 68(11), 115112 (2003).
K. Ito, and T. Ohgami, “Hydrogen detection based on coloration of anodic tungsten
oxide film,” Applied Physics Letters, 60(8), 938-940 (1992).
S. Moehlecke, C. F. Majkrzak, and M. Strongin, “Enhanced hydrogen solubility in
niobium films,” Physical Review B, 31(10), 6804-6806 (1985).
M. Pasturel, M. Slaman, H. Schreuders et al., “Hydrogen absorption kinetics and optical
properties of Pd-doped Mg thin films,” Journal of Applied Physics, 100, 023515 (2006).
M. Pasturel, R. J. Wijngaarden, W. Lohstroh et al., “Influence of the chemical potential
on the hydrogen sorption kinetics of Mg2Ni/TM/Pd (TM = transition metal) trylayers,”
Chemical Materials, 19, 624-633 (2007).
F. A. Lewis, “Solubility of hydrogen in metals,” Pure and Applied Chemistry, 62(11),
2091 (1990).
F. A. Lewis, “The palladium hydrogen system,” Academic Press Inc. New york, (1967).
M. Wang, and Y. Feng, “Palladium–silver thin film for hydrogen sensing,” Sensors and
Actuators B: Chemical, 123(1), 101-106 (2006).
Z. Zhao, Y. Sevryugina, M. A. Carpenter et al., “All-optical hydrogen-sensing materials
based on tailored palladium alloy thin films,” Analytical Chemistry, 76(21), 6321-6326
(2004).
P. Zoltowski, and E. Makowska, “Diffusion coefficient of hydrogen in-phase palladium
and palladium–platinum alloy,” Physical Chemistry Chemical Physics, 3, 2935-2942
(2001).

205

References
[84]

[85]
[86]
[87]
[88]

[89]
[90]
[91]

[92]
[93]
[94]
[95]
[96]
[97]

[98]

[99]
[100]
[101]
[102]
[103]

[104]
[105]

F. A. Lewis, “The palladium-hydrogen system: a survey of hydride formation and the
effects of hydrogen contained within the metal lattices,” Platinum Metals Review,
26(1), 20-27 (1982).
F. A. Lewis, “The palladium-hydrogen system: part II of a survey of features ” Platinum
Metals Review, 26(2), 70-78 (1982).
F. A. Lewis, “The palladium-hydrogen system: part III: alloy systems and hydrogen
permeation,” Platinum Metals Review, 26(3), 121-128 (1982).
L. W. McKeehan, “The crystal structures of the system palladium-hydrogen,” Physical
Review, 21(3), 334-342 (1923).
A. C. Bailey, N. Waterhouse, and B. Yates, “The thermal expansion of palladium-silver
alloys at low temperatures,” Journal of Physics C: Solid State Physics, 2(5), 769-776
(1969).
R. Caputo, and A. Alavi, “Where do the H atoms reside in PdHx systems?,” Molecular
Physics, 101(11), 1781-1787 (2003).
A. Fabre, E. Finot, J. Demoment et al., “In situ measurements of elastic properties of
PdHx, PdDx and PdTx,” Journal of Alloys and Compounds, 356-357, 372-376 (2003).
S. Krüger, S. Vent, F. Nörtemann et al., “The average bond length in Pd clusters Pdn, n =
4–309: A density-functional case study on the scaling of cluster properties,” Journal of
Chemical Physics, 115(5), (2001).
T. Mitsui, M. K. Rose, E. Fomin et al., “Dissociative hydrogen adsorption on palladium
requires aggregates of three or more vacancies,” Nature, 422(6933), 705-707 (2003).
D. Tománek, Z. Sun, and S. G. Louie, “Ab initio calculation of chemisorption systems: H
on Pd (001) and Pd (110),” Physical Review B, 43(6), 4699-4713 (1991).
C. Christofides, and A. Mandelis, “Solid-state sensors for trace hydrogen gas
detection,” Journal of Applied Physics, 68(6), R1-R30 (1990).
F. DiMeo, I. S. Chen, P. Chen et al., “MEMS-based hydrogen gas sensors,” Sensors and
Actuators B, 117(1), 10-16 (2006).
Y. Cao, H. L. Li, J. A. Szpunar et al., “Modeling of hydrogen trapping in the deformed Pd
and Pd77Ag23 alloy,” Materials Science and Engineering A, 379(1-2), 173-180 (2004).
T. E. Felter, E. C. Sowa, and M. A. Van Hove, “Location of hydrogen adsorbed on
palladium (111) studied by low-energy electron diffraction,” Physical Review B:
Condensed Matter, 40(2), 891-899 (1989).
K. M. Ho, C. Elsasser, C. T. Chan et al., “First-principles pseudopotential calculations for
hydrogen in 4d transition metals: I. Mixed-basis method for total energies and forces,”
Journal of Physics: Condensed Matter, 4(22), 5189-5206 (1992).
F. A. Lewis, “Hydrogen in palladium and palladium alloys,” International Journal of
Hydrogen Energy, 21(6), 461-464 (1996).
X. W. Wang, S. G. Louie, and M. L. Cohen, “Hydrogen interactions in PdHn (1≤n≤4),”
Physical Review B, 40(8), 5822-5825 (1989).
I. Wei, and J. Brewer, “Desorption of Hydrogen from Palladium Plating,” AMP Journal
of Technology, 5, 49-53 (1996).
F. A. Lewis, “The palladium-hydrogen system: structures near phase transition and
critical points,” International Journal of Hydrogen Energy, 20(7), 587-592 (1995).
Y. Okuhara, Y. Imai, Y. Noguchi et al., “Influence of phase transformation in Pd hydride
on the recovery characteristics of optical hydrogen sensors,” Bullitin of Materials
Science, 22(6), 999–1001 (1999).
J. B. Hunter, “A new hydrogen purification process: commercial development of
palladium alloy diffusion cells,” Platinum Metals Review, 4(4), 130-131 (1960).
A. Magnouche, and R. Fromageau, “Hydrogen dissolution in palladium: A resistometric
study under pressure,” Journal of Applied Physics, 56, 1617 (1984).

206

References
[106]
[107]
[108]
[109]

[110]
[111]
[112]

[113]
[114]

[115]
[116]
[117]

[118]

[119]
[120]

[121]
[122]
[123]
[124]

[125]

[126]

P. Wright, “The effect of occluded hydrogen on the electrical resistance of palladium,”
Proceedings of the Physical Society A, 63(7), 727-739 (1950).
D. P. Arndt, R. M. A. Azzam, J. M. Bennett et al., “Multiple determination of the optical
constants of thin-film coating materials,” Applied Optics, 23(20), 3571-3596 (1984).
J. P. Ferraton, G. Leveque, and S. Robin-Kandare, “Optical properties of silverpalladium alloys,” Journal of Physics F: Metal Physics, 5(7), 1433-1438 (1975).
M. A. Ordal, L. L. Long, R. J. Bell et al., “Optical properties of the metals Al, Co, Cu, Au,
Fe, Pb, Ni, Pd, Pt, Ag, Ti, and W in the infrared and far infrared,” Applied Optics, 22(7),
1099-1120 (1983).
B. T. Sullivan, “Optical properties of palladium in the visible and near UV spectral
regions,” Applied Optics, 29(13), 1964-1970 (1990).
P. B. Johnson, and R. W. Christy, “Optical constants of transition metals: Ti, V, Cr, Mn,
Fe, Co, Ni, Pd,” Physics Review B: Solid state, 9(12), 5056-5070 (1974).
B. T. Sullivan, and R. R. Parsons, “A spectroellipsometric investigation of the effect of
argon partial pressure on sputtered palladium films,” Journal of Vacuum Science and
Technology A: Vacuum, Surfaces, and Films, 5(6), 3399-3407 (1987).
X. Bévenot, A. Trouillet, C. Veillas et al., “Surface plasmon resonance hydrogen sensor
using an optical fibre,” Measurement Science and Technology, 13, 118-124 (2002).
K. Kalli, A. Othonos, C. Christofides et al., “Temperature-induced reflectivity changes
and activation of hydrogen sensitive optically thin palladium films on silicon oxide,”
Review of Scientific Instruments, 69(9), 3331-3338 (1998).
R. Musket, “Effects of contamination on the interaction of hydrogen gas with
palladium: a review,” Journal of the Less Common Metals, 45(2), 173-183 (1976).
P. Albers, J. Pietsch, and S. F. Parker, “Poisoning and deactivation of palladium
catalysts,” Journal of Molecular Catalysis A: Chemical, 173(1-2), 275-286 (2001).
A. B. Antoniazzi, A. A. Haasz, and P. C. Stangeby, “The effect of adsorbed carbon and
sulphur on hydrogen permeation through palladium,” Journal of Nuclear Materials,
162-164, 1065-1070 (1989).
F. J. Castro, G. Meyer, and G. Zampieri, “Effects of sulfur poisoning on hydrogen
desorption from palladium,” Journal of Alloys and Compounds, 330-332, 612-616
(2002).
P. O. Nilsson, and M. S. Shivaraman, “Optical properties of PdO in the range of 0.5-5.4
eV,” Journal of Physics C: Solid State Physics, 12, 1423-1427 (1979).
E. H. Voogt, A. J. M. Mens, O. L. J. Gijzeman et al., “Adsorption of oxygen and surface
oxide formation on Pd (111) and Pd foil studied with ellipsometry, LEED, AES and XPS,”
Surface Science, 373(2-3), 210-220 (1997).
K. J. Stout, and L. Blunt, [Three-dimensional surface topography] ButterworthHeinemann, (2000).
C. Wagner, “Handbook of X-ray photoelectron spectroscopy,” Surface And Interface
Analysis, 3(4), (1981).
S. A. Maier, [Plasmonics: fundamentals and applications] Springer Verlag, (2007).
J. N. Hilfiker, N. Singh, T. Tiwald et al., “Survey of methods to characterize thin
absorbing films with spectroscopic ellipsometry,” Thin Solid Films, 516, 7979-7989
(2008).
D. A. Usanov, A. V. Skripal, A. V. Skripal et al., “Measurement of the parameters of
nanometer films by optical and microwave methods,” Semiconductors, 45(13), 16941698 (2011).
E. Kretschmann, “Die bestimmung optischer konstanten von metallen durch anregung
von oberflächenplasmaschwingungen,” Zeitschrift fur Physik A, 241, 313-324 (1971).

207

References
[127]

[128]
[129]
[130]

[131]

[132]
[133]
[134]
[135]
[136]
[137]
[138]
[139]

[140]

W. P. Chen, and J. M. Chen, “Use of surface plasmon waves for determination of the
thickness and optical constants of thin metallic films,” Journal of the Optical Society of
America, 71(2), 189-191 (1981).
Z. D. Genchev, N. M. Nedelchev, E. Mateev et al., “Analytical approach to the prism
coupling problem in the kretschmann configuration,” Plasmonics, 3, 21-26 (2008).
H. J. Simon, D. E. Mitchell, and J. G. Watson, “Surface plasmons in silver films—a novel
undergraduate experiment,” American Journal of Physics, 43, 630 (1975).
D. A. Flavin, R. McBride, and J. D. C. Jones, “Interferometric fiber-optic sensing based
on the modulation of group delay and first order dispersion: application to straintemperature measurand,” Journal of Lightwave Technology, 13(7), 1314-1323 (1995).
D. A. Flavin, R. McBride, J. D. C. Jones et al., “Combined temperature and strain
measurement with a dispersive optical fiber Fourier-transform spectrometer,” Optics
Letters, 19(24), 2167-2169 (1994).
P. Harrison, [Fibre optic interferometry for long-term configuration monitoring in
complex and harsh engineering enviroments] Heriot-Watt, Edinburgh(2006).
A. Barty, K. A. Nugent, D. Paganin et al., “Quantitative optical phase microscopy,”
Optics Letters, 23(11), 817-819 (1998).
E. D. Barone Nugent, A. Barty, and K. A. Nugent, “Quantitative phase amplitude
microscopy I: Optical microscopy,” Journal of Microscopy, 206(3), 194-203 (2002).
K. A. Nugent, T. E. Gureyev, D. F. Cookson et al., “Quantitative phase imaging using
hard x rays,” Physical Review Letters, 77(14), 2961-2964 (1996).
A. Greenaway, “Seeing more clearly,” Physics World, 23(8), 33-36 (2010).
I. H. Malitson, “Interspecimen comparison of the refractive index of fused silica,”
Journal of the Optical Society of America, 55(10), 1205-1209 (1965).
L. Rayleigh, “On the passage of electric waves through tubes, or the vibrations of
dielectric cylinders,” Philosophical Magazine, 43(261), 125-132 (1897).
E. A. J. Marcatili, and R. A. Schmeltzer, “Hollow metallic and dielectric wave-guides for
long distance optical transmission and lasers,” The Bell System Technical Journal, 43,
1783-1809 (1964).
Y. G. Han, B. H. Lee, W. T. Han et al., “Resonance peak shift and dual peak separation
of long-period fiber gratings for sensing applications,” Photonics Technology Letters,
IEEE, 13(7), 699-701 (2001).

208

