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Abstract
The laser heated pedestal growth technique has been successfully employed to grow
pure and doped sapphire crystal fibres for characterisation as suitable sensor
materials. Source materials used were polycrystalline and crystalline sapphire rods
while fibres with typical diameters in the range 80 - 170 !-lm were grown. Pure
sapphire fibres, both

(l-

and c-axis, were found to grow easily with no complications

such as melt instability. C-axis fibre growth was readily initiated while a-axis fibres
required an appropriate a-axis oriented seed crystal. Dip-coating has been used to
prepare suitably coated sapphire sour"ce rods for growth into doped fibres. Doped
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. fibres have been prepared with· approximately equal concentration of both dopants
while a 10: 1 Yb 3+ to Er3+ concentration ratio was used for preparing Yb3+:Er3+:Ah03
fibres. Ruby fibres were also found to grow easily although brownish-green deposits
have been observed on some of these fibres. Large transmission losses have been
found in fibres with these deposits. Acid cleaning was not effective in removing
these deposits; suggesting that they have diffused beneath the surfac.e of the fibres.
This was attributed to the condensation of chromium oxide on the fibre surface
during growth. Growth of rare earth-doped fibres was initially problematic due to
the constant breaking-off of the crystallising fibres from the melt. This was thought
to be due to the flexibility of the small diameter source fibres used as well as the high
concentration levels of doping. Replacing these small fibres with larger source rods
thus permitted RE-doped fibres with relatively good optical quality to be grown.
Fibres were grown with typical growth rates of 0.5 - 1 mm/min.

The fluorescence characteristics of doped fibres were investigated for their
dependences on physical

influences, mainly temperature and strain.

The

fluorescence lifetime of Cr3+:Ah03 fibres was found to be highly temperature
dependent but only slightly sensitive to uniaxial strain effects.

The lifetime

behaviour as a function of temperature was also found to be in good agreement with
theory. Lineshifts of the ruby R-lines were also investigated as possible temperature
sensing mechanisms but were found to exhibit less sensitivity in

-...:

.'.

compari~on

to the

lifetime. In addition, the R-lines were found to be relatively insensitive to tensile
strain.

Rare earth-doped sapphire fibres have been found to exhibit simultaneous emission
in the infrared and visible spectral regions and were characterised mainly for
temperature sensing applications.

Intense upconversion in the green and red was

observed in all RE-doped fibres, with the strongest emission obtained from equally
Er3+: Yb 3+-codoped samples. This was attributed to the high dopant concentration
levels (-10 - 12 at. %) used and led to a significant reduction in the primary
emission intensity at - 1530 nm. Both the green and red upconversion emissions
were found to exhibit sharp, narrow-band structures, indicating the highly crystalline
nature of these RE-doped fibres. The upconversion emission was studied using the
fluorescence intensity ratio technique and ratios between the. sharp lines in both
spectral regions were fitted with models obtained from published work with varying
degrees of agreement.

This implied complex transition processes in the higher

energy levels of these fibres. Although no data is currently available on transition
dynamics of RE ions incorporated into Ah03 fibres using melt

growt~

techniques, it

is suggested that further studies are required to better understand the transition
dynamics as well as to obtain a better model to describe these characteristics. Singly
Er3+-doped fibres were found to have relatively weak emissions in both the visible
and infrared, and have been investigated to temperatures below -800 K. Equally
codoped fibres were found to emit strongly both in the visible and infrared, due to
more efficient energy transfer by the sensitising Yb 3+ ions. The green and red
upconversion intensity ratios and intensities have been investigated for high
temperature sensing above 1000 K. Their respective lifetimes were also found to be
highly non-exponential and, hence, not suitable for sensing unless a more suitable
model could be employed to better fit their decay times. Relatively strong lines in
the 1000 nm region have been obtained from fibres doped with very high Yb 3+
concentrations. The intensity ratio technique was also applied to characterise the
temperature dependence of the 1025 and 996 nm lines. However, due to spectral
overlapping with the tail of the pump source, the IR signals from these fibres were
found to be dominated by noise from the laser at elevated temperatures.

C- and a-axis sapphire fibres were used for temperature and bend studies based on
their polarimetric properties. C-axis fibres were found to be relatively insensitive to
both effects while a-axis fibres exhibited slightly higher sensitivities.

However,

scrambling of the linearly polarised input lightwave by the fibres walls while
propagating along these fibres was found to be a major problem affecting the signals
of interest.
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Most fibre optic sensing systems have utilised conventional glass fibres as sensing
elements.

This can result in limitation of certain parameters of interest such as

temperature, strain, stress and bending to a lower sensing and/or dynamic range due
to the intrinsic physical properties of glasses. Wh.ile crystalline materials have also
been employed as sensing elements in some fibre optic sensing schemes, most have
been based on small crystal sections cut from bulk materials. Means then have to be
found so that these crystalline probes could be securely connected or coupled to other
fibres or materials whiCh serve as the delivery/collection media for the light source.
However, many crystalline materials have interesting properties which are often
superior to those of glasses or glass-based fibres. Some examples are sapphire, yttria
and yttria-stabilised zirconia which have very high melting points, strength and
relatively good optical transmission properties.

It would thus

be highly

advantageous if such crystalline materials can be grown in fibre form in order to
make them compatible in size to conventional optical fibres so that they could be
easily integrated with current glass fibre technologies and components.

This project thus aims to utilise the laser heated pedestal growth method to grow
single-crystal fibres of pure and doped sapphire in order to study their temperature,
strain and bending-related characteristics/behaviours so that they can be exploited as
sensor materials.

This thesis is divided into eight chapters together with two appendices. Chapter 2
gives an introduction to single-crystal fibres and some of their common applications.
A review of current fibre optic sensing is then undertaken with emphasis placed on
those sensing techniques which would most likely be employed in this project. Fibre
optic sensors based on crystalline materials are then discussed.

In Chapter 3, an overview of current crystal fibre grow techniques is given. The
design and construction of the laser heated pedestal growth technique are then
discussed

together

with

proposals
2

for

two

automatic

diameter

measuremenUmonitoring systems which could be integrated with the fibre growth
controlling programme to form a feedback loop. A procedure for ensuring uniform
coating of source rods with dopant materials is established and the growth
characteristics of various crystal fibres are also discussed.

In Chapter 4, the crystal fibres which have been grown are characterised.
Absorption and fluorescence measurements are carried out for doped fibres.
Coupling of pure sapphire fibres to silica fibres is also investigated since certain
crystal fibre probes are relatively short «50 mm) and may need a longer light
delivery and collection silica fibre.

The temperature and strain dependencies of ruby fibres are studied in Chapter 5
based on the fluorescence characteristics of the fibre through its fluorescence lifetime
decay and lineshift. Models are also used for describing the experimental data. In
particular, the temperature-lifetime profile is seen to fit the theory rather well.

In Chapter 6, the emission characteristics of rare-earth doped sapphire fibres are
studied as a function of temperature.

Infrared fluorescence and upconversion
emission are observed from singly Er3+-doped Ah03, Er3+ + Yb 3+-codoped (with
approximately equal RE contents) and high Yb 3+ + low Er3+-codoped Ah03 crystal

fibres. The fluorescence intensity ratio (FIR) technique has been employed to relate
the both the IR and upconversion emissions to temperature.

Chapter 7 investigates the naturally birefringent nature of pure a- and c-axis
sapphire fibres in order to exploit them for fibre optic sensing applications. Both
retardation of transmitted light through the two types of fibres as well as the
orthogonally polarised intensities of transmitted light are monitored with respect to
changes in temperature and bending.

Chapter 8 concludes the entire project and offers some recommendations for further
improvements to the laser heated pedestal growth system for producing longer fibres
with smaller diameter variations as well as the ability to grow other higher melting
point materials. Field trials are also proposed as the next step in employing these
crystal fibres for sensing applications.
3
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Chapter 2 - Introduction to Single-Crystal Fibre Sensors
2.0

Introduction to single-crystal fibres

Also known as "whiskers" in materials science, single-crystal fibres have rather
remarkable properties, both optical and mechanical, which have seen many of them
in use in numerous optical and structural applications. The bulk of such applications
has largely been in the areas of solid state laser devices, non-linear optics,
modulators, switches, amplifiers, optical parametric devices, high power beam
delivery and beam delivery in· medicine. Only very recently have they been utilised
for specialised fibre optic sensing schemes.

Rigorous research on single crystal

fibres has only been actively pursued over the last two to three decades due mainly to
the unavailability of suitable growth techniques in producing crystalline materials in
fibre form before this period.

Their mechanical and optical properties are often

superior to those of glass-based materials. and, often, of their bulk-grown
counterparts. Unlike glass fibres, single-crystal fibres (SCFs) exhibit a sharp liquidsolid phase transition and through the use of appropriate growth techniques, together
with the small dimensions (generally in the

~m

region), fibres with little or almost no

internal defects can be produced, offering the possibility of high crystalline
perfection and near-theoretical strength.

Initial research on single-crystal fibres, however, was mainly concentrated on
materials science and structural applications [2.1] due to the great interest in their
potentially excellent mechanical properties such as high strength, chemical inertness
and high

~emperature

resistance. For example, sapphire fibres, with an ultra-high

yield strength of> 1 GPa, a modulus of -400 GPa and a high melting point (-2323
K), were recognised early as suitable for structural reinforcement. Again, it was not
until the early 1970s that techniques to fabricate these fibres in high quality were
developed but due to the high cost involved in producing long lengths and large
amounts of these fibres for use as structural reinforcements, research in this area
declined.

The development of more easily fabricated and cheaper structural

reinforcing replacements also contributed to this drop in interest in single-crystal
fibres for structural applications.
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The search for new electro-optic, solid-state tunable laser and waveguiding materials
in the 1970's (in parallel with fibre optic telecommunications) led to renewed efforts
being made in single-crystal fibre research.

With the advent of optical

communications, many applications required crystalline materials but until this
period, single-crystals in fibre form were unavailable.

Their attractive. optical

properties such as wide transparency, suitability of dopant incorporation, high
crystalline perfection, high achievable energy densities and optical gain, and large
non-linear coefficients have also all owed various other electro-optic and device
applications.

One such material which can be grown as crystal fibres is lithium

niobate [2.2], both doped and undoped, which has been intensely studied and which
finds potential application in nonlinear optical, surface acoustic wave devices,
waveguiding and photorefractive storage, the last of these properties having major
commercial implications. The ability to produce single crystalline materials in fibre
form with controlled diameter and uniformity in composition thus makes them
compatible with existing glass-based fibre optic technologies, giving the combined
benefits of an electro-optic material with the useful light guiding properties of a
fibre.

In the development of novel optical fibre sensor materials based on fluorescence,
speed and efficiency are of outmost importance since it is generally the case that the
host material itself has been selected while suitable dopants have to be identified and
incorporated which can interact with the physical parameters of interest such as
temperature, strain, stress, pressure, etc.

Although single-crystal fibres used

In

sensing applications may not require the same level of doping or very low
transmission loss as in, for example, a solid state laser material, a relatively high
level of crystal quality and physical perfection is still desired.

This process of

fabricating high quality optical single crystaIline materials in fibre form can be easily
achieved through the use of the laser heated pedestal growth technique.

Intense effort was carried out in the early 1970's to find suitably efficient and costeffective techniques in producing single-crystal fibres. Although C. V. Boys [2.3,
2.4] historicaIly produced very fine fibres made of quartz which were approximately
90 feet in length and 0.25 microns in diameter by cementing one end of a thin quartz
rod to a straw arrow, heating the middle of the rod with an oxyhydrogen flame while
6

hand-holding the other end and firing the arrow with a crossbow, these fibres were
not considered to be single-crystals; although it was found that they exhibited very
high tensile strength. The first genuine efforts in producing single-crystal fibres can
be attributed to LaBelle and Mlavsky [2.5], who, in 1967 successfully grew
continuous sapphire "whiskers" from the melt (through a floating disc-like orifice)
with diameters ranging from 0.05 to 0.50 mm. The fibres produced were mostly caxis oriented sapphire filaments pulled with an apparatus similar to a Czochralski
crystal puller at rates of up to 150 mm/min. RF heating was used and the source was
melted in a molybdenum crucible.

LaBelle and Mlavsky [2.6] later improved their

technique to include a rigid tubular molybdenum capillary orifice from which they
were able to pull sapphire filaments several hundred feet long and 0.1 to 0.5 mm in
diameter with relatively high pulling rates (up to 50 mm/min). This capillary tube,
which was attached to the bottom of a molybdenum crucible, allowed the melt to rise
through it by virtue of surface tension and capillary action, and acted as a
thermomechanical stabiliser for the molten source material.

By controlling the

temperature of the top of the tube close to the melting point of sapphire, single
crystal fibres of this material could then be pulled from the melt. The authors were

'.-

able to pull filaments which were then subsequently used for reinforcement agents in
structural composites. The capillary-aided crystal fibre growth technique was further
refined by LaBelle [2.7] in 1971 into the Edge-Defined Film-Fed Growth (or EFG)
with which fibres, filaments and crystals of complex shapes can be grown.

1970 saw the first use of the laser as heat source for crystal growth. Gasson and
Cockayne [2.8] demonstrated the use of 2 large CO 2 lasers (maximum individual
output power rated at 400 W) as the heat source to grow single crystals of various
oxide materials. The beams from the two lasers were first independently directed by
concave mirror,S to focus onto the surfaces of a source and seed rod respectively,
which then melted and expanded to join and form a stable molten zone. Crystal
growth was then achieved by downward translation of both rods with rotation of the
holding chucks and the laser beams finally deflected to focus on the same level of the
molten zone. With efficient absorption of the 10.6 /-Lm radiation from the lasers, they
were able to grow single crystals of Ah03, CaZr03, MgAh04 and Y 20 3
approximately 5 mm in diameter with melting temperatures in the range of 2323 to
2723 K with some success.

These crystals can hardly be considered as fibres,
7

although their crystalline states had been determined as single crystal but this work
marked the first instance when lasers were used in a zone-refining crystal growth
effort.

Of the crystals studied, both Ah03 and Y203 are known laser materials.

Cockayne et al. [2.9] later used a DC laser system instead of an AC system in the
zone-refining technique mentioned above [2.8] to reduce the peak laser power
incident upon the molten zone and, hence, the loss of material by evaporation during
crystal growth.

The method of Gasson and Cockayne [2.8] was later adapted and modified in 1975
by Burrus and Stone [2.10] into a two beam CO 2 laser-heated floating zone pedestal
growth· technique with the aim of growing communications fibre-optic compatible
singl~ crystalline laser devices in fibre form.

Rotation of the source/seed-holding

.chucks was also employed to enable sy·mmetric heating. The source rods used in
their work were cut from bulk grown materials and were of a much smaller
dimension compared to earlier work (-2 mm square cross-section). U sing a thin
platinum wire dipped into the laser-heated molten zone and pulling upwards, they,
were able to pull laser-quality single-crystal Nd:Y AG fibres 50 !lm

~!l

diameter and

-20 cm long. Room temperature cw laser action was demonstrated in 0.5 - 1 cm
long samples of these fibres.

Using the same two-beam laser-heated float zone

technique, Burrus and Coldren [2.11] later grew single-crystal sapphire-clad ruby
(Cr:AI 20 3) fibres for studies in waveguiding of acoustical energy by varying the
concentration of Cr3+ ions in the core region. The outer sapphire cladding was
realised through a re-growth using the same crystal fibre growing apparatus but this
time, only the surface of a previously grown ruby fibre was melted by proper
focusing of the laser beams and the use of reduced laser power. This allowed the Cr
concentration in the surface layer to be reduced drastically, forming, effectively, a
sapphire-clad ruby-cored crystal fibre. Continuous laser operation of a single-crystal
ruby fibre grown by the laser-heated float zone technique at room temperature was
also demonstrated in 1978 [2.12]. The small cross-sectional area of a fibre geometry
and, thus, an increased surface-to-volume ratio leads to an increased cooling
efficiency. The authors were thus able to obtain continuous laser action from c-axis
oriented 35 - 50 !lm diameter single-crystal ruby fibres pumped by a Kr laser. The
reduced Cr concentration of 0.02 wt. % (compared to conventional ruby laser rods at

0.05 wt. % Cr concentration) used in their samples allowed reduced absorption and
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the consequent heating effects during laser action without having the need to increase
the pump power at threshold.

One of the major advances in crystal fibre growth occurred in the early 1980s when a
group at Stanford University [2.13, 2.14], having realised the potential of laser
heating in the growth of single-crystal fibre materials for device applications, carried
out further development of the earlier floating zone technique and arrived at what is
now commonly referred to as the laser-heated pedestal growth (LHPG) technique.
They made major changes to the design of the beam positioning mirrors to include
novel focusing optics for axially symmetric heating of the melt. Similar to the float
zone growth, no crucible was required, hence, little or no impurity contamination
from secondary phase components was possible. With symmetric heating of the
source rods and the large temperature gradients afforded by laser heating, very high
purity and optical quality single-crystal fibres could be produced.

The Stanford

Group also included a diameter measurement system [2.15] to monitor and control
diameter fluctuations to less than 0.1 % and a belt drive feed/pull system for fibre
growth .limited only by the length of the source material/rod. Within.. a short period
of time the group was able to demonstrate the versatility of the laser-heated pedestal
technique by growing a very wide variety of optical, electro-optical, superconducting
and magnetic materials in high quality, single-crystal fibre form for a wide range of
applications [2.16]. One of the major advantages of this technique is that it permits a
small quantity of starting/source materials to be used for growing into single-crystal
fibres before any bulk crystal or mass production is initiated. This is of considerable
economic importance when expensive compounds, such as scandium, are to be
studied. Currently, a few groups in America, Europe and China have also adopted
the laser-heated pedestal growth method in the pursuit of novel high performance
laser, optical and electronic materials.

2.1

Applications of single-crystal fibres

The mam areas of applications for optical single-crystal fibres include miniature
solid-state lasers, guided-wave nonlinear optics and, recently, fibre optic sensing;
particularly for hostile environments.
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One of the most important areas of research in single crystal fibres has been the
studies and development of solid-state laser materials and crystal fibre lasers.
Although in terms of wavelength coverage, crystalline fibres may not offer any
significant advantage compared to glass-based fibre lasers, they do, however, offer
the potential of higher optical damage threshold and, because of their intrinsic
properties, many crystal fibres can have better mechanical strength.

The high

damage threshold can mean the use of fewer amplification centres with higher input
power while the mechanical advantage would aid the handling and processing of
these fibres. Laser crystals with fibre geometry also offer the possibility of direct inline optical processing when incorporated into existing fibre optic communications
configuration rather than having to undergo the complicated and high-loss
optical/electronic. and electronic/optical signal conversion used in current optoelectronic processing schemes.

Since single-crystal fibres can be considered as quasi-unidimensional (typical
diameters in the range of 3 - 500

~m)

and can offer other possibilities in the areas of

nonlinear optical interaction due to their waveguiding fibre

geome~ry.

Since the

efficiency of many nonlinear optical interactions is inversely proportional to the
square of the beam diameter or, in another way, directly.proportional to the optical
intensity [2.17], for a given optical power, the small physical dimensions over
extended lengths in these crystalline fibres mean that they could offer a dramatic
increase in nonlinear efficiency and optical gains when compared to bulk
counterparts. Moreover, most, if not all, of the crystal fibres can be appropriately
doped with the right impurities to produce the desired optical properties.

An

example is the barium metaborate (BaB 20 4 ) single-crystal fibres grown by the laserheated pedestal growth method [2.18] to allow phase matching for harmonic
generation from 200 to 1500 nm because of its large nonlinear second harmonic
generation coefficients, wide optical transparency, large birefringence and low
dispersion.

There is also considerable interest in growing high temperature superconducting
ceramics in single-crystal fibre forms for property characterisation studies. These
materials are difficult to grow because of their incongruent melting behaviour but in
single-crystal fibre form, they have near-theoretical properties and grown along the
10

proper crystallographic orientation, they could be used for enhancing the critical
current density and operational efficiency [2.19,2.20].

Another area of application for single-crystal fibres can be found in passive optical
devices such as waveguides, filters, polarisers and isolators. It is very difficult to
grow single-crystal fibres with lengths typical of those glass-based optical fibres the longest reported single-crystal fibres grown to date are only several metres in
length.

Coupled to the wide transparency range afforded by many crystalline

materials, the high optical damage thresholds, mechanical strength, chemical
inertness and non-toxicity of single-crystal sapphire fibres (for example) mean they
are very suitable for high power beam delivery of Nd:YAG lasers, beam delivery
systems for medical operations at the Er:YAG wavelength and in fibre optic sensors.
In materials science, however, there is still great interest in growing new materials in
single-crystal form for property evaluation and to study their fundamental behaviours
such as solidification, morphology and formation of ferroic domains, eutectic phases
and defect densities. LHPG offers a quick and efficient way of fabricating these new
materials in. very small dimensions so that their near-ideal properties can be
evaluated instead of those filled with defects and crystal deformation typical of bulk
crystals.

A relatively recent application has seen single-crystal fibres utilised in fibre optic
sensors mainly for measurements of high temperatures.

In many of the sensors

reported to date, sapphire fibres have been used as the sensing probes because of
their favourable material properties. As shall be seen in later sections, SCFs have
been used as fibre optic sensors in many configurations: black-body, intrinsic FabryPerot interferometry, extrinsic Fabry-Perot interferometer and fluorescence [2.21,
2.22,2.23,2.24,2.25,2.26].

2.2

Introduction to fibre optic sensing

Fibre optic (FO) sensors have been studied for more than three decades. Since the
first experimental trials in laboratories in the early 1970's, the interest in this
technology has been maintained up to the present time. This is due to the potentially
significant contributions that fibre optic sensors can provide for both research and
11

industry: fibre optic-based sensors are lightweight and small in size generally,
immune to electromagnetic interference (EM!), require no electrical power at the
sensing point and, hence, can be used in explosion-risk environments, permit access
into normally inaccessible areas, have high accuracy, provide secure data
transmission, are easily multiplexable and are, generally, immune to radio-frequency
interference [2.27]. Some typical physical parameters which can be measured with
fibre optic sensors include light intensity, displacement or position (both linear and
angular), temperature, pressure, strain, flowrate, magnetic and electric fields,
acoustic field and rotation (fib,re optic gyroscopes).

Fibre optic technology has revolutionised the telecommunications industry by
providing superior performance with constant improvements at lower costs than most
alternative approaches [2.28]. FO sensing may be considered a "spin-off' from the
telecommunications industry; this has resulted in optical fibres designed mainly for
communications being utilised in many FO sensing schemes.

However, the

substantial knowledge of the underpinning science gained in telecommunications has
enabled ease of modification of the relevant optical properties of thes~ fibres for use
as fibre optic sensors [2.29, 2.30]. The progress in fibre optic telecommunications
technology also provides continuous development and availability of related FO
components and materials at lower costs. Laser diodes, which were too expensive
for many academic research laboratories two decades ago, are now easily available
and at a tiny fraction of their original costs. The high demand for specialised optical
fibres [2.31] for FO sensing and the continued refinement in their fabrication
techniques also mean that they now cost less and are widely available. The same can
be said of optical detector and receiver units, important for good signal detection and
recovery.

The recognition of large areas of opportunity and the high potential of replacing
many of the existing alternative sensors has led to intense effort being made in the
investigation, research and development of fibre sensors.

Many sensor schemes

remain lab-based but commercial products are beginning to emerge and are currently
available in the market. They include the simple intensity-based sensors like the

AccuFiber and Luxtron temperature sensors, the Photenetics multiparameter sensor
for temperature, pressure and refractive index measurements, the CDl chemical
12

sensor, the Babcock and Wilcox pressure sensors and the York Technology
distributed temperature sensor system.

However, due to the limited, low volume

markets currently available, FO sensing technology is generally more costly than
their conventional counterparts although, as these sensors gain increasing market
acceptability, unit cost should be reduced. This low demand has led to the creation
of niche markets with specialised applications and needs: examples are multiplexing
of FO-based sensors, requiring ultra-sensitive, electrically passive sensor heads,and
OTDR

(optical

time-domain

reflectometry),

requiring highly-accurate

pulse

generators, advanced Q-switched laser sources and high performance detection and
signal processing components.

Another niche application in which conventional

sensor technologies. are almost impractical to implement is in the structural strain
monitoring field where spatially mapped sensors can be embedded in the
superstructures using the novel fibre optic Bragg grating technology [2.32,2.33].

Fibre optic sensors face very keen competition from conventional sensors, which
provide q:msiderable sensing capabilities and, generally, good accuracy but there will
always be certain sensing applications in which these convention!l sensors are
inadequate.

These

include

~ensing

in

very

hostile

thermochemical

and

thermonuclear environments, temperature sensing in very high electromagnetic and
radio-frequency fields, the aerospace industry (weight and size considerations) and
high-speed high-data rate distributed sensing application.

Furthermore, there, has

been a healthy increase in commercial interest in using fibre optic sensing techniques
with applications to the civil and, especially, military sectors. Large structures such
as bridges, buildings, boilers, pressure vessels and even aircraft operating close to
their performance limits are important areas which require constant monitoring and
control in order to ensure that potential failure can be predicted and does not occur
before their anticipated useful life. Here, fibre optic distributed sensing can playa
critical role in offering the possibility of monitoring the potential problem areas and,
hence, allowing replacements of the faulty components before failure can occur.
This can be achieved with multiple sensing heads/tips positioned along the desired
measurement areas or through the use of multiple Bragg gratings with different
written wavelengths along one length of optical fibre. For example, the monitoring
of bridge decks for chlorine corrosion has recently been demonstrated by embedding
multiple fibre sensing tips in the reinforced concrete structure [2.34].
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The military sector, a major consumer of fibre optic technology, has seen an
increasing trend in the commissioning, studies and field trials of important fibre optic
sensing schemes. Most major trials involve the implementation of fibre optic sensors
on a large scale into new or existing systems, which have previously utilised
conventional sensors.

Several fly-by-light (FBL) programs [2.35] have been

commissioned both by industries and governments to study the possibility of
incorporating fibre optics sensors and fibre optic data links to replace existing
electrical/electronic data transmission links and sensors on both commercial and
military aircraft. Remote actuators and hardware generally require several levels of
redundancy to enforce the required safety level and could thus become cumbersome
w~ile

electrical transmission links, unless heavily shielded, are targets for strong

electromagnetic and radio-frequency interferences, and lightning strikes. Failures in
such devices often have catastrophic effects and can be avoided by the incorporation
of fibre sensors and fibre links to augment or replace current components. Certain
commercial aircraft have already adopted the fibre optic gyroscopes (FOGs) as
primary or s'econdary navigation systems while Japanese rockets have._been launched
since 1991 with the aid of FOGs [2.36]. Field trials have also been performed on
naval vessels where the potential failure of anyone of the numerous shipboard
cables, equipment and sensors would endanger the crew and the vessel as a whole.
Hence, stringent monitoring and control are required to ensure their functionality.
Incorporation of an integrated fibre optic multiplex system, with a bank of fibre optic
shipboard sensors (for monitoring the numerous onboard functions) and data
transmission lines ensures freedom from EMI, very high speed sensing operation and
high data transmission rate; speed being an important factor for target detection,
weapons fire-control and the basic defence of a ship in the event of an external threat
to the vessel. Integrated systems also allow automated testing and calibration of the
installed fibre sensors and data links [2.37]. One particularly attractive advantage, in
purely military terms, when using fibre optic technology in control systems for
military jet aircraft and naval vessels is protection from the extreme electromagnetic
pulse generated by a nuclear or thermonuclear explosion. Incidentally, single-crystal
sapphire fibres would be ideal as the optical fibre data transmission lines and links
since sapphire is extremely radiation-hard whereas glass can become opaque when
exposed to high levels of radiation. Finally, another major military application is the
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deployment of large fibre optic hydrophone arrays for sensitive detection of both
underwater and surface movements. The use of fibre optic sensors in chemical and
biochemical applications for measuring various parameters has also been increasing
in recent years [2.38].

Although the limited market has hindered the commercialising of many fibre optic
sensor products, the measurability of theoretically any physical parameters, the
continuous improvement and development of existing and novel sensing schemes
and the potential advantages exhibited by FO sensing over traditional sensors remain
the major driving force in the search for new and wider applications area for this
class of sensor.

2.3

Fundamental principles of FOS

The conversion of one type of signal into another is the essence of any sensor
system.

In the .case of fibre optic sensing, input parameters such as changes in

temperature, stress, strain, acceleration, angular position and displaceI?ent, PH level,
pressure, etc., duly called the measurands, can be manipulated to produce
corresponding changes in the characteristics of light transmitted along the fibre. For
example, the phase, frequency, intensity or polarisation of the light wave may be
modulated [2.39]. FO sensors are devices whereby the properties of light guided
within an optical fibre is modified or modulated due to the various external
influences such as:

1) physical,
2) chemical,

3) biological and

4) biomedical effects
There are two distinct ways in which optical fibres are used in measunng
environmental influences: extrinsic and intrinsic techniques.

The former is

distinguished by sensing taking place in a region outside the fibre.

Here, light is

guided along a length of optical fibre to the measurement point and allowed to exit
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the fibre, the light being modulated in a separated zone by the measurand before
being re-launched into either the same or a different optical fibre to be detected.

In intrinsic fibre sensors, the guided electromagnetic wave is modulated within the
fibre at the measurement point and, after modulation by the physical parameter,
continues to propagate along the same fibre at the end of which the signal is detected
and processed. Sensing therefore takes place within the fibre itself. This is also
commonly known as "all-fibre" sensing. In other fibre sensors, the guided light can
be made to couple to the measurand via the evanescent field. This sensor type is
midway between the two distinct categories but may be classified as extrinsic.

Figures 2.1 and 2.2 are schematic representations of the extrinsic and intrinsic
sensors respecti vel y.

Some techniques commonly used in extrinsic sensing include reflection and
transmission, total internal reflection (TIR), gratings, fluorescence and evanescence,
while intrinsic techniques are generally based on Rayleigh and Raman scatterings,
microbending, mode coupling and interferometry

It is not within the scope of this thesis to describe the whole range of fibre optic
sensors already available or currently being developed although a brief discussion on
the basic principles will be outlined in the subsequent sections.
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2.3.1

Fibre

Intensity-based sensors

opt~c

sensing can be based upon various sensing configurations, the simplest

being intensity-based sensors.

This is also known as the optical intensity or

amplitude modulated sensor. In such a configuration, light guided along an optical
fibre, either in an intrinsic or extrinsic sensor, is modulated in its intensity which
offers both simplicity and potential low cost in their manufacture as only the
amplitude of the intensity is detected (which can be easily measured using a simple
photodetector). Some commonly used concepts in such intensity-based sensors are
transmission, reflection and microbending although other concepts such as
absorption, scattering, optical gratings, etc., may be used. The two figures below
show some of the concepts used, which could be further expanded to produce high
performance sensors (Figures 2.3 and 2.4). These are transmissive sensors where
the light path is interrupted by a separation of the input and collecting fibres. Axial
movement of one fibre with respect to the fixed input fibre changes the light
instensity arriving at the photodetector, thus giving an indication of axial
displacement (Figure 2.3). The second figure (Figure 2.4) shows th<:t an upward or
downward movement of the movable fibre can give a measure of radial displacement
due to the corresponding changes in the captured intensity.

The frustrated total internal reflection concept is shown in Figure 2.5 when two
angled fibre ends are brought together from a certain distance apart. This couples the
light intensity from the transmitting fibre to the receiving fibre, resulting in a sensor
with a very high sensitivity [2.27].

Moreover, if the refractive index of the

surrounding medium is changed to approach that Of the fibre core, some of the
intensity is lost through light propagating out of the fibre and the photodetector thus
detects a reduction in the signal. In this way liquid level, pressure and refractive
index measurements are possible.

The reflective concept shown in Figures 2.6, 2.7, and 2.8 are commonly used in
intensity-based FO sensors due to its simplicity, accuracy and potential low cost. In

Figure 2.6, a bundle of two fibres is used, one fibre for transmitting light to the
reflecting surface while the other collects the reflected intensity and guides it back to
the photodetector. Hence, depending on the relative distance between the fibres and
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the reflector, the detected light intensity will change accordingly. Figure 2.7. shows
the same concept used in reflective sensing except that the two fibres used for
delivery and collection are separated while in Figure 2.8, a single directional coupler
with 3 fibres is used. The transmitted light is allowed to pass through the coupler to
the probe and to the reflecting surface. The reflected signal is collected by another
fibre without interfering with the transmitted signal.

A typical microbending sensor is shown in Figure 2.9 where a force, pressure or
displacement, due to a change in a physical parameter, can be introduced.

This

causes a decrease in the amount of light reaching the detector because of signal loss
through the fibre wall when it is subjected to bending. The sensitivity of this type of
sensor can be increased by introducing more pressure points in the transducer and
reducing their spacings. Such a configuration has a closed optical path and with
properly selected claddings, can be used for sensing applications in dirty or hostile
environments.

The use of gratings in a fibre optic sensor (Figure 2.10) can

he~p

increase the

sensitivity of the sensor by producing a maximum intensity within one grating
spacing instead of having the fibres move a one-diameter distance.

Rotational

measurement (example torque, radial velocity) can also be carried as well with the
proper configuration. In such a sensor, the sensitivity is determined by the grating
with and spacing, which can be increased at the expense of the dynamic range.

In an evanescent-based sensor, light intensity is made to cross-couple from one
optical fibre to another (Figure 2.11). Parameters such as the wavelength of light,
relative index of refraction of the surrounding medium, distance between the two
fibre cores and the interaction length affect the extent of this cross-coupling
mechanism. Hence, temperature, strain, pressure, wavelengths and refractive index
measurements are possible measurands for such a sensing concept.

Fluorescence-based sensors (Figure 2.12) can be used in applications for measuring
temperature, viscosity, humidity and so on [2.38]. They operate on the principle of a
reagent material interacting with the incident light and emitting the absorbed light at
a longer wavelength. The fibre used for this type of sensing can be coated or, more
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commonly, doped with an impurity which is sensitive to the measurand in question.
Erbium, neodymium and chromium are examples of impurities which, when
incorporated into the appropriate fibre materials, are highly sensitive to changes in
temperature. Intensity-modulated sensors based on the fluorescence effect have been
widely investigated and used for chemical sensing, measurement of food proc.esses
and in medical applications [2.40, 2.41]. Fluorescence-based sensors will be further
discussed in Section 2.3.5.

Intensity-based sensors have a drawback in that, due to the unavailability of a
reference arm or system, there exists an error in the output signal as a result of
changes in the optical source. intensity.

Such erratic changes thus give rise to a

random fluctuation of the modulated output signal (there is an error even under no
measurand influence) during detection, resulting in inherent inaccuracies.

These

changes can be due to an unstable (or drifting) source, ageing external influences,
loose connectors and fibre leads [2.42, 2.43, 2.44].

This problem has been

investigated by various groups and a simple self-compensation technique has been
proposed by Gilles et al. [2.45] using a "balanced" sensor approach

w~ereby

the two

light paths are "crossed-over" at the detector. They used two transmitters and two
receivers in this approach and, after correcting for output variation due to the d.c.
offsets in the detector amplifiers and the transmitters not switching off, were able to
obtain a constant output signal within a ±l % accuracy up to a 20 dB level change (of
the lines, transmitters and amplifiers). Figure 2.13 shows their self-compensating
approach, where Txi are the transmitters, Pi their corresponding outputs, Rxi the d.c.
offsets, G; the gains from the two respective amplifiers, La the loss through the
sensor, L; the attenuation of the optical paths to the sensor head, Lij the cross-over
attenuation. The final output from the amplifiers after correction is given by

(2.1 )

where

V/3/ ~ V/3 + [3V23 + R,

(2.2)

V23' = V23 + aV/3 + R,

(2.3)

V,./ = V'-I + [3V23 + R2

(2.4)
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(2.5)

R, and R2 are the d.c. offsets on Rx' and Rx2 , aP, and /3P 2 are the output powers from
the two transmitters in the "off' condition, respectively. This technique has also
been suggested by Murtaza and Senior [2.46]. Senior et al. [2.47] also reported on a
referencing scheme in which a partially reflecting mirror was constrained to move
parallel along two GRIN (graded index) rod lens couplers (Figure 2.14) in which
some light was reflected back into the emitting lens while about 20% of this emitted
light was transmitted through the mirror. This maintains a constant equivalent ratio
of the reflected to transmitted intensities even when fluctuations of the input optical
source are introduced into the system .. Hence, while the reflected power varies with
the distance, d, of the mirror relative to the emitting face, the fraction of the
transmitted power collected at the other lens remains constant.

Measurements

showed that a 3 dB change in the input power produced only a 0.5% variation in the
output voltage.

Although the problem of referencing still exists

In

intensity-based_ sensors, their

obvious simplicity, good accuracy, low weight and potential low cost make them
attractive research and development entities. Many such sensors are currently
commercially available: many intensity-modulated sensors have emerged from the
laboratories into commercial products for sensing of various parameters such as
temperature, strain, displacement (linear and angular) and stress. Various companies
are currently supplying off-the-shelf fibre optic sensors (for example, the MTI 2000
Fotonic Sensor from Mechanical Technology Inc., New York, for displacement and
vibration measurements). An important application of this type of sensors is in the
field of aircraft flight control where they are used to maintain overall system integrity
and aircraft safety [2.48].
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2.3.2

Interferometric sensors

Interferometric techniques form the basis of many fibre optic sensor configurations
which have attracted researchers because of the extremely high sensitivity and
resolution which can be attained [2.32].

Interferometry can be loosely classified

under several configurations: namely, two-beam interferometry, two-beam reciprocal
interferometry, multiple beam interferometry and differential interferometry, in
which both single mode (or monomode) and multi-mode fibres have been employed.

The Mach-Zehnder and Michelson interferometers are the most widely used twobeam configurations and can be used to form very accurate and sophisticated fibre
optic sensors.

A fibre optic equivalent of these two interferometers is shown in

Figures 2.15 and 2.16, respectively.

In the Mach-Zehnder configuration, a 3 dB coupler splits the input light into two
beams, one in the sensing arm (which is modulated by the measurand) and the other
the reference which is "shielded" from any environmental influence. }'he modulated
signal and the reference signal are then recombined by another coupler, detected and
amplified before further processing is carried out. The modulation of the beam can
be in terms of its phase, intensity, state of polarisation, and frequency, which in turn
result from the path length change between the two fibre arms.

In the basic Michelson configuration shown in Figure 2.16, light from a laser source
is again split into two beams via a directional coupler and sent into the sensing and
referencing fibres. The difference here is that both the lightwaves are reflected back
through the referencing and sensing fibres by mirrored surfaces at the fibre ends and
recombined by the coupler before the detection is performed. One problem which
may arise is if the returned signal reaches into the laser source, this can produce
instability in laser output and may be avoided by the use of an optical isolator.

The Mach-Zehnder and Michelson interferometers are very versatile and flexible
instruments in terms of their geometrical arrangements. The signal detected by a
photodetector at the output fibre is routed through demodulation schemes to extract
the various modulated properties.

The phase of the guided wave is the most
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commonly modulated property [2.49] in both the Mach-Zehnder and Michelson
interferometers. A comparison of the phases of the modulated and reference signals
will yield the required phase change which corresponds to the specific parameter
being measured. A large variety of physical parameters have been measured by such
interferometric sensors including strain, temperature, magnetic and electric fields and
acoustic sensing ..Measurements of a specific parameter would ideally be made using
fibre sensitive to that parameter only.

However, commonly, there is difficulty in

distinguishing between, for example, the strain-induced effect and a temperatureinduced effect, leading to complexities in signal processing and/or sensor design

Common to both the Mach-Zehnder and Michelson interferometric sensors is the
optical phase shift which can be given as [2.49]

(2.6a)

4> = nkL

or

(2.6b)

where n is the refractive index of the fibre core, k the wavenumber (or 21li'A) and L
the length of the fibre. With the Michelson interferometer, the phase shift is 24>. By
differentiating this term, the fractional phase change can be obtained as

d4>

dn

dk

dL

4>

11

k

L

(2.7a)

-=-+-+-

or

4> + 114> = 27r [nL + nM + Li1n]

(2.7b)

A

where dnln and dUL are terms dependent on the changes in the physical parameters
being measured. It is thus evident that physical parameters such as pressure, strain,
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stress, temperature and magnetic field influence the phase change, dC/>, through
changes in the fibre's refractive index and physical length. In a practical sensor,
these terms are maximised to increase their sensitivity with respect to the measured
parameter(s). The basic equations shown above must be expanded in such a way as
to sensitise them according to the specific measurement requirements. The dk term
is related to any wavelength change associated with the light source, and is useful
when

considering

phase

noise

and

some

demodulation

processes

[2.49].

Components such as beam splitters or couplers are also an important consideration in
these types of sensor because their power coupling efficiency influences fringe
visibilities given by the equation:

V= (Imax -[min)
(Imax

(2.8)

+ [min)

Environmental effects on these components can change fringe visibility. However,
using this technique, potential problems such as thermal drifts in the detection and
demodulation system and source fluctuations may be reduced.

~oreover,

with

accurate set-up of these" sensors and careful selection of the detection and signal
processing schemes, phase shift~ of _10- 6 radians are detectable, corresponding to a
path length change of _10- 13 m, assuming that the optical paths of the two fibre arms
are matched to within I mm [2.27, 2.49].

The most basic interferometer associated with multuple-beam interferometry is the
Fabry-Perot interferometer as shown in Figure 2.17. No reference fibre is required
and the interference is obtained from multiple partial reflections of the input beam.
This can be produced by well cleaved fibre ends. There is partial reflection of the
input light back to the source. The light is then partially reflected by the second
reflective surface, resulting in multiple reflections within the interferometer cavity.
This action amplifies the phase difference and provides a very high sensitivity. This
type of interferometer generally has twice the sensitivity of other interferometers and
it is widely used in multiplexed [2.32, 2.40, 2.50], distributed and point sensing
applications [2.51].
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Differential interferometers are those in which the light coupled into the optical fibre
sensor populates two eigenmodes of the waveguide and is usually known as a
polarimetric sensor [2.52]. In such a device (Figure 2.18), the change in the state of
polarisation (SOP) of the two orthogonally propagating eigenmodes within the fibre
is effected by an external influence such as temperature, strain, bending or other
effects.

Light launched into the fibre is generally either linearly polarised or

polarised randomly. The modulated signal can then be detected either in an intrinsic
or extrinsic fibre optic sensor configuration.

The measured parameter can be

encoded as a change in intensity, wavelength or phase.

Polarimetric sensing

further tre"ated in Section 2.3.6 in which crystal fibre sensors are also discussed.
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2.3.3

Distributed and multiplexed sensing systems

Optical fibre technology has provided an important ability to enable long-range
sensing in which a physical parameter is measured as a function of the linear position
along the fibre length, usually through some forms of optical time domain
reflectometry (OTDR) and/or time division multiplexing. In OTDR schemes, pulsed
signals from the laser source driven by a time delay generator are launched into a
long fibre link. Several sensitised regions can be incorporated along the fibre or the
whole fibre length can be made sensitive to the target parameter(s). The reflected or
backscattered signal is detected and demodulated after a certain time delay relative to
the input pulse. The value of each individual signal detected is thus directly related
to the specific location along the fibre link. This technique is initially used in the
telecommunications industry for fault location and signal diagnostics along long
lengths of fibre links [2.53]. A basic OTDR scheme is shown in Figure 2.19. An
almost proportional decrease in the signal is thus obvious the further along the fibre
the lightwave is reflected due to the intensity loss as a function of distance. The
precision of such a system and the separation between two measureI?ent points are
determined by the pulse width of the input signal as well as the bandwidth of the
detection unit. Measurement of amplitude and phase modulated signals both in the
linear mode (where the returned signal to the OTDR is at the same frequency as the
input frequency) or non-linear mode (where the frequencies of the returned signal
and input light are different) is possible and is usually based on some loss or
scattering mechanisms. Hence, a large number of point sensors distributed over a
wide region can be multiplexed onto a single optical fibre, providing a class of
sensors which is unique to this technology and which is practically impossible to
implement using conventional sensing techniques. The number of sensing elements
used in distributed sensing has seen a steady increase from the normal two or more
elements from GEC Research (Marconi Research Centre) to a 10,000 elements
distributed sensor system by York Technology.

Other parameters such as stress,

strain, pressure and temperature can also be measured in OTDR techniques [2.32,
2.54, 2.55] and the recent introduction of the in-fibre Bragg grating sensors has led to
the ability to monitor large structures such as bridges and buildings [2.56].
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Polarisation-optical time domain reflectometry (POTDR), a variant of the OTDR,
has been the first distributed system used to measure the polarisation state of the
backscattered light as a function of time [2.57] in which the state of polarisation can
be mapped along the fibre position according to the various measurands (strain,
pressure, magnetic fields, etc.) to which the polarisation is sensitive. In the published
research on POTDR techniques, Luo et al. [2.33] have shown the use of highbirefringence optical fibre in a distributed strain sensing system to detect the mode
coupling of the two propagating eigenmodes in a hi-bi fibre. Good resolution was
obtained in that work even though the test fibre length was only 70 m.

Both

interferometry and optical path scanning have been used in their study to detect the
fault location and its magnitude (strain). Shatalin et al. [2.58] also investigated the
interferometric OTDR technique to determine the form and location of external
phase disturbances along a fibre to allow for a more accurate (spatially) and higher
resolution DOFS (distributed optical fibre sensor) system.

Raman and Brillouin scatterings [2.59] arise from nonlinear effects and can cause
significant losses in an optical fibre at high input power densities. Ra_man scattering
occurs when the incident light is scattered due to thermal vibration of the molecules
of the glass material while Brillouin scattering is related to the bulk vibration of the
optical fibre glass material. The frequency of the scattered light from these two
mechanisms is thus different from that of the input light source. Both Raman and
Brillouin scatterings, originating from thermally driven molecular and bulk
vibrations, respectively, are temperature sensitive. The Raman scattering effect has
been successfully used to develop distributed temperature sensors by companies such
as York Technology and makes use of the detection of the anti-Stokes backscattered
light to measure temperature change, through the ratio of the anti-Stokes to Stokes
intensity in the backscattered light given as [2.32, 2.60]

<
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(2.9)

where Rr is the ratio of anti-Stokes to Stokes backscattered intensity, As and Aa the
wavelengths of the lower photon energy (Stokes or longer wavelength) and higher
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photon energy (anti-Stokes or shorter wavelength), respectively, h is Planck's
constant, c the velocity of light, ,1v the frequency shift from the interrogating
frequency, k is Boltzmann's constant and T the absolute temperature.

The anti-

Stokes band is used here because of its higher temperature sensitivity than the Stokes
band [2.54].

The Brillouin scattering process is similar to Raman scattering

10

that upper and

lower sidebands are formed, but with a smaller frequency shift from the incident
light frequency, and with an acoustic phonon generated instead of an optical phonon.
The frequency shift,

v
B

VB,

is given by

2nV"
=__

(2.10)

A,

where n is the fibre refractive index, Va the sound velocity in glass and A, the
wavelength of the incident light. With Brillouin optical time domain reflectometry
(BOTDR) approach using Brillouin-induced gain mechanism, Bao etpl. [2.61] were
able to demonstrate a distributed temperature sensing (DTS) system with a resolution
of ±1 °C and a spatial resolution of 10 m at a sensing range of 22 km. Other DTS
systems based on a similar mechanism have also been reported with relatively good
temperature and spatial resolutions [2,62,2.63] .

•
Frequency and time division multiplexing (FDM and TDM) techniques are
commonly used in multiplexed sensing to integrate a large number of sensors which
can be supported by a single fibre. A basic TDM sensing configuration is shown in

Figure 2.20. The sensors multiplexed onto the collection fibre link can be intensitybased, interferometric sensors or of any other configuration.

Other division

multiplexing techniques involve wavelength, coherence, polarisation and spatial
multiplexing.

The diverse range of applications with such techniques includes

underwater acoustic sensor systems or hydrophones [2.64], industrial process control
sensing, and chemical, environmental and structural sensing [2.65].

The use of

Bragg gratings based on an interforemetric configuration with wavelength division
multiplexing (WDM) has also been investigated [2.66] and such a sensor can be used
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to measure load, strain, temperature and vibration in manufacturing processes or in
structures such as bridges, buildings and tunnels.

The attractiveness of distributed and multiplexed sensing is such that a wide range of
almost any physical or chemical parameters can be measured.

In particular, this

technique can be employed to sense either the same or various parameters over a
very large area with relatively high accuracy and precision. An example is the Flame
Quality Analyser [2.67] used for quasi-simultaneous measurement of temperature
and intensity profiles of flames in industrial boilers using two-colour pyrometry.
This enables measurement of up to 30 spatially separated points by multiplexing the
30 fibre optic sensor probes onto a single optical fibre link. Acquisition and display
of the measured parameters are provided by a computer although this system can also
be interfaced with other monitoring and control systems.
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2.3.4

Fibre Bragg gratings and sensors

Of the most recent developments in fibre optic components, the development of infibre Bragg gratings (FBGs) has been one of the most exciting developments in both
optical telecommunications and sensing [2.51, 2.68]. Bragg gratings are produced by
a refractive index change in the core of an optical fibre due to absorption of UV
(ultraviolet) light.

Generally, two UV beams are combined to produce an

interference pattern which is then imaged onto the fibre core. The resulting change
in refractive index establishes a phase structure having the same spatial period as the
interference pattern. This gives rise to the characteristic grating structure. Gratings
can be used to reflect, disperse or filter light within the fibre core. Low losses can be
achieved and bulk optics like mirrors, beamsplitters and diffraction gratings, may be
avoided [2.68]. Fibre Bragg gratings are rather easily manufactured and relatively
inexpensive devices. Their operation can be described using coupled-wave theory
where the incident light is coupled at each grating plane into a backward propagating
mode. This condition is satisfied when the Bragg matching condition is met, defined
by the wavelength of the Bragg grating [2.51, 2.68]. A schematic o( a typical fibre
Bragg grating is shown in Figure 2.21.

The first observations of permanent refractive changes in the core structure of
germanosilicate fibres were reported by Hill and co-workers [2.69, 2.70] when they
launched 488 nm light into a fibre from an argon ion laser:

Due to the Fresnel

reflection from both polished ends of the fibre, an interference pattern in the form of
a standing wave was formed within the core, resulting in a periodic grating structure
being formed. This had the same spatial periodicity as the interference pattern. This
structure was fou.nd to be permanent but weak and led to the laser light being
reflected as the structure gained in strength. The process was self-organised since
the periodic refractive index structure was formed spontaneously and at the
saturation level, the maximum reflectivity was reached.
filter was thus obtained.

A narrowband reflective

Photosensitivity of the fibre glass material was the

attributed reason behind this novel discovery.

The discovery of photosensitivity in optical fibres was only further developed when
Meltz et al. [2.71] reported a new side writing technique about a decade. Since then
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several grating inscribing techniques [2.72, 2.73] have been developed and they
include the interferometric, phase mask, point-by-point and mask image fabrication
techniques. Both amplitude-splitting interferometry, in which the inscribing beam
from a UV laser is split into two equal intensity beams and recombined to form an
interference pattern over the core of the target fibre, and wavefront-splitting
interferometry, using prisms and Llyod's mirrors to spatially split the writing beam
into two by refraction and total internal reflection, have been used in the
interferometric technique. Amplitude-splitting has the advantage of being able to
inscribe Bragg gratings of any wavelengths while the main disadvantage arises from
sensitivity to mechanical vibrations due to the focusing and positioning optics
involved. With wavefront-splitting, since only a prism or Lloyd's mirror is used, the
associated sensitivity to vibration is much reduced. Temperature-induced distortion
of the wavefronts'due to convection currents is also reduced since the focusing prism
or mirror can be positioned close to the target fibre and rotation of the optics can be
easily carried out, which is attractive for varying the angle of the interference pattern.
A disadvantage though is the length of grating that can be fabricated; this is limited
to half the beam width.

The phase masking process is one of the principle techniques used for producing
fibre Bragg gratings because of its simplicity and high reliability [2.68]. Here, the
UV radiation is passed through a diffractive mask made by etching a silica substrate,
which is maximised in its first order diffraction and placed in contact with the fibre.
The diffraction thus interferes within the fibre core to produce a periodic refractive
index modulation in the glass to form Bragg gratings. This has the advantage that
the grating pitch is not dependent on the writing wavelength, but only on the pitch of
the phase mask (i.e. half the pitch of the phase mask).

In the point-by-point technique, a focused beam from the UV laser is made to
traverse along the l.ongitudinal axis of the fibre core, inducing localised refractive
changes one step at a time [2.68]. The distance moved by the focused beam thus
corresponds to the pitch (A) of the Bragg grating produced.

Since the beam,

focusing parameters and motion can be controlled easily, this constitutes a flexibility
in allowing the grating length, pitch and other parameters to be varied as required.
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The mask image projection technique uses an amplitude rather than a phase mask
with a series of lines opaque to the writing beam [2.68]. The transmitted beam is
then imaged onto the fibre core by high-resolution focusing optics. This technique is
simple to implement and various Bragg grating structures can be fabricated by
simply changing the image mask.

Various laser sources (emitting in the UV region) may be used for successfully
producing Bragg gratings with this technique. Examples are KrF excimer lasers, dye
lasers, frequency-doubled Ar lasers and quadrupled Nd :YAG [2.68]. The excimer
laser has emerged as one of the most important laser sources for use in fabricating
Bragg gratings in optical fibres with many groups [2.74, 2.75] investigating
narrowing the laser output linewidth since this inherently leads to higher output
intensity and, more importantly, to the possibility of inscribing higher frequency
Bragg gratings. Othonos and Lee [2.76] have recently demonstrated the possibility
of narrowing the KrF excimer laser linewidth to -4 pm and obtained sufficient
coherence from its output by modifying the laser cavity to include two etalons and an
aperture while others have reported advances in fabricating °FBQs with 100%
reflectivity

using

single

excimer

lasers

[2.77],

contributing

to

the

production/fabrication of high quality, low loss, reliable and relatively low cost
FBGs. These lasers are capable of operating at or very close to the peak absorption
centres of the silicate-based fibres, and have good temporal and spatial coherences,
together with high average powers.

They are very attractive sources since long

gratings can also be written (due to the high coherence). Some high energy pulsed
sources can also enable single-pulse grating writing and may be used to write
gratings onto fibres during the fibre drawing process: this may be very advantageous
when producing Bragg gratings (or even long period gratings) for large sensing
arrays in multiplexed systems.

Bragg gratings are backward-coupling devices in which a forward propagating mode
is coupled into the same backward propagating mode when the Bragg condition is
met while other wavelengths/modes pass through without any coupling.

Typical

Bragg grating periods are of the order of I J.lm down to several tens of nm. There is
another variant of the Bragg grating: the long period grating (with grating periods on
the order of 0.1 to I mm), which is a forward coupling-device acting as an attenuator
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rather than a reflector, hence producing loss bands at specific wavelengths.
Although less attention has been given to long period gratings, these devices can be
useful for determining or differentiating wavelength shifts due to strain-induced
effects from that due to temperature [2.78]; they are reported to have a larger
temperature response as compared to the FBGs and a correspondingly lower strain
response. Most of the published research is based on the normal or conventional
Bragg reflector, but there also exists several Bragg structures with various
specialised uses, particularly in telecommunications requiring erbium-doped fibre
amplifiers. The two most common ones are the blazed and chirped types of Bragg
gratings, with their schematic representations being shown in Figures 2.22 and 2.23.

Bragg gratings consist of periodic changes in the refractive index of the fibre core
where the phase fronts are perpendicular to the fibre axis and the grating planes are
spatially constant. Guided light is scattered at each plane and if the Bragg condition
is not met, the reflected light from each plane becomes out of phase and cancels out.
When the Bragg condition is satisfied, the back reflected light adds constructively
(superimposition) with its centre wavelength determined by the Bragg wavelength.
The wavelength encoded nature of the returned signal after reflection from the Bragg
grating is thus a narrowband signal dependent on the Bragg wavelength given as
[2.32]

(2.11)

where n is the effective index of the fibre core and A the grating pitch or period.
Such a returned signal is not directly dependent on the variation in the input optical
source, hence, any source power variation will not be directly transferred to the
wavelength-encoded signal and the bandwidth of this reflected signal is largely
dependent on the grating length [2.79]. Thus, the application of strain, temperature
or pressure will cause a physical change of the Bragg grating, resulting in a shift in
the grating period. The main advantage of these Bragg grating sensors over other
interferometric or intensity-based techniques is the linearity of response which can be
obtained as well as other qualities such as stability, compactness and low insertion
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losses [2.68]. As such, the relationship of the Bragg wavelength change with respect
to a physical parameter can be described as

1 dAB

I dn

1 dL

AB . dA

n . dA

L . dA

(2.12)

--=--+--

where AB is the Bragg wavelength, JAslJA the change of Bragg wavelength with any
physical parameter, n the effective refractive index of the fibre core, L the grating
length and JUJA the change of grating length with respect to the parameter change.
Of all the parameters, FBG sensors have mainly been applied in temperature and
strain (Figure 2.24) sensing of different types of structures and multiplexing of

~

large number of these sensors enables a powerful sensing tool to be realised. The
strain-induced wavelength shift of an FBG along the fibre axis can be given as [2.72,
2.80]

(2.13)

where LlABs is the wavelength shift, AB is the Bragg wavelength, Llcz is the applied
longitudinal strain and Pc is the effective strain-optic coefficient given by

?

Pe =

n; [P12 -V(PII + PI2)]

(2.14)

Pll and P12 are the strain-optic components, n is the refractive index and v Poisson's
ratio of the glass material. Hence, measuring this shift in Bragg wavelength will
allow the induced strain values to be determined.

The temperature-induced wavelength shift, LlABT, due to a temperature change of LlT,
can be given as

(2.15)
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where ex = (i/A)(JN(J[) is the thermal expansion coefficient of the fibre and I;
(i/n)( an/(J[) is the thermo-optic coefficient.

=

Such terms can be measured

independently before the fibre is used for any Bragg grating configuration.

In the case of pressure-induced wavelength change, ABP, the Bragg (AB) wavelengthpressure relationship can be given as [2.80]

(2.16)

where E is the Young's modulus of the fibre and L1P the change in pressure. As can
be seen from the above equations, all physical parameters have a relatively important
effect on the refractive index and grating period properties on which the Bragg
wavelength shift is highly dependent. This thus reinforces the wavelength-encoded
nature of the returned signal as the sensed information is directly detected as a
wavelength change or shift. Hence, the source power variation, coupling losses, etc.,
are not directly transferred into the output signal. However, the signal detection and
recovery units for measuring and resolving the wavelength shifts must be highly
sensitive.

Sensors based on fibre Bragg gratings have received considerable attention due to
their capability in measuring a diverse range of parameters like strain, temperature,
pressure and even electric current. However, research has mainly been concentrated
in using FBGs as sensors for measuring mechanical deformations such as bending
and strain, and for monitoring the health of large civil structures like bridges, roads,
lock-gates for waterways, underground tunnels and airframes, etc. A very attractive
advantage of using Bragg gratings, as mentioned earlier, is the linearity of response
of the Bragg wavelength shift to the measured parameters along with the possibility
of multiplexing many of these gratings at various points on the surface or within a
structure.

The use of in-fibre Bragg gratings for strain measurements have been demonstrated
by various groups. Since fibre optic sensors do not have any great effect on the
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structural integrity of concrete or composite materials, O'Dwyer et al. [2.81] used
FBGs which were embedded in a carbon fibre reinforced composite to monitor its
real-time strain characteristics during the curing process. This enabled them to study
the internal stresses built up within the material, which is directly related to the
different thermal expansion coefficients of the various fibres/resin matrix of the
composite material. The axial and radial strains sustained by a gun barrel during the
firing of a projectile were also studied with the help of Bragg gratings configured for
measuring strain with the aim of improving the weapon's performance [2.82]. The
temperature of liquid fuel tanks used for launching space vehicles has also been
monitored using fibre Bragg gratings [2.83]. Since the liquid fuel used is always
maintained at a very low temperature, there is a need to ensure the safe functioning
of the tanks containing it and the reusability of these tanks after recovery, both for
safety requirements and cost effectiveness.

One main disadvantage of FBG sensors, which is also common to all other fibre
optic sensors, is the difficulty and, hence, complexity in differentiating between the
strain and temperature dependence of the returned signals. Consider.able work has
been focused on differentiating these effects with many groups proposing
simultaneous measurement schemes [2.84, 2.85, 2.86, 2.87].

Patrick and Vohra

[2.78] recently reported on a dual measurand technique where a long period grating
(LPG) was incorporated in line with two FBGs to simultaneously measure
temperature and strain, while Song et al. [2.88] demonstrated the use of spliced
different-diameter fibre gratings where the relative wavelength change of the two
gratings is independent of temperature change and is only affected by the applied
strain. In the analysis, it was found that the spliced different-diameter fibres with
gratings have the same response to temperature-induced change but the response due
to the applied strain is different. The fibre diameters were 135 !-lm and 165 !-lm with
two gratings written at 1549.3 nm and 1546.4 nm, respectively. By heating the fibre
up to -100°C, the wavelength shifts in both gratings showed an identical response of
10.65 ±0.005 pm / °C, while the strain sensitivities for the two gratings were found to
differ by 0.6 nm / !-lE. See Figure 2.25. In another work, Song et al. [2.89] also
reported on the simultaneous measurement of temperature and strain using two
Bragg gratings embedded in series in a silica glass tube, with one of the gratings
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configured to respond only to temperature while the other responds to both strain and
temperature. A similar technique has also been reported elsewhere [2.90]. Previous
work on the differentiation of temperature-induced from strain-induced responses
used a dual wavelength technique [2.91, 2.92] with gratings of two different
wavelengths collocated at the same point.

The use of fibre Bragg grating sensors can play a critical role in monitoring and
maintaining the structural integrity of civil structures [2.93] since deformations such
as cyclic straining and bending in these structures are potential threats to the safety of
the users. Since the early 1990's, fibre optic sensors based on Bragg gratings have
seen a growing application in this field of sensing. Moreover, the ability to multiplex
Bragg grating sensors has enabled applications ranging from monitoring bending
stresses in simple cantilever beams to measuring strains and temperatures in aircraft
bodies [2.94, 2.95, 2.96, 2.97, 2.98].

Although the main uses of FBGs are in the field of strain and temperature sensing for
structures and structural materials, other applications for fibre Bragg grating sensing
have also been found and they include shape and vibration sensing [2.99], high
frequency ultrasonic field detection in medical applications (ultrasound surgery,
hyperthermia, lithotripsy, etc.) [2.100, 2.10 1] and high-voltage sensing [2.102].
Many other sensing applications using fibre Bragg gratings will in the near future be
found. The use of long period gratings for fibre optic sensing has been discussed by
Bhatia [2.103].

With the use of quasi-distributed, multi-point and distributed sensing, some forms of
multiplexing are required .. These techniques have been detailed in several articles
[2.80, 2.104].

The main techniques involved are wavelength division multiplexing

(parallel, series, with tuneable filters and crosstalk-free approaches), time division
multiplexing (TDM), spatial division multiplexing (SDM) and a combination of two
or more of these schemes.

A 2D multiplexing technique can also be realised by

combining in parallel and/or in series the three main approaches. With wavelength
division mUltiplexing [2.105, 2.106], each of the gratings is written at a different
wavelength so that they do not overlap each other. By having another FBG in the
receiving fibre, tunability of the detected signals/wavelengths is provided by
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stretching this FBG. The wavelength shift due to the parameter(s) at various sensing
points can then be traced and processed. In TDM [2.107], the returned signals from
any adjacent FGB sensors are delayed over a specific time by the use of fibre delay
lines. The signals are then detected with specific temporal delays corresponding to
the delays caused during propagation along the returned routes and this delay can be
provided by a high-speed optical or electrical switch.

For applications requiring

independent multi-point sensing, the spatial division multiplexing technique [2.108]
is used.

The point sensors used generally have identical characteristics and can

normally be interchanged or easily replaced.

Several interrogation techniques exist for measuring the small Bragg wavelength
shifts of FBGs due to influences by temperature or strain. Most. use a broadband
light source with a spectrum which covers that of the FBG elements and the narrowlinewidth returned signal reflected by the gratings is detected through various
schemes such as optical filtering, tuneable filter tracking and interferometric
detection.

In optical filtering, a broadband source is launched into the FBG sensor and the
reflected signal is fed into a filter to be compared to the direct reference signal fed
directly into the detection path via a coupler. The two signals are then detected and
their ratio forms the output to be processed. Tuneable filter tracking involves FabryPerot filters, acousto-optic filters and FBG-based filters, to pass one narrowband of
the returned signal for each FBG sensor element. Tuning the filter thus provides a
scanning action over which the light reflected from the different wavelength FBG
elements are detected as wavelength encoded signals (Figure 2.26).

With interferometric detection, the input signal, reflected from an FBG element, is
encoded from a wavelength term into a phase term.

Consequently, the detected

phase, d¢ is directly associated with the Bragg wavelength shift, dAB, given by the
equation

(2.17)
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where n is the effective index, As is the grating wavelength and nd the optical path
imbalance. The interferometer used in such techniques is an unbalanced one (See

Figure 2.27) whose optical path difference (OPO) must be less than the coherence
length of the grating reflected signa\. Various phase demodulation techniques can
thus be employed to detect the final phase shift. Postulated strain resolutions are in
the picostrain/"Hz order [2.32]. Temperature measurements are also possible using
the interferometric technique [2.109].

Another possible interrogation technique is

based on spectroscopic schemes, where the most basic one uses a simple dispersive
element such as a diffraction grating to disperse the input wavelengths onto an array
of CCOs, in which each CCO element corresponds to an individual wavelength.
Hence, a Bragg wavelength shift will be indicated by the shift of the signal from one
CCO element to another (Figure 2.28).

Fibre Bragg gratings have also been used as reflectors in fibre lasers to be used as
tuneable single frequency laser sources as well as for high resolution strain and
temperature monitoring [2.110,2.111,2.112]. See Figure 2.29. An in-fibre cavity is
created if two identical FBGs are written onto a section of optical fibre as shown in
the figure.

Besides FBG lasers, the introduction of the fibre Bragg grating has also enhanced
many

communications

and

sensmg

applications

components/devices to be produced [2.51, 2.113].

by

allowing

novel

They have been used in

conjunction with diode lasers to produce stabilised single frequency laser sources,
mode-locked lasers (by modulating the laser at a frequency determined by the grating
position relative to the laser output and the Bragg grating), and have been used to
enhance erbium-doped fibre amplifier (EOFA) performance.

Although the inscription of Bragg gratings in single crystal fibres by the mentioned
techniques has not been reported yet, Fejer [2.15] demonstrated that with the
appropriate diameter control system, uniform surface relief structures with constant
pitch and the desired length can be produced in sapphire fibres.

With the high

modulus (hence high stiffness) and favourable mechanical properties of many SCFs,
in-fibre Bragg gratings written or fabricated in them could provide even higher
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sensitivity and/or measurement range.. Moreover, SCFs can allow sensing to b·e
carried out in extremely harsh environments unsuitable for conventional FBGs.
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2.3.5

Fluorescence-based fibre optic sensors

Fluorescence-based fibre optic sensing techniques may be classified under a special
category of intensity-based sensing in that the unique property of fluorescence
lifetime decay is relatively independent of source intensity.

With its associated

intrinsic or extrinsic sensing configuration, fluorescence-based sensors provide a
very attractive scheme upon which various physical parameters can be measured
with relatively good accuracy. Temperature, together with pressure form some of the
most important and commonly measured parameters in fluorescence-based fibre
optic sensing [2.114, 2.115, 2.116] although other parameters such as fluid viscosity,
humidity, pH levels, etc. [2.38] have also been investigated.

Fluorescence is the emission of light from a material which has been excited by
source(s) of electromagnetic radiation.

The choice of excitation source used to

induce fluorescence emission is dependent upon the absorption spectrum of the
particular fluorescent material. This can span across the ultraviolet, visible and/or
infrared spectral regions. The absorption spectrum thus indicates the various spectral
regions in which an "active" material can be excited to release fluorescent radiation.
After being excited to a higher energy level, the fluorescence emission takes a certain
time to spontaneously decay to its ground state and this is characterised by a
fluorescence lifetime or decay time.

The fluorescence lifetime varies widely in

different materials and is an intrinsic property of the particular material used and the
particular energy levels. In the case of ruby, it is generally sensitive to temperature
over a certain range and has been found to be relatively less sensitive to other
physical effects such as pressure and strain [2.25, 2.117].

Similar characteristics

have also been found in silica fibres doped with rare-earth erbium and ytterbium
[2.118,2.119]. In principle, fluorescent materials which exhibit a dependency on the
parameter to be measured can be exploited as a sensor probe in a fluorescence-based
fibre optic sensing configuration. These encompass both transition metal and rare
earth ions which can be doped into either glass or crystalline hosts.

The choice of sensor material is dependent on the dopants or impurities selected.
While many active dopants can be easily excited to induce fluorescence in various
host materials, the concentration of such ions incorporated can play an important role
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in determining the final fluorescence characteristics. Beyond a critical level, this can
result in a reduction of the fluorescence intensity leading to a subsequent decrease in
the observed fluorescence lifetime [2.120], an effect known as concentration
quenching. The lifetime decay of transition metal ions such as Cr3+ in Ah03 [2.121]
and rare-earth ions such as Nd 3+, Er3+ or Er3+ + Yb 3+ in both glass and crystal hosts
[2.122, 2.123, 2.124] have been reported to be dependent on the concentration levels.
It is thus important to select sensor materials with levels of active ions sufficiently

high enough to achieve efficient fluorescence characteristics but without the onset of
concentration quenching, where possible.

The use of fluorescence intensity as a measure of a particular physical parameter
such' as temperature may lead to ambiguities in the true representation of the
measured value since other non-thermal effects like source instability, fibre bending,
detector drift and external light leakage into the system, can also induce fluctuations
in the measured intensity. Referencing, through the use of one or more wavelengths
from the fluorescence spectrum, can be used to overcome this difficulty although use
(

of such techniques generally leads to the increase in cost in terms of additional
detector(s), signal processing and associated optics like filters and lenses involved.
This can be a disadvantage when commercialisation of a sensor based on intensity
measurements is to be considered or realised.

However, monitoring of the fluorescence lifetime decay may offer a more efficient
solution since only a single parameter, the lifetime, r, is measured. Moreover, r is
intrinsic to a particular material and is therefore independent of the exact intensity
level. Nevertheless, sensor materials having relatively long lifetimes are desired to
enable ease of detection with inexpensive and widely available electronic
components but this generally leads to low bandwidth.

For most fluorescent

materials with doping below the critical concentration level, the fluorescence lifetime
can be treated as a single or quasi-single exponential decay process. This assumption
allows a number of signal processing schemes to be employed.

Some commonly used techniques are two point pulse measurements [2.125], pulse
integration [2.126], digital curve fitting with DSPs [2.127] and the phase modulation
technique [2.128].
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In the pulse measurement technique, the fluorescence decay immediately after the
termination of the excitation source is measured in which the decaying curve is
indicative of the fluorescence lifetime. The intensity levels at two fixed points along
the exponential decay curve are compared and from the time interval (t2 - tl)
between these two intensity points, the time constant or lifetime, r, can be inferred
according to the following expression:

(2.18)

where I(t) is the fluorescence intensity at time t and 10 the intensity at time

~/.

This is

a.simple and inexpensive method to implement but measurement at only two points
along the decay curve can lead to limitations in accuracy and precision.

The

integrating method may be used to improve the precision of the fluorescence lifetime
of the pulse technique.

Integration of the signal takes place at two fixed time

periods, TI and T2 , after the start of the trigger at a preset level of the measured
fluorescence intensity.

Taking into account the noise and dc baseline offsets by

integrating over the same two fixed periods during which time the fluorescence
signal has decayed to zero, the lifetime can be obtained from the following

A- C
--

B-D

l_e- T,/r

(2.19)

l_e-T,/r

where A, B, C, D are the integrated areas under the decay curve, T, and T2 the two
integration periods, and r the desired fluorescence I ifetime of the sensor.

The digital curve fitting technique involves the use of high speed digital signal
processors to capture/sample a part of the decay curve. Exponential curves are then
fitted to this signal by means of least-square curve fitting in which the slope of the
fitted curve is proportional to the fluorescence lifetime. The dc offset which occur
during data acquisition can be overcome by using a three-parameter least-square
curve fit.

The use of DSPs in such curve fitting procedures can offer accurate
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dedicated lifetime measurement but because of the inherent numerical curve fitting
involved, a relatively long signal processing time can be expected.

Phase modulation techniques can offer high levels of accuracy and precision when
used for measuring lifetime decay. They are generally insensitive to both ac noise
and dc offsets since the fluorescence signal is forced to lag behind the excitation
source by a phase shift, ¢' through the following expression

tan ¢ =2Tifr

(2.20)

where f is the modulation frequency and 't the required fluorescence lifetime. Hence,
measurement of ¢ gives a direct measure of the lifetime of the particular material.
This technique involves measuring the fluorescence signal during the excitation
process and is thus highly sensitive to external noise such as the leakage of the
excitation source to the detection circuit. A high resolution counter must also be
used to monitor the small shifts in phase.

However, it is an accurate lifetime

processing technique and can be suitable for use in precision measurements.

The phase-locked detection scheme demonstrated by Zhang et al. [2.129] may be
deemed as highly appropriate for measuring the change in lifetime associated with
exponentially decaying fluorescence signals because of its accuracy and high speed
response. It is similar to the phase modulation technique already discussed in that
the fluorescence signal lags the excitation signal by a certain phase and the measured
lifetime is converted into a repetitive signal whose period is directly proportional to
the desired lifetime itself. The repetitive signal is also fed back into the circuitry to
serve as the modulation signal, in effect, creating a feedback loop, and the whole
system functions in an identical manner to a lock-in amplifier with high signal-tonoise ratio coupled with the ability to track fluctuating signals to within a certain
bandwidth. The fluorescence lifetime, r, may then be inferred from measurement of
the in-phase and quadrature phase sensitive detectors (PSDs) and calculated
according to the expression [2.130]
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(2.21 )

where ¢ is the phase lag with respect to the modulation frequency, w the radian
frequency of the modulation signal, Y" and Yi the outputs of the quadrature and inphase detectors respectively. A category of detection schemes based on the PLD has
also been proposed by Zhang et al. [2.130] with either sinusoidal or pulse
(rectangular or square-wave) modulation of the excitation signal. The advantages of
pulse modulation being the ability to achieve a higher signal-to-noise ratio and its
simplicity to be utilised. A PLD scheme with two reference signals generated by the
use of two mixers/comparators has also been introduced to reduce or eliminate the
problem of excitation light leakage at the photodetector associated with PLD
schemes having only a single reference signal [2.130]. On the assumption that the
fluorescence signals are exponentially or almost exponentially decaying, such PLD
schemes can be employed to measure the desired lifetime values with good accuracy,
resolution and repeatability.

In principle, any material whose fluorescence characteristics exhibit a dependence on
one of the many physical influences may be employed as a sensor material.
Fluorescent materials doped with Cr3+ ions have been widely investigated over the
past two decades due to the large amount of data already available concerning their
properties [2.131, 2.132]. Several have evolved into sensor materials largely from
their initial employment as laser materials, with ruby being one such example [2.133]
where energy level transitions have been widely studied.

Its fluorescence

characteristics (lifetime decay, linewidth and R-line position) have been found to be
sensitive to temperature, pressure and compressive stresses [2.116, 2.131, 2.132,

2.134].

Other Cr3+ -doped materials have' been investigated for thermometric

applications and they include the laser crystal, alexandrite (Cr 3+: BeAb04) [2.135,

2.136], for temperature sensing up to -973 K, Cr3+: LiSrALF6, another laser material,
for biomedical temperature sensing up to -373 K [2.137, 2.138] and olivine crystals
(Cr3+: (Mg,Fe)Si04) for the temperature region of 77 to 370 K [2.139]. In all of
these Cr-based sensing schemes, the fluorescent crystals were attached to the
excitation and delivery optical fibre(s), usually silica-based, by means of adhesives
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and, thus, requiring a sheath to be used to protect the rather delicate assembly of fibre
and sensor material. This can lead to reduced frequency response of the sensor probe
and complication over the choice or shape of sheaths to be employed. However, the
various Cr-doped materials discussed above can be employed for thermometric
applications over separate temperature regions from -77 to 973 K.

The limiting

temperature for ruby is -873 K beyond which the fluorescence intensity is drastically
reduced for any reasonably accurate lifetime measurements to be made, while
alexandrite may be employed to a slightly higher temperature before its fluorescence
signal, too, becomes too weak to be measured.

In order to extend the range of temperature to

b~yond

1000 K, where other important

processes (for example, within an internal combustion engine or the turbine jet
engine) can be accurately monitored, a different set of fluorescent materials
incorporating active agents which can withstand such temperature limits should be
selected. Suitable dopants include erbium, ytterbium, thulium and neodymium ions.
Rare earth ions such as these undergo many fluorescent transitions when
appropriately excited [2.140]. Besides the usual fluorescence emission which can be
used as an indication of temperature, upconversion, with several emissions
throughout the visible and/or near infrared spectral regions, also allows a variety of
sensing schemes to be realised where the physical parameters need not be confined to
temperature. Although lifetime measurements can be effected using the techniques
available, ratiometric techniques utilising the various lines from the upconverted and
fluorescence emissions can also be realised easily. Moreover, the constant progress
in fibre optic telecommunications also means that the associated optical devices such
as sensitive photodetectors, mirrors and lenses will become more widely available at
a lower cost.

Well-known for signal amplification in telecommunications applications in the 1550
nm band as erbium-doped fibre amplifier (EDFA), Er3+ -doped glass fibres have been
studied for thermometric purposes and strain measurements up to -1373 K and
-2500

j..lE

[2.118, 2.141, 2.142]. Er3+-based fibre sensors can thus be considered as a

"spin-off' of the optical communications industry and are favourable since they can
be pumped with high-powered near-infrared and infrared laser diodes which are now
widely available. Another important advantage is the low-loss spectral window near
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the 1500 nm region, and this renders sensors based on Er3+ systems attractive since
they may be used in conjunction or in parallel with other communications-based Er3+
systems. Moreover, depending on the concentration level, the infrared fluorescence
lifetime of Er3+ -doped fibres can be extended into the millisecond region [2.142],
making the detection of this parameter more efficient and less costly. The green
upconverted transitions of Er3+ -doped silica fibres have been used in an intensity
ratiometric configuration to measure temperature [2.143], while co-doped fibres,
with sensitisers such as Yb 3+ ions allowing the Er3+ based system to be efficiently
pumped. near the infrared, have also been reported [2.144].

These thermometric

applications are based on the green emission of the active fibre utilising the intensity
of two lines from the emitted upconversion in a ratiometric form. The use of Nd 3+ doped silica fibres or crystals (Nd3+: YV0 4 and Nd 3+: KGW) can offer a relatively
high temperature sensing limit of -1300 K but suffers from ambiguities since the
fluorescence lifetime increases non-monotonically with temperature [2.145]. This
effect is even 'more accentuated when Nd 3+: YAG fibres are used [2.123]. Singlydoped Yb3+ fibres based on glass hosts have been used to measure temperature and
strain simultaneous.ly [2.119, 2.146] but suffer from the need to be annealed [2.147]
to achieve consistent and reproducible results.

With thuliqm-doping, temperature

excursion beyond -1400 K may be achieved [2.148, 2.149] but again, the sensor
probe in the form of a Tm 3+ -doped silica fibre has to be annealed. Moreover, due to
the relatively low Tm 3+ concentration level used, a minimum length constant has to
be determined in order to achieve the appropriate signal-to-noise ratio (SNR) and
stable operation.

Most, if not all, of these fluorescence-based silica glass fibre sensors are easy to
realise due to the wide range of commercially available doped fibres. However, they
all suffer from the disadvantage of requiring heat treatment in order to produce
stabilised results. This in turn reflects the susceptibility of damage of the silica fibres
to high temperatures as well as the ease with which these fibres, stripped of their
protective coating layer, can be broken. A recommendation would be to employ
crystalline materials in fibre form which can be relatively easily doped with the
required rare earth elements and which can tolerate the high temperature levels or
deformations to be measured.
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2.3.6

Crystal fibre sensors

The limitations imposed by glass-based fibres, especially in the area of fibre optic
temperature sensing, has led to the search for more robust and stable systems based
on other high temperature materials. Generally, most glass-based systems are limited
to temperatures up to -700 K while others based on silica fibres may be used up to
-1200 to 1300 K. For applications where temperatures higher than 1300 K are to be

measured, these "conventional" fibres cannot be used. Suitable replacements must
thus be found for this important temperature region.

In initial studies, sensors were either intrinsic and/or extrinsic fibre Fabry-Perot
interference devices for temperature and strain. measurements [2.21, 2.22].

The

fluorescence emission, both lifetime decay and wavelength shift, of appropriately
doped single crystal fibres has also been investigated for temperature and strain
dependencies. Fluorescence characteristics are attractive since they are not highly
dependent on power fluctuations of the pump source, usually a laser diode, and
generally, these fibres can be fabricated from materials which have alr(!ady been well
studied and characterised.

One of the earliest reported use of a crystalline high temperature probe by Dils [2.23]
involve the use of single crystal sapphire fibres coated with high temperature
metallic films. These sensing tips acted as small blackbody cavities from which
radiation emitted at high temperature can be accurately measured within a specific
emission spectral band. The coated temperature probes have been employed in high
temperature tests up to -2300 K, near the melting point of the sapphire fibres. Over
the last decade, several fibre optic sensing schemes based on crystalline materials
have been proposed and demonstrated to extend the temperature and strain sensing
limits posed by glass-based sensors [2.21, 2.22, 2.24, 2.25, 2.26, 2.150, 2.151, 2.152,
2.153,2.154,2.155,2.156,2.157,2.158,2.159, 2.160, 2.161, 2.162]. While most of

the work involved the use of pure sapphire fibres and/or rods [2.21, 2.22, 2.151,
2.152, 2.154, 2.155, 2.157, 2.158] for temperature and strain monitoring in extreme

conditions, transition metal-doped sapphire fibres such as ruby [2.24, 2.25, 2.163]
and rare earth-doped YAG [2.26, 2.156] employing temperature-dependent
fluorescent mechanisms have also been investigated.
61

Recently, single crystal

zirconia [2.164] fibres have been grown using the LHPG technique to exploit their
potential as extreme temperature sensors up to -2573 K [2.161].

The early demonstration on the practicality of a metal-coated high temperature
sapphire sensor [2.23] based on radiation from blackbody cavities has led to
interesting work on other high temperature blackbody sensors [2.153, 2.159]
employing the basic Planck's equation for blackbody emission tailored to meet the
emission conditions of the cavities. However, metallic films have the tendency of
being oxidised at such high temperatures and have to be coated with a protective film
of dielectric material. Work by Wang and Wu [2.159] has recommended the use of
ceramic films made up of nanoparticles of high temperature materials to remove the
oxidation characteristics associated with metallic coatings.

Although useful in

monitoring temperatures up to the melting point of sapphire, purely radiation-based
blackbody sensors suffer from the disadvantage that relatively high temperatures are
required before any reasonable amount of radiation intensity can be measured.
Further work on this type of sensor employed a cross-referencing technique in which
the doped end-section (with Cr3+) of a sapphire fibre was used to measure the lower
temperature range from -300 to 700 K using the temperature-dependent fluorescence
decay time of the ruby section [2.160].

For higher temperature ranges up to -2100

K, a miniblackbody was constructed by coating the same doped-section to form a
cavity from which blackbody radiation can then be used, in effect, producing a single
temperature probe for a wide sensing range. The main problem associated with such
a probe construction is one of absorption of the fluorescence signal by the blackbody
cavity whereby the resulting detected fluorescence can be drastically reduced

[2.160]. However, it is an attractive sensor in which higher temperature ranges than
2100 K may be realised by the use of crystalline materials with a higher melting
point than sapphire.

Recently, a high temperature sensor with operating

characteristics similar to blackbody sensors has been reported in which high melting
point rare earth films attached to a high temperature crystal fibre were used in
contact measurement of a sample temperature [2.162]. Not requiring knowledge of
the emissive properties of the measured sample used, it relies on the narrow emission
bands exhibited by these rare earths. Although it is an attractive alternative since
many rare earth materials have high melting points it does, however, require a layer
of protective shielding in the form of a thin platinum foil to block out radiation from
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the emitting sample at high temperature. Figures 2.30 illustrate the schematics of
radiation-based probe construction.

With high melting point crystalline hosts, the limits of temperature sensing can be
extended. Crystalline materials form one of the most appropriate sensor materials for
temperature sensing applications since refractive oxides such as Ah03, Y 203 and
Y 203-Zr02 have melting points beyond 2300 K, and recently can be fabricated in
fibre form with some levels of ease. As for the fluorescent sensing tips, these can
easily be grown by incorporating suitably high melting point fluorescent species.
Besides ruby fibre sensors [2.24, 2.25], a high temperature sensor using YAG fibres
doped at one end with rare earth Er3+ ions has recently been reported [2.26] for use
up to -1500 K. Rare earth doped crystal fibres are attractive for temperature sensing
applications not only because of their relatively high melting points but also because
of the sharp emission lines which can be efficiently pumped with widely available
and relatively inexpensive high powered laser diodes. The Er:YAG work [2.26]
utilised the first-excited state fluorescence decay rate at 1.6 !lm from the
4115/2

4113/2

~

transitions and discussed the limitations of the sensor when losses due to

competing upconversion processes occur. Signal loss due to upconversion can be
avoided by having low dopant concentration levels as well as low pump power.

The selection of a high temperature crystalline fibre will depend on the required
operating regime.

The Ah03 (or sapphire) fibre is a relatively well-established

system due its favourable properties and offer very attractive alternatives to glass
fibres in FO temperature and strain sensing applications.

As with glass-based

sensors, the many sensing principles and techniques may be transferred to crystal
fibre-based systems. The main disadvantages at the moment, however, remain the
difficulty in producing crystalline sapphire fibres in lengths which are comparable to
glass-based fibres and the relatively high propagation losses along these fibres due to
the lack of cladding. However, for many sensing applications, lengths in the several
cm regions should normally be sufficient.

Figures 2.31 illustrate both the intrinsic and extrinsic sapphire fibre Fabry-Perot (FP)
interferometric (IFPI or EFPI) devices used for both temperature and strain sensing
[2.21, 2.22]. As discussed above, FP sensors are known to be highly sensitive to
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parameters such as temperature, strain, pressure and acoustic waves and, hence, are
suitable for temperature and strain sensing applications [2.165]. In the IFPI sensor

(Figure 2.31a), a sapphire fibre polished at both ends was spliced to a silica fibre to
form the FP cavity [2.21].

Reflections from the silica-sapphire splice (R() and the

far end of the sapphire fibre (R 2 ) resulted in interference patterns being produced
with a phase difference, L1¢, between the two reflections which can be given as
[2.21]

/1¢ ==

~7r

(2.22)

[nM + L!1n]

o

where Ao is the wavelength of the laser source used, n the refractive index of
sapphire and L the cavity length. The change in this length, t1L, and the change in
the index, Lill, are dependent on physical influences such as temperature and strain
and can thus be used as a measure of these parameters.

The sapphire EFPI sensor, as shown in Figure 2.31b, consists of a lead-in sapphire
fibre, with both ends polished, and another sapphire fibre (target sapphire) with just
one end polished both of which are arranged within a sapphire capillary to form an
air gap or low-finesse FP cavity.

Reflections from the lead-in sapphire/air gap

boundary and from the target sapphire again produce an intereference wave with
intensity, I, which can be given as [2.154]

(2.23)

where 10 is the maximum output intensity, d the length of the FP cavity and A the
laser wavelength. Monitoring this intensity gives an accurate measure of the cavity
length, which in turn, is highly sensitive to parameters such as temperature and
strain. Reflection from the far end of the target sapphire is eliminated by shattering
that end while reflection from the input end of the lead-in fibre can be reduced by
polishing it at an angle relative to the longitudinal axis of the fibre. Any effect due to
reflections from these two surfaces can thus be minimised in this way. Sapphire IFPI
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sensors have been used for investigating temperatures up to 1770 K [2.21] while
extrinsic ones were more commonly employed for strain measurements in high
temperature environments [2.22, 2.151, 2.154].

The basic principles of a fibre optic polarimetric sensor have been clearly outlined
and discussed by Spillman [2.166] in which the states of polarisation (SOP) of a light
beam propagating along a length of fibre subjected to physical influences can be used
as a measure of these influences. The Poincare sphere may be used to qualitatively
represent the four component Stokes vector which qefine the SOP of light while,
quantitatively, both Mueller and Jones calculus may be easier to use given that the
optical elements employed in a polarimetric sensing technique are simply
represented by matrices. While both approaches have their own benefits; the Mueller
calculus is generally better suited to situations where intensity variations are
measured and Jones calculus employed when measurements of phases are required.
The four components can thus be given by [2.166]

(2.24)
(2.25)

= 2ArA" cos 8

(2.26)

S, = 2ArA) sin 8

(2.27)

S2

where Ax is the amplitude of light polarised in the x-direction, Ay the amplitude of
light

polaris~d

in the y-direction and 8 the phase difference or retardation between

these two amplitude components.

The measurements of the above parameters can, in theory, be easily carried out by
the use of appropriate optical elements such as polarisers and other polarising optics
while the sensing fibre, acting as the retarder, can be made sensitive to the
measurand. The monitored signals may be encoded in the form of intensity and/or
wavelength variations from which the desired values with respect to the sensed
measurand can be extracted. An illustration of a simple polarimetric sensor can be
seen in Figure 2.32 in which polarised light entering a fibre is caused to alter its SOP
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by a physical influence. The x and y component amplitudes are then measured in
terms of their respective intensities and the change in their ratio may be taken as a
measure of the monitored parameter.

In one of the very few reports on a sapphire-based polarimetric sensor, a
birefringence-balanced device was demonstrated [2.21].

Two sapphire rods with

their fast and slow axes set orthogonal to one another were butted together in a
sapphire capillary to form the sensing head. Light polarised 45° to the input sapphire
rod was launched into the sensor and the reflected signal, which was temperaturedependent, from the second rod was monitored for temperatures up to -1770 K. In
order to minimise errors due to source fluctuations in any general polarimetric
sensor, the difference-over-sum technique may be used and can be given as

(2.28)

This results in a ratio, V, which is a function of temperature, strain or any other
parameters monitored.

1+ and I. are the intensities of the orthogonal light

components, either in the x or y direction.

One of the implicit aims of a fibre optic sensor, or indeed of any general sensor
systems, is to continuously extend the limit of the sensing range/capacity. Sapphire
makes attractive high temperature and strain-temperature sensor materials but can
only be employed up to or near its melting point of -2300 K.

Recently, another

crystalline material has been grown in fibre form [2.164] and has been
experimentally demonstrated as a high temperature sensor in the range from -1470 to

2570 K [2.161]. The material of concern in that work was a Y 203-Zr02 (yttriastabilised zirconia) crystal fibre used as a blackbody cavity sensor in which the ratio
of two narrowband emissions was monitored as a function of temperature - also
known as the two-colour technique.

Y203-Zr02 has a melting point in excess of

2950 K and, potentially, can be used for measuring temperature up to this limit. It is
also mechanically stable at such high temperatures but YSZ fibres have been found
to crack during growth [2.164] due to the very large temperature gradient produced
by localised heating of the fibre.
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Chapter 3 - Laser Heated Pedestal Growth of Crystal Fibres
3.0

Introduction

A brief review of the available crystal fibre growth methods is undertaken to select
the most appropriate growth technique for the current requirements. Considerations
are also given to the various important growth parameters and discussed in
conjunction with the selected growth method, the laser heated pedestal growth
technique, with a view to producing high quality crystal fibres of pure and doped
sapphire, in particular, and YSZ (yttria-stabilised zirconia) for characterisation as
suitable fibre optic sensors. The fibre growth process, which is directly related to the
equipment employed, determines the final quality of the fibres produced hence,
optimum usage of these parameters must be taken into account. A list of growth
methods currently used for growing single crystal fibres is also discussed.

Unlike

fibres which have been employed for laser studies/materials and other non-linear
device applications, where stringent dimensional uniformity and control are essential,
fibres for sensors can generally tolerate a certain level of geometrical and
dimensional defects such as small diameter variations, etc.

3.1

Overview of available growth methods

The growth of single-crystal fibres (SCFs) for passive, active and nonlinear optical
applications has been well documented over the last three decades. Materials grown
in single-crystal fibre form can have near-theoretical properties (high strength, for
example) due to the small dimensions and reduced defects associated with the fibre
geometry. Indeed, the first major applications considered for such fibres were in
structural reinforcement where continuous lengths of polycrystalline sapphire fibres
were grown from the melt [3.1]. With a melting point of -2320 K, high strength,
high mechanical stability at elevated temperatures, and its chemical inertness,
sapphire, in fibre form was considered potentially highly suitable for such an
application.

The combination of attractive mechanical properties and the

waveguiding nature of a fibre geometry in SCFs can offer superior characteristics
when compared to glass fibres. Generally, these are wide optical transparency, high
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optical damage threshold and, hence, high achievable energy densities, high optical
gains and large nonlinear coefficients [3.2, 3.3].

Recent research in SCFs has been driven by new requirements for novel optical
materials for use in optical storage, harmonic generation, superconductivity, IR laser
beam delivery and solid state lasers [3.4]. In many optical applications, stringent
demands are placed on crystal fibres to be grown with high dimensional uniformity
and optical quality in order to reduce transmission losses as well as to prevent the
formation of both internal and external defects which would then limit their
usefulness. Diameter variation is a major factor directly affecting the quality of a
crystal fibre.

Although the diameter tolerances depend on the desired optical

interaction and application, variations on the order of 1 - 2 % should be adequate for
fibre optic sensing applications where typical fibre lengths used can be in the region
of 50 to 100 mm.

It

IS relatively easy to achieve good diameter control

and, hence, tight tolerancing in

glass fibres since the high viscosity exhibited by molten glass materi_als allows any
perturbation imparted to the growing fibre (via vibration and/or shocks) to be
absorbed and dampened. Perturbations will thus be drawn out into low frequency
diameter variations with small amplitudes.

In crystals, however, where a sharp

liquid/solid phase transition exists, the molten zone is highly susceptible to
perturbations and any disturbance to the molten zone or growth interface will,
generally, result in relatively large variations being imparted to the as-grown fibre
diameter.

Hence, fabrication of single-crystal fibres requires methods which are

considerably different from that used to pull glass fibres. Important considerations
thus have to be given to the various growth parameters, such as melt stability, molten
zone length, growth environment (since even convective cooling currents can lead to
non-uniform cooling of the fibre as it is drawn), the stability of the heat source,
heating power required as well as the source feed and fibre pull rates.

Several methods exist for the growth of single crystal fibres. The large majority of
these involve crystal fibre growth from the melt and the most commonly used
techniques are briefly summarised below. One observation to note is that all these
methods, with the exception of two, require the use of a crucible and lor a furnace.
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Hence, the crucible/container materials must be carefully chosen to be compatible
with the material to be grown so that there is no chemical reaction betwt::en them
which may result in impurities being transferred to the growing fibres.

3.1.1

Capillary shaping from melts

The main principle behind this technique involves the use of a shaper in the form of
capillary tubes inserted into a melt [3.5]. The profiles of the tubes then define the
geometry of the crystal pulled. The most basic growth profile is defined by contact
between the melt and the walls of the shaper/capillary while other melt schemes can
be realised by using capillaries with different edges as shown in Figure 3.1a. With
shaped growth, the main growth mechanism is determined by the ability of the melt
to wet the edge of the capillary, which will result in a stable meniscus angle from
which stable growth can then be commenced [3.6]. A variant of this growth method
includes the edge-defined film-fed growth (EFG)/Stepanov technique which has been
successfully commercialised and employed, mainly, in growing sapphire crystal
fibres by Saphikon, Inc. [3.7]. Crystal fibres of KRS-5 (thallium br9moiodide) for
the delivery of IR wavelengths have also been grown using this technique [3.8]. The
Bridgman growth technique is also included here since shapers in the form of
capillary tubes are also used [3.9]. It is illustrated in Figure 3.1h where the crucible
is lowered through a set of heating coils.

This causes the melt to undergo a

solid/liquid interface when the melt is lowered through a temperature gradient. The
capillaries employed define the dimension of the final crystal fibre grown and thus
have to be chosen to ensure chemical compatibility and match the thermal
coefficients of the desired growth material(s).

With such crystal growth techniques involving capillary shapers, both materials for
the crystal and the shapers must be matched so that no reaction and, hence,
contamination occur between them. The fibre diameter is controlled by either the
internal walls of the capillary shaper used or the meniscus angle of the wet between
the melt and the edge of the shapero The uniformity of the fibre diameter is therefore
intrinsically determined by the tolerancing and smoothness of these parameters. The
melting point of the shapers may also impose a limit on the type of materials which
can be grown.
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3.1.2

Drawing down and micro-pulling down (DD and

~-PD)

methods

These two methods are basically the same technique used for crystal fibre pulling
although they have been given different names by various authors [3.10, 3.11]. A
schematic of the principle behind the DD and

~-PD

methods is shown in Figure 3.2.

A crucible contains the melt which can be been heated by several types of heat
sources. The source material is introduced from the top of the growth apparatus
while the crystal fibre is pulled in a downward direction. A seed crystal with the
desired crystallographic orientation is attached to a puller and moved vertically up to
enable contact to be made with the molten source material which flows through an
orifice/aperture at the bottom of the crucible. Fibre growth then takes place when the
puller is withdrawn at a constant rate in the downward direction.

The growth

chamber may be flushed with inert gas when materials which are highly oxidising are
being grown.

Such techniques employ crucibles to contain the mdt hence, the reaction between the
crucible material and the melt has to be carefully considered and the fibre dimensions
are largely determined by the choice of aperture used as well as the wetting
conditions. Contamination may also be a problem if residues from previous growth
were not properly removed. With a relatively large melt volume involved in such
growth methods, the Marangoni effect [3.12] may cause a degradation in the quality
of grown fibres [3.13, 3.14, 3.15].

Although initially conceived to grow doped

LiNb0 3 [3 .. 10, 3.13, 3.14], where compositional uniformity can be tightly controlled,
such techniques have been extended to grow crystal fibres of Bi4Ge3012 (scintillator
in high energy physics) [3.16], silicon (device applications) [3.11], Si1-xGe x
(analysis) [3.15], K 3Lh(Ta, Nb)s012 (ferroelectrics) [3.17], some rare earth-doped
crystal fibre·s (optoelectronics) [3.18], eutectic fibres for structural applications [3.19,

3.20] and nonlinear garnets for Faraday isolators [3.21].

3.1.3

In

Micro-Czochralski

~-CZ

(~-CZ)

method

growth [3.22], the source material is melted in an appropriate crucible in

which a heater is embedded. The melt volume is generally small so as to reduce
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thermal convection currents in the melt which would otherwise lead to complications
in growing crystal fibres. It also provides better control of the melt temperature since
melt and crucible/heater are in close contact.

A microprotrusion is cast into the

crucible to act as a starting point from which crystal growth can be effected. The
growth of any fibre is determined by the ability of the melt to wet this protrusion.
An oriented seed crystal can then be dipped into the melt at this point and pulled into
a crystal fibre at relatively high rates. Figure 3.3 shows a schematic of the Il-CZ
method.

As in all crystal growth methods requiring crucibles/containers and/or

capillary shapers, the chemical matching of the melt and crucible is an important
factor to be considered so that little or no contamination of the grown fibre occurs.
Another limitation of this method is the maximum temperature which can be realised
and this is determined by the heater/crucible material. .The micro-Czochralski
method was originally used for growing single crystal LiNb0 3 fibres [3.22] but has
also been employed in the growth of crystalline Bi-Sr-Ca-Cu-O fibres for use as high
temperature superconducting materials [3.23].

3.1.4

Internal crystallisation method (ICM)

The ICM is a relatively new crystal growth technique originally conceived for
fabricating composite fibres in large quantities for use in structural applications
[3.24, 3.25, 3.26]. It is based on the crystallisation of the melt within the volume of a
suitable matrix to form continuous strands of fibres. A schematic of this technique is
shown in Figures 3.4. To enable continuous crystal fibre growth, a matrix with
prefabricated continuous cylindrical channels is employed. This can be achieved by
winding an assembly of foils and wires of the same material onto a mandrel, shown
in Figure 3.4a, to form a block of an appropriate size which is then subjected to
diffusion bonding under certain temperature-pres sure-time conditions.

Diffusion

bonding bonds the foils and wires together and isolates the neighbouring wires from
the melt during fibre growth, yielding continuous cylindrical channels within the
matrix. The final structure of the finished matrix is shown in Figure 3.4h.

For fibre growth to be achieved, the matrix must be kept at a higher temperature than
that of the melt and there must be good wetting between the matrix channels and
melt.

Crystallisation into fibres is achieved by infiltration of the melt into the
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continuous channels and movmg the matrix through two temperature zones to
provide overcooling. The initial section of the melt which has been moved into the
cooler second zone and crystallised will, thus, act as seed for rest of the fibres
growing in the channels. Extraction of the fibres is done by dissolving the matrix in
acids or suitable solvents.

Although polycrystalline crystal fibres are generally

produced with ICM [3.24, 3.25], an oriented seed crystal located at the top of the
matrix may be used to initiate single-crystal fibre growth [3.27]. An illustration of
ICM is shown in Figure 3.Se while a typical shape of the fibre cross-section can be
seen in Figure 3.Sd. This technique has been used almost uniquely to produce
sapphire crystal fibres with intended applications in high temperature composite
matrix and structural reinforcements [3.24, 3.25, 3.27].

Although mass production of crystal fibres is technically possible, several significant
limitations do exist when using this technique. Since fibre growth occurs within a
matrix, both fibre and matrix materials must be carefully matched for chemical
inertness and, to a more significant extent, to ensure compatible thermal expansion
coefficients so that little internal stress is imparted to the fibres upon..crystallisation.
Materials which can be grown with ICM are limited by the melting points of both the
crucible and matrix used while diameter control is determined by the uniformity of
the channel/wire dimensions used in the fabrication of the matrix, which could be
significant since the as-grown fibres are relatively long.
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3.1.5

Laser heated pedestal growth (LHPG)

This technique [3.28, 3.29] is a variant of the float zone method in which no
crucible/container is required. The melt sits suspended between the source rod and
seed crystal, as shown in Figure 3.5. Heating is provided by laser radiation which is
focused onto the top of the source rod, turning it into a hemispherical molten zone.
An oriented seed crystal which will determine the crystallographic orientation of the
grown fibre is then dipped into this molten zone to initiate growth and withdrawn at a
constant rate, V pull. Simultaneously, the source rod is fed into the molten zone at a
rate,

Vfeed,

which is, generally, slower than that of the seed crystal. Conservation of

mass then results in a diameter reduction of the growing fibre, giving the
characteristic shape of the molten zone as shown in Figure 3.5. It can also be seen
that the laser focal spot and, consequently, the molten zone remain fixed during the
fibre growth process.

With laser heating and the focusing optics used in LHPG, a very large variety of
materials can be grown. Moreover, fibres with any desired

diamet~rs,

in general,

have also been demonstrated, the smallest reported crystal fibre being 3

~m

in

diameter [3.30]. The starting materials required in the LHPG method are small and
fibres can be pulled at rates up to 3 mm/min or more. A wide range of materials
have been grown, including refractory oxides, fluorides, high melting point metals
and semiconductors, high temperature superconducting ceramics, garnets and
niobates. A list of all the materials which have been grown by this method to date
can be seen in Appendix A. The LHPG is the crystal growth method selected in this
work and, hence, will be further discussed in the next section.
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3.2

The laser heated pedestal growth technique

As is rather obvious from the growth techniques discussed earlier, with the exception
of the LHPG, the other methods all require a crucible to heat and contain the melt.
The types of crystal fibres which can be grown are thus dependent on the
crucible/melt compatibility. The LHPG method is one of the primary techniques for
single crystal fibre growth which does not involve contact between the melt and a
crucible. The molten zone is held in place in the laser focus by surface tension and it
is very similar to the laser heated float zone technique (laser float zone is generally
used for growing bulk crystals).

In LHPG, the primary laser beam is expanded and split into a hollow cylindrical tube
of radiation with relatively uniform intensity distribution. This is possible with the
aid of novel beam guiding optics which have been developed by researchers at
Stanford University [3.28], who, upon recognising the huge potential available from
single crystal fibres of various materials, undertook a research program to investigate
and establish a versatile crystal fibre growth system which is now corpmonly kn()wn
as laser heated pedestal growth (LHPG). From the optics, cylindrical beam is then
reflected by a coated plane mirror oriented at an angle of 45° from the horizontal
onto a parabolic mirror which finally focuses the beam tightly into a small spot to
provide melting of the tip of a source rod. The spot size in this work has been
estimated to be -22.5

~m.

This approach thus reduces or eliminates any

contamination which might be transferred from a crucible into the grown fibre
(although some contamination may occur via impurities attached to or in the source
material), together with the added advantage of symmetric heating of the molten
zone. Hence, high purity optical crystal fibres can be grown. A schematic of the
LHPG optics is shown in Figure 3.6.

Several attractive features are associated with crystal fibre fabrication by LHPG.
Laser heating provides a clean source of radiation and the maximum temperature that
can be attained (when very high melting point materials are grown) depends, in
practice, on the available power from the laser employed. This suggests that very
large temperature gradients are possible at the solid/liquid interface [3.29], which, in
turn, allow crystal fibres to be grown at relatively fast rates in comparison with other
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crystal growth methods and with higher dopant levels. Typical growth rates are in
the 1 mm/min region. Phomsakha et aL. [3.31] have reportedly grown high quality
sapphire SCFs at -20 mm/min by modifying the beam shaping optics and growing
under an inert gas-atmosphere while even higher growth rates up to -40 mm/min are
possible although at such high growth rates, supercooling will lead to significant
internal scattering defects [3.30]. When investigating novel devices, speed is an
important factor and a high turn-over rate is desired so that a wide range of different
materials can be grown into SCFs for characterisation studies. In this work, growth
rates of the order of I mm/min are used. Hence, for sensing fibres with lengths of 50
to 100 mm, typical times required to pull each fibre are from -50 to 100 min. In this
way, 4 to 5 fibres can be grownper day.

For material development, it is highly desirable that only small amounts of starting
materials be used before a programme of bulk crystal growth is initiated. This is an
important consideration when expensive materials, such as scandium compounds, are
being studied. The source materials used in LHPG, normally in the form of square or
round rods, are typically in relatively small quantities (compared t9 other crystal
growth techniques) hence, excessive costs can be. avoided.

Moreover, to be

compatible with current glass fibre technology, single-crystal fibres can be grown
with diameters in the range of 130 /-lm or smaller. It should be noted that the choice
of fibre diameter is arbitrary, however, and it is dependent on the application
requirement(s). Besides the very high crystalline perfection which can be achieved,
internal crystal defects (such as grain boundaries, dislocations and mUltiple domains,
etc.) can also be minimised [3.2, 3.4]. With the small diameter of the growing fibre,
defects which are not aligned exactly along the fibre axis will quickly grow out of the
crystal.

Likewise any defects present during the initial seeding stage.

The

relationship between defect densities present in a growing cryst.al, the growth
parameters such as temperature gradients, thermal expansion coefficient, and the
crystal diameter has been studied by Tsivinskiy [3.32] and Inoue and Komatsu [3.33]
who found that very low defect densities can be achieved as the crystal diameter is
reduced dramatically.

Hence, good quality optical single crystal fibres can be

expected with the LHPG method.
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An additional advantage of this growth technique is the possibility of growing a very
wide range of materials. By establishing LHPG, Feigelson and fellow researchers at
Stanford University [3.4] were able to quickly demonstrate the versatility of this
technique by growing a wide range of materials, from congruently and incongruently
melting crystals to oxides, fluorides, eutectics, semiconductors and metals.

The

range of materials which can be grown by LHPG has rapidly increased and

Appendix A lists all the SCFs which have been grown to date. Various methods can
also be employed in the preparation of source materials for growth into crystal fibres
[3.2, 3.34], further enhancing the versatility of this technique.

For device

applications, source materials in the form of square or round rods, cut from bulk or
poly-crystals, present the most convenient way of crystal growth. Source rods can
also be prepared from a stoichiometric mixture of constituent powders Which can be
hot or cold-pressed and sintered, and then cut into the desired dimensions. With this
simple technique, one potential problem lies in the ability in achieving source rods of
sufficient density, which, during fibre growth may result in voids or bubble
formation. Incorporation of dopant materials can be through the above technique or
a simpler way can be employed in which a coating of dopant(s) is ,:.oated onto the
surface of the source rod. This can be achieved by vapour deposition of the required
dopant(s) onto the rod surface, painting a slurry of dopant powder onto it or by dipcoating the rod into a dopant-liquid suspension. The latter methods do not allow
good control of the dopant concentration levels in the as-grown fibre, which is
required when producing laser or non-linear optical devices. Dip-coating has been
been used in this work for the growth of sensing fibres where control of the impurity
levels is not as critical.

The problems associated with LHPG must also be considered, the most significant
being the ability to maintain a constant uniformity of the fibre diameter which can be
considered as the most important effect leading to severe scattering losses [3.28,
3.30, 3.35, 3.36, 3.37]. Sources of diameter fluctuations can be attributed to laser
source instability, vibration and friction introduced by both the pull and feed
systems, convective cooling currents in the surroundings, vibration introduced by the
laser cooling system and any other externally-induced perturbations. In LHPG, a
stable molten zone, and hence, melt shape, is required for the growth of crystal fibres
with uniform diameters [3.29].
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The available laser power will ultimately determine the maximum temperature limit
of the molten zone, which will, in turn, determine the type of materials that can be
grown. The emission wavelength of the laser employed can also play an important
role when growing different materials which efficiently absorb laser radiation in
certain wavelength regions. The CO 2 laser selected as the heat source in this work
limits growth to materials which absorb strongly at -10.6 /lm. These include most
refractory oxides, some fluorides, certain eutectics, semiconductors, superconductors
and metals [3.4]. Another disadvantage of the LHPG technique is that materials with
very high vapour pressures cannot be easily grown due to preferential evaporation of
one or more of the constituents [3.34]. This has been observed during the growth of
Ni and Zr-doped Gd 3GaSOl2 (GGG) garnets in which Ga loss occurred even under
reactive atmospheric conditions [3.38] but has been overcome by using excessive Ga
contents in the source rod constituents [3.39]. Single-crystal LiTa03 fibres have also
been observed to exhibit this characteristic where the Li 20 compound evaporated
during crystal growth [3.40], which could also be linked to the high melting point of
the source material.

3.3

Laser heated pedestal growth system and design considerations

The LHPG system used in this work is based largely on that established at Stanford
University [3.28]. Besides the major considerations which have to be given to the
growth system in order to ensure minimal variation in the crystal fibre diameter, it is
also important that the system be straightforward and easy to use, where source
material/rod preparation time can be minimised so that approximately 4 to 5 fibres
can be grown in a day. The relatively high growth rates (-I mm/min region) used
permit this aim to be achieved easily. In relation to this, it is important that for stable
growth of a crystal fibre, the growth process, principally the molten zone shape and
the alignment of the source rod and growing fibre, must be allowed to be observable
whereupon, any corrective actions may be taken should any of these parameters
require adjustment.

A vlewmg system, shown in Figure 3.7, comprising conventional optics which
allows the growing fibre and, more importantly, the molten zone to be observed from
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orthogonal directions has been constructed. To be able to record the melt and growth
process for later studies, one of the views can be split and sent to a video camera.
The alignment of the source rod and seed fibre, and the positioning of these two into
the fixed laser focus at the initial seeding stage are also facilitated by the viewing
system. A visible He-Ne laser aligned co-linearly with the invisible CO 2 laser allows
the fixed focal point of the parabolic mirror to be determined easily during the initial
positioning/seeding stage.

Software control of the growth system has been developed rather than hardware
control in order to allow easy integration and manipulation of the various
components and growth parameters during fibre growth. These growth parameters
would include, principally, the source rod feed rate, fibre pull rate, and stability of
laser power which will lead to a stable molten zone and relatively constant melt
shape.

Consequently, the feed and pull motors, and the laser power have to be

carefully monitored and controlled. Besides providing integration of the parameters
mentioned, computer control also permits rapid future modification should a need
arise to include additional components. Moreover, it is also quicker. to implement.
To fulfil this goal, where many independent parameters are involved, a PC operating
under Microsoft Windows NT was chosen. The controlling program for the LHPG
system has been written in Delphi (version lID, an object-oriented software
development package and was designed to be as user friendly as possible.

The

control programme has been included as Appendix B. Three of the most important
features are the pull rate, feed rate and diameter reduction ratio settings. A certain
level of flexibility has been built into the program to allow the user to maintain one
of these parameters constant while changing another. The computer then calculates
the third parameter.

The laser power, another critical factor, has recently been

integrated into computer control; it can easily be set and monitored from the
program. Positioning of both the source rod and seed fibre vertically (z-axis) and
horizontally (x- and .v-axes) to enable alignment with the fixed laser focus is also
computer-controlled. The ability to induce controlled diameter variation, in the form
of tapers, during fibre growth has been considered an attractive option since an
increased sensitivity, advantageous in fibre optic sensing, can be obtained in the
tapered region [3.41], tapers are also potential insertion components for high power
fibre-to-fibre and/or laser-to-fibre couplings [3.42] and can also offer a higher
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reflectance at its tapered end in multimode crystal fibres as compared to
conventionally polished fibres without tapers. End and in-line step tapers can be
fabricated by keying-in the desired taper length and percentage diameter reduction
while sinusoidal variations, which can result in either a Bragg reflector or longperiod grating, were considered easier to fabricate by modulating the laser power.

Figures 3.8 show some examples of tapers incorporated in crystal fibres.

Open-loop growth, without the integration of a diameter monitoring system, does
not, in general, allow fibres to be produced with very high diameter tolerances but
with high quality and precision drive motors the fibre diameter variation can be
reduced to a certain level.· It should be noted that closed-loop control of both the pull
and feed motors as well as the laser power has been employed in the growth system.
Variations of diameter in the region of I - 2 % have been achieved in sapphire fibres
and although not sufficiently tight enough for nonlinear and optical interaction
applications, they are considered sufficient for sensing applications.

Fejer et al.

[3.28] have shown that active diameter monitoring and control during crystal growth
are important contributions to the obtaining of fibres with constan! diameter.

A

closed-loop diameter measurement system has been constructed by Fejer and
colleagues at Stanford University [3.43] based on tracking the forward-scattered
fringe and has been employed during the production of single crystal sapphire fibres
by LHPG where diameter variation was reportedly better than 0.5 % [3.44].

For the duration of this work, diameter monitoring schemes have been investigated
based on two approaches.

In the first approach, the principle of Fraunhofer

diffraction was used, in which the forward-scattered'light was tracked [3.45]. Light
from a laser is scattered when it is obstructed in its path by a small object, in this
case, a fibre.

This results in an array of interference maxima and minima being

produced together with a central bright spot when the diffraction pattern is projected
onto a screen some distance away from the

sca~tering

fibre. This pattern is passed

through a slit with fixed width and the spot from the second maxima projected onto a
position sensitive detector (PSD). The second maxima was tracked since the position
of the central bright fringe will not change with respect to changes in fibre diameter.
Hence, any change in the fibre diameter will result in a change in the position of the
spot due to the second maxima along the length of the PSD, determined by the
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voltage output from the detector. This is a simple and effective technique which
could be easily incorporated into the main LHPG control program but it has one
serious drawback. The PSD allows only one fringe of light to be incident upon it,
otherwise errors would be incurred with multiple spots. Hence, a fixed slit width
was used which allowed only one single fringe to be transmitted.

As the fibre

diameter increases or decreases, the fringe pattern will contract or expand,
respectively. The second maxima is then observed to move and its position can be
used as a measure of the fibre diameter.

A major problem then arises when the

fringe pattern is too closely spaced together or spread too wide, in which case, either
two or more fringes are incident on the PSD or the tracked fringe has moved beyond
the slit and no light falls onto the PSD. Figures 3.9 illustrate the basic principle of
this technique as well as .the problem encountered.

Another diameter measurement system was pursued concurrently [3.46, 3.47, 3.48].
This technique is shown in Figure 3.10. Its advantage lies in the simplicity of design
and makes use of commercially (and widely) available optics, hence, cost is not a
major deterrent. The relatively simple design relies on the "4f'

prin..~iple

in which

the resulting radiation/shadow is scanned across a photodetector. Monochromatic
light (from a 2 mW HeNe laser) is expanded and collimated onto a mirror attached to
a scanning galvanometer which sweeps the beam through an arc. The scanning beam
is focused at the focal plane of the first lens (focal length -200 mm) onto the fibre.
In the presence of a fibre, this beam is blocked and no light will be transmitted, thus
a "shadow" results.

The minimum spot size which is focused onto the fibre is

estimated to be -8 !lm and is sufficiently small for monitoring the diameters of fibres
to be grown in this application. A second lens, with similar focal length to the first
lens, than collects the image in the form of a shadow and collimates it onto a large
area detector. Two inexpensive photodetectors, placed in between the two lenses, are
used to activate the start-stop counters on an electronic board. This board has been
built to provide the following features. As the scanning beam sweeps across the start
detector (1), a start counter is activated and a 1 MHz quartz oscillator starts counting
the time it takes for one complete sweep, i.e., until the beam reaches the second
detector (2), in which the counting process is terminated. This is known as the scan
time. Almost simultaneously, after triggering the start counter, the scanning beam
would have reached the first edge of the fibre placed in the lens' focal plane, the time
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it takes being dependent on the galvanometer sweep frequency. A shadow is then
cast onto the "shadow count" photodetector, at which point another counter is
activated and starts counting the length of time the scanning beam takes to sweep
across the fibre diameter (also known as the shadow count). At the second edge (the
exit edge) of the fibre, laser light is re-cast onto the shadow photodetector. The
shadow count is terminated at this point. The counting of the scan time, however,
ceases only when the scanning beam strikes the second (or stop) detector. The clock
pulses from the two sets of counters are then ready to be transferred to a computer to
be processed. With the use of a 1 MHz oscillator, each dock pulse corresponds to 1
f.ls, a reasonably high resolution.

Figure 3.lla illustrates the pulse counting

principle while Figure 3.llh shows the breakdown of the various counting processes
involved. One inconvenience of this method is the requirement of an already known
calibrated fibre/wire diameter for an initial calibration.

Figures 3.l2a and 3.l2h show the oscilloscope traces using this system for two
different fibre diameters (250 and 130 f.lm respectively).

The smallest diameter

which can be detected with this system is -25 f.lm, near the minimum§pot size of the
focused beam, where large errors were incurred. For a test fibre of 120 f.lm, a system
resolution of -5 f.lm has been obtained although for larger diameters, better
resolution can be achieved.

Also, for an out-of-focus tolerance of -±10 f.lm,

implying that the fibre has moved out of the beam focus, an accuracy of -95 % can
still be obtained from the system.

The diameter measurement system USIng forward light scattering, In which the
second or arbitrary maxima was monitored/tracked has proven rather difficult to
implement as well as time consuming. Further, ambiguities arising when fibres with
. large diameters are to be monitored reduce system reliability. The second diameter
monitoring system is a more attractive option, being cheaper and less complicated, in
principle, to implement. This system is currently under development and it is hoped
to be incorporated into the main LHPG program in the not-too-distant future. The
integration of diameter monitoring will enable full closed-loop feedback control of
the fibre diameter during growth and allow parameters such as feed rate, pull rate and
laser power to be adjusted accordingly.
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In view of the importance in having a stable melt zone to enable stable fibre growth
and good dimensional tolerance, the following sub-sections will discuss the most
significant growth parameters and their influences on the melt stability during fibre
growth. An overview schematic of the LHPG station is illustrated in Figure 3.13.
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Figure 3.8a. End taper grown from 170 ~m sapphire fibre
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Figure 3.Sb. Magnified view of taper

Figure 3.Se. In-line taper taken
with eross-polarisers
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Figure 3.12a. Oscilloscope trace of a 250 Ilm fibre
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3.3.1

Heat source

Source power fluctuation plays a major role in contributing to variations in diameter
of the as-grown crystal fibre.

These variations generally lead to high losses

(normally through surface scattering effects), resulting in high transmission loss
fibres.

It has been reported [3.29] that the stability of the molten zone shape

influences the temperature distributions during growth and this directly affects the
diameter variations in a crystallising fibre due to external perturbations, hence, a melt
height-to-fibre diameter ratio in the region of -3 (for sapphire fibre growth) has been
proposed as an optimum condition for a stable molten zone to pull fibres with little
variations along its ·diameter. This is directly related to the incident heating power
from the laser and during fibre growth, it has been observed that the melt shape is
highly dependent on the amount of heating power used.

Hence, for ensuring a

certain level of diameter uniformity in the crystal fibre throughout its entire length,
the control of this heat source power variation is an important parameter and should
be kept as constant as possible at the desired power setting.

The laser selected for this work is a Synrad, Inc. Series 48 CO 2 laser with a
maximum output power rating of 28 W. It is a sealed-tube device and requires no
external CO 2 gas supply, hence, it is free from jitter. RF excitation, at 45 MHz, is
employed in the laser cavity to provide good discharge stability, output power
control and modulation. High laser power stability is achieved with the aid of a

Synrad, Inc. UC-lOOO laser controller and is quoted at ±2 % in closed-loop
operation.

Approximately 8 % of the output laser beam is sent to a thermopile

detector, amplified and compared to the set power by the controller to main constant
average power. This is the active laser power feedback unit. However, from coldstart, a power fluctuation of -10 % is expected and a warm-up period of 20 to 30 min
is used before fibre growth commences. Figure 3.14a shows the time evolution of
the laser power level typically used during crystal growth. A step change in power
output is also included to illustrate laser stability after warming-up is performed.
The laser power with control voltage has also been examined for hysteresis effects;
both the incremental and decremental changes in power are shown in Figure 3.14h.
In order to facilitate computer control of the laser power, a duplicate of the UC-lOOO
controller was constructed with further modification to permit control from an
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Amplicon Liveline PCI 726 D/A card installed in the computer.

A 4 to 20 rnA

current input to the laser controller has been employed as a control signal, isolated
from surrounding electrical interferences. The new controller allows the original
closed-loop feedback power monitoring unit to operate since most of the electronic
circuits have been retained.

It also allows selection between manual and remote

(computer) control of the various laser features. Computer control of the laser power
has been considered advantageous since it renders the power profile/cycle more
convenient to programming, particularly when deliberate variation of the laser power
is used to produce grating structures, tapers and other novel fibre features.
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Figure 3.14b. Monitoring hysteresis of laser output power
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3.3.2

Fibre pull and source feed systems

Large variations

In

the pull rate during fibre growth will, obviously, result in

variation being transmitted to the fibre diameter via an "unstable" molten zone.
Given that crystalline materials generally have a much lower level of viscosity when
molten in comparison to glass-based materials and are thus more susceptible to
external perturbations, considerable efforts must be exercised in the choice and
design of a drive motor for pull system.

Physik Instrumente C 136.10 series DC

motors with attached integrated differential encoder drives have been selected as the
drives for both the pull and.feed systems. The rotary encoder drive has a resolution
of 2000 pulses per revolution. The C 136.10 motor unit is equipped with a backlashfree gearbox (reduction ratio of -29,642) and is capable of a maximum speed of 3.3
revolution per second with a quoted resolution of 0.006 degrees per pulse. Thus one
output spindle revolution is obtained by moving through -59284 input encoder
pulses. This results in an error of -±1 pulse, equivalent to a percentage error of -3.4
x 10-3 %. The C 136. \0 motors are computer controlled via a high performance twochannel C842.2 DC motor controller card (also from Physik

Ins~rumente)

with

onboard digital PID control. It is important to note that stepper motors have been
considered as inappropriate since they would not be able to provide the smooth
translation/motion required (for both the source rod and seed fibre).

It was decided to run the DC motor (pull system) at its mid-operating speed so that
the percentage velocity error can be minimised.

Although stable single crystal

sapphire fibre growth by the LHPG is possible even at pull rates above 8 mm/min
[3.49], those fibres have been grown under active diameter control. In this work,
however, pull rates in the region of 1 mm/min have been chosen. This presents little
difficulty in programming/configuring the C 136.10 pull motor to operate at a rate
close to its mid-range of -90 000 pulses/s. The pull rates can, of course, be increased
to 2 or 3 mm/min although care has to be taken in order not to exceed the maximum
operating speed of the dc motor when running at mid-velocity ranges (maximum
speed -195600 pulses/s). A precision 80: I reduction gearbox from RS Components
has been selected to perform the task of reducing the output velocity of the dc motor
into actual desired values. The output spindle from the motor was attached to this
gearbox while the output spindle from the latter was, in turn, connected to a Time &
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Precision model AJ512K Unislide with a 1 mm pitch leadscrew and a total stroke of
266 mm.

The maximum length of fibre that can be pulled is limited to -236 mm, which is also
the useful range of the Unislide. For material property studies and fibre lasers, fibre
lengths of a few centimetres should be sufficient while for sensing applications,
longer fibres in the tens of centimetre range or longer are desirable, although not
essential. Modification work is currently underway to enable extended growth of
crystal fibres by the use of a belt drive system. The main advantage of this system is
that the length of crystal fibres which can be grown is only limited by the length of
the source material. "Unlimited" growth can be easily achieved by changing the
velocity mode profile from the present one used to one with a continuous profile

(Velocity mode) simply through the controlling program.

With velocity mode

profiling, the original travel limit of the C136.1O (at ±1,073,741,823 pulses) may be
overcome together with the possibility of being able to change the subsequent
velocity "on-the-fly" to induce desired fibre characteristics such as tapers and surface
relief features.

This is possible because the controller card is d2uble-buffered,

allowing simultaneous motor controlling commands to be stored while the present
command is being performed. Operating in this mode also ensures the "smoothness"
or continuity of the motor motion over the travel limit imposed by other velocity
mode profiles.

In tests carried out on the movement of the Unislide, a minor reduction of the desired
pull velocity has been observed using a frequency counter (500J Universal Counter-

Timer from RS Components). This occurred towards the two extreme edges of the
slide range (-5 mm from each edge) and is attributed to the friction generated by the
carriage or slider towards the two ends. This problem has been overcome by using
only 220 mm of the useful range so that the carriage is -8 mm from each edge of the
Unislide. In doing so the maximum length of fibre which can be grown is limited to
-220 mm. However, the linear translation velocity of the slider, converted from the
monitored encoder pulses of the encoder drive, was found to vary by less than 1 %.
Due to feedback control of the C 136.1

°

unit, the encoder drive and, hence, the DC

motor, is sensitive to friction and other mechanical loading disturbance to the
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translation of the slide. A photograph of the fibre pulling stage is shown in Figure
3.1Sa.

To hold the seed crystal/fibre, a miniature pin chuck with four retaining was used as
shown in Figure 3.1Sb. It was aligned co-linearly with and screwed onto one end of
a solid brass rod. By tightening the chuck jaws, a seed fibre can thus be securely
held in place and in a true vertical to the longitudinal axis of the rod. This can then
be translated vertically along the Unislide for the seeding stage to occur before
initiating the crystal fibre growth. To align the seed fibre relative to the fixed laser
focus the entire pull stage has been mounted onto a pair of cross-stacked side-driven
linear positioners which provides x-y translation.

An identical high precision dc motor (Physik Instrumente C 136.1 0 model) was also
selected as the feed motor for translating the source rod into the laser focus to
maintain a constant melt zone. The motor rotation has to be translated into a linear
movement at a rate governed by the desired source-to-fibre diameter reduction ratio,
which owing to mass conservation, is given as

(3.1)

where

VpuLl

is the fibre pull rate (in mm/min),

Vjeed

the source rod feed rate (also in

mm/min), D the diameter of the source rod and d the desired fibre diameter. Hence,
depending on the diameter reduction (D/d) required, either the pull or feed rate can
be specified by the user while the control software calculates the other, or vice-versa.
An optimum reduction ratio in the region of 3 has been recommended [3.28] as
values larger than this may result in growth instability and larger diameter fluctuation
while smaller values may require more steps/regrowths to reach the desired fibre
diameter.

Using the ratio given above, the feed rate is reduced by a factor of 9 relative to that
of the pull motor. A precision gearhead with a 320: I reduction ratio was selected to
couple the feed C 136.1 0 unit and the another Unislide from Time & Precision. In
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this way, the DC motor can be run approximately at its mid-operating speed without
compromising too much in terms of velocity errors. The A1506V model Unislide has
an effective stroke of 114 mm and a leadscrew with a pitch of 0.5 mm. To avoid the
problem associated with friction generated by the carriage/slider, a useful range of

-70 mm was used, which would also limit the source rod to approximately this
length. This has no serious consequence at the moment since the length of fibre
grown is also directly proportional to the square of the diameter reduction ratio, and
using a ratio of 3, the source rod should only be approximately 25 mm for a required
fibre length of 220 mm.

A miniature pin chuck, identical to that used for the pull system, was used to hold the
source rod in a stable grip. The chuck was attached to one end of a stainless steel
shafting rod and aligned co-linearly. The shafting rod was in turn attached to the
carriage/slider of the Unislide with smooth vertical movement afforded by two
accurately machined guide holes at both ends of the slide. Two cross-stacked, sidedriven linear positioners, onto which the motor, gearhead, slide and associated
gearing components were mounted, provided x-y translation capability for alignment
requirements. The whole assembly is shown in Figure 3.16a while the stability of
the feed and pull motors is illustrated in Figure 3.16b.
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Figure 3.15a. Photograph of pull stage

Figure 3.15b. Photograph showing
pin chuck securely holding fibre

12 1

Figure 3.16a. Photograph of feed system
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Figure 3.16b. Variation in feed and pull velocities
at growth rate of 0.75 mm/min
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3.3.3

Laser beam focusing optics

As has been discussed earlier, symmetrical heating is one of the most critical factors
in enabling good crystal growth since it gives rise to a stable molten zone and shape.
Hence, a way of ensuring this must be implemented with the CO 2 laser heat source.
The output beam from the laser is expanded by allowing it to travel a certain distance
depending on the beam divergence of the laser. A set of four gold-coated mirrors
was used to deflect and direct the laser beam through a ZnSe window into a
reflaxicon. Designed by Fejer and colleagues at Stanford University [3.28, 3.29],
this novel beam-manipulating element consists of two gold-coated cones, one
positioned inside the other as· shown in Figure 3.17a.

The inner cone deflects

incoming laser radiation symmetrically onto the outer cone which, in tum, reflects
the beam into a ring of cylindrical output radiation. The output from the reflaxicon
may be approximated as a "hollow" Gaussian beam with a ring of equal intensity
distribution [3.29]. A bum mark of the CO 2 laser from this element is shown in
Figure 3.17b, the "shadows" in the burn mark due to the support structures of the
inner cone, while a photograph of the reflaxicon can be found in Figure 3.17c. A
plane elliptical mirror (gold-coated) reflects this radiation onto a parabolic mirror
which then focuses the rays into a tight axially symmetric spot size more than
sufficiently small (-22.5 ~m) to melt a source rod the size of -130 ~m. The use of
the reflaxicon can thus ensure axi-symmetric heating of the source rod with very few
or no hot spots occurring in the molten zone. Indeed, the smallest diameter fibres
grown to date using this system have been 80

~m

sapphire and ruby fibres.

To aid in the adjustment of both the source and seed into the fixed focus, a He-Ne
laser has been co-linearly aligned with the CO 2 laser through a set of beam
combiners/splitters to enable visual inspection of this process.
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Figure 3.17a. Schematic of reflaxicon unit (right)
and output beam intensity profile (left)

-I.'

Figure 3.17h. Burn mark from reflaxicon
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Figure 3.17c. Photograph of reflaxicon unit
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3.3.4

Growth chamber

Crystal growth takes place inside an enclosed chamber which not only acts as a
safeguard against stray CO 2 radiation while growth is in process but, more
importantly, also prevents unwanted cooling of the melt by the surrounding air
currents. It also allows close observation of the growth. As the enclosed chamber
may be partially evacuated or over-pressured with some inert gas, impurities which
may attach onto the surface of the source rod can be greatly reduced. In this way,
other difficult materials having incongruent melting behaviours can also be grown.
Throughout the course of this work, almost all the fibres grown were based on Ah 0 3
hosts and, hence, no vacuum or inert gases were required.

3.3.5

Vibration-isolated optical bench

Unwanted vibration, which will most likely be coupled to the melt, is reduced by
mounting only the components critical to the crystal growth process onto a
pneurnatically-damped optical bench.

This isolates the melt from any unwanted

vibrati'on or perturbation, which is regarded as one of the most important factors in
obtaining a fibre with good dimensional geometry.

However, with the present

growth system, a tiny amount of vibration may be introduced due to contributions
from the pull and feed motors. This type of vibration is high frequency noise which
may be coupled directly to the melt and hinder the growth of good quality crystal
fibres. It can, however, be damped by the use of high gearing ratios in both the pull
and feed drive systems. The microprocessor, laser cooling unit, manual control box
(for x-y positioning) and other related components are not placed on this bench,
although the cooling tubes and circulating water for the C02 laser may be another
tiny source of vibration.
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3.4

Fibre growth

The growth of various types of fibres is discussed in this section while the rest of the
experimental techniques used in the characterisation of the crystal fibres fabricated
by the LHPG technique are described in Chapter 4.

Potential materials for extreme sensing conditions (such as very high temperature,
strain, pressure, stress, etc.) should, in principle, have very good mechanical
characteristics and be highly stable in such intended environments.

Glass fibres,

although favourable since they are commercially and widely available at relatively
low costs, are limited to the range of "normal" sensing applications because of their
inherent physical properties. To date, most crystalline fibres grown in this study
have Ah03 as the crystal host, with various aCtive impurities/dopants incorporated.
These doped fibres include Cr3+:Ah03, Er3+:AI 20 3, Er3+ + Yb3+:Ah03 (with
approximately equal concentrations of both Er3+ and Yb 3+) and Yb 3+ + Er3+:Ah03
(where the Yb 3+ to Er3+ content is -10: 1). In addition, pure sapphire fibres, in both
c- and a-axis orientations have been grown. C-axis sapphire fibres have rounded
hexagonal cross-sections, as shown in Figure 3.18a while Figure 3.18b shows an aaxis fibre whose cross-section resembles an oblong shape with two parallel sides and
two rounded edges. Among these, pure sapphire and ruby fibres have been found to
grow most easily and readily from polycrystalline and monocrystalline source rods.

Figure 3.19 shows a video image of a growing sapphire fibre using the laser heated
pedestal growth process where the diameter reduction ratio is -2.5.

Sapphire (Ah03) has been chosen for this work mainly because of its attractive
properties. It absorbs CO 2 radiation efficiently, has high melting point, good optical
transparency (0.3 to 4 11m), good mechanical properties, can be easily doped and it is
considered an easy material to grow as fibres.

For the growth of pure sapphire

crystal fibres, source rods with diameters of 130, 325 and 425 11m have been
employed, although with the smallest diameter source, pull rates used were typically

0.5 mm/min or slower.

At faster pull rates, relatively large variations of the

crystallising fibre diameter have been observed due to the high flexibility of the
small diameter source. With larger source rods which are more rigid, typical rates
used were between 0.75 and I mm/min. Fibres grown were found to be relatively
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free from large amplitude high frequency diameter variations.

The thinner fibre,

being more flexible than the larger ones, is thus more susceptible to perturbations
and slight misalignment of the source and seed with respect to the fixed laser focus
spot. It also breaks off easily from the melt when the pull rate is increased to -1
mm/min. Figure 3.20 shows typical diameter variations of a sapphire fibre pulled
from a 325 J.1m source fibre at -0.75 mm/min and measured with the eyepiecegraticule technique. The standard deviation is less than 0.5 % while the maximum
deviation from the mean diameter is -2 %. In a normal sapphire fibre growth, laser
power is increased up to the point when a stable hemispherical molten zone is
formed.

A seed crystal, in the form of a sapphire fibre (either

polycrystalli~e

or

single crystal), is dipped into the melt and withdrawn into a fibre. Since it is difficult
to inhibit single-crystal fibre growth, c-axis sapphire"SCFs can be easily grown. For
a-axis fibres, a suitably oriented seed crystal has been used to initiate growth. Fibres
in both orientations have thus been grown this way with lengths ranging from -20 to

220 mm. No complications or melt instabilities have been observed while growing
this material.

In the current work, various dopants have been used as active impurity materials
from which the fluorescence characteristics of as-grown fibres were investigated as a
function of the sensed physical parameters, namely temperature and strain. Fibres of
sapphire (both poly- and mono-crystalline) were first dipped into a well-agitated
suspension of impurity materials in aqueous solution. Following this, the coated
source fibres were then subjected to heat treatment employing a flame (from a
bunsen burner, gas lighter or an oxy-acetylene flame) to heat the samples until
visible powdered layers on the surface of the sapphire source fibres/rods have been
realised. This is a relatively convenient and fast way to obtain doped fibres but it has
the disadvantage of producing unknown or uncontrollable doping levels in the final
fibres.

Although the proportion of impurity-to-water mixture (in weight) for the

various dopants employed has been monitored, no realistic control of their
concentration levels can actually be exerted since not all of the coatings on the
source rod surface are incorporated into the molten zone. It can only be assumed that
the doping level is almost or approximately proportional to the number of coating
layers applied.
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Figure 3.18a. Photograph of a c-axis sapphire fibre

Figure 3.18b. Photograph showing an a-axis sapphire fibre
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Figure 3.20. Diameter variation of sapphire fibre
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As a general procedure, all source fibres/rods were first "decontaminated" by
cleaning with acetone; they were then dip-coated and heat-treated three times, and
immediately mounted onto the pin chuck of the feed system within the enclosed
growth chamber to prevent accidental environmental contamination.

For the growth of ruby (Cr3+:Ah03) fibres, the sapphire source rod was coated and
heat-treated as described above, until a hard greenish layer of Cr20) was formed on
its surface.

Figure 3.21 shows a typical coated source rod.

Note the relatively

uniform coating and layer thickness. The proportion of the chromium oxide-to-water
mixture has been maintained at -1 g Cr20) to 7.5 g water. Ruby fibres have been
found to grow easily and in a stable manner using LHPG, without any complications.
The only "abnormaly" observed during growth was the formation of a layer of
brownish-green deposit on the fibre surface. This likely arose from the evaporation
and subsequent condensation of chromium and its oxide from the melt during laser
heating.

It has been thought that a high concentration of dopant could be

incorporated into the Ah03 host fibre this way but EPMA (electron probe microanalysis) scans of a fibre cross-section revealed a doping level of

-O}

% Cr. This,

however, is still twice the concentration level (-0.05 %) commonly found in ruby
laser crystals [3.50].

Figure 3.22 shows a cross-sectional scan of the doping

concentration obtained by EMPA while Figure 3.23 shows some examples of c-axis
ruby fibres grown.

Doping sapphire fibres with rare earth (RE) ions presented a more difficult task. It
has been reported that due to the similar cubic crystal structure between rare earths
such as Er203 and AhO), high doping levels greater than 1 % can be achieved [3.51]
with trivalent Er ions. It should thus also be possible, in principle, when doping with
other RE ions having similar cubic structures to achieve similar doping levels.
However, it should be noted that doping of RE ions have generally been performed
in thin AhO) films using high-energy electron beam ion implantation [3.52], pulsed
laser deposition [3.53], chemical vapour deposition [3.54] and molecular beam
epitaxy [3.55], most commonly for telecommunications applications in planar
waveguides. No report has yet been published on RE doping in AhO) fibres under
any melt growth methods.
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Sapphire fibres have been singly doped and co-doped according to the following RE
ion combinations: Er3+:Ah03, Yb 3+ + Er3+:Ah03 (-10: 1 Yb 3+ to Er3+ ratio) and Er3+
+ Yb 3+: Ah03 (-1:1 ratio), with trivalent Yb 3+ serving as sensitisers for more
efficient energy transfer for the co-doped fibres. The same dip-coating and heating
procedure was adopted. A pinkish layer was observed on fibres coated with Er203,
while coating with both Yb 20 3 +Er203 and Er203 + Yb 20 3 resulted in whitish layers
being formed on the surface of the source rods. Examples of some RE oxide coated
source rods can be seen in Figures 3.24.

The dopant(s)-to-water proportion for

erbium oxide, ytterbium +' erbium oxide and erbium + ytterbium oxides are 0.5 g :

7.5 g, 0.72 + 0.07 g : 7.5 g and 0.5 + 0.5 g : 7.5 g respectively. Table 3.1 lists the
dopant-to-water mixtures for all dopants used for fabricating doped fibres. Some
examples of the dip-coated

sour~e

rods are shown in Figures 3.24.

Initial attempts to grow Er3+-doped sapphire fibres employed 130 ~m source rods.
While it was relatively easy to form a molten zone as well as initiating the seeding
process, the crystallising fibres broke off from the melt at various stages throughout
the growth, at lengths between 2.5 and 25 mm. All these fibres were,pulled at rates
of 0.2 mm/min or slower. The critical "break-off' lengths were not constant while
the crystallising fibres were observed to be transparent during the growth process,
hence, no reasonable conclusion can be drawn from the segregation coefficient, time
constant and length. However, from the observation of a sapphire fibre doped at the
tip with Er3+, a light pinkish colour can clearly be seen under microscope inspection.
It can be assumed that with such a high dopant concentration used, all the Er3+ ions

segregated within the melt and have not been withdrawn into the resulting fibre,
hence, no substitutional replacement of the Al atoms occurred. Similar difficulties
were encountered when growing co-doped (Er3+- + Yb 3+: and Yb 3+ + Er3+:Ah03)
fibres from 130

~m

source rods, the only difference being the relatively constant

critical lengths of these samples. Most of the crystallising fibres broke off from the
melt after a short length of -5 mm and the samples were transparent when observed,
during and after growth. Pull rates of 0.15 mm/min and slower have been used for
the growth of the co-doped samples.
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Figure 3.21. Example of chromium oxide coated source rod

3

Figure 3.22. EMPA scan of Cr +:AI 2 0 3
fibre cross-section along orthogonal axes
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Figure 3.23. Examples of c-axis ruby fibres
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Table

Proportion

3.1.

mixtures

used

for

of dopant-liquid

dip

coating

source

fibres/rods
Dopant weight

Distilled water

/g

/g

Cr203

1.0

7.50

Er203

0.5

7.50

Yb 20 3 +Er 203

0.72 + 0.07

7.50

Er203 + Yb 20 3

0.5 + 0.5

7.50

Dopants
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....

Figure 3.24a. Uncoated sapphire source rod

Figure 3.24h. Er20 3 coated source rod
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Figure 3.24c. Yb 20 3 + Er302 coated source
rod (-10:1 concentration ratio)

Figure 3.24d. Nd 20 3 coated source rod
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The high beam energies employed during ion implantation of thin Alz03 films with
RE ions may easily facilitate the doping process, rendering the target films highly
soluble or porous to the impurities. Melt growth, on the other hand, involves entirely
different doping characteristics and the following reasons are postulated for the
ineffective growth of RE-doped sapphire fibres using LHPG. The pull and feed have
been recorded by the controlling software and found to be relatively constant at their
respective velocities.

This should thus not have any significant effect on the

breaking-off of the crystallising fibres from the melt. However, the slow pull rates
used throughout crystal growth may have caused the RE impurities to accumulate in
,the molten zone instead of being pulled/diffused into the fibre: In addition, such
rates could also have resulted in preferential evaporation of the rare earth coatings
from the. SOUI:ce rod surface and the remaining amounts which might have
accumulated. in the melt. Indeed, by increasing the laser power initially to melt the
tip of the source rod into its characteristic hemispherical shape, the adjacent RE
oxide coatings were observed to be burnt off rather suddenly by the intense focused
heat. This has been attributed as one·of the reasons for the short fibre lengths which
can be pulled using 130 Ilm

~ource

rods.

The RE oxides used!yere very fine

particles and, thus, form dense coating layers. Although it has not been recorded on
video, the burning-off process has been observed to cause large perturbation in terms
significant vibration to the source rod, in particular to the molten zone. With such a
small source rod and its inherent flexibility, this inevitably led to disturbance of the
otherwise stable molten zone and, subsequently, resulted in the seed or crystallising
fibre breaking off from the melt. Another reason could be the larger atomic/ionic
radii of RE ions compared to AI 3+, in which case, there would be much difficulty in
the former replacing the latter ions substitutionally within the crystal lattice. More
significantly, however, the high concentrations of REs used in this study could, more
likely, have resulted in changes to the melt dynamics which directly affected the
stability of the melt, making it difficult to sustain stable fibre growth. This problem
was also thought to be further compounded by the small source rods (hence, small
melt volumes) and low growth rates utilised.

No published data, however, is

currently available on melt growth of RE-doped sapphire fibres.

By employing larger diameter (325 !lm) source rods which are much stiffer, the
vibration of the melt due to burning-off effect of the coatings was drastically
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reduced.

In fact, no detectable perturbation has been visually observed after the

source rod changeover. This is likely due to the larger available melt volume of the
rods, hence, the dopants are effectively more dilute.

However, above a certain

concentration level, the dopant(s) could still lead to destabilisation of the melt by
changing the melt/fluid properties such as surface tension.

Although evaporation

from the coated layers still occurred, the melt (and molten zone shape) was observed
to be stable and a layer of dopant(s) could still be seen being fed into the melt as the
source rod was translated upwards into the laser focus. Dipping an oriented seed
crystal (c-axis sapphire for growing RE-doped fibres, in most cases) into the molten
3
3
zone, fibres doped with Er3+, Yb 3+ + Er3+ and co-doped with Er + + Yb + have been
3
3
grown, with typical pull rates of -0.75 mm/min. Er3+-doped and Er + + Yb + codoped fibres were found to exhibit an almost translucent crystal structure while the
highly Yb 3+-codoped with low Er3+:Ah03 fibres were observed to be relatively
transparent. Figures 3.25' show examples of as-grown RE-doped sapphire fibres.

For fibre optic sensing applications, it was thought that a monolithic crystal fibre,
consisting of a short section which has been doped with active ions together with a
continuous longer sapphire section, would be the most practical approach.

The

doped section can be used as the sensor probe with the longer sapphire portion
serving as the delivery fibre, so that any coupling required between conventional
glass fibres and the sensing crystal fibre can be effected a distance away from the
sensed parameter(s).

For an all-fibre optic sensing configuration, this type of

arrangement would thus serve to reduce degradation to the glass/crystal fibre
couplinglinterface.

Fabrication of such a fibre can be easily carried out without

having to join one sapphire fibre to another, separately doped fibre as has been
reported [3.56, 3.57], where dimensional continuity may be poor. A short portion of
the source rod can be coated, depending on the desired length of the doped fibre to be
grown. The source rod can then be securely attached to a pin chuck, with the coated
section at the top. This will enable the doped fibre section to be pulled first before
the pure sapphire fibre.

Mounting the coated section below (in the opposite

direction, vertically) will thus allow a relatively long fibre of pure sapphire to be
pulled first before the coated section.

The latter technique has been employed

throughout RE-doping in this work.
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Sapphire fibres of diameters between 130 and 170

~m

with one end section doped

have been observed to grow readily. The pure sapphire sections were, generally, of
good diameter uniformity and were crystal clear/transparent.

When the coated

sections were fed into the melt, the stable growth was maintained. However, the
cooling fibre away from the melt zone appeared slightly opaque through the viewing
optics, which could be due to precipitation of the RE dopant(s) upon cooling, but
under microscopic observation, these fibres were of a more translucent (than opaque)
nature. This would suggest that a considerably high level of dopant concentration
had been achieved. Figures 3.26 illustrate the LHPG growth of RE-doped sapphire
fibres. Further, if the coated layers were too thick, the fibre was observed to thicken
at the solid/liquid interface and slight variation in its diameter occurred. Hence, the 3
coatings applied during the fabrication of doped source fibres have been found to be
the optimum thickness, in which highly doped fibres with relatively little diameter
variation can be grown. The main disadvantages in using this doping technique
remain the difficulty in obtaining a very distinct boundary/interface between the
doped and undoped fibre sections as well as the lack of control, or rather the
repeatability, of the dopant concentration level.

Yttria-stabilised zirconia (Y 203-Zr02), also known as YSZ, have been investigated in
t.his work and found to be relatively difficult to grow into fibres. The extremely high
melting point of this material (-3000 K) required a much larger amount of heating
power ·than is currently available from the Synrad, Inc. CO 2 laser (maximum power

-30 W).

Although attempts to grow YSZ fibres have utilised the laser at its

maximum power output, this has been found to be barely sufficient, considering the
relatively large source rods used (-1 mm). At full power, the laser output has been
found to oscillate with low frequency (in the CLL mode), resulting in fibres
containing uneven diameter distributions throughout the whole fibre length. Using
the laser at maximum output in the CLH mode resulted in high frequency power
variation, hence, only the CLL mode has been used. The stability of the laser output
has been quoted by the manufacturer for up to a maximum power cycle of 95 %.
Due to the high power used, white powdery deposits have been found to settle on the
mirrors, pin chucks and crystallising fibres. YSZ is known as a difficult material to
grow and heating the tip of the source rod into the typical hemispherical shape
required a period of a few seconds. This molten zone has been observed to expand
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and contract relative to the oscillating laser power. More importantly, it could be due
to the low concentration level of the stabilising yttrium-oxide within the source
material, which has been quoted at -3 mol. %, and the large thermal gradients across
the molten zone, leading to the build-up of large residual thermal stress [3.58, 3.59].
It could be that the use of a more powerful CO 2 laser would overcome these

problems and permit growth of good quality fibres of this material. Figures 3.27
show examples of yttria-stabilised zirconia fibres grown by LHPG in this work.

Finally, the as-grown crystal fibres have to be processed before they can be
employed in any sensing applications. The first 3 - 4 mm of all the fibres were cut
using a diamond scribe (and broken off) before they were polished with an Ultra

Tech Mfg., Inc. fibre polishing machine.

The cut-offs were required since it

generally took a short distance (of several fibre diameters) once crystal growth had
been initiated before equilibrium and, hence, stable fibre growth, was reached [3.29].
This would indicate that the first few millimetres of the as-grown fibre had uneven
diameter variations. The cut fibres were aligned co-linearly with the longitudinal
axis of thick-wall glass capillaries used as supports and held securely.:-vith the aid of
some quartz wax during polishing.

The wax was first melted and, by capillary

action, drawn up through the capillary bore. For cutting down materials to ensure a
relatively flushed plane between the fibre and capillary ends, coarse grit SiC grinding
pads (Grit 800 and 1200) have been used. Subsequent polishing steps utilised Ah03
polishing pads in the following order: 30 J..lm, 12 J..lm, 3 J..lm and 1 J..lm. Generally, 3
J..lm polishing has been considered sufficiently fine to enable transmission, reflection
and collection of light signals into and out of the fibres, since these fibres are not
used for the highly critical laser and nonlinear interaction applications. In this work,
most of the crystal fibres used for fluorescence sensing have been polished down to 3
J..lm while for the more critical application of polarimetric sensing, I J..lm lapping has
been employed. Once processing has been accomplished, the fibres were then ready
for characterisation studies.
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Figure 3.25a. Er3+:Alz03 fibre

Figure 3.25b. High Yb 3+ + low Er3+:Alz0 3 fibre

Figure 3.25c. Er3+ + Yb 3+:Ah03 fibre
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RE oxide coated _ _~
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Figure 3.26a. Schematic of crystallising RE-doped fibre

Figure 3.26b. Photograph of crystallising RE-doped fibre
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Figure 3.27a. Examples of YSZ fibres/rods
produced by LHPG

Figure 3.27b. Large diameter variation
along fibre due to fluctuating laser power
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Figure 3.27c. Cross-sectional view of YSZ fibre/rod

Figure 3.27d. Defects in YSZ fibre
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Chapter 4 - Fibre Characterisation and Experimental Techniques
4.0

Introduction

The crystal fibres produced using the laser heated pedestal growth technique include
pure a- and c-axis sapphire, Cr3+-doped sapphire, singly doped Er3+:A}z03,
Er3+:Yb 3+:A}z03 with equal concentrations of Er3+ and Yb3+, and Yb3+:Er3+:AI203
where the ratio Yb 3+ to Er3+ is approximately 10: 1. For sensing applications, these
fibres

have

to

be

appropriately

characterised

to . obtain

the

optimum

conditions/parameters with which they can be utilised. Several important properties
are therefore considered.

In particular, doped fibres are expected to exhibit

fluorescence hence, a knowledge of the absorption bands/lines is considered
paramount to the successful employment of suitable excitation sources with the
"correct" excitation wavelengths. The absorption and fluorescence spectra are thus
studied. Further, the fluorescence lifetime decays of the doped fibres are measured
since they are generally independent of the excitation intensity fluctuations and are
thus advantageous when used in fluorescence-based fibre optic sensing. Pure Ah03
fibres have been measured for diameter variations, too large of which will render
these fibres unsuitable since transmission losses incurred will be too large.

In

addition, since the crystal fibres grown are typically below 220 mm in length, it has
been considered useful to find suitable means of coupling them to longer
delivery/collection silica fibres. For this investigation, only pure sapphire fibres are
used. Losses due to scattering and absorption are also studied for ruby fibres while
the absorption of the rare earth-doped fibres are considered to be too large for any
transmission measurements to be made.

The various experimental techniques

detailed in this work have been selected for simplicity, cost-savings and relatively
good accuracy.

4.1

Fibre diameter measurements

Diameter variations are an important factor which can ultimately determine the
usability of the fibres. Various techniques have been proposed and demonstrated for
dynamic and stationary measurement of fibre diameters, many of which involve
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scanning a laser beam transversely across the fibre axis [4.1, 4.2, 4.3, 4.4, 4.5, 4.6,
4.7]. The principles which can be employed include forward light scattering [4.2,
4.6], in which the fringe period measured from the resulting interference fringes
produced is proportional to the fibre diameter, the shadow pulse method by
measuring the time interval in which a shadow is cast onto the detector in the
presence of a fibre [4.1, 4.4], and by measuring the natural birefringence of crystals
to extract the diameter information [4.7].

Some of these methods can also be

adopted for measuring the diameters of as-grown fibres with relative ease. One of
the techniques, the shadow count technique [4.1, 4.4], has been investigated in this
work (Chapter 3) and is currently under further development for future integration
into the fibre growth system. For a quick reference of the diameters of fibres already
grown, however, a simple method has been used and is described in the following
experiment. . Measurement of the diameters will thus give an approximation of the
diameter uniformity and general geometrical quality of the fibres produced by
LHPG.

4.1.1

Diameter measurement experiment

The diameters of several LHPG sapphire fibres have been measured in order to have
an idea of the percentage variation.

A schematic of the simple fibre diameter

measurement method used is shown in Figure 4.1. The system was first calibrated
against a known linear scale using the eye-piece (1. Swift & Son) and graticule
(GRATICULES LTD) technique [4.5] in conjunction with an optical microscope. A

X20 planar microscope objective has been used throughout all the measurements.
The 1 mm linear scale of the graticule was divided into 100 small divisions while the
eye-piece worked in a similar fashion to a micrometer head, with 100 divisions per
rotation of the spindle. Thus, for calibration purposes, a reference start position was
chosen and the readings on both graticule (Ll

~m)

and eye-piece (nl division) were

taken. The eye-piece was then rotated through a certain linear translation distance to
obtain L2

~m

at n2 divisions, reSUlting in a calibration scale factor, CSF, which can

be given as

ISS

(4.1)

with a unit of ~rnIdivision. The fibre diameter can then be accurately determined by
mUltiplying the number of divisions obtained from translating the eye-piece
measuring arm from one edge of the fibre to the other edge by the CSF. The reading
error of the system arising from the slightly out of focus image of the fibre edges was
estimated to be ±5 divisions.
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Image from eye-piece

Eye-piece

Start, L j

Optical
microscope

Stop, L2

Fibre

Lightsource

Eye-piece
translating arm

Figure 4.1. Schematic of fibre diamater measurement
using eye-piece and graticule with optical microscope
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4.1.2

Results and Discussion

A simple and relatively fast method has been used to measure the diameters of
LHPG sapphire fibres in order to have an idea of the percentage variation of the
diameter along the fibre length. In most cases, the maximum variations have been
found to be -2 % or less, indicating that good dimensional uniformity can be
obtained even when crystal growth was performed under "quasi-dosed-loop"
conditions without active diameter monitoring and feedback. One example of the
diameter variation of a c-axis sapphire fibre grown from a 325 11m source rod has
already been shown in Chapter 3. With a reading error of ±5 divisions from the
eye-piece, average experimental errors in the region of 1 - 2 % have been obtained.

Figure 4.2a illustnltes another example of a 130 11m c-axis AhO} fibre, showing ~
relatively large maximum deviation from the mean diameter. This could be linked to
the vibration or perturbation of the rather flexible source rod during growth. Figure

4.2b shows diameter measurement of an a-axis Al 203 fibre. It can be seen from this
figure that inaccuracies and errors would inevitably arise due to the inherent nonsymmetric cross-section of a-axis fibres. Table 4.1 lists the diameter variations of
some measured fibres together with their statistical data. It should also be noted that
c-axis sapphire fibres of small diameters have rounded hexagonal cross-sections,
rather than circular sections. Monitoring of a-axis fibres and, to a lesser extent, caxis ones will thus present a certain level of difficulty when active diameter
monitoring schemes are employed at a later stage.
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Figures 4.2. Diameter variations of
c- and a-axis sapphire fibres
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Table 4.1. Diameter variation of sapphire fibres (c- and aaxes)
Source dia.
Fibre type

111m

R1r

Measured dia.

Std. Dev.

Max. Dev.

111m

1%

1%

c-aXlS

130

1.5

84.30

2.72

4.75

a-axis

325

2.5

127.72

1.12

1.82

325

2.5

121.35

0.45

2.03

c-axis (from

Chapter 3)
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4.3

Loss measurements and scattering losses

Since the optical transmission properties of pure sapphire fibres have already been
reported, investigations are only carried out for ruby fibres in this work in order to
provide an estimate of the losses due to absorption and scattering losses due
primarily to the diameter variations. This will also present indirect indications of the
Cr3+ doping concentration level in the as-grown ruby fibres. Three lasers have been
used in this investigation, two of whose wavelengths are selected to be strongly
absorbed by ruby so that the absorption losses, a, can be estimated. The third laser
has been selected so that it is generally free from absorpt~on by the ruby samples
hence, such losses ({J) are assumed to arise from scattering. effects due to diameter
variations along the fibre. It should be noted that loss measurements at the strongly
absorbed wavelengths resulted in total losses (a + /3) from the fibres. By measuring

f3 at the

wavelength where absorption is assumed to be negligible, the losses due to

absorption, a, can, in turn, then be inferred.

4.2.1

Experiment on loss measurements

The schematic experimental set-up is shown in Figure 4.3. Collimated laser light
was focused by a microscope objective (X20 MO) and directed into the entrance port
of a 67 mm Melles Griot integrating sphere (liS) to obtain the input intensity.
Appropriate optical filters corresponding to the respective laser wavelengths have
been employed to block any induced fluorescence signal being measured as well as
to reduce any' erroneous signals due to background noise. Lock-in detection has been
used to enhance the signal-to-noise ratio, resulting in stable and relatively noise-free
signals arriving at the photodetector where this input intensity was measured and
denoted as lin. A ruby fibre was then positioned in the entrance port in such a way
that its end was just protruding into the liS, while light from the laser was coupled
into the other end of the sample. The transmitted intensity was then recorded as

lout.

Repeated measurements were then taken for each sample and averaged. The two
absorption wavelengths selected for this study were obtained from a 500 mW diodepumped frequency-doubled YAG laser (A. -532nm) and a 3 mW laser diode module
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at A -633 nm. An absorption-free wavelength at 783 nm was obtained from a 5 mW
laser diode module.

The basic principle behind this measurement technique is illustrated in Figure 4.4, in
which losses in the fibre due to absorption (a) and scattering or geometric losses ({J)
can be obtained from the following expression

I,,"r = (I - k)2 lill exp[- (a + f3)L]

(4.2)

where lout is the output intensity from the fibre end entering the IIS, lin the beam
. intensity entering the fibre, L the length of the fibre.

The reflectance at normal

incidence, k, is simply given by

2

k.!...

where

nruby

nruhr

[n

rllhy

-1
+1

(4.3)

J

is the refractive index of ruby (taken as 1.76). Note that although ruby is

doubly refractive, the ordinary (no) and extraordinary (ne) refractive indices are
identical along the c-crystallographic axis.
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Figure 4.3. Schematic of ruby fibre
loss measurement experiment
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Figure 4.4. Basic principle employed in ruby
absorption and geometric loss measurements
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4.2.2

Results and Discussion

Results for two ruby fibres, a diameter 140 /lm 18 mm long sample (denoted as

SpecJ 1) and another with a diameter of 87 /lm and 25.5 mm in length (SpecJ9), are
shown in Tables 4.2 and Table 4.3 respectively. SpecJ 1 has been grown from an
approximately 425 /lm source rod at a pull rate of 0.5 and diameter reduction ratio of

3. SpecJ 9, however, was pulled from a much smaller source rod (-130 /lm) at a rate
of 0.2 mm/min together with a smaller diameter reduction ratio (1.45).

A very

obvious layer of brownish-green deposit has been observed on the surface of SpecJ 1.
Loss measurements were first made on this ruby sample without any cleaning. The
fibre was later cleaned with hydrochloric (HCl) acid and left to soak in an ultrasonic
bath of acid for approximately 24 hours before a second measurement was carried
out.

Results for both measurements before and after cleaning are presented in

Tables 4.2a and 4.2b respectively. No deposits have been found on SpecJ9. The
surface appeared to be transparent and unblemished, both from large-scale diameter
variation and deposits, hence, no further cleaning with solutions other than acetone
was thought ,to be required.

Absorption measurements have been "'carried out as

described above and the corresponding losses are shown in Table 4.3 for all three
laser wavelengths employed (783 nm, 633 nm and 532 nm).

It can be seen from the results for both samples that the largest absorption losses
occurred at a wavelength of 532 nm which corresponds almost exactly to one of the
absorption peaks of ruby (at -550 nm) as shown later. At 783 nm, a wavelength
which is not known to be highly attenuated by ruby, losses are presumed to be those
due'to scattering effects only. These are classified as geometrical losses in this work
and have been considered to be largely a function of the fibre diameter variations. It
is a reasonable assumption since crystalline fibres with small dimensional geometry
are found to contain very little grain boundary and dislocation density defects within
their structures [4.8]. Most losses in such a case can thus be directly attributed to
scattering effects arising from non-uniform or uneven fibre surfaces. At all three
wavelengths studied, the measured absorption and geometrical losses have been
found to be highest in SpecJ 1. Losses for this sample before and after cleaning with
HCI acid varied only slightly, as shown in Tables 4.2a and 4.2b, suggesting that the
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brownish-green deposits were not merely particles condensing on the fibre surface.
On the contrary, the Cr203 particles condensed and deposited on the crystallising
ruby fibre may have been oxidised onto or beneath its surface due to the intense heat
generated during LHPG. The reason why this layer of deposit has not been observed
on the smaller Spec19 may be due to the slower pull rate used, thus allowing
sufficient time for most of the chromium oxide coating layer to be diffused into the
melt. The losses obtained in this work, however, can be seen to compare relatively
well with those obtained by Jundt et aL. [4.9] on crystal fibres and loss figures
obtained from channel or planar waveguides [4.10].'
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Table 4.2a.

Absorption loss for Spec]]

(without acid cleaning)
AI nm

a/em-'

~ I dB em-'

4.81

783
633

0.21

4.81

532

2.97

4.81

Table 4.2b.

Absorption loss for Specl]

cleaned with acid
A/nm

al em-'

~ I dB em-'

4.57

783
633

0.13

4.57

532

2.94

4.57

Table 4.3.

Absorption loss for Specl9

without HCI acid cleaning
A/nm

~/em-'

~/dBem-'

1.61

783
633

0.06

1.61

532

0.6

1.61
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4.3

Coupling of sapphire to silica fibres

Some consideration has been given to the delivery of excitation light to and
collection of signals from the crystalline fibres studied in this work. Some means
should be found to enable light to be easily delivered to the sensing probe made of
various crystalline materials.

Collection of the resulting signals from the crystal

fibres, which have been modified by the intended measurand(s) should also be a
relatively simple and straightforward process.

Since crystal fibres, such as sapphire and YAG, are generally expensive and cannot
be produced in lengths rivalling those of glass-based fibres, one potential way of
avoiding high costs is to use a conventional silica fibre to couple to the sensing
crystal fibre. A quick and easy way is to simply butt-couple the two and hold them
together securely using a sleeve and adhesives as shown in Figure 4.5a. The sleeve
material, its size and the adhesives to be used have to be carefully selected depending
on the type of application. In the case of high temperature sensing beyond 1300 K,
the range of materials is severely limited commercially. Another way of joining the
two fibres is to fusion splice them together, resulting in a permanent coupling
(Figure 4.5b). It should be noted that although silica melts at -1950 K, it can only
be practically employed up to -1300 or 1400 K (near its annealing temperature and
within the transition/softening temperature) under short-term exposure' to such
environments.

4.3.1

Experiment

Investigations into the feasibility of coupling two dissimilar fibres have been carried
out on pure sapphire and conventional silica fibres.

The properties of these two

materials considered most relevant to this study are listed in Table 4.4, showing the
considerably large dissimilarities between the two. A schematic of the butt-coupling
experiment is shown in Figure 4.6. Light at 633 nm from a 3 mW laser diode was
focused onto one end of a 200 11m Thorlabs FVP-200-PF silica fibre. The other end,
held by a fibre chuck, has been positioned into the Melles Griot integrating sphere in
such a way that only the end protruded into the sphere and the intensity was
recorded. The sapphire fibre (-35 mm long and 170 11m in diameter) used for this
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test was held by a Melles Griot x-y-z positioning stage which, in turn was attached to
a rotation stage, effectively providing a 4-axis alignment capability.

It was then

aligned co-linearly with the longitudinal axis of the silica fibre and carefully brought
into contact with it. In a similar fashion, the crystal fibre has been positioned inside
the sphere such that only the end section protruded into the sphere and the
transmitted intensity from this coupling is then measured. The principle behind this
experiment is almost identical to that used for measuring fibre losses (Eq. 3.2 in

Section 4.2) except that, in this case, there is no loss due to absorption

(~)

since

sapphire is transparent from -0.24 to 4 /l-m [4.9]. All the losses have been assumed
to be due only to scattering and coupling losses. However, total losses would be
dominated by the fibre coupling and insertion losses (denoted as the total coupling
losses for simplicity) due to the mismatch in properties of the two materials while
scattering effects could become significant if large diameter variations were present.

Efforts have been made to permanently splice ·both sapphire and silica fibres
together, as illustrated in Figure 4.5b, since it would present a more robust coupling.
A commercial fusion splicer and the CO 2 laser have been employecLto provide the
heat source.

However, after numerous attempts, it was found to be almost

impossible to splice the two materials together without the joint/interface being
mechanically extremely fragile. The sapphire fibres (-170 11m) have been selected to
match, as closely as possible, the silica fibre diameter (-200 /l-m), but, the large
difference in their thermal expansion coefficients and melting points, always resulted
in silica fibres being melted first. During arcing (fusion) of the splicing machine,
contraction of the silica fibre pulled the glass material at the tip back into a minidome while slight damages to the tip of the sapphire fibre was observed. The arcing
temperature was always found to be too high for the silica fibre and not sufficient
enough to melt the sapphire fibre. A photograph of an end-damaged sapphire fibre is
shown in Figure 4.7. Concurrently, splicing has also been attempted in the LHPG
chamber using a CO 2 laser. The silica fibre was attached to the feed stage while the
sapphire fibre was fixed to the pulling stage. The laser was then used to heat the
silica fibre until a rounded tip was formed, supplying just enough power to maintain
this shape. The sapphire fibre has to be lowered quickly, at this stage, into the quasimolten pool of silica to avoid too much heat being transmitted to the top section of
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the silica fibre. This would result in "melt-back" of the silica. Once dipped into the
silica pool, the viscous glass material was observed to wet the nominally smaller
sapphire fibre by surface tension. Once this has been achieved, the laser power was
slowly reduced over a period of time at constant intervals (-Y2 hr intervals) until the
splice/joint has cooled to the surrounding temperature.

This relatively time-

consuming procedure has been adopted to prevent overcooling of the newly-formed
fusion splice, which would otherwise result in instant fracture of the joint due to the
different thermal coefficients of the two materials. A splice fabricated using this
technique is shown in Figure 4.8. Losses from this type of coupling were estimated
by first measuring the transmitted light intensity of the silica fibre and later with the
sapphire fibre spliced onto the silica. The light coupling efficiency between the
microscope objective and silica fibre is assumed constant before and after splicing.
Results of the losses due to both butt-coupling and fusion splicing are shown in

Table 4.5.
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Figure 4.6. Schematic of butt-coupling experiment
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Table 4.4. Properties of sapphire and silica

Properties \ Materials

AI 20 3

Si02

Fused Si02

Thermal expansion a (2931273 K) I K- 1

5.8 x 10. 6

0.5-0.75.x 10. 6

0.54 x 10-6

Thermal conductivity at 293
K/Wm-1K 1

41.9

1.2-1.4

1.46

Specific heat C v at 298 K I
JK1kg- 1

753

750

670-740

Melt temperature / K

2323

1950

J950

Refractive index

1.765

1.46

1.46

Upper continuous use
temperature I K

2073-2223

<1373

1373

Transmission I flm

0.24-4.00
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0.38-2.5

4.3.2

Results and Discussion

Results from the two types of coupling indicate a relatively significant difference
between them. For the purpose of comparison, the same set of silica and sapphire
fibres used for butt-coupling has been employed in fusion-coupling studies.

The

losses from fusion splicing sapphire to silica are considerable compared to that from
butt-coupling and can be attributed mainly to the mis-match of thermal properties
between the two materials. As listed in Table 4.4, the melting point of sapphire is

-2320 K while silica melts at -1950 K. With a lower thermal conductivity in silica,
this implies that much of the heat will not be easily· conducted away and at the
temperature which has been used during the fusion splicing process, the intense heat
will lead to quicker melting of the silica fibre tip.

Upon cooling, the different

expansion coefficients, densities, conductivity and fundamental dissimilarities of the
two materials will inherently lead to the building up of high levels of stress in the
critical joint area, which, in turn, may lead to hairline cracks, grain boundary and
density defects being formed. It can be seen from Figure 4.8 that the silica fibre was
"wrapped" around the end of the sapphire fibre, resulting in an obviol).s thickening at
the joint.

Parts of the internal structure can also be seen containing hairlines

originating from the body of the joint and spreading out to the two fibres. These
have been interpreted as line cracks which would reduce the integrity of the joint and
its adjacent regions. The resulting joint was found to be very fragile and removing
both fibres from the growth chamber turned out to be highly delicate. Several splices
have been broken during this process. Moreover, the large difference in refractive
indices between sapphire and silica will result in much reflection of the propagating
light from the sapphire interface. Large optical scattering losses then occur when
light is transmitted through this silica/sapphire fibre, particularly at the splice.

In addition to the above disadvantages, the very brittle nature of the joint also serves
to dissuade one from using this coupling technique in fibre optic sensing
applications. The butt-coupling technique has been adopted throughout this project
when coupling between the sensing crystalline probe and conventional silica fibre
was required. Using a silica sleeve, the larger silica fibre was first inserted. Next,
the sapphire fibre was carefully inserted into the other free end and butted against the
silica fibre. To secure the two fibres, adhesives can then be applied to both ends of
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the sleeve while at the same time ensuring that the fibres are still butted against each
other.
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Figure 4.7. Damage incurred to end of
sapphire fibre subjected to fusion splicing

Figure 4.8. Splicing of sapphire to silica fibres using CO 2 laser
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Table 4.5. Losses due to coupling between sapphire
and silica fibres
Fusion splicing
Coupling type

Butt coupling

(with CO 2 laser)

Fibre length / cm

3.5

Laser wavelength / nm

633

Refractive index

1.76

lin

6.80

(6.80)

lont

3.18

0.95

Total losses / dB

2.61

7.88

Losses / cm"

0.17

0.52
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4.4

Absorption spectra measurements

The measurement of absorption bands of the doped crystal fibres, in the visible and
IR ranges, enables the determination of appropriate pump wavelengths to be used for
inducing fluorescence emission from these fibres. A laser source with an emission
wavelength near the peak absorption wavelength of the doped material was most
generally selected in order for efficient excitation of the active dopants incorporated
in such fibres.

4.4.1

Experiment

A schematic of the absorption experiment is shown in Figure 4.9. Broadband light
from a stabilised Schott KLT-1500-T lamp, with wavelengths spanning from below
-400 nm to beyond -1700 nm, has been used as the probe beam. The output from
this source is collimated with a pair of lenses and focused onto one end of the doped
fibre with a microscope objective (MO). Light exiting the fibre from the other end is
collected by another MO, collimated and then focused onto the

en~rance

slit of a

DIGIKROM DK480 monochromator (CVI Laser Corporation) via a lens selected to
closely match the I-number of the machine. The entrance and exit slit widths of the
monochromator are set at 200 f..lm or less during the experiment while the scan steps
used are 0.5 nm per step. For the visible wavelength range, a simple silicon PIN
photodetector or a Hamamatsu photomultiplier tube (PMT) has been used while
detection in the IR range employed a New Focus, Inc. M2153 InGaAs photodetector.
An optical chopper has also been used in conjunction with a Sci-Tech lock-in
. amplifier to enable a high signal-to-noise ratio for stable and accurate detection of
any weak incoming signals.

Data acquisation and remote control of the

monochromator are performed by a dedicated computer using Labview software.

Certain wavelength regions of the broadband light are absorbed by active dopants
when transmitted through the fibre and the absorption spectra can be determined by
monitoring the transmitted light throughout the broadband wavelength range.

A

typical spectrum from the KLT-1500-T lamp is shown in Figures 4.10a (visible) and

4.10b (IR). The reduction in the intensity along certain wavelength range is thus an
indication of the absorption lines/bands of the various doped materials.
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The

transmitted intensity through a doped fibre can then be divided by the reference light
intensity, measured when no fibre was present, to obtain the desired absorption
spectra (visible and IR).
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Figure 4.9. Schematic of absorption spectra experiment
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4.4.2

Results and Discussion

Results have been obtained for all the doped fibres investigated in this study.
Cr3 +:AIz03 (ruby) fibres have been found to exhibit absorption over a wide spectral
range in the visible, while RE-doped sapphire fibres were found to absorb at several
narrow spectral bands in the visible and IR regions.

The visible absorption spectrum of ruby fibres is presented in Figure 4.11. A very
broad absorption range can clearly be seen, spanning from approximately 380 - 700
nm. This corresponds to the strong Cr3+ interaction with the crystal field and
coupling to the crystal lattice of the host material, as is the case for most transition
metal ions in general [4.11,4.12,4.13,4.14,4.15,4.16]. This spectrum agrees very
well with published data [4.17, 4.18]. In addition, two broad peaks with a bandwidth
of -100 nm and centred at -410 and 550 nm are observed.

These absorption

characteristics are associated with transitions from the ground state, 4A2, to the broad
absorption bands of the 4F 1 and 4F2 energy levels in ruby for the observed 410 and
550 nm peaks respectively [4.19].

For rare-earth ions doped in ionic crystals, the shielding of the 4f electrons by
complete 5i and 5p6 outer shells leads to weak transitions with the crystal field as
well as weak coupling to the phonon energies (crystal lattice) of crystal host, hence,
the absorption bands are relatively narrow in both the visible and infrared spectral
In the visible absorption spectrum shown in Figure 4.12a,
seven narrow absorption peaks can be observed in singly Er3+:AIz03 fibres at 514,
regions [4.20, 4.21].

516.1, 521.9 and 540.1 nm in the green, and at 643.8, 649 and 653.1 nm in the red.
The two strongest absorption peaks in the green occur at 5 16.1 and 521.9 nm while
the red absorption peaks are seen to be relatively weaker. These absorption peaks are
typical of Er3+-doped materials and have been seen in both Er3+-doped silicate
glasses, thin flims and crystals (such as YAG, YLF and KYF) [4.22, 4.23, 4.24].
They are associated with transitions from the 4115/2 ground state to the 2HII12 and 4S3/2
manifolds (green), and the 4F9/2 manifold (red) in Er-doped materials.

The IR

absorption spectrum, shown in Figure 4.12b, clearly illustrates several relatively
strong narrow absorption bands indicated on the figure while two intense peaks can
be seen at 1511 and 1529 nm, these corresponding to the well-known Er3+ transition
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from the ground state to the
attributed to the

411312

4115/2 -7 411112

manifold [4.22, 4.23]. The 970 nm band is also

transition [4.22, 4.23].

Several unknown narrow

absorption bands centred around 1160, 1405, 1418, 1423 and 1460 nm can also be
seen concurrently.

They are attributed to the presence of tiny amounts of other

impurities in the erbium oxide powder used during the dip-coating process.
However, the band at -1160 nm is suspiciously close to the Er3+ excited state
absorption (ESA) at 1140 nm [4.22] while the bands in the 1460 nm region are rather
similar to those observed in Er3+:YAG [4.24].
3
3
Codoped sapphire fibres, with approximately equal concentrations of Er + and Yb +,
have been observed to exhibit broader absorption lines in the visible in comparison to
3

. the singly Er3+ -doped fibres. This is due to the presence of Yb + which is known to
be a very efficient sensitising ion and can lead to slight relaxation of the selection
rule due to the very efficient energy transitions between the co-dopants, hence,
resulting in additional absorption lines available for pumping [4.25, 4.26, 4.27, 4.28,

4.29].

As indicated in Figure 4.13a, various narrow absorption lines can be

observed corresponding to the respective spectral regions. The blue <!.bsorption peak

(487.5 nm) is due to transition from the ground state to the

4F712

3

manifold in Er +, the

green peaks (1617.7 + 524 and 540.6 nm) are a result of ground state absorption to the
2H1lI2 and

4S3/2

4115/2 -7 4F9I2

manifolds respectively while the red absorption peaks arise from the

transition. The wide absorption bands in the 850 to -1000 nm region

occur due to co-doping with Yb 3+ ions and result from the combination of the 411512
..
f rom E ["3+ an d the 1F
..
. Yb '3+. The IR
-7 41 1112 transItIOn
- 712 -7 1F
- 512 transItion
In
absorption spectrum is shown in Figure 4.13b with only the relevant regions where
absorption bands have been observed, indicating strong absorption bands peaking at

-936 and 958 nm respectively. These bands are relatively wide compared to the
3

visible absorption lines and confirm the combined transitions from both Er + and
Yb 3+. The broad absorption centred at -1464 nm can also be seen and has been
attributed to impurity contamination during the source preparation process.
peaks at 1511, 1523 and 1526 nm are associated with the
Er3+ [4.22,4.23].
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4 11512 -7 411312

The

transition in

For codoped fibres with an Yb 3+ to Er3+ concentration ratio of approximately 10: 1,
no infrared absorption bands in the 1500 nm region has been observed. This could
be due to the presence of very low amounts of Er3+ in the fibres, resulting in very
weak absorption characteristics in this region. which were beyond the limit of
detection of the system used. The visible absorption spectrum ranging from 400 -

1000 nm is presented in Figure 4.14 and indicates a relatively strong absorption
band with peaks at 910, 931 and 962 nm. Another weaker but broader band centred
at -800 nm can also be observed and is characteristic of Yb 3+ absorption [4.30] due
to the 2F712 ~ 2Fs/2 transition. The three peaks in the 900 nm region can be attributed
to a combination of the Er3+ and Yb 3+ transitions from the ground state to their
respective· absorption bands at the 4111/2 and 2Fs/2 manifolds [4.22, 4.23, 4.25, 4.30].
In addition, no other absorption lines have been observed in the green and red
spectral regions of these fibres in comparison to the equally Er3+ + Yb3+-codoped
Ab03 fibres discussed earlier. This again may be due to the presence of the very
small amounts of Er3+ while at the same time implies that the codopant Yb 3+ ions are
very efficient absorbers in the 800 - 1000 nm region.
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Figure 4.11. Visible absorption spectrum of ruby fibre
and bulk ruby crystal
4

1.00

F1 (410 nm)

C\

1:\.
I'I \1I
I' I
~ \~
11\ II
/'1 "

0.75

:::i

ro
c:

.2

e-

0.50

0

ruby fibre
bulk ruby

en

.c

«

4F2 (550 nm)

/\

tl'\\

: \ jV "
/,'
'-----

0.25

- --"~ -

Jv,\,J"-"
,I 11..'
_~_'
300

0
200

400

600

500

800

700

900

A/nm

Figure 4.12a. Visible absorption spectrum of
3
Er +: AI 0 fibre (doped tip)
2

3

2.0,....-----....,.....------....-----......------,
1.5
:::i

521.9 nm

ro
c:

.2

e-

Noise due to detector limit

1.0

\

0

en

.c

«

0.5
Background due to varying coupling
efficiency arising from chromatic

O~ab~e:rr~at~io:n:in~co~u~p~lin~g~le:n:s________~______~::~~. .~~nu
400

500

600
A/nm

183

700

800

Figure 4.12b. IR absorption spectrum of
Er3+: AI 0 fibre (doped tip)
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Figure4.13b. I R absorl2tion spectrum of
3
3
Yb + sensitised Er +:AI 2 0 fibre
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Figure 4.14. Visible absorption spectrum of Yb +:Er +:AI 0 fibre
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4.5

Fluorescence spectra measurements

Room temperature fluorescence emIssIon measurements have been carried out to
confirm the presence of the various active materials which have been incorporated in
sapphire fibres by the growth technique employed. Such measurements are also used
to determine the fluorescence characteristics from which optimum performance may
be realised in sensing applications.

Although ruby is easily recognised from its

fluorescence emission spectrum due to the sharp R-lines at 692.9 and 694.3 nm
[4.19], RE-doped fibres, with emission in the visible and IR spectral regions, are
relatively more difficult to characterise. However, the resulting sharp emission lines
detected from these fibres confirm their highly crystalline nature. In addition, the
high doping levels used led to particularly intense upconversion signals in codoped
fibres.

4.5.1

Experiment

Fluorescence emissions from the doped fibres in both the visible and IR have been
measured using the experimental set-up shown in Figure 4.15.

Where possible,

fluorescence emission was excited by using laser pumping matched to the material
absorption bands.

Table 4.6 lists the pump lasers that have been employed for

fluorescence excitation in various doped fibres used in this work. As illustrated in

Figure 4.15, the laser radiation is coupled into the doped fibre through the use of a
microscope objective while another objective is used to collect the fluorescence from
the fibre end and collimates it through a focusing lens into the monochromator. For
ruby fibres, the 514.5 nm line from a Spectra Physics Ar+ ion laser (20 lO-lOS series)
has been used to excite the sharp R-lines. Both the Ar+ ion laser at 488 nm and a
laser diode array, with central wavelengths of 960 and 965 nm, have been employed
for RE-doped samples. The pump laser beam is modulated by an optical chopper
and lock-in detection is used for signal recovery.
computer and stored for later processing.
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Signals are then fed into the
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Figure 4.15. Schematic of fluorescence spectra experiment

Lock-in
amplifier

Table 4.6. Laser sources employed for fluorescence studies
Emission,,Fibre

Laser
Inm

Ar+ ion
Frequency-doubled Y AG

514.5
532

Ar+ ion

488

IR laser diode

960,96~

Ar+ ion

488

IR laser diode

960,965

IR laser diode

960,965
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4.5.2

Results and Discussion

The fluorescence spectra (visible and IR regions) of the various doped fibres have
been obtained from by the method described above.

In these fibres, direct

fluorescence (where the emission wavelength is longer than that of the excitation
source)

and upconversion (emitted wavelength

wavelength) have been observed concurrently.

shorter than

the excitation

The emitted spectrum from ruby

fibres is presented in Figure 4.16. The two peaks are characteristic of the RI and R2
lines in ruby fluorescence and are found to be centred at 694.3 and 692.9 nm
respectively. They agree very well with published data [4.17, 4.19] and are a result
of the splitting of the 2E energy level into the E and 2A states with an energy gap of
-29 cm- I (i.e. with a separation of 1.4 nm between the two R peaks) when Cr 3+ ions
. are subjected to a trigonally-distorted crystal field in an Ab03 host [4.19]. The RI
line is associated with the transition of the E.level to the ground state, 4A2 , while the
R2 line is due to the 2A

-7

4A2 transition.

The full width at half maximum

bandwidth of the RI and R2lines are found to be 0.65 and 0.6 nm respectively.

The visible emission spectrum of singly Er3+:Ab03 fibres is presented in Figure

4.17a and shows relatively strong upconversion in the green and red spectral regions.
The upconversion line at 525 nm is superimposed onto one of the additional laser
lines at the same wavelength. This line is attributed to the 2HII12 -7 4115/2 transition
from Er3+ doped in ionic crystals while the other green lines (at 540, 541.5, 552.5,
554.5 and 559 nm) are results of splitting of the main 4S3/2 manifold into several
sublevels [4.28]. Transitions to the ground state then give rise to the lines detected.
The well-resolved red upconversion lines are also shown on the same figure, with
five main peaks at 644.3, 653.1, 660.2, 667.7 and 674.2 nm. These are also due to
splitting of the main

4F9/2

manifold into sublevels with transition to 411512 , the ground

state [4.23,4.28]. It should be noted that the upconversion emission in the green and
red are relatively sharp lines with both regions separated by -85 nm.

The IR

fluorescence spectrum is shown in Figure 4.17b with the wavelengths of interest
being in the 1500 nm region.

The emitted lines (at 1511.5, 1523, 1531.5 and

1547nm) are associated with the transitions from the split 4113/2 manifold to the 4115/2
ground state for Er3+ [4.23, 4.24] and have been reported in Er-doped Y AG crystals
[4.24].

The additional emission bands are assumed to have resulted from
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contamination from other impurities although the fluorescence in the 1460 region is
rather similar to that observed in Er:YAG [4.24]. In particular, the 1025 nm line
could have resulted from the presence of small quantities of Yb 3+ impurities in the
source material. Another curious set of emission lines has been observed in the 1600
- 1680 region and corresponds quite well to emission due to ESA from the 419/2
manifold [4.22].

Although this was not likely to occur if a single excitation

wavelength had been used, the very high dopant concentration of -12 at. % measured
using EPMA (electron probe micro-analysis) could have resulted in self-activated
excited state transitions. This phenomenon is not clearly understood currently and
further

studies

are

required

to

better

understand

the

material

behaviours/characteristics due to self·activated effects.

Similar emISSIOn characteristics have been detected from Er3+:Yb3+:Ab03 fibres
doped with similar concentration levels of c()-dopants, the significant differences
being the much stronger upconversion intensities in both the green and red; the IR
intensity was also found to be relatively stronger in comparison to Er3+:Ab03 with
much larger peaks at 1523 and 1531.5 nm. The upconversion and

I~

fluorescence

spectra are presented in Figures 4.18a and 4.18b respectively. Another observation
which can be made from the visible spectrum is the merging of the sharp green and
red emission lines into a more dense structure. Further, a small peak at -480 nm can
be seen, corresponding to the 4F712 ~ 411512 transition in Er3+. This line is relatively
weak compared to the much stronger green and red upconversion.

A broad but

similarly intense emission in the 800 nm region can also be seen in Figure 4.18a.
This is due to the transition from the split 2F512 manifold to the ground state in Yb 3+
[4.30]. From the IR spectrum in Figure 4.18b, the 1025 nm line emitted from Yb 3+
is clearly obvious and approximately equal in intensity in comparison to the peak
1531.5 nm emission. Again, additional emission bands have been detected in the
1460, 1570 and 1600 - 1680 regions.

These bands have been assumed to be

contributions from impurity cross-contamination in the RE powders employed in
dip-coating the source rods. However, the effects from any possible "self-activation"
of the doped fibres due to very high dopant concentration levels should not be
ignored since the emission furthest into the infrared region (1600 - 1680) coincides
with the excited state absorption transition from Er3+ at 1680 nm.
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In highly Yb 3+:Ah03 fibres codoped with low Er3+ concentration, both the green and
red upconversion intensities were found to have reduced in strength relative to that of
the blue peak at -480 nm. In particular, the red upconversion was observed to be
approximately 3 times stronger than the green upconversion. However, the visible
emission spectrum (shown in Figure 4.19a) indicates that the narrow-line structures
of both spectral regions can still be clearly resolved. The green lines arise due to
emissions from the 2HII/2 ~ 4115/2 and 4S3/2 ~ 4115/2 transitions, resulting in two
different green bands with central wavelengths of 532.8 and 544 nm respectively.
The red lines have been associated with transitions from the sublevels within the 4F9/2
manifold to the ground state, 4115/2. From the IR fluorescence spectrum presented in

Figure 4.19b, no emission lines in the 1500 nm region due to the Er3+ transitions
(4113/2

4115/2) have been detected. This implies that most of the pump photons have
been efficiently absorbed by the Yb 3+ ions and channelled into the excitation of the
---7

higher energy levels from which upconversion occurs.

Another significant
observation which can be made is the stronger 996 nm line from Yb 3+ relative to the

1025 nm line from fibres produced with such doping combinations. This could be
due to thermal population of the higher lying sublevel from the low. lying level as
reported by Berthou and Jorgensen [4.31] and Maurice et al. [4.32]. These lines
stem from the sublevel transitions within the main 4F5/2 manifold of Yb 3+ to the 4F712
state.
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Figure 4.16. Fluorescence spectrum of ruby fibre
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4.6

Fluorescence lifetime measurements

The use of the fluorescence lifetime decay from suitably doped fluorescent materials
is an advantageous technique in fluorescence-based fibre optic sensing in that the
lifetime can be relatively independent of the excitation intensity fluctuations [4.33].
However, the lifetime of any fluorescent materials is dependent on the concentration
levels of the dopant(s) used [4.34, 4.35] hence, care must be taken to avoid operating
near or above the critical concentration level beyond which the decay behaviour is no
longer exponential. It is thus thought attractive to exploit the fluorescence lifetime
decay of the doped crystal fibres produced in this work in sensing applications. The
following experiment thus sets out to characterise the lifetime behaviour of these
transition metal ion and rare-earth ion-doped fibres.

4.6.1

Experiment

A schematic of the experimental set-up used for measuring the fluorescence lifetimes
of the doped fibres is illustrated in Figure 4.20. Lasers have been em.ployed used as
excitation sources where possible and are selected to rnatch the absorption bands of
the particular material being investigated. The fluorescence lifetime of ruby fibres
and the IR lifetime of Er3+:Yb 3+-codoped fibres were measured in transmission while
the upconversion lifetime of the latter fibres were measured in reflection.

For

transmission measurements, excitation light was first collimated and injected into the
fibre via a microscope objective. The output signal was then collected by another
objective and directed onto an appropriate photodetector (avalanche photodiode used
for ruby and high speed InGaAs photodetector used for IR lifetime detection) by a
focusing lens. An optical filter was placed in front of the photodetector to permit
only the fluorescence signal of interest to be detected. The filter used was selected to
match the central or peak wavelengths of the fluorescence from ruby and the REdoped fibres. To measure the upconversion lifetimes in reflection, a monochromator
was used with its slits adjusted to provide a reasonable bandpass at the wavelength of
interest and a PMT served as the detector. The resulting signal was then amplified
and sent to a digital oscilloscope with averaging facilities to be averaged and stored
for further processing.

An optical chopper enabled pulsed modulation of the
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excitation signal and also served as the oscilloscope trigger. The acquired data from
all the measurements were then curve fitted to obtain the lifetimes.
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Figure 4.20. Schematic of experimental set-up for
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4.6.2

Results and Discussion

A typical fluorescence lifetime curve from ruby fibres can be seen in Figure 4.21a,
indicating an exponentially decaying profile. This decay stems from the dominant
radiative decay arising from the 2E

---7

4A2 transition [4.36].

The curve fitting

technique applied resulted in a lifetime decay rate of 3.48 ms, in good agreement
with data already published [4.37]. A good fit has also been obtained, as indicated
by the confidence of fit, r2.
The fitted IR fluorescence lifetime of Er3+: Yb 3+-codoped fibres can be seen in Figure

4.21b, this radiative decay ,resulting from the 4113/2
temperature. A very fast decay time,

1',

---7

411512 transition at' room

has been obtained (see Figure 4'.21b). It

should be noted that due to the highly doped nature of these fibres, most of the pump
photons have been' channelled into upconversion resulting in relatively weak IR
signals being detected.

The IR lifetime is thus considered not suitable for the

intended temperature sensing applications since rapid non-radiative decay due to
thermal quenching will dominate the fluorescence lifetime at elevated temperatures
and, consequently, the already weak intensity will decrease to a level beyond the
limits of the detection system much more quickly ,at lower temperatures.

The

fluorescence lifetime decay of RE erbium-doped materials have been reported to be
highly dependent on the doping levels and pump intensities [4.34,4.38].

An example of the upconversion lifetime decay has been fitted and shown in Figure

4.21c. The fitted signal was averaged from the green upconversion intensity at the
547 nm line over a bandpass of -3 nm which was determined by the slit widths of the
monochromator, hence the decay rate can be attributed to the

4S3/2 ---7

4115/2 transition.

A highly non-exponential nature can be seen in the figure, with a slow decay
superimposed on a rapidly decaying initial profile. The fitted lifetime is shown in the
figure but it can be seen that a bad fit has been obtained using an exponential. This
lifetime characteristic clearly involves other complicated transitions and interaction
dynamics of the material which are beyond the scope of this present study. The
modulated red upconversion intensity was also observed to exhibit similar profile
and was thus not fitted.

199

Figure 4.21 a. Fluorescence lifetime decay of ruby fibre
at room temperature
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Figure 4.21 b. IR fluorescence lifetime decay of Er +:Yb +:AI 2 0 3
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Figure 4.21c. Green upconversion lifetime decay of Er +:Yb +:AI 0
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Chapter 5 - Ruby-based Crystal Fibre Sensors
5.0

Introduction

Although most commonly considered as a precious gem stone by many, ruby (Cr3+:
Ah03) is also well-known as the crystalline material used as a laser material. In the
first demonstration of successful laser operation by Maiman in 1960, a ruby rod was
used to lase in the pulsed mode [5.1]. Ten years later, Burrus and Stone [5.2] were
able to produce continuous laser emission from ruby with concentrations of Cr3+ ions
equal to that used by Maiman (0.05 wt. %) and 0.02 wt. %, this time however, the
laser material being in single crystal fibre form with diameters of -40 /lm. Since that
very first operation of a ruby laser, several studies have been carried out into the
fluorescence characteristics of ruby crystals and their dependence on external
physical influences, especially that of temperature [5.3, 5.4, 5.5], physical
deformations [5.6, 5.7, 5.8, .5.9].

The earliest exploitation of thermally-induced

changes in ruby fluorescence characteristics can be attributed to Grattan and
colleagues [5.10], who monitored the relative change in intensities of the two ruby Rlines (at 694.3 and 692.7 nm) due to temperature increment. These workers were
able to construct a low cost temperature sensor based on the ruby crystaL This was
then followed by an investigation of the temperature-dependent ruby fluorescence
lifetime decay using an optical fibre delivery/collection system [5.11]. An earlier
temperature monitoring scheme based on the temperature-dependence of ruby
lifetime decay [5.12] had already demonstrated the potential of using ruby or more
generally, fluorescent materials, for fibre optic temperature sensing applications,
although in both studies the maximum temperature investigated was below 200°e.
With the introduction of phase-sensitive detection techniques, termed phase-locked
detection (PLD), by Zhang et al. [5.13], the maximum temperature limit which can
be measured can be greatly extended.

In this work, the combination of phase-

sensitive lock-in detection and feed-back control of the excitation source modulation
frequency led to greatly increased signal-to-noise ratio which effectively suppressed
the relatively high level of noise associated with the detected decay signal. Recently,
the temperature-dependent measurement of the fluorescence decay lifetime of a
single crystal ruby fibre (fabricated by the LHPG technique in our laboratory) was
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extended to -600°C (873 K) using the PLD signal detection and processing scheme
[5.14].

It should be noted that most of the temperature-dependence studies carried out to

date on ruby have involved the use of small ruby crystals, which have been cut from
bulk ruby laser rods; the crystal being attached to a conventional silica fibre used for
delivering the excitation source while another silica fibre was used for collecting the
fluorescence signal either in the transmission [5.11] or reflection mode [5.15]. The
use of the transmission probe, while allowing for some cost savings in terms of
avoiding certain optical coupling components for separating the emitted fluorescence
signal from the excitation source, implies having to route the collection fibre through
the measurement area, leading to difficulties and inconvenience in many
implementations.

In terms of practical applications of a fluorescence-based

temperature sensor, the reflection probe, although requiring additional coupling
components, would thus be preferred.

Figures S.la and S.lh illustrate the

transmission and reflection sensing probes respectively.

Until recently, ruby has not been readily available in single crystal fibre form. Early
work [5.16] on the use of single-crystal ruby fibres as temperature probes
demonstrated the potential of such fibres over other probes using bulk ruby crystals.
Curve-fitting of the exponentially decaying fluorescence lifetime at two points in the
periodically varying detected signal was mentioned as the principle technique used
for measuring the lifetime decay in this work and a poorly-resolved fluorescence
emission spectrum was shown. The maximum operating temperature was given as
450°C (723 K). In a later report [5.17], the authors were able to demonstrate an
almost linear relationship between the detected lifetime decay (using again the twopoint curve-fitting technique) and the monitored temperature up to -450°C. The
authors also reported the difference in the fluorescence intensity obtained with
respect to temperature when two different optical filters were used.

However, in

both work, the crystallographic orientations of the ruby fibres were not mentioned.
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Beside the change in fluorescence decay time when bulk ruby is subjected to
elevated temperatures, early work also investigated the temperature-induced shift in
the two sharp R-lines characteristic of ruby [5.3, 5.18, 5.19].

Such a sensing

configuration has also been studied in this work. The temperature-induced shifts in
the Rl and R2 ruby lines could have important implications in the detected lifetime
decay data measured with the aid of optical narrowband filters and will be discussed
in a later part of this chapter relating to the lifetime monitoring temperature sensing
scheme.

The sensitivity of the ruby R-lines to other deformations such as compressive stress
[5.6; 5.20], pressure [5.7, 5.21, 5.22] and shock-wave compression and tension [5.9,
5.23, 5.24] have also been reported, again involving bulk crystals. Since being found
to be sensitive to pressure by Forman et al. [5.7], ruby R-line shifts have been used
extensively for very high pressure calibration (in the megabar range) in diamond
anvil cells under various shock-loading [5.9] conditions.

In compression

experiments [5.24], the ruby samples were often subjected to shock-waves induced
by an impactor or a projectile accelerated towards the target

sani.pl.~

at very high

velocities. These samples were aligned along either the a- or c-axis crystallographic
orientation.

The resultant R-line spectra were then captured by time-resolved

measurements and the desired stress and/or strain data along the respective a- or corientation inferred from the R-line shifts. The shift in the Rl line has been found to
be dependent on the crystal orientation in nonhydrostatic (extremely high pressure,

> 100 GPa) conditions, while the R2 shift has been found to be independent of both
crystal orientation and the test conditions, i.e., it behaves similarly under both
hydrostatic and nonhydrostatic measurements [5.9, 5.22].

Taking into consideration the parameters which can be readily measured by
monitoring the changes in the fluorescence characteristics of ruby, this chapter thus
sets out to investigate some important physical influences which mayor may not be
reflected in the resultant fluorescence properties of single crystal ruby fibres which
have been fabricated by the LHPG technique.

It also tries to address the basic

problem of cross-sensitivity in a crystal fibre sensor, or in a more general sense in
any optical fibre sensing techniques.
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However, in order to have a clearer understanding of these influences on the ruby
fluorescence emission such as lifetime decays, etc, a brief explanation relating to the
interaction of the Cr3+ ions with their sapphire host lattice crystal field and phonon
energies is given below.

5.1

Theory of temperature and deformation influences on the fluorescence
characteristics of ruby

5.1.1

Temperature dependence

As far back as 1916 [5.25], the effect which temperature has on the absorption and
fluorescence characteristics of ruby has been studied.

Although the fluorescence

lifetime decay of the ruby samples could not be determined with the detection
equipment available at that time, the absorption and sharp ruby R-lines were found
generally to shift towards the red with increasing temperature. At the time of the
publication of the first successful operation of a ruby laser, Maiman [5.26] also
reported observations of changes in the ground-state populatio!l and optical
absorption between two excited states (excited state absorption - ESA) in the ruby
crystal being studied. The fluorescence decay rate from the metastable 2E level of
ruby was initially found to be -5 msec (compared to the now accepted values of -3 -

3.5 msec [5.27, 5.5] for ruby fluorescence emission). For stimulated emission in
ruby, however, the decay lifetime of the Rl line (at 694.3 nm) was observed to
decrease to -0.6 msec while the linewidth was also found to narrow quite
considerably [5.28]. A simplified schematic energy-level diagram for ruby is shown
in Figure 5.2.

Cr3+ ions have their 3d outer shells incomplete [5.29] hence, they allow for strong
interaction with nearby ions, the host crystal field strength and lattice vibrations.
Ruby is formed by incorporating Cr3+ ions into an Ah03 host lattice at sites with a
threefold axis of symmetry by substitutionally replacing the A1

3

+

ions [5.30]. This

site results in the Cr3+ ion being subjected to a trigonally-distorted octahedral crystal
field which splits the 3d3 energy levels of the ion.

Due to a combination of a

distorted field linked with an even-parity energy term and spin-orbit coupling [5.31],
the lowest-lying excited 2E state splits into the
210

E and 2A states with an energy gap of

-29 cm- I. The resulting sharp R-lines observed in ruby is thus due to the

E ~ 4A2

transition for the RI line (694.3 nm) and the 2A ~ 4A2 transition for the slightly
weaker R2 line (692.9 nm).

The temperature dependence of the ruby fluorescence decay time may be understood
by means of two configurational co-ordinate models with the aid of a simplified
Tanabe-Sugano diagram [5.32, 5.33] for ruby.

Cr

3
+

ions, as mentioned earlier,

interact strongly with the crystal field and lattice vibrations in ionic crystal hosts.
Changes in temperature, which lead to changes in crystal field strength, phonon
densities and energies, can consequently have a strong effect on the decay lifetime of
ruby. As can be seen in the simplified Tanabe-Sugano diagram (Figure 5.3), which
shows the normalised energy of the low-lying states, £IB, plotted against the
normalised crystal field strength, DIB, the energy splitting, .<1£, in ruby which has a
high crystal field strength (DIB -2.5) [5.34, 5.35], between the 4T 2 and 2E states is
positive. As described by Grattan and Zhang [5.32], the relatively short lifetime of
the 4T 2 state implies that the fluorescence emission from the sharp R-lines is
dominated by the longer-lived 2E lowest excited state (i.e. 2E
transition) at low temperature.

---7

4A2 radiative

The transition between the 2E ~ 4A2 states thus

determines the temperature dependence of the fluorescence lifetime. At 300 K, the
fluorescence lifetime is -3.5 ms [5.5]. With the elevation of temperature, some Cr
ions are promoted to the fast decaying 4T2 state from the 2E level.

3

+

As the

temperature is increased further, more and more ions are promoted to this state,
depleting the population of the 2E state, hence, phonon terminated and non-radiative
transitions from the 4T 2 to the 4A2 ground state will begin to dominate.

These

transitions also lead to wide phonon sidebands forming in addition to the sharp Rlines. This will, in effect, lead to a decrease in the fluorescence lifetime to -l~s at
600 DC (873 K) [5.14] as well as a decrease in the fluorescence intensity measured

for a single crystal ruby fibre.

The two-level model [5.4, 5.5] can be used to describe the radiative transition of Cr

3

+

ions from the 2E ~ 4A2 states in a high field crystal at low temperature where nonradiative transitions from the 4T 2 state can be assumed to be negligible due to the
preferential population and, hence, radiative decay from the 2E state. Figure 5.4
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shows the two-model diagram.
transitions 4T2

---7

However, at elevated temperatures, non-radiative

4A2 dominate and, in this model, the 2E state acts as a storage level

for the excited ions into the 4T2 state. This is possible only when the two states are
assumed to be in a "quasi-thermodynamic equilibrium" and is verified by the very
short relaxation time of -7 ps [5.36] between the two states. An expression of the
temperature-dependence of the fluorescence lifetimes, taking into account the
degeneracies of the 4T 2 and 2E states has also been formulated for this model:

(5.1)

where
'ri

'r is

the fluorescence lifetime, L1E the energy gap between the 4T 2 and 2E states,

and -z:~the lifetimes of the 4T2 and 2E states respectively, k the Boltzman's constant,

T the temperature, and Cd the ratio of degeneracy of 4T 2 / 2E .

With this model, Zhang et at. [5.5] were able to obtain a reasonably good fit over the
measured lifetime data from 300 to 570 K. From room temperature ..up to -550 K,
there exists a non-monotonic decay of the lifetime, leading to a slight difference
between the fitted curve and the measured data. Beyond -600 K, the non-radiative
4T 2 ---7 4A2 transition dominates, as demonstrated by the rapid decrease of measured
lifetime with increasing temperature, and the fitted curve beyond this temperature is
thus no longer accurate.

Figure 5.5 shows a simplified configurational coordinate model for ruby which has
been used to predict the temperature-dependent lifetime change by including effects
from both the radiative 2E

---7

4A2 and non-radiative 4T2

---7

4A2 transitions. Again,

the 4T 2 and 2E states have to be assumed to be in equilibrium "quasithermodynamically", hence,

(5.2)
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where ni and ns are the populations of the 4T2 and 2E states respectively; Cd, t1E, k
and T are as defined in Eq. 5.1. By substituting Eq. 5.2 into Eq. 7 in Ref. [5.5], the
rate change in the total population of the 4T 2 and 2E states can be given by the
expression:

dn

I l1's + (l/1'Je-I!.ElkT +(l/1'q~-(I!.E,,+M)lkT

dt

1+ 3e-I!.ElkT

(5.3)

where 1'q is the non-radiative decay rate (or thermal quenching rate) and t1Eq the
thermal quenching energy gap between the 4T 2 and 4A2 states; the rest of the
variables are defined in Eq. 5.1. Integrating Eq. 5.3, the fluorescence lifetime, 1', can
be found:

1+ 3e- M'kT

(5.4)

l' - l' --------r--::--...,....".,..
-

where

a

S

1

+ae

-I!.ElkT

= 1'./1'; and f3 = 1'./1'q.

+ f3e -lI!.E,,+I!.E)

This equation was fitted to the lifetime data of ruby

from 300 to 800 K and the fitted curve was found to be relatively accurate [5.5], with
a deviation of -1 % over the data range.

However, at temperatures below 300 K in ruby, the authors [5.5], using the two-level
model, found a discrepancy of -17 % between the fitted and theoretical t1E values,
from spectroscopic data obtained and suggested that contributions from the splitting
of the 2E into the

E and

2A states as well as that from the induced wide phonon

sidebands could affect the temperature dependence of the fluorescence lifetime. The
observed increase in lifetime at temperatures below 100 K can then be explained by
taking into account the longer radiative decay rate from the 2A (692.9 nm) state. It
has also been shown by Fonger and Struck [5.4] that the 2E

---7

4A2 transition

IS

basically a narrow line at 295 K and the 4T 2 population is small. However, thermal
repopulation of this level at 663 K dramatically increases the intensity of the 4T2 state
relative to that of the 2E state by 30 times. Since the 4T 2 is a very rapid non-radiative
state which is dominant at elevated temperatures, the ensuing fluorescence lifetime
of the ruby crystal is thus drastically reduced.
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The phonon sidebands of the

transition 2E

---7 4 A2 ,

already obvious at liquid nitrogen temperature, couples strongly

to the host lattice in an ionic crystal, hence, any thermal perturbation will also lead to
a much increased contribution to the lifetime decay of ruby. Hence, the phononinduced effect and the splitting of the 2E state into

E and 2A should be accounted for

if the overall fluorescence lifetime characteristics are to be better predicted.

By considering the Boltzmann statistics over the 0 - 100 K region, which can be
given as

I /1
RI

. where

I RJ

and

IR2

R2

=a

R

(5.5)

e-t.ERlkT

are the intensities of the RI and R2 lines respectively,

splitting energy between the

E and 2A states, and

<XR

L1ER

is the

(representing the degeneracies

between. the two sublevels) = 0.65 [5.5], together with the phonon effects, Eq. 5.1
may be modified to obtain

where the coth(hv/2kT) terms ar.e assumed to be the R, and R2 phonon sidebands
induced by hv, and hV2 respectively. The modified equation has been found to fit the
measured data more accurately with less deviation (-0.2 times) compared to the
original two-level model [5.5].

One can then see that the two models proposed may be used to describe the
temperature dependence of ruby fluorescence lifetime more satisfactorily.

With

appropriate choice of the fit parameters, they can also allow prediction of the
temperature-dependent fluorescence lifetime with sufficient accuracy for temperature
sensing applications.

The models may also be applied to materials with similar

crystal field strength.

Another fluorescence characteristic which is affected when subjected to elevated
temperature is a spectral shift in the R-lines.
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Perhaps not very adequate for

temperature sensIng due to the small changes involved over a wide range of
temperatures, it is seen as important when ruby is used for high pressure and shockwave measurements.

The lineshift with temperature could thus be used as a

compensation factor. Several authors have applied empirical and theoretical models
in attempts to fit the R, and R2 lines from ruby emission with varying success [5.3,

5.18, 5.19, 5.37, 5.38]. The curve fitting involved in the work mentioned in the
references above generally treats the fit parameters within a limited temperature
range, with relatively good results and accuracy obtained.

The R-line shift in ruby was studied by Gibson [5.25] while investigating the
absorption spectrum of ruby at various temperature points. Small shifts of the Rlines towards the red were also observed.

McCumber and Sturge [5.18] later

proposed a model based on the effect of Raman scattering two-phonon electronic
energy interaction to describe both the lineshift and line broadening for a temperature
range from 77 to 400 K.

Although their model agreed reasonably well with

experimental data within the temperature region investigated, the higher energy
regions of the phonon interaction were neglected, and the authors suggested that their
model should be valid up to a temperature of -700 K. It was concluded from that
study that the effect of temperature was due to the interaction between the acoustic
phonons and the electronic energy levels of the impurity Cr3+ ions. Izatt et al. [5.3]
also studied the temperature dependence of the R-line shift of ruby by measuring the
radius of the Fabry-Perot fringes produced by emission from a ruby laser. They were
able to obtain good agreement with the experi!Dental data and with the model
postulated by McCumber and Sturge [5.18] from 66 to 300 K. Although suggestions
have been made to better fit the model to experimental data above this temperature

(300 K), this would mean changing the parameters of the fit or scaling the actual
temperature to coincide with that predicted by the theoretical curve at the particular
set of fit parameters. This implies that a different set of parameters would have to be
used to fully describe the wide temperature range to be considered. However, it was
implicitly suggested that the R-lines, and, hence, the intrinsic shifts with temperature,
are strongly dependent on chromium concentration (therefore supporting the phononelectron interaction theory) and the crystal strain.
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Since the R-line shifts may not vary constantly or uniformly with temperature, it is
highly possible that beyond a certain temperature the RI and R2 lines may overlap
and it would then be almost impossible to distinguish one from the other, making any
measurements a difficult task.

One way to overcome this is to use a double-

Lorentzian line shape [5.18] to describe the characteristic fluorescence curve of ruby,
which was investigated by both Munro et al. [5.37] (using a Voigt profile:
combination of Gaussian and Lorentzian shapes) and Ragan et al. [5.19]. Munro et

al. [5.37] compared the theoretical fit with the measured lineshift, linewidth and the
relative intensities of the two R-lines up to a temperature of 570 K at various
hydrostatic pressure levels up to a maximum of -14.5 GPa. Their model fits the data
reasonably but the many-parameter equation used would seem rather cumbersome
and convergence to the desired results would depend on selecting an appropriate set
of starting values. Although a little contradictory in their statement concerning the
relationship between chromium concentration and the width of the R-lines, Ragan et

al. [5.19] provided a very simple cubic model which can be used to correlate the
measured data to the theoretical prediction over a wide temperature range from 0 to

600 K with relatively good accuracy. To describe the ruby fluoresce!lce line shape,
they used a double Lorentzian which fits very well to the line.

Polarisation

measurements performed on the RI and R2 intensities showed that the ruby
fluorescence is highly polarised perpendicular to the c-axis. The authors [5.19] also
found that, since the two R-lines do not shift together exactly, a double-Lorentzian
line shape could be useful in overcoming the overlapping of these two lines at high
temperatures (-450 K).

The interaction between the acoustic phonons and the

electronic energy levels caused by incorporation of the impurity Cr3+ ions was also
suggested as one of the mechanisms of R-line shifting. The general cubic equation
used by the authors can be given as

(5.7)

where R;(T) represents either the RI or R2 line being studied, a, {3, 8 and y the fit
parameters (constants) and given as 14423 cm- I, 4.49 x 10-2 cm- I k- I, -4.81 X 10-4 cmI k- 2 and 3.71 x 10-7 cm- I k- 3 respectively for RI and 14452 cm- I, 3 x 10-2 cm- I k- I , -

3.88

X

10-4 cm- I k- 2 and 2.55 x 10-7 cm- I k- 3 respectively for R 2. The unit for Eq. 5.7
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is given as cm- I . Note that all the above work on the ruby R-line shifts did not take
into account the contribution from thermal expansion of the crystal which could be
relatively considerable, as pointed out by Ma et al. [S.38]. Moreover, in the work of
McCumber and Sturge [S.18], Izatt et al. [S.3] and Ragan et al. [S.19], the phononelectronic interaction considered was that due solely to acoustic phonons.
Interactions with optical phonons were excluded.

These contributions have been

considered in a recent work [S.38] which provided a relatively more complete
analysis of the thermally-induced change in the fluorescence characteristics of ruby.

5.1.2

Dependence on physical deformations (high pressure and stress)

Similar to the temperature-dependence, the fluorescence characteristics of ruby can
be influenced by stresses applied due to high pressure or shock-wave loading to its aor c-crystallographic plane.

Ruby's trigonally distorted octahedral crystal field

already results in the splitting of the sharp R-line, which occurs when the impurity
Cr3+ ions, incorporated into sapphire, substitutionally replace A1 3+ ions, altering the
trigonal crystal field symmetry associated with the Ah03 lattice
results in the splitting of the excited 2E state into the

E

observed optically as the two R-lines (R t and R2 lines).

and

[S.~9,5.40].

2A

This

states which is

Application of external

stresses can lead to a change in the amount of splitting, resulting in shifts in the Rlines or other fluorescence characteristics such as broadening of the linewidths or
relative intensity changes in the two R-lines. The trigonal crystal field effect has also
been discussed by Macfarlane [S.41] in a paper investigating the influence of stress
upon ruby. The two reasons given in that paper for the apparent shift in the ruby
fluorescence spectrum are: (1) impurity ions (Cr3+) occupying non-centrosymmetric
sites, leading to different shifts in their energy levels, hence the resulting splitting of
the sharp line spectrum; (2) application of stress will lower the site symmetry group
from Go to Gs and lead to lifting of the electronic degeneracy of the single ion, thus if

G".

= Go

then only a shift will be observed. That study proved inconclusive since

there was little information on the motion of non-centrosymmetric site lattices such
as that of Cr3+: Ah03 and, hence its effect on the trigonal field parameters (vs and v s',
the subscript "s" implying stress-induced values) upon application of external
stresses.

However, Macfarlane [S.4I] suggested that the parameters under

investigation were comparable to that of another material, MgO, and the trigonal
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splittings of 3d3 , 3d7 and 3d8 electronic systems can be used to predict the behaviour
of the electronic energy levels of ruby (a 3d3 system) under compressive stress.

It has been shown that the excited state splitting (A) of the lowest excited 2E state
due to stress is dependent on the diagonal trigonal crystal field parameter, v, which is
strongly dependent on the immediate surrounding of the chromium i~n, Cr3+ [5.41].
The a-Ab03 host lattice is trigonally symmetric and the Cr3+ ions substituting for the
A1 3+ ions alters the energy-level structure of the otherwise free Cr3 ions [5.39]. Thus
the unstressed level splittings of the Cr3+ ions in Ah03 due to the trigonal field of the
host lattice form the sharp R-lines characteristic of ruby fluorescence emission. The
principle contribution,' as mentioned earlier, to the splitting of this state is
proportional to the, on-diagonal trigorial field parameter, v, hence changes in these
splittings due to induced stresses can be interpreted as changes in the corresponding
trigonal field parameters. These applied stresses can change the trigonal field but not
the symmetry of the host lattice, thus leading to variation of the energy level
splittings [5.6]. This variation is therefore reflected as shifts in the R-lines when
ruby is subjected to very high isotropic pressure or high compressive stress.

The use of the ruby R-linesas a precision measurement technique for pressure in a
diamond anvil cell (DAC) was first reported by Forman et al. [5.7]. Employing a
piece of ruby crystal with -0.05 wt. % Cr3+ in a DAC, they monitored the shift in the
two sharp R-lines up to a maximum pressure of 40 kbar. By least-squares curve
fitting, the R-lines were found to shift linearly with the applied pressure, with the Rl
shift being of the order of -0.77 cm-1/kbar and in R2 approximately -0.84 cm-1/kbar.
Notice the difference in the rates of shift between the two R-lines and the high
pressures involved in the experiment which was conducted at room-temperature. No
line broadening was observed up to -40 kbar but it was suggested that under nonhydrostatic conditions line broadening could occur. Since then the shifts of the ruby
R-lines have been used routinely for pressure calibration in DACs [5.21, 5.22, 5.42].
Several studies have been carried out to investigate and attempt to fully characterise
the R-line shifts with pressure [5.8,5.37,5.43].

Shock-wave loading, where the

conditions are generally non-hydrostatic, have also been investigated [5.8, 5.9, 5.23].
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The modified Voigt profile (a mixture of the Gaussian and Lorentzian profiles) may
be used to better represent the two R-lines of the ruby fluorescence so that at very
high hydrostatic and non-hydrostatic pressures, difficulty introduced by these two
lines overlapping may be overcome. This could be due to the broadening of the Rlines at very high pressures, leading to a large non-uniform "distribution of the
pressure and consequently, the difficulty in distinguishing both lines. Stresses due to
hydrostatic compression of more than 14 GPa have been measured [5.37]. Some
studies have neglected the effect produced by the R2 line (most likely due to the
difficulty in modelling and representing both the R-lines simultaneously) but, later
works have taken into consideration both the R-lines [5.8, 5.22, 5.23, 5.24, 5.37],
where contributions from the RI and R2 lines have been found to be important with
respect to the pressure applied.

Munro et a.l. [5.37] fitted a rather involved but

relatively accurate model to describe the ruby fluorescence spectrum with many
dependent parameters and found that the intensities, relative intensity, peak positions
and linewidths of the two R-lines vary with pressure and, of course, with
temperature. Their model was able to account for the overlap of the two R-lines,
albeit within experimental errors, while there was uncertainty involve'! in fitting their
model to determine the change in linewidths.

The linewidths were observed to

increase rapidly with temperature but little change was found when under hydrostatic
pressure.

However, under nonhydrostatic conditions, the linewidths broadened

significantly, making ruby a good sensing medium for detecting the onset of
nonhydrostatic pressure conditions. Such a condition could be caused by the uneven
distribution of the applied pressure on the ruby sample.

Shock-loading was used by Gupta and colleagues [5.23, 5.24, 5.44] to investigate the
deformation effects on both the RI and R2 line. Shock-compression tests are useful
since they allow effects due to nonhydrostatic loading, crystal orientation and stress
gradients to be measured separately [5.22]. The wavelength shifts for both R-lines
were found to behave differently for loading along the a- and c- axes. The shifts of
the RI line were observed to be dependent on both crystallographic orientation and
nonhydrostatic stresses, indicating that the RI lineshift was not reliable after the limit
of hydrostaticity was breached. On the other hand, R2 was found to be independent
of both parameters, leading one to conclude that it is a more suitable component for
pressure measurement in DACs where nonhydrostaticity is frequently encountered.
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Hence, the loading direction with respect to the crystallographic orientation of ruby
is an important consideration and this could have certain implication when
considering uniaxial strain tests on single-crystal ruby fibres.

It must, however, be noted that the high pressure and shock-wave experiments
carried out by the various authors have all been under compression loading, none has
involved pure uniaxial strain/tensile loading. Under hydrostatic pressure loading, the
RI and R2 lines shift equally while under nonhydrostatic loading, shifts in these two

lines are unequal, due to the change in the energy level splitting of the

E and

2A

states. Shock-wave tests, being able to separate the parameters to be measured,
induce density compression in the ruby sample under investigation and this leads to
uniaxial strain being created along the desired axis of the test sample.

5.2

Absorption and fluorescence spectra of ruby single-crystal fibres

Although the absorption spectrum of ruby is strongly dependent on the polarisation
of light entering the sample [5.30], there is only a relatively small

diff~rence

between

the RI and R2 intensities in its emission spectrum in both parallel and perpendicular
orientations.

The absorption spectrum

of a ruby fibre grown by the LHPG

technique, as shown in Figure 5.6, closely resembles that reported by He and Clarke
[5.45], where light was polarised parallel to the sample's c-axis. The absorption
spectrum of a bulk ruby laser rod is also shown in the figure for comparison.
Unpolarised light from a stabilised Tungsten-Halogen lamp was used in these
measurements and was transmitted along the c-axis of both the ruby fibre and rod.

The fluorescence from the same fibre is shown in Figure 5.7, together with that from

,,.

the bulk ruby rod for comparison. A Spectra Physics 2060-10S Ar+ ion laser was
used to excite the fluorescence along the fibre's c-axis. The experimental set-ups
used for both the absorption and fluorescence measurements have already been
described in Chapter 4.

The main objective of the absorption measurement is to confirm that high quality
ruby single-crystal fibres can be grown using source fabrication techniques discussed
previously in Chapter 3 in combination with the laser heated pedestal growth
222

technique.

3

As shown in Figure 5.6, the strong interaction of Cr + ions with the

crystal field in sapphire leads to the observed wide absorption spectrum in the fibre,
ranging from the UV (-350 nm) to the deep-red (-700 nm). Hence, a wide range of
light sources can be used to excite the fibre. The two absorption peaks of ruby are
centred at approximately 410 nm and 550 nm. The fluorescence spectrum from the
ruby fibre showing the two sharp R-lines typical of ruby was excited using the 514.5
nm line of the Ar+ laser. The fluorescence spectrum shown in Figure 5.7 agrees very
well with the published work of He and Clarke [5.45], obtained from a c-axis ruby
fibre, and that of Shen et al. [5.17]. The peak of the R, line is at 694.3 nm while the
slightly weaker R2 line peaks at 692.9 nm, corresponding to published data.
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Figure 5.6. Absorption spectra of ruby SCF and bulk ruby rod
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Figure 5.7. Fluorescence spectra of ruby fibre and bulk ruby rod
500

(\

400
::i
ni
-...
.~
en

c:

I

Q)

, I \\
II), \1
/ \IJ' \\

Q)

u

Q)

u
en
~

200

0

~

u::
100

0
690

~\

/1 \1

300

C
c:

Ruby fibre
Ruby rod

~
692

694
A/nm

224

696

698

5.3

Temperature sensing experiments

In order to demonstrate the potential use of single crystal ruby fibres as temperature
sensing probes, both the fluorescence lifetime decay and wavelength shifts of the two
R-lines are measured with respect to temperature. At high temperature (-873 K), the
lifetime decay rate of the ruby is expected to be very fast, around the microsecond
regions, while the wavelength shifts in the R( and R2 are expected to overlap and to
be dominated by emission from the phonon sidebands.

5.3.1

Fluorescence lifetime decay of single-crystal ruby fibres

Many Cr3+ doped materials, such as ruby, are characterised by strong interaction of
the impurity ions with the host crystal and are thus considered as suitable sensing
materials for fluorescence-based thermometric applications. In fluorescence-based
sensing, the fluorescence decay time is a particularly attractive parameter used as a
measurand since such a scheme has the advantage of being independent of excitation
intensity. Moreover, the fluorescence lifetime is an intrinsic feature ..of a particular
fluorescent material and should, in principle, be reproducible from material to
material. This has important implications for fibre optic sensing in that the sensing
probe, made of any particular fluorescent material, is easily replaceable if worn or
damaged.

The fluorescence lifetime of ruby can be accurately assumed to decay in an
exponential manner. Other competitive processes such as nonradiative decay can
also take place, where energy is released as heat or phonons. Nonradiative decay is
especially dominant at relatively high temperatures where thermal processes can
promote ions from the first to the second excited state

eE

-7

2T 2). One should also

consider the effect on lifetime due to the concentration of the Cr 3+ impurity ions.
The fluorescence intensity increases with increasing concentration of the Cr3+ ions
until a critical level is reached, after which higher concentrations lead to a reduction
of its fluorescence intensity [5.32]. This effect is known as concentration quenching
and in ruby, the fluorescence lifetime is independent of the impurity's concentration
up to a critical level of around 0.3 wt. % [5.32]. Higher concentrations also lead to a
decrease in the observed fluorescence lifetime. Moreover, it has been reported that
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above -1 wt. % of chromium content, the lifetime decay is no longer a simple
exponential [5.46]. Hence, care has to be exercised in selecting a sensing ruby fibre
with concentration levels below the critical value, with regards to both concentration
quenching and non-exponential decay rate.

5.3.1.1 Experiment

The ruby fibres used in this work were found to have an average chromium
concentration of 0.1 wt. %, measured using the EMPA (electron micro-probe
analysis) technique.

The fibre is considered to be sufficiently highly doped,

containing approximately twice the chromium concentration level to that of a typical
ruby laser material.

Fibres were grown using the laser heated pedestal growth

technique and found to be of high optical quality.

No surface blemishes were

observed when inspected with an optical microscope and diameter variations were
measured to be of the order of ± 1 - 2 %. The main sample used in this study had a
nominal diameter of -167 /lm and a total length of -75 mm. One end was tapered
for better reflection of the fluorescence signal.

The experimental set-up for monitoring the temperature-dependent fluorescence
lifetime is illustrated in Figure 5.8. A silica fibre, Thorlabs FVP-200-PF, with a
core diameter of 200 /lm was used as a lead-in fibre to transmit the excitation light to
the target ruby fibre. The two fibres were simply butt-coupled together through the
use of a silica capillary which was tapered to cater for the slight difference in
diameters between the two fibres. This is shown by the insert in Figure 5.8. They
were then held together rigidly by applying some high temperature ceramic adhesive
to both ends of the tubing. The reflected fluorescence signal collected by the same
silica fibre was routed via a 1 x 2 fibre coupler to a photodetector. The detector used
was a Hamamatsu C5460 avalanche photodiode (APD) with a cut-off frequency of
10 MHz, sufficiently fast for this application. A high speed (10 to 100 MHz) voltage
amplifier (FEMTO) was used to match signal levels to those required at the input of
the 500 MHz HP digitising oscilloscope. The excitation beam from the Ar+ laser
was modulated by an optical chopper which also served as the trigger for the
oscilloscope. The gain of the amplifier was set at the minimum of 10 dB and was
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maintained throughout the experiment. In order to separate the desired fluorescence
signal from the excitation source, an optical narrow bandpass interference filter
centred at 694 nm, with a FWHM of ±2 nm was employed just in front of the APD.
This ensured a relatively "clean" signal from the ruby fibre with no excitation light
leakage detected. A microscope objective (X20, NA 0.54) was used to collimate the
output from the coupler and a focusing lens (f -50mm) directed the signal onto the
detection circuit.

Before the fluorescence lifetime from the ruby fibre could be monitored with any
accuracy and confidence, tests were carried out to characterise the bandwidth of the
whole signal detection circuit. The ruby fibre was removed from this test and the
square wave, modulated signal from the Ar+ laser observed directly. Of particular
relevance is the rise and fall time of the detected signal. It should be noted that the
optical chopper was placed at the confocal point in the laser beam expander to
optimise, as far as possible, the system response. The test signal of the whole system
was averaged over 2048 times (11 bit averaging) by the digitising oscilloscope and
the data stored on disk. Curve fitting was then applied, assuming th?t the decay of
the system (falling edge of the Ar+ laser pulse) was exponential, and

'rsystem,

the

lifetime was found to be -7.4 f..ls (Figure 5.9). This thus formed the limit to the
lifetime which can be reliably measured in this experiment.

For temperature characterisation, a CARBOLITE Eurotherm furnace with a quoted
stability of ±1 K and a maximum temperature limit of 1473 K served as the heat
source. High temperature ceramic wool was used to plug both ends of the heating
chamber in order to maintain a more stabilised temperature at the set level. The ruby
fibre which was used as the sensing probe, was ipserted into the heating chamber of
the furnace through one of the ceramic wool plugs and was not allowed to be in
contact with the chamber wall. The upper limit of the temperature investigated was
-973 K and this, in practice, should have no significant effect on the silica fibre. A
type "K" thermocouple was also inserted into the heating chamber to serve as a
calibration.
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5.3.1.2 Results and Discussion

The least-squares curve fitting technique was applied to the averaged lifetime data
captured by the HP digital oscilloscope. The results for each temperature increment
were observed to decay in intensity in a single exponential manner.

The

fluorescence lifetime of the sensor was taken at intervals of 50 K starting at room
temperature. The single exponential equation used for fitting all curves is given as

(5.8)

where 1(t) is the intensity of the decaying fluorescence signal at time t, 10 the
intensity value at

t =

0, r the lifetime decay of the fluorescence signal and C is a

constant due to any dc offset in the detected signal.

The fluorescence lifetime of the ruby fibre at 292 K, the room temperature, is shown
in Figure 5.10a where some of the curve statistics are also displayed. The level of
determination of the curve fit, r2, indicates the "goodness" or confidence of the curve
fitting achieved while the standard deviation of the fitted lifetime is displayed as

(j,.

The errors (in %) have been calculated using the deviations from the measured data
and these limit the resolution of the sensor over the temperature range investigated.
Subsequent curve fittings for all monitored temperatures up to 923 K are also plotted
in the remainder of Figures 5.10. Table 5.1 is a compilation of all the measured
lifetime values arid their respective standard deviations against temperature, while

Figure 5.11 plots the ruby fibre fluorescence lifetime as a function of temperature
together with the associated errors. Figure 5.12 shows the lifetime data from a bulk
ruby laser rod together with the experimental data for comparison.

One of the the two models (modified two-level model and single configurational
coordinate model) proposed by Zhang et al. [5.5] has also been studied and shall be
discussed below. The single configurational coordinate model as discussed earlier
has been used to fit the experimentally obtained lifetime data and the equation (Eq.
5.4) is expressed again as
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where all the parameters to be fitted are as defined in Eq. 5.4. The fitted values for

.1£, a,

f3

and &q are given in Table 5.2.

sec

calculated lifetime values using the

In Table 5.3, the experimental and

model are shown for comparison.

The

fitted curve for temperatures up to 923 K can be seen in Figure 5.13. The model fits
reasonably well to the data except at high temperatures, where, as we might expect
from the low signal intensities at these temperatures, relatively large errors are
obtained. An approximation of the sensitivi,ty of the model is also shown in Figure

5.14, wnere the sensitivity curve can be observed to increase to a negative maximum
at -400 K before decreasing again quite rapidly to a' minimum at 923 K, the
maximum operating temperature.

For the fluorescence lifetime sensor using a single-crystal ruby fibre, it can be seen
from Figures 5.10 that very good fits have been achieved throughout most of the
temperature range up to 773 K where the confidence of fit was almost 100 %. At
this temperature, the standard deviation of the fitted lifetime decay was seen to
remain significantly low at -0.5

~s

and the error associated with this deviation was

calculated to be 0.32 %, giving a resolution of -2.4 K. The accuracy of the curve
fitting procedure at this temperature and beyond was affected by the low intensity of
the decay signal. The maximum deviation of the lifetime limited the resolution of
temperature measurements and was also the limit of resolution of the whole sensor
system. The maximum deviation was found to be -4.6 % at 923 K, translating into
an approximate error of 43 K or 30 DC.

The average resolution for the sensing

scheme was calculated to be - 2.4 K or 1.6 DC from room temperature (292 K) to 773
K. Below 673 K, a resolution of better than 1 K has been obtained as can be seen in
Table 5.1. This allowed temperature changes of less than 1 K to be accurately
detected. It could thus imply the possibility of high resolution measurement of the
fluorescence

lifetime as

well

as

the effectiveness

and

simplicity of the

detection/signal processing techniques employed in this sensing scheme. One major
disadvantage of such a scheme, however, is the relatively large amount of time spent
in capturing the data on the averaging oscilloscope and the curve fitting technique.
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The total time required to average the II bit data set has been timed to be less than 3

Y2 minutes. This was followed by the rather time-consuming least-squares curve
fitting procedure. However, good fits with small errors have been obtained.

In addition, the relatively close agreement achieved from the experimental data fitted
with the

see model (Eq. 5.4) also indicated accurate prediction of the fluorescence

lifetime characteristics of these single-crystal ruby fibres with theory which has been
discussed earlier.

This model takes into consideration the rapid non-radiative

transition and thermal quenching rates within a relatively large temperature range.
Hence, as predicted by the model, relatively long lifetimes

(-2 - 3 ms) were

measured at low temperatures while beyond 600 K, when non-radiative transition
and thermal quenching became dominant, the fluorescence lifetime was found to fall
rapidly below 1 ms, resulting in increasing errors being obtained. The relatively
large errors encountered have been found to limit the resolution and accuracy
obtainable when employing the

see

model as a calibration curve.

However,

comparison with published data from Zhang et al. [5.5] and Grattan and Zhang
[5.32] shows that reasonably good agreement has been achieved by using the single
configurational coordinate model to fit the lifetime decay values measured in this
work. This in turn validated the theory of crystal field strength and phonon-lattice
interactions as well as the assumption made on the non-radiative transition or thermal
quenching effect from the short-lived 4T 2 stat·e.

It can be seen that the lifetime

decays monotonically with temperature and no ambiguities of the same lifetime at
two or more different temperatures have been observed. At -673 K, the beginning of
a change in the gradient of the lifetime/temperature curve can also be observed. The .
large discrepancies from 823 K could be due to instability in the data averaging and
signal processing schemes employed.

Moreover, the flattening of the lifetime

between 873 K and 923 K have occurred very near the minimum lifetime limit of the
whole sensing system. This resulted in considerable inaccuracies, even though the
minimum limit has been determined as -7.4

~s,

and have been reflected in the large

errors obtained at this two temperatures as calculated in Table 5.1 (1.98 % and 4.62
% at 873 and 923 K respectively).

Another important factor contributing to this

disparity in both sets of results is the choice of optical filters used. In this work, a
narrow bandpass optical filter having a central wavelength of 694 nm, the ruby peak
fluorescence wavelength, with a FWHM bandwidth of ±2 nm was used.
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This

FWHM tolerance, however, isolates the sideband phonon energies associated with
ruby emission characteristics which are highly temperature-dependent. The filter
used in the compared work [5.14] was a longpass filter with passband from 670 nm

see model used in this work has been plotted
The amplitude of the sensitivity for the see model can be seen to

upwards. The sensitivity curve of the
in Figure 5.14.

reach a maximum value at -673 K, followed by a decrease towards the minimum
with increasing temperature. The sensitivity of the curve is negative in value due to
the drop in the lifetime rate with temperature.

It can thus be seen that, within experimental error, the rate· of the fluorescence
lifetime decay of ruby fibres with temperature has been accurately measured using an
averaging technique provided by a digitising oscilloscope.

These fibres are thus

considered to be suitable as a fluorescence-based thermometric sensor probe from
room temperature to -923 K although in practical implementation, the signal
detection and processing scheme have to be altered to offer a fast and accurate
response since the temperature variation may not be static but quasi-static or
dynamic. One such signal detection and processing configuration ma..y be that using
phase-sensitive feedback lock-in detection reported by Zhang et al. [5.13].
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Figure 5.1 Oa. Ruby fibre lifetime decay at room temperature (292 K)
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Figure 5.1 Oc. Lifetime decay at 374 K
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Table 5.1. Measured lifetime as a function of
temperature.
Temp. f

't

crt

Error

K

f rns

f rns

f%

292

3.42

2.74 x 10'3

0.08

295

3.42

5.2 x 10'3

0.15

323

3.16

2.06 x 10'3

0.065

373

2.68

1.6 x 10'3

0.06

374

2.67

1.79 x 10'3

0.067

375

2.66

1.37 x 10'3

0.052

423

2.12

7.81 x 10'4

0.037

473

1.59

8.64 x 10'4

0.054

523

1.16

7.64 x 10'4

0.066

573

0.842

5.96 x 10-4

0.071

574

0.839

4.38 x 10'4

0.052

623

0.615

5.77 x 10-4

0.094

673

0.435

5.74 x 10-4

0.132

723

0.289

5.12 x 10'4

0.177

773

0.153

4.89 x 10'4

0.32

0.999

823

0.0822

6.3 x 10'4

0.766

0.995

873

0.0502

9.93 x 10-4

1.98

0.964

923

0.0452

2.09 x 10'3

4.62

0.83

r2

Table 5.2. Fitted parameters for see model.
't s

~E

f rns

f em ,I

3.617

1637.4

~Eq

p

a

fern'l
6

2.818x 10

197.6

241

4888.26

Comparison of measured and

Table 5.3.

calculated lifetimes using SCC model.
Temp.

Measured or

Calculated or

Error

Std. Dev.

/K

/ ms

/ ms

/%

/%

292

3.42

3.41

0.246

8.401

295

3.42

3.40

0.728

323

3.16

3.20

-1.249

373

2.68

2.69

-0.256

374

2.67

2.68

-0.194

375

2.66

2.66

-0.131

423

2.12

2.09

i.232

473

1.59

1.57

1.326

523

1.16

1.16

-0.265

573

0.842

0.86

-1.827

574·

0.839

0.851

-1.555

623

0.615

0.617

-0.385

673

0.435

0.423

2.861

723

0.289

0.271

6.172

773

0.153

0.165

-8.058

823

0.0822

0.0987

-20.048

873

0.0502

0.05929

-18.12

923

0.0452

0.03651

19.226
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5.3.2

Wavelength shifts of ruby fibre R-Iines with temperature

As has been discussed earlier, the lineshifts in the ruby R-Iines, although more
appropriate in high pressure and shock-loading applications, have been found to vary
with temperature in earlier studies [5.25].

The R-line shifts towards the red are

relatively small 'and, hence, are more normally used as a compensation factor in high
pressure measurements in DACs than for thermometric applications.

At elevated

temperatures, the temperature-induced lineshifts are nonuniform and overlapping of
the R, and R2 lines have been observed in this work. The stronger R, line is still
relatively visible while the R2 line is seen to merge into the main body of the R-line
fluorescence beyond -873 K.

Although one way to overcome this overlapping

phenomenon entails the use of fitting a model to describe the ruby fluorescence
lineshape,. it has not been used in this work. Instead, the two R-lines have been
tracked over the temperature range investigated; when the R2 line became obscured,
the R, line was monitored up to a temperature when it too became difficult to
resolve. Hence, only the true shifts in the fluorescence lines were investigated, not
the model, least of all because when the lines merged, large errors may arise due to
uncertainties in the actual movement of the R-lines.

The wavelength shifts of the ruby R-lines have been studied by various authors and
have been attributed to: electronic-phonon (both optical and acoustic phonons)
energy interactions between the Cr3+ ions and the host lattice; Cr3+ concentration in

Ah03 host crystals; and thermal expansion of the ruby crystal at elevated
temperatures [5.3, 5.18, 5.19, 5.37, 5.38, 5.47]. Although it has been reported that
the ruby fluorescence is strongly dependent on the polarisation direction of the
crystal [5.19], c-oriented single-crystal ruby fibres have been used in this
investigation. It has been shown in Figure 5.7 that the emission spectrum of these
ruby fibres closely resembled that of Ref. [5.45], confirming that the emission from
the fibres employed were polarised along the c-axis.

5.3.2.1 Experiment

For consistency, the same principal fibre sample used in lifetime measurements
experiment was employed here, where the shifts in R-Iine positions were monitored
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with respect to increments in temperature. The experimental set-up was similar to
that used for temperature-dependent fluorescence lifetime measurements except that,
in this case, the detection system included a monochromator.

A schematic diagram of the experiment is shown in Figure 5.15.

Fibres were

inserted into the CARBOLITE tube furnace and not allowed contact the furnace
walls. Once again, fibres were butt-coupled to the silica fibre using a silica tubing
with a tapering diameter profile along its length and both ends sealed using high
temperature adhesives (Fortafix AVCS).

Measurements were taken in reflection

mode where the fluorescence signal, excited by an Ar+ ion laser, was collected from
the second port of the I x 2 fibre coupler and collimated with a microscope objective
(X20). The collimated output from the M.O. was then imaged onto the entrance slit
of a Y2 metre monochromator using a 40 mm focusing lens, with both entrance and
output slidwidths set at 100 /lm.

The monochromator used was a DIGIKROM

DK480 from CVI Laser Corporation with a focal length of 480 mm, an effective

aperture ratio of il7.8 and a Czerny-Turner configuration. The long focal length
provided by the monochromator ensured that stray light was significantly reduced.

The output from the CVI monochromator was detected using a conventional Si PIN
photodiode connected up to a Sci-Tech lock-in amplifier to increase the signal-tonoise ratio 'of the measurement system. The use of lock-in amplification also enabled
a very stable detection of the desired signal when the monochromator was scanned
through the required spectral range (690 to 697 nm) in steps of -0.02 nm per scan.
The task of controlling (and coordinating) the scanning rate of the monochromator
and the data acquisition was performed by a dedicated computer program written in
Lab View. All measured data were stored in the computer for subsequent anat'ysis.

The experimental repeatability was assessed and was seen to fall within the 0.02 nm
specified by the scanning steps, except at very high temperature where the inherent
noise from the ruby fluorescence was relatively high.
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5.3.2.2 Results and Discussion
The fluorescence spectrum of the ruby fibre at room temperature is shown in Figure

5.16. Three other fluorescence spectra taken at different temperatures, at 473, 623
and 673 K, are also shown for comparison. It is apparent that the R2 line, with its
relative intensity much reduced but still clearly visible at 673 K, has shifted more
towards the red than the R, line. This resulted in it becoming difficult to resolve at

773 K or above.

The wavelength shifts of the two R-lines as a function of temperature are plotted in

Figures 5.17a and 5.17h. Although no model such as the Lorentzian and Gaussian
profile was used to describe the fluorescence spectrum, a sliding data window
technique over -0.4 nm was used to smooth the high frequency fluctuations observed
throughout the whole spectrum in order to improve peak detection.

The error

. obtained, by comparing measured and smoothed peak values, with this technique is
within the 0.03 nm imposed by the resolution of the monochromator, hence, the
resulting data may be taken as having an accuracy of this value. Up.to -500 K, the
shifts in both lines are linear and almost uniform. Beyond this temperature, they can
be seen to diverge, with the R2 line shifting more than the R, line. The red shift of
the R2 line is more obvious and increases more significantly from -573 K onwards
until the limit of measurement at 823 K, where the line appears to merge or overlap
with the main body of the fibre fluorescence. At this temperature, only the R, line is
still visible, as shown in Figure 5.18. The maximum temperature investigated in this
work was -973 K, at which point the signal was lost in background noise.

Although both shifts from the R-lines are almost linear, a relatively large increase
can be seen at -623 K. The shifts in both R-lines have been re-confirmed in another
experiment. Hence, it can be seen that there are two temperature regions where the
wavelength shifts are linear for the two lines, separated by a sharp but significant
increase from 623 to 673 K (Figures 5.17). They represent almost a doubling of the
wavelength shifts for both lines.

Calibration curves are thus deemed appropriate to describe the shifts in the two
temperature regions for both R-lines. Two sets of cubic calibration curves are used
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to predict the wavelength shifts of the ruby fibre, as has been reported by Ragan et
al. [5.19], for temperatures up to 623 K (350°C). These are plotted in Figure 5.19a.

The general cubic expression, given in Eq. 5.7, is used here,

where ex = 693.74 nm, [3 = 0.0023464 nm KI, 0 = -1.5802 X 10-6 nm K2 and Y=
7.6748 x 10- 10 nm K J for the RI line, and 692.29 nm, 0.0027091 nm KI, -2.498 x 106

nm K2 and 1.4853 x 10-9 nm K3 respectively for R 2. Neglecting the sharp rise in

lineshifts between 623 and 673 K, the same expression can also be used to ·calibrate
the R-lines from 673 K to the maximum temperature (973 K and 823 K respectively
for RI and R 2), giving ex = 694.25 nm, [3 = -3.3161

X

10-4 nm KI, 0 = 3.7492

X

10-6

nm K2 and Y= -1.8444 x 10-9 nm K J for R I. The fitted curves for this temperature
range have been plotted in Figure 5.19b. For R 2, where the largest error occur at the
maximum temperature of 823 K, the respective fitted values of ex, [3, Band yare
695.33 nm, -0.005613 nm KI, 3.9402

X

10-6 nm K2 and 1.2679 x 10-9 nm KJ.

Tables 5.4a and 5.4b list all the fit parameters for RI and R2 from 291 to 623 K and
from 673 to 973 K respectively. The measured and calculated (using Eq. 5.7) values
of the lineshifts are given in Tables 5.5a and 5.5b where the maximum deviation
from the average measured lineshifts at each corresponding temperature has been
treated as the error. The wavelength coefficients of RI and R2 have been found by
differentiating the equations for the respective temperature ranges and substituting
the appropriate temperature data. These are listed in Tables 5.6. Since these lines
can be approximated as linear, the wavelength coefficients have also been found by
obtaining the gradients from different straight lines fitted to the experimental data.
These have been listed in Tables 5.6 and for comparison the average from the cubic
fits were taken. Figures 5.20a and 5.20b show the relatively good agreement that
have been obtained using the linear fits.

The maximum red shift of the R-lines was found to be -1.23 nm for the RI line. The
characteristic R-lines due to energy splitting of the lowest excited ruby state by the
various electron-phonon interactions have been found to be slightly sensitive to
temperature.

Hence, application of increasing thermal energy can lead to further
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changes or shifts in the split states which in turn results in the observed wavelength
shifts of the R-Iines. The temperature-induced shifts in both the R-lines of the c-axis
ruby fibre have been monitored up to 973 K for the stronger R, line and 823 K for
the R2 line. Due to relatively large shifts of the R-lines from 623 K to 673 K, a
single continuous fit cannot be used to describe the wavelength coefficient. Hence,
the separate temperature regions have been investigated employing two simple
calibration curves based on that reported by Ragan et al. [5.19]. This doubling of the
wavelength shift have not been reported anywhere in published literature, hence, the
causes are still unknown. The only parameters which have been changed were the
laser power and the sensitivity of the lock-in, amplifier used. No observable changes
in the position of the B.-line have been detected by changing the laser power, while
increasing the lock-in amplifier's sensitivity by one setting only increased the
intensity detected by a factor of 3. At room temperature, changing these parameters
led to no change in the position of the observed spectrum.

However, the large

increase in the temperature-induced lineshifts could be due to the beginning of a
sudden change in gradient in the lifetime measurement experiment at -673 K which
has also been reported elsewhere [5.14].

This can be explained in terms of the

domination of the non-radiative decay from the 4T 2 state due to thermal quenching.
Since the fluorescence characteristics of the fibre are highly sensitive to these effects
at elevated temperatures, changing any measurement parameters in order to obtain a
better detected signal could have a large effect in the energy transitions due to further
perturbations of both non-radiative decay and lattice vibrations which, in turn, could
have led to the' large wavelength shifts measured.

For temperature-dependent lineshifts of the ruby fibre, the region of "ambiguity"
between 623 and 673 K has to be discounted until more studies are conducted to
investigate this phenomenon but two relatively sensitive regions may be used. The
monitored temperature must also be static unless relatively fast and accurate
processing schemes can be used in determining the fluorescence spectrum.
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Figure 5.16. Shift of ruby fibre R-lines with temperature
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Figure 5.17b. Relative R1 and R2 lineshifts of ruby fibre
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Figure 5.20a. Determination of wavelength coefficient from
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Table S.4a.

Fitted parameters for RI and R2

Iineshifts from 291 to 623 K
R J line

a
Inm

693.74

~
InmKJ
0.0023464

8

Y

Inm K2

-1.5802 x 10-

Inm K'
6

7.6748

X

10- 10

R2line
692.29

0.0027091

Table S.4b.

-2.498 x 10-6

1.4853 x 10-\i

Fitted parameters for RI Iineshift

from 673 to 973 K and for R2 Iineshift from 673
to 823 K
R J line

8

Y

Inm

~
InmKJ

Inm K2

Inm K'

694.25

-3.3161 x 10-4

3.4792 x 10-6

-1.8444 x 10- 9

a

R21ine
695.33

-0.0056513

3.9402 x 10- 6

253

1.2679 x 10-<)

Table S.Sa. Measured and calculated shifts for

RI position.
From 291 to 623 K
Temp.

Measured

Calculated

Error

Std. Dev.

IK

Inm

Inm

I nm

Inm

291

694.3

694.3079

0.0079

.0.00413

323

694.36

694.3589

-0,0011

373

694.4287

694.4352

0.00648

423

694.4967

694.5079

0.01117

473

694.5767

694.5775

0.00083

523

694.6417

694.6447

0.00303

573

694.7017

694.71

0.00835

623

694.77

694.7741

0.00407

From 673 to 973 K
673

695.0434

695.0404

-0.003

723

695.1347

695.1319

-0.0028

773

695.2117

695.2207

0.00898

823

695.3117

695.3055

-0.0062

873

695.3967

695.385

-0.0117

923

695.4467

695.4576

0.01095

973

695.5267

695.5222

-0.0045

254

0.00821

Table S.Sb. Measured and calculated shifts for

R2 position.
From 291 to 623 K
Temp.

Measured

Calculated

Error

Std. Dev.

IK

Inm

Inm

Inm

f.nm

291

692.9

692.9034

0.00342

0.00981

323

692.9667

b92.9545

-0.0122

373

693.028

693.03

0.00203

423

693.1

693.1014

0.0014

473

693.1667

693.1697

0.00301

523

693.255

693.2361

-0.0189

573

693.29

693.3016

0.01158

623

693.3733

693.3674

-0.0059

From 673 to 823 K
673

693.705

693.6978

-0.0072

723

693.766

693.7829

0.01695

773

693.92

693.9016

-0.0184

823

694.05

694.0546

0.00457

255

0.01523

Table 5.6a. Wavelength coefficients of Rl
line.
Cubic
Temp.
IK

equation

Average

Straight line fit

Inm KI

InmKI

0.001419

0.0014

0.001592

0.00161

InmKI

291

0.001622

323

0.001566

373

0.001488

423

0.001422

473

0.001367

523

0.001323

573

0.001291

623

0.001271

673

0.001845

723

0.001807

773

0.001741

823

0.001647

873

0.001526

923

0.001377

973

0.0012
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Table S.6b.

Wavelength coefficients of R2

line.
Temp.

Cubic equation

Average

Straight line fi t

IK

InmKI

Inm KI

InmKI

291

0.001633

0.001418

0.00139

323

0.00156

373

0.001466

423

0.001393

473

0.001343

523

0.001315

573

0.001309

623

0.001326

673

0.001375

0.002383

0.00238

723

0.002035

773

0.002713

823

0.003411
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5.4

Strain measurement experiments

Bulk ruby crystals have routinely been used as pressure sensors where they are
subjected to very high compressive stresses in the megabar or GPa range utilising the
diamond anvil cell (DAC). Under such environments, the fluorescence spectrum, or
more precisely the sharp R-lines, and fluorescence lifetime have been found to
change with increasing pressure. All previous studies on the influence of various
deformation on the fluorescence characteristics have involved compression of the
crystal density and none has been reported on pure uniaxial extensional straining. In
the experiments detailed below, single-crystal ruby fibres were uniaxially strained
along the c-crystallographic axis

~nd

the effect investigated in terms of lifetime and

lineshift changes.

5.4.1

Fluorescence lifetime decay of ruby fibres

It has been well-accepted that a combination of trigonal crystal field distortion and
electron-phonon interactions (EPIs) in ruby gives rise to the splitting of the lowest
excited state into the R, and R2 lines [5.39, 5.40, 5.48]. In pressure sensing under
very high pressures, further perturbations to the crystal field strength and EPIs have
been observed as shifts in the R-lines or changes in the fluorescence lifetime [5.49,

5.50, 5.51]. Under nonhydrostatic conditions, Eggert et al. [5.51] have reported on
the increase of the ruby radiative lifetime eE

-7 4 A2

transition) with pressure up to

130 GPa and attributed this dependence to the distortion of the trigonal crystal field
at high pressures. Under pure uniaxial straining, the fluorescence lifetime decay rate
would thus be expected to change according to the trigonal field and EPI.theory.

5.4.1.1 Experiment

A photograph of the uniaxial straining device is shown in Figure 5.21. It consists of
a micrometer head, with a resolution of 1 f-lm, which moves a translation stage
relative to a fixed platform. Smooth movement of the stage was ensured by two
hardened stainless steel guiding pins which also constrained movement to only one
axis. The sensing ruby fibre probe was inserted into two holes drilled through the
top section of both the movable and fixed translation stages and a strong adhesive
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(Permabond F241 with hardener number 1) was applied to rigidly secure the fibre
co-linearly with the longitudinal axis of the turning micrometer head. The fibre was
butt coupled to a silica fibre with the aid of a silica capillary similar to that used for
temperature experiments.

The silica fibre was in turn attached to a 1 x 2 fibre

coupler. Excitation light at 514.5 nm from an Ar+ laser was launched into one port
of the coupler to induce fluorescence from the ruby fibre. The reflected signal was
collected via the other port and collimated with a microscope objective (X20, NA
0.54).

The reflected signal, containing both the excitation light and the desired

fluorescence signal; was, however, found to be too weak to be detected directly using
this technique. Hence, the exponentially decaying fluorescence signal was measured
using the set-up shown in Figure 5.22. A narrow bandpass optical filter like that
used in earlier temperature sensing measurements was placed in front of the high
speed Si detector to allow only the fluorescence signal thOrough. The data averaging
was performed using a 500 MHz HP digital oscilloscope over 11 bits. An optical
chopper was used to modulate the excitation beam at its focal spot and the resulting
signal detected by the oscilloscope was the superpositioning of the fluorescence
signal on the square-wave modulated excitation source. The strain.-testing device
was tightly bolted onto the optical bench so that no erroneous data would be added as
a result of any accidental movement of the device when turning the micrometer head.
This also ensured that the fibre could be safely stretched without any accidental
breakage.

The fibre used here had c-axis orientation with one section grown as

sapphire with the gauge end Cr3+ -doped. It can be seen in the insert of Figure 5.22.

The gauge length of the ruby fibre to be strained was measured as -12.3 mm and the
fibre was uniaxially strained at 5 /-lm per step up to a maximum extension of 100 /-lm.
Hence the maximum strain applied can be considered to be -8110 /-l£. Throughout
the experiment, other parameters were kept constant.
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Figure 5.21.
experiment

Photograph of strain testing device used in
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Figure 5.22. Experimental set-u,p for determining fluorescence
lifetime of ruby fibre as a function of uniaxial tensile strain

5.4.1.2 Results and Discussion

The strain applied to the test specimen was calculated as the extension or elongation
applied through the micrometer head over its original length. The lifetime decay of
the ruby fibre at 0 strain (or 8L

=0 ~m) is shown in Figure 5.23 with a lifetime of

3.43 ms. A good level of determination was obtained through curve fitting, with r2,
the fitting confidence, better than 0.998 at each strain level. This has been shown in

Figure 5.23 together with statistics on the standard deviation from the fitted values
for all parameters.

It was thought that the decay rate would be affected by the

increase- in strain but over the monitored strain levels up to the maximum value of

811 0 ~m, no observable change has been detected. The lifetime decay fluctuated at
-3.45 ms. Figure 5.24 shows the lifetime at an extension of 8L = 100
gauge length of 12.3 mm (which is -8110
was found to be effectively the same as

~)

l'

at

~m

over the

fitted to be 3.44 ms. This

where

l' was

O~.

An initial set of lifetime values

with increasing strain was plotted with no apparent change in the decay rate. This
led to the suspicion that the fibre had not been strained at all due to the following
reasons: the adhesive used to bond the fibre onto the strain testing-- apparatus had
given way and/or the micrometer pin moving the variable translation stage had come
loose. However, repetition for the experiment with fresh adhesive produced identical
results. Confirmation of the fibre being stresses rather than the adhesive came when
at -33500

~E,

the fibre failed.

Figure 5.25a plots the lifetime values as a function of the applied strain.

The

deviation from the curve fitting process was taken as the error of the experiment at
each corresponding strain and shown as error bars in the figure. With no change in
the lifetime data, it was thus not possible to apply any calibration curves to obtain the
strain response.

The calculated lifetime values are given in Table 5.7.

In this

experiment, no calculation has been made of the response from the adhesive used, for
example the slippage, since the ruby fibre was demonstrated to be relatively
independent of uniaxial strains up to fracture. A comparison of the temperature and
strain dependence of the fluorescence lifetime decay is shown in Figure 5.25b,
indicating the relative insensitivity of the lifetime to strains. Hence, the problem of
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cross-sensitivity to strain when measuring any temperature dependent lifetime values
can be avoided.

A simple and easy-to-use device has been fabricated for the use in strain testing of
single crystal ruby fibres with c-crystallographic orientation produced by the LHPG
technique. Initial ambiguities concerning the slippage of the secured fibres as well as
the adhesive used have been overcome by careful loading and coating of both fibres
and adhesives, respectively, and allowing appropriate curing times between
employment.

The experiments conducted have so far indicated that ruby fibres

strained uriiaxially along its c-axis produced no significant dependence whatsoever
on its fluorescence lifetime decay and shifts in R-line positions. From the strong
fluorescence signals measured, it can be seen that there is strong coupling between
the C~3:t- ions and the host crystal field and lattice but no strong dependence on strain
has been observed. Ruby crystals oriented along both the a- or c-crystallographic
axis have been reported to suffer dissimilar changes in their spectrum. However, by
tension straining a c-oriented ruby fibre, the inter-ionic distance between the Cr 3+
ions and Ah03 crystal host is forced to increase and the whole Jibre structure
stretched.

The crystal field would be distorted by a certain amount and the BPI

would be perturbed, but as seen in strain measurements in this work, the introduction
of such a deformation has relatively little effect on both the lifetime decay rate as
well as the R-line position shifts. In Figure S.2Sa, where the fluorescence lifetime
from the c-axis has been plotted as a function of the applied tensile strain,

'T,

the

lifetime can be seen to fluctuate between 3.42 and 3.56 ms. Some studies [5.52,
5.53] have found the strain dependence of glass fibres doped with rare-earth ions to
be relatively sensitive and linear.

However, the maximum strains which can be

applied were relatively low compared to that used in this work. This is due largely to
the intrinsically weak physical properties of glass-based fibres.

In addition, the

cross-sensitivity between strain and another parameter (for example, temperature)
would have to be resolved using more complicated signal processing techniques than
would have been the case if the sensing probe was sensitive to only one parameter.
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Figure 5.23. Ruby fibre lifetime decay at 0 strain (8L = 0 f.1m)
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Figure 5.25a. Fluorescence lifetime decay of ruby fibre as a
function of uniaxial strain
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Table 5.7. Lifetime decay of ruby
fibre as a function of applied
strain (Gauge length = 12.3 mm).
Strain

Measured't

Error

/11£

/ ms

/ ms

0

3.43

2.32 x 10. 2

405.52

3.503

1.9 x 10. 2

81l.03

3.49

1.69 x 10-2

1216.55

3.5

1.70 x 10.2

1622.06

3.497

1.52 x 10-2

2027.58

3.525

1.60 x 10. 2

2433.09

3.48

1.45 x 10. 2

2838.61

3.5

1.66 x 10.2

3244.12

3.49

1.78 x 10.2

3649.64

3.425

1.76 x .10-2

4055.15

3.54

1.48 x 10-2

4460.67

3.48

1.50 x 10. 2

4866.18

3.48

1.65 x 10. 2

5271.70

3.52

1.64 x 10.2

5677.21

3.47

1.37 x 10. 2

6082.73

3.5

1.96 x 10.2

6488.24

3.44

1.62 x 10-2

6893.76

3.45

1.77 x 10. 2

7299.27

3.44

1.61 x 10-2

7704.79

3.5

1.77 x 10. 2

8110.30

3.44

1.43 x 10. 2
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5.4.2

Wavelength shifts of ruby fibre R-Iines

The wavelength shifts of the R-lines of ruby fibres due to application of longitudinal
strains have been investigated here. In order to monitor any significant changes in
the positions of both lines, one of the fibre sample has been tested to destruction.
While previous studies on the effects of deformation on the fluorescence
characteristics have generally involved the ruby samples being subjected to very high
compression and the resulting strain states measured as compressive strains, the
strain applied in this work is defined as the change or elongation in the original
length (8L1L, 8L and L being the elongation and original gauge length respectively)
when the sample is subjected to tension [5.54].

5.4.2.1 Experiment

As shown in Figure 5.21, the strain testing device was used in determining the
wavelength shift in both the R, and R2 lines of the same ruby fibre employed in
measuring strain-induced lifetime decay rates earlier (Section 5.4.1.1). The only
notable change is in the use of a monochromator to detect the shift in the R-lines.

The pump source was provided by an Ar+ ion laser with the laser power kept
constant throughout the duration of the experiment. Excitation light was delivered to
the ruby fibre via a 1 x 2 coupler to the silica fibre which in turn was coupled to the
target ruby fibre.

The reflected light collected was collimated and subsequently

focused onto the entrance slit of the monochromator. This signal was again found to
be too weak and the transmission technique illustrated in Figure 5.26 was adopted.
Using lock-in techniques and computer control, the R-line shifts were monitored
from 0 strain to a maximum of 33500 !l£, beyond which further tensioning of the
translation stage resulted in the breakage of the ruby fibre. The elongation prior to
fibre failure was estimated to be -240 /lm. The gauge length used in this lineshift
work was subsequently reduced to -6 mm hence, the breaking strain of the ruby fibre
can be estimated to be approximately 40000!l£. A scan step of 0.05 nm was used,
thus giving a measurement resolution of ±0.05 nm. As previously, digital smoothing
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was provided by the software used to analyse the fluorescence data over a 0.4 nm
sliding average to localise the curve peaks.
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5.4.2.2 Results and Discussion

The spectrum of each fibre was averaged over a minimum of 6 scans at each applied
strain. Deviation from the average of the scans was then taken as the error associated
with the measurement. At 0 strain, the R-lines have been measured as 694.3 nm and

692.9 nm respectively. The relative wavelength shifts of the two R-lines of the fibre
with uniaxial strain were monitored and are plotted in Figure 5.27a. Over the range

,

of applied strain investigated, it can be seen. that there was no significant change
between the lineshifts for both the R, and R2 lines.

The lineshifts with strain

remained almost a horizontal line, indicating a very low strain coefficient. For a
6

straight line plotted through the experimental data, a coefficient of - -3.62 x 10- nm
/ !-lE can be obtained for the R, line while for the R2 line, it is - -3.64

X

10-6 nm / !-lE.

This can be seen in Figure 5.27b where the straight lines are reasonably good fits
albeit with low levels of determination (r2) for both R-lines.

The positions of the R-lines at 0 strain and at the maximum of 33 500 !J.E are
compared in Figure 5.28. No significant strain-dependence can be observed. Table

5.8 lists all the measured R-lineshifts at each corresponding applied strain. During
the course of this experiment, no loosening of the fibre from the adhesive nor
slippage of the adhesive itself occurred due to the relatively high uniaxial tensile
strain applied. The typical shear strength of the adhesive when fully cured has been
given as 35 MPa and the shear modulus has been quoted by "Permabond Adhesives
Ltd." as 0.14 OPa. The maximum permissible strain which can be applied before

any degradation of the F241 adhesive was thus calculated to be -250 OOO!J.E. It has
been assumed that the ruby single-crystal fibre suffered brittle fracture at an
elongation of 240 !-lm. Over a gauge length of -6 mm, the strain may be calculated
as -40 100 !-lE. In uniaxial tension, the maximum strain at the point of fracture of the
fibre is at least 5 times less than that of the adhesive used. It can thus be safely
assumed that the fibre broke due mainly to the physical extension suffered by
application of tension.

As had been treated in the earlier temperature-induced wavelength shift experiment,
the ruby fibre R-lineshifts were found to have relatively low sensitivities (low
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wavelength coefficients for both R-lines) to temperature. Under tensile straining, the
wavelength shifts would likely be even smaller, considering that strain-induced
lifetime decay rates have been found not to be sensitive to tension. The negative
gradients of the fitted lines in Figure S.27h indicated a minute shift towards the blue
spectral region.

Unlike the red shifts observed when subjected to increasing

temperature, straining of the ruby fibre actually shifts the R-line peaks towards the
higher energy regions. Along the a-crystallographic axis of the ruby fibre, however,
there could be larger effects on the fluorescence characteristics upon application of
uniaxial tensile strains.

An investigation into a-axis strained ruby· fibres could,

perhaps, lead to more meaningful interpretation of the effects of strains. An attempt
in using c-axis ruby fibres in measuring stress has been reported by Ma et al. [5.55],
although in that work, the target was embedded into matrices made of y - TiAl. The
push-out technique employed by the authors, however, resulted only in compressive
stresses being incurred within the embedded fibre structures.

Clearly, from the experiments carried out to date, c-axis ruby fibres have been found
to be strongly dependent on temperature yet no significant variation in the
fluorescence characteristics has been observed upon tensile strain loading. With a
high melting point crystal host, sudden excursion of temperature beyond the
detectable limits of the fluorescence characteristics could be easily tolerated without
any physical damage to the fibre integrity.

It could thus be a useful tool as

temperature sensing probes in very harsh environments where conventional glass
fibres cannot be employed. Moreover, it fulfils one of the major considerations in
any practical sensor: sensitivity only to the parameter being measured.
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Figure 5.27a. Relative shift in R-lines as a function of uniaxial strain
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Figure 5.27b. Wavelength shift in R-lines as
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Table 5.8.

Relative positions of R-Iines with

applied strain (Gauge length -6 mm).
Strain

Avg. RJ

Max. Err.

Avg. R2

Max. Err.

I J.lE

Inm

Inm

Inm

Inm

0

0

0.025

0

0

334.45

0.0393

0.0357

-0.0143

0.0357

668.90

0.025

0.05

0.0063

0.0563

1003.344

0.0375

0.0375

-0.0062

0.0438

1337.79

0.0194

0.0556

-0.0278

0.0722

1672.24

0

0.025

-0.0375

0.0375

3344.48

-0.0687

0.0438

-0.0625 .

0.0625

5016.72

-0.0312

0.04375

-0.0562

0.0438

6688.96

-0.0167

0.0417

-0.0333

0.0333

8361.20

-0.0417

0.0333

-0.0667

0.0667

10033.44

-0.05

0.025

-0.0917

0.0417

11705.69

-0.025

0

-0.0833

0.0333

13377.93

-0.0167

0.0417

-0.075

0.025

15050.17

-0.0333

0.0417

-0.0667

0.0333

16722.41

-0.0333

0.0417

-0.0583

0.0417

18394.65

-0.045

0.03

-0.07

0.03

20066.89

-0.075

0

-0.1

0

25083.61

-0.0875

0.0375

-0.113

0.0375

33444.82

-0.113

0.0625

-0.1375

0.0375
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Chapter 6 - Rare Earth-based Crystal Fibre Sensors
6.0

Introduction

Initial applications for rare earth (RE) doped fibres have been in the field of optical
telecommunications and, concurrently, in visible and IR solid state lasers [6.1, 6.2,
6.3, 6.4]. In addition, rapid development in fibre optic telecommunications in the
past two decades have resulted in increased demands for low-loss devices in the form
of active fibres, such as fibre amplifiers and lasers. The main advantages of such
devices are the unique features of low-loss and tight beam confinement offered by a
fibre geometry, as well as the high optical energy densities available and signal
amplification. As one of the most commercially successful and important RE ions,
trivalent Er3+ doped in ionic crystal and glass hosts are particularly of great interest
in optical telecommunications due to their intra-4J emission in the wavelength region
of 1.53 to 1.54 f.lm [6.5, 6.6], corresponding to the standard low-loss communications
wavelength of silica at 1.55 f.lm. The earliest reported signal amplification process
from a RE-doped material in fibre form has been aptly demonstrated -by Koester and
Snitzer [6.7] in a fibre laser using Nd 3+-doped glasses, this ion being chosen for the
long lifetime of the metastable state and the "immunity" to concentration quenching.
Further research has yielded advancement in RE-doped end-pumped fibre lasers [6.8,
6.9], the fabrication of low-loss rare earth-doped fibres [6.10] which finally
cumulated in the demonstration of the first erbium-doped fibre amplifiers at the
optical telecommunications wavelength of 1.54 f.lm [6.11].

In a relatively short

period of time, erbium-doped fibre amplifiers (EDFAs) have become one of the most
significant advances in fibre optic telecommunications technology due to the high
gain/amplification of signals at 1.5 f.lm provided by the excitation of trivalent Er3+
ions when pumped with a suitable laser source (although optical gain has been
demonstrated over the entire Er3+ emission spectrum [6.12]). Besides the high gain
which can be achieved and low pump power requirements, EDFAs also exhibit high
saturation power, low noise and low inter-channel cross-talk [6.2]. These devices
have reshaped the future of optical communications, replacing the generally bulky
and costly optoelectronic/electro-optic pre-amplifiers and repeaters commonly
employed for signal regeneration in long haul fibre optic telecommunications
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systems and networks with an all-fibre low loss solution.

The attractive

characteristics exhibited by EDFAs have, in principle, been attributed to the long
lifetime of the metastable excited state, permitting high population inversions to be
obtained under modest pump powers, with gain values of 20 dB or more readily
attainable over the entire emission spectrum [6.12]. While almost all studies on
EDFAs have been carried out using silica-based fibres, the amount of Er3+ which can
be incorporated into these fibres is limited by the RE solubility in silica, thereby
limiting the concentration to very small quantity per unit length of silica fibre [6.12].
This implies that in order to achieve the desired gain values, a relatively long length
of doped fibre may have to be used. In recent years, novel device development in
integrated optoelectronics have resulted in thin, film planar waveguides playing an
important role in integrating a number of key optical components on a single chip

[6.13]. This can be achieved through the use of various fabrication technologies such
as ion beam implantation [6.14], pulsed laser deposition [6.15], plasma-enhanced
chemical vapor deposition [6.16], molecular beam epitaxy [6.17] and sol-gel
techniques [6.18, 6.19]. Er3+-doped planar waveguides are, in particular, atttractive
due to its emission wavelength which coincides with that of optical communications
at -1.5

~m

and has thus generated great research interests. Moreover, waveguides

fabricated through the various techniques permit relatively easy control of the desired
concentration level of the active Er3+ species to be doped onto planar substrates
which can be based on a combination of various host materials [6.5, 6.13, 6.16] and
can also be easily incorporated into current integrated opto-electronic devices.
However, samples fabricated by the use of high-energy ion beams typically result in
the requirement of thermal annealing to repair the damages often imparted to the
waveguides.

In addition, with current advance in micro-machining, waveguide

designs can be greatly improved and allow a number of devices to be fabricated on a
single chip. Together with amplifiers, miniature splitters, couplers and wavelength
division multiplexers have been fabricated on a planar substrate/chip and may enable
many optical functions to be carried out efficiently with low loss and cost/space
savings.

In an equally significant development, the narrow absorption and, in particular,
emission lines in the visible and IR spectrum of RE ions when doped in various glass
and crystal hosts have been vigorously studied for potential applications as solid state
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laser materials [6.20, 6.21, 6.22, 6.23, 6.24].

These materials may be efficiently

pumped by high power IR laser sources which are widely available at reasonable
costs. The unique features of transitions from the 4f electronic configuration in RE
ions not only lead to IR emissionlfluorescence from the first excited state but can
also result in simultaneous emissions from states at higher energy levels. Visible
emissions from RE-doped crystals generally consist of sharp lines grouped in several
wavelength regions [6.25].
crystals, at 2.94

~m

and 1.06

The fluorescence from Er 3+_ and Nd 3+- doped YAG
~m

respectively, are by far the most well-known solid

state lasers using RE-doped materials. High-powered Nd 3+: YAG lasers have been
commonly used for a wide range of laser materials processing applications including
welding and drilling of high strength steels [6.26], and bacterial sterilisation [6.27,

6.28] while the 2.94 ~m radiation from Er3+:YAG lasers is now commonly used in
medical applications [6.29, 6.30].

In addition, the possibility of upconverted

emission in the visible (blue, green, and red) from various rare earth-doped crystals
implies the constantly widening opportunities in developing compact solid state laser
devices. Over the last two decades several upconversion lasers employing RE ions
in crystals have been established. They include Er3+, Nd 3+, H0 3+, Tm3+, Pr3+ ions
which have been incorporated into various crystal hosts [6.22, 6.31, 6.32, 6.33, 6.34,

6.35] and are listed in Table 6.1 together with their emission wavelengths and energy
level transitions. Particularly interesting are those with emissions in the blue where
there are potential commercial applications in improved capacity data storage,
inscription and holographic displays.

CD

In some cases, co-doping with another ion

3

such as Yb + may result in improved absorption and emission characteristics, often
followed by higher output powers, improved gain and efficient energy transfer [6.36,

6.37]. The Yb 3+ ion, in this case, is thus known as the sensitiser or donor ion. The
potential for development in this class of 'laser materials is extensive due to the
numerous possible combinations of RE ions with host crystals/glasses. In addition,
rare earth-doped fibre lasers have also become available and compatibility with
existing optical telecommunications networks will lead to improved efficiencies and
a widening of the application areas such as into the field of fibre optic sensing [6.38,

6.39, 6.40]. Research and development on rare earth devices such as amplifiers and
lasers

are

also

continuously

driven

telecommunications.
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by

the

rapid

progress

In

optical

Table 6.1. Some upconversion laser crystals (Note: TPA denotes
two-photon absorption, CET denotes cooperative energy transfer
and PA denotes photon avalanche upconversion)
Pump / nm

Ref.

Material

A/nm

Transition

Mechanism

Ho:Ba(Y, Yb)Fs

551.5

5S 2 ~ 518

CET

551.7

5S 2 ~ 518

CET

790,970

470.3

2P3/2 ~ 4113/2

CET

790,970

455

ID2~.lH6

CET

960

510

ID 2 ~.lH 5

CET

960

4113/2

TPA

812

6.34

Er:BaY 2F g

Tm:Ba(Y, Yb)Fs

2H9!2'~

IR

6.34

flashlamp

6.34

6.34

Er:KYF4

561

Nd:LaF.l

380.1

4D3/2 ~ 4111/2

TPA

788 + 591

6.34

Er:LiYF4

551

4S3/2 ~ 4115/2

TPA

810 + 970

6.32

561

4S3/2 ~ 4115/2

TPA

810+970

6.32

Pr:LaCI.l

635

3pO~ .lF2

TPA

1010 + 835

6.22

Pr:LaCI 3

644

3pO ~ .lF2

PA

677

Nd:LaF3

380

4D312

~ 411112

TPA

1060 + 590

...6.22

Er:YaI03

549.6

4S312

~ 4115/2

TPA

792 + 840

6.34

4S3/2 ~ 4115/2

CET

806.9

549.8

PA

800

Er:YLiF4

560.6

2H9/2

~ 4113/2

CET

Er:YLiF4

551.1

4S3/2 ~ 4115/2

CET

Er:Lu.lAI 50

12

Er:YaI03
Er:YaI03

967
797,969
1500

6.22

6.22
6.34
6.34

Er:YLiF4

469.7

2P3/2 ~ 4113/2

CET

Nd:YLiF4

413

2P3/2 ~ 4111/2

PA

603.6

6.34

Tm:YAO

486.2

104~.lH6

TPA

785 + 638

6.34

Tm:YLiF4

453

ID2 ~ 3F4

TPA

781 + 648

6.34

Tm::YLiF4

483

104 ~ .lHe,

PA

648

6.34

Tm:YLiF4

450.2

Yb, Er:YLiF4

551

ID2~.lF4
4S3I2

TPA

~ 4115/2

CET
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784 + 648
959

6.34

6.34
6.35

As with other sensor devices, temperature, strain, stress and pressure remain the most
important physical parameters which are sensed both in the laboratories and in many
industrial processes. Since RE-doped materials can exhibit different fluorescence
characteristics as a function of the various external influences, numerous sensing
schemes may be realised over a relatively wide and diverse range of measurands.
Early fibre optic thermometric sensing schemes based on rare earth-doped materials
employed Nd 3+-doped crystals and glasses with relatively long fluorescence lifetimes
in the IR wavelength regions. Even at elevated temperatures the decay times could
be easily detected without the need for sophisticated, expensive timing/electronic
circuits and signal processing [6.41, 6.42, 6.43].

In those studies, the Nd-doped

glasses have been found to be suitable only for temperature measurements, up to
approximately 700 K, beyond which permanent damage to the glass materials
occurred [6.42, 6.43]. As has been discussed in Chapter 5, ruby fibres may be used
for temperature sensing up to -920 K before the signal-to-noise ratio becomes too
low for accurate measurement of the temperature-dependent fluorescence lifetime.
This can be attributed 'to the effects of thermal quenching of the fluorescence process
at elevated temperatures which, in turn, leads to a significant

re.~uction

in the

fluorescence intensity. Fibre optic sensors which can enable measurements beyond
this temperature can find important applications in many process industries,
combustion engine health monitoring, aerospace industry and in many chemical
processes [6.44]. In this respect, it is thus obvious that sensors based on Cr3+-doped
materials may not suitable for this operation and are limited to the lower or midtemperature range below 1000 K. Although Nd3+:YAG, used as a sensing crystal in
a fibre optic thermometric sensor, has been investigated for its temperaturedependent fluorescence lifetime decay at its emission line of 1.064

~m

for

temperatures up to approximately 1200 K [6.42], it has been found to exhibit nonmonotonic response throughout the investigated temperature range. Its fluorescence
lifetime has been found to increase initially with temperature up to a peak at -1000 K
before decreasing rapidly again with increasing temperature. Temperature sensing
operation is thereby limited to beyond 1000 K and up to -1200 K. More studies on
Nd 3+-doped crystals (Nd 3+:YAG) have found that the fluorescence lifetime decay as
a function of temperature do not corroborate each other [6.42, 6.45, 6.46].

This

material, thus, might not be appropriate as a standard temperature sensor when
replacement of the sensor head is required, unless calibration is performed on all the
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doped crystals prior to actual employment. The results, however, strongly suggest
that different dopant concentration levels have been used by the various authors,
leading to discrepancies between their temperature calibration curves.

This is a

reasonable suggestion since the dopant concentration levels in various materials,
such as Cr3+:Ah03 [6.47], Er3+-doped silica [6.48] and Nd 3+:YV0 4 [6.49], are known
to influence the resulting fluorescence lifetimes of the transitions from the excited to
ground states. In addition to using fluorescence lifetime decay as an indication of
temperature variation, the fluorescence intensity ratio technique has also been
applied to monitor the relative change in two typical peaks from the fluorescence
spectrum of Nd3+-doped silica fibres, where reasonable sensitivity to temperature has
b~en obtained [6.50]. While the importance of temperature sensing employing Nd 3+_
doped crystals or glasses has been stressed by the large amount of published work,
the strain characteristics of Nd3+:Si0 2 fibres have also been studied by Sun et al.
[6.51] for potential temperature-strain sensing applications. However, it has been
found that the lifetime variation due to strains is very small and largely dominated by
variation due to temperature-dependence.

More promising RE-based fibre optic sensors have been those employing Er3+ ions in
various host fibres [6.48, 6.52, 6.53, 6.54, 6.55] due to its emission wavelength in the
1530 nm region, which coincides with the operational wavelength of -1540 nm in
fibre optic communications systems, especially those utilising EDFAs. It would be
very advantageous, technologically and economically, if a single fibre optic link
could be made to perform the dual function of transmitting/receiving optical
communications signals and sensing the desired parameters which could adversely
affect the former primary function. Lifetime decay from the 1.53 f.lm emission line
of Er3+-doped silica fibres, which is relatively independent of pump intensity, has
been investigated for high temperature sensing applications up to -1200 K [6.48,
6.52]. The erbium concentration levels were found to influence the lifetime decay of
the 1.5f.lm emission line, excited by a 980 nm laser diode, with a faster decay rate at
higher Er3+ concentration levels [6.48]. Moreover, at a high Er ion concentration
(4370 ppm used in that work [6.48, 6.52]), the fluorescence decay was found to be
non-single exponential while fibres with lower concentration levels of erbium ions
(200 ppm and 960 ppm) had single exponential decay characteristics. All the fibres
exhibited a marked increase in sensitivity as the temperature was increased beyond

286

-970 K (of -5 times, compared to that <670 K).

Annealing at a relatively high

temperature (-1200 K) was required to achieve stable decay rates throughout the
investigated temperature range. The long lifetime after annealing (from 8-10 ms)
also permitted fast and uncomplicated detection of the 1.5 11m signal using currently
available electronics/detectors at high temperatures and this would consequently
reduce the errors incurred due to weak signals at such temperatures. In many fibre
optic sensing systems, as in all other sensors, cross-sensitivity between two or more
parameters is generally undesirable and can be a limiting factor in the range of the
sensor due to the difficulty in differentiating the effect of one parameter from the
other(s). Both temperature and strain effects have been investigated to evaluate the
different contributions from the two effects, .which may then enable separate
measurements of the individual parameter or simultaneous monitoring of the two
together [6.53]. By studying fibre samples with different dopant concentrations over
a temperature range of -290 to 420 K, the relative strain-dependent lifetime
coefficients in the Er3+-doped fibres (-10 to 12 X 10-7 /11£) were found to be higher
than that found in Nd3+-doped fibres (14 x 10-7 /11£). However, the temperaturedependent lifetime decay has been found to dominate the small strain effects by
approximately 103 times. Er3+-doped materials have several narrow absorption bands
in both the visible and IR regions, and can thus be excited by using various sources
with emission wavelengths corresponding to the appropriate absorption peaks. Using
the 1480 excitation of an Er3+-doped fibre to monitor the fluorescence intensity ratio
of the 1530 and 1552 nm lines as a function of temperature, Ko et al. [6.54] were
able to demonstrate distributed sensing capabilities from Er3+-doped fibres over a
measurement length of 100 m.

The authors thus demonstrated the temperature

sensing potential of erbium-doped fibres with varying degrees of success.
Incorporated into a high melting crystal, the temperature sensing range of the
erbium-doped material may be extended up to -1500 K or even near the melting
point of the crystal hosts, as has been demonstrated by Henry et al. [6.55] using
Y AG as the crystal host. The sensing probe was constructed in such a way that only
a short end section of the Y AG crystalline fibre was doped with Er3+ ions, making it
the active tip from which fluorescence signals could be detected in a reflective mode.
The emission at 1.6 11m from this material has been attributed to the transition from
4 11312

to the ground CIII5n) state and the device was employed for thermometric
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applications by dipping into a molten pool of aluminium. Er3+ concentration levels
used by the authors [6.55] were kept relatively low (5 at.% and 3 at.%) in order to
avoid the competing upconversion processes characteristic of rare earth-based
systems.

The two probes were also found to exhibit identical exponential

temperature-dependent lifetime decay when the pump power was kept below a
critical level.

The Yb 3+ ion is commonly known as a "sensitiser" ion [6.56, 6.57] and has been
normally employed as a co-dopant for Er3+-doped materials to enable improved
absorption and emission properties of such systems [6.37]. As a single dopant in
silica, the transition from' 2Fs12 to

2F7I2 ,

with its 3 level splittings, gives rise to

fluorescence emission at -1030 nm, 980 nm and a weaker line at -910 nm, although
it is tunable from -0.95 to 1.1 11m [6.58, 6.59]. Yb 3+ ions, essentially a two-level
system, have been employed as the active co-dopant in erdium-doped fibre
amplifiers and lasers [6.36, 6.39], and in Yb 3+:YAG laser crystals emitting at -1030
nm [6.20, 6.21, 6.57]. Despite its considerable importance as a laser material and
sensitiser, Yb 3+ ions have only recently been studied for potential sensing
applications.

The fluorescence intensity ratio (FIR) technique was employed by

Maurice et al. [6.58] to investigate the temperature dependence of the closely-spaced

1030 and 976 nm lines from the

2F712

to

2Fs/2

transition of Yb3+ ions doped in silica

fibres. Using a single pump source at 810 nm, the fluorescence intensities of the two
thermally-coupled lines, which occur due to Stark level splitting of the

2F712

manifold, were induced and monitored as a ratio against temperature variations up to

-900 K. Errors of less than 1.4 DC have been reported by the authors [6.58] over the
range of temperature investigated together with an average deviation of -0.6 DC.
Additional studies have been carried out recently into potential fibre optic sensors
based on the Yb 3+-doped fibres with varying concentration levels [6.60, 6.61, 6.62].
The PLD (phase-lock detection) scheme, with its rapid response and accuracy, was
utilised to monitor the fluorescence lifetime decay from the unique two-level
transition of the Yb 3+ ions at its peak wavelength of 976 nm.

Again, the Yb 3+

concentration levels were found to affect the detected lifetime, with the most highlydoped sample exhibiting the most significant difference in its lifetime compared to
two other samples which have considerably lower Yb 3+ concentrations [6.60].
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Annealing by heat treating the Yb 3+-doped fibres at approximately 970 K was also
required in order to obtain a stable fluorescence lifetime over extended periods of
time for the samples studied.

As in both neodymium and erbium studies, the

possibility of simultaneous strain and temperature sensing in ytterbium-doped fibres
has been investigated [6.61], the results of which indicated a small strain-dependent
sensitivity to the much more dominating temperature-induced lifetime variation.
This observation was further re-enforced in FIR studies on the simultaneous strain
and temperature measurements from the fluorescence intensities of ytterbium-doped
silica fibres [6.62].

Further investigations of ytterbium-based fluorescence

thermometry have also led to divalent Yb 2+ ions being incorporated into fluoridebased fluorescent dyes and employed for sensing of rotating elements in the
cryogenic (20- 120 K) range [6.63].

Due to the numerous possibilities of doping a wide range of rare earth ions in several
materials, notably silica, other rare earth-based fibre optic fluorescence sensors have
been reported. They include Tm3+-silica fibres' which have been studied up to a
temperature of 1370 K [6.64] while still higher temperatures (-1(200 K) can be
reached by using Tm3+:YAG crystals [6.65]. Both these studies have exploited the
temperature-dependent fluorescence lifetime decay from the first excited state of the
Tm 3+ energy levels. Pr3+ ions are also interesting since one of its main emission band
is centred around the "second" low-loss optical communications window of 1.3
due to the 'G4

-7 3H5

~m

3

transition [6.59]. The fluorescence lifetime of Pr +-doped

ZBLAN fibres has been calibrated across a relatively low temperature range up to
770 K and interestingly, the lifetime decay was found to increase steadily with
temperature [6.66]. This has been attributed to the thermalisation effect of the higher
energy levels of the Pr3+ transitions at elevated temperatures and has been explained
by considering a three-level model as put forward by the authors [6.66].
3

Other
2

potential sensor materials based on rare earths include Pr +: YAG [6.67] and Sm +
ions doped in various hosts [6.68] where temperature dependence of their
fluorescence lifetimes have been reported.

In addition to RE-based sensors utilising the IR fluorescence characteristics as a
measure of the desired physical parameter(s), another class of sensors also exists,
based on the upconverted emission of erbium and erbium + ytterbium co-doped in
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glass fibres [6.69, 6.70, 6.71].

Upconversion in erbium-doped systems results in

emissions in the blue, green, red and deep red spectral regions [6.13, 6.22, 6.33,
6.72], with Yb 3+ ions serving as a sensitiser to enable efficient absorption of the
pump energy, which can then be transferred to the acceptor Er3+ ions efficiently

[6.37]. Also, much stronger upconversion emission can be obtained, as observed in
this work.

Although there is difficulty in monitoring the lifetime decay of

upconversion processes since they are inherently non-exponential, several authors
have used the narrow green emitted lines as a basis for temperature sensing,
employing two particular lines from the green spectrum in a ratiometric technique

[6.69, 6.70, 6.71]. Excited state absorption and/or cooperative upconversion results
in different energy levels being excited by the two transitions within the green
spectrum which are separated by a small energy gap. The temperature-dependent
intensity ratio of these two thermally coupled upconversion transitions can then be
used as a measure of temperature variations [6.69, 6.70). Depending on the host
materials used, temperature sensing with upconversion materials may be employed
for different temperature ranges.

Both IR fluorescence and visible upconversion have been observed in the rare earthbased crystal fibres fabricated by the LHPG technique in this work. In particular, the
temperature dependence of both the IR and visible emissions from such fibres has
been found to exhibit interesting characteristics.

While a detailed study of the

spectroscopy of rare earth-doped materials is beyond the scope of this work, a brief
discussion of the most important and relevant processes/transitions in rare earth ions
(Er3+, Yb 3+ and Er3+ + Yb 3+ ions) investigated in this work shall be undertaken in the
following section. It should also be noted that this is the first reported work, to the
knowledge of the author, on the melt growth of RE-doped Ah03 fibres by the laser
heated pedestal growth technique.

6.1

Rare earth Er 3+ and Yb 3+ ions in Ah03 and upconversion processes

Rare earth-doped materials are characterised by their intra-4f transitions [6.25]. The
two outer electronic shells are filled shells and almost all transitions from RE
materials initiate from within the 4f shells which are incomplete, and are in turn
"shielded" from any strong interaction with the surrounding environment.
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This

protective shield is afforded by the outer 5i and 5p6 shells and consequently, the
weak interaction with crystalline fields when doped in ionic crystals lead to the
unique sharp and narrow lines in the absorption and emission spectra. Moreover, due
to the shielding, the emission wavelengths remain relatively constant when RE ions
such as Er3+ are doped in various materials.

In Er3+-doped crystals, this intra-4f

transition results in emission around the 1530 to 1550 nm region, coincident with the
optical communications wavelength of 1.54 ~m. Hence, Er3+ has become one of the
most intensely studied of the rare-earth ions. Some information on the properties of
. Er3+ and Yb 3+ ions, the RE ions used in this work, are presented in Table 6.2 [6.20,
6.25], which shows only the outer relevant electronic configurations.

Although free Er3+ ions do not allow transitions around 1.5 ~m or in the visible
spectrum since such transitions are parity-forbidden [6.25, 6.72], doping these ions
into so~id hosts induces weak coupling of the electronic states of opposite parity to
the 4f electrons. This is because the interaction with the crystal field can introduce
and mix other states of different parity into the 4f states, leading to partial relaxation
of the selection rule [6.25]. Transitions are then allowed and are known as 4f - 4f
interactions [6.25]. The radiative lifetime of the 1.5 ~m emission arising from the
transition of the first excited state is relatively long [6.12,6.13,6.25, 6.72], typically
in the millisecond region, thus implying that population inversion between this state
and the ground state can be achieved at a relatively low pump power. Furthermore,
3
3
in addition to transitions leading to lines in the IR and the visible, Er + and Er + +
Yb 3+ ions doped in ionic crystals also give rise to additional lines which cannot be
completely accounted for by the crystal field splitting due to the static 4f - 4f
transitions. These additional lines may, however, be attributed to the coupling of the
phonons from the dynamic crystal field with the 4f electrons [6.25]. This electronphonon interaction also determines the lifetimes of the relevant excited states, with
radiative decays which are not strongly affected by or dependent on temperature,
implying that non-radiative decay by optical phonons are the main reason for the
temperature dependence of the lifetime of transitions from RE-doped crystals; The
non-radiative decay occurs by emission of a large number of phonons (multi-phonon)
which bridge the energy gap from one crystal field splitting level to another [6.25].
Hence, due to the screening of the 4f electrons by the two outer shells, and
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consequently the weak interaction between these electrons and the crystal lattice, a
relatively

weaker dependence of the multi-phonon

non-radiative decay on

temperature could be expected when using RE-doped materials for thermometric
applications. This implies that suitable RE-based crystals may be used for probing
higher temperatures when compared to transition metal-ion-doped materials, such as
the ruby fibres discussed in Chapter 5, where strong interaction is observed between
the outer electrons and the crystal field of the host crystal.

Rare earth ions can also exchange energy among themselves since the interactions
between the ions can be sufficiently large such that excitation radiation is transferred
from one ion to another, particularly in crystal hosts doped with two or more types of
RE ions [6.25, 6.72]. In this exchange, one type of ion can be excited by a suitable
pump source with a relatively narrow bandwidth while another emits the radiation.
Although the levels involved in resonant energy transfer are generally similar, energy
transfer between ions of different energy levels can also occur, with the energy
mismatch being _compensated for by phonon interactions where phonons are either
absorbed or emitted to achieve energy conservation.

The energy level diagram of Er 3+ is shown in Figure 6.1a and can be used to explain
the transitions and interactions discussed earlier. In Yb 3+, only a two-level energy
system exists with resulting emission in the 1000 nm region due to the 2Fs12 ~ 2F712
transition, as shown in Figure 6.1h. In Er3+, the

4113/2

state is the first metastable

excited state for the transition of the 1530 nm line. Any process or interaction which
depopulates the Er3+ ion from this state, other than radiative decay with 1530 nm
emission, thus reduces the efficiency of the fluorescence as well as its intensity. One
form of energy transfer is the migration of ions from the first excited state to the
ground state. As can be seen in Figure 6.1 a, non-radiative multi-phonon relaxation
of the 4113/2 ~ 4IIS/2 transition is a possible process which can deplete the excited Er3+
population due to the interaction between the excited electrons and the dynamic
crystal lattice.

This process is characterised by fast non-radiative decay to the

ground state since only a relatively small number of electron-phonon couplings are
required to bridge the energy gap between the two levels (excited and ground states)
when the energy of the coupling phonon increases [6.12]. Hence, at relatively low
temperatures «273 K), the lifetime of the excited state transition is largely
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determined by radiative decay while at higher temperatures, the fluorescence lifetime
is dominated by non-radiative decay due to mUlti-phonon emission which, at
elevated temperatures, will result in thermal quenching of the transitions. In codoped systems involving both Er 3+ and Yb 3+ ions, similar thermal behaviour can be
expected although such systems generally utilise the "sensitiser" ions, Yb 3+, as
donors which can absorb radiation at the resonant pump wavelength (in this case,

-960 to 965 nm, as already illustrated in Chapter 3) and subsequently transfer most
of this energy efficiently to the acceptor Er3+ ions. The co-doped system is shown in

Figure 6.1c.

Another process, which can lead to the depopulation of the excited state, results
when the excited ions absorb more pump energy/photons and are excited or
promoted to a still higher energy level, from which decay to either the

4113/2

state or

other lower state(s) will occur non-radiatively or radiatively at an unwanted
wavelength.

This excited state absorption (ESA) process is possible due to the

relatively long fluorescence lifetime of the first excited state where transitions from
this level to the ground results in the lR emission at -1.5

~m.

In optical

telecommunications and amplification applications this type of process is considered
as detrimental since it reduces the number density of excited ions and thus limits the
population inversion at the metastable state. Another mechanism is upconversion in
which transitions from the excited ions, when promoted to higher energy levels, give
rise to emission in the visible spectrum (the so-called "unwanted" wavelength).
Upconversion is generally a very efficient process and is dependent on either or both
the concentration levels of the RE ions as well as the pump power and wavelength

[6.22]. Such processes result in the emission of higher energy radiation with shorter
wavelength in the visible spectrum. Hence, very efficient lasers in the visible can be
fabricated from RE-doped crystalline or glass materials. Er3+ and Yb 3+-sensitised
Er3+-doped materials (both crystals and glasses) have been reported to emit
upconverted radiation in the blue, green and red spectral regions [6.22, 6.33, 6.73,

6.74,6.75].
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Table 6.2.

Some basic properties of RE erbium and

ytterbium elements
Ionic

Trivalent

Electrons

Ground
Atomic no.

radius

electronic

Element

state
Inm

configuration

in 1fshell

68

Erbium

4f i i SslSp6

4

11512

0.096

II

70

Ytterbium

4fl.1Ss2Sp6

lF712

0.094

13

20

2H11/2

0.54

453/2

15

E
u

41

M

a

x

0.66

4F9/2

0.80

9/2

E
::1.

-

.c
0,
c:

Q)

Q;

10

41'112

0.98

41,3/2

1.53

>~

>

:s:'"

Q)

c:
UJ

5

0

41'512

Er3+

In solid

Free ion

Figure 6.1 a. Schematic energy level diagram of Er1+ ions
(only emissions indicated)
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In singly Er3+-doped materials, the most common upconversion mechanism is ESA
or two-photon absorption where an excited ion absorbs another photon from the
pump source and is elevated to the 4F9/2 state from which visible emission occurs in
the red (-650 to 660 nm). Upconversion from the 4S3/2 level leads to transition in the
green (":"545 to 550 nm). The 520 nm emission observed originates from the 2HI1I2
level [6.12, 6.72, 6.22]. See Figures 6.1a and 6.1c. However, if the concentration
level of erbium is very high, the distance between the Er3+ ions (r) is small and two
types of transitions can occur. Interactions between neighbouring excited Er3+ ions
can take place in which the strength of interaction is dependent on the separation
between two ions as 1Ir6 [6.72]. The resulting effect is the reduction in the number
of excited ions at a given excitation power, leading to energy migration where the
excited ion transfers its energy to another ion in the ground state. This also leads to
loss of photon energy whose lifetime can be described as a non-radiative decay when
both excited ions finally decay to the ground. Concentration quenching of this nature
does not permit gain or amplification of the optical signal but, in fact, leads to
reduction of the excited state population with energy dissipated mostly as thermal
energy [6.22, 6.72]. Another concentration quenching effect can also occur and is
manifested in the form of cooperative upconversion. In such a scheme, two
neighbouring Er3+ ions, both in the first excited state, 4113/2 , interact with the
resulting effect that one ion is promoted further to a higher energy level, 419/2, while
the second ion relaxes to the ground state (4115/2). Subsequent absorption of more
pump photons can result in upconversion to the 4F9/2, 4S3/2 or 2H9/2 levels with
emissions in the red (-660 nm),green (-545-550 nm) and blue (-410 nm)
respectively. The green line also seen at -520 nm can be considered as the effect
resulting from the crystal field Stark-splitting of the 4S3/2 manifold [6.25]. With
ytterbium ion sensitisers, co-doped Er3+ + Yb 3+ systems can result in improved
upconversion processes due to the efficient energy transfer provided by the codopant, Yb 3+ [6.22, 6.75]. In co-doped systems, upconversion is almost invariably a
cooperative energy transfer process due to the role played by the sensitiser or donor
ion. However, depending on the dopant concentration levels as well as the pump
wavelength employed, co-doping can also result in improved gain characteristics at
the primary emission wavelength of 1530 nm [6.37, 6.76].
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There is great interest in upconversion processes since very efficient and compact
solid state lasers in the visible can be achieved by IR pumping of RE-doped
materials.

Although initial applications for (IR) upconversion materials were

intended for detection of IR radiation or display of IR images [6.77, 6.78], the most
attractive applications are found in the realisation of upconversion lasers emitting in
the visible spectrum while offering simple construction and efficient energy transfer
as compared to other non-linear techniques of converting IR radiation into the visible
(such as frequency-doubling, second harmonic generation, etc.).

Upconversion

results in the population of an excited state having an energy level which is higher
than both that of the first excited state and the pump photon, with emission
wavelengths typically shorter than that of the pump source as well.

There are

generally three mechanisms of upconversion known and all involve the absorption of
photons and subsequent energy transfer processes to generate radiation in the visible
spectrum [6.22]. These are illustrated in Figures 6.2 using a modified three-level
model for simplicity.

In two-photon absorption upconversion the pump photons are absorbed sequentially
and require a metastable state between the ground and the emitting states. It is from
this state, acting as an energy store, that further photon absorption occurs, promoting
the excited ion into a still higher energy level. As schematically shown in Figure
6.2a, the ion initially in the ground state is excited by absorption of pump photon,
"a", to level 2 following rapid non-radiative multi-phonon decay from level

i.

Radiative decay from this metastable state is possible with resulting emission for
Er3+, in the 1.5 !lm region. Non-radiative multi-phonon decay to the ground state is
also possible but the large energy gap between this state and the ground, compared to
the phonon energy, prevents this from occurring [6.22]. The absorption of another
pump photon, "b", promotes the excited ion to level 3' before the radiative decay
from 2 to the ground state can occur. Rapid relaxation populates level 3', from
which the transition to level 1 (ground) produces the upconverted emission in the
visible spectrum. This process is known as excited state absorption or sequential
two-photon upconversion since the ion from one excited state is promoted to a higher
energy level by absorption of another pump photon and generally requires two pump
wavelengths.
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Upconversion involving the absorption of pump photons by two distinct RE ions can
also occur in which the two neighbouring ions absorb a pump photon of the same
energy to populate the metastable state.

In such a process, only one pump

wavelength is required. The absorption of this pump photon enables the two ions to
be promoted to an excited state, from which, by the cooperative energy transfer
mechanism, one ion is further excited into a higher energy level while the second ion
decays/relaxes to the ground. Cooperative upconversion is illustrated schematically
in Figure 6.2h. Since it is a process generally associated with the excitation and
energy transfer of two distinct ions, Yb 3+ ions are particularly suitable as the donor
ions, hence, the name "sensitisers". Ytterbium ions thus serve as the donor in codoped systems with absorption in the 1 f.1m region. The main absorption peak has
been found to be in the region of 950 to 970 nm in this work. However, in singly
doped (Er3+, for example) systems, relatively lar~e doping concentration levels and
high pump intensities are
[6.22, 6.33, 6.72].

require~

for efficient cooperative upconversion processes

As shown in Figure 6.2h, pump photons are absorbed by

neighbouring donor-acceptor ion pairs in the ground state, promoting

~oth

ions to the

excited metastable level 2. The excited ions can relax radiatively (or non-radiatively)
to the ground state or be promoted by cooperative energy transfer (from the donor
ions) to the next higher energy state, level 3 following rapid decay from level 3'. The
energy gaps between the 2

~

1 and 2

~

3' transitions are generally not identical and

the energy excess/deficit must be compensated for in some ways by the crystal lattice
of the host in a phonon-assisted energy transfer process [6.22, 6.72].

Thus, for

efficient cooperative upconversion, the donor-acceptor ion pairs must be closely
situated to each other, where the interaction strength depends on the factor 1/r6 ,
where r is the separation between the ion pair.

This also implies that a high

concentration level would increase the upconversion efficiency, with a donoracceptor ion pair density distribution set up within the crystal host as a consequence.
The subsequent effect of such a density gradient is the non-exponential fluorescence
decay from the upconverted emission of the visible spectrum (3

~

1 transition) due

to the existence of different ion pair separations in the host material [6.22].

If,

however, there is rapid migration of the excitation energy among the ion pairs, an
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effectively even distribution of the ion pair energy gradient can occur, resulting in
exponential fluorescence decay for the upconversion process.

The final upconverslOn mechanism is a relatively complicated process in which
excitation is initiated by absorption of the pump photon from an excited ion [6.22,
6.33]. In photon avalanche, as shown in Figure 6.2c, non-resonant absorption of the
pump photon is accredited as the main reason for producing an initial excited
population in the metastable state, level 2. A photon which matches or is resonant
with the energy gap of the 2

-7

3' transition promotes a ground state ion to the

excited metastable level 2. This could also occur as a result of thermal excitation of
the metastable state [6.22]. In singly doped systems, both donors and acceptors are
of the same species. Thus a donor ion in the metastable state 2 is excited into the
emitting level 3 after absorption of a pump photon. Cross relaxation of the donor ion
then results in the excited ion decaying to the metastable level while at the same time
promoting the ground state ion into the metastable level as shown in Figure 6.2c, on
the right. Therefore, under suitable pumping conditions, this process can lead to
rapid multiplication of populations in the metastable state, resulting i.!1 an avalanche
of excited ions in that state. A two-photon absorption process can also occur in
photon avalanche upconversion at low pump intensities although the latter
mechanism differs from the former in that an initial non-resonant pumping is
observed. At high pump intensities or above the avalanche threshold, however, cross
relaxation between the upper emitting and ground ions dominates the population of
the metastable level.
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6.2

Temperature sensing based on Er3+, equally Er3+ + Yb 3+-codoped and
high Yb 3+ + low Er3+-codoped Ah03 fibres

As discussed in the previous section, the radiative decays involved in fluorescence
and upconversion processes are not necessarily temperature-dependent partly due to
the shielding provided to the 4/ electrons by the 5s 2 and 5p6 outer electronic shells.
However, the non-radiative decay due to multi-phonon transitions, in part due to the
high dopant concentration levels utilised in this work, can lead to a certain level of
temperature dependence or thermal quenching. This temperature dependence has
. been investigated in the current work up to the maximum operating temperature of
the equipment employed.

Three types of rare earth-doped crystal probes based on sapphire fibres as the host
material, with diameters in the 130

~m

range (compatible with most multi-mode

fibres), have been fabricated and investigated for their temperature dependences.
The fabrication of RE-doped Ah03 fibres by any melt growth methods has not been
reported in the literature and this work presents the first attempts at growing such
fibres for high temperature sensing applications employing emission in both the
visible and IR spectra. The bulk of the results are based on visible emission lines.
One important reason for this is the high dopant concentration incorporated into the
sapphire fibres. As has already been discussed, the interaction strength for the
transitions varies with the separation between two excited ions as I/r

6

,

4/- 4/

which in turn

is highly dependent on the concentration levels of the RE ions. Such high levels of
ion concentration is considered to be the main factor which has led to very efficient
cooperative energy transfer while depleting the population of the first excited .state
for transition in the IR region. Although it has not been possible to conduct an SEM
(scanning electron microprobe) or EMPA (electron microprobe analysis) study on a
variety of RE-doped fibres for a systematic estimate of the maximum dopant
concentration levels which can be achieved, one sapphire fibre singly doped at one
end with Er3+ ions has been probed with the EMPA, revealing concentration levels
averaging -12 at. %. Figure 6.3 presents an end view of the doped sample where the
brighter regions are areas of high Er concentration compared to the slightly darker
regions. The dark portion in the middle is actually a hollow in the surface of the
sample and occurred as a result of the melting technique used which led to
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contraction on this part of the sample upon cooling. The top section of the fibre has
been polished down to a flatness of I f..lm.

EMPA scans were conducted using

facilities located within the Department of Geology. The Er concentration levels at
the various localised points are also indicated in Figure 6.3.

Although initial attempts in producing RE-doped Al z03 fibres by the LHPG
technique employing small diameter source rods were problematic, subsequent
growths using larger diameter source rods resulted in sapphire fibres doped with
Er3+, Er3+ + Yb 3+-codoped (approximately equal Er3+ and Yb3+ contents) and high
Yb 3+ + low Er3+ -codoped ions. The most significant disadvantage of using singly
erbium-doped fibres was found to be the lack of convenient, broad absorption bands
where inexpensive pump sources at suitable wavelengths are readily available.
Moreover, Er3+-doped systems are also susceptible to strong excited state absorption
which further restrict the pump wavelengths that can be used [6.72 6.76]. Hence,.
one of the main motivations for codoping with Yb 3+ ions is the wide absorption band
available from approximately 900 to 1000 nm, as shown in Figure 6.4. Subsequent
energy transfer processes from the donor Yb 3+ ions can result in_ very efficient
excitation of the Er3+ ions, leading to improved fluorescence characteristics.
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Figure 6.3. SEM image of Er3+ -doped tip in AIz03
(Arrows indicate points where discrete scans have been
made with estimated Er concentration levels)

3

3

Figure 6.4. Visible absorption spectrum of Yb +:Er +:AI 2 0 3 fibre
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6.2.1

Temperature sensing with Er3+:Ah03 fibres

The temperature dependence of both the IR fluorescence and visible emission from
two samples of Er3+:Ah03 fibres is investigated.

Although the high Er3+

concentration levels incorporated into the sapphire host fibres have resulted in
fluorescence lifetimes which are too rapid «200

~s)

to be fully exploited over a wide

temperature range, spectral emission in the IR and visible regions can still be
measured under lock-in detection. Er3+ ions when doped into crystal hosts have been
found to produce sharp emissions in several spectral regions.

Cooperative

upconversion processes have resulted in visible emission in both the green and red
spectral regions, but the upconversion intensities have been found to be quite weak .
. They have been investigated for potential thermometric applications up to a
temperature of -500 K. Relatively stronger lines have been observed in the IR, from

-1500 to 1550 nm and have been used for temperature investigation based on the
ratio between these lines.

The maximum temperature monitored using the IR

fluorescence intensity ratios (FIRs) was -720 K.

6.2.1.1 FIRs of green up conversion and IR emission for temperature sensing

The centre wavelengths of the four IR lines used are respectively 1511.5, 1523.0,

1531.5 and 1547.0 nm. They are shown in Figure 6.5. The visible emission studied
is between 540 and 550 nm, with five lines investigated, again in a ratiometric
technique. Only results for the green emission is reported for reasons which will be
discussed later.

The sharp lines (Figure 6.6) observed within such a relatively

narrow spectral bandwidth reinforced the conclusion that the sapphire fibres were
single-crystals rather then polycrystalline in nature.

Otherwise, as is the case in

glasses (amorphous), the emission would be very broad and these lines would have
been poorly resolved. The five lines employed are 540, 541.5, 552.5, 554.5 and 559
nm. Even though the 520 nm line has been observed here and exploited in the work
of Maurice et al. [6.69], it has not been used in this study due to the almost
coincidental additional line emitted by the pump source used, which has been
observed at -525 nm. Using the 520 nm emission as one of the primary ratiometric
lines would thus lead to difficulty in separating the signal from the laser emission
and possibly give inaccurate values.
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Figure 6.5. IR fluorescence lines used in FIR
3
temperature measurements (Er +:AI 2 0 3 fibre)
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6.2.1.2 Experiments

The temperature dependence of the emission spectra of these erbium-doped sapphire
fibres have been studied. Two configurations were examined: one in which fibres
were doped with a high concentration of Er3+ ions (-12 wt. %) only at the tip while
the other where fibre sections of -20 mm in length were doped. Due to the weak
upconversion in singly doped Er fibres, it was not possible to detect any reasonable
amount of visible emission from fibres using reflection-based measurements, hence a
simple technique has been arrived at in order that the emission lines could be
measured. Fibres doped only at their tips were approximately 40 mm in length and a
schematic of the experimental set-up is shown in Figure 6.7.

The temperature

dependent measurements have been obtained in transmission. A hollow cylindrical
ring approximately 20 mm in length was fabricated from a Duratec 750 machinable
high temperature ceramic rod and employed to surround the fibre end to maintain a
relatively stable thermal environment. The fibre was in turn attached to a K-type
·thermocouple to .verify the temperature at which the fibre tip has been subjected to.
Excitation of the active tip was achieved by pump light from a

960.~m

laser diode

CLACRYS) which was transmitted to the sapphire fibre via a multimode silica fibre

butt-coupled with the aid of a silica sleeve.

Both fibres were held securely by

application of high temperature ceramic adhesive at both ends of the sleeve. A 50,
mm focal length lens was used to collect and collimate light emitted from the fibre
tip onto another 50 mm lens which focused the desired green emission into the
monochromator. Lock-in detection, in conjunction with a Hamamatsu R928 PMT,
have been employed to provide sensitive and accurate signal recovery, with the data
being sent to a computer acquisition and storage system for later processing.

For acquisition of the IR signals (1500 - 1550 nm), the other fibre configuration was
used. Doped sections were estimated to be approximately 20 mm long and fibres
were used in reflection measurements as shown in Figure 6.8. The approximate
length of these fibre was approximately 150 mm thus, the active probe, which has
been doped with erbium could be inserted relatively deep into the stabilised
CARBOLITE tube furnace. As in the ruby fibre studies, high temperature ceramic

wool has been used to plug both ends of the furnace with the main aim of reducing
heat loss at high temperatures and providing a stable thermal enivironment.
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In

addition, a K-type thermocouple has also been inserted into the furnace tube to
monitor any significant variation of the actual temperature from the furnace set point.
Collimated light from the IR laser diode (960 nm) was launched into the end of the
fibre via a X20 microscope objective. The reflected IR signal from the fibre was
then directed into the monochromator as illustrated and detected by lock-in
techniques. The monochromator was scanned from -1500 to 1550 nm, where the IR
fluorescence lines to be measured could be expected. The detection of the IR signal
was achieved with a high-gain InGaAs photodetector at the exit slit, the values of
which were converted by an A-D card and sent to a dedicated computer for storage
and later analysis.
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6.2.1.3 Results and Discussion

The five lines from the green fluorescence emission have been monitored from room
temperature up to -500 K. Although the Er:1+-doped silica fibres which have been
employed up to 1000 K [7.79] were excited by a pump source which was resonant
with one of its absorption peaks, the low temperature measured in this work has been
limited by the weak signal due to poor overlap between the pump wavelength used
and the absorption peak of Er:1+: AIz03 . If better matching was obtained by using a
suitable pump source, stronger signals would result and higher temperatures could
then be measured. Thus, beyond -500 K, the signals were found to be too weak and
the background noise levels dominated the emission spectrum. The intensity of these
five lines have been used in a ratiometric method and resulted in an array of 10
curves, each representing an intensity ratio of two of these lines as a function of
temperature. The way in which the ratios have been employed are presented in

Table 6.3, where FIRxl2 represents the intensity ratio of the 540 and 542.5 nm lines,
and so on. The temperature dependences of the ten intensity ratios are shown in

Figures 6.9 with FIRxl2 to FIR g1 5 plotted in 6.9a, FIRx23 to FIR g25 in 6...9b and FIRg34
to FIRx45 in 6.9c. A majority of the FIRs can be seen to exhibit a non-monotonic
characteristic as a function of increasing temperature.

Based on the widest

temperature range available, only 2 lines from these ten have been selected for
potential thermometric applications and they have been re-plotted in Figures 6.10a
and 6.10b. They were FIRxl2 and FIR xI5 , the fluorescence intensity ratios between
the 540 and 541.5 nm lines, and the 540 and 559 nm lines respectively. The
denotation FIR1Rij is used for the ratios from the IR lines.

The results of the 6 fluorescence intensity ratios from the IR emission lines are
presented in Figures 6.11a and 6.11b, indicating FIRlR12 to FIRIRI4 and FIR/R23 to

FIR lR34 respectively while Table 6.3 also illustrates

~ow

the 6 ratios have been

arrived at: FIRIR12 denoting the ratio of intensities of 1511.5 nm over 1523 nm, etc.
The six intensity ratios for the IR lines are plotted as a function of temperature in

Figures 6.11. Again, non-monotonic characteristics are exhibited by all the curves
from room temperature onwards. Further, only FIRIR24 and FIR lR ]4 show an increase
with temperature while the other curves exhibit a generally decreasing profile as
temperature is increased. The maximum temperature investigated utilising the IR
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emissions was up to -720 K beyond which signals became weak and were dominated
by noise.

The decreasing ratios of two curves have been selected for potential

temperature sensing from 373 K up to -723 K.

Below 373 K, however, non-

monotonic decay would render any temperature measurements ambiguous over the
entire temperature range. The two selected intensity ratios, FIRlRl2 and FIR lRJ3 , are
re-plotted in Figures 6.12a and 6.12b respectively.

The crystalline Ah03 host has provided an ionic crystal field from which interactions
between the crystal lattice (phonons) and the Er3+ dopant ions (electrons), as well as
a high dopant concentration level have led to narrow-line emissions in the visible and
IR spectral regions, with slightly broader bandwidths at four IR spectral lines. In
particular, the Stark-splitting [6.13, 6.25] of the

4S312

manifold can lead to the

formation of several other levels within this manifold with very narrow energy gaps.
This has been observed in the current work from the detected green upconverted
emission produced from Er3+-doped sapphire fibres. The primary transition manifold
is

4 S3/2 ,

and

hence the five constituent levels are denoted as

4 S3/2 (b),

4 S3/2 (a), 4 S3/2 (b), 4 S312 (c), 4 S3/2 (d)

corresponding to 540, 541.5, 552.5, 554.5 and 559 nm respectively.

Transitions from these levels to the ground,

4115/2,

therefore result in the green

upconverted- emission which has been detected. The two FIRs were selected based
on the widest temperature range possible and least errors incurred, resulting thus in

FIRgl2 and FIR gl 5 being the most suitable. In addition, the other 8 curves exhibited
non-monotonic decreases in their FIRs over a wider temperature region as seen in

Figures 6.9. The intensity of the 540 nm line is less temperature dependent than
both the 541.5 and 559 nm lines, as evident from the steady increase in the ratios

FIRgl2 and FIRgJ5 with temperature as shown in Figures 6.10a and 6.10b. It could
also imply that the increasing temperature provided thermal energy to excite ions
from the lower energy levels at 541.5 and 559 nm to the higher energy level at 540
nm. Estimation of the errors from the measured data resulted in a maximum error
margin of -9 % for FIRgJ2 and 11.5 % for FIR gJ5 , corresponding to -44 K and -52 K
respectively. These large errors obtained can be attributed to the relatively weak
upconversion signal emitted from the doped tip of the fibres which were very small
in size (measuring less than 0.3 mm in diameter).
thermally-assisted energy transfer from the
2HII/2

4S3/2

The thermalisation effect or

state (-540 nm) to the adjacent

(520 nm) state has been reported as the main reason for the increase in the
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intensity of the 520 nm line when temperature was increased [6.80, 6.79].

This

phenomenon has been exploited [6.80, 6.79] in the search for potential erbium-doped
temperature sensors which can be self-referencing.

The originally weaker 2Hll/2

transition (to the 4115/2 ground state) at 520 nm at room temperature steadily gained in
strength (intensity) with increasing temperature while the 540 nm line produced by
the 4S312 ~ 4115/2 transition decreased in intensity.

This intrinsic property of the

erbium-doped fibres, in effect, makes such devices relatively independent of the
pump power fluctuations and, at the same time, self-referenced sensors employing
such fluorescence/upconversion-based devices can be realised. However, the 520
nm upconversion has not been employed here since the 960 nm pump source was
found to emit three additional lines in the visible. The emission from the laser in the
visible li:P to -850 nm has been measured and is shown in Figure 6.13. It has been
found that when the pump radiation was transmitted through the fibre, the intensities
of

the~e

lines were reduced to a much lower level, although they could still be

observed, as in Figure 6.6. In silica, fluorescence from the 2HII12 (520 nm) level has
been accounted for [6.79] as the consequence of the population of this level by
excitation from the lower 4S3/2 (540 nm) state due to thermal coupling effects
between these closely-spaced states.

In Ah03 [6.72], however, this has been

attributed to second order cooperative upconversion excitation between the Er3+ ions
in the 4111/2 state (980 nm). The pump wavelength used in this work (-960 nm) has
been found to be relatively resonant with the 4111/2 level since the 4111/2 manifold can
have several levels due to splitting. In addition, as has been shown in Chapter 4,
this pump wavelength coincides with absorption peak around the 960 nm region.
However, a poor spectral overlap between the pump and absorption peaks explains
the low energy transfer efficiency in singly Er3+ doped sapphire fibres and the
resulting low upconversion intensity. The low intensity is likely to be also due to the
small volume of the doped tips fabricated.

The excited 4111/2 population can decay non-radiatively through multi-phonon
relaxation to the 4113/2 level, from which emission in the 1530 nm region can occur.
Alternatively, with high erbium concentration together with relatively high pump
intensities of resonant wavelength with the absorption peaks, there can be further
excitation to populate the 2HII/2 (520 nm) and

4S3l2

(540 nm) states, which then

results in emission in the green. This could help to explain the relatively weaker
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upconversion intensities measured compared to the IR intensity in singly Er3+-doped
sapphire fibres pumped at -960 nm. Moreover, it has also been observed that within
the 2HII12 and

4S312

main manifolds, sublevels due to Stark splitting can exist, leading

to emission in the green ranging from 518 to 543 nm in Er3+:YAI03 [6.22,6.33],
although in AI 20 3 the emission has been observed to have slightly shifted to the 525
--7

559 nm green spectral region.

Between the two primary manifolds, the

temperature dependence of the relative populations may be expressed as a decaying
exponential function from the ratio, R, of the 520 to 540 nm lines in the form of

(6.1)

R = Cexp(-/ill / kT)

where ..1E is the energy gap between the two manifolds, k the Boltzmann constant, T
the temperature in Kelvin and C a constant which depends on the degeneracies of the
two levels as well as the detector sensitivities [6.80, 6.79]. The sublevels within the
4S3/2 and 2HII12 stateS due to Stark-splitting have not been observed before in
Er3+:Ah03 (crystals and fibres) and hence, little is known about its inter-manifold
interaction or energy transfer. However, these interactions are thought to follow an
exponential function with respect to temperature and exhibit the thermalisation effect
reported [6.80, 6.79], hence, the above equation (Eq. 6.1) has been applied in
attempts to fit the temperature-dependence to the respective ratios, FIR RJ2 and FIR g1 5,
and the fitted results are shown in Figures 6.10a and 6.10b. Table 6.4 lists the fitted
values for the intensity ratios - these are significantly different from those of
published data for silica fibres [6.80] although one must bear in mind that the phonon
energies and spectra of these materials are also very different. The energy gap, LiE,
of FIRJ{J2 is approximately three times that of .the theoretical value as indicated in
Table 6.4, although the fitted .1i (629.03 cm- I) of FIR is very close to that given

RJ5

·in theory (629.43 cm- I). In addition, the maximum temperature studied here was
only up to 500 K while in Er3+-doped silica fibres, temperatures up to 1000 K have
been achieved using upconversion [6.79]. However, it can be seen from Figures

6.10a and 6.10b that both fitted curves follow the experimentally obtained data quite
closely although large errors will be induced if the fit equation was to be used for
temperature calibration. It should also be noted that the large errors measured have
occurred because of the weak signals detected and that with improved or stronger
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tluorescence from the doped fibre, a better approximation usmg Eq. 6.1 can be
expected. More significantly, perhaps, the material used in this work is different
from those used by Maurice et al. [6.69, 6.79] and Berthou and Jorgensen [6.80].
Hence, very different excitation dynamics and energy transfer characteristics may be
involved, where the considerably different phonon energies between Ah03 and silica
contribute to the discrepancies in the fitted values using Eq. 6.1. Modification of this
model (Eq. 6.1) might then be required to accurately fit the temperature-dependent
data obtained for AhO] host crystals. Nevertheless, a close exponential profile of the
temperature-dependent tluorescence intensity ratios can be seen.

The two selected FIRs in the IR emission, FIRIR12 and FIR IRJ3 , have been obtained
from sapphire fibres with sections of -20 mm doped with Er 3+ ions. This was done
to increase the interaction volume between the pump and doped fibre.

The

dependence on temperature of FIRIR12 and F1RIR/3 are re-plotted in Figures 6.12a
and 6.12h. Unlike doping Er3+ (and in general, all RE ions) in glass, which tends to
result in broad linewidths, sharp lines are produced from the emission of Er3+ ions
doped into ionic crystals [6.25]. The FIRs of the two sets of IR}ines from the
Er3+:Ah03 fibre used in this work can thus be sufficiently well resolved for potential
temperature sensor studies. The fitted curves according to the model governed by

Eq. 6.1 are also presented in Figures 6.12a and 6.12b where reasonable agreement
with experimental data has been obtained. However, the experimentally determined
data contained large errors of 5.8 % and -12 % for FIRIR12 and FIR 1RI3 respectively.
It should also be noted here that the IR signals emitted from these fibre samples,

although stronger than the emission from the end-doped fibres, are still relatively
weak compared to the signal intensities from Er3+ + Yb 3+-codoped fibres to be
discussed in the following section. As can be seen from Figures 6.12, both ratios are
found to decrease with increasing temperature in an almost exponential manner.
Large errors are incurred obviously by fitting the model, Eq. 6.1, to the
experimentally obtained data (Figures 6.12a and 6.12b) but all evidence from the
profiles of the curve-fitting procedures of the IR tluorescence intensity ratios also
suggests a thermalisation (or also known as thermal population effect) energy
transfer process among the various sublevels of the

4113/2

manifold. This thermal

population can occur due to both the weak coupling between the active ions and
crystal lattice as well as the small energy gaps separating the sublevels. The fitted
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values of i1E and C are given in Table 6.5. In the infrared, the fitted Llli values for
both intensity ratios are also very different from and are approximately 11 and 4
times the theoretical values for FIRlRl2 and FIR lRl3 respectively.
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Table 6.3.

Denotation of green and infrared
fluorescence intensity ratio (FIR) of singly Er3+_
doped Ah03 fibre.
Denotation

Intensity ratio

Denotation

Intensity ratio

(visible)

(lAI /Id

(infrared)

(hi /Id

FIRgl2

1540l1m / 1541.511111

FIRIRI2

11511.5nm / 1152311111

FIRgl.1

1540nm / 1552.5l1m

FIR IRI3

1151 1.5nm / 1153 1.511111

FIRgl4

1540l1m / 1554.511111

FIRIRI4

11511.5nm / 1154711111

FIR gl5

1540nm / 155911m

FIR IR23

11523nm / 1153 1.511111

FIR g23

154 1.511m / 1552.511111

FIRIR24

1152311m / 1154711111

FIRg24

154 1.5nm / 1554.511m

FIR IR34

11531.5nm /1154711m

FIR g25

1541.5m / 155911m

FIRg34

1552.5nm / 1554.511111

FIRg35

1552 .5nm / 155911111

FIRg45

1554.5nm / 1559nl11

Table 6.4. Fit parameters of visible FIRs using ...
thermal population model, Eq.6.1 (Er3+:Ah03
fibre)
FIRgl5

FIRgl2
Parameters

Theoretical

Fitted

Theoretical

Fitted

C

-

17.28

-

6.27

,1E / cm· 1

51.30

151.54

629.43

629.03

Table 6.5.

Fit parameters of infrared FIRs

using thermal population model, Eq. 6.1
(Er3+:Ah03 fibre)
FIR IR13

FIRIRI2
Parameters

Theoretical

Fitted

Theoretical

Fitted

C

-

-1.17

-

-1.84

f1E / em· 1

49.96

568.02

86.40

359.94
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Figure 6.9a. Green intensity ratios, FIRg12 - FIR g15 , as a
3
function of temperature (Er +-doped tip AI 20 3 fibre)
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Figure 6.9b. Green intensity ratios, FIR g23 - FIR g25 , as a
3
function of temperature (Er +-doped tip AI 20 3 fibre)
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Figure 6.90. Green intensity ratios, FIRg34 - FIR g4s ' as a
3
function of temperature (Er +-doped tip AI 20 3 fibre)
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Figure 6.10a. Modeling of green FIRg12 (ls4onm/ls41.snm)
3
using Eq. 6.1 (Er +-doped tip AI 20 3 fibre)
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Figure 6.1 Ob. MOdelin~ of green FIR g15 (154onm/1559nm)
using Eq. 6.1 (Er +-doped tip AI 20 3 fibre)
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Figure 6.11 b. Infrared FIRIR25 - FIR 1R34 as a
function of temperature (Er +:AI 20 3 fibre)
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Figure 6.12b. Modeling of infrared FIR 1R13 (11511.5nm/11547nm)
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6.2.2

Temperature sensing with equally E r 3+ + Yb 3+-codoped Ah03 fibres

Codoping with Yb 3+ sensitiser ions provides a broad absorption band in the region of

800 - 1000 nm for excitation of the Er3+ ions, relaxing the need for accurate
matching of pump wavelength [6.22]. This ultimately results in a stronger
fluorescence intensity from the Er3+ as has been observed, while the high dopant
concentration incorporated into the Ah03 host ensured that most of the pump
photons went into upconversion excitation of the

4F912

and 4S3/2 populations.

Upconversion from these levels to the ground state then led to emission in the red
and green spectral regions. At elevated temperatures, where there is an abundance in
the supply of thermal energy, rapid non-radiative multi-phonon decay will thus
occur, resulting in a temperature-dependence of the narrow emitted lines from these
spectral regions. The ratio of the intensities from both the green and red fluorescence
can therefore be expected to be dependent on temperature and exploited in fibre optic
thermometry. IR emission in the 1530 nm region was found to be relatively weak in
these fibres and has not been investigated since most of the pump energy was
channelled into excitation of the higher lying energy manifolds from which the
intense visible emission was detected.

Due to the strong upconversion intensities in the green and red, it has been possible
to perform temperature-dependence investigations in both bands using three different
techniques. The green and red upconverted emissions both resulted in five distinct,
sharp lines and the fluorescence intensity ratios (FIRs) of these lines have been
monitored up to -1220 K for the green (538 - 550 nm) and for the red (649 - 670
nm). Opening the monochromator slits to allow a relatively broad bandpass, the
intensities of both the green and red upc<?nversion have also been monitored up to

-1320 K and -1420 K for the green and red respectively.

In addition, lifetime

decays of both green and red bands as a function of temperature have also been
pursued, albeit to a lower temperature range of -1000 K.
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6.2.2.1 Temperature dependence of green and red upconversion FIRs
3

Green and red upconversions have been measured in Er3+ + Yb +-codoped Ab0 3
fibres and emission from these regions was observed to exhibit narrow-linewidth
structures from within the same manifold in the respective spectral regions. In the
green, sublevels within the 4S3/2 level have resulted in several sharp lines at 538.5,

541, 542.5, 547.5 and 550 nm. In the red upconversion, the lines have been observed
at 649.5,654,657.5,664 and 670 nm, and have been considered to originate from the
4F9/2 state where Stark-splitting has resulted in several sublevels within that manifold

[6.22, 6.33]. The five green lines have been plotted in Figure 6.14 while Figure

6.15 shows the well-resolved structures from the red upconversion. The effect of
thermal pOPlllation of'the various sublevels has also been assumed to dominate the
fluorescence intensity ratios between these sharp-line emissions. Previous reports
employing Er3+ + Yb3+-codoped systems have involved multi-component glasses

[6.70,. 6.81] and silica [6.69] as host materials, thereby restricting the maximum
temperature which can be probed to well below 1000 K.

In this work, the high

melting point of the crystalline Ah03 host fibres has been

explo~ted

to attempt

temperature measurements up to 1200 K and investigate the suitability of these REdoped sapphire fibres for high temperature sensing applications.
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Figure 6.14. Narrow-line structures of green
3
3
upconversion emission (Er +:Yb +:AI 2 0 3 fibre)
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6.2.2.2 Experiments on green and red FIRs
Compared to singly Er3+-doped AhO) fibres which have been used

In

earlier

experiments, the incorporation of sensitising Yb 3+ ions has resulted

In

strong

upconversion signals both in the green and red, enabling one of the codoped fibres to
be employed in a reflective mode for the following temperature studies. Figure 6.16
shows a schematic of the experimental set-up used in the FIR measurements.
Er3+:Yb3+:Ah03 fibres were doped at one section of -20 mm with the active RE ions
of approximately equal concentrations. The pump wavelength used was obtained
from a 960 nm LACRYS laser diode array which was focused to a point and
collimated via a set of condensing and collimating lenses to enable more efficient
pulse

mod~lation

with an opto-mechanical chopper for lock-in detection.

The

collimated light was then directed into the aperture of a microscope objective (X20
MO) which focused it onto the end of the fibre. Upconversion from the far doped
end of these fibres was collected via the same MO and guided into the
monochromator by a thin beam splitter.

The length of the fibres

.~mployed

was

approximately 90 mm with fibres inserted into the heating chamber of a

CARBOLITE (model MTF /2/25/250) tube furnace in such a way that the whole of
the doped sections were completely inside the furnace. Only a short length of the
pure sapphire section, long enough to be secured to a three-axis translation stage, was
protruding. High temperature ceramic wool was introduced at both ends of the tube
furnace to prevent excess heat loss and maintain a stable thermal environment. A

Hamamatsu R928 photomultiplier tube (PMT) was used to detect the upconversion
signals dispersed through the monochromator, in conjunction with sensitive and
stable lock-in techniques. A chopper positioned at the focused spot just after the
condensing lens provided a means of pulse-modulating the pump source.

.

Data

acquisition was carried out by a dedicated computer which also, via a Labview
programme, controlled the monochromator via an RS232 link and synchronisation of
the signal detection process. Data were then saved for subsequent processing and
analysis.
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Figure 6.16. Schematic of experimental set-up for visible signal
detection of Er 3++Yb 3+:AI 20 3 fibre (doped length -20 mm)
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6.2.2.3 Results and Discussion

Both the FIRs of the green and red upconversion lines have been monitored up to
-1220 K, beyond which the respective signals were found to be very weak. Table
6.6 indicates how the fluorescence intensity ratios of the 538 - 550 nm. (green) and
649 - 670 nm (red) upconversion lines have been arrived at.

Similar to the

ratiometric technique used for Er3+:Alz03 fibres earlier, FIR}!,12 is the intensity ratio of
the 538.5 to 541 nm lines while FIR}!,45is the ratio of the 547.5 to 550 nm intensities,
and so on. For the red emission, the subscript "r" is used to describe the intensity
ratio of the five lines, other nomenclature remaining unchanged, i. e. FIRrl2
represents the 649.5 nm to 654 nm intensity ratio, etc.

The five lines which have been employed from both emissions give rise to an array
of 10 fluorescence intensity ratios in each of the respective spectra, resulting in

FIR}!,12 to FIRg45 for the green upconversion and from FIRrl2 to FIR r45 in the red
upconversion. The 10 FIRs of the green and red upconversion are plotted in Figures
6.17a (FIR}!,J2 - FIR}!,J5) , 6.17b (FIR}!,23 - FIR g25 ) and 6.17c (FIR}!,34'-- FIRg45), and
Figures 6.18a (FIRrJ2 - FIR rJ 5), 6.18b (FIR r23 - FIR r25 ) and 6.18c (F1R r34 - FIRr45)
respectively, as a function of temperature, with a majority of the ratios exhibiting an
increase with increasing temperature. Of these, two from each spectrum (FIRg25 and

FIR}!,35 from the green upconversion, FIR r25 and F1R35 from the red) have been
selected for potential temperature sensing due to the wider dynamic range available
as compared to the rest of the FIRs over similar temperature ranges.

It is also

expected that the selected lines can offer a larger change in their temperaturedependent ratios, as evident from the steeper slopes shown in Figures 6.17 and 6.18.
Attempts have been made to determine the origin of temperature dependence of the
intensity ratios from the sublevels within the same manifold described by the thermal
population model given in Eq. 6.1. These are shown in Figure 6.19a for FIR}!,25 and

FIR}!,35 of the green emission (4S3/2 or 2HI1/2

-7

4115/2 transition) and in Figure 6.19b

for the red intensity ratios, FIR r2 5 and FIR r35 , due to the 4F912

-7

4115/2 transition. The

fitted parameters are listed in Table 6.7 for the green (FIR}!,25 and FIRg35) and in
Table 6.8 for the two red FIRs.
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It can be seen that the majority of the FIRs measured have shown an increase in ratio
with an increase in temperature, consistent with thermal population of the higher
levels from below, while only a handful of the intensity ratios were found to decrease
with increasing temperature. Moreover, FIRs which decrease with temperature can
be seen to exhibit relatively small changes compared to those exhibiting an apparent
increase in ratio values with increasing temperature. This would suggest relatively
poor phonon coupling between these levels.

In effect, due to the stronger

fluorescence signals detected from the highly codoped fibre, it has been possible to
monitor a wider temperature range (from room temperature up to -1223 K) than was
practical with previous results based on singly Er3+-doped sapphire fibres. From the
green upconversion emission, FIR g25 and F1R35 are shown (Figures 6.17b and 6.17c)
to exhibit larger temperature dependences than the other FIRs over the same
temperature range and are thus investigated further for their suitability in temperature
sensing. Similarly, the two most prominent red FIRs selected for further temperature
dependence studies are FIR r25 and FIR r35 .

The uncertainty obtained from the

measured intensity ratio data has been found to be relatively large, particularly at
very high temperatures, with the maximum being -48 % for FIR g25. and FIR g35 .at

1223 K. On the other hand, the maximum errors for the red FIRs have been found to
be 7 % or less throughout the entire temperature range (291 - 1223 K). This is likely
to be due to the much stronger signal in the red compared to the green upconversion.

Further attempts to better describe this thermalisation (or thermal population) effect
on particular sublevels within the same transition manifold or between the levels of
different manifolds have been based on the model expressed by Eq. 6.1. The fitted
curves can be seen in Figure 6.19a for the green ratios and in Figure 6.19b for the
red FIRs, with the usual fit parameters listed in Tables 6.7 and 6.8 respectively.
From the curve fitting procedure, it can be noticed that despite there not being an
exact fit for all FIRs, the general exponential profile has been exhibited by all lines
concerned.

In particular, the fitted value of the energy gap for the green

upconversion ratio between the 541 nm and 550 nm lines, and between the 542.5 nm
and 550 nm lines are radically different from that of -700 cm" already published

[6.70].

Although a different material has been used as the host in that work

(chalcogenide glass), this suggests that other factors such as second or even third
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order excitation within the same manifold/level may have been the cause of this
discrepancy.
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Table 6.6. Denotation of green and red fluorescence
intensity ratio (FIR) of Er3+:Yb 3+.codoped Ah03
fibre.
Denotation
(visible)

Intensity ratio

(hI

/Id

Denotation
(infrared)

Intensity ratio

(hI

/Id

FIRgl2

1538.5nm / 1541 11m

FIRrl2

1649.5nm / 1654"m

FIRgl3

1538.5nm / 1542.5nm

FIRrl3

1649.5nm / 1657.511m

FIRgl4

1538.5nm / 1547.511m

FIRrl4

1649.5nm / 1664nm

FIRgl5

1538.5nm / 1550l1m

FIR rl5

1649.5nm / 1670l1m

FIR g23

1541 nm / 1542.5511m

FIRr23

1654nm / 1657.511m

FIRg24

15410m / 1547.511m

FIRr24

16540m / 16640m

FIRg25

154111m / 15500m

FIR r25

165411m / 1670l1m

FIRg34

1542 .5om / 1547.511m

FIRr34

1657.5om / 1664l1m

FIR g.15

1542.5l1m / 1550l1m

FIR r35

1657.5om / 1670l1m

FIRg45

1547.511m / 1550l1m

FIR r45

1 664l1m / 1670l1m
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.-

Figure 6.17a. FIRs (FIR g12 - FIR G15 ) of green upconversion as
3
3
a function of temperature (Er +:Yb +:AI 20 3 fibre)
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Figure 6.17b. FIRs (FIR 23 - FIR 25) of green upconversion as
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a function of temperature (Er :Yb :A1 20 3 fibre)
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Figure 6.17c. FIRs (FIR g34

-

FIR g4s ) of green upconversion as
3

3

a function of temperature (Er +:Yb +:AI 20 3 fibre)
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Figure 6.1Sa. FIRs (FIR r12

-

FIR r1s ) of red upconversion as
3

3

a function of temperature (Er +:Yb +:AI 20 3 fibre)
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Figure 6.1Bb. FI Rs (FI R

r23

-

FI Rr25 ) of red upconversion as
3

3

a function of temperature (Er +:Yb +:AI 20 3 fibre)
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Figure 6.1Bc. FIRs (FIR r34
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FIR r45 ) of red upconversion as
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a function of temperature (Er +:Yb +:AI 2 0 3 fibre)
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Figure 6.19a. Thermal model of green FIR 92~5 (1 5413nm115 50nm ) and
3
FIR935 (1542.5nm/1550nm) based on Eq. 6.1 (Er +:Yb +:AI 20 3 fibre)
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1200

1400

Table 6.7.

Fit parameters of green FIRs using

thermal population model, Eq. 6.1 (Er3+:Yb 3+_
codoped AIz03 fibre)
FIRg25

FIRg35

Parameters

Theoretical

Fitted

Theoretical

Fitted

C

-

1.47

-

1.68

.1E / cm- J

302.47

15172.25

25.14

13772.73

Table 6.8.

Fit parameters of red FIRs using

thermal population model, Eq. 6.1 (Er3+:Yb 3+_
codoped AIz03 fibre)
FIR r25

FIR,35

Parameters

Theoretical

Fitted

Theoretical

Fitted

C

-

1.39

-

1.94

.1E / cm- J

365.15

2132.61

283.75

2593.94
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6.2.2.4 Temperature sensing based on up conversion intensity of equally codoped
Er3+ + Yb 3+:Ah03 fibres

The simplicity of intensity-based fibre optic sensors is one of the main reasons for
their commercial success although one main drawback of such a sensor has been the
need to monitor and -eliminate any varaitions in the source power.

The strong

upconversion emission from the green and red spectral regions of the codoped fibre
has been exploited as a potential intensity-based temperature sensor.

One of the

easiest ways to correct for any power fluctuation, and hence upconversion intensity
fluctuation, is to monitor both the emission intensities and the pump laser intensity
simultaneously, the ratio of which can then used to correlate to the variation in
temperature. An additional photodetector was thus required for the monitoring of the
laser power. However, the availability of fast and stable photodetectors at relatively
low cost in the visible spectrum can allow this task to be simplified both in practical
and economic terms.

Both the green and red upconversions have been investigated, ~here emission
intensity from the excited level 4S3/2 (or 2H II12 ) to the ground state 4115/2, resulting in a
bright green fluorescence, and the 4F9/2 ~ 4115/2 transition, resulting in red
fluorescence, have been monitored simultaneously as a function of temperature up to
1323 K and 1423 K respectively. It has also been assumed that the green and red
upconversion intensities exhibit an exponentially decaying behaviour with increase
in temperature according to the following expression

(6.2)

I(T)= Ii exp(-!ill / kT)

where I(T) is the intensity of the green or red upconversion at temperature T, Ii the
original intensity at an initial temperature, .1E is the energy gap between the
respective upconversion and ground energy levels, k the Boltzmann's constant and T
the temperature measured. This is similar to Eq. 6.1 although the integrated intensity
over a passband of -3 nm from the excited level to the ground state is measured
instead. The model is thus a reasonable assumption as shown later by the close fit of
this equation to the experimentally obtained data.

337

6.2.2.5 Experiment on intensity-based temperature sensor

The upconversion intensities due to the
4115/2

4S3/2

(or

2 HII12 )

~

4 11512

(green) and

4F9/2

~

(red) transitions have been measured and normalised to the laser power over a

relatively wide temperature range (294

~

1323 and 1423 K, in the green and red

respectively). With the aid of the monochromator, the same spectral bandwidths for
both upconversion intensities can be employed by adjustment of the slit widths
which act as a narrowband optical filter.

Figure 6.20 shows a schematic of the experimental set-up of the intensity
measurement method. A laser diode array with an emission wavelength in the region
of 960 nm has been used as the appropriate excitation source for the Er3+ +
Yb3+:Ah03 fibre. The beam was first focused to a point before diverging again onto
another lens to be collimated and directed into a microscope objective (X20 MO).
The MO has been used to focus the 960 nm radiation into the end of the fibres. The
far end of th.e fibres consisting of a doped section -20 mm long, wa§ positioned as
deeply as possible into the heating chamber of a stabilised tube· furnace.

The

backscattered or reflected upconversion signal generated from the doped fibre, via
the MO, was reflected by a beam splitter onto a 50 mm focusing lens which then
focused the upconversion and pump signals onto the slits of the monochromator.
The beam splitter also diverted a fraction of the pump power onto a photodetector to
enable the pump intensity to be measured. To enable a reasonably large amount of
both the green and red upconversion intensities to be detected, the wavelengths of the
peak intensities of each spectrum were determined (542 nm for the green and 657.5
nm for the red). The widths of the entrance and exit slits of the monochromator were
then widened to -2000 11m to set a bandpass of -3 nm for both emissions.

A PMT was used to detect the green and red intensities in conjunction with a lock-in
amplifier, the pump signal was mechanically modulated by a chopper, so that a
highly stable yet sensitive output voltage signal could be achieved.

Once the

intensity reading at room temperature has been obtained, the temperature of the oven
was varied from 323 K up to a maximum of 1323 K for the green upconversion. The
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maximum temperature investigated using the red upconverion intensity was -1423

K. For both emissions, very strong output signals could be measured up to relatively
high temperatures. Towards the maximum temperature for the respective monitored
spectrum, noise became noticeably more severe.

The pump intensity was also

monitored and found to be stable throughout the entire experiment.
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Figure 6.20. Schematic of experimental set-up for measurement of
upconversion intensities in Er 3++Yb 3+:AI 20 3 fibre (doped length -20 mm)

6.2.2.6 Results and Discussion

The output intensities from the green and red upconversion emissions were
monitored and averaged. The narrow bandpass of the monochromator permitted a
clear signal at the target wavelength range to be accurately detected as well as
excluded the possibility of detecting the otherwise erroneous intensity from the
additional line emitted by the pump laser (at -525 nm).

The measured intensities, normalised to the monitored laser power, are shown in

Figure 6.21a for the green emission up to 1323 K and in Figure 6.21b for the red up
to 1423 K. The two figures also show the associated errors plotted as a percentage of
the normalised values with the largest errors obtained towards the maximum
temperature points. Due to the stronger upconversion

int~nsity

in the red compared

to the green, it has been possible to study the emission up to a higher temperature of
1423 K.

As with the previous studies discussed in eadier

s~ctions,

an accurate

calibration curve which is fast and simple to use is desirable so that the measured
data can be of practical use. Through the use of Eq. 6.2, such a curve..has been fitted
to both the normalised green and red intensities, and can be seen in Figures 6.21a
and 6.21b together with the experimental data respectively.

It is also seen that

relatively good fits have been obtained. Table 6.9a compares the difference between
the measured and fitted data for the

4S3/2

difference in the red emission due to the

~

4F9/2

4115/2

~

(green) transition while the

4115/2

transition can be found in

Table 6.9b. An estimate of the sensitivity of the two upconversion intensities has
been obtained by differentiating Eq. 6.2 for each of the normalised data concerned.
The sensitivity curves are plotted in Figure 6.21c, showing a maximum at the point
when the slopes of the intensity-temperature curve for both emissions (Figures 6.21a
and 6.21b) are steepest. It was also considered that the ratio of the red to the green
intensities could be of some value as a temperature-dependent sensing parameter.
This ratio is shown in Figure 6.22.

It can be seen in Figure 6.21a that the green decreases steadily as the temperature is
increased. This curve "flattens" out towards the higher temperatures and very large
errors ·can be seen at 1323 and 1273 K.

This is in part due to the drastically

weakened emission intensity at elevated temperatures detected by the PMT, thus
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contributing to fluctuations in the output signal which is then dominated by noise.
Nevertheless, it can be seen (Figure 6.21a) that the decay profile of the green
upconversion intensity with temperature is almost an exponential, as shown by the
adjacent fitted curve using Eq. 6.2. The comparison of the measured and fitted data,
shown in Table 6.9a, reveals that a reasonably good fit has been achieved.
However, large percentage errors have been encountered due to the ever diminishing
intensity as temperature was raised, with a maximum error of more than 90 % at

1223 K. The red intensity has also been found to exhibit an exponentially decaying
dependence on temperature (Figure 6.21b). The fitted curve using Eq. 6.2 can also
be seen to fit the measured data reasonably well, with a rather general agreement
between the measured and fitted values (Table 6.9b). The maximum error in the red
is more than 600 % at 1323 K. This could be attributed to the fact that the green
emission is.a second-order upconversion process. The excited population at the 4S3/2
state is a result of direct excitation from the

4F9I2

state, hence at elevated

temperatures, the depletion of the 4F912 population due to non-radiative multi-phonon
decay would take precedent over that from the higher excited state, leading to further
reduction in the probability of transition between the two levels:-

This would

ultimately lead to a much depleted excited state population in the higher 4S312 level
and, due to the existence of several sublevel transitions within that manifold, result in
a decay from this level with a lifetime which might not be exponential [6.12, 6.22,

6.72, 6.76]. Hence, the assumption that the reduction in observed intensity in both
upconversion processes was attributed to contribution from non-radiative multiphonon relaxation to the ground state can be found to be reasonable. The strong
upconversion in both the green and red spectral regions can be related to the main
dynamics of the energy transfer processes between the first excited state and the 4F9/2
level, and the second-order upconversion population of the even higher energy
levels, 2HlI/2 and 4S3/2' as discussed by various authors [6~22, 6.69, 6.70, 6.71, 6.79,

6.80]. In addition, the existence of the various sublevels within a primary manifold
has been considered to be due to the effect of Stark splitting due to electronic
interaction with the crystal lattice and the RE ions. The idea of a thermalisation
effect resulting in thermal population of the 2HII/2 level from the slightly lowe.r
energy level 4S312 has also been suggested as the main mechanism for the relative
change in intensities of the inter-manifold sublevels.

The resulting peaks of the

sublevels can thus be seen to undergo thermally-assisted energy transfer among
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themselves as the temperature is raised and providing a means to track these changes
can lead to potential thermometric applications.

The intensity ratio of the red to green upconverslOn, shown in Figure 6.22, in
, contrast, was not found to be very practical for sensing purposes as demonstrated by
a non-monotonic profile in which there is a large reduction in ratio at 1273 K. This
is probably due to the large percentage errors present when taking the ratio of both
intensities.

However, an increase in the ratio can be seen with increasing

temperature, implying that the green upconversion transition is more temperature
dependent while the red transition is relatively more stable at elevated temperatures.
Also, if the already large percentage errors (towards the high temperature end) from
the ,respective upconversion intensities measured could be reduced, a monotonic
relationship in this ratio could probably be' realised.
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Figure 6.21 a. Green upconversion intensity as a
3
3
function of temperature (Er +:Yb +:AI 2 0 3 fibre)
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Figure 6.21 b. Red upconversion intensity as a
3
3
function of temperature (Er +:Yb +:AI 20 3 fibre)
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Comparison

6.9a.

Table

experimental

.of

and exponentially-fitted

data in green upconversion intensity
changes

temperature

with

(Er3+:Yb3+:Ah03 fibre)
Temp

Normalised

Fitted values

Error

/K

intensity values

using Eq. 6.2

/%

295

0.939733

0.930003

-1.04

323

0.801903

0.812394

1.31

373

0.625142

0.637984

2.05

423

0.490979

0.500827

2.01

473

0.389967

0.392967

0.77

523

0.311147

0.308145

-0.96

573

0.250760

0.241441

-3.72

623

0.204190

0.188985

-7.45

673

0.162966

0.147734

-9.35

723

0.126939

0.115293

-9.17

773

0.098109

0.089782

-8.49

823

0.071687

0.069720

-2.74

873

0.047626

0.053943

13.26

923

0.030898

0.041536

34.43

973

0.018939

0.031779

67.79

1023

0.012796

0.024106

88.39

1073

0.009435

0.018072

91.54

1123

0.007070

0.013327

88.49

1173

0.005036

0.009596

90.55

1223

0.003333

0.006661

99.84

1273

0.002129

0.004354

104.48

1323

0.000780

0.002539

225.17
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Table

experimental
data

Comparison

6.9b.

in

red

of

and exponentially-fitted
upconversion

changes
with
(Er 3+:Yb 3+:Ah03 fibre)

intensity

temperature

Temp

Normalised

Fitted values

Error

/K

intensity values

using Eq. 6.2

/%

295

1.555697

1.564177

0.55

323

1.412111

1.42187

0.69

373

1.200295

1.197578

-0.23

423

1.010749

1.006644

-0.41

473

0.851904

0.844107

-0.92

523

0.718775

0.705743

-1.81

573

0.605050

0.587957

-2.82

623

0.499664

0.487689

-2.40

673

0.413093

0.402334

-2.60

723

0.334178

0.329673

-1.35

773

0.267827

0.267818

-0.003

823

0.207990

0.215163

3.45

873

0.143031

0.170339

19.09

923

0.096359

0.132181

37.18

973

0.063831

0.099699

56.19

1023

0.048189

0.072047

49.51

1073

0.038738

0.048508

25.22

1123

0.030091

0.02847

-5.39

1173

0.022634

0.011412

-49.58

1223

0.015917

-0.00311

-119.54

1273

0.008297

-0.01547

-286.46

1323

0.004407

-0.02599

-689.88
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Figure 6.21 c. Sensitivity curves of red and:f1reen upconversion
3
intensity as a function of temperature (Er :Yb +:AI 2 0 3 fibre)
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Figure 6.22. Intensity ratio of red to green upconversion
3
3
as a function of temperature (Er +:Yb +:AI 20 3 fibre)
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6.2.2.7 Temperature dependence of the green and red up conversion decay
lifetimes

The temperature-dependences of the decay lifetimes of both the green and red
upconverslOn emissions are investigated in this work for their suitability in
thermometric applications.

Plotted in Figures 6.23a and 6.23b are the decay

lifetimes of both the green and red upconversion at 323 K. A slower decay back to
the ground state can be seen (see inserts) to be superimposed onto an initial rapid
decay. No earlier data has been reported on this "uncharacteristic" behaviour of the
upconversion lifetime decay of any RE-doped materials. However, it has already
been seen in an earlier experiment that the primary manifolds, namely the

4 S3/2 ,

2HII/2

and 4F9/2 states, consist of several Stark-split sublevels which resulted in sharp
emission lines separated by very narrow energy gaps. Employing the .fluorescence
intensity ratio method, these lines were also seen to exhibit a dependence on ~
temperature, with relative changes occurring between their peak intensities.

The

inter-manifold energy transfer dynamics among these sharp lines between the
respective spectral emissions have been already been considered [6.71: 6.79, 6.80] to
be due to a thermally-assisted excitation process between the green 4S3/2 and
states, with the higher level, 2HII12 , being populated as a result.

2H.ll!2

The competing

processes between the 4S3/2 ~ 4115/2 and 2HII12 ~ 4115/2 transitions thus lead to
relative changes in their respective intensities with temperature.

Such thermally-

assisted population processes are also suggested to be the main mechanisms
determining the lifetime decay characteristics of the green and red (within the 4F9/2
manifold of the

4F912

~ 511512 transition) upconversion, where competing lower

sublevels are thought to lead to a very rapid decay as portrayed by the figures. Repopulation of the higher energy sublevels from the lower levels may then be reflected
in the formation of another lifetime profile, followed by subsequent decay to the
ground state.

Although the very fast initial lifetime decay attributed to the first stage transition
process involving the various sublevels may not be monitored rapidly enough or
have a sufficiently wide range over the temperatures to be investigated, attempts
have been made in this work to relate the slower decay encompassed by the
relatively weaker second decay lifetime to changes in the temperature to which the
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codoped fibre has been subjected.

In addition, due to the very high dopant

concentration levels of both the Er3+ and Yb 3+ ions, the lifetime decay was not
expected to behave in an exponential manner.

6.2.2.8 Lifetime experiment

A schematic of the experimental set-up can be seen in Figure 6.24. It is relatively
similar to earlier experiments on measuring the intensities and FIRs of the codoped
fibre. An IR laser diode at 960 nm was employed as the pump source. Focusing and
collimation of the beam was done using a set of lenses as shown in the figure. The
doped end-section of the sapphire fibre was pumped by the 960 nm radiation via a

X20 MO which focused the collimated beam into the end of the fibre. Backscattered
upconversion emission in the green and red was then reflected and guided by a thin
beam splitter into the entrance slit.

The photodetector employed was a R928

Hamamatsu PMT attached to the exit slit of the monochromator. Both the entrance
and exit slitwidths have been set to -2000 f.lm wide, in effect, acting as a narrowband
filter.

The output signal from the PMT was connected to a high-speed current

amplifier to provide a 50 Q-terrninated input to the 500 MHz HP digitising
oscilloscope where 11 bit averaging of the signal resulted in a lifetime decay profile
being acquired. The data for each temperature point investigated were then saved
onto a floppy disc and transferred to a computer for analysis.
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Figure 6.23a. Lifetime deca¥ of green upconversion
3
at 323 K (Er +:Yb +:AI 0 fibre)
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Figure 6_23b_ Lifetime decay of red upconversion
3
3
at 323 K (Er +:Yb :AI 20 3 fibre)
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6.2.2.9 Results and Discussion

The dependence on temperature of the upconversion decay lifetimes for the green
and red emissions has been investigated as a potential temperature sensing
mechanism as described in the previous section.

The acquired data from the

averaging oscilloscope has been processed using an Easyplot software package for
curve fitting and some statistical analysis. The decay lifetimes have been assumed to
be of an exponential nature and an exponential fit applied to all lifetime data.
However, the actual decay from both the green and red emissions was found to be
rather non-exponential. Figure 6.25 shows the result of the exponential curve-fitting
applied to obtain the· temperature dependence of the green upconversion decay
lifetime up to -973 K. The standard deviations from the curve-fitting procedure
have been shown as a percentage error of the detected lifetime and are relatively
large. The maximum error was found to be -3 % at 973 K, corresponding to a
resolution of. -29.5 K at· that temperature.

In Figure 6.26, the temperature

dependence of the red upconversion lifetime has been determined from fitting an
exponential to the acquired data at each temperature point.

The maximum

temperature studied in the red was -1123 K, which was also the temperature at
which the maximum error, -5.78 %, was obtained. This corresponded to a practical
resolution of 64.9 K. The two results from curve fitting procedures, one for green
upconversion lifetimes and the other for the red lifetimes, are listed in Tables 6.10
and 6.11 respectively.

It is obvious from Figures 6.25 and 6.26 that the upconversion lifetimes in the green

and red spectral emissions are clearly not suitable for employment as a potential
temperature-dependent parameter.

The green upconversion lifetimes have been

found to fluctuate throughout almost the temperature range investigated and while
relatively large errors have been associated with each temperature point, the lifetime
dependence on temperature did not exhibit any monotonic characteristics. The only
significant temperature region in which the lifetimes seem to exhibit any positive
sensing potential was found to be between 523 and 823 K, where the green
upconversion lifetimes were seen to increase steadily from 523 K to 823 K (Figure
6.25).

Beyond 823 K, it was found to decrease sharply again with increasing

temperature. The irregular nature of the lifetimes makes it very difficult to correlate
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them to temperatures, and in particular, the non-exponential nature of the
upconversion lifetime decay results in complicated models or functions which may
have to used in order to fully describe the obtained lifetime data. The lifetimes of the
red upconversion shown in Figure 6.26 can also be seen to vary markedly over the
entire temperature range. The segment over which the lifetimes are seen to exhibit
any potential monotonous characteristics can be found between 723 K and 1123 K,
although not all the lifetimes exhibit an increase with increasing temperature. This is
due in large part to the non-exponential lifetime decay from the red emission and
perhaps, to a more important extent, to the complicated dynamics behind the
transitions between the green and red. upconversion processes. The red spectrum
may be known as a first-order upconversion process while the green emission can be
. attributed as a second-order mechanism which continuously depletes the excited state
population from the

4F912

.level [6.72]. The prediction of the emission from the first

excited state resulting in 1.53

~m

emission as well as the green and red upconversion

transitions based on models thus gets more complicated and non-exponential.

In

particular, the concentration levels of the constituent dopant materials also contribute
significantly to such behaviours.

It is thus seen that the lifetimes from both the green aI)d red upconversion processes

cannot be employed for temperature sensing purposes. Other ways would have to be
found to exploit the strong visible emissions from Er3+ + Yb3+-codoped Ab03 fibres
in order to employ them in temperature sensing applications. Earlier work carried
out have focused on the relative changes in the emission peaks of the sublevels
within the green and red manifolds. In addition, the intensities of both upconversion
emissions have been found to exhibit a smooth monotonous decrease in magnitude
with increasing temperature. These investigations are thus justified as the lifetimes
have been found to be clearly impractical for such an application.
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Figure 6.2S. Temperature dependence of green
3
3
upconversion lifetime decay (Er +:Yb +:AI 0 fibre)
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Figure 6.26. Temperature de~endence of red
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upconversion lifetime decay (Er +:Yb +:AI 20 3 fibre)
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Table

6.10.

Lifetime

denotes the level of fitting confidence)
Temp

Upconversion

Error

Accuracy

IK

lifetime 1 s

1%

IK

295

5.09055E-04

1.26

3.64

0.986

323 .

5.66290E-04

1.46

4.70

0.979

373

5.39121E-04

1.43

5.34

0.981

423

5.67241E-04

1.57

6.63

0.977

473

5.41982E-04

1.65

7.80

0.976

523

4.70860E-04

1.15

6.03

0.987

573

4.85109E-04

1.21

6.94

0.985

623

5.05817E-04

1.04

6.45

0.989

673

5.25591E-04

1.30

8.73

0.983

723

5.47834E-04

1.29

9.35

0.983

773

5.55784E-04

1.41

LO.92

0.98

823

6.05846E-04

1.73

14.26

0.97

873

4.84409E-04

1.73

15.12

0.97

923

6.05480E-04

1.99

18.34

0.965

973

5.56654E-04

3.03

29.49

0.916
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r2

Table

6.11.

Lifetime

decay

3
3
upconversion in Er +: Yb +:Ah0

3

of

red

fibre (r2

denotes the level of fitting confidence)
Upconversion

Error

Accuracy

IK

lifetime I s

1%

IK

295

6.05523E-04

4.92

14.28

0.848

323

4.54122E-04

0.88

2.85

0.993

373

4.83862E-04

1.02

3.79

0.990

423

5.09525E-04

1.15

4.87

0.988

473

5.03843E-04

1.18

5.60

0.987

523

5.30110E-04

1.37

7.18

0.983

573

4.84543E-04

1.25

7.15

0.986

623

3.22107E-04

0.45

2.82

0.998

673

3.93558E-04

0.81

5.46

0.993

723

3. I 8844E-04

0.91

6.55

0.992

773

3.71832E-04

0.76

5.85

0.995

823

4.34276E-04

1.04

8.58

0.990

873

4.67913E-04

1.04

9.10

0.990

923

4.27436E-04

1.18

10.86

0.986

973

5. 13364E-04

1.32

12.83

0.983

1023

5.14156E-04

1.82

18.59

0.970

1073

5.69486E-04

2.75

29.46

0.940

liB

6.20031E-04

5.78

64.94

0.767

Temp
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6.2.3

Temperature sensing with high Yb 3+ + low Er 3+ :Ah03 fibres

In this section, RE-codoped Ab03 fibres with very high Yb 3+ and low Er3+
concentrations (in an approximately 10: I ratio) have been employed. This was done
to obtain the additional IR signals from Yb 3+ in the 1000 nm region for fluorescence
intensity ratio measurements as well as potential lifetime detection.

Fibre optic

3

sensing schemes employing Yb +-doped glasses have been recently reported by
several authors [6.58, 6.60, 6.61, 6.62, 6.63]. While most of the RE ions may be
trivalent in nature, schemes based on divalent ytterbium have been in doped bulk
fluoride-based crystals and employed for temperature sensing in the cryogenic range
between 60 and 130 K [6.63]. The active material employed by the authors [6.63]
was a sol-gel coated dye of an active Yb 2+:CaF2 layer onto a rotating disc from which
the temperature-dependent fluorescence lifetime could then be measured. Like many
fluorescence-based sensing schemes, the measurement of the fluorescence decay
lifetime of the active materials remains a useful tool to correlate with its dependence
on temperature (or other physical parameters). A large body of work on RE-doped
fibre optic sensing schemes have been und·ertaken by researchers_ to investigate
suitable materials for the various requirements in temperature and strain sensing.
The interesting emission wavelength of Yb 3+-doped materials, in the 980 - 1200 nm
region, as well as the all-important role of efficient energy transfer sensitiser ions
have generated great interest especially in fibre optic telecommunications for these
active dopants. In addition, co-doping with Yb 3+ also enables systems such as those
doped with Er3+ to exhibit a broader absorption band. This is highly advantageous
since a broad range of pump wavelengths, in the 800 - 1000 nm range where
inexpensive high-powered IR laser diodes are commercially available, can then be
employed as excitation sources.
The fluorescence decay lifetimes of Yb 3+-doped silica glass fibres have been
employed as temperature and strain sensors [6.60, 6.61, 6.62].

Although

temperatures in the 1000 K region can be accurately measured, heat treatment or
"thermal annealing" is needed to be carried out in order to ensure stabilised and
repeatable lifetime measurements over long periods of time [6.60]. In addition, an
earlier temperature sensing scheme has been proposed based on the ratio of the
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fluorescence intensities of two emissions at -976 and 1030 nm, the main
fluorescence emission peaks of materials doped with Yb 3+ [6.58].

6.2.3.1 Temperature dependence of IR FIR of highly Yb 3+: lowly Er3 +-codoped

Ah03 fibres

The fluorescence intensity ratio remains a useful technique in the area of fibre optic
sensing in that, suitably selected fluorescent materials, with sufficiently strong
emission bands/peaks in a particular spectral region can be employed as indications
of the changing parameter to be measured.
upconversion from transitions with

In particular, fluorescence and/or

closely-space~

energy gaps are attractive since

the excitation of the manifolds are inextricably linked to the effect of thermal'
population effects [6.80, 6.79] with an increase in the temperature providing
sufficient thermal energy-assisted promotion of the excited ions from one level to
another. Hence, by taking the ratio of the intensities of the specific transitions, and
accounting for the intrinsic properties of the doped materials, sensing schemes based
on this fluorescence intensity ratio can be considered as a "self-referelwed" technique
without having to stringently monitor the pump power fluctuation.

A point

temperature sensor has been demonstrated by Maurice et ai. [6.58] employing such a
technique, exploiting the IR fluorescence spectrum from the ytterbium-doped fibre.
The sensor probe was fabricated from a silica fibre doped with Yb 3+ ions and a laser
pump source at 810 nm has been employed to excite emissions from the energy
sublevels of the 2Fs/2 manifold. The IR fluorescence results in peaks at 910, 976 and
1030 nm, the latter two of which have been used in a FIR technique as a measure of
temperature. The ratio of the intensities from the two transitions to the ground state,
2FsnCa) at 1030 nm and 2FsnCb) at 976 nm, due to thermal population or coupling
between the two sublevels can thus be described using a model given by the
expressIOn

a"

R =-exp( -/ill / kT)
a"

(6.3)

where R is the fluorescence intensity ratio, d l and

d

J

are the emission cross sections

of the 2FsnCa) and 2Fs12 (b) sublevels respectively, dE the energy gap between these
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two sublevels, k the Boltzmann's constant and T the temperature in K. This is an
identical equation to the one used in earlier work on upconversion fluorescence
intensity ratios of Er3+:Ah03 and codoped Er3+ + Yb3+:Ah03 fibres. Such a scheme
has also been investigated in this work where the sensing probe employed was a
Yb 3+:Er3+:Ah03 fibre with observed emissions at 996 and 1025 nm when pumped at

-965 nm. Coupled to the high melting point of the sapphire host fibre, a "selfreferenced" temperature sensor based on the FIR of ytterbium-doped sapphire fibre
can be achieved, with the experiment being described below.

6.2.3.2 Experiment on temperature dependence of infrared FIR of high Yb 3+:
low E r 3+ :Ah03 fibres
A schematic of the experimental set-up is shown in Figure 6.27. The high Yb 3+: low
Er3+:Ah03 fibre was held securely inside a tube furnace in such a way that the doped
section, approximately 20 mm in length, was positioned as deeply as possible inside
the heating chamber of the furnace. Excitation of the doped fibre was provided by an
IR laser diode array operating at a centre wavelength of 965 nm._ The potential
temperature sensing probe was configured in a reflective mode as shown in the
figure.

An optical filter centred near the laser emission wavelength was placed

immediately after the chopper, near the minimum focal spot in order to reduce the
laser background "noise" from the actual measured signal. This excitation light was
then focused into the sapphire end of the fibre. The backscatteredlreflected signal
was then directed onto the entrance slit of the monochromator and detected by a
sensitive InGaAs photodetector.

Lock-in techniques have been employed for

sensitive and stable signal acquisition while a computer was used to store the
required information as well as to control the function of the monochromator.
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Yb 3+:AIP3 fibre

Optical filter centred
at -950 nm

CARBOLITE
furnace

"K" type
thermocouple

Beam splitter

VJ

0\

o

Focusing
lens

Optical
chopper
Entrance
slit
Exit
slit

High temp.
ceramic wool

Monochromato
r (DK 480)

Computer for data
acquisition and remote
monochromator control

0,0

High gain InGaAs
Photodetector

Figure 3.27. Schematic set-up for .infrared fluorescence intensity ratio
detection in high Yb 3+: low Er 3+:AI 20 3 fibre (doped length -20 mm)

6.2.3.3 Results and Discussion

The intensity ratio of the fluorescence emission at 1025

an~

996 nm

(11025nm/1996nm,

where I is the intensity) from the Yb3+:Er3+:Ab03 fibre has been detected as
described by the experiment shown in Figure 6.27 for temperatures ranging from
292 to 723 K. The measured FIR in the infrared region can be seen in Figure 6.28,
where an increasing exponential profile of the curve with temperature is relatively
obvious. In addition, the steadily increasing FIR with temperature up to 723 K is
found to be monotonic. The error on the measured data has also been found to be
reasonably small throughout the entire temperature range, with a maximum of -1.05
% at 723 K.

Hence, a relatively good accuracy can be achieved.

The thermal

population model governed by Eq. 6.3 (albeit for another material) has been tested
on the data obtained in this work and the curve fitted with this model is shown
together with the experimental data in Figure 6.28 while the relevant fitted
parameters are given in Table 6.12.

The results of the temperature-dependence of the infrared

fluorescenc~

intensity ratio

of the 1025 to 996 nm lines presented in Figure 6.28 are ail indication of the
suitability of utilising Yb 3+:Er3+:Alz0 3 fibres for temperature monitoring. The
experimental data are found to be repeatable as well as reliable, while the change in
the fluorescence intensity ratio can also be seen to be monotonic.

The room

temperature intensity peak of the 996 nm line dominates the 1025 nm intensity. By
increasing the temperature, the latter intensity has been observed to increase a little
until this intensity reached a peak value at -473 K before it started to stabilise again.
This can be seen in Figure 6.29 which shows the fluorescence traces at three
temperatures: 292, 373 and 473 K. The results obtained here are quite. dissimilar
from published temperature sensing work on Yb 3+-doped silica fibres [6.58], where
the peak intensities of the 976 and 1030 nm lines behaved in a reverse manner. The
intensity of the 2FsnCa)

-7

2F712 transition, resulting in fluorescence at a wavelength

of 1030 nm, was found to decrease gradually with increasing temperature. On the
other hand, however, the intensity at 976 nm (in that work) due to the next-higher
sublevel 2F :'il2(b)

-7

2F712 transition was thermally excited/populated by the lower-

energy sublevel, 2Fsda ), and found to be relatively stable, after a small increase. It
should be noted that the two emission wavelengths in that work [6.58] were at 976
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and 1030 nm while the two fluorescence peaks from the highly ytterbium-codoped
Er3+ sapphire fibres employed in this work have been observed at 996 and 1025 nm.
This apparent relative shift in both wavelengths could be due to the different phonon
energies intrinsic to the two different host materials used, the electronic-phonon
interaction dynamics between the RE Yb 3+ ions and the hosts as well as the different
excitation wavelengths employed. In addition, the change in fluorescence intensities
of the two wavelengths from the Yb 3+:Er3+:A}z03 fibre was such that the longer
wavelength intensity increased slightly before decreasing again and stabilising at or
after 473 K while the 996 nm fluorescence intensity was found to steadily decrease.

In order to better understand the energy transfer process from the Stark-split excited
states in Yb 3+ to the ground state, with resulting fluorescence emissions at 996 and
1025 nm, a model such as that given by Eq. 6.3, may be used to describe the relative
change in the peak intensities of the two emission lines in a ratiometric technique.
By monitoring this ratio as changes in temperature are effected, a good estimate of
the behaviours of the two lines (in the form of a ratio of their peak intensities), from
the point of the thermal excitation of population levels of the higher.. state from the
lower energy state, can thus be obtained. In singly Yb 3+-doped hosts, only two
effective population levels exist, 2Fs12 the excited level and 2F712 the ground state,
although it is known that multiple sublevels can occur due to Stark.,.splitting of the
crystal lattice. Interactions such as these thus result in the formation of several other
closely-spaced energy sublevels within a single manifold and, in turn, can lead to
fluorescence

emi~sions

characterised by narrow sharp lines separated by very small

wavelength bands. Fluorescence at 910, 976 and 1030 nm have been reported by
Maurice et al.[6.58] who employed the intensity ratio of the 1030 to 976 nm
emissions for thermometric applications involving a Yb 3+-doped silica fibre as the
sensor probe, obtaining a sensitivity of 1.1 % I DC as a result.

In this work, the

energy gap, the theoretical i1E, between the 996 and 1025 nm fluorescence emissions
is given by 284.1 cm'l. However, the use of Eq. 6.3 yielded a fitted i1E value of
443.5 cm'l which agrees to within a factor of -1.5 times that of the theoretical value.
This is a reasonable expectation since the simplified model governed by Eq. 6.3 only
considers an extremely simplified model of the physical processes with an energy
gap difference between the Stark-split sublevels of a singly doped system.
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This

upconversion process has been attributed to the presence of a small quantity of active
Er3+ ions and can lead to complex de-population routes for the first excited state in
the codoped system in which non-exponential decay of the IR fluorescence can occur
dependent on dopant concentration level and pump intensity [6.22, 6.72]. Thus, the
loss of the excited population, which leads to fluorescence at 996 eF5db) ~ 2F712
transition) and 1025

CZF512(1)

~ 2F712 transition) nm, to the still higher energy states

required for upconversion to occur via the Er3+ ion may need to be taken into
account. Nevertheless, a curve based on the model given by Eq. 6.3 can be achieved
and the fitted data are listed in Table 6.13. The equation can also be differentiated
and an estimation of the sensitivity expressed below as a measure of the sensitivity,

5, of the sensing probe

(6.4)

where R is the fluorescence intensity ratio between the two energy sublevels as given
in Eq. 6.3, Llli the energy gap between them (-284.1 cm- 1, in this work) and k the
Boltzmann's constant (1.38 x 1O-~3 11K). This would yield a sensitivity of -0.5 % I K
at room temperature, 292 K. The FIR curve in Figure 6.28 is based on the ratio
I1025nm/I996nm where I here represents the peak fluorescence intensity at the respective
wavelengths. A very good agreement can be observed where a maximum error of

-1.35 % has been obtained between the measured and fitted ratio.

Although, it should in practice be possible to measure the emission intensities at both
wavelengths to a much higher temperature level, the main difficulty encountered in
this experiment on the infrared FIR was the relatively wide laser emission
wavelength band. The IR laser used had a central wavelength of 965 nm and was
found to be near the fluorescence wavelengths of the doped fibre at 996 and 1025
nm. At high amplification, provided by the lock-in techniques employed, the laser
background signal was also detected upon which the desired fluorescence from the
Yb 3+ + Er3+-codoped sapphire fibre was superimposed. Hence, the maximum
temperature investigated has been limited to -723 K beyond which the background
signal due to the excitation pump laser dominated the 996 and 1025 nm fluorescence.
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Figure 6.28. Modelling the temperature dependence of infrared
3
3
FIR (11025nm / 1996nm) of Yb +:Er +:AI 2 0 3 fibre using Eq. 6.3

0.9
R1R(T) = a'exp(-~fT)

::j
<Il

--

2

0.8

max dev:0.0097160321, r =0.99840203
cr =0.042581228, cr =36.829424

0
:;:;
<Il

b

a:

>.

'iii

P

u

where a = cr /(/
and ~ = ~E/k

0.7

c

Q)

c

Q)

u

0.6

c

Q)

u

(/)

Q)
~

0

:l

0

FIRm
Mo el (Eq. 6.3)

550

650

0.5

LL

0.4
250

450

350

750

Temperature / K

Figure 6.29. Temperature dependence of IR fluorescence
at 292,373 and 473 K

::j

1800

*' -)( 292 K

<Il

--£

' I - ~ 373K
G---4i)

473 K

(/)

c

Q)

c

Q)

u

c

1200

Q)

u

996 nm

(/)

Q)
~

0

:l

u:

600
980

1020

1000
'A/nm

364

1040

Table 6.12. Fit parameters of IR FIRs based on
Eq. 6.3 (high Yb 3+: low Er3+:Ah03 fibre)
FIR gl5

Fitted

Theoretical

Parameters

1.24
443.48

284.06

Table 6.13.

Comparison of measured

and fitted infrared FIRs based on Eq.
6.3 (high Yb 3+: low Er3+:Ah03 fibre)
Error

Temp

Normalised

/K

FIRIR values

292

0.464240

0.463276

-0.21

323

0.493627

0.495717

0.42

373

0.546949

0.547726

0.14

423

0.602223

0.597843

-0.73

473

0.651181

0.645182

-0.92

523

0.688927

0.689404

0.07

573

0.720751

0.730467

1.35

.623

0.763601

0.768486

0.64

673

0.801582

0.803650

0.26

723

0.843779

0.836176

-0.90

Fitted FIR
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6.2.3.4 Temperature dependence of the FIRs of up conversion emission in the
green and red from high Yb 3+: low Er3+-codoped Ah03 fibres
3
With the doping technique adopted to poduce high concentration Yb + sapphire
fibres codoped with low quantities of Er3+ in a 10: 1 concentration ratio, strong IR
signals due to the Yb 3+ emission have been realised. These have been found to be
dominated by the laser background particularly at elevated temperatures and was one
of the main reasons for not measuring the lifetime decay from the 1000 nm
fluorescence due to Yb 3+. No other absorption peaks have been detected in the
visible absorption spectrum of these fibres (Chapter 4) except in the main
3
absorption bands centred at around 800 and 950 nm due to Yb +. However, the
introduction of an IR' pump source at 965 nm was found to induce relative strong
visible emission which could be observed visually. With the monochromator, both
3
green and red upconversions were detected. These are reminiscence of active Er +
transitions from the higher excited states, 4S3/2 (or 2H II12 ) and 4F9/2 to the ground
state, 4115 /2. In addition, a scan of the absorption spectra (visible and IR) revealed no
presence of Er3+ ions, which would otherwise have resulted in narrow absorption
peaks in the blue (-480 nm), green (-515 nm), red (-650 nm) and in the infrared

(-1500 nm). The IR fluorescence spectrum also revealed no emission at the typical
1.53 f.lm wavelength region. It is well-known that Yb 3+ ions are highly efficient
sensitisers [6.37] for Er3+-doped materials thus, only a minute amount of the latter
ions would have enabled the visible transitions in the green and red to occur. These
characteristics observed thus confirm the low Er3+ concentration levels in the doped
fibres, implying that most, if not all, of the pump energy has been efficiently
channelled into the excitation of the higher energy levels (from which green and red
upconversion has been detected) while at the same time depleting the excited
population of the first excited state to the effect that no emission in the 1.5 f.lm region
occurred. Further, the use of high Yb 3+ concentration levels has enabled emission
characteristic of these ions to be measured, as demonstrated earlier, which was also
the main objective of producing fibres doped in this manner. Experiments were,
nevertheless, carried to study the temperature-dependence of the FIRs of the various
narrow lines within the respective green and red upconversion spectra.
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6.2.3.5 Experiment on temperature dependence of green and red up conversion
FIRs from high Yb 3+: low Er3+: Ah03 fibres

The schematic experimental set-up used for the detection of green and red FIRs was
very similar to that shown in Figure 6.27 while the sensing probe employed was a
highly Yb 3+-codoped sapphire fibre, with scant traces of Er3+ ions. Excitation light
from an IR laser at an emission wavelength of 965 nm has been used to pump the
fibre where its far-end-section has been doped with Yb 3+ ions. The backscattered
upconversion was then detected by a PMT attached to the exit slit of the
monochromator.

As with all earlier experiments concerning the detection of

intensities, lock-in detection techniques have been employed in order to provide
stable, sensitive and accurate measurements. The chopper has been used to modulate
the pump source into square pulses while a computer was employed, both for data:
acquisition and to control the monochromator.

The detected data were then

processed accordingly. The sensing fibre has been placed inside the stabilised oven
in such a way that the doped section, approximately 20 mm long, was completely
inserted into the heating chamber. Only a short sapphire section, sufficiently long to
be secured by the three-axis translation stage, was allowed to protrude from one end
of the oven. In addition, high temperature ceramic wool has been used to: plug both
ends of the tube furnace to prevent heat excessive loss to the surrounding as well as
to maintain a stable thermal environment within the furnace. This can be seen in
Figure 6.27. Moreover, in comparison with the Er3+ + Yb 3+-codoped Ah03 fibres
studied earlier, the upconversion intensities of the Yb3+:Er3+:Ah03 fibre have been
found to be much weaker.

6.2.3.6 Results and Discussion.

The narrow inter-manifold green and red upconversion intensities have been fully
exploited and investigated for potential sensing purposes. In the green upconversion
fluorescence intensity ratios, two lines have been selected from different manifolds,
namely the

2HIl12

and 4S312 states. Although several sublevels do exist within the two

main manifolds, the main emission lines from the two levels, having the largest
relative intensity peaks within their respective level, have been found to be at a
wavelength of 532.8 and 544 nm respectively.
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These were then used in a

fluorescence intensity ratio (FIR) technique as a function of temperature as shown in

Figure 6.30, since no additional lines in this region from the pump source used were
detected (an optical filter has been employed to permit only 965 nm emission from
the pump source). A relatively smooth monotonic reduction in the FIR (ratio of
intensities of 532.8 to 544 nm lines) can be seen. From the

4F9I2

manifold, where

transition to the ground state results in upconversion in the red spectral region, five
lines with clearly separated peaks can be seen. The five lines, at 651.2 654.6, 659.6,
666.2 and 672.2 nm, originate due to Stark splitting of the

4F9I2

manifold which

results in several sublevels, each of which undergoes transition to the ground state.
Using the intensity ratios of these lines, an array of 10 FIRs have been obtained and
are shown in Figures 6.31. FIR rJ2 - FIRrJ5 are presented in Figure 6.31a, FIRr23 -

FIR r25 in Figure 6.31b and FIRr34 - FIR r45 are shown in Figure 6.31c. All the FIRs
exhibited a non-monotonic decaying nature with increasing temperature while most
can be seen to be relatively independent of temperature (i.e. not highly sensitive).
However, two curves have been selected as potential possibilities in a sensing
application, albeit up to a maximum temperature of only 773 K. The two curves are
based on the intensity ratios of the 654.6 to 672.2 nm lines (FIRr2s) and 659.6 to
672.2 nm lines (FIRr35). They have been re-plotted in Figure 6.32. In addition, the
theoretical model (Eq. 6.1), which has been discussed earlier, based on the thermal
population of the higher energy level by the next lower level has been investigated
for both the green and red upconversion. The resulting fitted curves based on the
model are also plotted in Figures 6.30 (for the green FIR) and 6.32 (for the red
FIRs). The constants fitted by using the model, Eq. 6.1, to the experimental data are
also listed in Tables 6.14 and 6.15 for the green and red upconversion emissions
respecti vel y.

The green intensity ratio, as provided by the 532.8 to 544 nm lines (shown in Figure

6.30) has been pursued up to a temperature of 873 K. It gives a relatively clear
indication of the suitability of using the intensities generated from the 2HII12 and 4S312
excited states in a ratiometric way as a means of temperature measurements. A very
large error margin has been encountered at the maximum temperature and this was
attributed to the very weak backscattered green signals from the doped fibre.
Nevertheless, a relatively good agreement with the thermalisation effect, up to 773
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K, predicted by the model using Eq. 6.1 has been obtained, as evident in Figure

6.30.

The emissions from the red upconversion process due to the 4F9/2

-7

4115/2 transition

and the inter-manifold interaction among the sublevels led to a more complicated
mechanism which has proved difficult to describe using the model (Eq. 6.1).
However, it can be observed that a somewhat exponential profile has been followed

(Figure 6.32), indicating that, perhaps, a slight modification to Eq. 6.1 might be
required in order to correctly predict the behaviour of those lines when subjected to
increasing temperature. The major limitation posed by the red emissions consists of
a non-monotonic decay profile of the selected FIRs (in fact, all FIRs exhibited this
non-monotonous characteristic) when subjected to increasing temperature, hence the
change in FIRs has been restricted to a maximum temperature limit of 773 K.
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Figure 6.30. Modelling the green FIR g15 (1532.anm/1544nm) of
3
3
Yb +:Er +:AI 0 fibre as a function of temperature
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Figure 6.31a. Red FIRs of Yb +:Er +:AI 0 fibre
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Figure 6.31 b. Red FIRs of Yb +:Er +:AI 0 fibre
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Figure 6.31 c. Red FIRs of Yb +:Er +:AI 0 fibre
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Figure 6.32. MOdell~ng the red FIR r25
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Table 6.14. Fit parameters of green FIRs using
thermal population model, Eq. 6.1 (high Yb 3+: low
Er3+:Ah03 fibre)
FIRgl5
Fitted

Theoretical

Parameters

3.15
3566.86

386.42

Table 6.15.

Fit parameters of red FIRs using
thermal population model, Eq. 6.1 (high Yb 3+: low
Er3+:Ah03 fibre)
FIRr35

FIR,25
Parameters

Theoretical

Fitted

Theoretical

Fitted

C

-

3.01

-

88.74

L1E / cm· 1

399.98

947.49

284.18

2746.12
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Chapter 7 - Sapphire Fibre-based Polarimetric Sensors
7.0

Introduction

One of the most important parameters which can be used to describe the propagation
of light in any birefringent media is its state of polarisation (SOP) where the electric
field associated with an electromagnetic wave may be split into two constituent
vectors which are orthogonal to each other as well as to the direction of propagation
in a medium. This in turn leads to a difference in the propagation constants of the
two vectors, resulting directly in a difference in the propagating velocities of the
orthogonal·modes and is also known as birefringence. Such a principle can, thus,
form one of the many ways in which optical fibres or materials can be exploited for
sensing applications. Sensed parameters such as temperature, pressure, stress, strain,
force, current, voltage and magnetic field can be encoded as changes in intensity,
wavelength or phase, or a combination of all three in a sensing scheme [7.1, 7.2, 7.3].
Most fibre optic polarimetric sensing work to date has been research-based and
carried out in the laboratory, and some prominent fibre sensors_ based on the
polarimetric or birefringent properties of both optical fibres and materials are briefly
described in the following.

Measurements of current and voltage have increasingly critical implications in the
power utilities industry where high electrical powers coupled with large
electromagnetic field environments are employed.

Conventional monitoring

techniques which are typically used for current/voltage sensing may not be operable
in such harsh electromagnetic environments while optical techniques can be viewed
as an attractive alternative .since the desired current and/or voltage parameter can be
measured with relative ease, accuracy and reliability with minimal interference from
the large surrounding electric and magnetic fields. The variations in the SOP and
birefringence of light, such as phase retardation (or retardance), refractive index
changes, electro- and magneto-optical effects, have been exploited, particularly, over
the last decade or more in fibre optic sensing applications for measurements of
current, magnetic field and voltage [7.4, 7.5, 7.6, 7.7, 7.8, 7.9, 7.10]. The Faraday
effect is usually employed for magnetic field and, hence, current sensing in which the
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magneto-optic effect, induced by a magnetic field on a linearly polarised propagating
light beam inside an optical fibre or material, causes the polarisation of the light to be
rotated in one preferred direction [7.4, 7.7, 7.8].

An important parameter of the

induced rotation of the polarised light is the Verdet constant which determines the
strength of the rotation and is intrinsic to the particular sensing material used.
Integration of the magnetic field along a closed loop is dependent on the current
passing through a conductor [7.8] where the rate of rotation of the electric field
vector is determined by the product of the Verdet constant and the magnetic field
strength [7.4, 7.7]. Magnetic field and current measurements through the Faraday
effect require the sensing fibre to be coiled around a conductor. Although this can
introduce additional unwanted birefringence into the current measurement system,
various means can be devised to minimise or eliminate the extraneous complications
which may result. Therefore, in such a sensing technique,

~pplication

of a current

through a conductor induces a magnetic field to circulate around the sensing fibre
coil resulting, in turn, in the rotation of the linearly polarised input lightwave
propagating through this fibre. This rotation, which can be attributed to the Faraday
effect found in various diamagnetic, paramagnetic and ferrimagnetie"materials [7.9]
such as Ga:YIG (gallium-doped yttrium iron garnet), ZnSe and BSO (Bi I2 Si020 )
crystals [7.7, 7.8], can be detected through the use of a combination of polarisers,
quarter-wave plates, half-wave plates and/or analysers. The Faraday effect is not the
only mechanism which can be used for detection of magnetic fields and/or currents.
Other methods such as magnetostrictive and Lorentz force sensors [7.11] involve the
fibre undergoing a physical change in length due to the presence of a current carrying
conductor or coil, thereby resulting in the change in the state of polarisation of the
lightwave at the output of the fibre. However, the sensing principle based on the
Faraday effect which induces a rotation of the linear polarisation of the input light in
the presence of an electric current can serve as a simple and effective magnetic
field/current sensor. Large currents up to 1200 A with good signal-to-noise ratio
have been measured using the Faraday effect sensor [7.6] while a good linear
relationship between the detector output and the measured magnetic field has been
demonstrated by Mitsui et ai. [7.7] for magnetic fields up to 1000 Oe employing the
same principle.
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In voltage sensors utilising fibre optic techniques, either the Kerr or Pockels effect
may be employed as the sensing mechanism [7.7, 7.10] in that the birefringence
induced in the sensing element due to an electric field causes the two orthogonally
polarised components of the input lightwave to propagate along the medium at two
different velocities. The birefringence due to the Kerr effect is proportional to the
square of the transverse electric field while that due to the Pockels effect is linearly
or directly proportional to the electric field [7.7, 7.11, 7.12]. Hence, by measuring
the degree of elliptical polarisation due to the difference in the two component
velocities propagating through the sensing fibre, the corresponding dependence on
the voltage or electric field applied to cause this change in the polarisation state can
be determined. By applying an electric field across a BSO crystal exhibiting the
Pockels effect, relatively high voltages'up to 500 V have been measured with good
accuracy and linearity by Mitsui et al. [7.7]. The second order Kerr effect, which is
relatively weaker than the Pockels effect, has also been exploited in voltage
measurements up to 400 V

wit~

reasonable success [7.10] where the sensing element

used was a low birefringence fibre positioned in-between two conductor plates
through which a voltage was applied.

The polarimetric properties of both low and high birefringence optical fibres have
also been adapted for fibre optic sensing applications where other physical
parameters can be measured. The polarisation state of light within an optical fibre
can be modified by applying a disturbance such as a force, load or weight
transversely to the axis of propagation. Such a simple principle has been exploited in
polarimetric weight sensors [7.13], pressure transducers [7.14] and in" potential smart
structure sensing applications [7.15, 7.16, 7.17] where the fundamental sensing
mechanism is based on the polarimetric conditions of the lightwave. The sensing
fibres in most cases have been embedded in either composite or metallic host
materials where the designated low or high birefringence fibre can then be perturbed
by an external influence to produce a change in its birefringence. Since the ultimate
parameter measured by a photodetector is an intensity change, the required
information due to the physical influence which has been encoded in such a quantity
can then be extracted from the overall photodetector output via simple and
appropriate expressions.
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Another important area of application which can exploit the birefringent properties
associated with fibre optic polarimetric sensors is in the monitoring of critical
strain/stress levels to which civil structures have been subjected [7.18, 7.19]. While
both quasi-static and dynamic strain measurements are possible, the ongoing
progress and development of large arrays of strain sensors capable of being
multiplexed onto a fibre optic link for civil engineering and, in particular, smart
structure applications offer great potential benefits for fibre optic sensing.

Fibre

optic strain sensing based on polarimetry share the same fundamental principle as
most other polarimetric sensors mentioned earlier. The sensor can be embedded in a
variety of host materials (materials with isotropic and. homogeneous characteristics
are generally preferred)

and strains applied either transversely

[7.18]

or

longitudinally [7.19] with respect to the sensing probe axis. The desired strain values
can then be extracted from the sensor output intensities as changes in birefringence,
phase or ellipticity.

In addition, since conventional glass fibre materials can

withstand only relatively low strains, the selection of appropriate fibre materials can,
in effect, extend the sensing range to permit extreme strain levels to be monitored.

Temperature, as an important physical parameter which plays a major role in many
practical applications such as the process, chemical and manufacturing industries,
has been intensely investigated since the advent of fibre optic sensing and various
schemes, through numerous optical sensing techniques, have been devised in
attempts to measure this parameter with high accuracy. Fibre optic polarimetry is a
suitable technique since birefringent fibres are known to be sensitive to temperature
[7.20, 7.21].

The stress-induced birefringence which is built into optical fibres

during the drawing process implies that a difference in thermal expansion coefficient
exists between the stressed sections and the cladding/core [7.21].

Thus, upon

cooling, a lateral stress is created within the fibre and this results in the fibre
becoming birefringent. Further, both the refractive index and physical length of the
glass fibres are temperature-dependent. Polarimetric temperature sensors employing
both birefringent fibres and polarising bulk optics have, therefore, been proposed and
demonstrated by various authors [7.22, 7.23, 7.24, 7.25]. However, the maximum
temperatures which have been studied in most of these sensors were below 150°C
(or 423 K) and this could be attributed to the relatively low melting point (generally
<723 K) of the glass materials used in fabricating the birefringent fibres and optics.
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As in all fibre optic sensors, polarimetric sensors are no exception and suffer from
cross-sensitivities between two or more parameters which are to be measured since
additional birefringence can be introduced through various means such as bending,
stress, strain and surrounding temperature variation.

In the case of temperature

sensing, where the birefringent fibre is known to be highly sensitive to both
temperature and strain [7.26], cross-sensitivities between these parameters can render
the sensor ineffective with respect to the desired measurand(s) and compensating
schemes have to be applied to reduce or eliminate these effects. One of the simplest
way to overcome cross-sensitivity effects is to simultaneously measure both
parameters (temperature and strain) as reported by Hadeler et al. [7.27] while another
slightly more complicated technique involves monitoring two output signals (using
two photodetectors) simultaneously from the same measurand [7.22] which can then
be differentiated one against the other to eliminate any perturbation effects to
produce.a sensor which is dependent only on the desired physical influence. In order
to extend the temperature range to beyond 1300 K, other suitable materials which
can withstand such thermally hostile environments have to be employed. Sapphire is
a suitable candidate since it has a very high melting point (2323 K) and is
mechanically stable up to 2073 - 2173 K, hence, it can be used in fibre optic sensing
applications where the temperature excursions beyond 1800 K are common, such as
temperature monitoring in internal combustion engines and turbo-jet engines.
Polarimetric temperature sensors based on sapphire have been demonstrated for
measurements with a relatively large range from 298 K up to 1773 K [7.28, 7.29].
By exploiting the anisotropy and temperature-dependent length change of the
sapphire rods in a birefringence-balanced configuration, the relative intensity of the
sensor output has been tracked up to 2173 K and a reasonable sensitivity of 5 K has
been achieved. However, in the work reported by Wang et al. [7.28], two sapphire
rods each of which was 3.23 mm in diameter were arranged end to end with each
other such that slow axis of the first rod was aligned with the fast axis of the second
resulting in a birefringence-balanced sensing probe. Accurate alignment of the two
rods would thus be an important factor in the success of the sensor and this type of
arrangement would be even more critical when much smaller fibres «300 Ilm) were
used.
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7.1

Fundamental principles of polarimetry-based sensing

One of the main effects of birefringence in an optical fibre is that the electric field of
a lightwave propagating in the fibre is horizontally and vertically-resolved into
orthogonally polarised vectors which travel at slightly different velocities. Although
the state of polarisation of the light can have an adverse influence on the whole
system in interferometric sensors where the phase of the optical wave propagating in
the fibre has to be measured, the SOP can be utilised in a number of ways which can
provide benefits to fibre optic sensing applications based on polarimetry or the
change in birefringence of the light/fibre properties. The typical single-mode fibre
can thus be considered as a dual-mode fibre in practice since real fibres contain a
certain degree of non-circularity in their cores. The splitting of the fundamental
linearly polarised state of light will result in two orthogonally polarised states and
travel at different velocities governed by the birefringence, b, which can be
expressed as [7.12]

{3 x - {3 y = b.{3 =bko

(7.1)

where {3x and {3y are the effective propagation vectors in the x and y polarisation
directions respectively and ko is the propagation number of the wave with
wavelength,

.10, in vacuum given by [7.30]

(7.2)

There are several ways in which birefringence can be introduced into an optical fibre
or an optical material. Theoretically, the fundamental HEll mode in a single-mode
fibre is linearly polarised such that light launched into and its propagation through a
perfectly constructed, i.e. circularly symmetric, fibre will be maintained in its
original polarised form [7.12, 7 .31~~ In practice, however, this is not possible and a
certain degree of birefringence is thus inevitably effected in the fibre due to the
imperfect circular geometry and asymmetric stress distributions which are built up
upon cooling after the fibre drawing process. The mechanical loading or conditions
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of the set-up of the fibre are also reasons for the occurrence of birefringence.
Tension winding of fibres into coils, multi-layer windings which can give rise to
cross-overs between the fibre sections and clamping of the fibre can also result in
stress states being built up within the fibre and converted into birefringence.

As

mentioned above, the Pockels, Kerr and Faraday effects can influence the SOP of a
lightwave propagating in a fibre and can be exploited as fibre optic electric and
magnetic field sensing mechanisms [7.32]. Another source of birefringence, instead
of producing linear birefringence, can lead to the rotation of the state of polarised
light within a fibre. Mechanisms which cause circular birefringence include twist
stress and magnetic fields [7.12]. In addition, birefringence can also be related to the
change in refractive indices induced in an optical fibre when light travelling along
the fibre is linearly pola:rised due to stress-induced birefringence formed within the
fibre during fabrication and is known as the photoelastic effect [7.12, 7.33] The
forms

of birefringence mentioned above are sensitive to various external

perturbations effected by one or more physical parameters such as stress, strain,
temperature, force and pressure and are thus appropriate as transduction mechanisms
in fibre optic polarimetry-based sensing applications. However, as... is usually the
case in most practical situations, both linear and circular birefringence can be found
to exist together in a fibre and can be treated using the Jones and/or Mueller
analyses.

A simple and common method of defining a state of polarisation is the use of the
four-component Stokes vector representation and are expressed as [7.32, 7.33]

1

-A x +A y

2

(7.3)

So -

(7.4)
S2

= 2ArA, cos 8

(7.5)

S,

= 2ArA,. sin 8

(7.6)

where Ax and Ay are the intensities of the orthogonally polarised components in the x
and y directions respective and 8 the retardation in radians of the .v-component with
respect to the x-component. Experimentally, it can be relatively simple to determine
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the four Stokes components through the use of appropriate combination of a linear
polariser, a quarter-wave plate and a photodetector sensitive to the wavelength
investigated. In general, a quarter-wave plate leads to the conversion of a linearly
polarised lightwave into circular polarisation. It is noted, however, that since it is
beyond the scope of this work to give a complete treatment of the analyses involved
in describing the subject of polarisation, only the relevant expressions are given.

The first of the Stokes component, So, represents the total intensity of the lightwave
given as [7.32, 7.33]

(7.7)

Sf

indicates the intensity difference between the horizontal (x) and vertical (y)

orthogonal polarisation components.

S2

represents the intensity difference between

the 7tl4 and 3rr/4 polarisation components while

S3

between the right and left circular components.

Another method to describe the

is the difference in intensity

polarisation state of a lightwave is through the use of a Poincare sphere in which any
one possible state can be mapped to the surface of the sphere.

However, this

technique is quite tedious to employ when a large number of optical elements is
involved. Both the Jones and Mueller calculus are two of the analytical techniques
which can be more suitably exploited to describe a polarisation state and its
transformation through the use of relatively straightforward matrices [7.32, 7.33].
The state of polarisation in the Jones calculus is represented by a two-component
complex matrix in the form [7.33]

_

a=

[A ei8']
x

A,e

(7.8)

i6

"

where Ax and Ay are the intensities of the orthogonal x and y polarisation components,

D.t and 8)' the phases of the x and y waves respectively. The optical elements, such as
polarisers, wave-plates and retarders which are involved in the Jones analysis are
represented by 2 x 2 with complex components. The polarisation state in the Mueller
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calculus, on the other hand, can be represented by the four-component Stokes vector,

5, given as [7.33]
,

2

2

2

Ar- +Ay

s=

Ar -A)'

(7.9)

2ArAy cosO
2ArA" sinO

where all the parameters have already been defined in Eqs. 7.3 -7.6. In order for the
optical elements to be incorporated into the Mueller analysis, they are represented by
4 x 4 matrices in which all the associated quantities are real, as opposed to the Jones
calculus formalism.

Both methods,. however, can be employed in an identical

mamler in the way that the desired lightwave output state,

10,

after passing through

the various optical components in its propagation path, can be obtained by
mulitiplying the respective matrices representing the optical components sequentially
in the form given by [7.33]

(7.10)

where L is the input polarisation state and the subscripts after the matrix elements, M,
denote the order in which the lightwave encounters the optical elements. Analysing
the transformation of the state of polarisation of a lightwave through a series of
optical components by using the Jones or Mueller technique can thus be relatively
simple and straightforward.

Another polarimetric mechanism which can be employed in sensing applications is
the change in refractive index of certain materials due to the direct application of
stress and/or strain [7.32, 7.33, 7.34]. These types of materials are also known as
photoelastic materials and can obviously be employed for strain, weight, force,
pressure and stress (or any external which can create stress/strain states in the fibre)
monitoring.

Application of one of the external perturbations which results in the

creation of stress or strain in the photoelastic material in a direction generally
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perpendicular to the axis of propagation of the lightwave will thus lead to a
retardation, 8, of the light given as [7.33]

(7.11)

where C a and Ce denote the stress-optic and strain-optic coefficients respectively, t
the optical path length through the photoelastic material,
direction i,

Ci

(Ji

the applied stress' in a

the applied strain in direction i and A the wavelength of the input

lightwave.

7.2

Polarimetric sensing with sapphire fibres

Besides having good physical properties such as high melting point, high strength
and good mechanical stability at high temperatures, sapphire is also a uniaxial
anisotropic crystalline material exhibiting double refraction (in effect, making it
naturally birefringent). Unlike isotropic materials such as glasses and amorphous
solids, in which the velocity of light travelling in the medium is the same in all
directions and for all polarisations, the intrinsic optical properties of anisotropic
materials depend on the direction of light propagation in the medium. Thus, in all
but one direction through sapphire, double refraction occurs in which the input
lightwave is split into its two orthogonal components and propagates at two different
velocities through the crystal. The component of light for which there is no change
in velocity with direction (i.e. having constant refractive index) is known as the
ordinary ray (refractive index, no) while that which undergoes velocity change
depending on the direction of travel within the crystal is known as the extraordinary
ray (with refractive index, ne). In addition, the polarisation plane of the ordinary ray
is perpendicular to a principal crystallographic section containing the direction of the
optic axis while the extraordinary component is in parallel with the optic axis [7.35,
7.36]. The one direction through which there is no double refraction is the optic axis
and the two components thus travel at the same velocity along this axis. In crystals
or materials in which only one such axis (optic axis) exists, the material is referred to
as uniaxial.
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Therefore, when unpolarised (or polarised) light is transmitted in sapphire along the
optic axis, the crystal behaves isotropically and the state of polarisation of the input
lightwave remains unchanged while propagating through the crystal. The c-axis in
sapphire is thus a principal crystallographic plane/section which is parallel to the
optic axis. In any other axis such as the a or b axis, double refraction occurs and
while the ordinary ray (a-ray) remains constant, the velocity of the extraordinary ray
(e-ray) depends on the direction of travel in the crystal. In sapphire the velocity of
the ordinary ray is always slower than that of the extraordinary ray [7.37], hence,
sapphire is known as a negative uniaxial crystal [7.35, 7.36]. As both the change in
refractive indices between the

0-

and e-rays and the change in the physical length of

sapphire are dependent on temperature, a polarimetric high temperature sensor based
on this material can be realised by determining the resulting retardation of the output
polarisation state from a linearly polarised input lightwave. Further, the respective
intensities of the orthogonally polarised components after transmission through the
sapphire material (sapphire fibre in this case) can also be analysed for its temperature
dependence.

In addition, other perturbations such as bending and strain can also

introduce variation in. birefringence into a sapphire system
mechanisms which have been mentioned previously.

t~rough

similar

A polarimetric bend/strain

sensor can thus be realised by investigation of the bend/strain dependence of
sapphire.

7.3

Temperature sensing experiments

The anisotropy and high melting point of sapphire are exploited for potential
polarimetry-based high

tempera~ure

sensing applications. Both c- and a-axis fibres

have been investigated in which the four-component Stokes vector (so -

S3)

as well as

the direct intensities of the orthogonal components of the output lightwave were
measured using dedicated detectors.

By measuring the Stokes components, the

resulting retardation, (j(T), of the lightwave in propagating through the sapphire
fibres as a function of temperature can be obtained from dividing Eq. 7.6 by Eq. 7.5
to give
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(7.12)

Also, the direct measurement of the intensities of the orthogonally polarised
components of the output lightwave can be used to indicate the temperaturedependent state of polarisation [7.17] in travelling through the two types of fibres (aand c-axis). This has been done using the difference-over-sum technique which has
the added benefit of reducing or eliminating any light source intensity fluctuation.
The resulting ratio, R(T), from this technique can be written in the form

(7.13)

where

I~

represents the measured intensity of the horizontally polarised component

and lithe intensity of the vertical component.

7.3.1

Temperature sensing with c-axis sapphire fibres

Although the ordinary and extraordinary rays in c-oriented sapphire fibres have the
same propagating velocities (i.e. no

= ne) through the material, application of heat to

one end of the fibre may induce variations in the refractive indices and will cause
changes in the physical length of the heated section through thermal expansion which
can then result in changes in the detected quantities given by Eqs. 7.12 and 7.13.
These have been investigated in the following·experiments.

The schematic diagram for the temperature-dependent phase retardation (Eq. 7.12)
measurement system employing c-axis sapphire fibres is shown in Figure 7.1. The
optic axis in this case is also the longitudinal fibre axis and this is perpendicular to
the rounded hexagonal c-crystallographic plane/section of the sapphire fibre. A 10
mW Mitsubishi Corp IR laser diode (central wavelength at 1310 nm) driven by a
Laser2000 general purpose laser diode driver was employed as the light source.
Light launched from the laser diode was collimated by a microscope objective (X20
MO) and linearly polarised in the horizontal direction after passing through a linear
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polariser. The horizontally polarised 1310 nm light was then focused onto one end
of a c-oriented sapphire fibre with the aid of another microscope objective (XlO
MO).

The sapphire fibre used was approximately 653 mm long with a nominal

diameter of 425 !lm and fine-polished to I !lm at both ends.

A stabilised

CARBOLITE tube furnace, approximately 300 mm in length, has been positioned as
shown in Figure 7.1 so that the output light could be measured from the other end of
the fibre. High-temperature ceramic wool has been used as plugs to cover both ends
of the tube furnace to maintain a stable thermal environment within the furnace
chamber as well as to reduce radiation emitted by the furnace material at high
temperatures (> 1073 K). Both ends of the fibre were also supported on two New
Focus 9122 fibre holders; with the input end locked so that the fibre could not be
moved accidentally. Another XlO MO served to collimate the output light intensity
onto the detector surface of a Thorlabs Inc. PA430 polarimeter with a sensitive
wavelength range from 1100 to 1700 nm. The polarimeter can be set to acquire the
desired number of averages or samples and has been configured to measure the
normalised Stokes parameters as defined by Eqs. 7.3 - 7.6 from which the associated
retardation value can be obtained from Eq. 7.12.

The maximuJTl temperature

investigated was 1373 K, beyond which the signal was lost in the background
thermal emission from the fibre as indicated by the polarimeter while the temperature
increment was 50 K up to the maximum. The number of data averages taken per
temperature point was 100 and stored inside a computer for further processing to
obtain the desired retardation values.

To measure the direct intensities of the orthogonal components from the same coriented sapphire fibre, the experimental set-up as shown by the schematic diagram
in Figure 7.2 has been used. Green laser light with a central wavelength of 532 nm
from a Laser2000 frequency-doubled Nd: YAG laser was polarised by a linear
polariser with its axis in the horizontal position and launched into one end of the
sapphire fibre via a X I 0 MO. The relatively long length of the fibre used enabled the
furnace to be positioned approximately mid-way between the fibre and another XlO
MO was used to collimate the output light. A non-polarising beam splitter was then
employed to equally split the on-coming collimated beam onto two identical
Hamamatsu C5460 avalanche photodiodes (APDs). In addition, two linear polarisers
with their polarisation axes orthogonally aligned (one horizontal and the second
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vertical) have been placed directly in front of the APDs, resulting in two intensities,
I~

and 11 respectively being measured/monitored.

The maximum temperature

studied was 1473 K, which was also the maximum limit of the furnace, with each
temperature increment of 100 K.
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Figure 7.1. Schematic of experimental set-up for measurement of Stokes
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Figure 7.2. Schematic of experimental set-up for measurement of orthogonal
intensities of output lightwave as a function of temperature (c-axis AI 20 3 fibre)

7.3.2

Results and Discussion

The normalised Stokes parameters have been measured using the Thorlabs PA430
polarimeter and the associated retardation for the c-axis sapphire obtained via Eq.
7.12. In this way, the retardation values corresponding to the various temperatures
up to 1373 K have been obtained and are plotted in Figure 7.3. As shown in the
figure, there is generally no meaningful correlation between the change in retardation
and temperature throughout the entire temperature range investigated for the c-axis
sapphire fibre. The retardation can be seen to fluctuate irregularly between 0.15 and

-0.25 rad about a centre retardation at approximately -0.05 rad. It is, thus, rather
obvious that this parameter is not a suitable indication of temperature and this
technique employing a polarimeter to obtain the retardation indirectly by measuring·
the four-component Stokes vector cannot be readily exploited for temperature
sensing applications.

More generally and importantly, it shows that there is no

significant change in the retardation of the components of light when subjected to
high temperatures while propagating within the fibre. This also indicates that both
the ordinary and extraordinary refractive indices remained relatively constant.
Another important consideration is the fact that the fibres used were not clad, hence,
the polarised input signal propagating along the fibre could have been scrambled,
making measurements difficult.

The measured intensities of the orthogonal components of the output light have been
monitored by two APDs in accordance to Figure 7.2. By employing a differenceover-sum technique, a ratio, R(T), of the lightwave orthogonal intensities, or more
-generally, the state of polarisation of the light since this is also a measurement of the
relative phase or velocities of the orthogonal components [7.17], has been obtained
as a function of temperature. The results of R(T) have been plotted in Figure 7.4 up
to a maximum temperature of 1473 K in steps of 100 K. Again, this ratio has been
found to be relatively independent of temperature, indicating that, in general, c-axis
sapphire fibres are unsuitable as polarimetric temperature sensing elements. This
also indicates that the lightwave travelling along the fibre remains relatively
unchanged when subjected to a wide range of temperatures. The values of R(T) can
be observed to be generally constant, close to a value of 1, implying that the state of
the detected output light remained linearly polarised while travelling through the
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sapphire fibre. Therefore, the state of linear polarisation (horizontal direction) as
enforced by the input polariser can be assumed to remain constant in a c-axis
sapphire fibre. The retardation, (j(T) and difference-over-sum ratio, R(T), are given

in Tables 7.1a and 7.1h respectively, together with the associated errors which have
been found to be relatively large. The large errors can be attributed to the fluctuating
components as a direct result of scrambling of the lightwave within the fibre.

As has been described in the above experiments and indicated in Figures 7.1 and 7.2,
the outputs from both lasers have been horizontally polarised by the linear polariser
with its fast axis aligned along the horizontal position. This implies that since no and
ne in the c-axis sapphire fibres remain unchanged, the polarisation state of light

propagating in the fibre remains constant. At the output to the detectors (polarimeter
and APDs), the magnitude of the vertical component (or intensity) detected would
have been zero or close to zero while the horizontal intensity was at a maximum
value. The fact that R(T) was found to be approximately constant (-1) indicates that
the state of polarisation is being scrambled as the light propagates along the fibre.
This arises due to the highly multi-mode nature of the fibre with many possible skew
rays able to propagate. Previous workers using sapphire mini-rods [7.28, 7.29] were
able to ensure a collimated beam passed cleanly through the samples with no total
internal reflections from the rod walls. This polarisation scrambling was therefore
not observed in this case.
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Figure 7.3. Retardation of c-axis AI 20 3
fibre as a function of temperature
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7.3.3

Temperature sensing with a-axis sapphire fibres

For the measurement of the retardation due to an a-axis sapphire fibre, a schematic
diagram of the temperature sensing experiment is shown in Figure 7.5.

1310 nm

light from an infrared laser diode was linearly polarised in the horizontal direction
after being collimated through a X20 microscope objective. Another X20 MO has
been used to focus the polarised radiation onto one end of an a-oriented sapphire
fibre which was -200 mm in length with a nominal diameter of -130 /.Lm. The fibre
was not of sufficient length to be inserted through the entire furnace chamber to
enable the output light to be measured from the other end.

Hence, a reflective

scheme has been employed in which approximately 100 mm of the sapphire fibre
were positioned inside the furnace. High temperature ceramic wool was also used in
this experiment to plug the two ends of the tube furnace for preventing excessive
heat loss and reducing undesired radiation from the furnace at high temperatures.
The reflected light from the far end of the fibre which has been located inside the
furnace was collimated by the second X20 MO and guided into the PA430
polarimeter by a beam splitter as shown in the figure. The relative._changes in the
four Stokes parameters with respect to the values at room temperature were then
measured by the polarimeter and the data stored inside a computer.

The Stokes

parameters have been monitored at each temperature increment of 100 K from room
temperature up to a maximum temperature of 1473 K. . An arbitrary direction of
polarisation has been decided for the fibre, hence, the horizontally polarised input
light was launched into the fibre end at a random angle with respect to the elongated
a-crystallographic section/plane. This was seen to be a reasonable choice since it has
been decided to measure only the relative retardation of light at elevated
temperatures from that at room temperature. An average of the Stokes parameters
was recorded by the polarimeter at each temperature increment and stored for further
processing to obtain the desired retardation values.

Figure 7.6 shows a schematic diagram of the experiment used to monitor the two
orthogonal output intensities after travelling through the sapphire fibre which has
been subjected to heating provided by the CARBOLITE furnace.

Light at a

wavelength of 532 nm from a frequency-doubled Nd:Y AG laser was polarised in the
horizontal direction and launched into the a-axis fibre by a X20 MO. The reflected
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radiation was then collimated by the same MO. A beam splitter was used to direct
the collimated light onto two avalanche photodiodes via another non-polarising beam
splitter as shown in the figure. Two linear polarisers with orthogonal polarisation
axes were placed directly in front of the APDs so that one was used to measure the
vertical output component while the other measured the horizontal output intensity
from the sapphire fibre. The orthogonal intensities were displayed on a Tektronix
digital oscilloscope capable of averaging functions and recorded.
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7.3.4

Results and discussion

The calculated retardation values, 8(T), of the a-axis sapphire fibre can be obtained
from the third and fourth

(S2

and

S3)

Stokes parameters according to Eq. 7.12. The

resulting retardation has been plotted in Figure 7.7 as a function of temperature over
a relatively wide range from room temperature up to 1473 K. It can be seen that
there is an obvious dependence of the calculated retardation on temperature. The
retardation profile resembles a section of a sinusoid, increasing rapidly from 673 K,
after an initial decrease from room temperature, to a peak of -0.0228 rad at 1073 K.
This was followed by a small reduction in retardation as the temperature was further
increased and was observed to remain relatively constant beyond 1273 K.

The

. minimum retardation of approximately -0.0459 rad was observed at 373 K. The
largest temperature sensitivity of the a-axis sapphire fibre can be inferred from the
steep gradient between 673 and 1073 K, indicating a possibly useful temperaturedependent retardation curve within this range.

The ratio, R(T), obtained from the difference-over-sum technique of both the
orthogonal intensities measured using two APDs over the same temperature range as
the above experiment is presented in Figure 7.8. From the work of Murukeshan et

al. [7.17], a ratio of ± 1 can be taken to indicate a linearly polarised output with
respect to the input polarisation state while a value of 0 indicates circular
polarisation. Using this technique, a small temperature dependence of R(T) has also
been observed. R(T) was found to increase from 0.645 at room temperature (291 K)
to a maximum value of 0.759 at 1273 K. A slight decrease has been observed in the
R(T) values between 773 and 973 K.

This could very well be due to very small

temperature-induced bending/expansion of the fibre section which was positioned
horizontally (parallel to the longitudinal furnace axis) inside the furnace at elevated
temperatures. In addition, the sensitivity could be reduced due to the polarisation
scrambling again.

However, it can be seen that the R(T) values over the entire

temperature range remained between 0.6 and 0.8 radians, indicating that the
lightwave which has been elliptically polarised at room temperature was subjected to
further changes in its polarisation state as temperature was increased. The maximum
ratio at 1273 K was seen to be closest to the circular polarisation state for an a-axis
sapphire fibre.

Although relatively large errors have been incurred, the general
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profile of the R(T) curve is seen to be temperature dependent. However, other ways
should be found to increase the sensitive range of the R(T) values for practical
sensing applications employing such fibres.

One way to do this is to change the

orientation of the fibre axis to the input SOP to 45° [7.28, 7.33]. Both the retardation
and difference-over-sum values for the a-axis sapphire fibre are listed in Tables 7.2a
and 7.2b respectively.

It is noted that the angle the horizontally polarised input lightwave made with respect
to the a-crystallographic plane of the sapphire fibre has been arbitrarily selected and
not at 7tl4 rad (or 45°) as has been reported by several authors [7.28, 7.29]. One of
the main reasons for this was the difficulty encountered in the alignment of the fibre
plane to the polarisation vibration direction of the input light due to the relatively
small diameter

(-130~m)

of the fibre used. It is also noted that materials employed

in previous polarisation work by some authors [7.28, 7.29] were, in fact, sapphire
rods with diameters larger than 3 mm. Hence, the question of alignment difficulty
need not be raised. Indeed, if the vibration direction of the input polarised light and
the fast axis (a-plane) of the fibre has been accurately aligned at 45° to each other,
maximum sensitivity from the fibre can be expected [7.28, 7.32, 7.33]. However,
this is also the second important reason for the decision to select an arbitrary angle
between the vibration direction of the polarised light and the fibre a-axis. It was
thought to be useful for temperature sensing applications in a practical situation to
obtain both the retardation, (j(T), and R(T) responses to temperature without having
the need for exact alignment of the associated quantities.
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Figure 7.7. Retardation of a-axis AI 20 3
fibre as a function of temperature
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Table 7.2b. Differenceover-sum ratio, R(T), of
a-axis sapphire fibre as a
function of tem(!erature

Table 7.2a. Retardation
of a-axis sapphire fibre
function
of
as
a
tem(!erature

Error

Temp

8(T)

Error

Temp

/K

/ rad

/%

/K

287

-0.0428275

3.08

291

0.645416

13.98

373

-0.0459008

2.60

373

0.717868

14.97

473

-0.0457820

2.75

473

0.728713

4.06

573

-0.0447646

2.94

573

0.751130

5.04

673

-0.0454552

3.42

673

0.751842

5.81

773

-0.0412807

3.70

773

0.750322

3.10

873

-0.0364029

4.73

873

0.744096

0.80

973

-0.0263869

4.96

973

0.737799

2.15

1073

-0.0228294

5.98

1073

0.757109

11.55

1173

-0.0236199

5.73

1173

0.765267

3.71

1273

-0.0293432

4.65

1273

0.784770

3.79

1373

-0.0270766

5.28

1373

0.777515

1.54

1473

-0.0285049

3.79

1473

0.759121

2.98
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R(T)

/%

7.4

3-point bending of sapphire fibres

One of the major applications of fibre optic sensors has been in monitoring the
deformations exerted by external influences such as temperature, strain, stress,
bending and other parameters on civil structures.

Knowledge of the stress/strain

levels to which structures have been subjected IS an important economic and
security/safety factor which can permit preventive maintenance and reduce or
eliminate the risk of critical (and sometimes fatal) failures.

Another major

application in civil engineering is the progress towards smart structure/material
sensing [7.38] in which the monitored parameter(s) can, in turn, be used as a
feedback to allow automatic corrective measures to be taken or, if a critical level is
reached, to terminate any related functions and issue an alarm.

Most of these

applications have employed glass-based fibres as sensing elements. However, extra
care has to be taken when mounting or embedding glass fibres in structures which
may undergo very large deformations due to the relatively weak mechanical
properties of glass fibres. In cases where high sensitivities are required, the glass
fibre may have to be stripped of its protective coating. This will further weaken the
strength of such fibres and may render the glass fibres unsuitable for many general
sensing applications. Both single-mode and high birefringence glass fibres have
been studied for potential smart structure sensing based on polarimetry [7.17] and
have been found to be highly sensitive to breakage during the curing process while
being embedded in a host material as well as to impact loading during testing. Due
to the good physical properties and high strength at elevated temperatures, sapphire
fibres may be employed as suitable candidates/alternatives in many structural and
smart material sensing applications. In addition, sapphire fibres are generally unclad
and suitable means could, perhaps, be found to make them highly sensitive to the
parameter(s) of interest.

C-oriented sapphire fibres allow propagation of a lightwave along its optic aXIs
without any or with very little variation in its SOP since both the ordinary and
extraordinary refractive indices (no and ne) are identical along this optic axis. This
also implies that the orthogonal components of input light travel at the same velocity,
hence, no retardation or phase difference should be expected.

However, while

undergoing deformation such as bending, linear birefringence may be induced due to
410

asymmetric stress distribution within the fibre as well as slight changes to the fibre
geometry. The variation of the velocity/phase change of the orthogonal components
of an input lightwave due to the application of a load in the form of a 3-point bend
has been investigated for c-oriented sapphire fibres. The a-axis sapphire fibre, on the
other hand, exhibits double refraction in which the ordinary and extraordinary light
components travel at two different velocities. Bending the fibre may thus result in
the introduction of additional birefringence and these fibres were also studied in 3point bend tests with various bend depths/radii in the following work.

7.4.1

3-point bending of c-axis sapphire fibres

A schematic diagram of the experimental set-up for directly measuring the
orthogonal components of the output light is shown in Figure 7.9. The measurement.
of the two components allowed the associated intensities to be monitored
simultaneously from which the ratio,

Rbend,

goveflied by Eq. 7.13, was calculated.

. Green laser light at 532 nm was linearly polarised in the horizontal direction and
launched into one end of the same c-axis fibre via a XlO MO. Light-reflected from

II

the far end was collimated and directed via a beam splitter to the two APDs in front

I

of which linear polarisers, with orthogonal polarisations aligned in the horizontal and
vertical directions, have been located as shown in the figure. The detector outputs
were finally sent to a digital oscilloscope so that readouts could be obtained. The
input end of the -650 mm long c-axis fibre (diameter -425 /-lm) was secured to
prevent any accidental movement while the other far end was supported loosely in a
fibre holder. A set of two cylindrical steel rods was inserted vertically into a solid
aluminium metal block and positioned at approximately the mid-point of the fibre.
The distance between the centres of the rods (gauge length) was measured to be 50
mm. A micrometer plunger head (l/-lm resolution) was then securely attached midway between the two rods and the entire assembly was employed as a 3-point
bending fixture, as shown in Figure 7.9. The whole system has been set up as a
reflective scheme in which the reflected lightwave from the far end of the fibre was
guided to the two avalanche photodiodes via a set of beam splitters after being recollimated by the X 10 MO as indicated in the figure.

Two polarisers with

orthogonally aligned polarisation axes were then placed directly in front of the
APDs. Both I mm and 2 mm bending tests have been carried out with constant bend
411

I

I

increments of 0.1 mm. An average of 30 readings was taken at each increment for
both tests.

412

Cylindrical
steel posts
Beam splitter
/

~

[____ J

~

Frequencydoubled
Nd:YAG laser
(532 nm)

Linear polariser
(horizontal direction)

Beam
splitter

.~

MO (x10)

~

(}···::::::::::::::::···.o
....

~

--=,-.1

I~p

Fibre holder
(tightened)

•

®

u.>

~

"-----

I+l_

directions

EfjJ

,--,
'----'

i

APO

Micrometer
plunger head

Linear polarisers
with orthogonal
polarisation

APD

Fibre holder
(loose)

:1
•

EE

gg1
00

Digital oscilloscope

Figure 7.9. Schematic of experimental set-up for measurement of orthogonal
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7.4.2

Results and Discussion

The results of the I and 2 mm bend tests of the c-axis fibre are plotted in Figures

7.10a and 7.10b respectively. The respective difference-over-sum ratios,

Rbend,

have

been calculated using Eq.7.13 from the recorded orthogonal intensities of the output
lightwave. The 1 mm bending to which the sapphire fibre has been subjected has
resulted in a relatively unchanged

R bend ,

implying that the state of polarisation of the

input light has remained relatively constant throughout the test. A slight decrease in
the ratio can be seen at a bending depth of 0.2 mm. The error associated with this
measurement was quite large and the probable reason for this "dip" could be due to
the fibre slipping siightly out of contact with the micrometer head as it was being
turned. The effects from polarisation scrambling of the lightwave could also be a,
major contributing factor. However, the general profile of the

Rbend

curve was found

to be relatively constant about a value of 0.7 over the entire 1 mm of bending
applied. The errors of the remaining points were also relatively small compared to
that at a bend depth of 0.2 mm, as indicated in Figure 7.10a. The resulting

Rbend

values for the 1 mm bend test are listed in Table 7.3a.

The 2 mm bend test of the sapphire fibre

res~lted

in an almost identical

Rbend

profile

for approximately the first half of bending up to 0.7 mm. Due to the relatively large
errors obtained for this bending range, it could be reasonable to state that there has
been no change observed in the ratio. The difference-over-sum ratio obtained for
this bending depth was found to be 0.728, which was also the peak

Rbend

of the 2 mm

bend test. Beyond 0.7 mm, a relatively small but linear decrease of Rbend to -0.689
can be seen in Figure 7.10b over the next 1.3 mm of bending. The errors for this
range were also found to be relatively small compared to those before 0.7 mm. In
general, the ratios calculated with the difference-over-sum technique are seen to be
relatively constant over the entire 2 mm range about an average

Rbend

of 0.7. This

implies that the there has been no significant changes detected in the intensities of
the orthogonal components travelling within the fibre which has been subjected to
bending. Table 7.3b gives the

Rbend

values for the 2 mm bend test on the c-axis

sapphire fibres.
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From the results of the tests performed, it has been found that c-axis sapphire fibres
were insensitive to bending. Although other sensing mechanisms/schemes can be
used in conjunction with such fibres to measure deformations such as stress, strain
and bending, etc., polarimetry, by monitoring the phase retardation or birefringence
of the sapphire fibre, is clearly not a very suitable technique as applied to c-axis
fibres. Figure 7.l0a shows a rather constant

Rbend

profile over a I mm bending test

while in Figure 7.l0b, the bending depth has been increased to 2 mm and similar
results have been obtained. A small negative slope can be seen beyond 0.7 mm of
bending and this could be used to show the relative low dependence of the state of
polarisation or birefringence (of c-oriented sapphire fibres) on bending. In addition,
the values of the ratio,

R bend ,

for both 1 and 2 mm bending have been obtained at

approximately 0.7 and, if the principle employed by Murukeshan et ill. [7.17] is to be
taken into account, this could imply that the linearly polarised input lightwave in the
horizontal direction was converted into a slightly elliptical polarisation state, close to
the linear state of polarisation, upon propagating through the c-axis fibre. However,
it was more likely the case that the linearly polarised input light has been scrambled
when travelling within the fibre, leading to an "apparent" elliptical pol31risation, since
sapphire fibres are generally unclad. The application of bending served to increase
the polarisation scrambling effect. This could thus be a more likely cause for the
Rbend

values which have been calculated even though in c-oriented sapphire fibres,

the ordinary and extraordinary refractive indices are the same (meaning the
orthogonal component velocities of light should be identical), implying that the state
of polarisation of light, linearly polarised or unpolarised, should remain unchanged.
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Figure 7.1 Oa. Calculated difference-over-sum ratio
for 1 mm bending (c-axis AI 2 0 3 fibre)
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Figure 7.1 Ob. Calculated difference-over-sum ratio
for 2 mm bending (c-axis AI 20 3 fibre)
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1.40

1.70

2.00

Table 7.3b. Results of 2
mm 3-point bend test of
c-axis sa~~hire fibre

Table 7.3a. Results of 1
mm 3-point bend test of
c-axis sa~~hire fibre
Bend
depth

R'>t'1ll1

Bend
depth

Error
/%

R hend

Error
/%

/mm

/mm

0

0.708945

4.49

0

0.698928

11.16

0.1

0.698830

2.71

0.1

0.712946

22.26

0.2

0.692234

20.47

0.2

0.705964

12.02

0.3

0.703299

1.07

0.3

0.703929

6.07

0.4

0.702918

1.12

0.4

0.708302

4.77

0.5

0.702250

0.99

0.5

0.713765

3.06

0.6

0.701898

1.06

0.6

0.721990

3.56

0.7

0.703762

1.88

0.7

0.727727

2.77

0.8

0.705546

2.49

0.8

0.720609

1.15

0.9

0.704151

2.94

0.9

0.716753

0.99

1.0

0.705408

2.09

1.0

0.712194

1.63

1.1

0.711615

1.39

1.2

0.708454

1.37

1.3

0.706700

1.17

1.4

0.705659

1.59

1.5

0.704006

1.65

1.6

0.701083

0.99

1.7

0.700508

1.45

1.8

0.697308

1.24

1.9

0.695159

1.07

2.0

0.689476

1.15
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7.4.3

3-point bending of a-axis sapphire fibres

The a-axis sapphire fibres used in the bending tests were of nominal diameters of
130 f.lm and were -200 mm in length. The test fibres have been set up in a reflective
configuration as shown in the schematic diagram in Figure 7.11. 532 nm light from
a frequency-doubled Nd:YAG laser was linearly polarised after transmission through
a linear polariser with its polarisation direction horizontally aligned and focused onto
one end of the sapphire fibre. The same 3-point bending fixture used in bending tests
for c-axis fibres has been adopted in this experiment and was positioned
approximately along the middle of the fibre as shown. The far end of the a-axis fibre
was held loosely with a fibre holder and light was allowed to be reflected from this
end face which has been polished to I f.lm in a lapping machine. Aftercollimation
through a X20 microscopic objective, the output lightwave from the fibre was then
reflected off a beam splitter and directed towards the detection circuit, consisting of
two APDs, two linear polarisers with orthogonal polarisation directions and a digital
oscilloscope.

As shown in Figure 7.11, the polarisers placed before the APDs

allowed the orthogonal components of the lightwave to be measured/recorded so that
the difference-over-sum ratio of the orthogonal intensities could be calculated using

Eq.7.13.

Three bend tests have been conducted, with bend depths of 0.5, I, and 2 mm. Depth
increments of 0.5 and 2 mm tests were 0.05 and 0.1 mm respectively while the fibre
in the I mm bend test was actually bent through 1.4 mm. The initial depth increment
was 0.05 mm up to a bending of 0.4 mm after which it was increased to 0.1 mm for
the next I mm of bending. A micrometer plunger head with a resolution of 1 f.lm has
been employed for the bending purpose and was initially adjusted so that it only just
made contact with the surface of the test fibres.
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Figure 7.11. Schematic of experiment.al set-up for measurement of orthogonal
intensities of output lightwave for 3~point bending tests (a-axis AI 20 3 fibre)

7.4.4

Results and Discussion

The calculated difference-over-sum ratios for the I mm bending test have been
plotted in Figure 7.12a and the results are listed in Table 7.4a. The ratio was found
to increase steadily from the initial no bending state

(Rbend

= 0.704)

to a value of

0.771 at a bend depth of 0.4 mm where the increment was a constant 0.05 mm for
this bending range (0 - 0.4 mm). Beyond this depth, a larger depth increment (0.1
mm) has been used and this led to a further increase in the ratio which could still be
seen up to a peak of 0.780 at 1.2 mm of bending. However, the increase within this
range is of a smaller magnitude than the initial increase, hence, it is less obvious.
The ratios were then found to "flatten out" after this peak and remained relatively
constant up to the maximum bending depth of 1.4 mm. The maximum change in
Rbend

has been found to be 0.076 (minimum value -0.704 and maximum

Rbelld

-0.780) for the entire range of the 1.4 mm bending for this 1 mm bend test. The
results of the a-axis fibre bend test compares rather favourably against those from the
earlier c-axis fibre bending tests. Although the errors associated with this experiment
were relatively large, there is a clear dependence of the

birefringenc~._or

the state of

polarisation of a-axis sapphire fibres on the physical bending effect. In addition,
since sapphire is birefringent or doubly refractive, this set of results (Figure 7.12a)
also implies the variation of an elliptical state of polarisation towards the more
linearly polarised state given by a ratio of 1, since the

Rbend

values were found to be

above 0.7 throughout the entire test range.

The 2 mm bend test can be seen to result in a Rbend profile which was almost entirely
different from that for the 1 mm bending. The plotted difference-over-sum ratios in

Figure 7.12b for the a-axis sapphire fibre due to 2 mm of bending can be seen to be
relatively constant over the entire bending range.

Relatively large errors were

incurred throughout the range and the Rbend curve was found to exhibit hardly any
significant variation right from the initial zero bending state where the

Rbend

value

was calculated to be 0.950. However, upon careful observation of the figure, the
profile was found to be relatively linear with only a very small change of 0.013
between the maximum and minimum values of

R lJend .

The maximum

Rbend

was

calculated to be 0.962 at a bend depth of 1.7 mm while the minimum value was
0.949 at 0.1 mm of bending. Each increment in the bend depth as exerted by the
420

micrometer plunger head was 0.1 mm, however, due to the relatively small diameter
of the a-axis fibres employed for the bending experiments, slippage of the fibre
surface from the tip of the micrometer head could have occurred. This would be the
most probable reason for the results which have been obtained since any slippage
would result in no actual bending force being imparted to the fibre. The lightwave
travelling within the fibre would thus not be subjected to further birefringence from
the anisotropic sapphire fibre apart from the original source of double refraction.
The values of the ratio,

R bend ,

for this 2 mm bend test were also found to be close to

I, suggesting a rather highly linear state of polarisation of the orthogonal output
components. Further, all the sapphire fibres used were unclad samples which could
readily have scrambled the linear SOP (horizontal direction) of the input lightwave.
A value close to one, however, implies that the intensity of the vertical component
must be very weak, which would then reinforce the principle of a preferential
scrambling of the vertical component by the a~axis fibre which, in turn, could be due
to the angle between the input vibration direction and the a-crystallographic plane of
the fibre. For the discrepancies between the I mm and 2 mm bending tests to occur,
this must mean that the fibre, which was supposed to be secured in the fibre holder,
had been rotated accidentally. The results from the 2 mm bend test are listed in

Table 7.4b.

The calculated

Rbend

values for the 0.5 mm bend test have been plotted in Figure

7.12c and the bend increment was 0.05 mm over the test range. The fibre holder
securing the input end of the a-axis sapphire fibre was tightened to prevent further
movement of the fibre. However, the calculated ratio values of the orthogonal light
components using Eq. 7.13 were observed exhibit a rather linear behaviour which
can be seen in the figure. The maximum and minimum Rbend values were found to be
0.615 and 0.588 at bending depths of 0.40 and 0 mm respectively, giving a useful
Rbend

range of approximately 0.027 over the 0.5 mm bending range. It can also be

seen that there is an obvious dependence of the difference-over-sum ratio,

Rbend,

on

bending even though the bending range studied was relatively narrow (0.5 mm). In
terms of the state of polarisation of the propagating components within the fibre, it
can be seen to be similar to that for the I mm bend test. From the mean value of
-0.6, the linearly polarised input lightwave can be said to have been converted to a
somewhat elliptical polarisation state. By bending the fibre, this elliptical SOP was
421

then forced closer to a linear polarisation state, as indicated by the almost linear
increase of the

Rbend

value to the peak at a bend depth of 0.4 mm. The results of the

0.5 mm bend test are also given in Table 7.4c.

For the purpose of comparison, the three results from the corresponding bend tests
have been normalised to their initial no-bending values and plotted in Figure 7.12d.
There are clearly two distinct sets of behaviour from the a-axis fibres when subjected
to bending tests with varying bend depths. The approximate linear increase of Rbend
over the 0.5 mm bend test was found to be quite similar to that exhibited by the fibre
for 1 mm bending. This could be used to confirm the general behaviour of the a-axis
sapphire fibre to bending stress when linearly polarised light was forced to be split
into its orthogonal components with slightly different propagating velocities by the
. sapphire fibres. The similarity of the 0.5 and 1 mm bend tests also leads to the
implication that the 2 mm test had been conducted with serious but not unexpected
errors arising from the bending fixture (such as fibre slippage), the use of unclad
fibres and, perhaps more importantly, the choice of the angle between the
polarisation vibration direction and the crystallographic plane of the crystal fibre.
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Figure 7.12a. Calculated difference-over-sum ratio
for 1.4 mm bending (a-axis AI 20 3 fibre)
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Figure 7.12b. Calculated difference-over-sum ratio
for 2 mm bending (a-axis AI 2 0 3 fibre)
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Figure 7.12c. Calculated difference-aver-sum ratio
for 0.5 mm bending (a-axis AI 20 3 fibre)
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Figure 7.12d. Comparison of Rbend values
for 0.5, 1 and 2 mm bending tests
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Table 7.4b. Results of 2
mm 3-point bend test of
a-axis sa~~hire fibre

Table 7.4a. Results of 1
mm 3-point bend test of
a-axis sa~~hire fibre

Rhent!

Error
/%

2.67

Bend
depth
/mm
0

0.950186

7.93

0.716316

2.40

0.1

0.948957

1.69

O.LO

0.713940

3.01

0.2

0,949725

1.55

0.15

0.728188

5.02

0.3

0.950050

2.86

0.20

0.729144

LO.08

0.4

0.950764

6.77

0.25

0.735898

1.16

0.5

0.950937

2.47

0.30

0.744712

1.57

0.6

0.950980

3.02

0.35

0.741851

1.50

0.7

0.95L084

3.61

0.40

0.770929

2.71

0.8

0.952242

4.05

0.50

0.771746

1.49

0.9

0.954397

2·.68

0.60

0.772760

2.27

1.0

0.955306

2.37

0.70

0.773905

2.99

1.1

0.958586

2.61

0.80

0.774419

2.67

1.2

0.959387

3.06

0.90

0.778200

1.54

1.3

0.961647

4.01

1.00

0.779438

1.48

1.4

0.961943

3.18

1.10

0.773781

1.02

1.5

0.961772

3.69

1.20

0.779521

8.15

1.6

0.961731

1.94

1.30

0.774799

1.28

1.7

0.962080

2.39

1.40

0.773133

0.80

1.8

0.960849

1.79

1.9

0.959935

22.40

2.0

0.961 L06

3.27

Bend
depth
/mm
0

R""""

Error
/%

0.7041 LO

0.05
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Table 7.4c. Results of
0.5 mm 3-point bend test
of a-axis sa~~hire fibre
Rhencl

Error
1%

0

0.587534

7.07

0.05

0.599234

1.29

0.10

0.602082

1.01

0.15

0.605269

1.00

0.20

0.606572

1.77

0.25

0.607140

0.78

0.30

0.608468

0.78

0.35

0.612923

1.00

·0.40

0.614843

4.91

0.45

0.613231

4.26

0.50

0.614069

1.81

Bend
depth
Imm
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8.0

Conclusions

The main objectives involved in this project have been the growth, characterisation
and study of single-crystal fibres which exhibit suitable characteristics for
employment as fibre optic sensors. Various types of crystal fibres have been grown
for these studies. Most of these fibres have been based on Ab03 as the host material

.

since sapphire offers attractive advantages such as high strength, optical transparency
from -0.3 to 4

~m,

high melting point (-2323 K) as well as good mechanical

stability at elevated temperatures. . Sapphire fibres can also be grown easily, in
addition. Thus, crystal fibres of pure Ab03, Cr3+-doped, singly E r3+-doped, Er3+ +
Yb 3+-codoped (of approximately equal erbium and ytterbium contents), Yb 3+ + Er3+_
codoped (high ytterbium and low erbium contents) Ab03 together with YSZ (yttriastabilised zirconia) have been grown using the laser heated pedestal growth method.
Source materials used were sapphire fibres, single-crystal and polycrystalline, with
diameters from 130 - 425

~m.

The laser heated pedestal growth method was selected as the crystal fibre growth
apparatus over several other methods most of which require crucibles (to contain the
melt), were more expensive, time consuming and inflexible.

In addition, it also

provides clean heating, little or no contamination of the growing fibre, fast fibre
growth compared to other methods, large temperature gradients so that fast growth
and high turnover can be realised, and very high melting temperatures can be
achieved, the maximum temperature being limited only by the laser power available.
Design and construction of the LHPG station were then initiated. Compurer control
was employed over hardware control due to the speed, power and simplicity
available with a modern and fast computer. Computer control has been utilised to
integrate several controls or growth parameters such as pull and feed rates, laser
power, x-y positioning, into one programme using Delphi.

It also has the added

advantage of allowing feedback monitoring of the growing fibre diameter and
automatic adjustments/corrections of the related growth parameters. The integration
of this monitoring scheme shall be carried out at a later stage. The pull and feed
velocities generated by two DC motors were found to be relatively constant while the
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laser power has been found to be relatively stable at the power range used for
growing crystal fibres.

The use of linear slides as the pull and feed translation

systems limits the maximum length of fibres that can be grown. It was also found
that towards the end of travel of both slides, large frictions were generated, thus
limiting the pull fibre to a maximum length of -220 mm. Fibre optic sensor probes
are generally a fraction of the length of fibres used for optical communications,
hence, typical lengths of crystal fibres grown in this work are in the range of 20 220 mm and have been found to be sufficiently long for the various sensing schemes
investigated.

Pure sapphire fibres, in particular, have been observed to grow very easily as c- and
a-axis fibres with rounded hexagonal and rectangular cross-sections respectively. Caxis growth can readily be initiated by an appropriate c-axis seed crystal, a small
polycrystalline seed fibre or even a thin tungsten wire.

130!lm polycrystalline

sapphire fibres have been used as seed crystals in this work for the growth of all caxis fibres by the LHPG method. Nominal diameters were measured using the filareyepiece technique in conjunction with a microscope and found to be l?,etween 87 and
170 !lm.

C-axis is the preferential growth axis, hence, sapphire fibres in this

crystallographic orientation were grown with no difficulties and/or complications.
To initiate a-axis fibre growth, an appropriately selected a-axis seed crystal has been
employed and fibres grown were in the range of 100 - 220 mm with a nominal
diameter of 130 !lm.

An examination of the fibre geometry revealed that good

quality fibres have been produced. Typical deviations of less than 2 % from the
mean diameter have been measured for c-axis fibres. Since the cross-section of caxis sapphire fibres resembled a rounded hexagon in shape (rather than circular),
measurements of the fibre diameters is not straightforward.

However, the small

diameter deviations obtained can· be taken to imply that c-axis fibres have been
grown with good diameter uniformity. A-axis fibres were relatively more difficult
and complicated to measure consistently since the cross-secti9n was rather elongated
in shape (more rectangular with the shorter ends rounded). Again the small diameter
deviations (-2 %) were measured.
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Doped fibres were fabricated by dip-coating the Ah03 source material into
suspensions of appropriate dopant oxides. Ruby fibres (Cr3+:Ah03) were found to
grow almost as easily as pure Al 20 3 fibres.

Brownish-green deposits have been

observed on the surfaces of several as-grown fibres and the formation of such
deposits depended on the pull rates used during fibre growth. They contributed to
relatively large transmission losses of these fibres through absorption and scattering.
Slower pull rates (0.2 - 0.5 mm/min) allowed these deposits to be burnt off quite
completely, leaving no visible traces on the as-grown ruby fibres. Faster pull rates,
on the other hand, resulted in the deposits mentioned being observed on some of the
ruby fibres grown (at rates above 0.5 mm/min). Soaking fibres with deposits in hot
HCI acid baths over 24 hrs did not remove much of the deposits, as indicated by only
a slight reduction of the losses (absorption and scattering) measured.

This also

suggested that the brownish-green deposits observed could have diffused beneath the
surface of the affected fibres due to the intense heating involved, making them
almost impossible to clean or remove:

Rare-earth-doped Ah03 fibres have never been reported prior to this work and initial
attempts to grow them were problematic. The main reasons found were the rather
"violent" melting behaviour of rare-earth oxide

materi~ls

coated on the source fibres

when subjected to intense heating and the flexibility of the small diameter (130 /lm)
source fibres employed.

This resulted in the frequent breaking-off of the melt

interface between the source and growing fibres, a problem which was particularly
accentuated when both the source and seed fibres were found to have moved out of
alignment true to their respective verticals in the heating zone.

Since it was not

possible to incorporate RE ions along the length of the fibres using small diameter
source fibres, it was decided to dope the tip of several 130 /lm as-grown sapphire
fibres and characterise their emission properties.

Beside the expected infrared

emission in the wavelength region of 1500 - 1550 nm for Er3+ -doped tip fibres,
upconversion was also observed in the green and red spectral regions. An EPMA
(electron probe micro-analysis) scan of this tip revealed very high erbium
concentration of -11 - 12 at. % at several discrete points. Upconversion in the two
regions have also been found in the emission characteristics of both the equally Er3+
+ Yb 3+-codoped and high Yb 3+ + low Er3+ -codoped tips. Further attempts were then
initiated to grow fibres doped with RE ions along their length using more rigid 325
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and 425 Ilm sapphire fibres as source rods. RE-doped fibres were found to grow
with relative ease by the change to bigger diameter source rods. Fibres which have
been grown included those doped throughout their entire lengths and those with short
sections (-20 mm) suitably doped. The sharp, narrow lines emitted from the IR

(1500 - 1550 nm), green (520 - 560 nm) and red (650 - 670 nm) upconversion
regions in singly Er3+_, Er3+ + Yb 3+-codoped and high Yb 3+ + low Er3+-codoped
sapphire fibres indicated the highly crystalline nature of these RE-doped fibres when
compared to the broad emissions from RE-doped glass fibres.

Many attempts have been made to grow good quality YSZ crystal fibres from
polycrystalline source rods approximately 1 mm in diameter but were mostly
unsuccessful. Although several YSZ fibres have been grown, very large and periodic
diameter variations have been observed in the as-grown fibres rendering them
unsuitable for sensing applications since optical losses were estimated to be too
large. Fibres re-grown from the first-growth YSZ fibres (-667 Ilm in diameter) were
also observed to exhibit such geometrical faults. In addition, cracks have also been
observed along the fibre lengths and cross-sections.· The reasons for this difficulty
could be due to insufficient heating power from the laser, the large source rod used
and the very high melting point of the material.

The maximum power output

available from the CO 2 laser employed as the heat source was approximately 30 W
and the stability of ±2 % as quoted by the manufacturer was only achievable for up
to 95 % of the power cycle.

Hence, at the limit of 30 W, the laser power was

observed to oscillate and was one of the principle causes for the periodic diameter
variations produced in YSZ fibres since the molten zone would also be forced to
oscillate (expand and contract). In addition to that, it was judged that there was
insufficient heating power generated by the CO 2 laser to efficiently and completely
melt the end of the I mm source rod whose melting point was at least 3000 K. The
cracks which appeared in the YSZ fibres were attributed to the very large thermal
gradients involved during growth by the LHPG method due to the fact that the CO 2
laser heating beam has been focused to a relatively small spot.

Since the maximum length of fibres which can be produced was limited to 220 mm,
delivery of any light source beyond this length in a practical field trial would not be
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possible to achieve. It was thus thought to be useful to find a way to connect the
sapphire-based sensing probes to a less expensive material more readily available.
Both butt coupling and fusion splicing of pure sapphire fibres to commercially
available silica fibres was attempted, with the former technique found be easier and
more practical. It has not been possible to fusion splice sapphire fibres to silica
fibres due to the rather different material properties such as melting point and
thermal expansion coefficients. Several attempts have resulted in sapphire being
spliced into silica fibres, however, the interface was very brittle and fragile, and
broke off very easily. In addition, under microscopic observation, numerous cracks
were also observed to be present in the joint, leading to very large scattering losses.
,

Temperature has been and is still is one of the major concerns in numerous industrial
processes, engineering applications and research, hence, it formed the principle
parameter investigated in this work. Most of the fibres grown have been sapphire
doped with various active materials' and fluorescence was thus expected.
Temperature dependent characteristics of the fluorescence from all doped fibres and
the state of polarisation in pure sapphire fibres were thus stu,died.

Strong

fluorescence signals were obtained from the sharp ruby R-line emission at 694.3 and

692.9 nm at room temperature with a relatively long fluorescence decay time of -3.5
ms. The lifetime was then characterised for its temperature dependence up to 923 K
and the lifetime decay profile as a function of temperature has been found to agree
reasonably well with theory governed by a model. At high temperatures (>823 K),
the fluorescence intensity was observed to reduce quite dramatically and the resulting
lifetime measurement was found to have relatively large errors. At 650 K, lifetime
was less than 50 J.ls while the fluorescence signal was found to be too weak and error
margins during fitting too large for any more meaningful data to be acquired and
higher temperatures to be pursued. The variation of the fluorescence lineshifts, on
the other hand, could still be monitored with the aid of lock-in detection up to a
slightly higher temperature of 973 K. Strain dependence of both the fluorescence
lifetime decay and lineshifts in ruby fibres have also been investigated. However,
this parameter was found to have only an extremely weak effect on the two
fluorescence characteristics. One ruby fibre has been strain-tested to destruction to
demonstrate this insensitivity.

Since cross-sensitivity between two parameters,

especially between temperature and strain/stress, is a major problem and can
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adversely affect the efficiently and accuracy of any sensor systems, expensive and
complicated processing techniques generally have to be used in order to separate the
two (or more) sensitivities. However, this problem could be reduced or even avoided
by employing ruby fibres as temperature sensing elements. More importantly, this
study on ruby fibres could also be used to suggest that c-axis doped sapphire fibres
were effectively independent of strain, an important but beneficial implication when
other doped sapphire fibres were utilised in temperature sensing applications.

Temperature dependence studies on RE-doped sapphire fibres have mostly been
concentrated on the measurements of relative intensities of the sharp emitted lines in
the IR and visible upconversion (green and red) regions. In singly Er 3+-doped Ah03
fibres, both the IR and lJPconversion intensities were found to be relatively weak.
T~is

was attributed to the poor spectral overlap between the narrow absorption bands

of the erbium ions and the 960 nm pump source employed. Hence, the inefficient
excitation was manifest in the form of relatively weak emission intensities.

In

addition, upconversion is a competing process and tends to remove the excited
population from the first excited state where the IR emission originates, further
reducing the IR fluorescence intensity.

The green upconversion intensity was

monitored up toa maximum temperature of 500 K before the signal was too weak
and erroneous to be detected.

Hence, it was decided not to pursue further

temperature studies on the red upconversion intensity since lines emitted in this
region were only slightly stronger and any significantly higher temperatures would
not be attained. The IR signals were found to be relatively stronger and have been
monitored up to 720 K. The fluorescence intensity ratio (FIR) of the 1511.511523
nm and 1511.511531.5 nm lines were selected based on the widest temperature range
possible and least errors incurred, while the FIRs of the remaining six lines have
been found to be non-monotonic over the temperature range studied.
In Er3+ + Yb 3+-codoped samples containing approximately equal concentration of
each dopant species, very intense upconversion emission in the green and red has
been observed due to efficient energy transfer afforded by the sensitising Yb 3+ ions.
This suggests that most of the pump energy has been channelled into excitation of
the higher energy levels, hence, the IR FIRs were not studied since they would
generally be too weak for any high temperature measurements. Both the green and
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red upconversion emission lines have been monitored to a temperature of 1220 K
beyond which the respective signals were found to be very weak. Again two FIRs
from each spectral region (FIR N25 and FIRN35 in the green, FIR r25 and FIRr35 in the red)
have been found to be suitable for temperature sensing providing the widest dynamic
range.

Based on the model described by "Berthou and Jorgensen", a general

exponential profile was exhibited by these FIRs, indicating reasonable agreement
with theory. The small discrepancy would suggest the involvement of other factors
such as second or third order transitions within the respective energy manifolds. The
red upconversion intensity was also found to be strong relative to the green, thus
smaller errors have been obtained.

Both the green and red emission intensities,

from the 4S3/2 ~ 4115/2 (green upconversion) and 4F9/2 ~ 4115/2 (red

resulting

upconversion) transitions, were also monitored simultaneously up to 1323 and 1423
K r~spectively.

By opening the monochromator slit widths to their maximum,a

bandwidth. of -3 nm was used over which the green and red intensities were
measured as a function of temperature. For an intensity-based sensing scheme such
as this, the pump power was also monitored to reduce or eliminate any power
fluctuation.

In addition, calibration curves provided by a simple model gave

relatively good agreement with theory. The unique advantage of being relatively
independent of pump intensity fluctuations offered by monitoring the lifetime decay
of both upconversion spectra have also been investigated. However, it was found
that the upconversion lifetimes were generally non-exponential in nature and difficult
to estimate with reliability.

The temperature sensing schemes using the two earlier RE-doped fibres permitted
measurements of mainly the upconversion signals to be achieved. However, it was
also desirable to obtain the IR fluorescence from the Yb 3+ lines in the 1000 nm
region.

This was done by doping the sapphire host fibres with very high Yb 3+

concentration with respect to the Er3+ contents (in an approximately 10: 1 wt. ratio) to
produce high Yb 3+ + low Er3+:Ah03 fibres. Emission measurements revealed
upconversion characteristics (in the green and red) similar to those exhibited by
equally Er3+ + Yb 3+_ codoped AhO) fibres reported earlier as well as IR fluorescence
with peaks at 996 and 1025 nm, the latter two being a direct emission from the
excited ytterbium ions (!F5/2 ~ 2F712 transition). The upconversion detected again
demonstrated the high-energy transfer efficiencies of Yb 3+ since, in this case, only
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very small quantities of Er3+ ions were incorporated. The respective intensities were,
however, found to be quite weak.

The visible FIRs were then monitored as a

function of temperature up to 773 K, a relatively low temperature compared to
equally codoped fibres. The IR FIR due to the 996 and 1025 nm lines could only be
monitored up to an even lower temperature of 723 K.

Although the two IR

fluorescence were found to be relatively stronger than the upconversion intensities,
they were overlapped by the tail of the pump emission. This then resulted in the IR
signals being superimposed onto the pump intensity and at the higher temperature
range (>723 K), the IR lines were found to fall below the background laser signal.
However, good agreement of the IR FIR characteristics was obtained through the use
of a theoretical model and this IR study also indicated the suitability of utilising high
Yb 3+ + low Er3+-codoped sapphire fibres for temperature monitoring.

Polarimetric sensing schemes employing c- and a-axis sapphire fibres have been
investigated for temperature and bending dependence characteristics.

The main

principles adopted for this type of sensing required the calculation of the retardation
of the polarisation state experienced by linearly polarised light propagating in the
fibres from the detected four-component Stokes parameter (using a polarimeter) as
well as the measurement of the intensities of orthogonal light components using a
difference-over-sum technique.

When the fibres are subjected to external

perturbations, any variations in the two properties can then be detected. Sapphire is
doubly refractive, hence light launched into these fibres at suitable crystallographic
orientation directions will be forced to undergo birefringence, resulting in two
slightly different propagating velocities governed by no and ne, the ordinary and
extraordinary refractive indices. In c-oriented fibres where the c-axis coincides with
the crystal optic axis, both no and ne are identical. Any propagating lightwave will
thus travel without any change in its. associated component velocities and no
birefringence should be exhibited. Thus, it was anticipated that by subjecting c-axis
sapphire fibres to temperature and bending, additional birefringence would be
induced due to asymmetric stress distributions and slight deformation of the fibre
geometry. However, it was found that c-axis fibres were relatively insensitive to
both temperature and bending.

A-axis fibres, on the other hand, are naturally

birefringent, hence, the resulting SOPs of the input linearly polarised lightwaves
were found to be slightly elliptically polarised.
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Introduction of temperature

variations thus resulted in a useful retardation range between 673 and 1073 K, while
the difference-over-sum ratio (or SOP of the propagating lightwave) was found to
increase generally with increasing temperature up to 1473 K. For the 0.5, 1 and 2
mm bending tests conducted, the ratio obtained from the difference-over-sum
formulation was observed to increase as the bend depth was increased, however, the
dynamic range for all three bending test were relatively small. Obviously, unless
some ways can be found to increase the dynamic range of the bend dependence,
these fibres (a-axis sapphire) are not particularly suitable for bend deformation
monitoring although it is still possible to correlate any polarimetric parameter
variations to temperature.

8.1

Future Work

One of the major problems encountered in this project was the lateral (x-y)
movement of both seed and source fibres out of true vertical alignment to each other
and to the laser focal axis in the LHPG station during fibre growth.

This often

w~Je

not taken to

resulted in fibres having large diameter variations if proper actions

correct the lateral alignment at an early stage. It would thus be highly advantageous
to incorporate a fibre diameter monitoring system into the growth loop so that
automatic corrections would be performed by the computer. Such a system would
also enable close-loop feedback adjustments of the pull/feed velocities and laser
power, if properly integrated, which would, in turn, lead to higher quality fibres with
fewer as well as smaller diameter variations than can be produced by an open-loop
growth. This would be very useful in conjunction with modifying the current growth
station into a continuous belt drive system which would allow "unlimited" lengths of
fibre to be produced. It would also permit the current problems of large friction
forces

towards the ends of the slides and the resulting vibration to be

reducedlel iminated.

Although a procedure has been established to ensure equal coating layers of dopant
materials on source fibres, uniform dopant distribution along the longitudinally fibre
axis cannot be guaranteed. A technique to enable this to be realised wQuld be highly
desirable since fibres grown can then be doped more uniformly and better
characterised.

It would also permit fibres with the desired dopant concentration
439

level(s) to be produced more repeatably. In addition, other less expensive source
materials should be found instead of single-crystal ones, so that savings can be
realised on one type of source to enable other types of crystals to be studied.

The maximum output power from the current CO 2 laser employed as the heat source
was sufficient for melting source materials with temperatures similar to that of the
largest sapphire source fibre used. However, it was found to be insufficient when
very high melting point materials, such as YSZ or even yttria fibres, are to be to be
grown.

Moreover, most of these polycrystalline or sintered rods can only be

purchased in diameters of 1 mm or more currently due to difficulty in grinding them
down to smaller sizes. Hence, it would certainly be beneficial if a higher power CO 2
laser of -100 W output power could be employed to grow a relatively large range of
high melting refractory oxides for sensing studies.

It is worth mentioning agam that current fibre growth techniques do not permit

crystal fibres such as sapphire to be coated with a cladding layer. This is due mainly
to the unavailability of suitable cladding materials with matching ref.ractive indices
and compatible physical properties (melting points, thermal expansions, strength
modulus, etc.).

Hence, sapphire fibres are gr9wn generally unclad and large

transmission losses are a result of this. The favourable properties of sapphire fibres
both as sensing elements and delivery fibre systems, if they can be clad and grown in
lengths comparable to glass fibres used in optical telecommunications, would be
greatly enhanced. One suggestion for cladding sapphire fibres would be to use other
higher melting point materials such as molybdenum and yttrium oxides as coating
layers on the sapphire fibre surface and heating them in the growth chamber to
enable them to be diffused into the fibre surface. Translating the coated fibre similar
to the manner in which crystal fibres were pulled would result in a thin outer layer of
cladding material along the entire length of the fibre. Ruby fibres can also be "regrown" by heating them so that Cr3+ diffuse out from the core of the sapphire fibre,
forming an outer ruby cladding layer. Using this technique, the coating materials to
be used should be chosen carefully to approximately match the properties and
refractive index of sapphire.
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For relating the experimental results of the temperature dependence of the infrared
fluorescence and, in particular, upconversion emission of RE-doped sapphire fibres
to theory, a in-depth study is required to better understand the complicated dynamics
and transition energies in highly doped samples. This could, perhaps, then lead to
better and more general models which can, in turn, be used to describe the actual
experimental data.

Further, the possibility of "self-activated" RE-doped fibres

should be explored. This could have important implications in the field of novel
laser materials science and physics.

Finally, implementation of the crystal fibres characterised for varIOUS sensing
parameters would be the next major step in this research. Field trials could be held to
test the practical suitability of employing such fibres in a real application. This could
be done easily if calibration curves of the appropriate crystal fibres for the related
parameter of interest were obtained beforehand.

Instead of the sometimes

complicated models predicted by theory, simple polynomials of the nth level can be
fitted to the experimental data on a "look-up" graph in which the vertical (or y) axis
is the physical parameter to be measured while the x-axis is the deteGJed changes in
light intensities, lineshifts, lifetime decays and fluorescence intensity ratios, etc.
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APPENDIX A

List of single-crystal fibres grown by the LHPG method
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Material

Common
Name

Melting
Point

Orientation

Application

(0C)

Oxides
[ I]AI 2O,
[I ]Cr3+ :AI 2O,
[1]Ti 3+ :AI 2O,
[ I]BaB 20 4
[2]Nd :BaLaGa,07
[3]Ba(Mgl/, Ta2l3)03

Sapphire
Ruby
Ti :Sapphire
BBO
BMT

[4]Nd3+ :BazNaNb 5O'5
[5]B<Io.9SrO' TiO,

BNN
BST

[1]BaTiO,

Barium
Titanate
Barium
Titanate
BSO
BTO
CAO-EN

[1]BaTiO,
[6]Bi,zSiO zo
[6]Bi'2Ti0 20
[7]Eu 2+, Nd'+:CaAl z0 4
[2]Nd :CaGaAI,07
[2]Nd :CaGdGa,07
[2]Nd :CaLaAI,07
[2]Nd :CaMgZrGGG
[2]Nd :CaY AI 30 7
[2]Nd :CaZrGGG
[8]CaMo04
[1]CaScz0 4
[I ]Nd :CaSc Z04
[9]CaTiO,
[8]CaW0 4
[8]Ti'+ :Ga20,
[IO]Ni, Zr :Gd,Ga50'2
[ I ]Gd 2(Mo04h
[11]Er3+ :Gd 2O,
[12]Nd'+ :Gd 2O,
[2]Nd :7Gd zOr 9Si02
[ 13]Gd,Sc zAI,012
[IO]Ni, Zr :Gd3SC2A13012
[13]Cr :Gd,SC2AI,012
[13]Cr :Gd 3Sc ZGa.10'2
[ 14] K.1Liz_xNb5+xO'5+zx
[14]Nd :K.1Liz_x
Nb5+xO'5+2x
[ 15]KTa,_,Nb x0 3
[8]LaAI0,
[8]LaGaGe07
[8]La3Ga5SiO'4
[2]Nd :7La20r9Si02
[8]Ni 2+ :LiGa50g
[1]Li 2Ge01
[ 16jL 2O-3B 2O,

2045
2045
2045
1095
1650
2900 3100
1456
1600 2080
1618
1618
895
883
1610 .

a,c
c
c

[ 112]

Beam Delivery
Laser
Laser
NLO
Laser
Superconducting

[110]

NLO
Ferroelectric

c (Hex
phase)
c (Cubic
phase)
[011], [001]
[011], [001]

1610

1880

Ni, Zr :GGG

GSAG
Ni, Zr :GSAG
Cr :GSAG
Cr :GSGG
KLN
Nd :KLN
KTN

2200
2200

a, b,c
c
[010]

1900
1157
2350
2350
2040
1900
1900
1900
1900

[ Ill]
[110]
C2/m
C2/m

[III]

a
a
<1357

[100]

2040
1170
834

LBO
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a,c

Ferroelectric
Ferroelectric
Photorefracti ve
Photorefracti ve
Opt. Prop.
Laser
Laser
Laser
Laser
Lgser
Laser
Laser
Model
Laser
Opt. prop.
Laser
Laser
Ferroelastic
Laser
Laser
Laser
Laser
Laser
Laser
Laser
NLO
NLO, Laser
Photorefracti ve
Laser
Laser
Laser
Laser
Laser
Raman
NLO

[1]LiNbO.,
[17]MgO :LiNbO-,
[1]Nd 3+ :LiNb0 3
[1]LiTa03
[18]Nd :LiYF4
[18]Tm :LiYF4
[1]Cr :Lu203
[1]Ti :MgAI 204
[8]Cr·'+ :MgAI 204
[ 19]Ni 2+:MgAI 20 4
[20]Cr :Mg2Si04
[2]Nd :MgZrGGG
[8]Er3+, Nd 3+, Er3+_ Yb 3+
:NaLa(W04h
[8]Er3+, Er3+_
Yb 3+:Na Y(W04h

Lithium
Niobate

Lithium
Tantalate
Nd :YLF
Tm:YLF

Spinel
Cr :Forsterite

[27] SrV0 3
[1]Ti :YAl0 3
[ I]Y.,AI 50 12
[28]Ca, Cr :Y 3AI 5O lz
[13]Er :Y.,AI 50 12
[13]Ho :Y,AI 50 12
[1]Nd :Y,AI 50 12
[8]Ti·'+ :Y.,AI 5O lz
[13]Tm :Y 3AI 5O lz
[1] YFe 50 12
[1]Cr :Y 20 3
[1]Eu :YzO,
[8]Er3+, H0 3+, Nd.1+: Y zO.,

a,c

NLO, SAW

1260
1260
1650

a,c
c
[110]

NLO, Laser
Laser
SAW

825
825
2400
2105
2105
2105
1890

a
a
c, [110]

Laser
Laser
Laser
Laser
Laser
Laser, Opt. Amp.
Laser
Laser
Laser
Laser

[1]Nb20~

[1]Nd 2Si0 5
[8]PbMo0 4
[1]Cr :SC203
[8]Er3+, Ti 3+ :SC20 .,
[1]ScTa04
[1]ScNb0 4
[21]Er3+:Sc2:03:LiNb03
[22]Nd3+:Sc203:LiNb03
[7]Eu 2+, Du3+:SrAI 20 4
[1]SrBaNb 20 6
[23]Ce :SrO.6BaoANb206
[24]Ce:Sr06I Bao]9Nb20 6
[ I]SrBaTi 20 6
[2]Nd :SrGaAI 30 7
[2]Nd :SrGdGa307
[25]SrHf03
[26]Sr2Ru04
[ I]SrSc20 4
[1]SrTi03

1260

1495
1980
2400
2400
2300
2100

SAO-ED
SBN
Ce :SBN60
Ce :SBN61

1960
1700
1700
1700
1500
1350
1600
2500

SHO

Strontium
Titanate
Trontium
vanade
Ti :YAP
YAG
Ca, Cr :YAG
Er :YAG
Ho :YAG
Nd :YAG
Ti :YAG
Tm :YAG
YIG

a

a-phase
a,c
a
c
a,c

[ I-II]
[001]

2200
1860
[100]
1875
1940
1940
1940
2940
1940
1940
1940
1555
2400
2410
>2400
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c, [110]

[III], [100]
[110],[111],
[211]

Opt. Prop.
Laser
Laser
Laser
Laser
Ferroelectric
Ferroelectric
Laser, Opt. Amp.
NLO
Opt. Prop.
Photorefracti ve
Photorefractive
Photorefracti ve
Ferroelectric
Laser
Laser
Material Study
Superconducting
Model
Superconducting
Opt. prop.
Laser
Laser
Laser
Laser

[III], [100]
[ III]
[ 110]
c, [110]
c

Laser
Laser
Laser
Isolator
Laser
Laser
Laser

[29]Tb J+, Tm.l+,
Yb·1+:Y Z0 1
[13]Cr :Y3SczA1301Z
[8]Er.l+ :YSC0 3
[30]YV04
[31]Y203-Zr02
[32]ZnLiNb04

Fluorides
[1]BaF2

1900
>2400

Cr :YSAG
Yttrium
orthovanadate
YSZ
ZLN

Barium
Fluoride
Calcium
Fluoride

[1]CaF 2

Laser

2450
[ III]
a

Laser
Laser
Laser
Thermometry
NLO

2700

1280

[100]

IR Guiding

1360

[ Ill]

IR Guiding
Laser

[8]RbMnF3

Eutectics
[1]LiF-NaF
[ I]Li 2O-Ge02
[ I]NaF-NaCI
[ I]PbFr AhF3
[33]MgTi03-CaTi03

Semiconductors &
Metallics
[1]B 9C
[34]Bi2Sr2CaCu20g
[34]Bi l.gSrl.SCal.2CuZ.20S
[1]Co
[1]Fe
[1]Fe-Co
[1]Ge
[1]LaB 6
[1]Nb
[1]Si

~i)
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676
1106
640
565
16501720

Eutectics
Eutectics
Eutectics

2400
900
900
1495
1539
1500
960
2716
2468
1420

Thermoelectric
Superconducting
Superconducting
Magnetics
Magnetics
Magnetics
IR Guiding
Cathode Filament
Superconducting
Model

Microwave

[ III]
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APPENDIXB

LHPG control software
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unit PIUnitl;
{$X+}
interface
uses
windows, Messages, SysUtils, Classes, Graphics, Controls, Forms,
Dialogs,
StdCtrls, Global, ComCtrls, ExtCtrls, Buttons, OleCtrls,
chartfx3, Driver;
{const
a = 2;}
type
TForml = class (TForm)
GroupBoxl: TGroupBox;
EXIT: TButton;
INITIALI.SE_MOTORS: TBU t ton;
Panefl: TPanel;
Labell: TLabel;
PullRate: TEdit;
Labe12: TLabel;
DiaRatio: TEdit;
Pane12: TPanel;
GO: TButton;
STOP: TButton;
Labe19: TLabel;
LabelS: TLabel;
Pane15: TPanel;
Labelll: TLabel;
FibreGrown: TEdit;
Label12: TLabel;
Timerl: TTimer;
OpenDialogl: TOpenDialog;
GroupBox3: TGroupBox;
Pull_Vel: TEdit;
Feed_Vel: TEdit;
ShowGraph: TButton;
Labe16: TLabel;
Labe17: TLabel;
GroupBox4: TGroupBox;
Label13: TLabel;
Label14: TLabel;
Label15: TLabel;
GroupBox5: TGroupBox;
Label16: TLabel;
Label17: TLabel;
GroupBox6: TGroupBox;
GroupBox7: TGroupBox;
BottomStageUp: TBitBtn;
BottomStageDown: TBitBtn;
BottomStageLeft: TBitBtn;
BottomStageRight: TBitBtn;
BottomStageNW: TBitBtn;
BottomStageNEi TBitBtn;
BottomStageSW: TBitBtn;
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BottomStageSE: TBitBtn;
BitBtnl: TBitBtn;
GroupBox8: TGroupBox;
BottomEdit: TEdit;
BottomScroll: TScrollBar;
GroupBox9: TGroupBox;
TopEdit: TEdit;
TopScroll: TScrollBar;
TopStageUp: TBitBtn;
TopStageDown: TBitBtn;
TopStageLeft: TBitBtn;
TopStageRight: TBitBtn;
TopStageNW: TBitBtn;
TopStageNE: TBitBtn;
TopStageSW: TBitBtn;
TopStageSE: TBitBtn;
BitBtn2: TBitBtn;
GroupBox2: TGroupBox;
Timer2: TTimer;
GroupBoxll: TGroupBox;
BREAKSTART: TButton;
BREAKSTOP: TButton;
GroupBox12: TGroupBox;
POSITIONSTART: TButton;
POS_PULL_STOP: TBitBtn;
POS_FEED_STOP: TBitBtn;
Label18: TLabel;
Label19: TLabel;
Timer3: TTimer;
GroupBoxlO: TGroupBox;
GroupBox13: TGroupBox;
InLineLength: TEdit;
EndTaper: TEdit;
InLineStart: TButton;
EndStart: TButton;
FeedUpBitBtn: TBitBtn;
FeedDownBitBtn: TBitBtn;
Labe14: TLabel;
PullUpBitBtn: TBitBtn;
PullDownBitBtn: TBitBtn;
Labe15: TLabel;
Labe13: TLabel;
FeedRate: TEdit;
LabellO: TLabel;
InLineDiaChange: TEdit;
InLineStop: TButton;
Labe120: TLabel;
Labe12l: TLabel;
Labe122: TLabel;
EndStop: TButton;
GroupBox14: TGroupBox;
GroupBox15: TGroupBox;
Editl: TEdit;
ScrollBarl: TScrollBar;
Buttonl: TButton;
Edit2: TEdit;
Edit3: TEdit;
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Button2: TButton;
Edit7: TEdit;
Edit4: TEdit;
EditS: TEdit;
d: TLabel;
Labe123: TLabel;
Labe124: TLabel;
Button3: TButton;
Timer4: TTimer;
Button4: TButton;
Edit6: TEdit;
Labe12S: TLabel;
EditS: TEdit;
Labe126: TLabel;
ButtonS: TButton;
procedure FormCreate(Sender: TObject);
procedure EXITClick(Sender: TObject);
procedure GOClick(Sender: TObject);
procedure STOPClick(Sender:TObject);
procedure INITIALISE_MOTORSClick(Sender: TObject);
procedure FeedUpBitBtnMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure FeedUpBitBtnMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure FeedDownBitBtnMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
procedure FeedDownBitBtnMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure PullUpBitBtnMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure PullUpBitBtnMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure PullDownBitBtnMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
procedure PullDownBitBtnMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure PullRateClick(Sender: TObject);
procedure PullRateExit(Sender: TObject);
procedure DiaRatioClick(Sender: TObject);
procedure DiaRatioExit(Sender: TObject);
procedure PullRateChange(Sender: TObject);
procedure TimerlTimer(Sender: TObject);
procedure ShowGraphClick(Sender: TObject);
procedure BottomScrollChange(Sender: TObject);
procedure BottomStageUpMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure BottomStageUpMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure BottomStageDownMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
procedure BottomStageDownMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure BottomStageLeftMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
procedure BottomStageLeftMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure BottomStageRightMouseDown(Sender: TObject;
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Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
procedure BottomStageRightMouseUp(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
procedure BottomStageNEMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure BottomStageNEMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure BottomStageNWMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure BottomStageNWMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure BottomStageSWMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure BottomStageSWMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure BottomStageSEMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure BottomStageSEMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageUpMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageUpMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageDownMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageDownMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageLeftMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageLeftMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageRightMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageRightMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageNWMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageNWMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageNEMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageNEMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; .X, Y: Integer);
procedure TopStageSWMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageSWMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageSEMouseDown(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopStageSEMouseUp(Sender: TObject; Button: TMouseButton;
Shift: TShiftState; X, Y: Integer);
procedure TopScrollChange(Sender: TObject);
procedure GroupBox2Click(Sender: TObject);
procedure Timer2Timer(Sender: TObject);
procedure BREAKSTARTClick(Sender: TObject);
procedure BREAKSTOPClick(Sender: TObject);
procedure POSITIONSTARTClick(Sender: TObject);
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procedure POS_PULL_STOPClick(Sender: TObject);
procedure POS_FEED_STOPClick(Sender: TObject);
procedure Timer3Timer(Sender: TObject);
procedure DiaRatioChange(Sender: TObject);
procedure FeedRateChange(Sender: TObject);
procedure EndStartClick(Sender: TObject);
procedure PullUpBitBtnKeyPress(Sender: TObject; var Key: Char);
procedure PullUpBitBtnKeyUp(Sender: TObject; var Key: Word;
Shift: TShiftState);
procedure PullDownBitBtnKeyPress(Sender: TObject; var Key: Char);
procedure PullDownBitBtnKeyUp(Sender: TObject; var Key: Word;
Shift: TShiftState);
procedure FeedUpBitBtnKeyPress(Sender: TObject; var Key: Char);
procedure FeedUpBitBtnKeyUp(Sender: TObject; var Key: Word;
Shift: TShiftState);
procedure FeedDownBitBtnKeyPress(Sender: TObject; var Key: Char);
procedure FeedDownBitBtnKeyUp(Sender: TObject; var Key: Word;
Shift: TShiftState);
procedure InLineStartClick(Sender: TObject);
procedure InLineStopClick(Sender: TObject);
procedure EndStopClick(Sender: TObject);
procedure Button1Click(Sender: TObject);
procedure Button2Click(Sender: TObject);
procedure ScrollBar1Change(Sender: TObject);
procedure Button3Click(Sender: TObject);
procedure Button4Click(Sender: TObject);
procedure Button5Click(Sender: TObject);
private
Private declarations
{Vel_Array : array [1 .. 40) of real;}
public
{ Public declarations }
{Following entries for PI Card}
FileHandle1
Integer;
FileHandle2
Integer;
Last_Pull_Position
longint;
Last_Feed_Position
longint;
Last_Velocity
: real;
NO_Points
integer;
Pnt_Cntr
integer;
Point_Now
integer;
Page_No
integer;
Pull_Vel_Array
array [1 .. 20) of real;
Feed_Vel_Array
array [1 .. 20) of real;
F
: TextFile;
Record_No, K
Longint;
Time_Counter
: double;
{For fibre positioning using keyboard}
PullMotor_Up
boolean;
PullMotor_Down
boolean;
FeedMotor_Up
boolean;
FeedMotor_Down
boolean;
{In_Line Taper}
Taper_Op
Relative Pull position
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boolean;
longint;

{Following entries for DA Card}
tempNum
: smallint;
{lpAOVoltageOut
: PT_AOVoltageOut;}
11
integer;
In_Single_BottomStage
single;
Out_Single_BottomStage
single;
In_Single_TopStage
single;
Out_Single_TopStage
single;
RefSrc
short;
{LaserOutput
single;}
integer;
status
integer;
P
end;
var
Forml: TForml;
implementation
uses PIUnit2;
{$R *.DFM}
{$I PItestl.pas}
const
4742.716048;
37941.728384;
:= (2*29.6419753*80);
:= (4*29.6419753*320) ;}_.

=

Pull_Const_1 = -1317.421134;
{Pull_Const_1 := 4742.716048*1000/3600}
Pull_Const_2 = -4742716.048;
{Pull_Const_2 := 4742.716048*1000}
function
var

function
var

ValFn(S:string) : Real;
code: integer;
L
: Real;
begin
Val(S, L, code);
ValFn .- L;
end;
StrFn(L: Real) : string;
S : string;
begin
Str(L: 6: 5,S);
StrFn
S;
end;

procedure TForm1.FormCreate(Sender: TObject);
var
Response : integer;
{Following entries for DA Card}
MaxEntries, OutEntries
Smallint;
i, j
: Integer;
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tempStr
bRun
Chan
{status

String;
boolean;
: short;
:integer;}

begin
{Following entries for PI DC-Controller}
c842_open;
Set_BaseAddress($210) ;
Board_Installed;
Axis_Installed;
Ini tBoard ($9) ;
autodetect;
If autodetect <0 then
begin
Application.MessageBox('Limit switch hit!', 'ERROR' ,MB_OK);
end;

Response

InitAxis(l) ;
InitAxis(2) ;
{StrPCopy(Cmd_Str_Pntr, 'lASN'#OO");
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
(StrPCopy(Cmd_Str_Pntr, 'lSAN'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
Point_Now

:=0;

{Initialising counters for Timer}
NO_Points
:=1;
Page_No
:=1;
Pnt_Cntr
:=0;

{Following entries for DA Card}
MaxEntries := 9;
bRun
:= False;
.- DRV_DeviceGetList(DeviceList[O) , MaxEntries, OutEntries);
If (ErrCde<>O) then
begin
DRV_GetErrorMessage(ErrCde, pszErrMsg);
Response .- Application.MessageBox(pszErrMsg, 'Error!', MB_OK);
end;

ErrCde

.- DRV_DeviceGetNumOfList(MaxEntries);
For i:= 0 to (MaxEntries-1) do
begin
.,
tempStr
.- 0 to MaxDevNameLen do
For j
begin
tempStr := tempStr + DeviceList[i) .szDeviceName[j);
end;
{Must Change to show device connected}
:=tempStr;}
(Editl.Text
end;
ErrCde

._

ErrCde

I

I

•

DRV_DeviceOpen(dwDeviceNum, DeviceHandle);
if (ErrCde<>O) then
begin
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Response

ErrCde

DRV_GetErrorMessage(ErrCde, pszErrMsg);
.- Application.MessageBox(pszErrMsg, 'Error!', MB_OK);
end
else
{ptDevGetFeatures.buffer := nil;}
ptDevGetFeatures.buffer := @lpDevFeatures;
:= DRV_DeviceGetFeatures(DeviceHandle,
ptDevGetFeatures) ;

tempNum
tempNum

lpDevFeatures.usMaxAOChl;
lpDevFeatures.usMaxDOChl;
(For chan := 0 to 3 do
begin
ptAOConfig.chan
:= chan;
ptAOConfig.RefSrc
:= 0;
ptAOConfig.MaxValue
:= 10.0;
ptAOConfig.MinValue
:= -10.0;
ErrCde .- DRV_AOConfig(DeviceHandle, ptAOConfig);
end;
:=

:=

For chan

:= 4 to 5 do
begin
ptAOConfig.chan
:= chan;
ptAOConfig.RefSrc
:= 0;
ptAOConfig.MaxValue
:= 5.0;
ptAOConfig.MinValue
:= 0.0;
ErrCde .- DRV_AOConfig(DeviceHandle, ptAOConfig);
end; }

(ErrCde .- DRV_AOVoltageOut(DeviceHandle, lpAOVoltageOut);
end;
procedure TForm1.EXITClick(Sender: TObject);
var
ptDevGetFeatures
: PT_DeviceGetFeatures;
i, j
integer;
begin
c842_close;
close;
{Clearing Digital In/Out}
For i := 0 to 7 do
begin
ptDioWriteBit.port
.- 1;
ptDioWriteBit.bit
i;
. ptDioWriteBit.state
.- 0;
ErrCde .- DRV_DioWriteBit(DeviceHandle,ptDioWriteBit);
end;
{Clearing Analogue In/Out}
For j := 0 to 3 do
begin
ptAOVoltageOut.chan
.- j;
ptAOVoltageOut.OutputValue := 0.00;
ErrCde

DRV_AOVoltageOut(DeviceHandle,ptAOVoltageOut) ;
end;
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ptAOVoltageOut.chan
:= 4;
ptAOVoltageOut.OutputValue := -9.94;
ErrCde .- DRV_AOVoltageOut(DeviceHandle,ptAOVoltageOut);
{Close DA Card driver and exit}
bRun
:= True;
ptDevGetFeatures.buffer:= nil;
if bRun then
DRV_DeviceClose(DeviceHandle) ;
close;
end;
procedure TForm1.GOClick(Sender: TObject);
Vpull_whole, Vfeed_whole
: longint;
Vpull_str, Vfeed_str
: string;
Vpull_real, Real_Feed, Vfeed_real
real;
: Integer;
f, b, c,i

var

begin
Last_Pull_Position
Last_Feed_Position

:= 0;
:=

0;

FeedRate.Text
.StrFn(ValFn(PullRat,e.Text) /Sqr(ValFn(DiaRatio.Text)));
{Calculating P],lll Rat~ with 80:1 gearbox ==> Channell}
Vpull_real
:= (StrToFloat(PullRate.Text)*(h-pull*1000/60));
Vpull_whole
:= 'Trunc(Vpull_real);
Vpull_str
:= 'lSV' + IntToStr(Vpull_whole) + #00;
{Calculating Feed Rate with 320:1 gearbox ==> Channel 2}
Real_Feed
.- (ValFn(PullRate.Text)/Sqr(ValFn(DiaRatio.Text)));
Vfeed_real
:= (Real_Feed* (n_feed*1000/60));
Vfeed whole
:= Trunc(Vfeed_real);
Vfeed_str
:= '2SV' + IntToStr(Vfeed_whole) + #00;
StrPCopy(Cmd_Str_Pntr, 'lDH'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy(Cmd_Str_Pntr, '2DH'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy (Cmd_Str_Pntr, 'lSA-50' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy(Cmd_Str_Pntr, '2SA135'#00");
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy(Cmd_Str_Pntr, Vpull_str);
{Pull Velocity -> Chan 1}
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy(Cmd_Str_Pntr, Vfeed_str);
{Feed Velocity -> Chan 2}
translate (Cmd_Str_Pntr, Rep_Str_Pntr);

457

{Pull Displacement}
{StrPCopy(Cmd_Str_Pntr, 'lMR-1043397531' #00' ') ;} {-ve movement = UP}
{translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
{+ve movement = DOWN}
{Feed Displacement - 11 faut
1073600000}
{StrPCopy(Cmd_Str_Pntr, '2MR1073600000'#OO' ');}
{-ve movement = DOWN}
{translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
{+ve movement = UP}
GO. Enabled
STOP. Enabled
FeedUpBitBtn.Enabled
FeedDownBitBtn.Enabled
PullUpBitBtn.Enabled
PullDownBitBtn.Enabled
Timer1.Enabled
Timer2.Enabled
Label13.Caption
.- 'Start Time

.:=
...-

FALSE;
TRUE;
FALSE;
FALSE;
FALSE;
FALSE;

.- TRUE;
.- TRUE;
, + TimeToStr(Time);

end;
procedure TForm1.STOPClick(Sender: TObject);
begin
FileClose(FileHandlel) ;
FileClose(FileHandle2) ;
StrPCopy(Cmd_Str_Pntr, 'CLP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'AB'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
FibreGrown.Text

:= FloatToStr(get-pos(l)*(-

1)/(2*29.6419753*80*1000)) ;

GO. Enabled
STOP. Enabled
.PullRate.Enabled
.DiaRatio.Enabled
.FeedUpBitBtn.Enabled .FeedDownBitBtn.Enabled:=
PullUpBitBtn.Enabled .PullDownBitBtn.Enabled:=
Timer1.Enabled
.Timer2.Enabled

FALSE;
FALSE;
FALSE;
FALSE;
TRUE;
TRUE;
TRUE;
TRUE;
FALSE;
FALSE;

Point_Now
:=0;
NO_Points
: =1;
{Page_No
: =1 ;}
Pnt_Cntr
:=0;
resets pointer counter}
.- 'Stop Time
: ' + TimeToStr(Time);
Label14.Caption
end;
procedure TForm1.INITIALISE_MOTORSClick(Sender: TObject);
{var
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MyFileStream:TFileStream;
Buff:array [1 .. 20) of char;}
begin
.- False;
PullMotor_UP
.- False;
PullMotor_Down
.- False;
FeedMotor_Up
.- False;
FeedMotor_Down
.- 0;
Record_No
:= 0;
Time_Counter
:= FALSE;}
open the First ascii storage Data file}
OpenDialog1.Filter := 'Text files (*.txt) I*.TXT';
OpenDialogl.execute;
FileHandlel:=FileCreate(OpenDialogl.Filename) ;
{ open the Second ascii Data storage file}
OpenDialogl.Filter := 'Text files (*.txt) I*·TXT';
OpenDialogl.execute;
FileHandle2:=FileCreate(OpenDialogl.Filename) ;
{Initialising PI motors}
StrPCopy(Cmd_Str_Pntr, 'CLP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'CLR'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'SST4'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
(StrPCopy(Cmd_Str_Pntr, 'ASN'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
(StrPCopy(Cmd_Str_Pntr, 'SAN'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
StrPCopy(Cmd_Str_Pntr, 'SFP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'lDP70'#00");
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2DP4S'#00");
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'DI8'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'DDS'#OO");
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr,
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'DL1S00'#00");

StrPCopy(Cmd_Str_Pntr, 'lSPV'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy(Cmd_Str_Pntr, '2SPV'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
FibreGrown.Text
GO. Enabled
PullRate.Enabled
DiaRatio.Enabled
{STOP. Enabled
FeedUpBitBtn.Enabled
FeedDownBitBtn.Enabled
PullUpBitBtn.Enabled
PullDownBitBtn.Enabled
GroupBox2.ShowHint
InLineStart.Enabled
InLineStop.Enabled

.-

'0.0' ;

· - TRUE;
· - TRUE;
TRUE;

.- TRUE; }
· - TRUE;
· - TRUE;
TRUE;
· - TRUE;
. - FALSE;

TRUE;
TRUE;

.- TRUE;
· - TRUE;

EndStart.Enabled
EndStop.Enabled

. - 'Start Time';
.- 'Stop Time';
.- 'Current Time';

Label13.Caption
Label14.Caption
Labe115.Caption
end;

procedure TForm1.FeedUpBitBtnMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
StrPCopy(Cmd_Str_Pntr, '2DH'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy(Cmd_Str_Pntr,

'2SST4'#00' ');
;

translate(Cmd_Str~Pntr,Rep_Str_Pntr)

StrPCopy(Cmd_Str_Pntr, '2SA135'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy (Cmd_Str_Pntr, '2SV12 8000' #00' , ) ;
{158000}
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
{StrPCopy (Cmd_Str_Pntr, '2MR1000000000' #00' , ) ;
translate (Cmd_Str_Pntr , Rep_Str_Pntr) ;}
end;
procedure TForrn1.FeedUpBitBtnMouseUp(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState; X, Y: Integer);
begin
StrPCopy(Crnd_Str_Pntr, '2CLP'#00' ');
translate (Crnd_Str_Pntr, Rep_Str_Pntr) ;
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StrPCopy(Cmd_Str_Pntr, '2AB'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
end;
procedure TForml.FeedDownBitBtnMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
StrPCopy(Cmd_Str_Pntr, '2SST4'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2SA-135'#00");
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2SV128000'#00");
{158000}
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
{StrPCopy (Cmd_Str_Pntr, '2MR-1000000000' #00' , ) ;
translate (Cmd_Str_Pntr;Rep_Str_Pntr) ;}
end;
procedure TForml.FeedDownBitBtnMouseUp(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
StrPCopy(Cmd_Str_Pntr, '2CLP'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2AB'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
end;
procedure TForml.PullUpBitBtnMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
StrPCopy(Cmd_Str_Pntr, 'lDH'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy(Cmd_Str_Pntr, 'lSST4'#00");
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'lSA-135' #00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy (Cmd_Str_Pntr, 'lSV120000' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
{StrPCopy(Cmd_Str_Pntr, 'lMR-1000000000' #00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
end;
procedure TForml.PullUpBitBtnMouseUp(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState; X, Y: Integer);
begin
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StrPCopy(Crnd_Str_Pntr, 'lCLP'#OO' ');
translate (Crnd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Crnd_Str_Pntr, 'lAB'#OO' ');
translate (Crnd_Str_Pntr, Rep_Str_Pntr) ;
end;
procedure TForrnl.PullDownBitBtnMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
StrPCopy(Crnd_Str_Pntr, 'lSST4'#00' ');
translate (Crnd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Crnd_Str_Pntr, 'lSA135'#00' ');
translate (Crnd_Str_Pntr, Rep_·Str_Pntr) ;
StrPCopy(Crnd_Str_Pntr, 'lSV120000'#00");
.translate (Crnd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy (Crnd_Str_Pntr, 'lMR1000000000' #00' , ) ;
translate (Crnd_Str_Pntr, Rep_Str_Pntr) ;
end;
procedure TForrnl.PullDownBitBtnMouseUp(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
StrPCopy(Crnd_Str_Pntr, 'lCLP'#OO' ');
translate.(Crnd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Crnd_Str_Pntr, 'lAB'#OO' ');
translate (Crnd_Str_Pntr, Rep_Str_Pntr) ;
end;
procedure TForrnl.PullRateClick(Sender: TObject);
begin
FeedRate.Text
.StrFn(ValFn(PullRate.Text)/Sqr(ValFn(DiaRatio.Text))) ;
end;
procedure TForrnl.PullRateExit(Sender: TObject);
begin
FeedRate.Text
.StrFn(ValFn(PullRate.Text)/Sqr(ValFn(DiaRatio.Text))) ;
end;
procedure TForrnl.DiaRatioClick(Sender: TObject);
begin
FeedRate.Text
.StrFn(ValFn(PullRate.Text)/Sqr(ValFn(DiaRatio.Text))) ;
end;
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procedure TForm1.DiaRatioExit(Sender: TObject);
begin
FeedRate.Text
StrFn(ValFn(PullRate.Text)/Sqr(ValFn(DiaRatio.Text))) ;
end;
procedure TForm1. PullRateChange (Sender: TObject);
begin
If PullRate.Text>'2.0' then
begin
Application.MessageBox('Max Pull Velocity Exceeded', 'WARNING', MB_OK);
PullRate.Text .- '2.0';
end;
end;
procedure TForm1.Timer1Timer(Sender: TObject);
. Delta_Pull_Position, Delta_Feed_Position
longint;
Pull_Position, Feed_Position
: longint;
D e l t a _ T i m e : real;
Pull_Velocity, Feed_Velocity
: double;
Pntr_Buff1
: PChar;
Buff1
array [0 .. 14] of char;
: PChar;
array [0 .. 14] of char;
Buff2
integer;
Current Interval
Integer;
I, No_Series, j, k
Integer;
No_Txed1, No_Txed2
Smallint;
ntype
boolean; }
{Stop_Click
: double;
Gb_Pull, Gb_Feed
var

begin
:= 80*2000*29.642;
.- 320*2000*29.642;

@Buff1;
@Buff2;
take readings every 1.0 sec}
:= get-pos(l);
: = get-pos (2) ;
.- Pull position - Last_Pull_Position;

Pntr_Buff1
Pntr_Buff2
: = 1.0;
Pull Position
Delta_Pull Position
Delta_Feed_Position

{19753; }
{19753;}

:=

:=

{ change velocity to mm/min or rad/s }
:= Delta_Pull_Position/(Delta_Time);
Pull_Velocity
:= Pull_Velocity/(2*29.6*80*1000/60);}
{Pull_Velocity
{*2*pi/Gb_Pull; }
:= StrFn(Pull_Velocity*(-l));
Feed_Velocity
{Feed_Velocity

.- Delta_Feed_Position/(Delta_Time);
Feed_Velocity/(4*29.6*320*1000/60);}
{*2*pi/Gb_Feed; }
:= StrFn(Feed_Velocity);
:=

Feed_Vel.Text

{ increment the Record No}
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( put the record Number into file )
( clear the buffer )
(for j : = 0 to 14 do
begin
Buffl[j) := #00;
Buffl [13) : =#$OA;
end;
Buffl[13) :=#$OD;
Buff1[14) :=#$OA;
Record_No := Record_No+1;
StrPcopy(Pntr_Buff1,IntToStr(Record_No)) ;
No_Txed1:=FileWrite(FileHandle1,Buff1,sizeof(Buff1)) ;}
(Timer --> taking readings every 0.5 sec)
(Time_Counter := Time_Counter + 0.5;
for k := 0 to 14 do
begin
Buff2[k) := #00;
Buff2 [13) : =#$OA;
end;
Buff2[13) :=#$OD;
Buff2 [14) : =#$OA;
StrPcopy(Pntr_Buff2,FloatToStr(Time_Counter)) ;
No_Txed2:=FileWrite(FileHandle2,Buff2,sizeof(Buff2)) ;}
{ put the Pull 'velocity into file }
{ clear the buffer}
for j:=O to 14 do
begin
Buffl[j) :=#00;
Buff1[13) :=#$OA;
(Linefeed)
end;
{Carriage return}

Buff1[13) :=#$OD;

(storing Vpull into FileHandle1 - which is a text file)
StrPcopy(Pntr_Buff1,StrFn(Pull_Velocity*(-1))) ;
No_Txed1:=FileWrite(FileHandle1,Buff1,sizeof(Buff1)) ;
( put the Feed velocity into file )
( clear the buffer )
for k:=O to 14 do
begin
Buff2 [k) : =#00;
Buff2[13) :=#$OA;
end;
Buff2 [13) : =#$OD;
{storing Vfeed into FileHandle2 - also a text file}
StrPcopy(Pntr_Buff2, StrFn(Feed_Velocity));
No_Txed2
:= FileWrite(FileHandle2, Buff2, sizeof(Buff2));
(Pull_Vel.Text
Feed_Vel.Text

:= StrFn(Pull_Velocity);
StrFn(Feed_Velocity) ;}
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Last Pull position
Last_Feed_Position

.- Pull_Position;
.- Feed_Position;

ntype
No_Series

:= 1;
:= 2;

.- NO_Points+1;
NO_Points
.- Point_Now+1;
Point_Now
. - Pnt_Cntr+1; { increment pointer counter }

{x-axis on graph has to change - increment until STOP is pressed}
Form2Graph.Chartfx1.Enabled;
Form2Graph.Chartfx1.0pendataEx(ntype,No_Series,No_Points);
{Form2Graph.Chartfx1.ThisSerie .- O;}
Form2Graph.Chartfx1.Adm[01
Form2Graph.Chartfx1.Adm[11

.- 0;
1.2;{0.15;}

{Form2Graph.Chartfx1.Value}
if Pnt_Cntr < 19 then
begin
put current velocity into current storage array
Pull_Vel_Array[Point_Nowl .- Pull_Velocity*(-l);
Feed_Vel_Array[Point_Nowl := Feed_Velocity;
{ display upto 20 values }
for I := 0 to Point_Now do
begin
Form2Graph.Chartfx1.ThisPoint := I;
Form2Graph.Chartfx1.ThisSerie := 0;
Form2Graph.Chartfx1.ThisValue := Pull_Vel_Array[Il ;{I*I;}
Form2Graph.Chartfx1.ThisSerie := 1;
Form2Graph.Chartfx1.ThisValue := Feed_Vel_Array[Il ;{I*2;}
end;
end
else
begin
{add current velocity to 20th position }
for I:=O to 19 do
begin
{ shift left
Pull_Vel_Array[Il := Pull_Vel_Array[I+11;
Feed_Vel_Array[Il := Feed_Vel_Array[I+11;
end;
{ put new 20th position into array }
Pull_Vel_Array[191 := Pull_VelocitY*(-l);
Feed_Vel_Array[19 1 := Feed_Velocity;
{ now display this new graph }
{ display all 20 values }
for I := 0 to 19 do
begin
Form2Graph.Chartfx1.ThisPoint := I;
Form2Graph.Chartfx1.ThisSerie := 0;
Form2Graph.Chartfx1.ThisValue := Pull_Vel_Array[Il; {I*I;}
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Form2Graph.Chartfx1.ThisSerie := 1;
Form2Graph.Chartfx1.ThisValue := Feed_Vel_Array[IJ ;{I*2;}
end;
end;
, + TimeToStr(Time);
Label15.Caption := 'Current time
If (Point_Now> 19) then
begin
Point_Now :=0;
No_Points :=1;
{Page_No := Page_No +1;}
end;
{ now dump Data to file }
Form2Graph.Chartfx1.CloseData(ntype) ;
end;
procedure TForm1.ShowGraphClick(Sender: TObject);
begin
Form2Graph.Show;
end;
procedure TForm1.BottomScrollChange(Sender:
var
VRange
Longint;
Longint;
VOffset
VolRange
Single;

TObject)~

begin
{VOffset .- BottomScroll.Max-BottomScroll.Position;
VRange
:= BottomScroll.Max-BottomScroll.Min;
VolRange := ptAOConfig.MaxValue-ptAOConfig.MinValue;
BottomEdit.Text := FloatToStrF((VOffset / VRange * VolRange +
ptAOConfig.MinValue), ffFixed, 5, 2);
BottomEdit.Text:= FloatToStrF(((BottomScroll.Position-500)/100.0),
ffFixed, 5, 2);}
BottomEdit.Text:= FloatToStr(BottomScroll.Position/100.0);
end;
procedure TForm1.BottomStageUpMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_BottomStage
:= StrToFloat(BottomEdit.Text);
ptAOVoltageOut.chan
:= 1;
ptAOVoltageOut.OutputValue
:= In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle,ptAOVoltageOut);

end;
procedure TForm1.BottomStageUpMouseUp(Sender: TObject;
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Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_BottomStage
.- 0.00;
ptAOVoltageOut.chan
:= 1;
ptAOVoltageOut.OutputValue
In_Single_BottomStage;
ErrCde

:=

DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);

end;
procedure TForm1.BottomStageDownMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_BottomStage
:= StrToFloat(BottomEdit.Text);
ptAOVoltageOut.chan
:= 1;
ptAOVoltageOut.OutputValue := -In_Single_BottomStage;
ErrCde

:=

DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);'
end;

procedure TForm1.BottomStageDownMouseUp(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_BottomStage
0.00;
:= 1;
ptAOVoltageOut.chan
ptAOVoltageOut.OutputValue .- In_Single_BottomStage;
ErrCde

:=

DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;

procedure TForm1.BottomStageLeftMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_BottomStage
:= StrToFloat(BottomEdit.Text);
ptAOVoltageOut.chan
:= 0;
ptAOVoltageOut.OutputValue := -In_Single_BottomStage;
ErrCde

:=

DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;

procedure TForm1.BottomStageLeftMouseUp(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_BottomStage
0.00;
ptAOVoltageOut.chan
:= 0;
ptAOVoltageOut.OutputValue
.- In_Single_BottomStage;
ErrCde

:=

DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;

procedure TForm1.BottomStageRightMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_BottomStage
.- StrToFloat(BottomEdit.Text);
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ptAOVoltageOut.chan
ptAOVoltageOut.OutputValue
ErrCde

:=

:= 0;
In_Single_BottomStage;

DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;

procedure TForm1.BottomStageRightMouseUp(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
.- 0.00;
In_Single_BottomStage
:= 0;
ptAOVoltageOut.chan
ptAOVoltageOut.OutputValue
.- In_Single_BottomStage;
ErrCde

:=

DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;

procedure TForm1.BottomStageNEMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState;' X, Y: Integer);
begin
:= StrToFloat(BottomEdit.Text);
ptAOVoltageOut.chan
:= 0;
ptAOVoltageOut.OutputValue .- In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 1;
ptAOVoltageOut.OutputValue .- In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
. end;
procedure TForm1.BottomStageNEMouseUp(Sender: TObject;
Button: TMouseButton;Shift: TShiftState; X, Y: Integer);
begin
.- 0.00;
In_Single_BottomStage
ptAOVoltageOut.chan
:= 0;
ptAOVoltageOut.OutputValue .- In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 1;
ptAOVoltageOut.OutputValue
In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForm1.BottomStageNWMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
:= StrToFloat(BottomEdit.Text);
ptAOVoltageOut.chan
:= 0;
ptAOVoltageOut.OutputValue
.- -In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
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ptAOVoltageOut.chan
:= 1;
ptAOVoltageOut.OutputValue
.- In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForml.BottomStageNWMouseUp(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_BottomStage
.- 0.00;
ptAOVoltageOut.chan
:= 0;
ptAOVoltageOut.OutputValue .- In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 1;
ptAOVoltageOut.OutputValue
In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForml.BottomStageSWMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
:= StrToFloat(BottomEdit.Text);
ptAOVoltageOut.chan
:= 0;
ptAOVoltageOut.OutputValue .- -In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 1;
ptAOVoltageOut.OutputValue .- -In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForml.BottomStageSWMouseUp(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_BottomStag.e
. - 0.00;
ptAOVoltageOut.chan
:= 0;
ptAOVoltageOut.OutputValue .- In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 1;
ptAOVoltageOut.OutputValue
.- In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForml.BottomStageSEMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
:= StrToFloat(BottomEdit.Text);
ptAOVoltageOut.chan
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.- 0;

ptAOVoltageOut.OutputValue
:= In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 1;
ptAOVoltageOut.OutputValue
-In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForm1.BottomStageSEMouseUp(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_BottomStage
.- 0.00;
ptAOVoltageOut.chan
:= 0;
ptAOVoltageOut.OutputValue .- In_Sing1e_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 1;
ptAOVoltageOut.OutputValue .- In_Single_BottomStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
{Following entries for Top Stage XY movement}
procedure TForm1.TopStageUpMouseDown(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState; X, Y: Integer);
begin
In_Single_TopStage
:= StrToFloat(TopEdit.Text);
ptAOVo1tageOut.chan
:= 3;
ptAOVoltageOut.OutputValue := In_Sing1e_TopStage;
ErrCde

:=

DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;

procedure TForm1.TopStageUpMouseUp(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState; X, Y: Integer);
begin
In_Sing1e_TopStage
:= 0.00;
ptAOVoltageOut.chan
:= 3;
ptAOVoltageOut.OutputValue
In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForm1.TopStageDownMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_TopStage
:= StrToFloat(TopEdit.Text);
ptAOVoltageOut.chan
:= 3;
ptAOVoltageOut.OutputValue
:= -In_Single_TopStage;
ErrCde

:=

DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
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end;
procedure TForml.TopStageDownMouseUp(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState; X, Y: Integer);
begin
In_Single_TopStage
:= 0.00;
ptAOVoltageOut.chan
:= 3;
ptAOVoltageOut.OutputValue .- In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForml.TopStageLeftMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_TopStage
:= StrToFloat(TopEdit.Text);
ptAOVoltageOut.chan
:= 2;
ptAOVoltageOut.OutputValue := -In_Single_TopStage;
ErrCde

:=

DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;

procedure TForml.TopStageLeftMouseUp(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState; X, Y: Integer);
begin
In_Single_TopStage
:= 0.00;
ptAOVoltageOut.chan
:= 2;
ptAOVoltageOut.OutputValue .- In_Single_TopStage;
ErrCde

:=

DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;

procedure TForml.TopStageRightMouseDown(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_TopStage
:= StrToFloat(TopEdit.Text);
ptAOVoltageOut.chan
:= 2;
ptAOVoltageOut.OutputValue := In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForml.TopStageRightMouseUp(Sender: TObject;
Button: TMouseButton; Shift: TShiftState; X, Y: Integer);
begin
In_Single_TopStage
.- 0.00;
ptAOVoltageOut.chan
:= 2;
In_Single_TopStage;
ptAOVoltageOut.OutputValue
ErrCde

:=

DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
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end;
procedure TForml.TopStageNWMouseDown(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState; X, Y: Integer);
begin
In_Single_TopStage
:= StrToFloat(TopEdit.Text);
ptAOVoltageOut.chan
:= 2;
ptAOVoltageOut.OutputValue
-In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 3;
ptAOVoltageOut.OutputValue .- In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForml.TopStageNWMouseUp(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState;.X, Y: Integer);
begin
In_Single_TopStage
:= 0.00;
ptAOVoltageOut.chan
:= 2;
ptAOVoltageOut.OutputValue .- In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan

:= 3;
.- In_Single_TopStage;
DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);

ptAOVoltageOut.OutputValu~

ErrCde

:=

end;
procedure TForml.TopStageNEMouseDown(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState; X, Y: Integer);
begin
In_Single_TopStage
:= StrToFloat(TopEdit.Text);
ptAOVoltageOut.chan
:= 2;
ptAOVoltageOut.OutputValue .- In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 3;
ptAOVoltageOut.OutputValue := In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForml.TopStageNEMouseUp(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState; X, Y: Integer);
begin
.- 0.00;
In_Single_TopStage
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ptAOVoltageOut.chan
:= 2;
ptAOVoltageOut.OutputValue
In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 3;
ptAOVoltageOut.OutputValue .- In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForml.TopStageSWMouseDown(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState; X, Y: Integer);
begin
In_Single_TopStage
:= StrToFloat(TopEdit.Text);

:=

ptAOVoltageOut.chan
2;
ptAOVoltageOut.OutputValue .- -In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 3;
ptAOVoltageOut.OutputValue .- ~In_Single_TopStage;
ErrCde .- DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForml.TopStageSWMouseUp(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState; X, Y: Integer);
begin
:= 0.00;
In_Single_TopStage
ptAOVoltageOut.chan
:= 2;
ptAOVoltageOut.OutputValue .- In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 3;
ptAOVoltageOut.OutputValue .- In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForml.TopStageSEMouseDown(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState; X, Y: Integer);
begin
In_Single_TopStage
:= StrToFloat(TopEdit.Text);
ptAOVoltageOut.chan
:= 2;
ptAOVoltageOut.OutputValue .- In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 3;
ptAOVoltageOut.OutputValue .- -In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
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end;
procedure TForml.TopStageSEMouseUp(Sender: TObject; Button:
TMouseButton;
Shift: TShiftState; X, Y: Integer);
begin
In_Single_TopStage
:= 0.00;
ptAOVoltageOut.chan
:= 2;
ptAOVoltageOut.OutputValue
In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
ptAOVoltageOut.chan
:= 3;
ptAOVoltageOut.OutputValue
In_Single_TopStage;
ErrCde := DRV_AOVoltageOut(DeviceHandle, ptAOVoltageOut);
end;
procedure TForml.TopScrollChange(Sender: TObject);
begin
TopEdit.Text:= FloatToStr(TopScroll.Position/lOO.O);
end;
procedure TForml.GroupBox2Click(Sender: TObject);
begin
{StrPCopy(Cmd_Str_Pntr, 'SST4'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'CLP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'CLR'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'ASN'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'SAN'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'SFP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'DP150'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy (Cmd_Str_Pntr, 'DI10' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy (Cmd_Str_Pntr, '.DD10' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'DL2000'#00");
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
end;
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procedure TForm1.Timer2Timer(Sender: TObject);
: integer;
var
a
begin
{Forcing Feed Motor to exceed limit in upward movement}
get_pos(2) ;
Chan2_Counter:=get-pos(2) ;
Edit7.Text .- IntToStr(Chan2_Counter);
If (Chan2_Counter >= 1073400000)
begin

then

{616300000}

StrPCopy(Cmd_Str~Pntr,
'2DH'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;

For a

:= 0 to 1 do
begin
{Il faut : 1073600000}
StrPCopy(Cmd_Str_Pntr, '2MR1073600000'#00' ');
translate (Cmd_St-r_Pntr, Rep_Str_Pntr) ;

{-ve movement = DOWN}
{+ve movement = UP}

end;
end;
{StrPCopy(Cmd_Str_Pntr, :2CLP'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2AB'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
end;
procedure TForml.BREAKSTARTClick(Sender: TObject);
begin
StrPCopy(Cmd_Str_Pntr, 'CLP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'CLR'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'SST4'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'SFP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pnti, 'lDP150'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2DP100'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'DI10'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'DD10'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy (Cmd_Str_Pntr,
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'DL2000' #00' , ) ;

StrPCopy(Cmd_Str_Pntr, 'DH'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy (Cmd_Str_Pntr, 'lSA-250' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy (Cmd_Str_Pntr, '2SA-250' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy (Cmd_Str_Pntr, 'lSV95000' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy (Cmd_Str_Pntr, '2SV128000' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
{Pull Motor - Up 30 rnrn}
(StrPCopy(Cmd_Str_Pntr, 'lMR-142281481'#00' ');}
{-ve movement = UP}
(translate (Cmd_Str_Pntr, Rep_Str_Pntr);}
{+ve movement = DOWN}
{Feed Motor - Down 15 rnrn}
(StrPCopy(Cmd_Str_Pntr, '2MR-569125926'#00' ');}
(translate (Cmd_Str_Pntr, Rep_Str_Pntr);}

{-ve movement = DOWN}
{+ve movement = UP}

end;
procedure TForm1.BREAKSTOPClick(Sender: TObject);
begin
StrPCopy(Cmd_Str_Pntr, 'CLP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'AB'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
end;
procedure TForm1.POSITIONSTARTClick(Sender: TObject);
begin
StrPCopy(Cmd_Str_Pntr, 'CLP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'CLR'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'SST4'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
(StrPCopy(Cmd_Str_Pntr, '2ASN'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
StrPCopy(Cmd_Str_Pntr, 'SFP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy (Cmd_Str_Pntr, 'lDP75' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
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StrPCopy(Cmd_Str_Pntr, '2DPSO'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'DI5'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'DD10'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'DL2000'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'DH'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy(Cmd_Str_Pntr, 'SA350'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy (Cmd_Str_Pntr, 'lSV100000' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy(Cmd_Str_Pntr, '2SV12S000'#00");
translate' (Cmd_Str_Pntr, Rep_Str_Pntr);
{Pull Displacement - 1043397531}
StrPCopy(Cmd_Str_Pntr, 'lMR47430000'#00' ');
{-ve movement = UP}
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
{+ve movement = DOWN}
{Feed Displacement - 1043397531}
StrPCopy(Cmd_Str_Pntr, '2MR-1073741S00'#00");
{-ve movement = DOWN}
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
{+ve movement = UP}
{StrPCopy (Cmd_Str_Pntr, '2MR-707377777' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr);}
.- FALSE;

Timer3.Enabled

{TRUE;}

end;
procedure TForml.POS_PULL_STOPClick(Sender: TObject);
begin
StrPCopy(Cmd_Str_Pntr, 'lCLP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'lAB'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
end;
procedure TForml.POS_FEED_STOPClick(Sender: TObject);
begin
StrPCopy(Cmd_Str_Pntr, '2CLP'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2AB'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
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FALSE;

Timer3.Enabled
end;

procedure TForml.Timer3Timer(Sender: TObject);
var
b : integer;
begin
{Forcing Feed Motor to exceed limit in downward movement}
get-pos(2) ;
Chan2_Counterl:=get-pos(2) ;
Edit7.Text := IntToStr(Chan2_Counterl);
If (Chan2_Counterl<=-1073400000) then
begin
For b:=O to 1 do
begin
StrPCopy(Cmd_Str_Pntr, '2DH'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
{-ve movement = DOWN}
StrPCopy(Cmd_Str_Pntr, '2MR-1073600000'#00");
{+ve movement = UP}
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
end;
{StrPCopy (Cmd_Str_Pntr, .' 2AB' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2CLP'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
end;

end;
procedure TForml.DiaRatioChange(Sender: TObject);
begin
{If DiaRatio.Text<'2' then
begin
Application.MessageBox('Max Feed Velocity Exceeded', 'WARNING', MB_OK);
DiaRatio.Text .- '2';
end; }
end;
procedure TForml.FeedRateChange(Sender: TObject);
begin
If ((PullRate.Text= '2.0') and (DiaRatio.Text< '2.82')) then
begin
Application.MessageBox('Max Feed Velocity Exceeded', 'WARNING', MB_OK);
DiaRatio.Text := StrFn(Sqrt(ValFn(PullRate.Text)/0.25));
FeedRate.Text
StrFn(ValFn(PullRate.Text)/Sqr(ValFn(DiaRatio.Text))) ;
end
else if ((PullRate.Text< '2.0') and (FeedRate.Text> '0.26')) then
begin
Application.MessageBox('Max Feed Velocity Exceeded', 'WARNING', MB_OK);
FeedRate.Text := '0.25';
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DiaRatio.Text :=
StrFn(sqrt(ValFn(PullRate.Text)/ValFn(FeedRate.Text))) ;
end;
end;
procedure TForml.EndStartClick(Sender: TObject);
var
Vpull_str_ETaper
: string;
Vend_real, V2
: real;
Vend_whole
longint;
Vend_str
: string;
begin
{Calculating Pull Rate with 80:1 gearbox ==> Channell}
{For End Taper of Length L}
V2
:= ValFn(PullRate.Text);
Vend_real
:= V2/Sqr(1-(30/l00));
Vend_whole
Vend_str

.- Trunc(Vend_real*(n-pull*1000/60));
.- 'lSV' + IntToStr(Vend_whole) + #00;

{Calculating Acceleration required}
{where Vel_Grad = Acceleration}
{EndTaper_Length := ValFn(EndTaperChange.Text);
Vel_Grad
:= Pull_Const_l*(Sqr(Vtaper_real)Sqr(Vl))/(2*Taper_Length) ;
Acc_whole
:= Trunc(Vel_Grad);
:= 'lSA' + IntToStr(Acc_whole) + #OO;}
{Calculating Distance required}
{Dist_whole
:= Trunc(Pull_Const_2*Taper_Length);
Dist_Taper
:= 'lMR' + IntToStr(Dist_whole) + #OO;}
StrPCopy(Cmd_Str_Pntr, '2CLP'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2AB'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
{StrPCopy(Cmd_Str_Pntr, 'lCLP'#OO");
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
{StrPCopy(Cmd_Str_Pntr, , lDH' #00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);}
{StrPCopy(Cmd_Str_Pntr, Acc_Taper);
translate (Cmd_Str_Pntr, Rep_Str_Pntr);}
{StrPCopy(Cmd_Str_Pntr, Vtaper_str);}
{Pull Velocity -> Chan l}
{translate (Cmd_Str_Pntr, Rep_Str_Pntr);}
{Pull Displacement}
{StrPCopy(Cmd_Str_Pntr, Dist_Taper);}
{translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}

{-ve movement = UP}
{+ve movement = DOWN}

{StrPCopy (Cmd_Str_Pntr, 'lUP' #00 ' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr);}

479

end;
procedure TForml.PullUpBitBtnKeyPress(Sender: TObject; var Key: Char);
begin
if (PullMotor_Up = False) then
begin
{ move for ever )
StrPCopy(Cmd_Str_Pntr, 'lDH'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy(Cmd_Str_Pntr, 'lSST4'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'lSA-135'#00");
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'lSV120000'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;{StrPCopy (Cmd_Str_Pntr, 'lMR-1000000000' #00 ' , ) ; )
{-ve ==> UP)
{translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;)
{+ve ==> DOWN)
PullMotor_Up .- TRUE;
end;
end;

procedure TForrnl. PullUpBitBtnKeyUp (Sender: TObject; var Key: Word;
Shift: TShiftState);
begin
if (PullMotor_Up = TRUE) 'then
begin
stop the 'continuous motor running )
StrPCopy(Cmd_Str_Pntr, 'lCLP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'lAB'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
PullMotor_Up
end;
end;

:=

False;

procedure TForml,PullDownBitBtnKeyPress(Sender: TObject; var Key:
Char) ;
begin
if (PullMotor_Down = False) then
begin
StrPCopy(Cmd_Str_Pntr, 'lDH'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy(Cmd_Str_Pntr, 'lSST4'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr,
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'lSA135'#00");

StrPCopy (Cmd_Str_Pntr, 'lSV120000' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
{StrPCopy (Cmd_Str_Pntr, 'lMR1000000000' #00 ' , ) ; } {-ve ==> UP}
{translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
{+ve ==> DOWN}
PullMotor_Down .- TRUE;
end;
end;
procedure TForml.PullDownBitBtnKeyUp(Sender: TObject; var Key: Word;
Shift: TShiftState);
begin
if (PullMotor_Down = TRUE) then
begin
StrPCopy(Cmd_Str_Pntr, 'lCLP'#OO' ');
translate(Cmd_Str~Pntr,Rep_Str_Pntr) ;
StrPCopy (Cmd_Str_Pntr, 'lAB' #00' , ) ,;
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
PullMotor_Down .- False;
end;
end;
procedure TForml.FeedUpBitBtnKeyPress(Sender: TObject; var Key": Char);
begin
if (FeedMotor_Up = False) then
begin
{ move for ever }
StrPCopy(Cmd_Str_Pntr, '2DH'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy(Cmd_Str_Pntr, '2SST4'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2SA135'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy (Cmd_Str_Pntr, '2SV120000' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
{StrPCopy (Cmd_Str_Pntr, '2MR1000000000' #00' , ) ;}
{translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}

{-ve ==> DOWN}
{+ve ==> UP}

FeedMotor_Up .- TRUE;
end;
end;
procedure TForml.FeedUpBitBtnKeyUp(Sender: TObject; var Key: Word;
Shift: TShiftState);
begin
if (FeedMotor_Up = TRUE) then
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begin
{ stop the continuous motor running
StrPCopy(Cmd_Str_Pntr, '2CLP'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2AB'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr)·;
FeedMotor_Up
end;
end;

:=

False;

procedure TForml.FeedDownBitBtnKeyPress(Sender: TObject; var Key:
Char) ;
begin
if (FeedMotor_Down = False) then
begin
StrPCopy(Cmd_Str_Pntr, '2DH' #00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy (Cmd_Str_Pntr, '2SST4' #00' , ) ;
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2SA-135'#00");
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2SV120000'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
{StrPCopy (Cmd_Str_Pntr, '2MR-1000000000' #00' ') ; 1 {-ve ==> UP}
{+ve ==> DOWN}
{translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
FeedMotor_Down
end;

TRUE;

end;
procedure TForml.FeedDownBitBtnKeyUp(Sender: TObject; var Key: Word;
Shift: TShiftState);
begin
if (FeedMotor_Down = TRUE) then
begin
StrPCopy(Cmd_Str_Pntr, '2CLP'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2AB'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
FeedMotor_Down
end;

False;

end;
procedure TForml.lnLineStartClick(Sender: TObject);
var
real;
Per_Dia_Change
real;
Vtaper_real, Vl
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Taper_Length, Vel_Grad
Vtaper_whole, Acc_whole
Dist_whole
Vtaper_str
Acc_Taper, Dist_Taper
Pull Pos 1
Init Pull_Pos
i

: real;
longint;
longint;
string;
string;
longint;
longint;
integer;

begin
: = TRUE;}

{Calculating Pull Rate with 80:1 gearbox ==> Channell}
{For In-Line Taper of Length L}
Per_Dia_Change := ValFn(InLineDiaChange.Text) ;
V1
:= ValFn(PullRate.Text);
Vtaper_real
:= V1/Sqr(1-(Per_Dia_Change/100));
Vtaper_whole
Vtaper_str

.- Trunc(Vtaper_real*(n-pull *1000/60));
.- 'lSV' + IntToStr(Vtaper_whole) + #00;

{Calculating Acceleration required}
{where Vel_Grad = Acceleration}
Taper_Length := ValFn(InLineLength.Text) ;
Vel_Grad
:= Pull_Const_1*(Sqr(Vtaper_real)Sqr(V1))/(2*Taper_Length) ;
Acc_whole
:= Trunc(Vel_Grad);
Acc_Taper
:= 'lSA' + IntToStr(Acc_whole) + #00;
{Calculating Distance required}
Dist_whole
:= Trunc(Pull_Const_2*Taper_Length);
Dist_Taper
:= 'lMR' + IntToStr(Dist_whole) + #00;
{StrPCopy(Cmd_Str_Pntr, 'lCLP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}
{StrPCopy(Cmd_Str_Pntr, 'lDH'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);}
StrPCopy(Cmd_Str_Pntr, Acc_Taper);
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
StrPCopy(Cmd_Str_Pntr, Vtaper_str);
{Pull Velocity -> Chan 1}
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
{Pull Displacement}
{StrPCopy(Cmd_Str_Pntr, Dist_Taper);}
{translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;}

{-ve movement = UP}
{+ve movement = DOWN}

StrPCopy(Cmd_Str_Pntr, 'lUP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr);
Init Pull Pos := 0;
Init Pull Pos .- get_pos(l);
{Taper_Op .- FALSE;}
end;
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procedure TForm1.InLineStopClick(Sender: TObject);
begin
FileClose(FileHandle1) ;
FileClose(FileHandle2) ;
StrPCopy(Cmd_Str_Pntr, 'lCLP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'lAB'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2CLP'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2AB'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;

end;
procedure TForm1.EndStopClick(Sender: TObject);
begin
FileClose(FileHandle1) ;
FileClose(FileHandle2) ;
StrPCopy(Cmd_Str_Pntr, 'lCLP'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, 'lAB'#OO' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2CLP'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
StrPCopy(Cmd_Str_Pntr, '2AB'#00' ');
translate (Cmd_Str_Pntr, Rep_Str_Pntr) ;
end;
procedure TForm1.Button1Click(Sender: TObject);
var
i, j
: integer;
begin
For i := 0 to 7 do
begin
ptDioWriteBit.port
1;
ptDioWriteBit.bit
.- i;
ptDioWriteBit.state
.- 0;
ErrCde .- DRV_DioWriteBit(DeviceHandle,ptDioWriteBit);
end;
ptDioWriteBit.port
ptDioWriteBit.bit
ptDioWriteBit.state
ErrCde

=
=
:=

:

1;

:

7;
1;

DRV_DioWriteBit(DeviceHandle,ptDioWriteBit) ;
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{ptDioGetCurrentDOBit.state:= @lpDioGetCurrentDOBit}
{For j:= 6 to 7 do
begin}
{ptDioGetCurrentDOBit.port
:= 1;
ptDioGetCurrentDOBit.bit
:= 6;
ErrCde .- DRV_DioGetCurrentDOBit(DeviceHandle, ptDioGetCurrentDOBit);}
{end; }
:= ptDioGetCurrentDOBit.state;}
{Edit2.Text
end;
procedure TForm1.Button2Click(Sender: TObject);
var
i
: integer;
bits: integer;
begin
For i

ErrCde

0 to 7 do
begin
ptDioWriteBit.port
.- 1;
ptDioWriteBit.bit
.- i;
ptDioWriteBit.state
.- 0;
.DRV_DioWriteBit(DeviceHandle,ptDioWriteBit) ;
end;
:=

end;
procedure TForm1.ScrollBar1Change(Sender: TObject);
var
single;
LaserOutput
single;
Scaling_Factor
begin
.- FloatToStr(ScrollBar1.Position/100.0);
Edit1.Text
.- (StrToFloat(Edit1.Text)-9.94);
Scaling_Factor
LaserOutput
:= Scaling_Factor;
ptAOVoltageOut.chan
:= 4;
ptAOVoltageOut.OutputValue := LaserOutput;

ErrCde .- DRV_AOVoltageOut(DeviceHandle,ptAOVoltageOut);

end;
procedure TForm1.Button3Click(Sender: TObject);
Var
Phase_Length,Pull_Rate1 : double;
ErrA, ErrB,P : Integer;
Duration : Variant;
Begin
Val (edit5.text,Phase_Length,ErrA) ;
Val (PullRate.text, Pull_Rate1,ErrB) ;
Duration := ((Phase_Length/Pull_Rate1)/360) *60000;
Timer4.interval := Duration;
Timer4.Enabled := True;
P

: = 0;
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end;
procedure TForm1.Button4Click(Sender: TObject);
Var
ErrA,ErrB : Integer;
N,O,A : Real;
Double;
BasePower, MaxPower
single;
LaserOutput
: single;
Scaling_Factor
begin
P

: = P + 1;

N .- P*(PI/180);
Val (edit4.text,MaxPower,ErrA) ;
Val (edit8. text, BasePower, ErrB) ;

o .- BasePower + ((MaxPower-BasePower)/2);
o .- 0 + ((MaxPower-BasePower)/2)*Sin(N);
A := 0- 9.94;

Scaling_Factor
:= A;
LaserOutput
Scaling_Factor;
ptAOVoltageOut.chan
:= 4;
ptAOVoltageOut.OutputValue := LaserOutput;

ErrCde .- DRV_AOVoltageOut(DeviceHandle,ptAOVoltageOut);
Edit6.text := floattostr(O);
end;
procedure TForm1.Button5Click(Sender: TObject);
begin
Timer4.enabled .- false;
end;
end.
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